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Abstract
1.	 The ability of consumers to adjust their diet in response to resource shifts is a 

key mechanism allowing the persistence of populations and underlying species' 
adaptive capacity. Yet on coral reefs, one of the marine habitats most vulnerable to 
global change, the extent to which species alter their diet and the consequences of 
dietary shifts for consumer performance and ecosystem functioning remain poorly 
understood.

2.	 Here, we tested how dietary versatility can mediate the effects of habitat 
degradation on two invertivorous reef fishes—Chaetodon capistratus, a browser, 
and Hypoplectrus puella, an active predator—and whether diet shifts relate to 
variation in body condition and growth.

3.	 We integrated DNA-based gut content analyses (metabarcoding), otolith analysis, 
body condition and field surveys to link diet profiles to growth and relative body 
condition across reefs differing in coral cover.

4.	 Metabarcoding revealed significant dietary variation in both species across reefs 
with different levels of coral cover. However, the response was more pronounced 
in the browser, whose diet was anthozoan-dominated on healthier reefs, whereas 
it was annelid-dominated on degraded reefs. We found significantly more variable 
body condition on degraded reefs in the browser, while the body condition of the 
active predator decreased in larger individuals on degraded reefs.

5.	 Our results suggest that while dietary versatility serves as a mechanism to cope 
with degraded environments, the degree to which dietary shifts can buffer 
against the effects of habitat degradation varies between species. Overall, the 
variation in trophic niche across sites suggests that food webs and energy flow 
differ at relatively small scales between healthy and degraded reefs.
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1  |  INTRODUC TION

The capacity to take advantage of alternative resources is increasingly 
recognized as an important trait for species' resilience in the face 
of habitat degradation (MacNally,  1995; Wong & Candolin,  2015). 
Such changes in feeding behaviour, in turn, influence community 
dynamics (e.g. mediated by relative levels of niche overlap among 
species) and trophic interactions, which underpin ecosystem 
functioning. Despite implications for both population persistence 
and ecosystem functioning, little is known about dietary versatility 
in the wild in response to changing resource landscapes and the 
potential consequences for consumers. This is particularly true in 
marine environments, where empirical studies of species dietary 
niches are challenging due to the complexity of marine food webs 
and the difficulty of documenting trophic behaviours (Donelson 
et  al.,  2019). However, with evolving high-throughput sequencing 
technology it is now possible to analyse large quantities of gut 
content samples simultaneously, illuminating diets at unprecedented 
taxonomic resolution and spatial scale (Alberdi et  al.,  2019; 
Pompanon et al., 2012).

On coral reefs, fishes are subjected to accelerating rates of 
severe habitat change and degradation. This has led to declines 
in abundance across most trophic groups (Pratchett et  al.,  2018). 
Specialized species, such as obligate corallivores, are thought to be 
the most vulnerable (Graham, 2007; Wilson et al., 2006). Generalized 
feeding strategies, as observed in some species of coral reef fishes, 
may be more resilient to changes in resource availability (Wilson 
et al., 2006), but to which degree trophic versatility provides popu-
lation resilience to habitat degradation remains poorly understood. 
This is in part because alternative prey choice may entail lowered 
nutritional uptake and thus reduce fish health condition with poten-
tially negative consequences for fitness and population persistence 
(Berumen et al., 2005; Hempson et al., 2017; Pratchett et al., 2004). 
However, describing complex consumer–resource interactions has 
been hampered by limited empirical data at adequate prey taxo-
nomic resolution for detecting potentially subtle dietary variation 
(Parravicini et al., 2020), especially in generalist feeders with flex-
ible diets. As a consequence, more detailed knowledge of dietary 
resource use is required to understand responses to habitat and prey 
community change in coral reef fishes.

Here we leverage dietary metabarcoding (i.e. the DNA-based 
characterization of prey communities in stomachs and guts) to as-
sess levels of dietary versatility of two common coral reef fishes 
across reefs that vary markedly in coral cover in a Caribbean sys-
tem. Fish diet information derived from gut contents has been 
commonly studied visually by describing the morphological fea-
tures and hard part remains of prey organisms (Baker et al., 2014; 
Nielsen et  al.,  2017; Randall,  1967; Traugott et  al.,  2020), and/or 

with behavioural observations of foraging and bite rates (Baker 
et al., 2014; Hyslop, 1980; Pratchett, 2005). The main advantage of 
dietary metabarcoding over these conventional visual approaches 
is that it allows identification of semi-digested, soft-bodied, small 
and/or cryptic organisms (meiofauna and microbiota) (Chariton 
et al., 2015; Leray & Knowlton, 2015) that may not be detected vi-
sually  (Berry et al., 2015; Nagelkerken et al., 2009). The increased 
taxonomic resolution offered by DNA metabarcoding has already 
revealed higher levels of resource partitioning among closely re-
lated species than previously assumed (Brandl et  al.,  2020; Leray 
et al., 2015, 2019) and, conversely, unexpected patterns of dietary 
overlap (Coker et  al.,  2022). By enabling prey identification to an 
unprecedented taxonomic resolution, DNA metabarcoding allows 
detection of intraspecific variations in diet that would otherwise go 
unnoticed, and this in turn can be linked to changes in consumer 
populations and prey availability to understand the responses to 
habitat degradation.

We took advantage of DNA metabarcoding to explore the di-
etary patterns of two common reef fish species with distinct feeding 
strategies: the browsing butterflyfish Chaetodon capistratus and the 
hamlet Hypoplectrus puella, an active predator. Our study encom-
passes nine reefs that vary in coral cover and benthic composition 
situated on the Caribbean coast of Panama. We quantified links 
between diet (composition and breadth), fish age, growth and body 
condition and prey densities across reefs of extremely low (~0.3%) 
to intermediate (~13%) to relatively high levels (~30%) of coral cover, 
created by severe hypoxic events inside Bahía Almirante in Bocas del 
Toro, Panama, providing conditions of a natural experiment (Altieri 
et  al.,  2017; Leray et  al.,  2021). Based on the literature (Birkeland 
& Neudecker, 1981; Gore, 1984) and on feeding observations (F.C. 
unpublished data), we hypothesized that C. capistratus would switch 
from an anthozoan-dominated diet on high coral cover reefs to a 
broader suite of prey taxa on reefs where coral cover is very low. 
In contrast, we expected H. puella to maintain a high proportion of 
crustaceans in its diet across all reefs (e.g. Whiteman et al., 2007), 
but with compositional variation as a function of change in benthic 
invertebrate assemblages in relation to coral cover.

2  |  MATERIAL S AND METHODS

2.1  |  Study system

Bahía Almirante is a large (450 km2), semi-enclosed coastal 
lagoon in the Bocas del Toro Archipelago on the Caribbean 
coast of Panama (Figure 1a). Its specific geomorphology, climate 
and human pressures contribute to occasional reductions in 
dissolved oxygen levels. The bay is confined by the mainland 

K E Y W O R D S
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    |  3CLEVER et al.

and protected from ocean swell by several islands leading to 
restricted water exchange with the open ocean. Together with 
local climatic conditions, this creates an environment with limited 
water flow, variable salinity (fluctuating locally from 20 to 34 PSS) 
(Collin et  al.,  2009; Kaufmann & Thompson,  2005) and elevated 
sea-surface temperatures during calm weather periods (Altieri 
et  al.,  2017; Cramer,  2013). While terrestrial run-off naturally 
elevates nutrients within the bay, both untreated wastewater 
from tourism development and agricultural discharges intensify 

eutrophic levels (Altieri et  al.,  2017; Cramer,  2013; D'Croz 
et al., 2005; Guzmán et al., 2005). In 2010, a hypoxic stress event 
led to drastic coral cover decline and die-off (Altieri et al., 2017) 
that contributed to a gradient of habitat degradation across the 
bay as coral cover sharply decreased on reefs in areas inside the 
bay (Figure 1a, ‘inner bay disturbed’ zone), but less so or not at all 
in other areas of the inner bay (Figure  1a, ‘inner bay’ zone) and 
outside the bay (Figure 1a, ‘outer bay’ zone; Figure 1b). We tested 
how habitat affects the diet and body condition of two species 

F I G U R E  1  Study system in Bahía Almirante, Bocas del Toro (Panama). (a) Map locating the nine study reefs across three zones 
characterized by different levels of live coral cover: Outer bay reefs (blue) [Salt Creek (SCR), Cayo Corales (CCR) and Popa (PPR)]; inner bay 
reefs (green) [Almirante (ALR), Cayo Hermanas (SIS) and Cayo Roldan (ROL)]; inner bay disturbed reefs (orange) [Punta Puebla (PBL), Punta 
STRI (PST) and Runway (RNW)]. (b) Percent live hard coral cover across the habitat zones from high coral cover (outer bay zone) to low 
coral cover (inner bay disturbed zone), boxplot upper and lower whiskers correspond to the first and third quartiles, bars depict medians, 
diamonds depict means. Boxplots are each based on data from 10 quadrats per transect with 3 transects per reef (N = 30 quadrats per 
reef). Fish density (mean ± SD) across reef zones for (c) Chaetodon capistratus and (d) Hypoplectrus puella. (e) Chaetodon capistratus and (f) 
Hypoplectrus puella. Photos: Matthieu Leray.
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4  |    CLEVER et al.

of reef-associated, benthic-feeding fishes across these zones 
(Figure 1c–f). We selected three discrete reefs from each of three 
reef zones based on coral cover data: ‘outer bay’ (high coral cover), 
‘inner bay’ (intermediate coral cover) and ‘inner bay disturbed’ 
(very low coral cover) (N = 9 reefs total, Figure 1a,b). Other related 
factors, such as water quality and exposure likely covary with 
coral cover across the area and may contribute to relative prey 
availability (Collin et  al.,  2009; D'Croz et  al.,  2005; Kaufmann & 
Thompson, 2005).

2.2  |  Study species

Both study species are coral-associated, benthic carnivores that 
are common members of Caribbean reef fish assemblages (‘least 
concern’ conservation status, IUCN; Anderson et  al.,  2015; Rocha 
et  al.,  2010; Figure  1e,f). The barred hamlet Hypoplectrus puella 
(Cuvier) is a small sea bass (Perciformes: Serranidae) known to prey 
mainly upon crustaceans and to a lesser extent upon fishes (Holt 
et  al.,  2008; Randall,  1967; Whiteman et  al.,  2007) within small 
foraging territories, often in sit-and-wait mode (Barlow, 1975). The 
foureye butterflyfish Chaetodon capistratus (Linnaeus) feeds primarily 
by browsing on anthozoans with a preference for scleractinian 
corals (Birkeland & Neudecker, 1981; Liedke et  al., 2018). It tends 
to feed almost continuously while visiting various colonies within a 
reef zone (e.g. crest), usually for short feeding bouts during which it 
nips on coral polyps (Pitts, 1991), but distances travelled may vary 
(Gore, 1983).

2.3  |  Benthic, fish and invertebrate surveys

To characterize habitat quality and fish populations, benthic cover 
and reef fishes were surveyed in May and June of 2016 at our 
nine study reefs (research permit No. SE/A-44-16, Ministerio de 
Ambiente Panamá). Coral cover levels remained stable between 
2016 and our fish collections in 2018 (Doucette et  al.,  2022). 
Using three replicate 20 m transects per reef, we assessed benthic 
cover from photo quadrats, fish communities and study species' 
densities along 20 × 5 m belts, and assessed diversity and abundance 
of macroinvertebrates (>2 mm) within three quadrats per reef 
(50 × 50 cm). Three replicate transect lines (20 m) per reef were 
placed parallel to the shore at a depth of 2–4 m. To estimate benthic 
cover and community composition, ten quadrats (100 × 70 cm) 
were photographed at 2 m increments along each transect 
(quadrats per site N = 30). We analysed each photo using CoralNet 
(Beijbom et  al.,  2015) with a grid of 100 points over each photo, 
and the identity of the primary space holder under each point was 
determined to the level of broad taxonomic groups (e.g. hard coral, 
soft coral, macroalgae, sponge, dead coral, zoanthids, rubble) to avoid 
potential identification errors arising from variation in image quality. 
Hard corals were identified at the genus level where possible. Fish 
communities were surveyed along a 20 × 5 m belt by one experienced 

surveyor recording the abundance and identity of all non-cryptic fish 
species using scuba. To assess macro-invertebrate (>2 mm) diversity 
and abundance, quadrats (50 × 50 cm) were placed on continuous 
surfaces of dead coral (mainly Agaricia tenuifolia) and all coral rubble 
was carefully collected in bins and transported to the field station. 
At the laboratory, all invertebrates larger than 2 mm were counted 
and identified to the lowest taxonomic level.

2.4  |  Fish collection

To characterize fish body condition and collect diet material, 20 
adult fishes per species were collected at each of the nine reefs by 
spearfishing (Figure  1a) in February and March of 2018 following 
protocols approved by the Institutional Animal Care and Use 
Committee of the Smithsonian Tropical Research Institute (IACUC; 
Proposal No. 2018-0125-2021). A research permit was issued by 
the Ministerio de Ambiente Panamá (No. SE/A-113-17). Immediately 
after spearing, each fish was anaesthetised on the boat in a sterile and 
labelled Whirl-Pak bag with seawater and clove oil and subsequently 
stored on ice. Upon return to the field station, fish were weighed 
(wet weight, g) and total length (TL, mm) was measured using a 
digital calliper. Each fish was dissected under a laminar flow hood 
using sterile, DNA de-contaminated tools. Gastrointestinal tracts 
were individually preserved in 96% ethanol and stored at −20°C 
until DNA extraction. Strict procedures were used to avoid cross-
contamination (Supporting Information Methods, section III).

2.5  |  Otolith-based fish age determination and 
growth rate estimation

Pairs of sagittal otoliths were extracted from fish individuals (C. 
capistratus N = 158, H. puella N = 127) and photographed using a 
LEICA Model EZ4W stereoscopic microscope with an integrated 
camera and light system (Figure S1A,B). One otolith of each pair was 
analysed for annuli following the methods in Morales-Nin  (1991) 
(Figure S1C). Daily growth increments were examined for a subset 
of otoliths of each species to confirm that each annulus corresponds 
to 1 year of growth. Five otoliths (one C. capistratus and four H. 
puella) were removed from the study because of anomalous annuli. 
The total length of each remaining otolith (LO) was measured (C. 
capistratus N = 117, H. puella N = 127) while positioning the otoliths 
on their distal sides.

