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RESEARCH ARTICLE

Seasonality modulates coral trophic plasticity in an extreme,
multi-stressor environment

Sarah L. Solomon ,1* Jasper M. de Goeij ,1 Emily M. Croasdale ,1,2 Verena Schoepf 1

1Department of Freshwater and Marine Ecology, Institute for Biodiversity and Ecosystem Dynamics, University of
Amsterdam, Amsterdam, The Netherlands; 2MARE, Laborat�orio Marítimo da Guia, Faculdade de Ciências da Universidade
de Lisboa, Cascais, Portugal

Abstract
Corals with high trophic plasticity, i.e., the ability to change the relative contribution of heterotrophic and

autotrophic nutrition to their mixotrophic diet, can have increased tolerance to individual stressors, but it is
poorly understood how trophic strategies shift in response to combined global (e.g., warming, acidification) and
local stressors (e.g., nutrient input). Furthermore, it remains unclear how season-associated changes in physico-
chemical conditions modulate trophic strategies and which coral species generally have trophic plasticity. We
measured the tissue stable isotopes (δ13C and δ15N) of three coral species (Siderastrea siderea, Siderastrea radians,
and branching Porites sp.) from two distinct habitats: extreme, multi-stressor inland bay habitats and nearby
fringing reefs with more benign environmental conditions. We further captured trophic plasticity between dry
and wet seasons, as well as the effects of in situ heat stress on trophic strategies. Bay corals tended to be more
autotrophic than fringing reef corals, which may be driven by higher nutrient input in the bays. All three coral
species shifted their trophic strategy between the cool dry and warm wet seasons; however, the direction of tro-
phic shifts varied between δ13C and δ15N. Bay S. siderea had the highest trophic plasticity across seasons, which
likely facilitates their success in these multi-stressor habitats. Interestingly, not all species relied equally on het-
erotrophy, as bay Porites had a primarily autotrophic diet, even during the wet season when conditions were
more extreme. This highlights that coral tolerance to more extreme conditions is promoted through dynamic
shifts in diet, rather than only increasing heterotrophy.

Mixotrophs acquire nutrients by utilizing a dynamic combina-
tion of autotrophy and heterotrophy—a strategy that has evolved
in both terrestrial and aquatic ecosystems, from carnivorous land
plants to heterotrophic marine microalgae and symbiotic inverte-
brates, such as corals (e.g., Houlbrèque and Ferrier-Pagès 2009;
Schmidt et al. 2013; Stoecker et al. 2017). Trophic plasticity,
the ability to switch between autotrophy and heterotrophy,
allows organisms to adjust to changes in their surrounding

environment, such as increasing temperatures, or nutrient,
light, and food availability (e.g., Wilken et al. 2013; Edwards
2019). Thus, investigating trophic strategies across environmen-
tal gradients plays a key role in advancing our understanding of
how organisms may adjust to future environmental conditions
under climate change.

Tropical corals are mixotrophs with a mutualistic symbi-
otic relationship with photosynthetic dinoflagellates
(Symbiodiniaceae), which can provide up to 100% of the
carbon needed to meet their daily metabolic demand (Muscatine
et al. 1984). When the symbiosis breaks down during heat-
induced coral bleaching, corals expel their endosymbionts and
thus have a reduction in their supply of photosynthetic carbon.
To meet their daily metabolic demand following bleaching, corals
can catabolize energy reserves (e.g., Rodrigues and Grottoli 2007)
and/or acquire essential macronutrients (i.e., nitrogen and phos-
phorous) by feeding heterotrophically on dissolved organic mat-
ter and particulate organic matter (Anthony and Fabricius 2000;
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Houlbrèque and Ferrier-Pagès 2009). Healthy corals may derive
up to � 35% of their macronutrients from zooplankton prey cap-
ture, but this can increase to 100% when bleached (Grottoli
et al. 2006). Understanding coral trophic dynamics is therefore of
key importance to addressing how corals will respond to future
ocean conditions because heterotrophic plasticity can increase
resilience to multiple climate change stressors, including heat
stress (Grottoli et al. 2006; Tremblay et al. 2016), acidification
(Drenkard et al. 2013; Ramajo et al. 2015; Towle et al. 2015), and
hypoxia (Wijgerde et al. 2012). However, while trophic strategies
across species (Conti-Jerpe et al. 2020; Price et al. 2021; Wall
et al. 2021), in response to in situ heat stress (Grottoli et al. 2004;
Wall et al. 2019), and across temporal or seasonal changes in
physicochemical conditions (e.g., Sturaro et al. 2021; Xu
et al. 2022) have been previously investigated, a better under-
standing of these dynamics under multiple co-occurring local
and global stressors is needed.

Coral modes of nutrition have been investigated through
both feeding experiments and stable-isotope analysis of carbon
(δ13C) and nitrogen (δ15N), which contribute to estimates of the
proportion of heterotrophically vs. autotrophically derived nutri-
ents incorporated into coral host tissue and algal endosymbiont
fractions. Stable isotopes have been widely used to assess
changes in coral trophic strategies across spatial and/or temporal
gradients (e.g., Wall et al. 2019; Price et al. 2021; Sturaro
et al. 2021), which have revealed a high diversity of trophic strat-
egies within and among species. For example, trophic strategies
can differ across depths (e.g., Maier et al. 2010; Carmignani
et al. 2023) through changes in, for example, light and turbidity
(e.g., Anthony and Connolly 2004; Lesser et al. 2010), and across
inorganic nutrient gradients (Fox et al. 2018; Thibault
et al. 2022). Seasonal changes in temperature and light can lead
to shifts in coral symbiotic status (e.g., symbiont densities and
chlorophyll concentrations; e.g., Fitt et al. 2000). However, not
all corals adjust their trophic strategies seasonally (Nahon
et al. 2013; Sturaro et al. 2021; Xu et al. 2022). Coral trophic
strategies may also be modulated by the dominant endosymbi-
ont genus (e.g., Ezzat et al. 2017; Wang et al. 2024), which corals
are able to shuffle depending on environmental conditions
(e.g., Baker 2003). However, our understanding of how tro-
phic strategies will be influenced by future ocean conditions
is limited, as most experimental studies only included one or
two stressors and rarely incorporated seasonal dynamics
(e.g., Drenkard et al. 2013; Houlbrèque et al. 2015). This
emphasizes the need for a closer look at the combined effects
of multiple global stressors (e.g., increased seawater tempera-
tures, ocean acidification, deoxygenation) on coral trophic
strategies and how they are modulated by local and season-
dependent stressors (e.g., higher nutrient concentrations and
turbidity).

