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Reef fish may switch feeding strategies due to fluctuations in resource

availability or through ontogeny. A number of studies have explored these

trophodynamics using carbon (δ13C) and nitrogen (δ15N) stable isotopes, but

additional tracers such as sulfur isotopes (δ34S) show strong potential in

systems, where δ13C and δ15N results are ambiguous. We tested the utility of

adding δ34S to conventional δ13C and δ15N analysis to detect seasonal and

body size changes in resource use of two planktivorous damselfish, Dascyllus

reticulatus and Dascyllus trimaculatus across the Puerto Galera embayment

in the Philippines. We analyzed stable isotope ratios (δ13C, δ15N, and δ34S) in

multiple fish tissues (liver, eye, and muscle) to represent different dietary time

frames. We then compared fish tissue isotopes against particulate organic

matter (POM) (δ13C and δ15N) and POM suspension feeder (the tunicate

Polycarpa aurata: δ13C, δ15N, and δ34S) across the same sites. There were

size-based and seasonal differences in damselfish resource use, the latter of

which was most pronounced in the fast-turnover liver. Small fish (<70 mm)

demonstrated significant seasonality, appearing to switch their resource use

between the rainy season and the dry season, while there was no seasonal

variation in larger fish (>70 mm). This suggests that smaller fish across the

embayment employ an opportunistic feeding strategy to take advantage of

fluctuating resource availability, while larger fish exhibits more consistent

resource use. Isotope ratios of tunicates and POM further confirmed strong

seasonality in this system and a lack of a spatial isotopic gradient. δ15N did

not seem to contribute to consumer resource use patterns, while by contrast,
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δ34S fluctuated significantly between sampling periods and was crucial for

demonstrating seasonality in resource use. We recommend including δ34S

when attempting to disentangle seasonal differences in resource use in

aquatic food webs using stable isotopes.

KEYWORDS

damselfish, Dascyllus trimaculatus, Dascyllus reticulatus, multi-tissue analysis, sulfur
isotope, carbon isotope, nitrogen isotope

Introduction

Coral reefs are exceptionally complex ecosystems with many
internal and external resources available to the many consumers
that they host (Hoegh-Guldberg and Dove, 2008). Due to
the dynamic nature of these systems, resources fluctuate not
only spatially, e.g., across environmental gradients of oceanic
exposure (Wyatt et al., 2012b; Page et al., 2013; Zgliczynski
et al., 2019), but also temporally, i.e., annually or across distinct
seasons (Haas et al., 2010; Erler et al., 2019). Reef fish consumers
may therefore alter their resource use according to what is
available (Carreón-Palau et al., 2013; Fey et al., 2021), which
affects the flow of energy across the entire coral reef food web.
To date, seasonality in energy flows and consumer resource
use on coral reefs has been poorly studied, with the majority
of reef food web studies conducted over limited temporal
windows (e.g., Thibodeau et al., 2013; Letourneur et al., 2017;
Miller et al., 2019), despite the impact, this may have on the
capacity to elucidate key trophodynamic processes (Skinner
et al., in press).

In addition to temporal variation in consumer resource use
from fluctuations in available material, organisms may change
their resource use with ontogeny; as they grow larger they
can access larger prey and/or take advantage of previously
inaccessible resources (Layman et al., 2005; Cummings et al.,
2010; Greenwood et al., 2010). Accessing different resources
through ontogeny may provide populations with a degree of
resilience to fluctuations in resource availability (Nakazawa,
2015), but there are also implications for the structure of
the food web, i.e., as consumer resource use changes, so
too does the energy transfer across subsequent trophic levels.
Although the presence (or indeed absence) of body size-
related changes in resource use is fairly well-documented
in coral reef fish (Cocheret de la Morinière et al., 2003;
Nakamura et al., 2008; O’Farrell et al., 2014; Plass-Johnson
et al., 2015; Matley et al., 2017), interactions between body
size and seasonality in resources are seldom considered. For
example, do consumers from different size groups respond
similarly to temporally fluctuating resources despite taxonomic,
and apparent trophic grouping, similarities? Seasonality in basal
resources and their use by higher trophic level consumers

is highly evident in other equally dynamic systems such as
embayments with seagrass beds (Morimoto et al., 2017) and
temperate estuaries (Cobain et al., 2022), suggesting that more
research into the intricacies of these dynamics on coral reefs is
sorely needed.

Stable isotope analysis (SIA) is a useful tool for tracking
energy flows and resource use across distinct trophic levels
of a food web (Peterson and Fry, 1987; Boecklen et al.,
2011). Rather than providing a snapshot view, such as those
from traditional techniques, e.g., feeding observations and gut
contents analyses, isotope ratios in consumer tissues represent
material that has been ingested and assimilated over time,
with different tissues representing different dietary time frames
based on their rate of isotopic turnover (Tieszen et al., 1983).
For example, muscle is a “slow” turnover tissue representing
consumer diet over several months, while the liver is a “fast”
turnover tissue, representing consumer diet over several weeks
(Vander Zanden et al., 2015). While muscle is frequently
used in SIA studies of coral reef systems, liver tissue is less
often utilised (Skinner et al., in press; but see Roy et al.,
2012; Davis et al., 2015; Matley et al., 2016). Studies are also
beginning to perform SIA on fish eye lenses, as they have
metabolically inert bands (laminae), which are successively
deposited throughout their life span, allowing reconstruction of
an individual’s trophic history (Wallace et al., 2014; Bell-Tilcock
et al., 2021). However, successfully dissecting and analyzing
distinct bands of a fish’s eye lens is time consuming, particularly
for smaller species. Few studies have employed SIA of the
whole eye (i.e., including the iris, cornea, and retina) despite it
being a comparatively easier preparation. Although measuring
stable isotope ratios across multiple consumer tissues can
provide important information about the temporal dynamics
of resource use, ∼70% of coral reef food web SIA studies
focus solely on a single tissue type (Skinner et al., in press).
Furthermore, while studies regularly employ carbon (δ13C)
and nitrogen (δ15N) stable isotopes to understand food web
energy flows, sulfur (δ34S) is increasingly being used as a third
tracer to disentangle sources in aquatic systems, as it can
help determine the importance of benthic vs. pelagic inputs
(Connolly et al., 2004; McCauley et al., 2014; Skinner et al.,
2019b), and there is minimal fractionation across trophic levels
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(Barnes and Jennings, 2007). As such, it may represent a
highly useful tool for identifying seasonality in aquatic food
webs.

To better understand seasonal fluctuations in reef food
web dynamics, we set out to determine how the resource
use of two damselfish (Dascyllus reticulatus and Dascyllus
trimaculatus) varied seasonally and with body size across a
semi-enclosed embayment in the Philippines, where primary
production varies seasonally (San Diego-McGlone et al., 1995).
These two species are well suited to investigate reef resource
dynamics as follows: (1) they are known planktivores with
a well-documented diet, and thought to play an important
role in capturing available suspended material which then
becomes available to higher trophic levels, (2) they are
relatively site-attached so their isotope ratios represent the
location at which they are caught, and (3) there are size-
based behavioral differences in their habitat use as juveniles
remain closely attached to small coral heads, while larger
individuals exploit a large spatial area (Allen, 1991; Frédérich
et al., 2009, 2016; Zikova et al., 2011; Wyatt et al., 2012a; Gajdzik
et al., 2016). To further maximize the dietary information
obtained from each individual, multiple tissue types assumed
to have distinctly varying isotopic turnover rates were sampled
(liver, whole eye, and muscle). Specifically, we asked: (1) does
damselfish resource use vary seasonally and/or with body
size? (2) Are patterns related to fluxes of available material
and/or are they represented in the isotope ratios of other
consumers of suspended material? and (3) How insightful is
the addition of δ34S as a tracer for exploring these food web
dynamics?

