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Reef-building corals farm and feed on their 
photosynthetic symbionts

Jörg Wiedenmann1,10 ✉, Cecilia D’Angelo1,10, M. Loreto Mardones1,10, Shona Moore1, 
Cassandra E. Benkwitt2, Nicholas A. J. Graham2, Bastian Hambach3, Paul A. Wilson3, 
James Vanstone1, Gal Eyal4,5, Or Ben-Zvi6, Yossi Loya7 & Amatzia Genin8,9

Coral reefs are highly diverse ecosystems that thrive in nutrient-poor waters, a 
phenomenon frequently referred to as the Darwin paradox1. The energy demand of 
coral animal hosts can often be fully met by the excess production of carbon-rich 
photosynthates by their algal symbionts2,3. However, the understanding of mechanisms 
that enable corals to acquire the vital nutrients nitrogen and phosphorus from their 
symbionts is incomplete4–9. Here we show, through a series of long-term experiments, 
that the uptake of dissolved inorganic nitrogen and phosphorus by the symbionts alone 
is sufficient to sustain rapid coral growth. Next, considering the nitrogen and phosphorus 
budgets of host and symbionts, we identify that these nutrients are gathered through 
symbiont ‘farming’ and are translocated to the host by digestion of excess symbiont 
cells. Finally, we use a large-scale natural experiment in which seabirds fertilize some 
reefs but not others, to show that the efficient utilization of dissolved inorganic nutrients 
by symbiotic corals established in our laboratory experiments has the potential to 
enhance coral growth in the wild at the ecosystem level. Feeding on symbionts enables 
coral animals to tap into an important nutrient pool and helps to explain the evolutionary 
and ecological success of symbiotic corals in nutrient-limited waters.

Symbiotic corals function as mixotrophs in which the metabolic carbon 
demand of the animal host can often be met by the translocation of 
carbon-rich photosynthetic products from their dinoflagellate sym-
bionts2,3. Although this carbon transfer sustains the host’s energy pro-
duction, it cannot promote its growth10. Instead, the host is thought 
to take up nitrogen (N) and phosphorus (P) in a favourable stoichiom-
etry required to produce the essential building blocks for growth and 
reproduction mostly by feeding on particulate or dissolved organic 
material, including plankton and dissolved free amino acids11–13. The 
symbionts benefit from host heterotrophy by recycling N- and P-rich 
excretion products of the host metabolism that they can then use to 
promote their own growth11,12,14. Retaining these valuable compounds 
within the symbiotic association is considered the other main function 
of the photosynthetic partner10.

Coral animals have the capacity to incorporate some ammonium 
(NH4

+) directly15,16. However, this direct uptake pathway is quantitively 
trivial compared to the 14–23 times higher NH4

+ assimilation rates of 
their symbionts16. By contrast, coral hosts cannot directly assimilate 
nitrate (NO3) because the animal tissue lacks the required enzymes15,17. 
Therefore, NO3 uptake and assimilation proceeds exclusively through 
the symbionts18. The same applies to phosphorus in its dissolved 
inorganic form (PO4)11. The extent to which N and P acquisition by 
the symbionts contributes to host growth is unclear and knowledge 
of nutrient partitioning remains incomplete. Previous studies using 

isolated symbionts suggested that only small quantities of N in the 
form of amino acids are released from the symbiont cells and might be 
available to the host5,7–9. More recently, nanoscale secondary ion mass 
spectrometry (NanoSIMS) experiments have visualized the transloca-
tion of 15N from the symbiont, the prominent site of N uptake, to the 
host16,18. Also, the translocation of substantial amounts of N from the 
symbiont to the host has been observed in an Acropora coral in the wild6. 
Furthermore, recent studies indicate that considerable amounts of 
N-rich amino acids in the host tissue originate from the symbionts16,19–21. 
At present, there is no evidence for the symbiont-to-host transfer of 
phosphorus11. In fact, symbionts are considered a phosphorus sink 
within the symbiosis4. Therefore, current knowledge cannot explain 
host growth-promoting effects of dissolved inorganic N and P described 
by several studies of corals in experimental settings and in the natural 
environment22–29. Consequently, a key mechanism controlling the pro-
ductivity of the world’s coral reefs remains insufficiently understood;  
a fact that is of particular concern because dissolved inorganic nutrients 
can represent locally or temporarily the most significant sources of N 
or P in otherwise nutrient-poor tropical waters (Extended Data Fig. 1).

