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Crustose coralline algae biomineral-

bound nitrogen isotopes provide a

baseline to reconstruct coral trophic

strategies
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Jonathan Jung ® <, Tanja Wald®", Alan D. Foreman ®", Aaron L. Bieler'?, Dorte Janussen®,

Simone Moretti ® '*, Nicolas N. Duprey ® %, Dario Marconi®, Carmen Pérez-Medina®’, Aaron O’'Dea ® "%,
Ralf Schiebel', Jochen Halfar®, Cindy Fernandez-Garcia'®, Madeline Berger'!, Mary K. Donovan'’,

Amy E. Frazier ® ', Katie Cramer”'?, Gerald H. Haug'?, Daniel M. Sigman ®° &

Alfredo Martinez-Garcia®'

Coral resilience is shaped by trophodynamic flexibility — the balance between photosymbiont-derived
energy and feeding-based heterotrophy — yet quantifying this balance across taxa and through time
remains difficult. Nitrogen (N) isotopes are a powerful tool to investigate trophic strategies, but their
use requires information on local isotopic baselines. Here, we introduce the biomineral-bound N
isotopes of crustose coralline algae (CCA) as an archive that closely tracks the N isotopic composition
of the reef nitrate supply, making it a proxy for a reef’s isotopic baseline. Coupled N isotope
measurements of co-occurring CCA, symbiont-bearing, and symbiont-barren corals further enable us
to quantify a coral’s “trophic enrichment factor,” reflecting the efficiency of the internal N recycling
between the coral and its photosymbionts. From this framework, we derive a Reliance on Symbionts
Index (RSI) that captures taxonomic and regional variation in mixotrophy, enabling reconstruction of

coral trophodynamics in modern and fossil reef systems.

The marine nitrogen (N) cycle is a cornerstone of ocean biogeochemistry,
playing a central role in the function of marine ecosystems and the ocean’s
biological carbon pump'. While most of the N in the ocean is biologically
inert N, the inventory of biologically available (or ‘fixed’) nitrogen is sup-
plied by N, fixation, the conversion of N, to organic N by N, fixing bacteria,
and it is lost largely by denitrification, the reduction of the most oxidized
form of N, nitrate, to N, as part of respiration in oxygen-poor environments.
Fixed N undergoes a vigorous set of nested cycles within the ocean: Nitrate is
supplied from the subsurface to the surface, where it is assimilated and
recycled in surface waters, ultimately to be exported as organic N to the
ocean interior, where remineralization and nitrification return it to nitrate.

These processes control the spatiotemporal variations in the availability of
fixed N in the ocean™.

The stable isotopes of N (expressed as &N =[("N/"N)smple /
(®N/"N),ir — 1]*1000 in %o) can record changes in the global marine N
cycle*. N, fixation introduces fixed N to the ocean with a §°N value of
around —1%o°, while the 8"°N of ocean nitrate is substantially higher (with a
mean global pycnocline nitrate 8'"°N of ~6.2%0’). This difference is largely
due to water-column denitrification occurring in the ocean’s oxygen-
deficient zones, which preferentially removes “N from the nitrate pool,
thereby raising the residual nitrate in 8"N*’. In contrast, sedimentary
denitrification typically fully consumes nitrate within the sediment pore
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waters, preventing ""N-enriched residual nitrate from escaping into the
overlying water column'. Thus, despite exceptions under special
circumstances'', most sedimentary denitrification exerts a negligible influ-
ence on the §°N of overlying water-column nitrate'’.

The N isotopic composition of biomineral-bound organic matter (BB-
8"N) in foraminifers" ', diatoms'""*, and corals'**’, predominantly reflects
the isotopic composition of the nitrate supplied and consumed in the surface
ocean. In addition, biomineral-bound organic matter is protected from
diagenesis by the biomineral matrix’'. Thus, the BB-8"N proxies can be
used to reconstruct past changes in the N cycle across a wide range of
timescales, from decades to millions of years”™’. Beyond reflecting external
N sources, however, BB-§"°N also encodes key physiological differences
among organisms. Typical heterotrophs, including symbiont-barren for-
aminifera and corals, preferentially metabolize "N-depleted organic matter
and excrete the resulting low-8"°N ammonium, elevating the 8"°N of the
remaining tissue (and, thus biomineral-bound N) by 2 to 5%o relative to
their diet””*”". In contrast, symbiont-bearing foraminifera and corals
maintain tight metabolic coupling with photosynthetic dinoflagellates
(family Symbiodiniaceae), which reassimilate the host-produced metabolic
ammonium and thus prevent its excretion to the environment, resulting in
BB-8"N values that closely track ambient N source values''****,

These trophic isotopic effects have been instrumental in diagnosing the
presence or absence of photosymbiosis in modern and fossil coral

communities”**"”, However, such comparisons lack independent, auto-
trophic reference points to anchor interpretations of coral trophic beha-
viour. Mixotrophic species, which combine autotrophy and heterotrophy,
may exhibit a fraction of the full trophic enrichment typical of obligate
heterotrophs (i.e., +2 to 5%0)” . In a catabolic-anabolic framing, this
occurs because a portion of ingested N is shed catabolically via "*N-rich
excretion, while another portion is retained anabolically, yielding inter-
mediate 8N values”. This mixotrophic strategy - feeding partially
uncoupled from the nutrient demands of the endosymbionts and thus
leading to nutrient excretion — can enhance coral resilience under stress by
compensating for declines in symbiont-derived energy (Fig. 1)*.