Materials and methods

Study site

This study focused on five main sampling sites across
the semi-enclosed embayment at Puerto Galera, Philippines
(13.515◦N, 120.96◦E). Sites were chosen to represent the full
range of hydrodynamic conditions across the embayment: they
were located in two channels where water enters and exits
the bay according to strong tidal currents, Manila Channel
(MA) and Batangas Channel (BA), at an intermediary site
(MB), and in the sheltered inner bay in the port of Muelle
(MU) (Figure 1). An additional site outside the enclosed
bay was established in Sabang (SA). The close proximity
of the sites ensured that latitudinally driven differences in
δ13C values (e.g., Rau et al., 1982) would not confound the
interpretation of the sample isotope values. Sampling was
conducted during both the dry (monthly average rainfall March:
∼58 mm; March 2013: ∼19 mm) and the rainy seasons
(monthly average rainfall September: ∼206 mm; September
2012: ∼305; September 2014: ∼219 mm) (World Weather

Online, 2022). Water temperature in the dry season (March
2013) was 26.0 ± 0.3◦C, while in the rainy season, it was
28.3 ± 0.6◦C (September 2012) and 28.5 ± 0.5◦C (September
2014). Available primary production (evidenced by levels
of chlorophyll a) is higher during the dry season (March
2013: 0.39 ± 0.30 ppb; September 2012: 0.31 ± 0.18 ppb;
Morimoto et al., unpublished data), while terrestrial run-off
and levels of nitrate are higher during the rainy season (March
2013: 0.37 ± 0.30 µM; September 2012: 0.48 ± 0.51 µM;
Morimoto et al., unpublished data; San Diego-McGlone et al.,
1995).

Sample collection

Two species of planktivorous damselfish, the reticulate
(D. reticulatus, n = 30) and the threespot dascyllus
(D. trimaculatus, n = 25), were collected opportunistically
at the five sites across the embayment by a SCUBA diver
using either clove oil (smaller specimens) or a hand pole spear
(larger specimens) in September 2012 (rainy season) and March
2013 (dry season). Additional D. trimaculatus (n = 4) were
collected in October 2014 (rainy season). Both D. reticulatus and
D. trimaculatus feed opportunistically on zooplankton, with
smaller individuals predominantly occupying coral colonies,
while larger individuals spend more time in the water column
(Allen, 1991; Zikova et al., 2011; Frédérich et al., 2016; Gajdzik
et al., 2016). To explore size-based changes in resource use,
individuals were split into small (<70 mm) and large (>70 mm)
size groups based on the size at maturity of other closely related
Dascyllus species (Dascyllus albisella) (Booth, 1995).

To better characterize the available planktonic resources
and energy pathways, particulate organic matter (POM) and
a suspension feeding consumer (gold-mouth sea squirts,
Polycarpa aurata, hereafter “tunicates”) were also collected
across the embayment. As POM baselines are inherently variable
and difficult to characterize, tunicates may represent a time-
integrated proxy for this pathway (Richoux and Froneman,
2009; Stowasser et al., 2012; Ménard et al., 2014). Tunicates were
collected by the diver by hand (dry season n = 19; rainy season
n = 29) to represent suspension feeders. Samples were stored
and transported frozen (−20◦C) until analysis. POM samples
(dry season n = 15; rainy season n = 20) were collected (0–
15 m) using a 10-L Van Dorn Sampler (Rigo) (Supplementary
Figures 1, 2). The collected water was immediately placed into
acid-washed 10-L high-density polyethylene (HDPE) collapsible
containers, which were filtered onto pre-combusted 47-mm
GF/F filters (0.7 µm) within 6 h of collection prior to freezing
(−20◦C). The volume of water filtered through each GF/F
was recorded based on the change in weight of the HDPE
containers.

Voucher specimens of D. reticulatus (CECAM-AORI-
AW003 and CECAM-AORI-AW007), D. trimaculatus
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FIGURE 1

(A) Map of the world showing the location of (B) Philippines (12.8797◦ N, 121.7740◦ E) with (C) an inset showing the benthic sampling sites (large
symbols: damselfish and tunicates) across the Puerto Galera embayment (13.515◦ N, 120.96◦ E). POM sampling locations are linked to nearby
benthic sites (small black symbols and same shapes).

(CECAM-AORI-AW004), and P. aurata (CECAM-AORI-
AW002 and CECAM-AORI-AW006) were deposited with the
University of the Philippines’ Marine Science Institute.

Sample processing and stable isotope
analyses

Fish and tunicates were first thoroughly rinsed with
deionized water to reduce the chances of contamination.
Length and weight were measured for each D. reticulatus and
D. trimaculatus before dissection of the liver, eye, and white
muscle tissues. Total length (cm), the linear dimension between
the tip of the snout and the end of the caudal fin, was measured
using a Vernier caliper to the nearest millimeter. Weight (g) was
measured with an analytical balance (PM400, Mettler Toledo,
Columbus, OH, United States) to the nearest 0.1 g. The liver,
eye, and white muscle tissues between the pectoral fin and
caudal fin were carefully dissected from each specimen for
SIA. For P. aurata, the incurrent and excurrent siphon tissues
with the tunic attached were dissected as they were considered
metabolically active (from constantly moving), and care was

taken to avoid the inclusion of visceral organs, which may
have different stable isotope signatures. All tissue samples were
immediately transferred to individual 2 ml Eppendorf tubes
after dissection, stored at −20◦C, lyophilized (FreeZone 4.5
Liter Freeze Dryer, Labconco, United States) for 72 h, and
ground to powder using a ball mill (Beads crusher µT-12, Taitec
Ltd., Koshigaya, Saitama, Japan). Approximately ∼1.5 mg of
ground samples of all tissue types were weighed into 5 × 9 mm
tin capsules (Säntis Analytical, Teufen, Switzerland) on a
microbalance (MC5, Sartorius, Göttingen, Germany). Where
possible, if sufficient material was available, all samples were
prepared in duplicate.

Particulate organic matter filters were freeze-dried and then
fumigated with concentrated HCl for 48 h to remove inorganic
carbonates. After fumigation, they were stored in a vacuum
desiccator with several pellets of NaOH for ca. 1 week to remove
excess acid. A half piece of each 47-mm filter sample was
wrapped with a 10 × 9 mm silver capsule and a 10 × 9 mm
tin capsule (Säntis Analytical, Teufen, Switzerland), and then
pressed into a tablet using a hand-press tablet maker (internal
diameter = 9 mm). The silver capsule was used to remove
excess halogens that were normally contained in filter samples
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and could poison catalysts in the Elemental Analyzer (EA).
Combusted GF/F filters retain a small amount of carbon even
after pre-combustion, so carbon content (calculated based on
the filter C mass and the volume filtered, giving in µg C L−1)
and isotope ratios were blank-corrected based on analysis of
a few unused filters that were acid-treated in a similar way as
the sample filters.