Access to dissolved inorganic N and P
Even in nutrient-poor ocean basins, coral reefs and their surrounding 
waters can be replenished regularly with dissolved inorganic N and P 
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from deeper, nutrient-rich water through upwelling, internal waves 
and vertical mixing22,30–34. In such oligotrophic waterbodies, nutrients 
tend to be taken up rapidly by primary producers and therefore enter 
reefs often in the form of phytoplankton35,36. However, sponges and 
other filter feeders that live in and on the reef framework graze on this 
plankton and remineralize the organic N and P29,36,37. The re-release of 
the nutrients in their inorganic form in the intimate vicinity of the corals 
can represent the most significant import pathway for new nutrients 
to reef36,37. Further dissolved inorganic nutrients can be introduced 
into reef systems from terrestrial sources and by excretion products 
of migrating fish and seabirds (guano)28,38–40. The deposition of seabird 
guano, specifically, can introduce significant amounts of nitrogen and 
phosphorus to reef systems28,38–40. Indeed, the amount of N available 
in dissolved inorganic form, mostly nitrate, in reefs close to seabird 
colonies can be about 90-fold higher than the amount available to 

corals in the form of zooplankton in reefs elsewhere (Extended Data 
Fig. 1 and Extended Data Tables 1 and 2).

Supply of dissolved inorganic N and P has two potential consequences 
for symbiotic corals. First, nutrients become directly available to the 
symbionts15,22,28,32,41,42. Second, nutrients can increase the productivity 
of the wider natural or experimental ecosystem20,31, yielding increased 
particulate organic N and P that may serve as food to the coral animal 
host20. Therefore, quantifying the extent to which each partner in the 
coral–dinoflagellate symbiosis benefits from increased nutrient levels 
is notoriously difficult. Here, we reveal a mechanism by which coral 
animals profit from dissolved inorganic N and P, bridging the gap in 
the understanding how this important pool of nutrients can promote 
coral growth and reef development. We report the results of a series 
of long-term time course experiments in tightly controlled nutrient 
conditions in the laboratory43–45 to test the direct effects of dissolved 
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Fig. 1 | Time course of coral growth and calcification over 203 days in 
nutrient-replete and nutrient-limited conditions in the absence of 
particulate food. a, Changes in coral surface area and symbiont density in 
nutrient-limited conditions. a.u., arbitrary units. b, Representative replicate 
samples of each experimental coral species showing visual changes in coral 
area and symbiont density-dependent colour over time in nutrient-limited 
(top) and nutrient-replete (bottom) conditions. Scale bars, 1 cm. c, Changes in 
coral mass in nutrient-limited and nutrient-replete conditions. Mass changes of 

scleractinian coral species are driven mostly by the growth of the calcaraeous 
skeletons. d, Changes in coral surface area and symbiont density in nutrient- 
replete conditions. Data are presented as mean ± s.e.m. for n = 10 different 
coral species for each of the 2 experimental conditions (6–10 replicate colonies 
were analysed for each species). Data points are fitted with exponential 
decrease, increase or saturation functions. R2 values indicating quality of fits 
are shown. Horizontal linear fit through sample mean describes symbiont 
density over time.
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inorganic N and P on the growth of ten common coral species. Next, 
we used the results of our physiological and stable isotope labelling 
experiments in a mathematical model to establish the mechanism by 
which N and P are transferred from the symbiont to the host. Finally, we 
used a large-scale natural nutrient-enrichment experiment in combina-
tion with stable isotope tracing to demonstrate that these processes 
can be critical to growth of coral communities in the wild.