2.6  |  Prey tissue preparation and DNA extraction

The digestive tract of each fish was separated into stomach and 
intestine. The stomach content represents a snapshot of the most 
recent prey ingested, whereas the intestinal content integrates 
semi-digested prey consumed up to multiple hours prior to 
collection. The stomachs of C. capistratus, and intestines of H. 
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    |  5CLEVER et al.

puella, were dissected longitudinally and contents and digesta 
isolated respectively. The stomachs in C. capistratus contained a 
diverse and representative assortment of prey items, presumably 
because of the species' continuous browsing behaviour. In contrast, 
the stomachs of the sit-and-wait occasional predator H. puella 
frequently contained only a single prey item, and we therefore 
sampled intestines that yielded more diverse representations of 
prey items. Prey tissue was removed from stomachs and digesta 
and mucosa isolated from intestines using sterile and DNA-
decontaminated forceps and disposable sterile surgical blades. 
Gut mucosa was included here as samples were also used for 
analysis of bacterial communities (not presented in this study) 
(Clever et  al.,  2022). Isolated stomach and intestinal contents 
were then weighed (wet weight mg) individually on clean, sterile 
weighing boats on a digital scale. Dissection and extraction blanks 
were introduced at this step by performing each preparation step 
with a sample consisting of nuclease-free water. One negative 
control was included in each set of extractions (~20 samples). DNA 
was extracted from between 0.05 and 0.25 g of prey tissue per 
sample using the Qiagen Powersoil DNA isolation kit following the 
manufacturer's instructions with minor modifications to increase 
the yield (Supporting Information Methods, section II). DNA was 
eluted in 100 μl buffer (C6 solution).

2.7  |  Metabarcoding library preparation

To enable identification of prey items to the species level, we 
targeted a 313 bp fragment of the hyper variable mitochondrial 
Cytochrome c Oxidase subunit I (mtCOI) gene region with a versatile 
PCR primer set (mlCOIintF and jgHCO2198; Geller et al., 2013; Leray, 
Yang, et al., 2013; Table S1). This primer set, originally designed for 
the amplification of metazoan DNA, was shown to be effective at 
characterizing coral reef fish gut contents (Leray, Yang, et al., 2013) 
and has previously successfully amplified diverse bulk samples of 
marine benthic taxa as well as provided useful abundance estimates 
(Leray & Knowlton,  2015) despite known methodological biases 
(Pompanon et al., 2012). Therefore, the use of this primer set allowed 
us to leverage read counts as a coarse measure of prey proportions 
in our downstream analyses, rather than relying solely on occurrence 
data which would have equally weighted rare and common prey 
items in diets (Deagle et al., 2019). In each PCR reaction, we included 
consumer-specific annealing blocking primers (Table S2) (at 10× COI 
primers), as amplification of consumer DNA can overwhelm the 
recovery of prey (Vestheim & Jarman, 2008). Blocking primer design 
and thermocycling parameters followed the methods described 
in Leray, Agudelo, et  al.  (2013). Polymerase Chain Reaction (PCR) 
was carried out for three replicates of each sample to enhance prey 
detection probability and account for variation in PCR amplifications 
caused by PCR drift (Alberdi et al., 2017; De Barba et al., 2014). We 
employed a PCR-free library preparation approach with matching 
tags using the TruSeq DNA PCR-free LT library Prep Kit (Illumina). 
Our methods for sample multiplexing, PCR reactions and library 

preparation are detailed in the Supporting Information  Methods 
(section V). Sequencing of the final product was performed on an 
Illumina MiSeq sequencer (reagent kit version 2, 500 cycles) at the 
George Washington University, Washington, DC.

2.8  |  Sequence analysis

Bioinformatics steps were performed in R (v3.6.1; R Core 
Team,  2019). After demultiplexing, sequence reads were adapter-, 
primer- and quality-trimmed with Flexbar (v3.0.3; Roehr et al., 2017). 
Subsequently, sequences were filtered, chimera-checked, and 
processed into amplicon sequence variants (ASVs) with DADA2 
(v1.9.0; Callahan et  al.,  2016). ASVs were then clustered with 
VSEARCH (Rognes et  al.,  2016) at a 97% identity threshold into 
OTUs to approximate biological species. OTUs were curated with 
the LULU algorithm (Frøslev et  al.,  2017) by reducing taxonomic 
redundancy and enhancing the richness estimate accuracy 
(LULU parameters: minimum ratio type = ‘min’, minimum ratio = 1, 
minimum match = 84, minimum relative co-occurrence = 0.95). 
OTUs were assigned taxonomy using the Bayesian Least Common 
Ancestor (BLCA) taxonomic classifier (Gao et al., 2017) against the 
Midori-Unique v20180221 database (Leray et  al.,  2022; Machida 
et al., 2017), which is a curated library of metazoan COI sequences 
(available at www.​refer​ence-​midori.​info). We omitted all BLCA 
taxonomy assignments of less than 50% confidence. Unassigned 
OTUs were identified using BLAST searches (word size = 7; max e-
value = 5e-13) against the whole NCBI NT database (retrieved May 
2018), and the lowest common ancestor of the top 100 hits was used 
to assign taxonomy. We retained all OTUs delineated as Metazoa for 
downstream statistical analysis. All OTUs delineated as either one of 
our fish study species were removed.

2.9  |  Statistical analyses

2.9.1  |  Benthic, fish and invertebrate surveys

To determine the mean percent coral cover at each reef, we first 
calculated the mean counts (hard coral) across photo quadrats on 
each transect, and then took the mean across all transects (N = 3) at 
each reef. We then estimated Shannon diversity (H′) for hard corals 
at each reef. Significant differences in mean percent coral cover and 
coral diversity among zones were assessed using the Kruskal–Wallis 
test (Kruskal & Wallis,  1952) with Benjamini–Hochberg corrected 
post hoc Dunn's test (Benjamini & Hochberg,  1995; Dunn,  1964). 
Differences in benthic composition among three zones were visual-
ized using principal coordinates analysis (PCoA) based on Bray–Curtis 
dissimilarity (Bray & Curtis, 1957). Non-metric multidimensional scal-
ing (NMDS; Clarke & Warwick, 2001) with Bray–Curtis dissimilarity 
was used to assess differences in fish communities among habitat 
zones. To estimate mean densities of the study fish species at each 
reef, the total number of fish was divided by the transect area and 
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the mean and standard deviation across the three replicate transects 
were calculated. We visualized mean densities across zones with 
dot plots and tested for significant differences among zones using 
one-way analysis of variance (ANOVA) with post hoc Tukey test. To 
analyse variation in the density of mobile invertebrates frequently 
consumed by our target fish based on metabarcoding results, we cal-
culated the density of each taxon (e.g. arthropods) for each quadrat 
(sum divided by quadrat area) and calculated mean densities across 
quadrats (N = 3) on each reef. Variation in mean densities was com-
pared at various taxonomic levels (i.e. all sampled invertebrates, 
arthropods, decapods, true crabs [Brachyura], mithracid crabs, spa-
ghetti worms [Terebellidae]) among zones using boxplots and signifi-
cant differences assessed by ANOVA with post hoc Tukey test. Both 
overall invertebrate and arthropod community composition were 
visualized using stacked barcharts of relative densities.

2.9.2  |  Fish length–weight and body condition

Total length (TL) and wet weight (W) mean ± SD were calculated for 
both species and Kruskal–Wallis tests with Benjamini–Hochberg 
corrected post hoc Dunn's tests were used to assess differences 
among zones with the exception of weight (W) for H. puella where 
an ANOVA with post hoc Tukey test was used because the data 
were normally distributed. We then modelled the length–weight 
relationship by species for the whole dataset using linear regressions

where L and W are the natural log transformed fish total length 
(mm) and wet weight (g), respectively. To compare fish body 
condition (e.g. relative ‘plumpness’ in relation to length—with 
plumper fish of a given length assumed to be in better condition; 
Froese,  2006; Tesch,  1968) among zones, we calculated the rel-
ative condition factor (Kn) (Le Cren,  1951) for each individual by 
estimating the deviation between the observed weight to the pre-
dicted length-specific mean weight of the population (Blackwell 
et al., 2000; Froese, 2006)

where a and b are the species- and population-specific length–weight 
parameters, respectively, obtained from the length–weight regression. 
L is the natural log transformed observed total length (mm) and W is the 
natural log transformed observed weight (g). Due to the local scope of 
our study focusing on small-scale spatial differences among fish sub-
populations within species, the relative condition factor (Kn) was used 
as opposed to the relative weight (wr), the latter being based on stan-
dard weight developed across populations (Blackwell et al., 2000). To 
assess how fish condition varied across zones, we first tested if relative 
condition (Kn) varied among zones overall using Kruskal–Wallis tests, 
with effect sizes calculated as epsilon squared (ε2). Second, we plotted 
relative fish condition Kn against fish total length (cm) for each zone, 
respectively. Lastly, we fitted condition–length regression models to 
assess whether the slopes differed among zones. We modelled the 

interaction between fish total length and zone in affecting the condi-
tion–length relationship

ANOVA was used to determine whether slopes differed significantly. 
Model predictions with confidence intervals were generated (trans-
formed data with bias correction) and visualized as scatterplots. Effect 
sizes (partial η2) were calculated from Type I ANOVA. Pairwise com-
parisons of interaction slopes were performed by estimating mar-
ginal trends with Tukey-adjusted p-values. Log variance ratios (lnVR) 
(Nakagawa et al., 2015) on model residuals (Kn ~ logL * Zone) and resid-
ual plots were used to examine if variation in Kn differed significantly 
among zones while controlling for fish size, as the magnitude of spread 
may reflect divergent individual responses to local conditions. Pairwise 
log variance ratios (lnVR) were calculated with confidence intervals 
generated through bootstrapping (1000 resamples) and statistical sig-
nificance was inferred where intervals did not overlap zero. In addition, 
we tested for significant differences in wet weight (g) and total length 
(mm) among zones (ANOVA).

2.9.3  |  Age and growth

We tested for significant differences in fish age among zones based 
on otolith analyses (Kruskal–Wallis test and post hoc Dunn's test with 
Benjamini–Hochberg correction). Then we fitted von Bertalanffy 
growth functions (VBGF)

where L(t) is the length at age t, L∞ (length infinitive) is the asymptotic 
length, K is the growth rate at which asymptotic length is approached 
and t0 is the hypothetical age (years) at which length is zero. To do 
so, we modified R functions from the FSA package (v 0.9.1; Ogle 
et  al.,  2020) and plotted curves visualizing model prediction values. 
Bootstrapped predictions were used to test for significant differences 
in asymptotic length (L∞) and growth rate (K) among the three zones 
for each species.

2.9.4  |  Diet composition and specialization

NMDS ordinations (Clarke & Warwick, 2001) based on Bray–Curtis 
dissimilarity were used to visualize differences in diet composition 
among reefs and zones for each fish species. We then tested for 
significant differences in diet composition among three zones using 
permutational multivariate analysis of variance (PERMANOVA) with 
10,000 permutations. The pairwiseAdonis function was computed 
with Bonferroni-corrected p-values for pairwise comparisons 
between zones (Martínez Arbizu,  2019). Stacked barcharts were 
generated for each fish species depicting relative read abundances 
of prey OTUs across nine study reefs. We then asked if percent 
coral cover and/or fish age significantly affected the sequencing 

logW ∽ log L

Kn = W :aLb
�

Kn ∼ log L ∗ Zone

L(t) = L∞

(

1 − e−K (t−t0)
)
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    |  7CLEVER et al.

read abundance of main diet items as identified by metabarcoding: 
(i) annelids and hard corals in C. capistratus, and (ii) benthic and 
planktonic crustaceans in H. puella, fitting separate generalized 
linear mixed models (GLMMs) with a negative binomial distribution 
for each combination of response and predictor. We accounted for 
the hierarchical structure of our study design by including random 
effects of zone with reef nested within zone in GLMMs. For the 
hard coral diet item, we included random effects of zone only 
because the availability of hard coral prey is strongly collinear with 
coral cover estimates. For non-coral diet items, we used the nested 
random effects (zone/reef) as other aspects of reef habitat could still 
affect their availability. The distribution of data was checked using 
histograms and transformed to optimize models, that is, hard coral 
was square root-, annelid fourth root- and both crustaceans and 
fish log transformed. Likelihood ratio tests were performed to test 
the significance of the predictor variables against null models (e.g. 
models with and without specific predictors). Data were visualized 
using q plots and model fit was examined with Q-Q plots. To 
characterize the feeding strategy of both fish species in terms of how 
specialized or generalized the diet appears on the population level, 
we used a graphical analysis proposed by Amundsen et  al.  (1996) 
modified from Costello  (1990). To generate diagrams representing 
feeding strategy and prey importance at three reef zones, frequency 
of occurrence was expressed as a percentage and calculated by 
dividing the number of fish individuals in which a prey item was 
present by the total number of fish. Prey-specific abundance was 
calculated as the percentage of the diet that a food item represents 
across only those fish individuals where it was present

where Pi is the prey-specific abundance of prey i, Si is the abundance 
of prey i in the stomach or intestines, and Sti is the total prey abun-
dance in only consumer individuals where prey i is present. Because 
a generalist diet profile may arise at the population level from either 
broad individual diets and/or high variation in diet composition among 
specialized individuals (Amundsen et  al.,  1996; Bolnick et  al.,  2003), 
Amundsen's method includes an indirect measure of the contribution 
to niche width of both within individual variation (within phenotype 
component, WPC) and variation among individuals (between pheno-
type component, BPC).

All statistical analyses were performed in R (v4.4.2; R Core 
Team,  2024). Significance testing used kruskal.test, aov, and 
TukeyHSD (stats v 4.1.3). Permutational ANOVA was performed 
with adonis2 (vegan v2.6-10; Oksanen et al., 2025). Statistical mod-
elling used glmer.nb (lme4 v1.1-21; Bates et  al.,  2015), lm, anova 
(stats), and dunnTest (FSA v0.8.30; Ogle et al., 2020). Pairwise es-
timated marginal trends were obtained with emtrends (emmeans 
v1.11.1; Lenth et  al.,  2025). Effect sizes and supporting packages 
were computed with effectsize (v1.0.0; Ben-Shachar et  al.,  2025), 
and rcompanion (v2.5.0; Mangiafico, 2025). Predicted values were 
generated with ggpredict (ggeffects v2.2.0). Log variance ratios 
(lnVR) were calculated using purrr (v1.0.4; Wickham & Henry, 2025), 

boot (v1.3-31; Canty & Ripley, 2024)  and dplyr (v1.1.4; Wickham 
et  al.,  2025) packages. Ordinations were generated with ordinate 
(phyloseq v1.50.0; McMurdie & Holmes,  2013), metaMDS (vegan 
v2.6-10; Oksanen et al., 2025), and cmdscale (stats v4.4.2; R Core 
Team, 2024).