Samples were analyzed for stable carbon, nitrogen, and
sulfur in an EA IsoLink system (Thermo Fisher Scientific,
Bremen, Germany) coupled with a Delta V Advantage isotope
ratio mass spectrometer (IRMS) (Thermo Fisher Scientific,
Bremen, Germany). Stable isotope ratios for δ15N, δ13C,
and δ34S are reported in delta notation (δ) which is:
[RSample/RStandard–1], where R is the ratio of heavy-to-light
isotopes and values are expressed in units of per mil (h).
Certified international reference materials were analyzed every
six samples in all runs to correct the isotope values. Reference
materials used for δ13C and δ15N were USGS40 (glutamic
acid) and USGS-41A (glutamic acid enriched in 13C and 15N).
Silver sulfide standards IAEA-S1 and IAEA-S2 were used for
δ34S correction. Internal reference material USGS-42 (Tibetan
human hair powder) was placed in every ten samples for
quality control and drift correction. Analytical precision across
all reference materials was: δ13C ≤ 0.28; δ15N ≤ 0.21; and
δ34S ≤ 0.84. Two randomly spaced study-specific reference
materials were also regularly analyzed to capture analytical
variation: muscle tissue of Salmo salar and Xiphias gladius
(analytical precision: δ13C ≤ 0.28; δ15N ≤ 0.19; and δ34S ≤ 1.2;
n = 53) (Supplementary Table 1).

Note that no δ34S data are available for POM. While
δ34S analysis was not available for these samples, in addition,
determination of δ34S from POM (i.e., GF/F samples) can be
technically difficult due to the contamination of seawater sulfate.
The concentration of SO42− in seawater is much higher (ca.
28 mM) than dissolved inorganic carbon (ca. 2 mM), and SO42−

is much more difficult than inorganic carbon to remove from
samples without interference with organic carbon and total
nitrogen analyses. As such, δ34S could not have been determined
accurately for POM, even if δ34S analysis had been available. In
addition, the δ34S of phytoplankton is rarely measured directly,
but often inferred from the δ34S of organic-S in sinking particles
or surface oxic sediment, or just assumed to be very similar to
seawater sulfate (ca. +22h) (cf. Trust and Fry, 1992).

Data analysis

Fish tissues with high lipid content can have biased δ13C
values due to the fractionation of carbon during lipid synthesis.
If C:N ratios are >3.5, it is recommended that δ13C values are
corrected for lipid content (Sweeting et al., 2006; Post et al.,
2007; Skinner et al., 2016). All fish tissues had a C:N ratio >3.5
(mean ± SD: liver 7.25 ± 2.66; eye 6.08 ± 1.65; and muscle
4.47 ± 1.17), so δ13C values were mathematically corrected

using a lipid normalization model following (Kiljunen et al.,
2006), which changed δ13C (mean ± SD) by 3.01 ± 1.35h
(liver), 2.38 ± 0.93h (eye), and 1.4 ± 0.69h (muscle). This
model is particularly appropriate for the correction of liver tissue
as it accounts for non-linear relationships between δ13C and C:N
ratios as lipid content increases. High lipid levels in liver tissue
may also influence δ34S values: shark liver tissue δ34S decreased
by 4.6 ± 0.9h after chemical lipid extraction, but there was a
minimal influence on muscle or fin tissue (Riverón et al., 2022).
To account for the possible influence of high lipid levels on
δ34S, damselfish liver δ34S values were also corrected (−4.6h).
However, given the uncertainty in applying this correction
factor to planktivorous reef fish, raw liver δ34S values were
used in all analyses in the main text, while lipid-corrected δ34S
analyses are reported in the Supplementary material. Lipid
removal is not required for tunicate tissues as despite high C:N
ratios (mean ± SD, 7.18 ± 1.09), they have low amounts of
lipids (Hagen, 1988; Pakhomov et al., 2019). Similarly, unless
nutrients are highly limited (leading to increased lipid storage
and reduced growth; Mayzaud et al., 1989; Mock and Gradinger,
2000), pelagic POM lipid levels are low, and removal is not
required (Søreide et al., 2006).

Since only the large (>70 mm) D. trimaculatus were
collected in two separate rainy seasons (2012 and 2014), mixed-
effects models were used to determine whether we could pool
samples from each rainy season into one group. Using the R
package lme4 v 1.1-26 (Bates et al., 2015), a model was run for
each isotope (δ13C, δ15N, or δ34S as the response variable), with
year, site, and their interaction as fixed effects, and tissue type
(i.e., liver, eye, or muscle) as a random effect (random intercept).
ANOVA determined whether the fixed effects were significant
or not. While δ15N varied significantly among sites overall,
and δ34S varied significantly between years overall, none of the
isotopes varied significantly when considering the interaction
between Year × Site, indicating no temporal differences at the
site level. As such, for each site, large D. trimaculatus samples
from 2012 to 2014 were pooled (Supplementary Table 2).

To explore changes in resource use across different size
ranges, rather than separating samples by species, we grouped
fish samples into small (<70 mm) and large (>70 mm) size
groups. However, first, we used mixed-effects models (R package
lme4 v. 1.1-26; Bates et al., 2015) to see whether there was a
significant difference in isotope ratios between species within
each size group. A model was run for each isotope (δ13C,
δ15N, or δ34S as the response variable), species as a fixed effect,
and site, season, and tissue as random effects. There were no
significant differences in δ13C, δ15N, or δ34S between species for
the small size group, so samples from both species were pooled
into one “Small” group. For the large size group, there were
no significant differences in δ13C or δ34S between species, but
there was a marginally significant difference in δ15N (p = 0.04).
Upon inspection, the large group contained only one individual
D. reticulatus, and its δ15N values were within the ranges of
those of the D. trimaculatus, so all large samples were considered
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as one “Large” group (Supplementary Table 3). Consequently,
for all remaining analyses, damselfish were considered as either
small (<70 mm) or large (>70 mm) and sampled during the dry
(March) or rainy (September) season.

Size and seasonal effects on isotope
ratios in fish tissues

Length–weight and length–isotope relationships were
initially explored for all fish across the embayment using
regression analysis. Length–weight relationships were assessed
using an exponential regression model with length (mm) as
the response variable and log (weight) (g) as the predictor
variable. To explore relationships between fish length (mm) and
isotope ratios, and how this varied between seasons, a linear
regression was used for each tissue, with the isotope (δ13C,
δ15N, or δ34S) as the response variable and fish length (mm)
and the interaction between fish length and season (dry/rainy)
as predictor variables. ANOVA determined whether the fixed
effects were significant or not. Where there was no significant
effect of the interaction between fish length and season, the
regression was rerun with only fish length (mm) as the predictor
variable and all fish were pooled.