Despite its ecological significance, quantifying the reliance on pho-
tosymbionts across coral taxa remains methodologically challenging.
Current approaches include gut content analysis”’, laboratory feeding
experiments™, molecular techniques™, and stable isotope studies to esti-
mate the proportional contribution of autotrophic (symbiont-derived,
mostly metabolically recycled) versus heterotrophic (directly prey-
derived) N to the coral host***. While these methods have provided
valuable insights, they also face limitations. Many are labour-intensive,
context-dependent, or fail to capture natural variability in feeding rates
and preferences.

Moreover, nearly all current methods are constrained to modern reef
systems and living corals, which limit our ability to assess reliance on
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Fig. 1 | Nitrogen routing, metabolic state, and §"°N in heterotrophic vs. photo-
symbiotic animals. a Prey or particulate organic matter (POM) is ingested by the
coral host. During catabolism, deamination and excretion preferentially remove "N
as ammonium, enriching retained body N in *N and elevating §'° Ny, In hetero-
trophic corals, as in heterotrophs in general, these are the dominant dynamics in

setting their 8N relative to their feeding sources. b In photosymbiotic corals, N

sources include both feeding and the possibility of assimilating dissolved inorganic N
(DIN, dominantly nitrate and ammonium). The photosymbionts acquire metabolic
N waste from the host or the DIN assimilated from the environment, using it in their
photosynthetic growth. Photosynthate C and N is transferred to the host, and a tight

internal N recycling loop returns the *N-rich waste to the photosymbionts. Under
anabolism (growth, stable photosymbiosis), recycling suppresses net “N loss,
keeping 8Ny closer to the baseline N source (right-hand down arrow). Increased
catabolism weakens N retention, increasing *N-rich excretion, raising 8'"°Nj,os-
Arrows show assimilation, ingestion, symbiont-to-host transfer, excretion, and
recycling; Overall, the 8N of corals relative to their environmental N sources
reflects the balance between coral growth (anabolism) and excretion (catabolism),
with photosymbiosis biasing the system toward N recycling, N retention for
growth, and lowering §"N.
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Fig. 2 | Locations of coralline algae-coral pairs
with respect to average subsurface (200 m water
depth) nitrate §"°N. Background shading shows
nitrate §"°N predicted by a neural network trained
on the nitrate isotope compilation of Fripiat et al.
(2021)". The predicted field is presented only as a
visual reference and was not used in calculations or
statistical analyses. Sampling locations of coralline
algae-coral pairs are indicated as grey squares.
Locations where only coralline algae were obtained
are indicated as black circles.
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photosymbionts over historical timescales. As a result, the role of
mixotrophic variation in coral persistence during past and ongoing envir-
onmental change remains largely speculative. There is a striking absence of
proxies that allow reliance on photosymbionts to be inferred from the
historical record”. This has left a major gap in our understanding of how
mixotrophy evolved, how it has been selected for or against over time, and
how it may have contributed to the long-term success or decline of different
coral lineages****. Developing proxies for reconstructing trophic ecology
beyond modern observations is therefore critical for contextualizing coral
resilience in a historical framework.

In this context, crustose coralline algae (CCA) offer a promising new
avenue. CCAs are a diverse group of red algae that play significant roles in
marine ecosystems, both as free-living organisms and encrusting forms**.
CCAs are characterized by their predominantly high-magnesium calcite
precipitate”, their slow growth rates, and their ability to reproduce both
sexually and asexually, contributing to their resilience and adaptability™.
Free-living CCA provide essential habitat and nursery grounds for various
marine species, enhancing biodiversity, while encrusting CCA are crucial in
consolidating and stabilizing reef structures, promoting coral settlement,
and contributing to carbonate production®. As obligate photoautotrophs,
CCA have the potential to record the §°N of their inorganic N sources
without the metabolic alterations seen in mixotrophic or heterotrophic
organisms”. Therefore, the CCA BB-8"N (hereafter §°N¢c,) is a poten-
tially powerful trophic baseline against which it becomes possible to con-
strain the degree of autotrophy versus heterotrophy within mixotrophic
coral species.

The bulk tissue (i.e., not biomineral-bound) isotopic composition of
some CCA species (8" Npyycca) has already been proposed as a proxy to
reconstruct changes in the marine N cycle’™'. However, most of the
organic material measured in this bulk CCA approach is not protected
from diagenesis by the mineral matrix, and thus can be diagenetically
altered, especially in deep geological settings™. In contrast, 8"’ N¢cy is
protected by the biomineral matrix, suggesting great potential for
palaeoceanographic and Earth history reconstructions™. Accordingly,
modern field and lab studies are needed to investigate the signals recorded
in 615NCC A-

Here, we generate and compile N isotopic measurements of CCA and
compare the data to the N isotopic composition of subsurface nitrate closest
to their respective sampling locations (Figs. 2 and 3). We then use a subset of
only encrusting CCA and compare them to the 8N values of co-occurring
pairs of symbiont-bearing and symbiont-barren corals from the same
location (Fig. 4). Through this approach, we demonstrate that these ‘triplets’
can be used to track past changes in the marine N cycle while simultaneously
helping to infer reefal symbioses and degrees of heterotrophy across tropical
ocean regimes.

