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SUMMARY

Coral reefs support immense biodiversity and human well-being, yet accelerating environmental change de-

mands new strategies to strengthen reef resilience. Across ecological systems, balancing nutritional supply 
with organismal demand is fundamental to performance and persistence, but this principle has been rarely 
applied to corals. We propose a nutritional ecology framework that links coral physiological requirements 
with environmental nutrient supply and quality. By systematically addressing critical knowledge gaps of coral 
physiological requirements – including nutrient balance, quality, acquisition, and allocation – and integrating 
these with environmental nutrient data, a nutritional ecology framework can identify mismatches between 
nutritional requirements and availability that impact coral performance under stress. These insights provide 
a foundation for advancing restoration practices, from site selection to propagation effectiveness, while 
opening opportunities for interventions such as targeted nutrient supplementation or microbiome-based 
nutrient enhancement.

INTRODUCTION

Coral reef ecosystems are under threat from marine heat 

waves, 1 deoxygenation and ocean acidification, as well as local 

pressures such as eutrophication, pollution, and overfishing. 2 

The predicted global loss of coral reefs carries profound social, 

ecological, and economic repercussions. 3,4 Consequently, 

enhanced protective strategies (e.g., the Kunming-Montreal 

Global Biodiversity Framework) and targeted funding opportu-

nities (e.g., Global Fund for Coral Reefs, CORDAP) have already 

been initiated in response to the recent rapid decline of coral 

reefs worldwide. However, a persistent challenge for reef man-

agement is ensuring that corals - the foundation of reef ecosys-

tems - can tolerate and recover from inevitable environmental 

change. 5 While addressing the drivers of climate change remains 

essential, the slow pace of emissions reductions and delayed 

ocean recovery underscore the need for tailored management

strategies that can rapidly enhance coral physiological 

resilience. 6,7

One promising but underutilized avenue is nutrition (Box 1). 

Despite decades of fundamental research highlighting the 

importance of nutrition for coral fitness (e.g., Muscatine & Porter, 

1977 25 ), our understanding of optimal coral nutrition, particularly 

during periods of stress, remains unresolved. Consequently, 

nutritional considerations are rarely incorporated into conserva-

tion or restoration, even though in other fields, in agriculture, hu-

man health, and wildlife conservation, identifying and correcting 

nutritional imbalances have transformed outcomes. For 

example, identification of imbalances in amino acids, lipids, 

and micronutrients has enabled corrections to improve crop 

yields and pollinator health, and even save critically endangered 

birds. 21,26 This gap suggests that while the importance of coral 

nutrition is well recognized, we lack the integrative framework 

needed to make coral nutrition actionable.
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Corals are holobionts, consisting of the coral hosts and their 

diverse microbial partners, including Symbiodiniaceae microal-

gae and other microeukaryotes, archaea, bacteria, viruses. 27,28 

This integrated metabolic system 29 shapes both nutrient utiliza-

tion and availability at colony and reef scales. 30–33 Coral nutrition 

is further influenced by biotic interactions (e.g., microbes,

grazers, and neighbors), abiotic factors (e.g., light, temperature, 

and nutrient availability), and intrinsic traits (e.g., polyp size and 

modes of nutrient acquisition) (Figure 1). Thus, coral health is 

fundamentally linked to nutrition - the outcome of interactions 

between holobiont traits and environmental conditions, including 

nutrient supply.

At the heart of coral holobiont function is nutrient balance - the 

alignment between nutrient intake and the metabolic demand. 

Disruptions to this balance are the hallmark of coral stress 34 

cascading from individual corals to entire reef ecosystems. Envi-

ronmental change disrupts balance by altering nutrient availabil-

ity, 35,36 modifying coral nutritional demands, 37,38 and affecting 

nutrient quality - both identity (element, macromolecule, or com-

pound) and value (bioavailability and functional utility). 20 Corals 

can be nutritionally flexible and persist under conditions that 

appear suboptimal, but relative mismatches - the gap between 

environmental supply and physiological requirements 18 - can still 

limit performance, particularly under other stressors. 34 Severe 

imbalances can push corals outside their functional chemical 

space, resulting in mortality if not corrected 15,20 (Figure 2). 

Thus, balance - not just availability - operates as the critical 

target for understanding and managing coral nutrition.

To study nutrient balance, we need tools that link physiology 

with the environment (Box 1). As with all organisms, corals 

occupy a biogeochemical niche (BN) – the range of environ-

mental chemical conditions that provide the bioelements they 

use, modify, or depend on 15 (Figure 3). Understanding an organ-

ism’s BN can reveal its functional role within an ecosystem 39 and 

predict responses to environmental change. Ecological stoichi-

ometry (ES) provides a useful starting point for characterizing 

the BN of a species by examining elemental ratios (e.g., 

C:N:P). 40 However, its predictive power is limited in complex 

systems such as coral reefs, where corals can compensate for 

imbalances by consuming larger amounts of low-quality nutri-

ents. For example, plankton rich in essential amino acids are 

high quality, while detrital carbon, although abundant, is of low 

quality. 41,42

To make BN approaches more relevant, ES must be combined 

with measures of nutrient quality (identity and value), acquisition 

strategies, and allocation. Analytical approaches such as 

biochemical assays (lipid, protein, and carbohydrate composi-

tion) and stable isotope analyses can help resolve nutrient iden-

tity, value, and flow through the holobiont. By linking these data 

to environmental variables, researchers can map the coral nutri-

tional landscape – a multidimensional view of how well the coral 

diet fulfills their needs under different conditions (Figure 3). Nutri-

tional landscapes highlight balance, trade-offs, and constraints, 

but they represent the outcome rather than the mechanism. They 

do not capture key physiological processes such as acquisition 

strategies or nutrient allocation within the holobiont.