N and P sustaining rapid coral growth
We exposed 10 replicate colonies for each of the 9 hard and one soft coral 
species to either replete or limiting concentrations of nitrate and phos-
phate for more than 6.5 months (Supplementary Fig. 1 and Methods).  
Nutrients in these chemical forms cannot be directly assimilated by 
the animal hosts and particulate material that could potentially serve 
as food was removed by UV sterilization and microfiltration before 
the water entered the flow-through tanks with the experimental  
corals. For corals kept in the nutrient-limited aquarium system, growth 
and calcification started to stagnate after around 50 days (Fig. 1a–c).  

Over the same period, these corals lost more than half of their symbiont 
population, resulting in a bleached appearance (Fig. 1a,b). By contrast, 
in the nutrient-replete system, the corals grew and calcified at an expo-
nential rate (Fig. 1b–d), whereas symbiont density remained constant 
(Fig. 1b,d). By the end of the experiment, the coral area covered with 
live tissue had increased by approximately threefold in corals living 
in nutrient-replete conditions, indicating a concomitant increase of 
host and symbiont biomass. We used a subset of these experimental 
corals (Montipora foliosa, Montipora capricornis, Acropora polystoma 
and Stylophora pistillata) to determine the N and P content of the  
tissue covering the expanded coral area. The increase in host biomass 
per colony grown under nutrient-replete conditions corresponds to 
an average gain of 0.25 mg P and 2.44 mg N. Because the coral hosts 
were deprived of particulate food in our experiments, this gain in N 
and P indicates an efficient uptake of dissolved inorganic N and P by 
the symbiont and subsequent transfer to the host.

To test our hypothesis that the N and P responsible for sustaining host 
growth in our experiments was supplied by the symbionts, we conducted 
a stable isotope labelling experiment. Three coral species (Euphyllia 
paradivisa, A. polystoma and S. pistillata) were exposed to daily 2-h 
pulses of controlled amounts of 15N-enriched NO3 and PO4 for 5 days per 
week over a period of more than 8 months in separate compartments 
of the otherwise nutrient-limited experimental system (Supplementary 
Fig. 1 and Methods). Corals exposed to dissolved inorganic nutrient 
pulses grew about 3.7-fold more than the controls (Fig. 2a). By the end of 
our experiments, the 15N values (δ15N) for both symbionts and host tissue 
were more than 200-fold higher than those of the controls (Fig. 2b). The 
significant enrichment of 15N in the host tissue provides direct evidence 
that the gain in host N was achieved through the uptake of dissolved 
15NO3 by the symbiont. Over the duration of the experiment, each colony 
took up on average around 121 µmol N and 5.7 µmol P from the water in 
dissolved inorganic form (Fig. 2c,d). This uptake resulted in a gain of 
around 4.8 µmol N and 0.14 µmol P by the symbiont tissue and around 
8.4 µmol N and 0.35 µmol P by the host tissue (Fig. 2c,d). The conver-
sion efficiency of dissolved inorganic nutrients into particulate organic 
symbiont biomass was around 4.0% for N and 2.5% for P. Remarkably, 
the conversion efficiency was higher in the host tissue (approximately 
7.0% for N and 6.2% for P), indicating that the host represents a sink 
for the N and P taken up by the symbiont in dissolved inorganic form. 
These results show that relatively short pulses of 2 h per day to an other-
wise nutrient-limited system can be sufficient to promote coral growth 
(Fig. 2a). This finding can help to explain the higher coral dominance in 
reef systems experiencing nutrient pulses of similar duration driven by, 
for example, internal waves22,46 (Extended Data Fig. 1).