Results

N isotope results

Across 30 tropical reef sites spanning the Indo-Pacific, Atlantic, Red Sea, and
Caribbean, 8N values range from 2.65%o to 10.29%o (Figs. 2 and 3). In
areas of complete nutrient consumption, 8"*N¢ca values show a positive
correlation with the mean §°N of subsurface nitrate (R*=0.85,
p<0.001) (Fig. 2).

The lowest 8"°N values are observed in oligotrophic regions where the
low 8"N of N, fixation causes the §"N of shallow subsurface (thermocline)
nitrate to be lower than the mean pycnocline nitrate value (~6.2%o, Fripiat et
al., 2021). These low values typically range between ~2.8%o and ~5.5%o and
characterize sites such as Belize, New Caledonia, Jamaica, and the wider
Caribbean and some Pacific Island regions. Higher 6N, values are
observed in areas with more rapid nitrate supply, especially upwelling,
including the Seychelles, Cape Verde, Guinea, and the Galapagos, with
values between ~6.3%o and ~7.8%o. Even higher §"Nc values (>8%o) are
recorded in regions such as southern Indonesia, Ghana, Japan, Socotra,
Oman, and the Pacific coast of Panama. Notably, locations downstream of
oxygen-deficient zones (ODZs) in the equatorial Pacific, such as Kiribati,
Makatea, Palmyra, and American Samoa also show elevated 8"Ncca sig-
natures. The British Indian Ocean Territory exhibits higher values than
nearby Maldives sites, while Ascension Island mirrors the §°N of South
Atlantic subsurface nitrate, consistent with broader oceanographic pat-
terns (Fig. 2).

The 17 locations that allowed for triplet sample analysis from the same
location (BB-8"N of CCA, symbiont-bearing and symbiont-barren corals)
yield similar results for CCA and symbiont-bearing corals ((SISNSym_COm). In
contrast, symbiont-barren corals (615Nn0nsym,coml) are always 2 to 5%o
enriched, consistent with the trophic enrichment factor’** (Fig. 4).

The difference between 8" Nyonsym-coral a0 8'* Ny coral (expressed as
AS"®Nponsym - sym)> and the difference between 8Ny onsym-coral and CCA
(expressed as A(SISNmnsym _cca) allows us to investigate whether the trophic
enrichment factor is consistent across sites or whether the feeding behavior
of symbiont-bearing corals changes due to varying feeding sources,
thus, affecting the level of mixotrophy (Supplementary Fig. 2). A§"°N values
vary between 1.72%o to 5.1%o for AS"*Nion_sym - sym and between 2.49%o to
5.49%o for AS" Npon-sym - cca across the 17 locations (Fig. 4a). However,
comparing the average values of A8 Npon.gym - sym (3.26%0 *1.07) and
AS"Nyon-sym - cca (3.68%o +0.97) taken from all triplet locations yields no
significant difference in variability or averages (t = 0.065, p = 0.79) (Fig. 4b).

Discussion

CCA as a proxy to reconstruct the marine N cycle

CCA are increasingly recognized for their capacity to provide insights into
long-term ecological and climatic shifts through their central role as
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Fig. 3 | Global compilation of §*N¢ca and nitrate
concentration-weighted §"°N (8" Nyjrate). Com-

parison between nitrogen isotopic composition of

the concentration-weighted nitrate (0-200 m water

depth) and the §"°N¢cx across 19 locations that had 10
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(r* = 0.85) within 1%o (indicated as the shaded
region around the 1:1 line). Nitrate §"°N data are
colour-coded based on values within either +2° or
+5° of latitude and longitude from each §"N¢ca 8
location, with the search area determined by local Galapagos
data availability. Standard deviations are given for /{
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ecosystem engineers and their ability to preserve primary geochemical
signatures™”, which is complemented by a continuous, well-preserved
fossil record throughout the Phanerozoic’. CCA have been shown to react
sensitively to changes in seawater temperature and pH, raising their
potential for palacoceanographic reconstructions**>*.

Our global calibration between 8" Nyjirare and 8'°N¢ca emphasizes the
suitability of CCA as recorders of the marine N cycle akin to most symbiont-
bearing foraminifera or corals (Fig. 3)*****. The good agreement between
8"Ncca and 8" Nyjrare values (Fig. 3) is consistent with CCA assimilating
dissolved N directly from ambient seawater with negligible isotopic
fractionation™. However, the 8"°N of nitrate in the euphotic zone is often
substantially higher than the 8"°N of the nitrate supply from the shallow
subsurface due to nitrate assimilation by phytoplankton. Moreover,
ammonium is an additional potential inorganic N source for CCA. Thus, the
explanation for the tight correlation between §"Ncca and 8°Nyjrate
deserves deeper consideration.

In experimental systems, CCA exhibit a greater affinity for ammonium
than for nitrate at a given concentration®. This is a common observation
across algal taxa” and presumably reflects the lower energetic cost of
assimilating reduced nitrogen species™. Ammonium is central to the
regenerative N cycle of the euphotic zone, and the ammonium produced in
the surface ocean by regeneration (i.e., heterotrophic metabolism and
organic N decomposition) is inferred to have a lower §'°N than the sub-
surface nitrate supply’”*, as metabolism and bacterial organic N decom-
position occur with isotopic fractionation in surface waters, preferentially
breaking “N-containing chemical bonds®. All else equal, ammonium
assimilation by CCA would tend to lower 8"’ N, relative to the §°N of the
nitrate supply to the euphotic zone, counter to the observations.