This is where nutritional ecology – shown to improve manage-

ment in other ecosystems 18,43 – provides the next step. By link-

ing the environmental availability of nutrients with coral nutri-

tional balance, nutrient quality, acquisition strategies, and 

allocation patterns, nutritional ecology provides an integrated 

framework to explain and predict how nutrition shapes coral per-

formance and ecological roles. 20 More importantly, nutritional 

ecology allows researchers to identify nutritional mismatches,

Box 1. Key definitions

Nutrients are chemical substances used by organisms to grow, repro-

duce, and survive. They can be metabolized to create energy or build 

cellular structures. Macronutrients are required in large quantities 

(e.g., 8 calcium, 9 carbohydrates, protein, and lipids 8 ). Micronutrients 

are needed in smaller amounts but play critical roles in biochemical 

processes (e.g., vitamins, trace elements such as selenium and 

iodine).

An essential nutrient is a nutrient required for physiological function that 

cannot be synthesized by the organism – either at all or in sufficient quan-

tities – and essential nutrients are indispensable for various cellular 

metabolic processes and for the maintenance and function of the organ-

ism. Both macro and micronutrients can be essential. Some are condi-

tionally essential, 10 required only under particular conditions (e.g., 

manganese during heat stress in Stylophora pistillata. 11 ).

Nutrition is the set of biochemical and physiological processes an or-

ganism uses to obtain and use nutrients. 12 Autotrophs (e.g., plants and 

phytoplankton) synthesize most macronutrients with some exceptions 

(e.g., B vitamins 13,14 ) and take up dissolved micronutrients, whereas 

heterotrophs acquire both through feeding and through translocation 

from microbial symbionts.

Biogeochemical niche (BN) refers to the chemical and biological con-

ditions that define the nutrient space an organism occupies and inter-

acts with. 15 For corals, we expand this to include not only elements 

(e.g., C, N, and P) but also compounds (e.g., amino acids, fatty acids, 

or vitamins) exchanged among holobiont members. 16,17 Approaches 

to characterizing an organism’s biogeochemical niche differ by scale. 

Ecological stoichiometry examines elemental ratios (e.g., C:N:P) and 

how they affect growth and nutrient cycling. Ionomics quantifies 

elemental concentration and links them to ecosystem-level pro-

cesses. 18,19 Biochemical composition analyses (e.g., lipids, pro-

teins, carbohydrates, amino acids, and fatty acids) assess nutrient 

identity, energy content, and physiological pathways, 20 leading to 

functions. Together, these methods can offer a multi-scale view of 

coral nutrition, helping to connect biochemical processes with ecolog-

ical outcomes (Figure 3A).

Nutritional landscape is a conceptual and visual tool that represents 

how multiple nutrients are balanced to meet metabolic demands 17 

(Figure 3B). It highlights trade-offs, constraints, and interactions 

among nutrients that shape growth, reproduction, and resilience. For 

corals, the nutritional landscape describes the multidimensional space 

defined by nutrient availability, intake, and balance, and whether envi-

ronmental profiles align - or not - with the organism’s nutritional tar-

gets. Mismatches in this space can signal reduced performance or 

resilience.

Nutritional ecology is an interdisciplinary field that examines how 

nutrition links organisms with their environments. 18,21–23 It inte-

grates four key concepts: (1) environmental conditions and nutrient 

availability, (2) organism requirements, (3) nutrient acquisition 

strategies, and (4) nutrient allocation (Figure 3C). Applied to corals, 

this framework can explain how nutrition shapes performance and 

resilience, and how mismatches between demand and supply 

arise. For instance, in wild bees, nutritional ecology has been 

used to link floral nutrient composition to bee health and population 

dynamics. 24
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Figure 1. Key factors influencing coral nutrition

Twelve central factors are grouped into four overarching themes, each shaping coral nutrition. For each factor, example considerations are represented in colored 

boxes, with potential nutritional impacts numbered according to the key. Further details and discussion are provided in the main text.
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which then provides clear intervention points: by knowing when 

and where supply fails to meet demand, managers and re-

searchers can design targeted strategies – from site selection 

and restoration design, to developing nutritional supplements – 

that directly support coral survival under stress. 20 We also high-

light emerging technologies and intervention strategies that can 

be applied or improved to manage nutrition at the coral scale as a 

first step toward broader conservation outcomes.

DRIVERS OF NUTRITIONAL MISMATCH IN CORALS

In the Anthropocene, several stress factors alter the nutritional

stability of corals. Climate drivers such as ocean warming, 

CO 2 -induced nutrient dilution, 44 and deoxygenation, 35,36

interact with local pressures, including land run-off 45 to disrupt 

coral nutrition. This disruption occurs both by altering coral phys-

iology and by modifying the availability, distribution, and quality

of nutrients , .15,44,46,47

Corals typically function within a nutrient ratio that reflects their 

biogeochemical niche. 48–50 Yet environmental change shifts 

nutrient requirements by altering biotic interactions, 51 holobiont 

composition, 29,52,53 and metabolic rates. 54 For example, when 

temperatures exceed tolerance limits, loss of Symbiodiniaceae 

(coral bleaching) reduces autotrophic input 45 and forces corals 

to adjust nutrient acquisition strategies. 55–59 Responses are 

context dependent 60 some species increase heterotrophy, 61 

although this is energetically costly and constrained by the avail-

ability or low quality of available food. Similarly, rising CO 2 may 

boost inorganic carbon for photosynthesis but often dilutes 

essential nutrients such as trace elements, lowering nutrient 

quality in oligotrophic systems. 44

Nutrient mismatches impact holobiont function, 34,62,63 reduce 

coral resilience, and increase susceptibility to disease and mor-

tality. 64,65 At ecosystem scales, sustained nutritional disruption

accelerates coral loss, drives algal phase shifts, 66 promotes mi-

crobialization, 67 and alters dissolved organic carbon cycling - 

changes that reverberate across reef food webs. 18,45,53,68,69 

Despite the clear links between coral nutrition, stress, and re-

silience, we still lack a predictive understanding of which nutri-

ents are most important and when, how they are acquired and 

allocated, and how these processes vary across taxa and envi-

ronments (Table 1). Addressing these gaps is essential if nutri-

tional ecology is to evolve from a concept to supporting targeted 

and actionable coral conservation strategies. Later in discus-

sion, we discuss in more detail some of the key knowledge gaps.