Mixotrophic organisms may have a competitive advantage
under future ocean conditions, where both global climate
change stressors (e.g., ocean warming, acidification) and local
impacts (e.g., eutrophication) intensify. For example, an

increase in organismal metabolic rates under ocean warming
is predicted to favor heterotrophy over autotrophy, as hetero-
trophic processes have a higher temperature dependence than
the dark reactions of photosynthesis (Wilken et al. 2013; Kvale
et al. 2015). Similarly, increased heterotrophy may reduce nega-
tive effects of global acidification and coastal acidification on
coral calcification (Drenkard et al. 2013; Houlbrèque
et al. 2015). However, these predictions have rarely been tested
for corals under ecologically relevant multi-stressor conditions
in the field or in manipulative experiments, as most warming
and acidification experiments are short-term exposure labora-
tory experiments. Naturally occurring extreme reef habitats,
such as those in close proximity to CO2 vents, subjected to
large tidal regimes, and inside mangrove lagoons or semi-
enclosed bays can provide valuable insights into how trophic
strategies may shift under multiple global and local stressors
(Camp et al. 2018; Burt et al. 2020; Schoepf et al. 2023).
Extreme reef habitats serve as natural laboratories where coral
functional traits that underlie resistance and tolerance to
extreme conditions can be investigated in situ (Hall-Spencer
et al. 2008; Schoepf et al. 2015; Camp et al. 2017). The few
available studies on coral metabolism in multi-stressor habitats
show limited evidence that corals from hot, acidified, and deox-
ygenated habitats tend to have high metabolic plasticity
through increased respiration rates (Camp et al. 2017, 2019),
which may be driven by increased heterotrophy. Similarly,
corals from a less extreme multi-stressor habitat (i.e., a warmer,
nutrient-rich nearshore reef) have been shown to have higher
δ15N in coral host tissue, indicating that these corals either
incorporate more terrestrial nitrogen into their tissues, and/or
depend more on heterotrophy (Baumann et al. 2021). However,
further research is required to establish the role of heterotrophy
in promoting acclimatization to extreme habitats.

Here, we investigated how trophic strategies of three Carib-
bean coral species differ between two contrasting habitats:
environmentally extreme inland bay habitats (Fig. S1) where
corals experience both global stressors (warmer, more acidic
seawater, and highly variable dissolved oxygen concentra-
tions) and local impacts (high turbidity, terrestrial run-off),
and two adjacent fringing reef sites which served as reference
habitats. Further, we assessed coral trophic plasticity by com-
paring strategies at three seasonal time points. Conspecifics in
bay and reef habitats were assessed during the cooler dry sea-
son and two warm wet season time points, representing one
unseasonably hot wet season with potential heat stress and
one warm wet season without substantial heat stress. We
hypothesized that (1) inland bay corals are more heterotrophic
than reef conspecifics because the more extreme conditions in
the inland bays should favor heterotrophy over autotrophy;
(2) corals from both habitats are more heterotrophic during the
warm, wet season compared to the cooler dry season due to
warmer temperatures, lower light levels, and higher nutrient
input associated with higher cloud cover and increased rainfall,
respectively (de Jong et al. 2025); and (3) heat stress further
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enhances heterotrophy, leading to differences between the
two wet season time points, to compensate for reductions
in photosynthetic performance (e.g., Grottoli et al. 2006;
Levas et al. 2013).

Materials and methods
Study sites

Two inland bay sites (Spaanse Water Bay, 12�04015.3500N,
68�51030.6100W and Santa Martha Bay, 12�16010.100N
69�07044.800W) in Curaçao, southern Caribbean, were chosen
due to their extreme environmental conditions and were com-
pared with two adjacent fringing reef reference sites (Director’s
Bay, referred to as “Spaanse Water Reef” throughout text,
12�03053.4800N, 68�51036.6900W and Santa Martha Reef,
12�15059.5600N, 69�07039.6600W) (Fig. 1a; see Table S1 for a com-
parison of environmental conditions between sites). The inland
bay sites are defined as both extreme and marginal coral habi-
tats according to the framework developed by Schoepf et al.
(2023) because (1) the mean and variance of multiple environ-
mental conditions deviate from those considered to be optimal
for coral health and functioning (Kleypas et al. 1999), and (2)
coral cover and diversity (species richness) are substantially
lower compared to adjacent fringing reefs (Fig. S1) (Kuenen and
Debrot 1995; Vermeij et al. 2007; de Jong et al. 2025). The bay
sites and their physico-chemical conditions are described in
detail in de Jong et al. (2025). Briefly, Spaanse Water Bay and
Santa Martha Bay are large (3.2 and 1.8 km2, respectively), shal-
low (on average 5–12 and 3 m water depth, respectively), semi-
enclosed bays that are connected to the open ocean via narrow
channels (� 70 and � 40 m, respectively) (Figs. 1, S1). Average
and daily variability of temperatures are high in the bay due to
their geomorphology and presumed longer seawater residence
times (Kuenen and Debrot 1995; de Jong et al. 2025). These fac-
tors make the bays more prone to seawater modification by the
benthic communities and fringing mangrove forests, leading to
highly variable pH and dissolved oxygen concentrations
(de Jong et al. 2025; Table 1). Input from terrestrial run-off con-
tributes to elevated inorganic nutrient and other pollutant
levels in the bays (Govers et al. 2014; de Jong et al. 2025). Sedi-
mentation rates are also high, leading to lower light in the bays
compared to the reefs (Kuenen and Debrot 1995; de Jong
et al. 2025; Table 1). There are currently no framework-building
reefs in the inland bays, rather they are dominated by seagrass,
macro- and turf algae interspersed with isolated coral assem-
blages (hence their classification as marginal, see Fig. S1; Kuenen
and Debrot 1995, de Jong et al. 2025).