There are a number of potential explanations for the lack of a clear
isotopic signal of ammonium assimilation in our encrusting CCA. First,

CCA are eukaryotic algae. In the subtropical open ocean, despite the scarcity
of nitrate, eukaryotes are observed to specialize in its assimilation, in con-
trast to prokaryotes, which appear to be heavily reliant on ammonium®****.
Larger eukaryotes such as diatoms demonstrate a particularly strong spe-
cialization on nitrate assimiliation*. CCA may similarly specialize in nitrate
assimilation. Furthermore, research comparing free-living and encrusting
coralline algae found that free-living forms, such as Arthrocardia sp., have
significantly higher maximum uptake rates for ammonia than encrusting
species, suggesting that morphology influences nutrient uptake efficiency,
possibly due to greater surface area exposure and less physical constraint
compared to encrusting forms®.

As noted above, the §"°N of the nitrate supply is typically raised in the
euphotic zone by phytoplanktonic nitrate assimilation. Thus, some amount
of low-8"N ammonium assimilation by CCA may be offset by their
assimilation of high-8"N nitrate, explaining the observation that the §'"°N of
CCA is similar to that of the nitrate supply from the shallow subsurface. We
do note a tendency for observations of §'°N¢c, to be slightly lower (<1%o)
than subsurface nitrate §"°N in the most oligotrophic environments (Sup-
plementary Fig. 3). This may be a consequence of more CCA ammonium
uptake in these environments, where regenerated N sources as well as
recently fixed N can be proportionally more significant to algal growth®.

In any case, the small offsets observed across our global dataset suggest
that 6" Ncca is a reliable §"°N proxy of the dissolved inorganic nitrogen
supply to the euphotic zone (Fig. 3). CCA accrete slowly, typically
0.1-1 mm yr~'*, such that the §"N of the organic matter bound and pre-
served within their carbonate matrix reflects multi-year to decadal averages
of ambient dissolved inorganic nitrogen, as integrated by their growth and
calcification. Consequently, CCA fossil-bound 8N captures long-term
trends in N source and cycling rather than instantaneous ecological
responses, making them particularly suited for integratively recording
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Fig. 4 | Nitrogen isotope values of crustose coral-
line algae (CCA), symbiont-bearing, and
symbiont-barren corals. a §°N of CCA, symbiont- 12
bearing, and symbiont-barren species from Belize,

Jamaica, Mariana Islands, Martinique, Farasan (Red =
Sea), Hawai’i, American Samoa, the Caribbean coast ©
of Colombia, the central Philippines, Seychelles, B
Cape Verde, Guinea, Makatea (French Polynesia), $
Ghana, Galapagos, Socotra, and the Pacific coast of Z
Panama. b Average difference between symbiont- ©
barren coral and CCA (A8"Nyon.sym - cca = 3.68%o0 4
+0.97) and average difference between symbiont-
barren and symbiont-bearing coral (A515Nn0n,5ym _
sym = 3.26%0 £1.07) taken from all triplet locations.
Comparing the ranges of A8" N pyop-sym - cca to
AS"Npon-sym - sym yields no significant difference
(t=0.065, p=0.79).
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regional N biogeochemistry and its long-term evolution. The time-
integrated 6" N of CCA provides a robust baseline against which the §°N
of faster-growing, mixotrophic corals can be evaluated.

BB-5"N and the feeding-excretion balance

Given that CCA sit at the base of the food web and incorporate N without
the complicating influence of trophic °N enrichment, specimens approx-
imate the 8N “baseline”, that is, the average 8N of the organic matter
sources to higher trophic levels, including corals. By comparison, the coral
holobiont operates as a mixotroph, drawing on both particulate and dis-
solved nitrogen sources™”*® and potentially having periods of net cata-
bolic metabolism, during which they would efflux low-6"N metabolic
ammonium. Nevertheless, in most warm-water scleractinian corals, the
internal recycling of low-8'"N ammonium by endosymbiotic dinoflagellates
results in minimal trophic elevation of host §'"°N'*", enabling symbiotic
corals to reflect the "N of the dissolved inorganic N supply to the reef
environment”, whether they acquire this N through direct assimilation or
through feeding on plankton and other particulate N*>**"%7",

While corals have been used to track the marine N cycle, ranging from
natural cyclicity””****”* to anthropogenic disturbances’’*”*, the striking
similarity of §""Ngca to the 8 Ngym-coral across a large isotopic range in
subsurface nitrate §°N (Fig. 4) suggests that CCA not only offer an inde-
pendent autotrophic benchmark against which to assess coral trophic
flexibility but can also be used to track the marine N cycle in places where
corals do not occur (Fig. 4, Supplementary Fig. 4).