Different tissue types will vary in their natural isotopic
discrimination making direct comparisons of seasonal
effects among tissues problematic. To validate possible
discrimination effects, we first adjusted tissues for tissue-
dependent fractionation (1). In teleost fish, mean 113C in
the liver is 1.1h lower than in muscle, and mean 115N is
0.9h lower (Canseco et al., 2022). For fish eye tissue, there is
a 1:1 relationship with muscle δ13C, while δ15N of eye tissue is
∼2h lower (Kanaya et al., 2019). However, isotopic differences
between eye lens and muscle protein (113C and 115N) are
<1h, so likely obscured by analytical error (Quaeck-Davies
et al., 2018). Finally, 134S is minimal in teleost fish (Barnes and
Jennings, 2007; Bell-Tilcock et al., 2021). As such, for all further
analyses, we corrected liver tissue δ13C and δ15N by +1.1 and
+0.9h, respectively, but no correction factor was applied to eye
δ13C and δ15N, or to any δ34S values.

To determine whether resource use varied between fish
size groups and seasons across the three tissue types, we
first examined each isotope individually (univariate), and then
all three isotopes together (multivariate). For the univariate
analyses, we ran mixed-effects models with a Bayesian
framework in the R package MCMCglmm (Hadfield, 2010).
By using a Bayesian framework, these models control for
heterogeneity in variances and sample sizes and provide a mean
estimate with 95% credible intervals for each parameter. For
each tissue type (liver, eye, and muscle), we ran a separate model
for each isotope (δ13C, δ15N, or δ34S). For δ13C, models were also
run with raw (uncorrected) δ13C values to assess the effect of the
lipid correction on the results, while for liver δ34S, models were

also run with the lipid-corrected values. Fixed effects were size
(small/large), season (dry/rainy), and their interaction, while site
was included as a random effect (random intercept). Models
were run with Gaussian error distributions and informative
priors (V = 1 as an inverse gamma distribution and a low
degree of belief nu = 2 for more sampling space). For liver and
eye, models were run with 4,000,000 iterations, a burn-in of
3,000,000, and a thinning interval of 300. Due to convergence
issues, models were run with 6,000,000 iterations, a burn-in of
4,500,000, and a thin of 400, for muscle tissue. For each model,
autocorrelation and convergence were assessed by checking the
model trace plots and Geweke diagnostic to ensure less than 5%
of the variables were outside the 95% CI.

To further explore fish resource use when considering
all three isotopes, we used a principal component analysis
(PCA) using the R package FactoMineR v.2.4 (Lê et al., 2008).
This method visualizes patterns in the dataset with the PCA
loadings providing a statistical estimate of the variables driving
separation between the groups. Finally, to test the seasonal and
tissue-specific differences in multivariate isotope ratios, we ran a
Euclidean Permanova with 9,999 permutations for each fish size
group using the R package vegan v2.5-7 (Oksanen et al., 2020).
To explore how high lipid content in liver tissue might confound
results when considering all three isotopes, we also ran the PCA
and PERMANOVA using the lipid-corrected liver δ34S values.

Suspension feeders and resource
availability

For the tunicates (δ13C, δ15N, and δ34S) and POM (δ13C,
δ15N) isotope ratios and the particulate organic carbon (POC)
(µg/L) and particulate organic nitrogen (PON) (µg/L) sampled
across the embayment in both seasons, a two-way ANOVA was
carried out for each group to determine whether the isotope
ratios or concentrations varied spatially or seasonally, with the
isotope as the response variable, and season, site, and their
interaction as factors. Tukey’s honestly significant difference
(HSD) test for multiple comparisons was used to identify
significant differences between groups. The Shapiro–Wilk and
Levene’s tests were used to confirm that data conformed to
normality and homoscedasticity of variances, respectively.

For all models, model normality and homogeneity
assumptions were checked by plotting model residuals. All
statistical analyses were conducted in R Statistical Software 4.1.0
(R Core Team, 2021) and RStudio v. 1.4.1717 (R Studio Team,
2020).

Results

A total of 33 small (<70 mm) and nine large (>70 mm)
damselfish were sampled in the dry season (March 2013), and
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nine small and nine large damselfish were sampled in the
rainy season (September 2012 and 2014) across the embayment
(Figure 2; Supplementary Tables 4, 5). Total ranges in isotope
ratios across fish tissues were always narrower in the rainy
season. In the dry season, fish δ13C ranged across ∼4.4h (−19.7
large liver to −15.3 small muscle), while in the rainy season,
δ13C ranged across ∼4.1h (−19.4 large liver to −15.3 large
muscle). For δ15N, dry season values ranged across ∼4.5h (6.0
small liver to 10.4 large muscle), while in the rainy season,
δ15N ranged across ∼4.1h (6.5 small eye to 10.6 large muscle).
Finally, dry season δ34S ranged across ∼5.3h (19.5 small eye
and large muscle to 24.75 small liver) but rainy season δ34S
ranged across ∼4.9h (18.4 small muscle to 23.25 large liver)
(Figure 2).

Size and seasonal effects on isotope
ratios in fish tissues

The exponential relationship between fish length (mm) and
body weight (g) was highly significant (R2 = 0.97, F1,52 = 1732,
p ≤ 0.001; Figure 3A). For the isotope ratios, a significant
positive relationship with fish length (mm) was found for eye
δ13C (R2 = 0.48, F1,56 = 52.2, p ≤ 0.001; Figure 3B) but a weak
negative relationship with liver δ34S (R2 = 0.11, F1,54 = 6.9,
p = 0.01; Figure 3D). In some cases, there was a significant
interaction of fish length with season, so regression analyses
were run for each season separately. For both eye and muscle
δ15N, there were highly significant positive relationships with
fish length in both the dry (eye: R2 = 0.70, F1,39 = 91.02,
p ≤ 0.001; muscle: R2 = 0.38, F1,40 = 24.12, p ≤ 0.001) and
the rainy season (eye: R2 = 0.81, F1,15 = 62.26, p ≤ 0.001;
muscle: R2 = 0.74, F1,14 = 40.71, p ≤ 0.001) (Figure 3C).
However, for muscle δ13C, relationships with fish length were
significant in the dry (R2 = 0.71, F1,40 = 25.58, p ≤ 0.001)
but not the rainy season (R2 = 0.01, F1,14 = 0.05, p = 0.825)
(Figure 3B). There were no significant relationships between
fish length (mm) and muscle or eye δ34S, and liver δ13C or δ15N
(Figure 3).

Differences in fish resource use between size groups and
seasons were then determined using mixed-effects models
within a Bayesian framework, which also provides a marginal
and a conditional R2 value (Table 1). Marginal R2 (R2

M)
describes the proportion of model variance that is explained
by the fixed effects (i.e., size, season, and their interaction),
while conditional R2 (R2

C) describes the proportion of
model variance that is explained by both the fixed and
the random (i.e., including site) effects. For muscle tissue
δ13C, there was a significant effect on size, and there was a
significant interaction between size and season (mean ± SD,
small dry: −17.57 ± 0.82 and rainy: −16.25 ± 0.20; large
dry: −16.41 ± 0.48 and rainy: −16.24 ± 0.55), while
for muscle δ15N, there was only a significant effect of

size (mean ± SD, small: 9.64 ± 0.29; l: 10.07 ± 0.29).
Marginal R2 values confirmed that the fixed effects size
and season described a good proportion of the variability
in δ13C (R2

M = 0.46), but less so for δ15N (R2
M = 0.26;

Table 1).
The patterns were similar in eye tissue. For eye δ13C,

there was a significant effect of size, season, and a significant
interaction between size and season (mean ± SD, small
dry: −18.47 ± 0.76 and rainy: −16.87 ± 0.61; large dry:
−17.16 ± 0.66 and rainy: −16.13 ± 0.46). For δ15N, there was
only a significant effect of size (mean ± SD, small: 7.95 ± 0.40;
large: 9.06 ± 0.36). Season and size described a high proportion
of the variance in eye δ13C (R2

M = 0.55) and also δ15N
(R2

M = 0.51). There were no significant effects on muscle or
eye δ34S, and marginal R2 values were low (R2

M muscle = 0.02;
eye = 0.00). The random effect of site did not describe the
variance in muscle δ13C (R2

C = 0.10), δ15N (R2
C = 0.12), or δ34S

(R2
C = 0.06), or in eye δ13C (R2

C = 0.21) or δ15N (R2
C = 0.14),

however, it did for eye δ34S (R2
C = 0.58) (Table 1).