3  |  RESULTS

3.1  |  Benthic, fish and invertebrate surveys

The outer bay zone featured the highest levels of live coral cover (per-
cent cover per transect across three reefs mean ± SD = 33.46 ± 3.41, 
Figure  1b) and coral diversity (Shannon diversity, Figure  S2). Live 
coral cover and coral diversity were lower at the inner bay zone 
(12.06 ± 2.3; Figure  1b, Figure  S2), and live corals were nearly ab-
sent at reefs in the inner bay disturbed zone (0.34 ± 0.39; Figure 1b), 
which also had the lowest levels of coral diversity (Figure S2). Percent 
live coral cover significantly differed among the three reef zones 
(Kruskal; χ2 = 187.01, p < 0.001; Figure  1b) and between reef zone 
pairs (Dunn's adjusted p; inner bay–inner bay disturbed: p < 0.001; 
inner bay–outer bay: p < 0.001; outer bay–inner bay disturbed: 
p < 0.001). Zones also significantly differed in terms of coral diversity 
(Shannon diversity) (Kruskal; χ2 = 18.13, p < 0.001), whereby two of 
three pairwise comparisons significantly differed (Dunn's adjusted p; 
inner bay–inner bay disturbed: 0.64; inner bay–outer bay: p = 0.001; 
outer bay–inner bay disturbed: p < 0.001) (Figure S2). Principal coor-
dinates analysis (PCoA) of benthic composition revealed that differ-
ences among zones were driven by sponges and dead corals (inner 
bay disturbed zone), ‘other invertebrates’ (inner bay zone) and live 
hard and soft corals with macroalgae (outer bay zone) (Figure S3). 
Mean fish density peaked at the inner bay zone for both species, 
but differed significantly only in the case of H. puella (ANOVA; C. 
capistratus: F = 1.8, p = 0.25; H. puella: F = 10.9, p = 0.01) between the 
outer bay and inner bay zones (Tukey HSD; difference = −0.02, 95% 
CI: −0.04 to −0.01, p = 0.014) (Figure 1c,d). NMDS ordination of fish 
communities showed clustering of reefs located at the outer bay 
zone and inner bay disturbed zone, respectively, whereas the inner 
bay zone was more variable (Figure S4). Overall benthic invertebrate 
mean density significantly differed among three zones with the 
highest levels at the outer bay zone (Figure S5A, Table S3); post hoc 
testing confirmed a significant difference between the inner bay dis-
turbed zone and the outer bay zone (Figure S5A, Table S4). Regarding 
individual invertebrate groups constituting important fish prey, we 
found no significant differences in the mean densities of either spa-
ghetti worms (family: Terebellidae, phylum: Annelida) (Figure  S5B, 
Table  S3) or crustaceans (phylum: Arthropoda) (Figure  S5C, 
Table  S3). Within Arthropoda, there were also no significant dif-
ferences among zones for decapod crustaceans (order: Decapoda) 
(Figure  S5D, Table  S3), Brachyura (true crabs, order: Decapoda) 
(Figure  S5E, Table  S3), and mithracid crabs (family: Mithracidae) 
(Figure S5F, Table S3). Crustaceans of class Malacostraca (phylum: 
Arthropoda) were more abundant at the inner bay disturbed zone 

Pi =
(

∑

Si ∕
∑

Sti

)

∗ 100
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8  |    CLEVER et al.

than the outer bay zone (Figure S6A). Within arthropods, the relative 
densities of decapod crustaceans (class: Malacostraca) were highest 
at the inner bay zone and at one site (PPR, Popa Reef) of the outer 
bay, but lower at reefs of the inner bay disturbed zone and Salt Creek 
Reef (SCR) at the outer bay (Figure S6B).

3.2  |  Fish length–weight relationship and body 
condition

Total length (TL) ranged from 53.49 to 98.19 mm 
(mean ± SD = 80.08 ± 10.73) for C. capistratus, and 56.73 to 
125.23 mm (91.19 ± 8.96) for H. puella. Wet weight (W) ranged 
from 5.34 to 34.40 gr (17.97 ± 7.25) for C. capistratus and from 
3.01 to 23.49 gr (14.60 ± 3.8) for H. puella. We found significant 
differences in fish length (TL) and wet weight (W) among zones for 
both C. capistratus (Kruskal; TL: χ2 = 43.97, p < 0.001; W: χ2 = 43.66, 
p < 0.001) and H. puella (Kruskal; TL: χ2 = 15.15, p < 0.001; ANOVA; 
W: F = 7.23, p < 0.001) (Table S5A). All pairwise comparisons signifi-
cantly differed for C. capistratus, whereas H. puella was significantly 
longer and heavier at the inner bay disturbed than at the outer bay 
zone (Table S5B). The relative fish condition factor (Kn) was at op-
timal levels (Kn ≥ 1) at the outer and inner bay zones, and slightly 
below optimal (Kn < 1) at the inner bay disturbed zone for C. capist-
ratus (Figure S7A). In contrast, H. puella showed optimal Kn values 
at the outer bay and inner bay disturbed zones (Kn ≥ 1), with below 
optimal levels at the inner bay zone (Kn < 1) (Figure S7B). However, 
these differences were not statistically significant (Kruskal; C. cap-
istratus: χ2 = 2.41, p = 0.3, ε2 = 0.02; H. puella: χ2 = 2.36, p = 0.31, 
ε2 = 0.01) (Figure S7A,B). We found a marginally significant interac-
tion between fish total length and zone affecting the condition–
length relationship in C. capistratus (ANOVA; F = 2.49, p = 0.09) 
(Figure  2a) with condition decreasing with size at the inner bay 
(slope = −0.11) and increasing at the outer bay (slope = +0.03). 
However, this pattern appeared to be driven by a few data points, 
and the effect was small (partial η2 = 0.03). In contrast, the in-
teraction differed significantly for H. puella (ANOVA; F = 11.84, 
p < 0.001; Figure 2c), whereby condition increased with length at 
the outer bay (slope = +0.14), steeply declined at the inner bay dis-
turbed (slope = −0.26), and slightly declined at the inner bay zone 
(slope = −0.05). The effect of the interaction was within the moder-
ate to large range (partial η2 = 0.13). Post hoc comparisons of the 
length (TL)–condition (Kn) slopes between zones were not statisti-
cally significant for C. capistratus (inner bay vs. inner bay disturbed: 
p = 0.17; inner bay vs. outer bay: p = 0.13; inner bay disturbed vs. 
outer bay: p = 0.88). For H. puella, there was a significant difference 
in slopes between the outer bay and the inner bay disturbed zones 
(p < 0.001), but not between the outer bay and inner bay zones 
(p = 0.06) and between the inner bay and the inner bay disturbed 
zones (p = 0.08). Log variance ratios (lnVR) revealed ~4-fold greater 
variance in fish condition (Kn) at the inner bay disturbed versus at 
the inner bay zone (lnVR = −1.38, 95% CI: [−2.08, −0.78]) and ~3-
fold more at the inner bay disturbed versus the outer bay zone 

(lnVR = 0.96, 95% CI: [0.29, 1.63]) for C. capistratus, with no sig-
nificant difference between inner and outer bay (lnVR = −0.43, 95% 
CI: [−1.11, 0.19]) (Figure 2b). For H. puella, lnVR values showed no 
significant differences, although there was a non-significant trend 
towards higher variability at the inner bay disturbed zone (inner 
bay: lnVR = −0.23, 95% CI: [−0.85, 0.29]; outer bay: lnVR = 0.21, 
95% CI: [−0.39, 0.93]) (Figure 2d).

3.3  |  Otolith-based fish age determination and 
growth rate estimation

Fish age ranged from 3 to 9 years (mean ± SD = 5.8 ± 1.09) for C. cap-
istratus, and from 3 to 8 years (5.1 ± 0.94) for H. puella. On average, 
Chaetodon individuals were oldest in the inner bay zone (6.41 ± 1.42) 
in comparison to both the disturbed (5.46 ± 0.81) and outer bay 
(5.66 ± 0.84) zones with a significant difference in age among zones 
(Kruskal; χ2 = 13.56, p = 0.001; inner bay vs. inner bay disturbed zone: 
Dunn's adjusted p < 0.001; inner bay vs. outer bay zone: adjusted 
p = 0.01; inner bay disturbed vs. outer bay zone: adjusted p = 0.28). 
Hypoplectrus individuals in our sample exhibited a similar age structure 
across the three zones: inner bay (mean ± SD = 5.1 ± 0.82), inner bay 
disturbed (5.07 ± 1.01) and outer bay (5.14 ± 1) showing no significant 
difference in age among zones (Kruskal; χ2 = 0.13, p = 0.94). Based on 
fish growth rate (K), C. capistratus grew fastest at the outer bay zone 
followed by the inner bay and slowest at the inner bay disturbed zone. 
In contrast, H. puella grew fastest in the inner bay disturbed and slow-
est in the inner bay zone (Figure 3a, Table 1). However, bootstrapped 
predictions of K did not significantly differ among zones for both spe-
cies indicated by overlapping bootstrapped 95% confidence intervals 
(Figure 3b, Table  S6). Estimates of asymptotic length (L∞) suggested 
that growth potential is greatest in the inner bay zone for both species 
and smallest at the outer bay (Figure 3a, Table 1). Predicted estimates 
of asymptotic length (L∞) were significantly different between all pairs 
of zones for H. puella (non-overlapping bootstrapped 95% confidence 
intervals), but not C. capistratus, suggesting high variability in growth 
potential (L∞) despite more similar levels of growth rates (K) across 
zones (Figure 3b, Table S6).

3.4  |  Diet composition

3.4.1  |  Sequence analysis

A total of 18,427,824 raw paired-end reads were obtained. After 
denoising, removing chimeras, and processing, retained high-quality 
reads clustered into 1009 OTUs assigned to the kingdom Metazoa, of 
which 166 (16.5%) were matched to species. An additional 613 OTUs 
(60.8%) could be assigned to higher taxonomic levels. The extraction 
and PCR controls did not show contamination. Steep sample-based 
rarefaction curves indicate that the two target species consume a 
large diversity of prey in each reef zone that exceeds the prey we 
identified in our sampling (Figure S8A–C). The unimodal distribution 
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    |  9CLEVER et al.

of sequence read counts per sample (sequencing depth) peaked at 
approximately 25,000 reads for C. capistratus and at 6000 reads 
for H. puella (Figure  S9A,B). Non-metric multidimensional scaling 
(NMDS) of sequence read relative prey abundance data showed 
that C. capistratus from high coral cover reefs at the outer bay 
grouped together and was clearly separated from fish at the most 
degraded inner bay disturbed reefs (Figure  4a). Presence-absence 
data showed a similar pattern; however, samples of the inner bay 
and inner bay disturbed zone were more similar in comparison to 
the relative abundance data (Figure S10A). The diet composition of 
H. puella at the outer bay zone separated from both the inner bay 
and inner bay disturbed zones for both relative abundance and 
presence–absence data, while there was no separation between 
the two zones located inside the bay (Figure  4b, Figure  S10B). 
PERMANOVA confirmed significant differences in diet composition 
among reef zones for both species (Table S7) and pairwise testing 

confirmed that differences were significant between all pairs of 
zones for both study species, with the exception of H. puella's diet 
composition between the inner bay and inner bay disturbed zone 
when considering relative abundance (Table  S8). Diet composition 
of C. capistratus was dominated by cnidarians at the outer bay high 
coral cover sites, whereas its diet was dominated by annelids at the 
inner bay disturbed zone with a more mixed diet at the inner bay 
zone (Figure 4c, Figure S11A). Within the phylum Cnidaria, fish at the 
outer bay preferentially fed upon hard corals in the family Poritidae 
together with soft corals (Plexauridae, Gorgoniidae, Briareidae), 
while anemones and Porites sp. were dominant diet items at the inner 
bay zone (Figure S11B). In contrast, Porites sp. was less consumed at 
the inner bay disturbed zone, where sequence reads of both families 
Mussidae and Merulinidae and anemones (families: Aiptasiidae, 
Boloceroididae, Discosomatidae) were higher (Figure  S11B). Soft 
corals were present in negligible proportions in the diets of fish 

F I G U R E  2  Relative condition (Kn) by fish total length (mm) at three reef zones. Regression lines with 95% confidence intervals depicted 
in grey show variation in the slopes (b) among three reef zones for (a) Chaetodon capistratus and (c) Hypoplectrus puella. The red dashed 
line depicts Kn = 1. Values ≥1 indicate that fish individuals are in good physical condition, values <1 suggest suboptimal condition (a and 
c). Boxplots of residual spread from the condition-by-length model, reflecting differences in the standard deviation of individual condition 
among zones for (b) Chaetodon capistratus and (d) Hypoplectrus puella. Significant differences are based on comparing log variance ratios 
(lnVR) with confidence intervals between zones. Asteriks denote comparisons for which the 95% CI of InVR does not overlap 0 (evidence of 
a difference); ns indicates the 95% CI includes 0 (no evidence of a difference).
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10  |    CLEVER et al.

F I G U R E  3  Comparison of fish growth between reef zones for the two fish species. (a) Growth curves among three zones for both study species 
from fitting the von Bertalanffy growth function (VBGF) and (b) estimates of bootstrapped growth parameters: Points depict bootstrapped mean 
parameter estimates and error bars indicate 95% confidence intervals. The age data were estimated from otolith analysis (C. capistratus, N = 158; H. 
puella, N = 127) and a total of five outliers were removed from the dataset for fitting growth curves resulting in 280 observations.
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    |  11CLEVER et al.

residing at both zones inside the bay (Figure 4c, Figure S11A), while 
jellyfish appeared in the diet of fish in the inner bay disturbed zone 
(Figure S11B). Across all zones, there were low proportions of reads 
belonging to Corallimorpharia and Zoantharia (Figure S11A).

The diet of H. puella was dominated by arthropods at the phylum 
level across all reefs and zones (Figure S12A). However, differences 
in diet composition among reefs and zones emerged at lower taxo-
nomic levels. Within Arthropoda, more copepods were consumed 
inside the bay and more decapods at the high coral cover outer bay 
reefs (Figure  S12B). When considering prey communities at the 
genus level, macrocrustaceans dominated the diet at outer bay reefs 
and microcrustaceans, many of them planktonic taxa, were preva-
lent in the diet across the inner bay and inner bay disturbed zones 
(Figure 4d). At both zones located inside the bay, H. puella's arthro-
pod diet contained a large proportion of the copepod Temora stylif-
era, whereas diets at outer bay reefs were dominated by crabs in the 
genus Mithraculus, and to a lesser extent tanaid crustaceans (genus: 
Leptochelia) and mantis shrimp (genus: Pseudosquilla) (Figure  4d), 
whereas prawns (genus: Sicyonia), rubble crabs (genus: Panoplax), 
snapping shrimp (genus: Synalpheus) and mantis shrimp (genus: 
Neogonodactylus) were consumed in smaller proportions (Figure 4d). 
At the phylum level, Chordata constituted the second most import-
ant diet item of H. puella but relative read abundances were signifi-
cantly lower than for Arthropoda (Figure S12A). Chordates largely 
consisted of fishes (Figure S13A), with Gobiiformes being most fre-
quently consumed followed by Blenniiformes (Figure S13A). COI me-
tabarcoding detected a broad taxonomic range of fishes (51 OTUs, 
class: Actinopterygii), of which 19 were identified at the species level 
(Table  2). The chaenopsid blenny Emblemariopsis arawak was the 
most frequently detected species (at six of nine reefs) (Figure S13B).