With regard to coral data, linking BB-8"°N to an assimilation-excretion
balance (see Methods) elevates our interpretation from a descriptive label of
“mixotrophy” to a mechanistic, comparable metric of N-use efficiency
across taxa and reef organisms (Fig. 1). In photosynthetic tissues, §"N is
modulated by the coupling of energy-production with biosynthesis —
chloroplast-driven anabolism (NADPH/ATP-powered amino-acid synth-
esis) and mitochondrial catabolism (de-amination and N loss) — with
metabolite shuttles (e.g., malate/citrate) tuning this balance to environ-
mental demand. By analogy, in the coral holobiont, the photosymbionts
supply the anabolic arm while host and symbiont mitochondria supply the
catabolic arm; kinetic isotope effects during N loss enrich retained pools in
N, whereas tight recycling suppresses this enrichment. Low reliance on
symbionts (RSI) — heavy reliance of the coral on its diet for photosynthetic
energy — necessarily leads to most of its assimilated N ultimately being
effluxed to the environment as low-8"N metabolic ammonium, elevating
coral BB-8"N (Fig. 1a). In contrast, high RSI - heavy reliance of the host on
energy from its photosynthetic endosymbionts — is necessary for efficient
host-symbiont N recycling, in which very little of the coral system’s
assimilated N (from feeding or DIN uptake) leads to the leakage of metabolic
ammonium to the environment, with assimilated N instead being invested
in coral or symbiont anabolism, in which case the §"N of the host-symbiont

system is similar to that of its assimilated N (Fig. 1b). From this perspective,
coral system autotrophy (high RSI) or heterotrophy (low RSI) is separate
from the question of feeding vs. DIN acquisition for N uptake: Even when
feeding is the sole N source to the coral host-symbiont system, the coral host
may be nearly entirely dependent on the symbionts for photosynthetic
energy, i.e,, have a high RSI. This will be reflected by a lack of metabolic
ammonium efflux relative to other N fates, such as coral growth.

Corals’ N acquisition includes food from a range of trophic levels, such
as zooplankton and detrital organic matter’>"”". As such, symbiotic coral
8"N values range between baseline values and one trophic enrichment
factor®. The amplitude of the 8N offset can be interpreted as a signature of
incomplete reliance on photosymbionts (low RSI; to the right in Fig. 5) and
potentially enables quantification of photosymbiont reliance plasticity
across genera, independent of regional baseline §"°N values (Fig. 6, Sup-
plementary Fig. 1).

First, we evaluate the reliance on photosymbionts across the large
number of species present in our collection from Jamaica and American
Samoa. Reliance on photosymbiont estimates derived from paired §°N
values of CCA, symbiont-bearing, and non-symbiotic corals reveals sub-
stantial variation across coral species (Fig. 5). These values, standardized
against site-specific 8"°N baselines derived from CCA, capture the spectrum
of photosymbiont reliance in coral species. Species such as Siderastrea siderea,
Porites furcata, Diploria labyrinthiformis, Orbicella annularis, Acropora spp.,
and Pocillopora damicornis exhibited the highest RSI, suggesting a reliance on
symbiont photosynthate energy and thus a lack of metabolic N leakage,
consistent with their known reliance on photosynthate””*”°. In contrast,
species such as Galaxea fascicularis, Favia pallida, Hydnophora sp., Mean-
drina meandrites, and Cladocora arbuscula showed lower reliance on pho-
tosymbionts' energy in both Jamaica and American Samoa (Fig. 5).

However, environmental factors such as light, water movement, and
nutrient availability can drive morphological and trophic adjustments,
acting as confounding variables that complicate the interpretation of
species-level traits and nutritional strategies”*’. Environmental conditions
during the mid-20th century, when the Jamaican (in 1973) and American
Samoan samples were collected (in 1966), were shaped primarily by natural
oceanographic and geomorphological differences rather than by con-
temporary levels of anthropogenic nutrient enrichment. Jamaican reefs
occurred within a semi-enclosed carbonate shelf system characterized by
low hydrodynamic energy, restricted water exchange, and episodic turbidity
driven by sediment resuspension. In contrast, American Samoan reefs were
situated in high-energy, open-ocean settings with steep bathymetry and
persistent wave exposure, resulting in enhanced water motion, high light
penetration, and efficient flushing of local nutrient pools. These contrasting
physical and biogeochemical settings impose fundamentally different
metabolic constraints and resource acquisition strategies, potentially
shaping the balance between autotrophy and heterotrophy across coral taxa.
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Fig. 5| Percent energetic reliance on photosymbiosis for 33 different coral species
from two distinct reefs. Across coral species, comparing two distinct reef ecosys-
tems, the proportion of the coral host’s chemical energy supply deriving directly
from feeding vs. from symbiont photosynthesis increases to the right. The reliance
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trophic strategies within the studied reefs. Note the average propagated error of
+10% of the RSI scale.

As a result, assessing trophic plasticity at the genus level may offer a more
integrative and ecologically consistent perspective.

Using the locations from our global compilation where the triplets of
CCA, symbiont-bearing and -barren corals are present, we evaluate pho-
tosymbiont reliance plasticity within coral genera by examining the range in
RST across sampled individuals that yielded sufficient data from at least two
different reef sites (Fig. 6 and Supplementary Fig. 3).

Pronounced differences in photosymbiont reliance plasticity are evi-
dent among coral taxa across globally distributed reef sites. Siderastrea spp.
and Pocillopora spp. maintain consistently high reliance on symbiont-
derived energy (>80%), indicating limited capacity to transition to feeding as
its direct energy source. Porites spp. — particularly branching morphotypes —
exhibit a wide range (~40-100%), consistent with strong heterotrophic
flexibility in order to thrive under a range of environmental conditions.
Acropora spp. occupies an intermediate position, with moderate variability
and generally high photosymbiont reliance, aligning with its known vul-
nerability to bleaching. Eusmilia spp. and Favia spp. display lower mean
reliance, reflecting greater baseline heterotrophy.