KNOWLEDGE GAP 1: NUTRIENT REQUIREMENTS AND 

QUALITY

Corals require a specific blend of nutrients to ensure their sur-

vival. These requirements vary with environment, life stage, tax-

onomy, phenotype, and symbiotic state 55,60,70–76 (Figure 1). Yet 

despite decades of research, we still lack a quantitative under-

standing of what constitutes the minimum and the optimal nutri-

tion for different coral species and contexts. For example, scler-

actinian corals generally consume more dissolved inorganic 

nutrients than octocorals, 60 while some taxa efficiently use dis-

solved organic matter, and others prefer particulate organic mat-

ter (POM) or specific zooplankton. 77 Such diversity underscores 

that the nutrient requirements of corals are not uniform across 

corals but depend on a combination of intrinsic traits and 

external conditions. Importantly, responses to nutrient supply 

can vary not only among species but also among individuals 

within a species, 78,79 underscoring the need to incorporate intra-

specific diversity when establishing nutritional baselines. 

Essential elements such as carbon, nitrogen, phosphorus, cal-

cium, and magnesium 69 are known to underpin coral 

health, 68,69,80,81 and trace elements such as iron, manganese 

and zinc, have recognized roles in photosynthesis and enzyme 

function. 82 However, the concentrations required, the thresholds 

for deficiency or toxicity, and the importance of less-studied ra-

tios (e.g., C:trace metals 50,83–85 ) are not well understood. 85 

Furthermore, the precise mode of action remains unresolved. 

For example, manganese is implicated in photosynthesis and 

antioxidant defense, but the specific molecules and pathways 

that require Mn remain unclear. 85 Optimizing trace metal avail-

ability is already being explored for corals 86 making it imperative 

to close these knowledge gaps to expedite learnings and sup-

port informed decision-making.

Similarly, while the importance of proteins, lipids, and carbohy-

drates is established, 16,87,88 few studies have resolved their roles 

at the level of specific compounds. 89 For example, polyunsatu-

rated fatty acids, such as docosahexaenoic acid (DHA), can 

enhance thermal tolerance 45,90 yet baseline concentrations 

across coral taxa are unknown. Considering such compounds 

highlights the need to consider coral nutrition in a multidimensional 

context, rather than as single currencies such as carbon content. 23 

Fluctuating abiotic factors (temperature, light, pH) and biotic 

changes (e.g., shifts in symbiont identity or macroalgal over-

growth) further reshape the nutritional landscape on daily to sea-

sonal scales, creating feedback loops that alter both nutrient avail-

ability and demand, 45,81,91,92 ultimately affecting coral health. 93

Figure 2. Coral nutritional plasticity

Corals can have nutritional flexibility within their physiological and available 

nutritional range (blue area) based on (A) biotic and (B) abiotic conditions. 

However, the chemical space within which corals can persist may not allow for 

future environmental changes (C; red area). The difference is a nutritional 

mismatch that needs to be filled for corals to survive (D). Created in BioRender 

(https://BioRender.com/zbvgcfx).
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Equally critical is the lack of knowledge concerning nutrient 

availability and turnover in reef environments. Although shallow 

waters are often assumed to be nutrient poor, studies (e.g., 

Red Sea 94 ) show that corals such as Stylophora maintain similar 

heterotrophic intake across depths, challenging this view. 

Resolving such uncertainties requires high-resolution profiles 

of plankton, DOM, POM, and micronutrients, alongside mea-

surements of microbial recycling. The ‘‘extended microbial 

loop’’ – from bacterial uptake through phytoplankton growth to 

zooplankton grazing – remains poorly quantified, and apparent 

zooplankton scarcity may simply reflect rapid production 

balanced by rapid consumption. Without such baselines, it is 

impossible to match coral nutritional requirements with actual 

supply, and few studies currently attempt to integrate these dy-

namics within a holistic framework of environmental supply and 

holobiont biology (Figure 4).

In short, we know corals require a diverse suite of elements 

and compounds, but we lack quantitative thresholds, com-

A

C

B

Figure 3. Nutritional ecology framework for 

corals

(A) The biogeochemical niche describes both the 

environmental availability of elements (e.g., C, N, 

and P) and the coral’s requirements, including the 

quality of nutrients (identity and bioavailability), 

depending on the organism (including the evolu-

tionary state of an individual and innate factors 

contributing to homeostasis) and its abiotic and 

biotic environment. Nutrient composition can be 

quantified using complementary approaches: 

ecological stoichiometry (elemental ratios), iono-

mics (elemental concentrations), and metallomics 

(trace metal concentrations).

(B) Nutritional geometry (an analytical framework 

for visualizing multidimensional trade-offs) and 

modeling analysis of the coral macromolecules 

(e.g., proteins, lipids, and carbohydrates) can map 

a coral’s nutritional landscape - a multidimen-

sional representation of how nutrient intake aligns 

with metabolic demand, and where trade-offs or 

constraints emerge.

(C) Coral strategies for nutrient acquisition and 

allocation within the holobiont further shape how 

nutrition influences performance and resilience 

under changing environments. When combined 

with organismal requirements and environmental 

composition, these perspectives form an inte-

grated nutritional ecology framework for corals. 