Our experiments under controlled conditions establish that the 
assimilation of inorganic nutrients by the symbiont can fully sustain 
the growth of symbiotic corals. Moreover, our results also demonstrate 
that both N and—unexpectedly—P are efficiently transferred from the 
symbionts to the host. These findings cannot be explained by current 
mechanistic understanding of the partitioning of P within the symbio-
sis4. However, previous work proposed that corals digest part of their 
symbiont population to control symbiont numbers47. This process takes 
place in the coral mesenteries after phagocytosis of symbiont cells previ-
ously released in the gastrodermal cavity via exocytosis47. We hypoth-
esized that coral hosts use this strategy to prevent being overgrown 
by their symbionts as well as to efficiently acquire N and P required 
for their growth through the digestion of symbionts. If the coral host 
does not have access to particulate organic food, as in our experiment, 
a detailed N and P budget of host and symbiont growth will explain the 
translocation of these nutrients through symbiont digestion to the host.

Symbiont pruning to extract N and P
Next, we quantified the proportion of the symbiont population digested 
by the coral host in our experiments (symbiont digestion rate). Based on  
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Fig. 2 | Uptake and assimilation of dissolved inorganic N and P. a, Increase in 
coral surface area in response to defined pulses with 15NO3 and PO4 relative to 
untreated controls. n is the number of independent individuals per species for 
treatments (T) and controls (C). A. polystoma: nt = 10, nc = 10; S. pistillata: nt = 9, 
nc = 8; E. paradivisa: nt = 7, nc = 7. b, δ15N (‰) of host tissue (H) and symbionts (S) 
in response to treatment with defined 15NO3 pulses compared with untreated 
controls. Numbers above control bars indicate the δ15N (‰) values. Data are 
mean ± s.d. of replicate samples for each species (n = 3 independent host tissue 
or symbiont samples from independent individuals for all species, except n = 2 
for E. paradivisa control). Asterisks indicate statistically significant differences 
between treatment and control (n = 3 independent biological species per 
symbiont community); t-test pairwise comparisons, two-tailed PH = 0.0002, 
PS = 0.0007. c,d, The amount of N and P taken up from the water and the N and  
P gain of host tissue and symbionts over 217 days. Data are mean normalized to 
the coral surface area. Error bars represent the s.e.m. of N and P uptake from 
the water from n = 3 independent measurements on three different days and of 
N and P gain by the coral from n = 3 independent tissue samples from different 
individuals.
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the individual mitotic indices of symbionts from M. foliosa, M. capri-
cornis, A. polystoma and S. pistillata cultured in nutrient-replete condi-
tions, we found that the average daily proliferation rate was 4.2 ± 0.8% 
of the total symbiont population. Then, we used the species-specific 
mitotic indices to calculate the total number of symbiont cells per coral 
colony that can be expected from the proliferation of the initial symbi-
ont stock over the duration of the 203-day experiment (Figs. 1 and 3a). 
This theoretical number exceeded the actual numbers of symbionts 
per coral colony measured at the end of the experiment by four orders 
of magnitude, even when the numbers of symbiont cells expelled from 
the corals was subtracted (average expulsion rate ≈ 0.02 ± 0.01% of the 
symbiont population per day) (Fig. 3a). The low symbiont expulsion 
rates determined in our experiment match the previously published 
range48, indicating that a further removal of symbiont cells is indeed 
happening in these organisms. We calculated that 3.5 ± 0.7% of the sym-
biont population must be digested by the host per day to hindcast the 
real increase in symbiont numbers due to the growth-related expansion 
of the coral area at the observed constant cell densities (Figs. 1 and 3a).

We then determined whether the digestion of symbionts provides 
enough N and P to sustain coral growth. We used the 3.5 ± 0.7% symbi-
ont digestion rate to calculate the amount of N and P that is contained 
in the fraction of symbionts that makes up the difference between 
the expected and the measured symbiont numbers at the end of the 
experiment. The N and P amounts related to this unaccounted symbiont 
fraction correspond to around 3.0 times and 1.9 times the amounts 
of N and P, respectively, that were gained by the host (Extended Data 
Fig. 2a), sufficient to explain the growth measured in the experiment. 
Furthermore, the number of unaccounted symbionts shows a signifi-
cant positive linear relationship with the measured increase in coral 