Species or genera with constrained trophic modes may exhibit opti-
mized symbiotic nutrient recycling under stable, oligotrophic conditions but
suffer disproportionately under environmental stress*. In contrast, genera
capable of modulating their input-output dynamics may possess broader
ecological niches and greater resilience under shifting conditions, including
thermal anomalies, eutrophication, or turbidity events”*"'. This functional
trophic flexibility has implications for community composition under future

climate regimes, where shifts toward more plastic coral assemblages may
emerge as a response to declining photosymbiont performance.

In fact, patterns of coral persistence in Jamaica and American Samoa
over the past several decades mirror the trophic strategies inferred from mid-
20th-century specimens. In Jamaica, historically abundant, highly
photosymbiont-dependent taxa such as branching Acropora have undergone
dramatic declines since the 1970s due to repeated disturbances, including
nutrient stress, disease outbreaks, and thermal stress, resulting in a shift from
structurally complex, branching frameworks toward communities domi-
nated by more stress-tolerant and trophically flexible taxa such as branching
Porites. In contrast, American Samoan reefs have retained more structurally
complex coral assemblages and higher cover of branching corals, consistent
with the resilience advantages conferred by high-energy, high-light, well-
flushed oceanic environments that support strong photosymbiosis.

When plotted alongside independent isotopic estimates (e.g., the HERS
dataset)”, our calculated values are similar across genera, reinforcing the
validity of the BB-8"°N-based index (Fig. 6). However, HERS estimates are a
snapshot of photosymbiont reliance for one reef, similar to our snapshots
from Jamaica or American Samoa (Fig. 5). When other isotope data are
compiled for multiple reefs studies, they indicate that heterotrophic feeding
can provide up to 33% of the amino acids required for growth in Pocillopora
damicornis® and that when Pocillopora meandrina was compared among
multiple reefs around Palmyra, on average 41% of essential amino acids
were sourced directly from heterotrophic feeding (i.e., without resynthesis
by the photosymbionts), with broad ranges (+50%) between the reef sites
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Fig. 6 | Photosymbiont reliance plasticity of seven
coral genera. Data illustrating the variability in
photosymbiont reliance across different coral gen-
era, which reflects the plasticity in resource use and,
thus, in trophic strategies. The data may reflect how
various coral genera adapt their nutritional strategy
in response to environmental conditions and avail-
able resources, highlighting intergeneric differences
in resource-use flexibility. The Host Evaluation:
Reliance on Symbionts (HERS) dataset" is plotted
alongside our data.
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studied®, which suggests that trophic plasticity is an inherent nutritional
strategy of almost all corals.

The differential persistence of coral taxa across distinct oceanographic
regions highlights that species with constrained trophic strategies are more
vulnerable when environmental conditions degrade, whereas taxa with
greater heterotrophic capacity retain functional advantages under dis-
turbance. This pattern mirrors broader ecological predictions that rapid
climate warming disproportionately favours generalist and opportunistic
taxa across both terrestrial and marine systems, at the expense of specialists
with narrow resource or physiological niches*. This correspondence
between historical ecological trajectories and trophic strategy suggests that
the RSI framework could be used to contextualize community restructuring
and species-specific resilience under contrasting environmental regimes on
contemporary reefs.

Implications for the historical/geological record

Despite growing recognition of the importance of heterotrophy for coral
survival under stress, its role in the response of coral reef systems to ongoing
anthropogenic stressors remains poorly constrained. Biomineral-bound
8"N data of coral skeletons offer a unique opportunity to infer the presence
and absence of photosymbiosis over geological timescales™’*>*. When
analysed in concert with 8N, — used here as an autotrophic baseline -
and purely heterotrophic corals, differences in §'°N among coeval coral taxa
can serve as a proxy for trophic positioning across the historical record. This
isotopic spacing provides a window into mixotrophic strategies across time
and taxa, enabling novel inferences about the adaptive significance of het-
erotrophy in reef ecosystems.

While assessing absolute heterotrophy in fossil reefs may be complicated
by increasing age uncertainties in ancient reefal deposits, this triplet approach
can inform whether certain coral species have shifted their nutritional
pathways over time. Such comparisons are particularly valuable in the context
of major environmental perturbations or reef turnovers, where differential
trophic strategies may have shaped survival outcomes®. As BB-§"°N datasets
expand, this proxy has the potential to illuminate how shifts in nutrient
availability, symbiotic dependencies, and feeding strategies have influenced
coral resilience and reef composition throughout Earth history.

At the same time, the comparative approach between corals and CCA
not only elucidates the trophic dynamics of past marine environments but
also sheds light on the evolution of photosymbiotic relationships in general,
offering insights into how these ecosystems responded to climatic and
environmental shifts. Moreover, the use of CCA in palaeoceanographic
studies could enhance our understanding of the long-term ecological pro-
cesses that have shaped the marine biosphere during geological periods from
which corals are not preserved.