Created in BioRender (https://BioRender.com/ 

e6tvr88).

pound-level resolution, a mechanistic un-

derstanding of nutrient mode of action, 

and a multidimensional framework linking 

requirements with environmental vari-

ability. Closing this gap through experi-

mental evidence and computational 

modeling with physiological and environ-

mental data (Figure 5) is critical for pre-

dicting resilience and designing targeted 

nutritional strategies for coral conserva-

tion and restoration. Elementomics – the study of the elemental 

composition (abundance and stoichiometry) – reveals changes 

in bioelement production under varied external stimuli and deter-

mines which nutrients are necessary for growth. 95 Metabolomics 

and lipidomics now allow simultaneous profiling of hundreds, 

and even thousands, of compounds, offering unprecedented 

insight into which metabolites are exchanged, depleted, or accu-

mulated under stress. 95 These approaches can help define 

nutrient requirements by identifying which elements and com-

pounds are consistently essential across species and life stages, 

and which are conditionally important under stress (e.g., heat-

induced demand for antioxidants or membrane lipids). 53,96,97 

They also refine the concept of nutrient quality by distinguishing 

specific elements or compounds (e.g., essential amino acids, 

polyunsaturated fatty acids, and vitamins) that are most valuable 

to coral metabolism and resilience. Applied across taxa and en-

vironments, metabolomics therefore provides both the baseline 

‘‘nutritional fingerprint’’ of healthy corals and the compound-
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Table
 

1. Summary
 

of the
 

current knowledge
 

and
 

gaps
 

in
 

coral nutrition

Gap
 

in
 

knowledge Relevance Knowns Unknowns Approaches

1. Nutrient 
requirements 
and

 
quality

Minimum
 

macro- and
 

micronutrient requirements 
of corals

Critical for defining
 

baseline
 

nutrient needs

Corals require
 

elements 
such

 
as C, N, P, Ca, Mg, 

and
 

trace
 

elements (e.g., 
Fe, Zn, Mn, and

 
Cu) for

metabolism, photosynthesis, 
and

 
stress response

Exact quantitative
 

requirements across 
species, life

 
stages, and

 
environmental conditions

Elemental analysis, 
physiological assays 
across species and

 
life
 

stages, targeted
 

nutrient 
addition

 
studies

Scales: holobiont, species

Influence
 

of environmental 
variability on

 
holobiont 

nutrient dynamics

Informs coral resilience
 

and
 

reef management 
under climate

 
change

Temperature, pH, and
 

nutrient changes alter 
metabolic

 
demands and

 
nutrient flows

Interactive
 

effects of 
multiple

 
stressors: 

long-term
 

adaptability 
of nutrient cycling

Environmental manipulations 
(multi-stressor experiments), 
multi-omics, physiological 
monitoring

 
(longitudinal omics 

profiling)

Scales: holobiont, ecosystem

Impact of trace
 

metal 
stoichiometry and

 
macromolecule

 
ratios

Critical for water quality 
management and

 
coral 

supplementation
 

strategies

Trace
 

metals such
 

as Fe, Zn, 
Mn
 

are
 

essential; some
 

stoichiometric
 

ratios

(e.g., C:N:P) are
 

studied

Roles of C:metal or 
compound-level 
stoichiometry; 
thresholds for 
deficiency/toxicity

Elemental profiling
 

under 
controlled

 
gradients, 

stoichiometric
 

modeling
 

Scales: holobiont, ecosystem

Role
 

of specific
 

compounds 
in
 

coral nutrition

Identifies high-value
 

nutrient 
targets for boosting

 
coral 

resilience

Some
 

compounds (e.g., 
glucose

 
and

 
docosahexaenoic

 
acid) 

have
 

known
 

roles in
 

symbiosis and
 

stress 
response; metabolomics/ 
lipidomics reveal 
chemical diversity

Full identification
 

and
 

function
 

of compound
 

classes; nutritional roles 
of unidentified

 
metabolites

Metabolomics, lipidomics, 
compound-specific

 
isotope

 
analysis, time-series, and

 
under variable

 
conditions, 

cross-species compound
 

mapping

Scales: cellular, holobiont

2. Mode
 

of nutrient 
acquisition

Trophic
 

plasticity across 
coral species and

 
conditions

Key to
 

understanding
 

adaptability in
 

changing
 

environments

Corals can
 

shift between
 

autotrophy and
 

heterotrophy 
based

 
on
 

conditions; some
 

use
 

DOM/POM/zooplankton

Extent of plasticity

across species; thresholds 
for shifts; long-term

 
fitness 

outcomes

Bulk
 

stable
 

isotope
 

analysis, 
compound-specific

 
isotope

 
analysis, longitudinal feeding

 
studies, metabolomics, and

 
environmental manipulations 
Scales: holobiont, species

Nutrient acquisition
 

rates 
and

 
digestion/assimilation

 
mechanisms

Helps optimize
 

coral feeding
 

strategies for restoration
 

or 
intervention

Corals use
 

nematocysts, 
cilia, and

 
mucus nets for 

capture; early studies on
 

prey selection
 

exist

Species-specific
 

assimilation
 

efficiencies; 
digestion

 
under stress; 

prey-to-biomass 
conversion

 
rates

Feeding
 

trials, microscopy, 
gut content analysis, isotope-

labelled
 

prey studies, and
 

digestive
 

enzyme
 

assays 
Scale: organism

Coral feeding
 

strategies on
 

pico- and
 

nanoplankton

Improves understanding
 

of 
nutrient dynamics in

 
oligotrophic

 
environments

Feeding
 

on
 

small plankton
 

contributes to
 

nutrition; 
some

 
morphological 

adaptations are
 

known

Extent, efficiency, and
 

role
 

of this feeding
 

mode
 

across coral taxa
 

and
 

environments

Feeding
 

trials, microscopy, 
flow

 
cytometry, prey uptake

 
quantification, particle

 
tracer 

experiments

Scales: organism, holobiont
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on
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level markers of mismatch that signal vulnerability or adaptive 