3.5  |  Relationship between coral cover and 
fish diet

Coral cover was a strong predictor of the relative abundance of hard 
corals and annelids in the diet of C. capistratus (Figure 5a,b, Table 3). 
Reef zones varied in percent coral cover, and there was a significant 
relationship between the butterflyfish diet and zones (Table  3), 
with annelids decreasing and corals increasing in the diet when 
moving from inner bay disturbed zone to the inner bay zone and the 

outer bay zone. Coral cover did not predict the abundance of the 
dominant prey of H. puella, benthic arthropods (Figure 5c, Table 3), 
but it did predict consumption of planktonic arthropods (Figure 5d, 
Table 3). We found no significant relationship between coral cover 
and the abundance of fishes detected within the guts of H. puella 
(Table 3). In some cases, within-zone trends in read abundances were 
opposite to the overall model slopes (Figure 5a,b,d). In addition, for 
both fish species we detected no significant effect of fish age on the 
proportions of main prey items in the diets (Table 3).

3.6  |  Diet strategy

Amundsen plots of fish diet strategy (Figure 6a) across zones sug-
gested that the diet of C. capistratus was dominated by very few 
prey items, as indicated by points located in the middle to upper 
right corner of the plots (Figure 6b–d). This relatively specialized 
diet was complemented by a diverse array of occasional prey items 
that were consumed in low abundance (lower left corner of the 
plot). While C. capistratus appeared as a facultative specialist, H. 
puella displayed a generalist diet that was dominated by arthropods 
across all zones (Figure 6e–g). Across the habitat zones, C. capist-
ratus switched its main diet item from hard coral, that is, Porites 
sp. (phylum Cnidaria) at the outer bay zone (Figure 6b), to a mix of 
Porites sp. and a sessile worm, Loimia medusa (phylum Annelida) at 
the inner bay zone (Figure 6c), towards a diet dominated by Loimia 
medusa at the inner bay disturbed zone (Figure 6d). The observed 
switch in the main diet item entailed that the diet of individual fish 
was less diverse (i.e. more specialized) as indicated by a decrease 
in the within phenotype component (WPC) at the disturbed zone 
in comparison with the other two zones (Figure 6d). In the outer 
bay, H. puella consumed crabs in the genus Mithraculus frequently 
and in large quantities (25–50%) relative to other prey items, 
which were less apparent inside of the bay (<25%) (Figure 6e–g). In 
contrast, the frequency of microcrustaceans in the diet was higher 
in inner bay zones, dominated by copepods in the genus Temora 
(Figure  6f,g). At both inner bay zones, we found that the diet 
among individuals was more variable as indicated by an increase in 
the between phenotype component (BPC), implying an increase in 
individual specialization and a broader diet on the population level 
at these reefs (Figure 6f,g) relative to outer bay reefs (Figure 6e).

Species Zone L∞ K t0

Chaetodon capistratus Inner bay 110.47 0.19 −2.00

Chaetodon capistratus Inner bay disturbed 102.27 0.17 −2.00

Chaetodon capistratus Outer bay 97.86 0.23 −2.00

Hypoplectrus puella Inner bay 125.23 0.19 −2.00

Hypoplectrus puella Inner bay disturbed 102.04 0.36 −2.00

Hypoplectrus puella Outer bay 100.28 0.30 −2.00

Note: Von Bertalanffy growth function (VBGF) parameters for C. capistratus (N = 158) and H. puella 
(N = 127) at each zone. L∞ is the asymptotic length or length infinitive, K is the growth rate at which 
L∞ is approached and t0 is the (hypothetical) point in time at which an individual is of length zero.

TA B L E  1  Fish growth by zone.
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12  |    CLEVER et al.

4  |  DISCUSSION

Our study was conducted across three habitat zones featuring 
different levels of coral cover and diversity that represented 
degrees of reef degradation associated with variation in invertebrate 
prey assemblages. While the disturbance history is undoubtedly 
responsible for differences in benthic community structure, other 
factors such as wave exposure, water circulation, and human 
population activities likely play an important role as well. These 
factors may covary with coral cover and potentially contribute to 
differences in prey availability. Against this backdrop we showed 
that the diet composition of two benthic-feeding coral reef fish 
species (C. capistratus and H. puella) with distinct feeding strategies 
was influenced by the proportion of live coral cover. Combining high-
resolution diet data with ecological survey data and otolith analysis 
revealed relationships between resource use, benthic cover, and 
fish condition and growth. We found dietary differences in both fish 

species between healthy and degraded reefs; however, the extent 
to which dietary adjustments shield potentially adverse effects of 
spatial differences in prey availability varied between fish species, 
as evidenced by more variable body condition observed only in the 
browsing species inhabiting the most degraded reefs. Our results 
further suggest that fish trophic roles can vary within species across 
small spatial scales in relation to coral cover.

4.1  |  Changes in fish diet with reef degradation

Contrary to our expectation, C. capistratus did not broaden its diet 
where coral cover was low, but switched preference while narrow-
ing its diet. It maintained its browsing feeding mode (i.e. moving 
between resource patches nipping on sessile prey) on degraded 
reefs by primarily feeding on terebellid worms (phylum: Annelida, 
class: Polychaeta) resembling the coral polyps that it typically 

F I G U R E  4  Differences in fish diet composition based on stomach and gut content metabarcoding across reefs. Nonmetric 
multidimensional scaling (NMDS) plots are based on Bray-Curtis distance matrices between individuals of (a) Chaetodon capistratus and 
(b) Hypoplectrus puella. Dots depict fish individuals; reef zones are coded by shapes and colour: Blue = outer bay, green = inner bay, and 
orange = inner bay disturbed. Variation in diet composition across the habitat zones for (c) C. capistratus by phylum and (d) H. puella at the 
genus level within arthropods, their primary prey.
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    |  13CLEVER et al.

consumes in providing an evenly distributed and abundant prey 
resource. This feeding behaviour potentially allows individuals to 
maintain a similar energy budget between healthy and degraded 
reefs (Uchida et al., 2007; Van Leeuwen et al., 2013). While C. cap-
istratus has been previously reported to include polychaete tenta-
cles in its diet (e.g. families: Serpulidae, Terebellidae), the percent 
volume detected in stomachs was commonly low in relation to 
cnidarian prey of largely hexacorals and octocorals. For example, 
Birkeland and Neudecker  (1981) showed that C. capistratus can 
complement its anthozoan dominated diet (80%) with items of high 
nutritional value such as polychaete worms (Rotjan & Lewis, 2008), 
but no previous study has shown a near complete switch. Prey may 
need to exceed a certain abundance threshold to represent a diet 
item worth exploiting for C. capistratus, and previous studies from 
the 1980s were conducted on much less disturbed reefs. Our find-
ings are consistent with previous studies finding C. capistratus to 
feed selectively (Birkeland & Neudecker, 1981; Casement, 2021; 
Gore, 1984; Lasker, 1985; Liedke et al., 2018). Chaetodon capistra-
tus specialized in chemically defended worm tentacles at degraded 
reefs, indicating an adaptation to feeding on chemically defended 
prey. This dietary specialization may serve to avoid competition 
with the Caribbean congeners C. striatus and C. ocellatus, which 
are known to be less tolerant of dietary allelochemicals (Liedke 
et  al.,  2018; Pitts,  1991; Vrolijk et  al.,  1995), thus highlighting a 

potential ecological advantage in resource utilization within de-
graded reef environments.

Hypolplectrus puella likely fed in relation to resource avail-
ability as both the consumption and relative density of decapod 
crustaceans decreased at the inner bay disturbed zone. Despite 
their small size, copepods potentially provide a more numerous 
and evenly distributed food source than crabs under degraded 
conditions. However, as calanoid copepod distribution has been 
shown to be uniform across our study area (Rodas et al., 2020), the 
observed dietary pattern was likely not driven by relative plankton 
availability, but rather changes in the accessibility of macrocrus-
tacean prey. In contrast to the different crustacean prey (macro 
vs. microcrustaceans), the contribution of fishes in the diet of H. 
puella, which constituted the second most common diet item, did 
not vary with coral cover. Overall, the relative proportion of fish 
prey consumed by H. puella resembled that of its congener H. uni-
color (the butter hamlet) at our study area, and was thus higher 
than previously reported (Puebla et al., 2018). Our metabarcoding 
approach likely surpassed previous visual analyses that might have 
underestimated the proportion and diversity of fish prey in the diet 
of H. puella (~10%; Puebla et al., 2018; Randall, 1967; Whiteman 
et al., 2007) as fish can be digested faster than crustaceans (e.g. 
four times faster in rock cod, Beukers-Stewart & Jones,  2004). 
In addition, H. puella targeted fish species that were previously 

TA B L E  2  Fish prey species.

Class Order Family Genus Species Common name

Actinopterygii Acanthuriformes Acanthuridae Acanthurus Acanthurus chirurgus Doctor fish

Actinopterygii Kurtiformes Apogonidae Phaeoptyx Phaeoptyx xenus Sponge cardinalfish

Actinopterygii Kurtiformes Apogonidae Phaeoptyx Phaeoptyx pigmentaria Dusky cardinalfish

Actinopterygii Blenniiformes Blenniidae Hypleurochilus Hypleurochilus geminatus Crested blenny

Actinopterygii NA Centropomidae NA NA Snook

Actinopterygii Blenniiformes Chaenopsidae Acanthemblemaria Acanthemblemaria chaplini Papillose blenny

Actinopterygii Blenniiformes Chaenopsidae Emblemariopsis Emblemariopsis arawak Araw glass blenny

Actinopterygii Gobiiformes Gobiidae Coryphopterus Coryphopterus glaucofraenum Bridled goby

Actinopterygii Gobiiformes Gobiidae Elacatinus Elacatinus illecebrosus Barsnout goby

Actinopterygii Gobiiformes Gobiidae Coryphopterus Coryphopterus personatus Masked goby

Actinopterygii Gobiiformes Gobiidae Coryphopterus Coryphopterus eidolon Pallid goby

Actinopterygii Gobiiformes Gobiidae Risor Risor ruber Tusked goby

Actinopterygii Gobiiformes Gobiidae Gnatholepis Gnatholepis thompsoni Goldspot goby

Actinopterygii Lutjaniformes Haemulidae Haemulon Haemulon macrostomum Spanish grunt

Actinopterygii Lutjaniformes Haemulidae Haemulon Haemulon steindachneri Latin grunt

Actinopterygii Gymnotiformes Hypopomidae Brachyhypopomus Brachyhypopomus occidentalis Bluntnose knifefish

Actinopterygii Labriformes Labridae Sparisoma Sparisoma chrysopterum Redtail parrotfish

Actinopterygii Blenniiformes Labrisomidae Starksia Starksia occidentalis Occidental blenny

Actinopterygii NA Sciaenidae NA NA Drum

Actinopterygii Perciformes Serranidae Serranus Serranus flaviventris Twinspot bass

Actinopterygii Blenniiformes Tripterygiidae Enneanectes Enneanectes altivelis Lofty triplefin

Note: Fishes identified in the diet of H. puella (including only those OTUs that were identified to at least family level, 41% of all 51 OTUs assigned to 
Actinopterygii).
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14  |    CLEVER et al.

not detected in H. unicolor's diet at Bocas del Toro and seemed 
to consume proportionally more crabs than its congener. Previous 
diet analyses, in contrast, reported high levels of dietary overlap 
among hamlet species suggestive of ecological equivalence (Holt 
et al., 2008; Whiteman et al., 2007). However, confirming whether 
these two species might partition their prey to some extent re-
quires further study with comparable methodologies.

Interestingly, for both species the level of consumption of par-
ticular prey followed contrasting trends across versus within zones 
in some cases. For example, the sequencing read abundance of an-
nelids in C. capistratus' diet decreased with declining coral cover in 
the inner bay zone while it generally increased across zones. This 

may be due to much larger differences in coral cover between zones 
than within zones and to local habitat effects on diet not captured 
by overall models.

4.2  |  Changes in fish condition with reef 
degradation

Our results suggest that low coral cover reefs potentially provide 
less suitable resources for C. capistratus, whereas H. puella 
clearly appears more resilient. While there was no significant 
difference in body condition among zones, we found significantly 

F I G U R E  5  Effects of coral cover on fish diets. Negative binomial generalized linear mixed models (GLMMs) were fitted to predict the 
effect of percent coral cover on the sequencing read abundance of dominant diet items consumed by two fish species: Chaetodon capistratus 
feeding on (a) annelids and (b) hard coral, and Hypoplectrus puella feeding on (c) benthic arthropods and (d) planktonic arthropods. Black lines 
depict model predictions across levels of percent coral cover with 95% confidence intervals (areas shaded in grey) based on the fixed effects 
from the GLMMs. Smoothed coloured lines with 95% confidence intervals (CIs) (coloured shaded areas) represent variability within each reef 
zone based on raw data. The contrasting patterns between black and coloured lines suggest the presence of scale-dependent trends in prey 
consumption. Annelid read abundance was fourth root transformed, hard coral read abundance was square root transformed and reads of 
both arthropod groups were log transformed to improve model fitting.
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    |  15CLEVER et al.

more variable condition estimates (Kn) between C. capistratus 
individuals on reefs of the disturbed inner bay. This effect was 
still strong after controlling for fish size (TL) suggesting that 
other factors such as resource limitation may lead to divergent 
responses in fish individuals. C. capistratus individuals have 
previously been found to exhibit more variable gut microbiome 
composition on degraded reefs of the Bay of Almirante compared 
to fish in zones with higher coral cover suggesting more diverse 
diets and possible physiological stress leading to dysbiosis (Clever 
et  al.,  2022). Interestingly, condition significantly declined with 
increasing fish size in the inner bay zone where fish also reached 
their largest sizes and were oldest in comparison to both other 
zones. This may reflect difficulty in meeting energetic demands 
beyond a certain size, for example, related to increased metabolic 
costs, reproductive investment, competition or limited resources. 
Another explanation might be that fish in the inner bay zone 
grew older due to the combination of sufficient live coral cover 
compared to the inner bay disturbed zone, and potentially lower 
predation pressure than at the outer bay zone where coral cover 
was highest and fishing pressure likely lower, potentially implying 
higher predation pressure on butterflyfishes (Cramer,  2013; 
Seemann et al., 2018). Conspicuously, the density of C. capistratus 
did not significantly vary among zones. The population size of 
versatile feeders may only slowly respond to changes in prey 
availability; for example, the most specialized species of Indo-
Pacific butterflyfishes, but not the more generalist species, were 
shown to have population sizes limited by resource availability 
(Lawton & Pratchett,  2012). Some of the few previous studies 
examining the effects of coral reef habitat on fish body condition 
found reduced levels associated with dietary changes (Berumen 
et al., 2005; Hempson et al., 2017; Pratchett et al., 2004). Although 
C. capistratus densities were stable across zones, long-term 
sublethal effects of habitat degradation may manifest over time.