Coral species
Three coral species of varying morphologies and life-history

strategies were selected for this study (Fig. S1): Siderastrea side-
rea (massive, stress-tolerant), Siderastrea radians (encrusting,
weedy) and branching Porites sp. (weedy) (Darling et al. 2012).
Corals were collected under permit #2019/021824 issued to

the CARMABI Foundation by the Curaçaoan Ministry of
Health, Environment and Nature and imported into The
Netherlands using CITES permits. Siderastrea siderea colonies
were tagged and re-sampled from all four sites during all sea-
sons. Siderastrea radians and Porites sp. were also tagged and re-
sampled; however, reef S. radians and bay Porites sp. were only
collected during 2021. Additionally, sample sizes were increased
from n = � 6 per site per time point to n = 10 per site during
the last seasonal time point to include non-tagged colonies to
meet sample size requirements to assess trophic strategies using
isotopic niches (see Statistical analyses—approach 1 below for
more information and Table S2 for sampling overview). All
corals were collected with a hammer and chisel and � 5–10 m
apart to increase the likelihood of sampling distinct genotypes.
Following Vermeij et al. (2007), corals were collected at water
depths where they were most abundant in the bay (� 2.5 m for
S. siderea and S. radians, � 0.3–1 m for branching Porites) and at
somewhat greater depths on the reefs (� 5–6 m for S. siderea
and branching Porites, � 2 m for S. radians). Fragments were
transported in plastic bags containing fresh seawater and subse-
quently frozen at �80�C.

Bay and reef environmental conditions
Temperature, pHT, dissolved oxygen (DO) concentrations,

salinity, and photosynthetically active radiation (PAR) were
continuously monitored using data loggers at all four study
sites across three time points: 2 weeks during the cool dry
season (6–21 March 2020, hereafter referred to as “cool dry
season”), 5 weeks during the wet season of 2020 which coin-
cided with unusually warm temperatures (28 October to
2 December 2020, hereafter referred to as “hot wet season”),
and 4 weeks during the wet season of 2021 with more typical
summer temperatures (22 October to 23 November 2021,
hereafter referred to as “warm wet season”). Discrete water
samples (n = 162) were taken across all time points to ana-
lyze inorganic nutrients (ammonium, nitrate, and phos-
phate). The environmental data from 2020 are from de Jong
et al. (2025) and are complemented here by the data for the
wet season in 2021. Cumulative heat stress for 2020 and
2021 was calculated using the degree heating week (DHW)
metric (NOAA Coral Reef Watch 2019; Skirving et al. 2020)
using in situ temperature data when available and otherwise
acquired from a combination of buoy (Fig. 1a) and satellite
data. More information on calibration procedures, deploy-
ment dates for each data logger, and data sourcing for calcu-
lating DHW is provided in the Supporting Information and
Tables S3 and S4.

Brown algae (Dictyota spp.) were collected as bioindicators of
site-specific nutrient signatures to complement the seawater
nutrient concentration sampling (Vaughan et al. 2021). Macro-
algae, such as Dictyota spp., integrate the seawater nutrient con-
ditions over time into their tissues, and thus provide a time-
integrated measurement of relative nutrient concentrations
compared to discrete seawater samples. Macroalgae samples

Solomon et al. Seasonality modulates coral trophic plasticity

1468

 19395590, 2025, 5, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.70046 by U

va U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [20/05/2026]. 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



(Figure legend continues on next page.)
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were freeze-dried, milled, folded into tin capsules, and their
δ13C, δ15N, %C, and %N were measured with a combustion ele-
mental analyzer (EA) coupled to an isotope ratio mass spec-
trometer (EA-IRMS, BioVision, Elementar, UK) at the University
of Amsterdam. See Supporting Information for additional
details on collections and sample processing.

Coral heterotrophic food source sampling: Particulate
organic matter and zooplankton

From 22 to 24 November 2021, different heterotrophic
sources of organic carbon and nitrogen to coral tissue were
collected from all four sites. Two and 4 L of seawater were
collected using 2-L plastic bottles from the bay and reef sites
at sunset (approximately 18:30 h) at 2.5 and 5 m depth,
respectively, and filtered using pre-combusted � 0.7 μm GF/F
filters to measure the C and N isotopic composition of partic-
ulate organic matter. The filters (n = 2–4 per site) were
directly acidified by saturating with � 1 mL of 4 mol L�1 HCl
over silver foils and allowed to dry overnight on a hot plate
at 50�C. Filters were folded into silver foils and analyzed the
next day with an EA-IRMS. Zooplankton was attracted after
18:30 h using a dive light for 2 min and subsequently col-
lected using a mesh net (250 μm). The mesh net was towed
(n = 4 per site) from � 1 m depth and subsequently lyophi-
lized (freeze-dried, Coolsafe, Labogene, Geldermalsen, NL).

Additional information on zooplankton sampling is available
in the Supporting Information.

Coral tissue isotopes and C and N content
Coral tissue was removed from the skeleton using a 2-cm2

stencil and a WaterPik flosser (waterpik®, USA) filled with
ultrapure MilliQ Type 1 water (MilliQ®, Millipore, Merck
KGaA, DE). The tissue slurry was homogenized (Tissue-Tear-
or™, Model 985370, BioSpec Products, Inc, USA), centrifuged
to separate animal and algal fractions, filtered over a 20 μm
nylon net (Millipore, Merck) to remove skeletal debris, frozen
at �20�C, and subsequently lyophilized (see Supporting Infor-
mation for additional details on tissue processing). Lyophi-
lized tissue was milled with a mortar and pestle, weighed (0.3–
1 mg), and folded into tin capsules. All samples from 2020
were run in technical duplicate or triplicate; however, the
standard deviation of replicates was low (SD = 0.09 � 0.09–
0.39 � 0.31), and therefore only 10% of samples from 2021
were run in duplicates (SD = 0.1 � 0.1–0.3 � 0.2). δ13C, δ15N,
%C, and %N were measured with an EA-IRMS. The δ13C and
δ15N were measured against International Atomic Energy
Agency/United States Geological Survey (IAEA/USGS) stan-
dards (see Supporting Information for additional details).