For liver tissue, patterns were different; there were no
significant size or seasonal effects on δ13C or δ15N, and marginal
R2 was low (R2

M δ13C = 0.06; δ15N = 0.11). However, for δ34S,
there were significant effects of size and a significant interaction
between size and season (mean ± SD, small dry: 23.33 ± 1.28
and rainy: 21.27 ± 0.86; large dry: 22.21 ± 0.62 and rainy:
21.72 ± 1.39). These fixed effects described a higher proportion
of the δ34S variance (R2

M = 0.25), while the random effect of site
described a high proportion of variance across all three isotopes
(R2

C δ13C = 0.59; δ15N = 0.24; and δ34S = 0.36) (Table 1). Model
results for lipid-corrected liver δ34S values followed the same
patterns (Supplementary Figure 1; Supplementary Table 6).

Models run on the raw (uncorrected) δ13C values revealed
mostly similar patterns for muscle and eye (Supplementary
Table 7). For muscle, there was still a significant effect of size,
and for eye, size and season were still significant. However,
for both muscle and eye, the interaction between size and
season was only marginally significant. For liver raw δ13C,
unlike for the corrected values, there were significant effects
of size and a significant interaction between size and season
(Supplementary Table 6).

Patterns in resource use between seasons were visualized
for each size group using a PCA generated from tri-isotope
data (δ13C, δ15N, and δ34S). For small fish, seasons were
separated largely along with PC1, which explained 58.1% of
the variation in the data. This axis was strongly influenced
by δ13C. Tissue differences were separated along with PC2
and influenced by δ15N and δ34S. Both dry season liver
and eye ellipses, and rainy season liver and eye ellipses
overlapped, but there was no seasonal overlap of the
same tissue type (Figure 4A). Differences between season
(F1,119 = 19.61, p < 0.001), among tissues (F2,119 = 45.75,
p < 0.001), and their interaction (F2,119 = 4.51, p = 0.003)
were all significant (PERMANOVA, 9,999 permutations).
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FIGURE 2

Isotope biplots of mean ± standard deviation δ13C and δ15N (top) and δ13C and δ34S (bottom panels) for all samples collected across the five sites
in the dry season (March 2013) and the rainy season (September 2012 and 2014). δ13C values are mathematically corrected for high lipid content
(see section “Materials and methods”). PA = tunicate, Polycarpa aurata. POM, particulate organic matter. Damselfish are either small (<70 mm) or
large (>70 mm). Note, no δ34S data are reported for POM (see section “Materials and methods”: Sample processing and stable isotope analyses).

For large fish, tissues were separated along PC2 (21.4%
of the variation), predominantly influenced by δ34S and
δ15N, and differences were significant (PERMANOVA, 9,999
permutations, F1,51 = 12.44, p < 0.001). δ13C was the primary
variable leading to separation along PC1 (Figure 4B). In
contrast to the small fish, large-fish ellipses from each season
overlapped, with the exception of eye tissue, and, while there
was a marginally significant overall difference between seasons

(PERMANOVA, 9,999 permutations, F1,51 = 3.43, p = 0.03),
the interaction between seasons and tissues was not significant
(F2,51 = 1.07, p = 0.37).

The PCA using the lipid-corrected liver δ34S values revealed
a similar separation to the PCA using the raw δ34S values
(Supplementary Figure 4). However, unlike the raw values, the
PERMANOVA using the corrected δ34S values identified no
significant differences among tissues for the large fish; for small
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R = 0.97, p < 2.2e−16
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FIGURE 3

Relationships of fish (A) weight (g), (B) δ13C, (C) δ15N, and (D) δ34S data plotted against length (mm). For the isotope ratios (B–D), only significant
relationships from the regression analysis models are plotted for each tissue. Solid lines represent fish across both seasons (δ15N), dotted lines
represent fish in the dry season, and dashed lines represent fish in the rainy season (δ13C and δ34S). δ13C values are mathematically corrected for
high lipid content (see section “Materials and methods”).

fish, the interaction between season and tissue was no longer
significant (Supplementary material).

Suspension feeders and resource
availability

There was evidence of seasonality in tunicate δ13C and δ34S
as season, and the interaction between season and site had
a significant influence on both δ13C (season: F1,47 = 19.54,
p < 0.001; season × site: F4,47 = 3.12, p = 0.03) and
δ34S (season: F1,47 = 49.82, p < 0.001; season × site:
F4,47 = 9.56, p < 0.001) isotope ratios (Supplementary
Table 8; Figures 5A,C). While δ13C was higher in the dry
season (mean ± SD, −20.41 ± 0.54h) than in the rainy

(−21.08 ± 0.58h), δ34S was higher in the rainy season
(18.28 ± 1.89h) than the dry (15.21 ± 2.21h). There were
no spatial gradients in either δ13C or δ34S (Supplementary
Table 8), but there were significant spatial differences in tunicate
δ15N (F4,24 = 3.47, p = 0.02); δ15N was significantly higher at
MU compared to MA and SA (p = 0.02, respectively). However,
δ15N did not vary seasonally (Supplementary Table 8); values
were consistent across both dry (4.35 ± 0.63h) and rainy
(4.32 ± 0.42h) seasons (Figure 5B).

Particulate organic matter δ13C and δ15N varied significantly
between seasons (F1,24 = 10.37, p = 0.02 and F1,24 = 9.98,
p = 0.02, respectively; Supplementary Table 8; Figures 5D,E),
with higher mean δ13C and δ15N in the dry season (δ13C:
−22.62 ± 0.95h; δ15N: 4.33 ± 0.92h) compared to the rainy
season (δ13C: −23.59 ± 0.56h; δ15N: 3.26 ± 0.96h). There was
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TABLE 1 Mixed-effects model parameter estimates exploring size and seasonal effects on fish δ13C, δ15N, and δ34S.