capacity. Yet these approaches remain applied to only a handful 

of taxa and conditions. Without broader baselines, we cannot 

identify which compounds are universally essential, conditionally 

essential, or most useful as intervention targets. Furthermore, 

when integrated with isotopes (elemental or compound), the 

metabolic pathway can be resolved, shedding light on the value 

and optimum concentrations required. Defining nutrient require-

ments is not simply descriptive; it establishes the baseline 

against which environmental supply can be compared. Once 

these thresholds are known, they can be integrated into the nutri-

tional ecology framework to identify mismatches and design tar-

geted interventions.

KNOWLEDGE GAP 2: MODE OF NUTRIENT ACQUISITION

Photosymbiotic corals thrive in oligotrophic reefs through mixo-

trophy, combining autotrophic inputs from Symbiodiniaceae, 

nutrient cycling with other holobiont partners, and heterotrophic 

feeding. Acquisition strategies shift along a continuum depend-

ing on environmental conditions, 53,55,98 species, 99 life stage, and 

health status, with this trophic plasticity appearing central to 

coral survival in marginal environments. 100 Yet the limits and ef-

ficiency of this plasticity remain poorly understood.

Corals capture a wide range of nutrient particles 25,81 - plankton, 

DOM, and POM - 101 using nematocysts, mucus nets, and other 

specialized structures. 25,64–69,81,101–103 Feeding on pico- and 

nanoplankton is increasingly recognized as a significant source 

of nutrition, 45,70,104 but rates of assimilation, digestion, and con-

version to biomass remain largely unresolved. 100,105 Feeding effi-

ciency varies with prey availability, polyp morphology, life stage, 

and health status. 31,74 While some feed opportunistically, others 

specialise, 77,102 even consuming unusually large prey. 103 Howev-

er, we still know little about assimilation efficiency, digestion, 105 

and conversion of prey into biomass, 100 limiting our ability to 

assess the energetic value of heterotrophy under stress.

Within the holobiont, nutrient acquisition and recycling between 

the partners (e.g., coral-Symbiodiniaceae-bacteria 97,106–108 ) sup-

port growth and reef accretion, 81 yet the dynamics of these ex-

changes – especially those involving lesser-known symbionts 

(e.g., fungi, 109 protozoa, 110 and viruses 111 ) – remain largely unex-

plored. 29 Advances in techniques such as metabolomics, lipido-

mics, and compound-specific isotope analysis have begun to 

map these interactions, 90,112–115 but many metabolites are still 

unidentified, 97,116 and the temporal and spatial dynamics of ex-

change are rarely captured. 94,117 Most studies provide static 

snapshots, 118 when in reality acquisition is highly dynamic across 

time, life stage, and even within different regions of a single col-

ony. 51,119 These gaps hinder efforts to link trophic plasticity with 

resilience. For example, some species can increase heterotrophy 

to offset bleaching-related carbon loss, 61 but this strategy can be 

energy-costly and is constrained when available nutrients are 

scarce or of low quality. Without a quantitative understanding of 

the capacity and limits of trophic flexibility, we cannot predict 

which species are most vulnerable, nor design interventions to 

address them.

Filling the knowledge gaps of coral nutrient acquisition will 

require combining emerging tools. High-resolution isotopeT
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tracers can track the assimilation of specific nutrients 