Chlorophyll content and symbiont density
Photo-physiological parameters relevant to overall coral

symbiotic status (Fitt et al. 2000; Thornhill et al. 2006) were

(Figure legend continued from previous page.)
Fig. 1. Map of Curaçao (a) showing the four study sites, Santa Martha Bay (green circle) and Santa Martha Reef (blue circle) (b) and Spaanse Water Bay
and Spaanse Water Reef (c). Average (black circles) and violin boxplots of temperature, photosynthetically active radiation (PAR), pHT (total scale), dis-
solved oxygen (DO) concentrations (d–g) from bay and reef sites across three seasonal time points: dry cool season of 2020, hot wet season of 2020,
and the warm wet season of 2021. Data were averaged for the two bay and reef habitats. Average daily temperature (h) from in situ loggers deployed in
bay (green lines) and reef (blue lines) habitats. Dotted lines represent daily maximum and minimum temperature. Sea surface temperatures (SST) and
cumulative heat stress (i) expressed as degree heating weeks (pink line, DHW, �C weeks) for the years 2020 to 2021 in Curaçao. Black dotted line = local
maximum monthly mean (MMM), yellow dotted line = bleaching threshold (MMM +1�C). Time series data are sourced from a combination of in situ
logger data from the two reef sites in this study (vertical dotted lines), in situ buoy data (location marked with pink circle in panel a) from a nearby reef
site in Curaçao (Carmabi House Reef buoy), and NOAA Coral Reef Watch Satellite data for Aruba, Bonaire, and Curaçao. See Supporting Information
(Table S3) for overview of data sources and dates.

Table 1. Standard ellipse area corrected for sample size (SEAC) containing 40% of the data for all three coral species from each habitat.
Data were pooled across all time points. Percent overlap between host and symbiont isotopic niches (SEAC) is calculated as a proportion
of host SEAC. Cut offs for trophic strategies can be found in the Methods section.

Species Habitat
SEAc host
(‰2)

SEAc

symbiont
(‰2)

Area of
overlap

Overlap
proportion of

host area

Percent
overlap as

proportion of
host area (%)

Trophic
strategy sensu
Conti-Jerpe
et al. 2020

Siderastrea siderea Bay 4.41 7.92 0.23 0.05 5 Heterotrophic

Reef 2.32 8.36 5.47 � 10�16 2.36 � 10�16 < 1 Heterotrophic

Siderastrea radians Bay 2.98 4.91 0.59 0.20 20 Mixotrophic

Reef 0.94 3.65 1.11 � 10�17 1.18 � 10�17 < 1 Heterotrophic

Branching Porites sp. Bay 2.98 4.46 2.95 0.99 99 Autotrophic

Reef 1.89 2.92 0.87 0.46 46 Mixotrophic
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measured using aliquots of the same homogenized tissue
slurry as above. Surface area was predetermined using a 2-cm2

stencil when removing tissue. Chlorophyll content and sym-
biont density were used to assess if corals were significantly
heat stressed during the hot wet season of 2020 compared to
the warm wet season of 2021. Chlorophyll a and c2 were
determined spectrophotometrically (Jeffrey and Hum-
phrey 1975). Symbiont cell density was determined using cell
counts on a hemacytometer (n = 6 replicate counts per sam-
ple). See Supporting Information for additional details.

Statistical analyses
Environmental conditions

Environmental data were averaged for the two bay and two
reef sites. Since environmental data were not normally distrib-
uted (Shapiro–Wilk tests), nonparametric analyses (Kruskal–
Wallis test, Scheirer–Ray–Hare extension with a post hoc
Dunn test) were performed to investigate the effects of habitat
(bay vs. reef) and season (cool dry, hot wet, warm wet) on
daily average and daily variability of environmental parame-
ters (temperature, PAR, nutrients, pH, DO, and salinity).

δ13C and δ15N of primary producers, particulate organic
matter, and zooplankton

Differences in the average δ15N and δ13C values of particu-
late organic matter, primary producers (macroalgae), and zoo-
plankton were assessed using t-tests to investigate differences
between bay and reef habitats. Data were checked for outliers
and values that exceeded 3 � interquartile range were excluded
(Tukey 1977).

Trophic strategies—Approach 1: Coral isotopic niches
(SIBER)

Biplots of δ13C and δ15N values and Bayesian ellipses were uti-
lized to estimate the size and extent of overlap of the isotopic
niche areas of host and algal endosymbionts for each habitat
and species. The R package SIBER (Stable Isotope Bayesian Ellip-
ses in R) version 2.1.7 (Jackson et al. 2011) was employed to fit
maximum likelihood ellipses, scaled to contain 40% of the data,
to the distribution of δ13C and δ15N values (x and y, respec-
tively) of hosts and algal endosymbionts. Standard ellipse areas
(corrected for sample size; abbreviated SEAc) represent the isoto-
pic niches of hosts and symbionts and were used to estimate the
trophic strategies of bay and reef corals. All time points were
combined because this method is more reliable at higher sample
sizes closer to 30 per group (Syväranta et al. 2013). SEAC was
chosen instead of SEAB, which does not correct for sample size.
If the SEAC, hereafter referred to as isotopic niches, of host and
symbionts overlaps by ≥ 70%, that group was considered more
autotrophic; whereas an overlap of ≤ 10% indicates more hetero-
trophy and overlap between 10% and 70% indicates mixotrophy
(Conti-Jerpe et al. 2020). Overlap metrics encompassed 40% of
the variation of the data. Along with percent overlap, differences
in the relative placement of the isotopic niches were evaluated
to determine statistically whether host and symbionts occupy

distinct isotopic areas. This was done using the Euclidean dis-
tance (ED) between the ellipse centroids (means) of hosts and
symbionts and Hotelling’s T2 tests paired with residual permuta-
tion procedures. If the symbiotic partners occupy distinct isoto-
pic niches (i.e., significant differences of Hotelling T2 tests), this
provides support for a significant heterotrophic diet with rela-
tively low autotrophic contributions to the host and/or resource
sharing between partners.