Methods

Materials

CCA and coral skeletons were obtained from several collections to
encompass a broad range of oceanographic and biogeochemical regimes
across the tropical and subtropical oceans (Table 1). A total of 30 sites were

included, spanning the Atlantic, Pacific, and Indian Ocean basins. Samples
were sourced from curated reference collections at the Senckenberg
Research Institute and Natural History Museum (Frankfurt am Main,
Germany) and the Smithsonian National Museum of Natural History
(Washington, DC, USA), the University of Toronto, or from the Max-
Planck Institute for Chemistry, supplemented by archived specimens from
institutional repositories and legacy expeditions.

The dataset includes two major sample types: (i) coral-CCA pairs
(n=17), comprising co-occurring coral and encrusting CCA fragments
from the same reef or collection lot, and (ii) CCA-only samples (n = 13)
from sites where paired coral material was unavailable. Coral-CCA pairs
were preferentially selected from shallow fore-reef or back-reef habitats
(<15 m) to minimize depth-related isotopic offsets and to represent com-
parable environmental exposure. Geographic coverage includes repre-
sentative sites from the Caribbean (Belize, Jamaica, Martinique, Colombia,
Panama), central and western Pacific (Mariana, Palmyra, Hawai’i, Amer-
ican Samoa, French Polynesia, Japan, Indonesia), Indian Ocean (Seychelles,
Maldives, La Réunion, British Indian Territory, Oman), and Red Sea
(Farasan) and the open Atlantic Ocean (Cape Verde, Ghana, Socotra,
Guinea, and Ascension).

To estimate reliance on symbionts from symbiont-bearing corals, three
calcifying reef taxa were targeted that collectively span the autotrophy-
heterotrophy continuum: CCA, symbiont-bearing scleractinian corals, and
the symbiont-barren coral Tubastraea spp. Encrusting CCA were selected
because they are obligate photoautotrophs that mainly assimilate DIN from
ambient seawater without the isotopic modification that can occur with
catabolic N excretion, thus representing a pure autotrophic baseline for §"°N.
In contrast, Tubastraea spp., which is non-symbiotic, feeds on planktonic N
pools, metabolizes them, and excretes DIN with an isotopic fractionation
associated with metabolism, raising the coral’s §*°N relative to its planktonic
sources”’. Symbiont-bearing corals, due to their tendency to recycle metabolic
N, only partially express this “trophic” §°N elevation, with less expression
and thus a lower 6N when metabolic N is more completely retained for
endosymbiont photosynthetic growth'***”". Comparing biomineral-bound
8"N (BB-8"N) among these groups allows for quantitative assessment of
trophic dependence and nutrient source partitioning across reef environ-
ments, providing a mechanistic framework for interpreting isotopic offsets as
indicators of autotrophic-to-heterotrophic plasticity in the face of baseline
8"N variability.

Biomineral-bound 6N data

Sample material was carefully extracted from CCA fragments using a
millimetre drill bit attached to a hand-held Dremel tool. Bulk sam-
ples were taken from free-living CCA (rhodoliths) by milling into the
specimen at several spots. For encrusting CCA, material was sampled
by drilling across the surface to ensure samples were purely CCA. For
the CCA-coral triplet comparison, only those samples were used
where CCA was in direct contact with either the symbiotic or non-
symbiotic coral and where all three specimens were collected from
the same location and time.
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The BB-6"N measurements were also performed at the Max-Planck
Institute for Chemistry (MPIC) using the persulfate oxidation-denitrifier
method”*", first applied to corals by Wang et al.”*, with modifications
described by Moretti et al.”. Coarse powder (8 + 0.5 mg) was weighed into a
pre-combusted 4 ml VWR borosilicate glass vial, which was filled with
4.25 ml sodium hypochlorite and left on a shaker at 120 revolutions per min
for at least 24 h. The sodium hypochlorite was removed the next day with a
pre-combusted glass pipette attached to a vacuum line set at 500 mbar.
Samples were then rinsed three times with Milli-Q water (4 ml; 18.2 MQ
cm™" at 25 °C) and left to dry at 60 °C overnight.

Cleaned sample material was then weighed into a new 4 ml VWR
borosilicate glass vial, and the powder was dissolved with 4 N hydrochloric
acid to release skeletal organic matter, which was thereafter oxidized to
nitrate using 3 ml of a potassium peroxydisulfate oxidative reactant solution
for each sample. The method utilizes a strain of the denitrifying bacteria
Pseudomonas chlororaphis that lacks an active nitrous oxide reductase and
converts nitrate to N,O quantitatively®. 1 ml volume of concentrated
Pseudomonas chlororaphis was injected into the growth medium (800 ml)
and left for 4-6 days to grow in the dark at room temperature on a shaking
rack. Once the bacteria had grown sufficiently, the medium was transferred
to autoclaved polyethylene bottles and centrifuged at ~8,800 x g for 10 min.
The supernatant was then discarded, and the remaining bacterial pellet was
resuspended in a buffered (pH 6.3) resuspension medium. From this, 3 ml
aliquots were pipetted into separate muffled glass vials (20 ml), each of
which was capped with a septum and tightly sealed before being placed
upside-down on a needle rack with a small additional needle for venting.
The needle rack supplies a continuous flow of N, for at least 3 hours to
replace the internal atmosphere and dissolved gases with pure N,. The
bacteria vials were removed from the rack, and the oxidized sample
(~0.5 ml) was injected into each bacteria vial. Once injected, the bacteria
vials were kept in the dark for 2-3 h to ensure the quantitative transfor-
mation of nitrate to nitrous oxide before being frozen at —21 °C.