Our data suggest that the condition of H. puella did not sig-
nificantly decline with decreasing coral cover despite the marked 

difference in size between its crustacean prey across the habitat 
zones, demonstrating a versatile nutritional and behavioural physi-
ology. However, while condition increased with fish size at the outer 
bay, it decreased at the inner bay disturbed zone where fish were 
significantly larger and heavier. These findings suggest that ener-
getic constraints (e.g. from reliance on small prey) may compromise 
the condition of H. puella in larger individuals at degraded reefs. In 
contrast, a macrocrustacean diet may better support larger individ-
uals at the outer bay, while other factors such as predation pres-
sure or exposure that may increase energy demands at this zone 
may limit density and growth. The size ratio between fish and its 
prey influences the effort needed for searching prey and the rel-
ative contribution of a prey to a predator's energy needs (Hart & 
Gill, 1993). Feeding on planktonic prey suggests low search effort 
but also low caloric return per prey especially in large individuals 
(Hart & Gill,  1993). Apart from possible energetic constraints for 
large individuals, the increased reliance of H. puella on an alterna-
tive food source potentially providing lower nutritional value (Hart & 
Gill, 1993) did not translate into lower mean density, body condition 
or growth rate at the inner bay disturbed zone, suggesting the ease 
of obtaining plankton made up for its relatively low source of energy. 
Interestingly, mean density and asymptotic length were greatest at 
the inner bay zone indicating favourable conditions for long-term 
growth and a preference for sheltered inner bay habitats as shown 
previously (Hench et al., 2017). Overall, in contrast to previous re-
sults showing that shifted diets on degraded reefs led to less energy 
stored in the livers of another coral reef mesopredator (Hempson 
et al., 2018), our results suggest that H. puella is able to cope with de-
graded reef conditions. Here we considered levels of condition and 
growth using relatively coarse resolution metrics, that is, an index of 
fish condition (Le Cren's relative condition factor, Kn) and age deter-
mination from otoliths based on numbers of rings (not considering 
ring sizes or distance from a ring to the otolith margin). Length–
weight based condition indices such as Kn—while widely used in 
fisheries—remain proxies and thus less accurate than approaches 

TA B L E  3  Effects of coral cover on fish diets.

Species Model Response (Diet) Predictor Random Effect χ2 p

Chaetodon capistratus 1 Annelid Coral cover Zone/Reef 5.94 0.015

2 Annelid Age Zone/Reef 0.233 0.629

3 Hard coral Coral cover Zone 5.38 0.02

4 Hard coral Age Zone/Reef 0.034 0.854

Hypoplectrus puella 5 Benthic arthropods Coral cover Zone/Reef 1.73 0.188

6 Benthic arthropods Age Zone/Reef 0.859 0.354

7 Planktonic arthropods Coral cover Zone/Reef 4.62 0.032

8 Planktonic arthropods Age Zone/Reef 0.04 0.843

9 Fish Coral cover Zone/Reef 0.77 0.38

10 Fish Age Zone/Reef 0.18 0.66

Note: Results from separate generalized linear mixed models (GLMMs) for each dominant prey item, testing the effects of coral cover and fish age on 
prey sequencing read abundance in the diets of Chaetodon capistratus and Hypoplectrus puella. For each diet item, independent models were run to 
test the effects of coral cover and age as predictors. The random effect structure was determined by the study design: Zone/reef for non-coral items, 
and zone only for hard coral to avoid collinearity with coral cover. Significant effects are depicted in bold.
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16  |    CLEVER et al.

directly assessing organismal parameters such as fat storage in liver 
tissue (e.g. Hempson et al., 2017; Pratchett et al., 2004), or RNA:DNA 
ratios (Liedke et al., 2016). We acknowledge that processes beyond 
the scope of this study (e.g. activity levels, reproduction) likely mod-
erate levels of condition and growth.

4.3  |  Implications for management and 
conservation

While most pronounced in C. capistratus, both species differed 
in their trophic functions across habitat zones thanks to flexible 

F I G U R E  6  Fish feeding strategies across the habitat zones with different levels of coral cover. (a) Schematic diagram modified from 
Amundsen et al. (1996) illustrating how feeding strategy as shaped by niche width contribution and prey importance is inferred from i the 
vertical axes indicating specialization (upper portion of plot) and generalization (lower portion of plot) and ii) the diagonal axis representing 
the within phenotype component (WPC, lower right corner) and between phenotype component (BPC, upper left corner) indices. (b–g) 
Graphical analysis of fish diet strategy at three reef zones using relative read abundance data for C. capistratus (b–d) and H. puella (e–g) 
following the method of Amundsen et al. (1996) based on and modified from Costello (1990). Points represent OTUs assigned to prey taxa. 
Points located in the upper right indicate a specialized diet at the population level (abundant and frequent diet items), whereas points in 
the lower left corner indicate opportunistic, occasional diet items that are found rarely and in low abundance in the diet. Frequency of 
occurrence = percentage of fish in which a prey item was present versus the total number of fish. Prey-specific abundance = percentage of 
diet made-up by a given prey item (OTU) across only the number of fish individuals where it occurred.
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    |  17CLEVER et al.

feeding behaviours, which may shape food webs in different ways 
at healthy versus degraded reefs. The predominant prey items of 
C. capistratus and H. puella at high coral cover reefs (live corals 
and macrocrustaceans, respectively) rely upon planktonic carbon 
sources and symbiotic photosynthesis in the case of corals, and 
epibenthic food in the case of many crustaceans. At degraded 
reefs in contrast, terebellid worms and calanoid copepods use de-
trital deposits and phytoplankton, respectively. This implies that 
both fish species used different trophic pathways at healthy and 
degraded reefs. Habitat degradation in the form of fragmentation 
and land use change has previously been shown to lead to a simpli-
fied food web structure in tidal creeks in the Bahamas and a fresh-
water system in Croatia (Layman et al., 2007; Price et al., 2019). 
The reliance of H. puella on planktonic food in the disturbed zone 
was in line with previous findings suggesting that pelagic food 
sources may increasingly support coral reef fishes on degraded 
reefs (Morais & Bellwood,  2019). Further investigation of prey 
diets or verification with other trophic markers (e.g. compound-
specific stable isotopes; McMahon et al., 2016) could further sub-
stantiate carbon sources.

Our study adds to recent work on how consumer-resource in-
teractions alter coral reef food webs in response to degradation 
at relatively small spatial scales (Hempson et  al.,  2018; Karkarey 
et al., 2017; Layman et al., 2007; Semmler et al., 2022), thereby in-
fluencing energy flow and ultimately ecosystem functioning (Duffy 
et al., 2007). Species interactions are thought to underpin stabilizing 
mechanisms, such as functional redundancy (Rosenfeld, 2002) and 
trophic compensation (e.g. Ghedini et  al.,  2015), under conditions 
of environmental change. Yet this notion is being increasingly scru-
tinized in the case of coral reefs, where high levels of niche parti-
tioning may render coral reef fish assemblages more vulnerable 
than previously assumed (Bejarano et al., 2017; Brandl et al., 2020; 
Brandl & Bellwood,  2014; Kramer et  al.,  2015; Leray et  al.,  2015; 
Semmler et al., 2021). Intraspecific dietary variation as documented 
by the present study may play a role in mediating this pattern (Albert 
et al., 2010) and thus potentially affect levels of functional redun-
dancy within the fish assemblage at a given location. In addition, our 
findings question the usefulness of coarse trophic classifications 
of species that largely lack empirical ground-truthing. For example, 
Parravicini et al. (2020) found coral reef fish invertivores were more 
diversified than suggested by previous classifications. Our study 
corroborates their findings and improves the resolution of benthic 
invertivore diets on coral reefs.

Our finding that C. capistratus exhibited increased variability in 
condition at degraded reefs and greater dietary variation among 
reef zones in contrast to H. puella, suggests that benthic invertivo-
rous fishes that specialize on sessile taxa may be more susceptible 
to reef degradation than those that specialize on free-living in-
vertebrates. However, energetic trade-offs on degraded reefs may 
constrain condition for both feeding strategies, particularly for 
larger individuals. High-resolution DNA-based analysis revealed 
that within-species dietary variation was greater than previously 

thought for our study species. We further demonstrated that ver-
satile feeding behaviour could entail the use of different trophic 
pathways between high and low coral cover reefs. Consequently, 
we advocate taking into account diet versatility and limitations on 
body condition in putatively generalist strategies, as they can in-
fluence both species persistence and tropho-dynamics on degrad-
ing coral reefs.

AUTHOR CONTRIBUTIONS
Friederike Clever, Matthieu Leray and Richard F. Preziosi conceived 
and designed the study. Friederike Clever and Matthieu Leray 
conducted the fieldwork. Friederike Clever dissected the fish 
stomachs and guts and extracted the DNA. Friederike Clever and 
Matthieu Leray prepared the DNA for sequencing. Bryan Nguyen 
processed the sequencing data. Brígida De Gracia, Aaron O'Dea, 
and Helio Quintero Arrieta conducted the otolith analysis. Richard 
F. Preziosi, Nancy Knowlton, Andrew H. Altieri, W. Owen McMillan, 
Aaron O'Dea, and Matthieu Leray contributed reagents and supplies. 
Friederike Clever analysed the data and wrote the first draft of the 
manuscript with input from Matthieu Leray, Richard F. Preziosi, 
and Andrew H. Altieri. Brígida De Gracia, Aaron O'Dea, Nancy 
Knowlton, and W. Owen McMillan contributed to a later version of 
the manuscript. All authors reviewed the manuscript, contributed to 
the final version and provided final approval for publication.

ACKNOWLEDG EMENTS
We thank Lucía Rodriguez for field assistance, Joan Antaneda for her 
help in the laboratory, Ross Whippo for conducting the fish survey 
and Clare Fieseler for taking photos of the benthos. The staff of the 
Bocas del Toro Research Station provided logistical support. We are 
grateful to Kristin Saltonstall and Marta Vargas for their support at 
the Smithsonian Tropical Research Institute's (STRI) Ecological and 
Evolutionary Genomics Laboratory. We thank Justin Touchon for 
guidance with mixed models, Rainer Froese for advice on analysing 
the fish length–weight relationship and Marco Smolla for support 
with R functions. Friederike Clever was supported by a Smithsonian 
Short Term Fellowship and a PhD studentship by Manchester 
Metropolitan University. A minor part of code for this work was 
written with the assistance of GitHub Copilot; the authors are 
responsible for the final analyses and results. We thank the associate 
editor and the two anonymous reviewers for their constructive 
comments on our manuscript.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Sequencing data have been submitted to the NCBI Short Read 
Archive (SRA) database (https://​www.​ncbi.​nlm.​nih.​gov/​sra) under 
BioProject Accession: PRJNA1365833. Raw data and R code are 
available from the Dryad Digital Repository https://​doi.​org/​10.​
5061/​dryad.​qz612​jmpz (Clever et al., 2025).

 13652656, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.70196, W

iley O
nline L

ibrary on [15/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.ncbi.nlm.nih.gov/sra
https://doi.org/10.5061/dryad.qz612jmpz
https://doi.org/10.5061/dryad.qz612jmpz


18  |    CLEVER et al.

ORCID
Friederike Clever   https://orcid.org/0000-0003-3434-6125 

R E FE R E N C E S
Alberdi, A., Aizpurua, O., Bohmann, K., Gopalakrishnan, S., Lynggaard, C., 

Nielsen, M., & Gilbert, M. T. P. (2019). Promises and pitfalls of using 
high-throughput sequencing for diet analysis. Molecular Ecology 
Resources, 19(2), 327–348. https://​doi.​org/​10.​1111/​1755-​0998.​12960​

Alberdi, A., Aizpurua, O., Gilbert, M. T. P., & Bohmann, K. (2017). 
Scrutinizing key steps for reliable metabarcoding of environmental 
samples. Methods in Ecology and Evolution, 9, 134–147. https://​doi.​
org/​10.​1111/​2041-​210X.​12849​

Albert, C. H., Thuiller, W., Yoccoz, N. G., Douzet, R., Aubert, S., & Lavorel, 
S. (2010). A multi-trait approach reveals the structure and the rela-
tive importance of intra- vs. interspecific variability in plant traits. 
Functional Ecology, 24(6), 1192–1201. https://​doi.​org/​10.​1111/j.​
1365-​2435.​2010.​01727.​x

Altieri, A. H., Harrison, S. B., Seemann, J., Collin, R., Diaz, R. J., & 
Knowlton, N. (2017). Tropical dead zones and mass mortalities on 
coral reefs. Proceedings of the National Academy of Sciences of the 
United States of America, 114(14), 3660–3665. https://​doi.​org/​10.​
1073/​pnas.​16215​17114​

Amundsen, P. A., Gabler, H. M., & Staldvik, F. J. (1996). A new approach to 
graphical analysis of feeding strategy from stomach contents data-
modification of the Costello (1990) method. Journal of Fish Biology, 
48(4), 607–614. https://​doi.​org/​10.​1111/j.​1095-​8649.​1996.​tb014​
55.​x

Anderson, W., Carpenter, K. E., Gilmore, G., Milagrosa Bustamante, G., 
& Robertson, R. (2015). Hypoplectrus puella (barred hamlet). The 
IUCN Red List of Threatened Species 2015. https://​www.​iucnr​
edlist.​org/​speci​es/​16759​126/​16781798

Baker, R., Buckland, A., & Sheaves, M. (2014). Fish gut content analy-
sis: Robust measures of diet composition. Fish and Fisheries, 15(1), 
170–177. https://​doi.​org/​10.​1111/​faf.​12026​

Barlow, G. W. (1975). On the sociobiology of some hermaphroditic ser-
ranid fishes, the hamlets, in Puerto Rico. Marine Biology, 33(4), 295–
300. https://​doi.​org/​10.​1007/​BF003​90567​

Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting lin-
ear mixed-effects models using lme4. Journal of Statistical Software, 
67(1), 1–48. https://​doi.​org/​10.​18637/​​jss.​v067.​i01