(e.g., labeled amino acids or fatty acids) from capture to incor-

poration into host or symbiont biomass. Coupled with mass 

spectral imaging tools such as NanoSIMS or MALDI-

MSI, these tracers can localise where in the tissue nutrients 

are digested and transferred. Emerging techniques such as 

longitudinal metabolomics and micrometabolomics can 

then reveal how acquisition strategies shift under stress (e.g., 

daily changes in uptake of dissolved organic matter 

versus plankton). 55,94,113,117,120,121 These approaches make it 

possible to quantify not only what corals consume, but how 

nutrients are digested, assimilated, and exchanged within the 

holobiont. Nanotechnology techniques such as 3D fabrication 

could allow for the creation of controlled nutrient gradients to 

experimentally manipulate trophic mode. 122 This shift from 

descriptive to mechanistic understanding is essential if nutrient 

acquisition strategies are to be leveraged in active reef man-

agement – for example, by identifying species with higher tro-

phic plasticity for restoration. By incorporating environmental 

variables, we can further understand how environmental 

change shifts acquisition strategies, which allows us to predict 

the limits of trophic flexibility. 40 Linking these shifts to nutrient 

requirements provides the foundation for experimental inter-

ventions, such as adjusting feeding regimes or supplementing 

limiting nutrients. 11,123

KNOWLEDGE GAP 3: NUTRIENT ALLOCATION ACROSS 

CELL TYPES AND HOLOBIONT MEMBERS

Once nutrients are acquired, their allocation across coral hosts, 

symbionts, and microbial partners determines how effectively 

the holobiont functions. Corals can actively reallocate nutrients 

in response to stress, life stage, or genotype, prioritizing survival

over growth and reproduction. 50,71,84 For example, under heat 

stress or nutrient scarcity, resources may be diverted toward 

protective mechanisms such as antioxidant production, 124,125 

while growth and reproduction are reduced. Similarly, metals 

are regulated and redistributed according to physiological 

demands. 126

Methods such as stable isotope tracer analysis and imaging 

mass spectrometry (e.g., NanoSIMS) have revealed partitioning 

patterns between autotrophic versus heterotrophic inputs and 

how these shift under environmental change. 55,113,120,121,127 

These studies suggest that when nutrient balance is disrupted, 

corals and their symbionts may redirect nutrients toward main-

taining basic cellular function at the expense of nutritional ex-

change. Such reallocations can destabilize the coral-Symbiodi-

niaceae symbiosis, with downstream impacts on reproduction, 

immunity, and growth. 65,121,128

Despite these advances, we still lack a mechanistic under-

standing of allocation rules: which nutrients are prioritized under 

stress, how allocation varies across species and life stages, and 

how microbial partners mediate redistribution. Without this 

knowledge, it is difficult to predict resilience or design interven-

tions. Targeted elemental and metabolomic tracer studies with 

imaging, micrometabolomics, nanotechnology (e.g., targeted 

nanocarriers) techniques, and applications of microbial consor-

tia engineering to diverse coral taxa could help resolve these dy-

namics and identify leverage points for nutritional interven-

tions. 55 For example, elemental stable isotope tracers ( 13 C, 1 N,
3 S) or compound specific isotopes (e.g., glucose-13C 6 ) can be 

pulsed into coral diets or dissolved nutrients, then tracked 

through host tissues and symbionts to quantify assimilation rates 

and nutrient allocation between partners. Coupled with high-res-

olution tools such as NanoSIMS or MALDI-imaging, these 

tracers can map nutrient flows at cellular or even subcellular

Figure 4. The core research components of 

coral nutritional ecology

The core components of coral nutritional ecology 

are the environment and the organism. The envi-

ronment is partitioned into biotic and abiotic 

components. These can drive coral phenotypic 

variables, including holobiont composition, 

development, including morphology, life history, 

current physiology, alongside static factors such 

as coral taxonomy. These organismal traits then 

define the nutrient requirements (including qual-

ity), acquisition mode, and allocation. The arrows 

connecting environment and organisms indicate 

the bidirectional interactions that take place be-

tween coral nutritional requirements and the 

environment; for example, the effects of the envi-

ronment on the phenotype (downward arrows) 

and the impact of the phenotype on the biotic 

environment (upward arrows). A nutritional ecol-

ogy framework should also consider the interac-

tion between biotic and abiotic environments, and 

with the intention of informing restoration, along-

side perturbations. 20 This is represented by the 

red arrow from climate change and pollution 

affecting the environment, thus subsequently 

influencing coral organism nutrition. Created in 

BioRender (https://BioRender.com/a0ry1ms).
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scales, revealing which compounds are retained, recycled, or di-

verted under stress. Metabolomics (bulk and microscale) 

profiling then complements this by identifying shifts in key me-

tabolites (e.g., amino acids, fatty acids, and vitamins) and linking 

them to environmental drivers. Applied to isolated tissues or cells 

(e.g., through ‘‘cell on a chip’’ nanotechnology 122 ), these ap-

proaches can disentangle host-versus symbiont-specific 

nutrient use, providing a mechanistic view of holobiont partition-

ing. Proteomic analysis of transporters and enzymatic assays 

can provide more mechanistic evidence of the exchange. Per-

formed in both controlled and field settings, researchers can 

determine not only what nutrients are limiting, but also when, 

where, and for whom within the holobiont they become critical. 

Resolving allocation dynamics moves us from knowing what 

corals acquire to understanding how nutrients are prioritized 

under stress. This mechanistic knowledge is essential for identi-

fying leverage points where nutritional interventions can support 

resilience.

SOLUTIONS TO ADVANCE KNOWLEDGE ON CORAL 

NUTRITION: APPLYING NUTRITIONAL ECOLOGY TO 

THE CORAL HOLOBIONT

Viewing coral reef ecology through the lens of nutrients and nutri-

tional balance is not new – decades of research have examined 

how nutrient availability, quality, and cycling influence coral 

health (e.g., Muscatine and Porter 1977 25 ). What is missing is 

an integrated framework that links this knowledge to actionable 

strategies for reef conservation and restoration. We argue that 

nutritional ecology provides such a framework by combining in-

formation on physiological requirements, environmental supply, 

nutrient acquisition, quality, and allocation within the holobiont. 

Within this framework, addressing the knowledge gaps out-

lined is a prerequisite for action. Once nutrient requirements 

are quantified across species, life stages, and symbiotic states, 

these can be integrated with data on nutrient availability and 

quality across reef habitats. Experimental tests of how changes 

in nutrient profiles influence coral performance – both under 

controlled and field conditions – can then link physiology with 

environment. Addressing these knowledge gaps creates a road-

map for the application of nutritional ecology: from identifying 

needs, to mapping supply, predicting mismatches, forecasting 

ecological consequences, and finally designing interventions 

(Figure 2). Similar roadmaps in other fields show the value of 

this approach: nutritional ecology has improved wild bee health 

by optimizing floral nutrient profiles, 21 and enhanced survival of 

endangered k� ak� ap� o by tailoring life-stage-specific supple-

ments. 26 Applying similar principles to corals could transform 

restoration by pinpointing when and where nutritional interven-

tions are most effective.

To bridge the knowledge gaps and apply a nutritional ecology 

framework to corals, we propose four research priorities. First, 

characterize baseline nutritional requirements under stable con-

ditions to establish the reference point for an unconstrained 

nutritional landscape. Second, assess how environmental 

changes (including the quality and availability of nutrients in the 

environment) alter nutritional profiles within and across coral 

species, linking physiological demand to ecological context. 