Trophic strategies—Approach 2: Host minus symbiont δ15N
and δ13C

The difference in δ15N and δ13C values of the coral host and
algal endosymbionts (hereafter referred to as δ15Nh-e and δ13Ch-

e, respectively) was used to estimate the proportionate contribu-
tion of heterotrophically derived N and C to coral host nutri-
tion (e.g., Muscatine et al. 1989; Price et al. 2021). Two-way
linear mixed models were performed for all species individually
to test for significant differences in δ15Nh-e and δ13Ch-e between
habitats and across seasons. Genotype was included as a ran-
dom factor nested within site to account for repeated measure-
ments of tagged colonies. Type III sum of squares was used to
account for the unbalanced design. Interactive effects (habitat
� season) were not investigated for S. radians due to a lack of
sampling from each habitat at all time points. A Shapiro–Wilk
test was performed to test for normality of residuals and
a Levene’s test to test for homoscedasticity. Q–Q plots were
also inspected. If assumptions were not met, data were log-
transformed. If assumptions were still not met, a generalized
linear mixed model was performed. Generalized linear mixed
models were built using the distribution that yielded the lowest
AIC (Akaike information criterion) and in all cases, the Gamma
distribution was used. Data were shifted (+10) to remove nega-
tive values as the Gamma distribution is only defined for posi-
tive values. The “identity” (no link) function was employed in
all generalized linear mixed models, except in the case of δ13Ch-

e for S. siderea, where the “inverse” link function was employed.
All statistical modeling was performed using R software version
4.2.3 using the package lm4 (Bates et al. 2015). Results were
considered statistically significant at p < 0.05 and Tukey’s HSD
method was used to adjust p-values for multiple comparisons.

Chlorophyll content and symbiont density
Chlorophyll a and c2 concentration and symbiont density

data were analyzed using linear mixed models performed in
the same manner as for δ15Nh-e and δ13Ch-e.

Results
Environmental conditions of bay and reef sites

Overall, the inland bays are characterized by environmental
conditions that differed significantly from the nearby fringing
reefs for all parameters, thus representing more extreme and
variable coral habitats (Fig. 1d–h; Tables 1, S5, and S6). Average
and daily variability of temperatures were significantly higher
in the bays than on the adjacent fringing reefs independent of
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season (+0.3 � 0.1�C and +0.7 � 0.05�C, respectively;
mean � SD throughout text unless stated otherwise). The daily
temperature range in the bays reached up to 2.36�C. The two
wet seasons were significantly warmer (+1.9 � 0.06�C and
+1.4 � 0.06�C higher in the hot and warm seasons, respec-
tively) compared to the cool dry season in both habitats. How-
ever, the daily temperature ranges were 0.3 � 0.1�C narrower
during both wet seasons compared to the cool dry season
(Tables S1, S6). Cumulative heat stress could only be calculated
for the reef corals (see Methods), which experienced a maxi-
mum of 15.1 DHW during the hot wet season of 2020, but
only 5.8 DHW during the warm wet season in 2021 (Fig. 1i).
Average pHT was 0.03 � 0.01 lower in the bays compared to
the reefs, and lower during the warm wet season regardless of
habitat compared to the other two seasons (�0.06 � 0.01). The
daily variability of pHT in the bays was higher during the wet
seasons (+0.07 � 0.01 to +0.06 � 0.01) than the cool dry sea-
son. Bay corals experienced a maximum daily range of 0.35 pH
units during the hot wet season in tandem with 15.1 DHW
(Fig. 1f, Tables S1, S5, and S6). Average DO concentrations were
8% lower in the bays compared to the reefs during the warm
wet season. Daily variability of DO concentrations was 18%
higher in the bays compared to the reefs during the warm wet
season of 2021, with the daily range reaching up to
4.63 mg L�1. During the hot wet season, DO concentrations
temporarily reached hypoxic levels as low as 1.94 mg L�1. Aver-
age salinity was 6% higher in the bays compared to the reefs
during the warm wet season of 2021. Daily variability of salin-
ity was driven by the interaction of habitat and season, but did
not differ between bay and reef within any time point. As tur-
bidity is higher in the bays, PAR was 138 � 25 μmol m�2 s�1

lower (�32%) in the bays compared to the reefs despite the
shallower depths of the bay sites. Photosynthetically active
radiation was significantly lower (38–47%) in both (pooled)
habitats during the hot and warm wet seasons, respectively,
compared to the cool dry season. Elevated inorganic nutrient
concentrations were not detected in discrete seawater samples
from the bays compared to the reefs; rather, seasonal differ-
ences dominated (Table S7; Fig. S2). Nitrate concentrations
were significantly different across all three time points, with
highest concentrations (+350%) during the wet seasons.
Ammonium and phosphate concentrations were 219 and
156% higher, respectively, during both wet seasons compared
to the cool dry season (Table S7; Fig. S2). However, the macro-
algae Dictyota spp. had significantly higher δ15N-tissue values in
bays (2.4 � 0.8‰) compared to adjacent reef sites
(0.11 � 0.3‰), indicating that nitrogen sources are more
enriched in 15N in the bays compared to the reefs. In contrast,
tissue δ13C for Dictyota spp. did not differ between bays
(�14.6 � 0.4‰) and reefs (�13.7 � 2.6‰) (Table S8).

No significant differences in δ13C or δ15N were detected
between bay and reef particulate organic matter (Table S7).
The δ13C of bay zooplankton (�18.47 � 1.25‰) was signifi-
cantly higher relative to reef zooplankton (�22.39 � 0.08‰).

No significant differences were detected in the δ15N of bay
and reef zooplankton.

Trophic strategies—Approach 1: Coral isotopic niches
(SIBER)

The two Siderastrea species showed negligible overlap
(< 1%) between host and symbiont isotopic niches on reef
sites, indicating that the coral host utilized a highly heterotro-
phic strategy with relatively low resource sharing between
hosts and symbionts. This was further confirmed by the mean
Euclidean distance (ED) between centroid means (i.e., the
degree of separation between the partners) of the host and
symbiont isotopic niches, since ED was highest for S. siderea
(2.32 and 2.51‰ for bay and reef, respectively) followed by
S. radians (1.42 and 2.66‰ for bay and reef, respectively;
Table S9). However, both Siderastrea species exhibited a higher
degree of mixotrophy (i.e., sharing more resources between
symbiotic partners) in the bays, with 20% overlap of host and
symbiont niches in S. radians (indicating mixotrophy) com-
pared to 5% for S. siderea (indicating heterotrophy) (Fig. 2a,b;
Table 1). Accordingly, ED was lower for bay S. radians (1.42‰)
than for bay S. siderea (2.32‰; Table S9). Porites sp. showed a
high degree of mixotrophy on reefs, as host and symbiont iso-
topic niches overlapped 46% (Fig. 2c; Table 1). In contrast,
bay Porites sp. had a 99% overlap and the lowest ED (0.44‰),
which indicates that this species almost entirely relies on
autotrophy (Fig. 2c; Tables 1, S9). Overall, the results of resid-
ual permutation procedures and Hotelling T2 tests indicated
that in all species, all hosts and symbionts except Porites
sp. bay corals occupied distinct isotopic niche spaces (all p-
values <0.05; Table S9). Nevertheless, symbionts tended to
occupy wider isotopic niches than hosts, as did bay corals
compared to reef corals, indicating more variability in individ-
ual sources of C and N (Fig. 2; Table 1).