Beijbom, O., Edmunds, P. J., Roelfsema, C., Smith, J., Kline, D. I., Neal, B. 
P., Dunlap, M. J., Moriarty, V., Fan, T.-Y., Tan, C.-J., Chan, S., Treibitz, 
T., Gamst, A., Mitchell, B. G., & Kriegman, D. (2015). Towards auto-
mated annotation of benthic survey images: Variability of human 
experts and operational modes of automation. PLoS One, 10(7), 
e0130312. https://​doi.​org/​10.​1371/​journ​al.​pone.​0130312

Bejarano, S., Jouffray, J. B., Chollett, I., Allen, R., Roff, G., Marshell, A., 
Steneck, R., Ferse, S. C. A., & Mumby, P. J. (2017). The shape of 
success in a turbulent world: Wave exposure filtering of coral reef 
herbivory. Functional Ecology, 31(6), 1312–1324. https://​doi.​org/​10.​
1111/​1365-​2435.​12828​

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: 
A practical and powerful approach to multiple testing. Journal of 
the Royal Statistical Society: Series B: Methodological, 57(1), 289–300. 
https://​doi.​org/​10.​1111/j.​2517-​6161.​1995.​tb020​31.​x

Ben-Shachar, M. S., Makowski, D., Lüdecke, D., Patil, I., Wiernik, B. 
M., Thériault, R., Kelley, K., Stanley, D., Caldwell, A., Burnett, J., 
Karreth, J., & Waggoner, P. (2025). Effectsize: Indices of effect size. 
(Version 1.0.1). https://​cran.​r-​proje​ct.​org/​web/​packa​ges/​effec​
tsize/​​index.​html

Berry, O., Bulman, C., Bunce, M., Coghlan, M., Murray, D. C., & Ward, R. 
D. (2015). Comparison of morphological and DNA metabarcoding 
analyses of diets in exploited marine fishes. Marine Ecology Progress 
Series, 540, 167–181. https://​doi.​org/​10.​3354/​meps1​1524

Berumen, M. L., Pratchett, M. S., & McCormick, M. I. (2005). Within-
reef differences in diet and body condition of coral-feeding but-
terflyfishes (Chaetodontidae). Marine Ecology Progress Series, 287, 
217–227. https://​doi.​org/​10.​3354/​meps2​87217​

Beukers-Stewart, B. D., & Jones, G. P. (2004). The influence of prey abun-
dance on the feeding ecology of two piscivorous species of coral 
reef fish. Journal of Experimental Marine Biology and Ecology, 299(2), 
155–184. https://​doi.​org/​10.​1016/j.​jembe.​2003.​08.​015

Birkeland, C., & Neudecker, S. (1981). Foraging behavior of two 
Caribbean chaetodontids: Chaetodon capistratus and C. aculeatus. 
Copeia, 1981, 169–178.

Blackwell, B. G., Brown, M. L., & Willis, D. W. (2000). Relative weight 
(Wr) status and current use in fisheries assessment and manage-
ment. Reviews in Fisheries Science, 8(1), 1–44. https://​doi.​org/​10.​
1080/​10641​26009​1129161

Bolnick, D. I., Svanbäck, R., Fordyce, J. A., Yang, L. H., Davis, J. M., Hulsey, 
C. D., & Forister, M. L. (2003). The ecology of individuals: Incidence 
and implications of individual specialization. American Naturalist, 
161(1), 1–28. https://​doi.​org/​10.​1086/​343878

Brandl, S. J., & Bellwood, D. R. (2014). Individual-based analyses reveal 
limited functional overlap in a coral reef fish community. Journal 
of Animal Ecology, 83(3), 661–670. https://​doi.​org/​10.​1111/​1365-​
2656.​12171​

Brandl, S. J., Casey, J. M., & Meyer, C. P. (2020). Dietary and habitat niche 
partitioning in congeneric cryptobenthic reef fish species. Coral 
Reefs, 39, 305–317. https://​doi.​org/​10.​1007/​s0033​8-​020-​01892​-​z

Bray, J. R., & Curtis, J. T. (1957). An ordination of the upland forest com-
munities of southern Wisconsin. Ecological Monographs, 27(4), 325–
349. https://​doi.​org/​10.​2307/​1942268

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., 
& Holmes, S. P. (2016). DADA2: High-resolution sample inference 
from Illumina amplicon data. Nature Methods, 13, 581–583.

Canty, A., & Ripley, B. D. (2024). boot: Bootstrap R (S-Plus) Functions. R 
package version 1.3–31.

Casement, E. A. (2021). Abundance, foraging levels, and dietary prefer-
ences of Chaetodon capistratus on reefs surrounding Porvenir Island in 
the Guna Yala Comarca of Panamá. Independent Study Project (ISP) 
Collection. 3620. https://​digit​alcol​lecti​ons.​sit.​edu/​isp_​colle​ction/​​3620

Chariton, A. A., Stephenson, S., Morgan, M. J., Steven, A. D. L., Colloff, 
M. J., Court, L. N., & Hardy, C. M. (2015). Metabarcoding of benthic 
eukaryote communities predicts the ecological condition of estuar-
ies. Environmental Pollution, 203, 165–174.

Clarke, K. R., & Warwick, R. M. (2001). Change in marine communities: 
An approach to statistical analysis and interpretation, 2, 1–168.

Clever, F., Preziosi, R. F., Nguyen, B., De Gracia, B., Quintero, H., 
McMillan, W. O., Altieri, A. H., O'Dea, A., Knowlton, N., & Leray, 
M. (2025). Data from: Dietary resilience of coral reef fishes to hab-
itat degradation. Dryad Digital Repository. https://​doi.​org/​10.​5061/​
dryad.​qz612​jmpz

Clever, F., Sourisse, J. M., Preziosi, R. F., Eisen, J. A., Guerra, E. C. R., 
Scott, J. J., Wilkins, L. G. E., Altieri, A. H., McMillan, W. O., & Leray, 
M. (2022). The gut microbiome variability of a butterflyfish in-
creases on severely degraded Caribbean reefs. Communications 
Biology, 5(1), 1–15. https://​doi.​org/​10.​1038/​s4200​3-​022-​03679​-​0

Coker, D. J., DiBattista, J. D., Stat, M., Arrigoni, R., Reimer, J., Terraneo, T. 
I., Villalobos, R., Nowicki, J. P., Bunce, M., & Berumen, M. L. (2022). 
DNA metabarcoding confirms primary targets and breadth of diet 
for coral reef butterflyfishes. Coral Reefs, 42, 1–15. https://​doi.​org/​
10.​1007/​s0033​8-​022-​02302​-​2

Collin, R., D'Croz, L., Gondola, P., & Del Rosario, J. B. (2009). Climate and 
hydrological factors affecting variation in chlorophyll concentration 
and water clarity in the Bahia Almirante, Panama. In M. A. Lang, I. 
G. MacIntyre, & K. Ruetzler (Eds.), Proceedings of the Smithsonian 
marine science symposium (pp. 323–334. Smithsonian Contributions 
to the Marine Sciences). Smithsonian Institution Scholarly Press. 
https://​doi.​org/​10.​5479/​10088/​​19175​

 13652656, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.70196, W

iley O
nline L

ibrary on [15/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-3434-6125
https://orcid.org/0000-0003-3434-6125
https://doi.org/10.1111/1755-0998.12960
https://doi.org/10.1111/2041-210X.12849
https://doi.org/10.1111/2041-210X.12849
https://doi.org/10.1111/j.1365-2435.2010.01727.x
https://doi.org/10.1111/j.1365-2435.2010.01727.x
https://doi.org/10.1073/pnas.1621517114
https://doi.org/10.1073/pnas.1621517114
https://doi.org/10.1111/j.1095-8649.1996.tb01455.x
https://doi.org/10.1111/j.1095-8649.1996.tb01455.x
https://www.iucnredlist.org/species/16759126/16781798
https://www.iucnredlist.org/species/16759126/16781798
https://doi.org/10.1111/faf.12026
https://doi.org/10.1007/BF00390567
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1371/journal.pone.0130312
https://doi.org/10.1111/1365-2435.12828
https://doi.org/10.1111/1365-2435.12828
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://cran.r-project.org/web/packages/effectsize/index.html
https://cran.r-project.org/web/packages/effectsize/index.html
https://doi.org/10.3354/meps11524
https://doi.org/10.3354/meps287217
https://doi.org/10.1016/j.jembe.2003.08.015
https://doi.org/10.1080/10641260091129161
https://doi.org/10.1080/10641260091129161
https://doi.org/10.1086/343878
https://doi.org/10.1111/1365-2656.12171
https://doi.org/10.1111/1365-2656.12171
https://doi.org/10.1007/s00338-020-01892-z
https://doi.org/10.2307/1942268
https://digitalcollections.sit.edu/isp_collection/3620
https://doi.org/10.5061/dryad.qz612jmpz
https://doi.org/10.5061/dryad.qz612jmpz
https://doi.org/10.1038/s42003-022-03679-0
https://doi.org/10.1007/s00338-022-02302-2
https://doi.org/10.1007/s00338-022-02302-2
https://doi.org/10.5479/10088/19175


    |  19CLEVER et al.

Costello, M. J. (1990). Predator feeding strategy and prey importance: 
A new graphical analysis. Journal of Fish Biology, 36(2), 261–263. 
https://​doi.​org/​10.​1111/j.​1095-​8649.​1990.​tb056​01.​x

Cramer, K. L. (2013). History of human occupation and environmental change 
in Western and Central Caribbean Panama. Bulletin of Marine Science, 
89(4), 955–982. https://​doi.​org/​10.​5343/​bms.​2012.​1028

D'Croz, L., del Rosario, J. B., & Gondola, P. (2005). The effect of fresh 
water runoff on the distribution of dissolved inorganic nutri-
ents and plankton in the Bocas Del Toro Archipelago, Caribbean 
Panamá. Caribbean Journal of Science, 41(3), 414–429.

De Barba, M., Miquel, C., Boyer, F., Mercier, C., Rioux, D., Coissac, E., & 
Taberlet, P. (2014). DNA metabarcoding multiplexing and validation 
of data accuracy for diet assessment: Application to omnivorous 
diet. Molecular Ecology Resources, 14(2), 306–323. https://​doi.​org/​
10.​1111/​1755-​0998.​12188​

Deagle, B. E., Thomas, A. C., McInnes, J. C., Clarke, L. J., Vesterinen, E. 
J., Clare, E. L., Kartzinel, T. R., & Eveson, J. P. (2019). Counting with 
DNA in metabarcoding studies: How should we convert sequence 
reads to dietary data? Molecular Ecology, 28(2), 391–406. https://​
doi.​org/​10.​1111/​mec.​14734​

Donelson, J. M., Sunday, J. M., Figueira, W. F., Gaitán-Espitia, J. D., 
Hobday, A. J., Johnson, C. R., Leis, J. M., Ling, S. D., Marshall, D., 
Pandolfi, J. M., Pecl, G., Rodgers, G. G., Booth, D. J., & Munday, P. 
L. (2019). Understanding interactions between plasticity, adapta-
tion and range shifts in response to marine environmental change. 
Philosophical Transactions of the Royal Society, B: Biological Sciences, 
374(1768), 20180186. https://​doi.​org/​10.​1098/​rstb.​2018.​0186

Doucette, V. E., Rodriguez Bravo, L. M., Altieri, A. H., & Johnson, M. D. 
(2022). Negative effects of a zoanthid competitor limit coral calci-
fication more than ocean acidification. Royal Society Open Science, 
9(11), 220760. https://​doi.​org/​10.​1098/​rsos.​220760

Duffy, J. E., Cardinale, B. J., France, K. E., McIntyre, P. B., Thébault, E., 
& Loreau, M. (2007). The functional role of biodiversity in ecosys-
tems: Incorporating trophic complexity. Ecology Letters, 10(6), 522–
538. https://​doi.​org/​10.​1111/j.​1461-​0248.​2007.​01037.​x

Dunn, O. J. (1964). Multiple comparisons using rank sums. Technometrics, 
6(3), 241–252. https://​doi.​org/​10.​1080/​00401​706.​1964.​10490181

Froese, R. (2006). Cube law, condition factor and weight-length rela-
tionships: History, meta-analysis and recommendations. Journal 
of Applied Ichthyology, 22(4), 241–253. https://​doi.​org/​10.​1111/j.​
1439-​0426.​2006.​00805.​x

Frøslev, T. G., Kjøller, R., Bruun, H. H., Ejrnæs, R., Brunbjerg, A. K., 
Pietroni, C., & Hansen, A. J. (2017). Algorithm for post-clustering 
curation of DNA amplicon data yields reliable biodiversity esti-
mates. Nature Communications, 8(1), 1–11. https://​doi.​org/​10.​1038/​
s4146​7-​017-​01312​-​x

Gao, X., Lin, H., Revanna, K., & Dong, Q. (2017). A Bayesian taxonomic 
classification method for 16S rRNA gene sequences with improved 
species-level accuracy. BMC Bioinformatics, 18(1), 247. https://​doi.​
org/​10.​1186/​s1285​9-​017-​1670-​4

Geller, J., Meyer, C., Parker, M., & Hawk, H. (2013). Redesign of PCR prim-
ers for mitochondrial cytochrome c oxidase subunit I for marine 
invertebrates and application in all-taxa biotic surveys. Molecular 
Ecology Resources, 13(5), 851–861. https://​doi.​org/​10.​1111/​1755-​
0998.​12138​

Ghedini, G., Russell, B. D., & Connell, S. D. (2015). Trophic compensation 
reinforces resistance: Herbivory absorbs the increasing effects of 
multiple disturbances. Ecology Letters, 18(2), 182–187.

Gore, M. A. (1983). The effect of a flexible spacing system on the social 
organization of a coral reef fish, Chaetodon capistratus. Behaviour, 
85, 118–145.

Gore, M. A. (1984). Factors affecting the feeding behavior of a coral 
reef fish, Chaetodon capistratus. Bulletin of Marine Science, 35(2), 
211–220.

Graham, N. A. J. (2007). Ecological versatility and the decline of 
coral feeding fishes following climate driven coral mortality. 

Marine Biology, 153(2), 119–127. https://​doi.​org/​10.​1007/​s0022​
7-​007-​0786-​x

Guzmán, H. M., Barnes, P. A. G., Lovelock, C. E., & Feller, I. C. (2005). A 
site description of the CARICOMP mangrove, seagrass and coral 
reef sites in Bocas Del Toro, Panamá. Caribbean Journal of Science, 
41(3), 430–440.