Predictors δ13C δ15N δ34S

Muscle (n = 3750) Estimate 95% CI Estimate 95% CI Estimate 95% CI

Intercept −16.44 −17.00 to −15.89 10.04 9.77 to 10.33 20.86 20.00 to 21.74

Small (<70 mm) −1.12 −1.65 to−0.58 −0.34 −0.58 to −0.07 −0.16 −0.95 to 0.66

Rainy 0.18 −0.50 to 0.88 0.01 −0.32 to 0.30 0.16 −0.93 to 1.18

Small:Rainy 1.21 0.34 to 2.11 −0.32 −0.73 to 0.08 −0.24 −1.54 to 1.10

Random Effects

Intercept Variance 0.17 0.00 to 0.47 0.05 0.00 to 0.16 0.27 0.00 to 1.01

Residual Variance 0.50 0.33 to 0.69 0.11 0.07 to 0.15 1.19 0.76 to 1.63

Marginal r2 0.46 0.24 to 0.59 0.26 0.08 to 0.49 0.02 0.00 to 0.14

Conditional r2 0.56 0.28 to 0.70 0.38 0.19 to 0.71 0.06 0.00 to 0.49

Eye (n = 3334) Estimate 95% CI Estimate 95% CI Estimate 95% CI

Intercept −17.14 17.95 to −16.36 8.95 8.54 to 9.34 21.83 20.52 to 23.12

Small (<70 mm) −1.24 −1.67 to −0.78 −0.97 −1.31 to −0.65 0.40 −0.23 to 0.99

Rainy 0.86 0.31 to 1.44 0.08 −0.29 to 0.52 0.39 −0.36 to 1.17

Small:Rainy 0.70 0.01 to 1.49 −0.09 −0.62 to 0.43 −0.29 −1.25 to 0.71

Random Effects

Intercept Variance 0.70 0.00 to 2.31 0.12 0.00 to 0.42 2.37 0.00 to 7.38

Residual Variance 0.36 0.22 to 0.50 0.18 0.12 to 0.25 0.66 0.41 to 0.92

Marginal r2 0.55 0.20 to 0.71 0.51 0.21 to 0.68 0.00 0.00 to 0.10

Conditional r2 0.76 0.62 to 0.93 0.65 0.45 to 0.82 0.58 0.31 to 0.97

Liver (n = 3334) Estimate 95% CI Estimate 95% CI Estimate 95% CI

Intercept −16.96 −18.17 to −15.81 8.40 7.80 to 9.06 22.31 20.87 to 23.73

Small (<70 mm) −0.21 −0.64 to 0.32 −0.23 −0.66 to 0.22 0.9 0.17 to 1.60

Rainy 0.35 −0.24 to 0.97 0.34 −0.24 to 0.89 −0.29 −1.24 to 0.59

Small:Rainy 0.45 −0.39 to 1.23 −0.62 −1.39 to 0.09 −1.84 −3.09 to −0.64

Random Effects

Intercept Variance 1.73 0.06 to 5.52 0.31 0.00 to 1.00 2.66 0.06 to 7.78

Residual Variance 0.36 0.23 to 0.51 0.34 0.21 to 0.48 0.88 0.53 to 1.22

Marginal r2 0.06 0.00 to 0.22 0.11 0.01 to 0.27 0.27 0.02 to 0.42

Conditional r2 0.65 0.45 to 0.99 0.35 0.07 to 0.80 0.63 0.44 to 0.945

δ13C values have been mathematically corrected for high lipid content, and liver δ13C and δ15N have been corrected for tissue-dependent fractionation (see Section “Materials and
methods”). Intercept values represent the average isotope value for a large (>70 mm) in the dry season. Estimates are means with 95% credible intervals (CI). Bold indicates non-
overlapping CI. Marginal R2 is the variance explained only by fixed effects, conditional R2 is the variance explained by the entire model (fixed and random effects).

no significant effect of site, or of the interaction between season
and site, on either δ13C or δ15N (Supplementary Table 8).

In contrast, while there was no seasonality in concentrations
of POC and PON, there was a significant spatial gradient. For
POC and PON, season, the interaction between seasons, and
site, were non-significant (ANOVA, p > 0.05), while the effect
of site was significant (POC: F10,24 = 5.78, p = 0.02; PON:
F10,24 = 8.08, p = 0.006). Tukey’s post hoc analyses revealed
that this was driven exclusively by MU which had significantly
higher POC (mean POC µg/L: MU 22.91, MB 9.11, BA 6.94,
MA 6.23, SA 8.48) and PON (mean PON µg/L: MU 3.33, MB
1.22, BA 1.01, MA 0.81, SA 1.14) concentrations compared to
the other sites.

Discussion

In the dynamic environment of coral reef ecosystems,
resource availability may fluctuate markedly both spatially and
temporally, with implications for associated food webs. Here,
across a semi-enclosed tropical embayment in the Philippines,
we did not see the expected spatial gradient in fish tissue isotopes
(e.g., Wyatt et al., 2012b; Gajdzik et al., 2016; McMahon et al.,
2016; Miller et al., 2019), despite the apparent hydrographic
separation of sites with varying degrees of oceanic exposure.
Instead, there appeared to be pronounced seasonal fluctuations
in food web dynamics associated with the rainy and dry seasons,
which was evident in the underlying resources (i.e., POM).
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These fluctuations were reflected in resource use by suspension
feeding primary consumers (i.e., tunicates) but only in some
secondary consumers (i.e., small but not large damselfish), a
pattern that only became pronounced through analysis of δ34S
as a third isotopic tracer.

Size and seasonal effects on isotope
ratios in fish tissues

Small and large damselfish appeared to differ in their
resource use, indicating that they might employ different feeding
strategies with ontogeny. For example, there was a significant
seasonal difference in the isotope ratios of small fish tissues,
particularly muscle and eye δ13C, which were more enriched in
the rainy season, and liver δ34S, which was lower in the rainy
season. Taken together, these data are indicative of smaller fish
benefitting from more benthic food chains during the rainy
season. During the dry season, when phytoplankton production
and chlorophyll a in the embayment are higher (San Diego-
McGlone et al., 1995), there was evidence of greater reliance
on oceanic food chains. In contrast, for the larger fish, isotope
ratios of all tissues were similar between seasons, suggesting
movement toward a seasonally consistent feeding strategy with
age. The more enriched δ13C and lower δ34S of large fish tissues
further indicated that they may preferentially target benthic
invertebrates, possibly reflecting increased foraging movements
away from coral heads (Nash et al., 2015). While size-based
differences in Dascyllus feeding strategies have previously been
recorded, they were not always comparable to those found
here. In Madagascar, smaller individuals of Dascyllus aruanus
fed on benthic prey, while larger individuals fed on more
planktonic prey (Frédérich et al., 2010), perhaps reflecting the
smaller adult size of D. aruanus (Kulbicki et al., 2005) and
high site fidelity throughout their life span. D. trimaculatus
larger adult body size might support increased local foraging
area, explaining observations that they have some of the highest
δ15N values and the most variable δ13C values across a range of
sizes (Frédérich et al., 2009). Clearly, size-based differences in
damselfish resource use and feeding strategies may not always
be consistent between species and systems (Eurich et al., 2019)
and may be impossible to detect without additional tracers
such as δ34S (see below). However, regardless of size, fish C:N
ratios were consistently higher in the dry season across all
tissues (Supplementary Figure 3), and this was particularly
pronounced in liver tissue. Higher lipid levels are linked to
better overall condition, suggesting that the food chains that
the fish were accessing in the dry season were most beneficial
to their growth. As the presence of lipids can influence stable
isotope values, mathematical corrections were applied to the
data to account for this. While the models run on the raw
δ13C values revealed similar patterns in muscle and eye tissue,
for liver the outputs were very different: size and season had

no effect on corrected liver δ13C, but for the raw values, size
and size interacting with season were highly significant. This
confirms that higher tissue lipid content can influence δ13C
values, so correcting the values is a more conservative approach
that reduces the confounding influence that lipids may have on
interpreting patterns.