area at the corresponding experimental timepoints (Fig. 3c). This cor-
relation clearly indicates that the coral host ‘farms’ the symbionts and 
regularly digests a proportion of their population to fulfil its nutritional 
demand. This is further supported by the fact that after transfer to 
nutrient limiting conditions, corals continued to grow for around 4 
weeks at similar rates to their counterparts in the nutrient-replete 
system (Fig. 1a,c). Their associated areal gain was strongly correlated 
with the concomitant decrease in symbiont numbers (Fig. 1a). Using 
the previously determined daily symbiont digestion rate of 3.5 ± 0.7% 
and an average daily cell division rate of 0.84 ± 0.16% calculated for 
corals cultured in nutrient-limited conditions, our model output 
clearly matches the observed symbiont numbers. Thus, we provide 
an independent experimental proof for the accuracy of the model 
(Fig. 3b). Moreover, the calculated number of digested symbionts under 
nutrient-limited conditions shows again a positive linear relationship 
with the measured increase in coral area during the early experimental 
timepoints (Fig. 3d). Also, the N and P content of the missing symbionts 
can provide sufficient N and P to fuel the growth of the host over these 
first four weeks (Extended Data Fig. 2b). Notably, the daily symbiont 
digestion rate of 3.5 ± 0.7% determined from our experiments is in excel-
lent agreement with the average frequency of degraded symbiont cells 
(3.8%) in the tissue of 8 coral species collected from Okinawa reefs47.

Explaining the N budget of corals
We explored whether the mechanism of dissolved inorganic nitrogen 
uptake and translocation through symbiont digestion established 
in our laboratory experiments can help to explain the N budget of 
symbiotic corals in natural reef environments at the ecosystem level.  
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To this end, we studied a unique large-scale natural nutrient-enrichment 
experiment in the Chagos Archipelago. This complex of mostly unin-
habited reef atolls in the central equatorial Indian Ocean consists of 
islands where dense seabird populations introduce large amounts of 
guano to the surrounding waters, along with islands where seabird 
densities and guano input are low38. The guano production by seabird 
colonies results in an increase of nitrate and phosphate concentrations 
in adjacent reef waters28,38,39,49 (Extended Data Fig. 1 and Extended Data 
Table 1). Near coral islands with high seabird densities, elevated PO4 
concentrations of 30 nM have been recorded, compared with 5 nM 
near islands with low seabird densities39. Close to the shore of seabird 
islands, NO3 concentrations can reach values as high as 10–20 µM, 
whereas measurements at reference sites with low seabird densities28,49 
can return values in the range between 0.01 and 0.73 µM.

Because the δ15N of dissolved inorganic N derived from guano is 
high compared with normal reef levels28,38, it can be used as a natural 
tracer for the uptake of dissolved inorganic N and subsequent par-
titioning within the symbiotic association49. As the assimilation of 
nitrate is restricted to the symbiont, any increase in host δ15N can be 
unequivocally assigned to the dissolved N uptake by the symbiont and 
subsequent translocation to the host18. Likewise, NH4

+, if present in the 
water, will be incorporated mostly by the symbiont16. Therefore, it can 
be confidently assumed that a large amount of dissolved inorganic 
nitrogen will enter the symbiotic association via assimilation by the 
symbionts. Comparing the δ15N values of host tissue and symbionts 
of Acropora corals, we find that the presence of seabirds results in 
a significantly increased isotopic values of both host and symbiont 
(Fig. 4a,b). The average δ15N of the host coral tissue on reefs next to 
islands with seabirds is comparable to the values obtained from mac-
roalgae in the same reef habitats38, apparently assigning the corals to 
the same trophic level as a fully N- and P-autotrophic organism (Fig. 4b). 
By contrast, zooplankton collected from reefs of islands with seabirds 
did not exhibit significantly higher δ15N values compared with samples 
from islands without seabirds, indicating a dominantly allochthonous 
origin of this organic N supply for the corals.