Hart, P. J. B., & Gill, A. B. (1993). Choosing prey size: A comparison of 
static and dynamic foraging models for predicting prey choice by 
fish. Marine Behaviour and Physiology, 23(1–4), 91–104. https://​doi.​
org/​10.​1080/​10236​24930​9378859

Hempson, T. N., Graham, N. A. J., MacNeil, M. A., Bodin, N., & Wilson, 
S. K. (2018). Regime shifts shorten food chains for mesopredators 
with potential sublethal effects. Functional Ecology, 32(3), 820–830. 
https://​doi.​org/​10.​1111/​1365-​2435.​13012​

Hempson, T. N., Graham, N. A. J., MacNeil, M. A., Williamson, D. H., 
Jones, G. P., & Almany, G. R. (2017). Coral reef mesopredators 
switch prey, shortening food chains, in response to habitat degra-
dation. Ecology and Evolution, 7(8), 2626–2635. https://​doi.​org/​10.​
1002/​ece3.​2805

Hench, K., McMillan, W. O., Betancur-R, R., & Puebla, O. (2017). Temporal 
changes in hamlet communities (Hypoplectrus spp., Serranidae) over 
17 years. Journal of Fish Biology, 91, 1475–1490. https://​doi.​org/​10.​
1111/​jfb.​13481​

Holt, B. G., Emerson, B. C., Newton, J., Gage, M. J. G., & Côté, I. M. 
(2008). Stable isotope analysis of the Hypoplectrus species complex 
reveals no evidence for dietary niche divergence. Marine Ecology 
Progress Series, 357, 283–289. https://​doi.​org/​10.​3354/​meps0​7339

Hyslop, E. J. (1980). Stomach contents analysis—A review of methods 
and their application. Journal of Fish Biology, 17(4), 411–429. https://​
doi.​org/​10.​1111/j.​1095-​8649.​1980.​tb027​75.​x

Karkarey, R., Alcoverro, T., Kumar, S., & Arthur, R. (2017). Coping with 
catastrophe: Foraging plasticity enables a benthic predator to sur-
vive in rapidly degrading coral reefs. Animal Behaviour, 131, 13–22. 
https://​doi.​org/​10.​1016/j.​anbeh​av.​2017.​07.​010

Kaufmann, K. W., & Thompson, R. C. (2005). Water temperature vari-
ation and the meteorological and hydrographic environment of 
Bocas del Toro, Panama. Caribbean Journal of Science, 41, 392–413.

Kramer, M. J., Bellwood, O., Fulton, C. J., & Bellwood, D. R. (2015). 
Refining the invertivore: Diversity and specialization in fish preda-
tion on coral reef crustaceans. Marine Biology, 162(9), 1779–1786. 
https://​doi.​org/​10.​1007/​s0022​7-​015-​2710-​0

Kruskal, W. H., & Wallis, W. A. (1952). Use of ranks in one-criterion vari-
ance analysis. Journal of the American Statistical Association, 47(260), 
583–621. https://​doi.​org/​10.​1080/​01621​459.​1952.​10483441

Lasker, H. R. (1985). Prey preferences and browsing pressure of the but-
terflyfish Chaetodon capistratus on Caribbean gorgonians. Marine 
Ecology Progress Series, 21, 213–220. https://​doi.​org/​10.​3354/​
meps0​21213​

Lawton, R. J., & Pratchett, M. S. (2012). Influence of dietary specialization 
and resource availability on geographical variation in abundance of 
butterflyfish. Ecology and Evolution, 2(7), 1347–1361. https://​doi.​
org/​10.​1002/​ece3.​253

Layman, C. A., Quattrochi, J. P., Peyer, C. M., & Allgeier, J. E. (2007). 
Niche width collapse in a resilient top predator following ecosys-
tem fragmentation. Ecology Letters, 10(10), 937–944. https://​doi.​
org/​10.​1111/j.​1461-​0248.​2007.​01087.​x

Le Cren, E. D. (1951). The length-weight relationship and seasonal cycle 
in gonad weight and condition in the perch (Perca fluviatilis). The 
Journal of Animal Ecology, 20(2), 201. https://​doi.​org/​10.​2307/​1540

Lenth, R. V., Banfai, B., Bolker, B., Buerkner, P., Giné-Vázquez, I., 
Herve, M., Jung, M., Love, J., Miguez, F., Piaskowski, J., Riebl, H., 
& Singmann, H. (2025). emmeans: Estimated marginal means, aka 
least-squares means (Version 1.11.1). https://​cran.​r-​proje​ct.​org/​
web/​packa​ges/​emmea​ns/​index.​html

Leray, M., Agudelo, N., Mills, S. C., & Meyer, C. P. (2013). Effectiveness 
of annealing blocking primers versus restriction enzymes for 

 13652656, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.70196, W

iley O
nline L

ibrary on [15/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/j.1095-8649.1990.tb05601.x
https://doi.org/10.5343/bms.2012.1028
https://doi.org/10.1111/1755-0998.12188
https://doi.org/10.1111/1755-0998.12188
https://doi.org/10.1111/mec.14734
https://doi.org/10.1111/mec.14734
https://doi.org/10.1098/rstb.2018.0186
https://doi.org/10.1098/rsos.220760
https://doi.org/10.1111/j.1461-0248.2007.01037.x
https://doi.org/10.1080/00401706.1964.10490181
https://doi.org/10.1111/j.1439-0426.2006.00805.x
https://doi.org/10.1111/j.1439-0426.2006.00805.x
https://doi.org/10.1038/s41467-017-01312-x
https://doi.org/10.1038/s41467-017-01312-x
https://doi.org/10.1186/s12859-017-1670-4
https://doi.org/10.1186/s12859-017-1670-4
https://doi.org/10.1111/1755-0998.12138
https://doi.org/10.1111/1755-0998.12138
https://doi.org/10.1007/s00227-007-0786-x
https://doi.org/10.1007/s00227-007-0786-x
https://doi.org/10.1080/10236249309378859
https://doi.org/10.1080/10236249309378859
https://doi.org/10.1111/1365-2435.13012
https://doi.org/10.1002/ece3.2805
https://doi.org/10.1002/ece3.2805
https://doi.org/10.1111/jfb.13481
https://doi.org/10.1111/jfb.13481
https://doi.org/10.3354/meps07339
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x
https://doi.org/10.1016/j.anbehav.2017.07.010
https://doi.org/10.1007/s00227-015-2710-0
https://doi.org/10.1080/01621459.1952.10483441
https://doi.org/10.3354/meps021213
https://doi.org/10.3354/meps021213
https://doi.org/10.1002/ece3.253
https://doi.org/10.1002/ece3.253
https://doi.org/10.1111/j.1461-0248.2007.01087.x
https://doi.org/10.1111/j.1461-0248.2007.01087.x
https://doi.org/10.2307/1540
https://cran.r-project.org/web/packages/emmeans/index.html
https://cran.r-project.org/web/packages/emmeans/index.html


20  |    CLEVER et al.

characterization of generalist diets: Unexpected prey revealed 
in the gut contents of two coral reef fish species. PLoS One, 8(4), 
e58076. https://​doi.​org/​10.​1371/​journ​al.​pone.​0058076

Leray, M., Alldredge, A. L., Yang, J. Y., Meyer, C. P., Holbrook, S. J., 
Schmitt, R. J., Knowlton, N., & Brooks, A. J. (2019). Dietary parti-
tioning promotes the coexistence of planktivorous species on coral 
reefs. Molecular Ecology, 28(10), 2694–2710. https://​doi.​org/​10.​
1111/​mec.​15090​

Leray, M., & Knowlton, N. (2015). DNA barcoding and metabarcoding 
of standardized samples reveal patterns of marine benthic diver-
sity. Proceedings of the National Academy of Sciences of the United 
States of America, 112(7), 2076–2081. https://​doi.​org/​10.​1073/​
pnas.​14249​97112​

Leray, M., Knowlton, N., & Machida, R. J. (2022). MIDORI2: A collection 
of quality controlled, preformatted, and regularly updated refer-
ence databases for taxonomic assignment of eukaryotic mitochon-
drial sequences. Environmental DNA, 4(4), 894–907. https://​doi.​org/​
10.​1002/​edn3.​303

Leray, M., Meyer, C. P., & Mills, S. C. (2015). Metabarcoding dietary anal-
ysis of coral dwelling predatory fish demonstrates the minor con-
tribution of coral mutualists to their highly partitioned, generalist 
diet. PeerJ, 3, e1047. https://​doi.​org/​10.​7717/​peerj.​1047

Leray, M., Wilkins, L. G. E., Apprill, A., Bik, H. M., Clever, F., Connolly, 
S. R., De Leon, M. E., Duffy, J. E., Ezzat, L., Gignoux-Wolfsohn, S., 
Herre, E. A., Kaye, J. Z., Kline, D. I., Kueneman, J. G., McCormick, 
M. K., McMillan, W. O., O'Dea, A., Pereira, T. J., Petersen, J. M., … 
Eisen, J. A. (2021). Natural experiments and long-term monitoring 
are critical to understand and predict marine host-microbe ecology 
and evolution. PLoS Biology, 19(8), e3001322. https://​doi.​org/​10.​
1371/​journ​al.​pbio.​3001322

Leray, M., Yang, J. Y., Meyer, C. P., Mills, S. C., Agudelo, N., Ranwez, V., 
Boehm, J. T., & Machida, R. J. (2013). A new versatile primer set 
targeting a short fragment of the mitochondrial COI region for 
metabarcoding metazoan diversity: Application for characterizing 
coral reef fish gut contents. Frontiers in Zoology, 10(1), 34.

Liedke, A. M. R., Barneche, D. R., Ferreira, C. E. L., Segal, B., Nunes, L. 
T., Burigo, A. P., Carvalho, J. A., Buck, S., Bonaldo, R. M., & Floeter, 
S. R. (2016). Abundance, diet, foraging and nutritional condition 
of the banded butterflyfish (Chaetodon striatus) along the western 
Atlantic. Marine Biology, 163(1), 6. https://​doi.​org/​10.​1007/​s0022​
7-​015-​2788-​4

Liedke, A. M. R., Bonaldo, R. M., Segal, B., Ferreira, C. E. L., Nunes, L. 
T., Burigo, A. P., Buck, S., Oliveira-Santos, L. G. R., & Floeter, S. 
R. (2018). Resource partitioning by two syntopic sister species 
of butterflyfish (Chaetodontidae). Journal of the Marine Biological 
Association of the United Kingdom, 98(7), 1767–1773. https://​doi.​
org/​10.​1017/​s0025​31541​7001321

Machida, R. J., Leray, M., Ho, S.-L. L., & Knowlton, N. (2017). Metazoan 
mitochondrial gene sequence reference datasets for taxonomic as-
signment of environmental samples. Scientific Data, 4, sdata201727. 
https://​doi.​org/​10.​1038/​sdata.​2017.​27

MacNally, R. C. (1995). Ecological versatility and community ecology. 
Cambridge University Press, Cambridge Core. https://​doi.​org/​10.​
1017/​CBO97​80511​565427

Mangiafico, S. S. (2025). rcompanion: Functions to support extension edu-
cation program evaluation. Rutgers Cooperative Extension. https://​
CRAN.​R-​proje​ct.​org/​packa​ge=​rcomp​anion/​​

Martínez Arbizu, P. (2019). pairwiseAdonis: Pairwise multilevel compari-
son using adonis. R package version 0.3. https://​github.​com/​pmart​
ineza​rbizu/​​pairw​iseAd​onis

McMahon, K. W., Thorrold, S. R., Houghton, L. A., & Berumen, M. L. 
(2016). Tracing carbon flow through coral reef food webs using a 
compound-specific stable isotope approach. Oecologia, 180(3), 
809–821. https://​doi.​org/​10.​1007/​s0044​2-​015-​3475-​3

McMurdie, P. J., & Holmes, S. (2013). Phyloseq: An R package for re-
producible interactive analysis and graphics of microbiome census 

data. PLoS One, 8(4), e61217. https://​doi.​org/​10.​1371/​journ​al.​pone.​
0061217

Morais, R. A., & Bellwood, D. R. (2019). Pelagic subsidies underpin fish 
productivity on a degraded coral reef. Current Biology, 29(9), 1521–
1527.e6. https://​doi.​org/​10.​1016/j.​cub.​2019.​03.​044

Morales-Nin, B. (1991). Determinación del crecimiento de peces óseos en 
base a la microestructura de los otolitos. FAO Documento Técnico de 
Pesca, No. 322. Food and Agriculture Organization of the United 
Nations. https://​www.​fao.​org/​fishe​ry/​en/​publi​catio​ns/​74849​

Nagelkerken, I., van der Velde, G., Wartenbergh, S. L. J., Nugues, M. M., & 
Pratchett, M. S. (2009). Cryptic dietary components reduce dietary 
overlap among sympatric butterflyfishes (Chaetodontidae). Journal 
of Fish Biology, 75(6), 1123–1143. https://​doi.​org/​10.​1111/j.​1095-​
8649.​2009.​02303.​x

Nakagawa, S., Poulin, R., Mengersen, K., Reinhold, K., Engqvist, L., Lagisz, M., 
& Senior, A. M. (2015). Meta-analysis of variation: Ecological and evolu-
tionary applications and beyond. Methods in Ecology and Evolution, 6(2), 
143–152. https://​doi.​org/​10.​1111/​2041-​210X.​12309​

Nielsen, J. M., Clare, E. L., Hayden, B., Brett, M. T., & Kratina, P. (2017). 
Diet tracing in ecology: Method comparison and selection. Methods 
in Ecology and Evolution, 9, 278–291. https://​doi.​org/​10.​1111/​2041-​
210x.​12869​

Ogle, D. H., Wheeler, P., & Dinno, A. (2020). Simple fisheries stock as-
sessment methods. R package FSA version 0.8.30. 10.​32614/​​
CRAN.​packa​ge.​FSA

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., 
Minchin, P. R., O'Hara, R. B., Solymos, P., Stevens, M. H. H., Szoecs, 
E., Wagner, H., Barbour, M., Bedward, M., Bolker, B., Borcard, D., 
Carvalho, G., Chirico, M., Caceres, M. D., Durand, S., & Borman, T. 
(2025). vegan: Community ecology package. https://​CRAN.​R-​proje​
ct.​org/​packa​ge=​vegan​

Parravicini, V., Casey, J. M., Schiettekatte, N. M. D., Brandl, S. J., Pozas-
Schacre, C., Carlot, J., Edgar, G. J., Graham, N. A. J., Harmelin-Vivien, 
M., Kulbicki, M., Strona, G., & Stuart-Smith, R. D. (2020). Delineating 
reef fish trophic guilds with global gut content data synthesis and 
phylogeny. PLoS Biology, 18(12 December), e3000702. https://​doi.​
org/​10.​1371/​journ​al.​pbio.​3000702

Pitts, P. A. (1991). Comparative use of food and space by three Bahamian 
butterflyfishes. Bulletin of Marine Science, 48(3), 749–756.