Trophic strategies—Approach 2: Host minus endosymbiont
δ15N and δ13C

In contrast to SIBER, the analysis of trophic strategies
using host minus endosymbiont δ15N and δ13C revealed
few differences between bay and reef corals. Siderastrea
radians was the only species where δ15Nh-e was higher
(0.63‰) in bay vs. reef (Table S10), but both populations
were only measured for the warm wet season. Rather, the
host minus endosymbiont approach revealed a strong
influence of season on coral trophic strategies in all three
species (Fig. 3; Table S10). Bay corals showed higher differ-
ences across seasons than reef corals (i.e., higher differences
in both δ15Nh-e and δ13Ch-e between dry and wet seasons).
The direction of the trophic strategy (toward more autotro-
phy or heterotrophy) was not consistent between δ15Nh-e

and δ13Ch-e. The 0.69–1.65‰ higher δ15Nh-e in the wet sea-
sons compared to the cool dry season (Fig. 3a–c) indicates
that more 15N from heterotrophic and/or land-based
sources was being incorporated into coral tissues for all
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three species. Conversely, the δ13Ch-e of bay S. radians and
bay Porites sp. showed the opposite overall trend toward
more autotrophy (i.e., increased δ13Ch-e) from the cool dry
to the two wet seasons (Fig. 3e,f). Heat stress during the hot
wet season (15.1 DHW, Fig. 1) did not result in a divergent
strategy relative to the warm wet season (5.8 DHW) for
Porites sp. for either δ15Nh-e or δ13Ch-e (Fig. 3c,f). δ13Ch-e of
bay S. radians indicated that corals were more autotrophic
following heat stress during the hot wet season compared
to the warm wet season (0.75‰ higher δ13Ch-e Fig. 3e;
Table S10). For S. siderea, the effects of heat stress on δ15Nh-

e and δ13Ch-e during the hot wet season depended on habi-
tat. δ15Nh-e suggested an overall trend that both bay and
reef corals were more heterotrophic and/or incorporated
more land-based N during the wet seasons, but only bay
S. siderea had a significantly higher δ15Nh-e during the warm
wet season compared to the hot wet season (1.42‰
increase, Fig. 3a; Table S10). δ13Ch-e indicated a more heterotro-
phic strategy for both habitats only during the warm wet sea-
son (2.40‰ lower δ13Ch-e for combined habitats, Fig. 3d;
Table S10), but not the hot wet season. The seasonal shifts in
δ13Ch-e were primarily driven by changes in δ13Ce; however,
the pattern for seasonal shifts in δ13Ce was species dependent,
with a trend of decreasing δ13Ce for S. radians and Porites

sp. and a trend of increasing δ13Ce for S. siderea from the cool
dry season into the wet seasons (Fig. S3g–l).

Chlorophyll content and symbiont density
Although the bays have 32% lower PAR, photo-physiological

parameters did not differ between bay and reef S. radians and
Porites sp. (Fig. 4b,c,e,f; Table S11). Instead, seasonal effects
dominated. For S. siderea, bay corals had significantly higher
symbiont densities and area-normalized total chlorophyll than
reef corals, but only during the hot wet season (Fig. 4a,d;
Table S11). Symbiont cell densities were significantly lower
(�58 and �41%) during the warm wet compared to the hot
wet season for both S. siderea and S. radians, respectively (Fig. 4;
Table S11). This was coupled with 119% and 219% higher area-
normalized total chlorophyll (Fig. 4; Table S11). Porites
sp. symbiont densities showed a similar trend, but were not sig-
nificantly different between the wet seasons. This was also
coupled with higher area-normalized chlorophyll.

Discussion
Trophic strategies play a significant role in supporting coral

health, resilience, and recovery following environmental
stressors (e.g., Anthony et al. 2009; Conti-Jerpe et al. 2020).

Fig. 2. Biplots of δ15N and δ13C for (a) Siderastrea siderea, (b) Siderastrea radians, and (c) branching Porites sp. with standard ellipses area corrected for
sample size (SEAC or isotopic niche) of bay and reef coral host and symbiont tissue. Data pooled across all three seasons. See Table 1 for the percent over-
lap of hosts and symbionts for each habitat.
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However, our understanding of coral trophic plasticity under
extreme conditions and across seasons is limited (e.g., Fox
et al. 2018; Baumann et al. 2021; Sturaro et al. 2021; Travaglione
et al. 2023). We found that corals from extreme, multi-stressor
inland bay habitats showed higher trophic plasticity compared
to conspecifics from more benign and environmentally stable
reef habitats. Moreover, the season was unexpectedly the main
driver of trophic strategy for all three species, with a shift in tro-
phic strategies (toward both heterotrophy and autotrophy) dur-
ing the wet seasons compared to the cool dry season, despite
having higher differences in daily variability of temperature,
pHT, and DO concentrations (Fig. 1, Tables 1, S4, and S5), as well
as higher average inorganic nutrient input between habitats than
across seasons (Govers et al. 2014; de Jong et al. 2025).

Trophic strategies across a steep environmental gradient
Given the more extreme conditions in the bays, such as

higher and more variable temperatures, pHT, and DO paired
with lower light levels compared to the reefs (Fig. 1; Tables S1,

S5, and S6), we hypothesized that corals would be more hetero-
trophic in the bays compared to the reefs (e.g., Anthony and
Fabricius 2000; Sturaro et al. 2021; Travaglione et al. 2023).
Based on our two different approaches to analyze trophic strate-
gies, host minus symbiont δ15N and δ13C and coral isotopic
niches (SIBER), our hypothesis was rejected. In fact, both ana-
lyses show that there was more resource sharing between symbi-
otic partners in the bays compared to the reefs, though to
varying degrees per species (Figs. 2, 3).