The 8"N of the N,O was then determined by a purpose-built auto-
mated system for extraction and purification coupled to a Thermo MAT253
Plus stable isotope ratio mass spectrometer’””'". Long-term precision was
determined by analysing internal carbonate standards with each sample
batch, which yielded an average reproducibility of £0.2%o (1 SD).

Degree of heterotrophy assessment

Two reef collections, from Jamaica and American Samoa, yielded a good test
case to assess mixotrophy across a range of coral species given that coral and
CCA specimens were collected from the same reef at the same time (Fig. 5).
This ensured that the surface layer of the coral skeleton could be sampled to
minimize the BB-§"N variability that can occur due to temporal §"°N
changes when sampling deeper into the specimens (i.e., different years of
skeletal material).

We operationalize this by anchoring each reef to CCA (autotrophic
end-member) and Tubastraea spp. (heterotrophic end-member) and
expressing each coral’s position along the autotrophy - heterotrophy con-
tinuum as the RSI, which serves as a practical proxy for relative photo-
symbiont reliance across reefs. Standardization was performed using the
formula:

<8ISN{cnmlsample} - SISN(CCA})
15 15
(6 N{nonfsym coral} ~ 0 N(CCA))

where the index is calculated based on the 8"’ Nymple minus the 8N of the
autotrophic end-member (§"*N¢c,) and is then standardized to the AS”N
(the difference between the heterotrophic end-member 8"°N of Tubastraea
spp--and the autotrophic end-member §'"°N of CCA for any given reef). This
equation allows for the interpretation of any given coral BB-8°N value on a
scale of 100 = autotrophic/recycling-dominated and 0 = heterotrophic/
catabolic-dominated. To evaluate the influence of analytical uncertainty in

RSI=1—

x 100 (1)

8"N measurements on the derived RSI, we performed a simple error-
propagation analysis.

The combined propagated error for RSI was calculated for average
uncertainties of the three groups used in the calculation:

0, = £0.21%o of average A, where A = §"°N¢, for each location,

o3 = +0.31%o0 of average B, where B = "N oral sample fOr each
location,

0c = +0.23%o of average C, where C = §"* N 1ypqstrea fOT €ach location,

yielding a mean propagated uncertainty:

w0 (B=C ? o5 \? B—A :
= ((C—A)Z'“A) oy +((C—A)Z"’C)

@

yields an average o, of £10% on the RSI scale (Fig. 5).

Ranges of heterotrophy (heterotrophic plasticity) were calculated on a
subset of coral genera or species that were found at multiple sampling
locations (Supplementary Fig. 2). This enabled comparisons of potential
genera- or species-specific adaptive strategies across environmental and
geographic ranges (Fig. 6).

Nitrate 6"°N data

Nitrate 8N data were mainly sourced from the database compiled by
Fripiat et al. 2021” and individual publications, for example, from the Indian
Ocean, the Red Sea, or New Caledonia’”. Some new data (unpublished
from the Caribbean and Eastern Tropical Pacific) were generated from
samples obtained with the research vessel R/V Eugen Seibold™.

To characterize the isotopic composition of subsurface nitrate, we
calculated concentration-weighted average 8'°N values (8" Nytrate) across
depth profiles. Only data between 0 to 200 m were included to capture the
nutricline while minimizing surface variability. For each profile, the
concentration-weighted §"°N was computed using the formula:

8N e = O _ (8N, x[NO3 1)/ > [NOT,

where §"N; and [NO;]; represent the §"°N and nitrate concentration at
each sampled depth interval i, respectively. The associated standard devia-
tion was calculated using the weighted variance to reflect vertical hetero-
geneity in both concentration and isotopic composition. These values were
used as nitrate §"°N baselines for comparison with 8" Nc,, where sufficient
data were available within a range of +2° and +5° in latitude and longitude
around the 8N, sample location (Figs. 2 and 3, Supplementary Fig. 1).

Analysis of seawater

8"N of NO5 + NO, and NOj;-only were measured using the denitrifier
method® at the Martinez-Garcia Laboratory, MPIC, following the protocols
of”'. About 5 nmol of NO5™ + NO, or NOs™ was quantitatively converted to
N,O gas by a strain of the denitrifying bacteria Pseudomonas aureofaciens
that lacks an active N,O reductase. The §"°N of the N,O was determined
as above.

Statistics

All data were imported to a Python3 Jupyter Notebook (Version 5.7.4) using
the Pandas library. Data were plotted with Seaborn/Matplotlib. Statistical
tests were done using scipy.stats library. Associated standard deviations of
concentration-weighted 8" Nuyjirare Were calculated using the weighted
variance to reflect vertical heterogeneity in both concentration and isotopic
composition. Standard deviations of BB-8"°N are given as +1 SD.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability
All data are publicly available on Zenodo (https://doi.org/10.5281/zenodo.
19017991).

Code availability

Codes used for the figures and data analyses are available on GitHub
(https://github.com/marinejon/Crustose-Coralline- Algae-as-a-Proxy-for-
Marine-Nitrogen-Cycling-and-Coral-Trophic-Strategies).
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