Pompanon, F., Deagle, B. E., Symondson, W. O. C., Brown, D. S., Jarman, 
S. N., & Taberlet, P. (2012). Who is eating what: Diet assessment 
using next generation sequencing. Molecular Ecology, 21(8), 1931–
1950. https://​doi.​org/​10.​1111/j.​1365-​294X.​2011.​05403.​x

Pratchett, M. S. (2005). Dietary overlap among coral-feeding butterfly-
fishes (Chaetodontidae) at Lizard Island, northern great barrier reef. 
Marine Biology, 148(2), 373–382. https://​doi.​org/​10.​1007/​s0022​
7-​005-​0084-​4

Pratchett, M. S., Thompson, C. A., Hoey, A. S., Cowman, P. F., & Wilson, S. 
K. (2018). Effects of coral bleaching and coral loss on the structure 
and function of reef fish assemblages. In M. van Oppen & J. Lough 
(Eds.), Coral bleaching. Ecological studies (Vol. 233, pp. 265–293). 
Springer. http://​link.​sprin​ger.​com/​10.​1007/​978-​3-​319-​75393​-​5_​11

Pratchett, M. S., Wilson, S. K., Berumen, M. L., & McCormick, M. I. 
(2004). Sublethal effects of coral bleaching on an obligate coral 
feeding butterflyfish. Coral Reefs, 23(3), 352–356.

Price, E. L., Sertić Perić, M., Romero, G. Q., & Kratina, P. (2019). Land use 
alters trophic redundancy and resource flow through stream food 
webs. Journal of Animal Ecology, 88(5), 677–689. https://​doi.​org/​10.​
1111/​1365-​2656.​12955​

Puebla, O., Picq, S., Lesser, J. S., & Moran, B. (2018). Social-trap or mim-
icry? An empirical evaluation of the Hypoplectrus unicolor–Chaet-
odon capistratus association in Bocas del Toro, Panama. Coral Reefs, 
37(4), 1127–1137. https://​doi.​org/​10.​1007/​s0033​8-​018-​01741​-​0

R Core Team. (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://​www.​R-​proje​
ct.​org/​

 13652656, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.70196, W

iley O
nline L

ibrary on [15/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1371/journal.pone.0058076
https://doi.org/10.1111/mec.15090
https://doi.org/10.1111/mec.15090
https://doi.org/10.1073/pnas.1424997112
https://doi.org/10.1073/pnas.1424997112
https://doi.org/10.1002/edn3.303
https://doi.org/10.1002/edn3.303
https://doi.org/10.7717/peerj.1047
https://doi.org/10.1371/journal.pbio.3001322
https://doi.org/10.1371/journal.pbio.3001322
https://doi.org/10.1007/s00227-015-2788-4
https://doi.org/10.1007/s00227-015-2788-4
https://doi.org/10.1017/s0025315417001321
https://doi.org/10.1017/s0025315417001321
https://doi.org/10.1038/sdata.2017.27
https://doi.org/10.1017/CBO9780511565427
https://doi.org/10.1017/CBO9780511565427
https://cran.r-project.org/package=rcompanion/
https://cran.r-project.org/package=rcompanion/
https://github.com/pmartinezarbizu/pairwiseAdonis
https://github.com/pmartinezarbizu/pairwiseAdonis
https://doi.org/10.1007/s00442-015-3475-3
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1016/j.cub.2019.03.044
https://www.fao.org/fishery/en/publications/74849
https://doi.org/10.1111/j.1095-8649.2009.02303.x
https://doi.org/10.1111/j.1095-8649.2009.02303.x
https://doi.org/10.1111/2041-210X.12309
https://doi.org/10.1111/2041-210x.12869
https://doi.org/10.1111/2041-210x.12869
https://cran.r-project.org/web/packages/FSA/index.html
https://cran.r-project.org/web/packages/FSA/index.html
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1371/journal.pbio.3000702
https://doi.org/10.1371/journal.pbio.3000702
https://doi.org/10.1111/j.1365-294X.2011.05403.x
https://doi.org/10.1007/s00227-005-0084-4
https://doi.org/10.1007/s00227-005-0084-4
http://link.springer.com/10.1007/978-3-319-75393-5_11
https://doi.org/10.1111/1365-2656.12955
https://doi.org/10.1111/1365-2656.12955
https://doi.org/10.1007/s00338-018-01741-0
https://www.r-project.org/
https://www.r-project.org/


    |  21CLEVER et al.

R Core Team. (2024). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://​www.​R-​proje​
ct.​org/​

Randall, J. E. (1967). Food habits of reef fishes of the West Indies (Stud. 
Trop). Hawaii Institute of Marine Biology, University of Hawaii.

Rocha, L. A., Jogan, J., Király, G., Feráková, V., & Bernhardt, K.-G. (2010). 
Chaetodon capistratus. https://​www.​iucnr​edlist.​org/​speci​es/​
165695/​6094300

Rodas, A. M., Wright, R. M., Buie, L. K., Aichelman, H. E., Castillo, K. D., & 
Davies, S. W. (2020). Eukaryotic plankton communities across reef 
environments in Bocas del Toro Archipelago, Panamá. Coral Reefs, 
39(5), 1453–1467. https://​doi.​org/​10.​1007/​s0033​8-​020-​01979​-​7

Roehr, J. T., Dieterich, C., & Reinert, K. (2017). Flexbar 3.0 – SIMD 
and multicore parallelization. Bioinformatics, 33(18), 2941–2942. 
https://​doi.​org/​10.​1093/​bioin​forma​tics/​btx330

Rognes, T., Flouri, T., Nichols, B., Quince, C., & Mahé, F. (2016). VSEARCH: 
A versatile open source tool for metagenomics. PeerJ, 2016(10), 
e2584. https://​doi.​org/​10.​7717/​peerj.​2584

Rosenfeld, J. S. (2002). Functional redundancy in ecology and conser-
vation. Oikos, 98, 156–162. https://​doi.​org/​10.​1034/j.​1600-​0706.​
2002.​980116.​x

Rotjan, R. D., & Lewis, S. M. (2008). Impact of coral predators on tropical 
reefs. Marine Ecology Progress Series, 367, 73–91. https://​doi.​org/​10.​
3354/​meps0​7531

Seemann, J., Yingst, A., Stuart-Smith, R. D., Edgar, G. J., & Altieri, A. H. 
(2018). The importance of sponges and mangroves in supporting 
fish communities on degraded coral reefs in Caribbean Panama. 
PeerJ, 2018(3), e4455. https://​doi.​org/​10.​7717/​peerj.​4455

Semmler, R. F., Brandl, S. J., Keith, S. A., & Bellwood, D. R. (2021). Fine-
scale foraging behavior reveals differences in the functional roles 
of herbivorous reef fishes. Ecology and Evolution, 11, 4898–4908. 
https://​doi.​org/​10.​1002/​ece3.​7398

Semmler, R. F., Sanders, N. J., CaraDonna, P. J., Baird, A. H., Jing, X., 
Robinson, J. P. W., Graham, N. A. J., & Keith, S. A. (2022). Reef fishes 
weaken dietary preferences after coral mortality, altering resource 
overlap. Journal of Animal Ecology, 91, 2125–2134. https://​doi.​org/​
10.​1111/​1365-​2656.​13796​

Tesch, F. W. (1968). Age and growth. In W. E. Ricker (Ed.), Methods for 
assessment of fish production in fresh waters. IBP Handbook No. 3 
(pp. 93–123). Blackwell Scientific Publications.

Traugott, M., Thalinger, B., Wallinger, C., & Sint, D. (2020). Fish as pred-
ators and prey: DNA- based assessment of their role in food webs. 
Journal of Fish Biology, 98, 367–382. https://​doi.​org/​10.​1111/​jfb.​
14400​

Uchida, S., Drossel, B., & Brose, U. (2007). The structure of food webs 
with adaptive behaviour. Ecological Modelling, 206(3–4), 263–276. 
https://​doi.​org/​10.​1016/j.​ecolm​odel.​2007.​03.​035

Van Leeuwen, E., Brannstrom, A., Jansen, V. A. A., Dieckmann, U., & 
Rossberg, A. G. (2013). A generalized functional response for 
predators that switch between multiple prey species. Journal of 
Theoretical Biology, 328, 89–98. https://​doi.​org/​10.​1016/j.​jtbi.​
2013.​02.​003

Vestheim, H., & Jarman, S. N. (2008). Blocking primers to enhance PCR 
amplification of rare sequences in mixed samples—A case study 
on prey DNA in Antarctic krill stomachs. Frontiers in Zoology, 5, 12. 
https://​doi.​org/​10.​1186/​1742-​9994-​5-​12

Vrolijk, N. H., Targett, N. M., Woodin, B. R., & Stegeman, J. J. (1995). 
Comparison of cytochrome P450 in three butterflyfish species: 
Ecological implications of elevated CYP2B and CYP3A in Chaetodon 
capistratus. Marine Environmental Research, 39(1), 11–14. https://​
doi.​org/​10.​1016/​0141-​1136(94)​00076​-​2

Whiteman, E. A., Côté, I. M., & Reynolds, J. D. (2007). Ecological differ-
ences between hamlet (Hypoplectrus: Serranidae) colour morphs: 

Between-morph variation in diet. Journal of Fish Biology, 71(1), 235–
244. https://​doi.​org/​10.​1111/j.​1095-​8649.​2007.​01485.​x

Wickham, H., François, R., Henry, L., Müller, K., & Vaughan, D. (2025). 
dplyr: A grammar of data manipulation. https://​dplyr.​tidyv​erse.​org

Wickham, H., & Henry, L. (2025). purrr: Functional programming tools. 
https://​purrr.​tidyv​erse.​org/​

Wilson, S. K., Graham, N. A. J., Pratchett, M. S., Jones, G. P., & Polunin, 
N. V. C. (2006). Multiple disturbances and the global degradation 
of coral reefs: Are reef fishes at risk or resilient? Global Change 
Biology, 12, 2220–2234. https://​doi.​org/​10.​1111/j.​1365-​2486.​
2006.​01252.​x

Wong, B. B. M., & Candolin, U. (2015). Behavioral responses to changing 
environments. Behavioral Ecology, 26(3), 665–673. https://​doi.​org/​
10.​1093/​beheco/​aru183

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Determination of otolith incremental rings.
Figure S2. Coral diversity across reefs and zones.
Figure S3. Benthic composition.
Figure S4. Differences in fish community structure.
Figure S5. Mean densities of invertebrate prey taxa.
Figure S6. Benthic invertebrate community composition.
Figure S7. Fish body condition among zones.
Figure S8. Sample-based rarefaction curves.
Figure S9. Sequencing depth by samples and species.
Figure S10. Differences in fish diet composition based on dietary 
metabarcoding among zones.
Figure S11. Diet composition of Chaetodon capistratus.
Figure S12. Diet composition of Hypoplectrus puella.
Figure S13. Diet composition of Hypoplectrus puella (fish prey).
Table  S1. The versatile COI primer pair (Geller et  al.,  2013; Leray 
et al., 2013) that was used in this study.
Table S2. Species-specific blocking primer sequences for two coral 
reef fishes, Hypoplectrus puella and Chaetodon capistratus.
Table S3. Differences in invertebrate densities.
Table S4. Pairwise comparisons of invertebrate mean densities.
Table S5. Fish length and weight between zones.
Table S6. Comparison of growth predictions.
Table S7. Fish diet composition among zones.
Table S8. Pairwise comparisons of fish diet composition.

How to cite this article: Clever, F., Preziosi, R. F., Nguyen, B., 
De Gracia, B., Quintero Arrieta, H., McMillan, W. O., Altieri, 
A. H., O’Dea, A., Knowlton, N., & Leray, M. (2025). Dietary 
resilience of coral reef fishes to habitat degradation. Journal 
of Animal Ecology, 00, 1–21. https://doi.org/10.1111/1365-
2656.70196

 13652656, 0, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2656.70196, W

iley O
nline L

ibrary on [15/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.r-project.org/
https://www.r-project.org/
https://www.iucnredlist.org/species/165695/6094300
https://www.iucnredlist.org/species/165695/6094300
https://doi.org/10.1007/s00338-020-01979-7
https://doi.org/10.1093/bioinformatics/btx330
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1034/j.1600-0706.2002.980116.x
https://doi.org/10.1034/j.1600-0706.2002.980116.x
https://doi.org/10.3354/meps07531
https://doi.org/10.3354/meps07531
https://doi.org/10.7717/peerj.4455
https://doi.org/10.1002/ece3.7398
https://doi.org/10.1111/1365-2656.13796
https://doi.org/10.1111/1365-2656.13796
https://doi.org/10.1111/jfb.14400
https://doi.org/10.1111/jfb.14400
https://doi.org/10.1016/j.ecolmodel.2007.03.035
https://doi.org/10.1016/j.jtbi.2013.02.003
https://doi.org/10.1016/j.jtbi.2013.02.003
https://doi.org/10.1186/1742-9994-5-12
https://doi.org/10.1016/0141-1136(94)00076-2
https://doi.org/10.1016/0141-1136(94)00076-2
https://doi.org/10.1111/j.1095-8649.2007.01485.x
https://dplyr.tidyverse.org
https://purrr.tidyverse.org/
https://doi.org/10.1111/j.1365-2486.2006.01252.x
https://doi.org/10.1111/j.1365-2486.2006.01252.x
https://doi.org/10.1093/beheco/aru183
https://doi.org/10.1093/beheco/aru183
https://doi.org/10.1111/1365-2656.70196
https://doi.org/10.1111/1365-2656.70196

	Dietary resilience of coral reef fishes to habitat degradation
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Study system
	2.2  |  Study species
	2.3  |  Benthic, fish and invertebrate surveys
	2.4  |  Fish collection
	2.5  |  Otolith-based fish age determination and growth rate estimation
	2.6  |  Prey tissue preparation and DNA extraction
	2.7  |  Metabarcoding library preparation
	2.8  |  Sequence analysis
	2.9  |  Statistical analyses
	2.9.1  |  Benthic, fish and invertebrate surveys
	2.9.2  |  Fish length–weight and body condition
	2.9.3  |  Age and growth
	2.9.4  |  Diet composition and specialization


	3  |  RESULTS
	3.1  |  Benthic, fish and invertebrate surveys
	3.2  |  Fish length–weight relationship and body condition
	3.3  |  Otolith-based fish age determination and growth rate estimation
	3.4  |  Diet composition
	3.4.1  |  Sequence analysis

	3.5  |  Relationship between coral cover and fish diet
	3.6  |  Diet strategy

	4  |  DISCUSSION
	4.1  |  Changes in fish diet with reef degradation
	4.2  |  Changes in fish condition with reef degradation
	4.3  |  Implications for management and conservation

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