The relative placement of standard area ellipses (SEAC)
showed that, for all three species, bay host and symbiont isoto-
pic niches tended to have higher levels of 15N compared to reef
corals (Fig. 2). Therefore, trophic strategies were likely driven by
higher availability of sources of N, such as inorganic nutrients or
dissolved organic nitrogen, in the bays compared to the reefs.
Although there were no differences found between bay and reef
seawater inorganic nutrients concentrations (Table S7; Fig. S2),
primary producers can take up inorganic nutrients from seawater
very quickly when they become available (e.g., Den Haan

Fig. 3. δ13CHost�Endosymbiont (h-e) and δ15Nh-e for Siderastrea siderea, Siderastrea radians, and branching Porites sp. across three seasonal time points. Cir-
cles represent mean � SE. Note that the y-axis is reversed for δ13Ch-e such that a relative upward trend for both δ13Ch-e and δ15Nh-e indicates a relative
shift toward heterotrophy. Capital letters indicate statistically significant seasonal effects for Porites sp. and S. radians and post hoc results from a signifi-
cant interactive effect for S. siderea. Lower case letters for S. radians indicate a significant habitat effect within the wet warm season (see Table S10).
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et al. 2016). Increased uptake of inorganic nutrients may have
caused the observed higher autotrophy in the bay corals, as
when nitrogen and phosphorus limitations are lifted, primary
productivity is increased (e.g., Moore et al. 2013). Temporally
variable input of inorganic nutrients is likely caused by run-off
after rainfall, after which they are quickly taken up by autotro-
phic organisms (Den Haan et al. 2016), as seems evident based
on the higher abundance of macroalgae in Spaanse Water
Bay compared to the reference reef site (de Jong et al. 2025) and
the higher δ15N of Dictyota spp. in the bays (Table S8). Addition-
ally, the higher δ15N in bay corals may also be driven by differ-
ent sources of dissolved organic matter, which was not measured
here, but is an important source of nutrition (including nitro-
gen) to healthy corals and can increase resilience in heat-stressed
corals (Houlbrèque and Ferrier-Pagès 2009; Lange et al. 2023).

All three metrics used here (i.e., host minus endosymbiont
δ15N and δ13C and coral isotopic niches—SIBER) demonstrated
deviation from a primarily autotrophic diet, and SIBER analyses
strongly supported a high dependence on heterotrophic feed-
ing for S. siderea, independent of habitat. δ15Nh-e further
showed that bay S. siderea had the highest trophic plasticity
across seasonal time points compared to all other populations
(Fig. 3a), which suggests that bay S. siderea is especially capable
of adjusting its trophic strategies across seasons. This finding
agrees with previous work on this species from a nutrient-
enriched, thermally variable nearshore habitat in Belize where
S. siderea was potentially more heterotrophic and/or incorpo-
rated relatively more terrestrial N into its tissues than offshore

conspecifics and had high trophic plasticity (Baumann
et al. 2021). Here, we show that trophic plasticity may facilitate
the acclimatization capacity of S. siderea in an extreme, multi-
stressor habitat such as the inland bays.

Neither δ15Nh-e nor δ13Ch-e strongly supported habitat-
specific differences in trophic strategies for Porites sp. (Fig. 3a,d;
Table S10). However, SIBER indicated that bay corals almost
entirely relied on autotrophy, while reef corals relied more on
heterotrophic feeding than bay corals and were, thus, classified
as mixotrophic (Fig. 2c; Table 1). Bay Porites sp. tended to be
more autotrophic than reef corals based on δ13Ch-e during the
wet season time points, but these habitat-specific differences
were not statistically significant (Fig. 3f; Table S10). Bay
Porites sp., which had 99% overlap of isotopic niches, further
tended to have higher symbiont densities and chlorophyll
concentrations compared to reef Porites (Fig. 4c,f,i), which
might be explained by moderate nitrate enrichment in the
bays (e.g., Marubini and Davies 1996). Our findings agree
with other work showing that Porites furcata from the turbid
and highly variable Almirante bay in Bocas del Toro,
Panama, had a high degree of heterotrophic plasticity and
could also modulate their dependence on autotrophy to max-
imize photosynthesis under contrasting light conditions
(Seemann et al. 2013). Additionally, corals from more turbid
environments do not always depend more heavily on hetero-
trophy (Nahon et al. 2013; Zweifler et al. 2024).

For S. radians, differences in strategies across habitats could
only be assessed during one seasonal time point, the warm

Fig. 4. (a–c) Area-normalized symbiont cell density and (d–f) total chlorophyll a + c2 for Siderastrea siderea, Siderastrea radians, and branching Porites
sp. across three seasonal time points. Circles represent mean � SE. Capital letters indicate statistically significant seasonal effects for Porites sp. and
S. radians and post-hoc results from a significant interactive effect for S. siderea (see Table S11).
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wet season in 2021. The host minus endosymbiont analysis
shows mixed results, pointing to either more heterotrophy
(δ15Nh-e) or more autotrophy (δ13Ch-e) in bay corals compared
to reef corals (Fig. 3b,e). However, the SIBER analysis shows
that bay S. radians shared more resources between host and
symbionts compared to reef S. radians; thus, mixotrophy was
their dominant strategy in the bay compared to heterotrophy
on the reefs (Fig. 2b). Both S. radians and Porites are brooding,
weedy species (Darling et al. 2012) and therefore, their bal-
anced dependence on both heterotrophy and autotrophy
might favor photoautotrophic carbon for coral host lipid bod-
ies and heterotrophic nutrition for tissue maintenance, as
found in brooding Stylophora pistillata in the Red Sea (Krueger
et al. 2018). Taken together, our results place the mixotrophic
S. radians in between S. siderea (highly heterotrophic) and
Porites sp. (auto- to mixo-trophic) on the continuum of coral
trophic strategies.

Seasonal variability in trophic strategies
Seasonal changes in both abiotic conditions (e.g., seawater

temperatures, light, nutrients) and biotic parameters (e.g., food
availability) can influence coral trophic strategies (e.g., Fox
et al. 2018; Wall et al. 2020; Sturaro et al. 2021). We hypothe-
sized that corals in Curaçao would generally be more heterotro-
phic during the wet seasons given the increased temperatures,
lower light, and higher nutrients compared to the cool dry sea-
son (Fig. 1; Tables 1, S4, S5, S6; de Jong et al. 2025). Here, strong
seasonal effects were observed for both δ15Nh-e and δ13Ch-e in
most species, and bay corals showed higher trophic plasticity
than reef corals across seasons (Fig. 3a–f). Trophic strategies
shifted toward both heterotrophy and autotrophy, depending
on element (nitrogen, carbon) and season. Based on δ15Nh-e,
corals of all three species were more heterotrophic during the
warm wet seasons, whereas δ13Ch-e was more equivocal, and
both S. radians and Porites sp. shifted toward autotrophy com-
pared to the cool dry season (Fig. 3a–c; Table S10).