Third, examine how corals shift acquisition and allocation strate-

gies under stress to reveal the limits of trophic plasticity and the 

trade-offs involved. And forth, investigate how microbial part-

ners mediate nutrition, using new tools such as integrated 

omics 107 and nanoscale imaging 107,129 to capture exchanges 

at cellular and holobiont scales. Together, these priorities create 

the mechanistic foundation needed to integrate coral physiology 

(including nutrient requirements, acquisition, and allocation) with 

environmental nutrient data collected via elemental stoichiom-

etry, ionomics, metallomics, biochemical profiling of plankton/ 

DOM, and nutrient flux measurements in different reef habi-

tats, 130 allowing the nutritional ecology framework to move 

from concept to application (Figure 5).

Practical progress will depend on systematic experiments on 

carefully selected species, ideally those with well-documented 

nutrient acquisition modes, life cycles, and symbiotic diversity 

(e.g., Heit & Davy, 2024 91 ) (Table S1). Such species provide trac-

table models to map detailed nutrient landscapes, while allowing 

broader comparative insights. Spatial heterogeneity within col-

onies should also be considered, as some genera host distinct 

micro-environments that affect nutrient flow. 40,131 Furthermore, 

while studying individual species is immediately feasible, under-

standing the full diversity of coral nutritional strategies may take 

longer than they can endure, given the rapid pace of climate 

change. 132 Computational modeling should therefore comple-

ment experiments, simulating coral metabolic pathways under 

different environmental scenarios; an approach successfully 

employed to inform wild pig conservation. 133 Published genomic 

and metabolite data can serve as reference points, helping 

describe physiological responses under various environmental 

conditions and ensuring relevance across reef ecosystems. 

For corals, such models could predict which nutrients become 

limiting under future climates; this is the mismatch that nutritional 

intervention strategies can target. 56 Such an approach balances 

experimental feasibility with the urgency of coral decline, moving 

nutritional ecology from concept to conservation tool.

SOLUTIONS TO ADDRESS NUTRIENT MISMATCH: 

NUTRITIONAL INTERVENTIONS TO ADVANCE CORAL 

RESILIENCE AND RESTORATION

While challenging, rebalancing nutritional mismatches has been 

successfully achieved in other disciplines. In viticulture,

Figure 5. Pathway to filling the knowledge gaps required to apply a nutritional ecology framework

This table outlines experimental approaches to bridge critical knowledge gaps in coral nutrition, linking requirements, acquisition, and allocation with analytical 

methods. Traditional tools (e.g., stoichiometry, isotopes, and physiology) are complemented by emerging techniques such as micrometabolomics, synchrotron-

based imaging, artificial diets, and microbiome transplants, as well as nanotechnologies for nutrient sensing and delivery. These approaches provide a roadmap 

for building the information required for a nutritional ecology framework that integrates coral physiological requirements with environmental nutrient data, 

enabling the identification of mismatches and the development of targeted interventions. Created in BioRender (https://BioRender.com/3nvd71a).
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correcting micronutrient deficiencies has improved crop yield 

and resilience. 134,135 In marine ecology, supplementation strate-

gies have supported the recovery of seabird and marine 

mammal populations. 88,136 In human medicine, nutrient-based 

therapies are increasingly used to restore metabolic balance, 

such as in melanoma, where targeted nutrient delivery reacti-

vated suppressed metabolic pathways. 137 These examples illus-

trate a central principle: once nutritional mismatches are identi-

fied, they can be strategically corrected to improve resilience. 

We contend that the same approach can be applied to corals. 

By using a nutritional ecology framework to identify when and 

where supply fails to meet demand, interventions can be de-

signed to rebalance coral nutrition. 26 Later in discussion, we 

outline four areas where this approach could be transformative.

Strategic use of nutrition in coral propagation

Corals are increasingly propagated both in situ and ex situ for 

coral restoration purposes 138 but nutritional considerations are 

rarely factored in. When corals are moved between environ-

ments, they are often exposed to nutrient regimes different 

from their original biogeochemical niche. 40,50 For instance, 

corals collected from inner reefs may be propagated in mid-wa-

ter nurseries (e.g., Howlett et al. 2023 139 ), where they are 

exposed to different water flow, biotic communities, and nutrient 

profiles. Such mismatches could partially explain variable sur-

vival rates in outplanting projects. 138 Accounting for these differ-

ences and selecting nursery sites or substrates with nutrient 

conditions closer to source reefs could improve outcomes. Ex 

situ culture also provides an opportunity to test nutritional toler-

ance ranges and acclimate corals to conditions beyond their nat-

ural niche before outplanting. Moreover, artificial structures 

could be engineered to leach or deliver beneficial compounds 140 

(e.g., embedding trace metals or calcium carbonate into cement 

that slowly dissolves, or using porous textures that trap 

plankton), providing a dual role as both substrate and nutrient 

source.

Nutritional supplementation

Heterotrophic feeding can help corals compensate when symbi-

ont productivity declines, but natural food sources are often 

scarce or of low quality. 131 Nutritional supplementation – already 

standard practice in aquaculture – could therefore be harnessed 

in restoration. The process involves three steps: (i) identify 

limiting nutrients (e.g., phosphorus, trace metals, and essential 

fatty acids) through experiments, modeling, or using the trophic 

stoichiometric ratio (TSR) index 18 ); (ii) design supplements that 

deliver these compounds in bioavailable forms; and (iii) select a 

delivery method suited to coral biology and site conditions. 

Live feeds such as rotifers and microalgae have long been 

used to rear corals ex situ and new technologies could support 

increased food availability in situ. 141,167 Novel technologies offer 

new options, for example, biodegradable nanoparticles can 

encapsulate nutrients and release them gradually to coral tis-

sues, 122,142,166 while biocomposite films – thin, degradable poly-

mer sheets that embed nutrients – can be placed near colonies 

to deliver compounds directly into the surrounding water, as 

demonstrated for curcumin. 123,142 These approaches, already 

applied in biomedical science, could be adapted to reefs to sup-

port growth and reproductive output, stress tolerance, such as 

to sustain nutrition during bleaching, or improve post-outplant 

survival by allowing gradual in situ acclimation to new biochem-

ical niches.