Correcting for tissue-dependent fractionation allowed
direct comparison of seasonal effects across the three tissue
types without the confounding factor of varying isotopic
discrimination. There was pronounced seasonality in all three
tissues for small fish. While evidence of dietary shifts across
seasons was expected in the faster turnover liver, there was
also clear seasonal variation detected in both muscle and eye
tissue. Muscle is a longer turnover tissue, reflecting a dietary
time frame of several weeks to months in the body size range
relevant here [mean turnover δ13C at 28◦C temperature (Iizuka
et al., 2009)]: Small 39.5 days, Large 67.9 days; (Thomas and
Crowther, 2015) but the dietary time frame of whole fish eye
tissue is not well constrained. Here, the size and seasonal
patterns of fish muscle and eye tissue δ13C were comparable,
and eye δ15N was consistently lower than muscle δ15N. This
correlates with one of the few studies to consider fish eye tissue
(including retina), which found a significant positive correlation
between fish muscle and eye δ13C (with a regression relationship
close to 1:1), and that eye δ15N was consistently lower (∼2h)
than muscle δ15N (Kanaya et al., 2019). This suggests that
whole eye tissue may represent a similar dietary time frame to
that of muscle (i.e., weeks to months). However, evidence of
seasonal variation in consumer resource use is less expected
in longer turnover tissues. One explanation for the observed
variation, is that fish samples were collected mid-season; rainy
season samples were collected in September, but higher rainfall
associated with the summer monsoon begins in June (Wang
and LinHo, 2002). As such, given the calculated turnover rates
for the sampled tissues (see above), the damselfish had already
begun to assimilate resources available to them during the
initial few months of the rainy season. Similarly, dry season
samples were collected in March, but the dry season extends
from November to May; fish likely already integrated dry season
resources that were then reflected in their longer turnover
tissues. Moreover, the calculated turnover rates for both size
groups indicate that their tissues reflect the same season, further
confirming the discrepancies between their foraging strategies.
Careful consideration of tissue turnover times in the context of
environmental dynamics is required, especially in the absence
of analysis of “fast” turnover tissues with higher temporal
resolution.

Surprisingly, while there were significant differences in
small fish muscle and eye δ13C between seasons, seasonal δ13C
differences in “fast” liver tissues were not significant. Similar
to muscle and eye, liver δ13C was more depleted in the dry
compared to the rainy season, but there was a notable exception
of the samples from the innermost site in the port of Muelle
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FIGURE 4

Principal component analysis (PCA) of (A) small (<70 mm) and (B) large (>70 mm) damselfish δ13C, δ15N, and δ34S values from the liver, eye, and
muscle tissues collected from five sites across the embayment in the dry season (March) and the rainy season (September). δ13C values are
mathematically corrected for high lipid content, and liver δ13C and δ15N are corrected for tissue-dependent fractionation (see section “Materials
and methods”). Ellipses are 95% confidence ellipses with centroids. Variables are overlaid as vectors with arrows.
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FIGURE 5

Stable isotope ratios of panels (A–C) tunicates (Polycarpa aurata) and panels (D,E) particulate organic matter (POM) sampled across Puerto
Galera embayment. Data are pooled based on whether there were significant differences among groups or not. Tunicate δ15N varied spatially,
δ13C and δ34S seasonally and with an interaction between season and site; POM δ13C and δ15N varied only seasonally. Note, no δ34S data are
reported for POM.
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(MU). At MU, dry season liver δ13C values were comparable
to those in the rainy season (more enriched). MU, being the
most sheltered inshore site, has reduced water flow and is heavily
influenced by surrounding terrestrial and anthropogenic inputs
(Iizuka et al., 2009), evidenced by the higher concentrations of
POC and PON. More consistent benthic foraging, i.e., enriched
δ13C values, at this site may have precluded a significant seasonal
difference in liver δ13C values from being observed. In contrast
to δ13C, small fish liver δ34S values were significantly lower in
the rainy season (∼21.3h) than in the dry season (∼23.5h),
indicative of a seasonal difference in the food web baseline.
There was no corresponding seasonal shift in muscle or eye
δ34S, which likely relates to the longer dietary time frames that
these tissues represent. The lower δ34S values in the fast turnover
liver in the rainy season are suggestive of fluxes of terrestrial
material entering the food web, likely from increased run-off
(San Diego-McGlone et al., 1995). However, δ34S takes longer
than δ13C or δ15N to reach equilibrium in muscle tissue (Barnes
and Jennings, 2007), and assuming that the turnover of eye
tissue is similar, this may explain the absence of seasonal δ34S
variation in these two tissues. It is important to note also that
high lipid content in liver tissues might have influenced the δ34S
values. While the patterns using the lipid-corrected δ34S values
were similar to those using the raw δ34S values, seasonal effects
were less pronounced. Unfortunately, the only current known
δ34S lipid correction factor derives from shark liver (Riverón
et al., 2022), so it is not clear how appropriate this value is for
planktivorous damselfish. Regardless, a better understanding of
how lipid levels in tissues might influence δ34S values is sorely
needed. Finally, it is important to also consider sample sizes
when interpreting this pattern. Here, opportunistic sampling led
to an unbalanced sampling design; there were fewer small fish
encountered during the rainy season than the dry season, and,
notably, none were observed at MU or Sabang (SA). Though
the patterns observed in this study strongly suggest that small
fish vary in their resource use between seasons, future work
would benefit from incorporating additional samples across the
embayment to further explore these spatial and seasonal food
web dynamics using the multi-tissue, multi-isotope approach.

Patterns in δ15N values were as expected but not highly
informative regarding changes in resource use. Many food
web studies have a strong focus on δ15N analysis (Skinner
et al., in press), but this tracer may not always be the
most informative for understanding resource use in coral
reef food webs (Miyajima and Umezawa, 2010). Here, there
were significant differences between small and large fish δ15N,
and values increased with body size. Body size and δ15N
relationships are well studied in marine food webs but not
always evident (Layman et al., 2005; Al-Habsi et al., 2008;
Jennings et al., 2008; Zhu et al., 2019). Increasing δ15N with
body size suggested larger individuals exploited higher trophic
position prey, possibly due to changes in their habitat use or
fitness, or increased gape size (Munday, 2001; Newman et al.,

2012). For fish from both size groups, there was evidence of
tissue-specific discrimination that correlated well with previous
studies; fish muscle was enriched in δ15N compared to the liver
(Pinnegar and Polunin, 1999; Chen et al., 2012) and eye (Kanaya
et al., 2019), but applying corrections to account for tissue-
dependent fractionation allowed direct comparisons of seasonal
effects across tissues. There was no seasonality in the δ15N values
of any of the tissues of either size group, suggesting that they are
consistently feeding on prey of a similar trophic position across
seasons with no change in the underlying δ15N baseline values.
Although useful for determining consumer trophic position,
δ15N may not be as informative for detecting seasonal changes
in consumer resource use.