The increase in heterotrophy for all three species during
the wet season (as indicated by δ15Nh-e) was likely driven pri-
marily by decreased PAR (Table 1), an increase in nutrients
(Fig. S2), and/or food availability (see above). It has been
shown that when S. siderea is transplanted from a cooler, more
oligotrophic offshore site to a warmer, nutrient-rich nearshore
site, corals have higher δ15N (Baumann et al. 2021). This high-
lights the effects of nutrients on S. siderea trophic strategies,
where an increase in food availability and/or inorganic nutri-
ents combined with warmer temperatures are likely important
drivers of increasing δ15N and potentially heterotrophy. How-
ever, whether higher δ15N values are attributed to uptake of
dissolved inorganic N (DIN) or heterotrophy, or both, remains
unclear. However, this trend of an increase in heterotrophy
(indicated by lower δ13C) with increasing dissolved inorganic
N (DIN) concentrations has been modeled for 15 species of
nearshore corals from the Red Sea, Caribbean Sea, Indian

Ocean, and Pacific Ocean across primary production gradients
(Fox et al. 2018).

δ13Ch-e indicated a trend that bay Porites sp. and bay
S. radians were slightly more autotrophic during the wet sea-
son compared to the cool dry season; however, δ15Nh-e indi-
cated the opposite trend toward more heterotrophy. Overall,
the increasing δ13Ch-e from the dry season into the wet season
for bay Porites and bay S. radians seems to be primarily driven
by decreasing δ13Ce rather than δ13Ch (Figs. 3d–f, S2d–f,j–l).
This is potentially a result of higher photosynthesis rates
driven by the 38–47% higher PAR levels during the dry season
compared to the wet season, as photosynthesis rates and δ13Ce

are positively correlated (Muscatine et al. 1989). However, this
pattern was not observed for S. siderea, and this variability
may additionally be explained by seasonal shifts in seawater
DOC composition (e.g., an increase of mangrove dissolved
organic matter with lower 13C values; Kristensen et al. 2008).
However, our source sampling did not include dissolved
organic matter analyses. Price et al. (2021) found that both
δ15Nh-e and δ13Ch-e tended to increase as the proportionate
contribution of heterotrophic sources increased (as estimated
from mixing models), which contradicted previous findings
that δ13Ch-e tends to decrease with increasing heterotrophy
(Rodrigues and Grottoli 2006; Fox et al. 2018; Luo et al. 2024).
In this study, δ15Nh-e tends to agree with overall species pat-
terns in SIBER analyses, while correlations between SIBER and
δ13Ch-e do not seem to be comparable among these species.
Our results agree with findings from Price et al. (2021) and
Conti-Jerpe et al. (2020) that δ15Nh-e is a stronger predictor
than δ13Ch-e of overall trophic strategies at the species level. In
this study, samples collected across different seasons were
combined for SIBER analyses due to the large sample sizes
required for this approach; however, more insight into sea-
sonal shifts in trophic strategies using δ15Nh-e, δ13Ch-e, mixing
models, and SIBER analyses is needed to further elucidate the
usefulness of each approach.

Effects of heat stress on trophic strategies
Some corals employ a more heterotrophic strategy during

and/or following severe heat stress due to deficits in their daily
energy budget due to potential bleaching and/or reduced pho-
tosynthetic capacity (Grottoli et al. 2006; Lange et al. 2023).
However, our results do not provide evidence that corals
incorporated relatively more heterotrophically derived N or C
into their tissues during the hot wet season in 2020 (15.1
DHW) compared to the more typical warm wet season in
2021 (5.8 DHW) (Fig. 1i). We observed lower chlorophyll con-
centrations during the hot wet season compared to the warm
wet season; however, this was paired with higher symbiont
densities, indicating all three species were relatively resistant
to the 2020 marine heatwave (Fig. 4a,b,d,e; Table S10).
Repeated heat stress in the two wet seasons may have resulted
in significantly higher heterotrophy for bay S. siderea and a
trend of higher heterotrophy for bay S. radians during the
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warm wet season (based on higher δ15Nh-e and lower δ13Ch-e).
Neither the reef population of S. siderea nor both populations
of Porites sp. altered their strategies between the two warm wet
seasons according to δ15Nh-e (Fig. 3a,c). It seems evident that
depending on the context of heat stress (e.g., coral symbiotic
status), some conspecifics may (Grottoli et al. 2006) or may
not depend on heterotrophy following bleaching (Wall
et al. 2019). Additionally, it is plausible that a short-term
increase in heterotrophy may not be reflected in tissues due to
variable tissue turnover rates (Rodrigues and Grottoli 2006;
Logan et al. 2008). Here, we show potential evidence of a
species- and habitat-specific adaptive strategy, where bay
S. siderea adjusted their trophic strategy during the warm wet
season in response to the cumulative (repeated) impact of heat
stress from the previous year (Hughes and Grottoli 2013).

Conclusions
The three coral species studied here employed the full

spectrum of trophic strategies across a strong environmental
gradient, from primarily autotrophy to heterotrophy, which
highlights that no single strategy necessarily confers success
in an extreme multi-stressor environment. Overall, bay
populations had more trophic plasticity compared to reef
populations across seasons, with habitat differences poten-
tially driven by increased nutrient availability in the bays.
Regardless of habitat, all three species show some degree of
trophic plasticity across seasons. While we attribute changes
in isotopic composition to changes in trophic strategy, we
emphasize that more autotrophic corals may indeed also be
feeding on heterotrophic sources, but may metabolize these
nutrients right away instead of incorporating them into
their tissues (Levas et al. 2013). Therefore, while our find-
ings provide support that trophic plasticity is a strategy for
corals that can persist across contrasting abiotic conditions,
we emphasize that further insight into (1) the fate of their
heterotrophic C and N, and (2) other mechanisms of resil-
ience such as shifting symbiont community dynamics and
energy reserve management is required to fully understand
the mechanisms that underlie stress tolerance in an extreme
habitat for the species in this study.
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