Protection of areas identified as supporting nutrient 

balance under a climate change backdrop

Just as certain soils act as natural nutrient reservoirs in agricul-

ture, some reef environments naturally provide more balanced 

nutrient conditions. Protecting these ‘‘nutrient refugia’’ within 

climate-ready marine protected areas 143 could buffer corals 

from stress and enhance resilience. Identifying such sites re-

quires a combination of tools: ecological stoichiometry to diag-

nose nutrient limitations (e.g., excess nitrogen relative to phos-

phorus favors algal growth over corals 45 ), trace-metal profiling 

to reveal micronutrient status, and ecological surveys to link 

nutrient availability with coral health. Nutrient quotients (ratios 

such as N:P that are already used in soil restoration to indicate 

which nutrient is limiting 144 ), could serve as simple diagnostic in-

dicators of reef nutritional status. Machine learning and AI can 

also analyze large, multi-reef datasets to identify patterns in coral 

growth potential, complementing these diagnostic tools. Inte-

grating these indicators into monitoring frameworks would help 

prioritize the protection of habitats most likely to sustain nutri-

tional balance under climate change.

Manipulate nutrient acquisition for holobiont members 

The coral microbiome plays a pivotal role in nutrient cycling, from 

nitrogen fixation to vitamin synthesis. 144–149 Harnessing these 

microbial functions could open a new frontier in nutritional inter-

ventions. Probiotics (direct addition of beneficial microbes), pre-

biotics (supplying compounds that favor beneficial microbes), 

and microbial metabolites 147 could all be tailored and delivered 

to enhance coral nutrition 150 – and/or their natural enhancement 

can be optimized through nutritional management. For example, 

enriching nitrogen-fixing bacteria could help buffer corals in ni-

trogen-limited environments, 148 while providing targeted com-

pounds might enhance photosynthetic efficiency or growth of 

Symbiodiniaceae. 107,151,152 Early trials show promise in reducing 

bleaching and disease 112,153–156 and the specific degradation of 

compounds (e.g., dimethylsulfoniopropionate) that may become 

toxic when overproduced during stress, but can serve as a 

nutrient if degraded by specific probiotics. 112 Initial in situ risk as-

sessments are underway and should be expanded to guide the 

safe and scalable advancement of this field. 157–159 Analogous 

approaches in agriculture, such as fungal symbionts that boost 

plant nutrient acquisition, suggest untapped potential for coral 

restoration. 146,160 Live feeds (e.g., microalgae) commonly uti-

lized in the aquaculture industry could enhance nutrition while 

also delivering beneficial microorganisms for corals (BMCs). 146

NUTRITION-BASED DIAGNOSTIC TOOLS

All of the above areas depend on accurate and timely diagnosis 

of nutritional stress. Biomarkers such as specific nutritional phe-

notypes such as heterotrophic compensation, 56 oxidative stress 

enzymes, 161 or microbial indicators of nitrogen limitation, 162 

could serve as early-warning tools. 168 Metabolic biomarkers
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include enzymes such as superoxide dismutase and antioxi-

dants such as glutathione, or metabolites such as inositol, all 

of which play significant roles in coral stress responses, 

including during suboptimal nutrition. 163 Emerging technologies 

make this increasingly feasible: portable colorimetric or fluoro-

metric assays for metabolic biomarkers, eDNA to track microbial 

shifts, cellular reactive oxygen species (ROS) sensors to mea-

sure stress response, and even chemical sensors (‘‘e-noses’’) 

capable of detecting volatile organic compounds as metabolic 

signatures, 95 already being utilized for early warning systems 

for wildfires and harmful algal blooms. Coral e-noses could offer 

a non-invasive, cost-effective means of monitoring and protect-

ing ecosystems, providing valuable data for informed decision-

making in reef conservation and management efforts. These ap-

proaches could provide reef managers with rapid diagnostics to 

guide adaptive interventions, helping match the right supple-

ment, microbial therapy, or propagation environment to the right 

corals.

CONCLUSION: FROM CORAL TO REEF SCALES

The poor long-term prognosis for coral reefs creates an urgent 

need to best manage existing reefs while identifying new strate-

gies to boost coral resilience. Undoubtedly, this requires imme-

diate and fast-tracked efforts to reduce greenhouse emis-

sions. 164 However, the uncertain future for reefs requires 

concerted efforts to boost reef resilience through enhanced 

reef protection and the optimization of restoration tech-

niques. 56,165 Restoration needs augmentation to maximize out-

comes, and here we have highlighted how a nutritional ecology 

approach can help to embed restoration within a scientific 

framework that has expedited learnings and outcomes in other 

ecosystems. 20 The initial efforts to apply nutritional ecology prin-

ciples should focus at the coral colony scale and then extend to 

the reef-scale by applying ionomics, 25 ecological stoichiometry, 

and energy and nutrient flux frameworks. 130 We acknowledge 

that significant effort will be required to translate some of the pro-

posed research and development into scalable in situ solutions, 

and careful consideration of associated risks will be neces-

sary. 143 However, we propose that the risk of losing reefs is 

too great to allow these challenges to limit our efforts. Drawing 

on successes in agriculture, human health, and wildlife conser-

vation, we provide a roadmap to employing a unifying framework 

of nutritional ecology, helping to move from fragmented insights 

toward actionable solutions to support coral persistence in a 

rapidly changing ocean.
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versity and function of prevalent symbiotic marine bacteria in the genus 

Endozoicomonas. Appl. Microbiol. Biotechnol. 100, 8315–8324.
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82. Bé raud, E., Gevaert, F., Rottier, C., and Ferrier-Pagè s, C. (2013). The 
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