Suspension feeders as indicators of
resource availability

Tunicates were sampled across the embayment to better
characterize the planktonic production pathway and how this
might vary seasonally. While some patterns in the tunicate
tissues clearly reflected those of the damselfish, others were less
easy to reconcile. For example, similar to the small damselfish,
there were no seasonal patterns in tunicate δ15N, but highly
seasonal patterns in tunicate δ13C and δ34S. However, the
patterns in δ13C and δ34S were reversed; tunicate δ13C was
more enriched and δ34S was lower in the dry season, indicative
of reliance on nearshore production pathways. This is because
there is a distinct spatial gradient in δ34S values related to the
biogeochemical cycling of sulfur; offshore marine sulfate values
are close to 21h, while in anaerobic and anoxic sediments in
coastal environments, sulfate is reduced to hydrogen sulfide
which has lower δ34S values (Fry et al., 1982; Fry, 1986;
Peterson, 1999). As such, lower tunicate δ34S in the dry
season (coupled with more enriched δ13C) indicate reliance
on suspended material derived from benthic organic matter
or sulfur-oxidizing bacteria (Peterson et al., 1986; Oakes and
Connolly, 2004). In contrast, small damselfish tissues in the
dry season indicated a response to the increased phytoplankton
production and chlorophyll a concentrations that tend to prevail
in this season (San Diego-McGlone et al., 1995). Tunicates,
as suspension feeders, are often sampled to represent a time-
integrated pelagic baseline, which is less variable than POM
(Stowasser et al., 2012; Ménard et al., 2014); however, the
dietary time frame that their tissues represent is not well known.
Furthermore, recent evidence suggests that they may instead
consume microbes, thus making it inappropriate to use them
as representatives of the pelagic food chain (Pakhomov et al.,
2019). Indeed, other suspension feeders, such as oysters, are
known to preferentially select food particles (Newell and Jordan,
1983), suggesting that the tunicates may not be consuming
all of the suspended POM. In addition, the damselfish occupy
a higher trophic position than the tunicates, suggesting that
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seasonal variations observed in the tunicates may have been
different from those obscured in the damselfish, as these
were diminished across trophic linkages. These caveats may
explain the discrepancy between the damselfish and tunicate
δ13C and δ34S patterns, further confirming that caution is
needed when using tunicates as a “pelagic” baseline in reef
food web studies. However, regardless of the food chain they
represent, there was strong evidence of seasonality in their
tissues consistent with the small damselfish, likely linked to
fluctuations in resource availability between the rainy and dry
seasons.

Particulate organic matter samples confirmed that
suspended resources varied seasonally across the embayment.
POM δ15N was higher in the dry season, likely linked to pools
of accumulated ammonia from anthropogenic waste (San
Diego-McGlone et al., 1995). Similar to the tunicates, POM
δ13C was more enriched in the dry season, consistent with
reduced terrestrial inputs (which have very depleted δ13C:
−31 to −25h; Mackensen and Schmiedl, 2019) due to lower
rainfall. Differences in δ13C values between seasons could
relate to water temperature though, as isotopic fractionation
of planktonic δ13C decreases in warmer water, leading to more
enriched values. Here, however, POM δ13C values were more
enriched in the dry season when water temperatures were lower.
Furthermore, water temperatures varied by only 2◦C between
seasons, corresponding to a difference in fractionation of only
0.70h (0.35h per ◦C; Fontugne and Duplessy, 1981). This
suggests that observed seasonal differences in δ13C were not
driven by differences in water temperature. Indeed, changes
in phytoplankton δ13C fractionation may also arise from
differences in light conditions (intensity and duration) and
nutrients (Brandenburg et al., 2022). These factors may be more
relevant here than the temperature for explaining differences
in δ13C of POM (phytoplankton) between the rainy and dry
seasons. It seems that the POM data reflect some aspects of
the benthic food chain; the snapshot nature of POM sampling
coupled with the dynamic environment of the embayment,
i.e., variable flushing rates influencing residence times and
accumulated nutrients (San Diego-McGlone et al., 1995; Iizuka
et al., 2009), may influence oceanic contributions evident from
POM δ13C. The lack of seasonal variation in POC and PON
concentrations could suggest that the change in resources
may be of a similar magnitude, leading to variations in POM
isotope ratios but not in concentrations (Wyatt et al., 2013).
Interestingly, despite distinct temporal differences, there was
no significant spatial isotopic gradient in POM δ13C or δ15N
and the spatial variation in POC and PON was driven solely
by the most inshore site (MU). Although the mechanisms
through which these food chains fluctuate and become available
to primary and secondary consumers across the embayment
remains unclear, it appears that this is predominantly a
seasonally fluctuating system rather than a spatial one as
previously assumed.

Incorporating δ34S as a third isotope
for exploring food web dynamics

Sulfur isotope ratios (δ34S) are increasingly being
recommended as a useful third tracer for stable isotope
food web studies (Connolly et al., 2004; Skinner et al., 2019a).
Our data further support this; δ34S was instrumental in
identifying short-term resource use changes of small fish (as
reflected in their liver tissues) but was also important for
highlighting strong seasonal variation in the suspension-feeding
tunicates. The lack of seasonal δ34S variation in large fish argues
against a simple seasonal change in the δ34S baselines of this
system, instead suggesting small fish and tunicates are utilizing
different resources in each season. While larger fish may have
a slower isotopic turnover, particularly in their muscle tissue,
we would still expect to see changes in their liver δ34S due to its
faster turnover. Unfortunately, no POM δ34S data are available
to explore seasonal shifts in the underlying suspended resources
that may be evident with sulfur. In this system, it seems that
while δ13C and δ34S are key to understanding seasonal fluxes
(Connolly et al., 2004; Briand et al., 2015), δ15N may be less
valuable, highlighting the utility of adding tracers like δ34S,
especially in systems with minimal nitrogen isotope variation.

Conclusion

Investigations into seasonality in aquatic food webs are
increasing (Wantzen et al., 2002; Cobain et al., 2022), but there
is still limited understanding of how varying fluxes translate into
variation in reef food webs (but see Briand et al., 2015), with the
majority of coral reef stable isotope studies conducted during
limited temporal windows and focusing on one or two tracers in
a single tissue (Skinner et al., in press). Our data suggest that
coral reef food web resources and consumer trophodynamics
can vary substantially between seasons even over small spatial
scales. Restricting sampling to a single period may therefore
overlook important seasonal food web dynamics, which could
alter our interpretation of production source pathways and
consumer resource use. Furthermore, combining multiple
isotopic tracers (δ13C, δ15N, and δ34S) with the analysis of
separate tissue types (representing different dietary time frames,
e.g., Wyatt et al., 2019) proved instrumental in identifying
temporal changes in consumer dietary variation. Where lethal
sampling is already occurring, we strongly recommend that
researchers maximize the dietary information obtained from
each individual by sampling a range of tissue types with different
turnover times. In addition, given the ease at which δ34S can
now be measured along with δ13C and δ15N, and the important
food chain information it can convey (Connolly et al., 2004),
we suggest that marine food web studies employ a tri-isotope
approach by default. However, more research into the effect
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of tissue lipid levels on δ34S is sorely needed. As coral reefs
are currently experiencing unprecedented worldwide declines
(Hoegh-Guldberg et al., 2017; Hughes et al., 2017; Darling et al.,
2019), improved quantification of food web dynamics across
both fine and broad spatial and temporal scales is urgently
needed.
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