Applying a geochemical source mixing model49 and using the δ15N 
values of guano and zooplankton as endmembers, we find that around 
50% of coral host N can be traced back to guano-derived N and thus to 
the primary uptake by the symbionts. Consequently, N acquisition 
by heterotrophic feeding on zooplankton contributes less than 50% 
to the N budget of the coral host. Across a multi-year in situ tagging 

experiment, the area of Acropora colonies showed growth rates about 
two times higher in waters surrounding islands with high seabird den-
sities compared with the reefs around islands without large seabird 
colonies (Fig. 4c). These data are consistent with the approximately 
threefold increase in linear extension of Acropora after transplanta-
tion to NO3-enriched reef water close to seabird colonies28, revealing 
the direct benefits seabird-mediated nutrient enrichment to coral 
growth at the ecosystem scale. In the absence of alternative known 
major translocation mechanisms, the symbiont digestion pathway 
established by our laboratory experiments offers a plausible explana-
tion for the significant accumulation of seabird-derived nitrogen by 
the coral host, indicative of a major contribution symbiont digestion 
to the nitrogen budget of coral animals in natural reefs.

Benefits of photosynthetic symbionts
Our experimental findings show that coral animals can farm their sym-
bionts and feed on the symbiont stock to access a pool of dissolved 
inorganic N and P in the surrounding waters that would not otherwise 
be accessible to them (Fig. 5). If enough dissolved N and P is available, 
feeding on symbionts represents a mechanism to fully meet the nutrient 
demands of coral growth. Under these conditions, the corals function 
in essence similar to fully C-, N- or P-autotrophic organisms such as 
plants, algae and photosynthetic prokaryotes. When food and nutrient 
supplies are too low, the continued consumption of symbionts at a con-
stant digestion rate can act as an emergency measure to maintain their 
productivity for a limited period until the symbiont stock is depleted 
and the corals bleach (Figs. 1 and 3). However, if the corals cannot take 
in N and P in quantities that meet the demand of both partners of the 
symbiosis50, feeding on their symbionts in nutrient-depleted waters 
can eventually lead to coral death.

The gains for the coral host from feeding on their symbionts come 
in addition to the well-known benefits provided by their symbionts, 
such as transfer of C-rich photosynthates to the host and retention 
and recycling of its N- and P-rich excretion products11,14. Furthermore, 
feeding on the symbionts ideally complements heterotrophic N and 
P acquisition of the host because it taps into a different nutrient pool 
(Extended Data Fig. 1 and Extended Data Tables 1 and 2). Of note, 
growth of Acropora sp. is enhanced by a phytoplankton-dominated 
diet, indicating that their digestive machinery is indeed well-suited 
to process algal cells51.
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(P < 0.001) followed by pairwise multiple comparison (Holm–Sidak method, 
P < 0.05). The number of biologically independent samples (in the range of 
n = 17–55) are provided in Methods. c, Growth of Acropora sp. colonies measured 
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tailed P = 0.04). Samples represent independent islands (n+B = 4; n–B = 5) across 
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Corals feed on symbionts to succeed
Our results demonstrate that mixotrophic symbiotic coral animals 
can satisfy a substantial amount of their N and P demand through the 
assimilation of dissolved inorganic nutrients by the symbionts and 
subsequent translocation to the host through feeding on the symbi-
onts. Thus we demonstrate that both the symbionts and the host gain 
growth-related benefits through the efficient, reciprocal exchange of 
the essential cellular nutrients N and P (Fig. 5). As a symbiotic associa-
tion, corals can fully exploit both the pool of organic N and P through 
host heterotrophy and the pool of dissolved inorganic N and P through 
autotrophy of the symbiont. Since both organic and inorganic sources 
of N and P are overall scarce in oligotrophic tropical waters10, the sym-
biotic lifestyle offers corals a truly competitive edge over exclusively 
heterotrophic animals that rely solely on N and P in organic forms, or 
exclusively autotrophic plants such as macroalgae that are restricted 

to N and P in dissolved inorganic form. The capability of the symbiotic 
partners to benefit together from N and P sources that would not be 
accessible to either the coral animal or the photosynthetic dinoflag-
ellates outside of their association enables them to thrive in environ-
ments where only one of the nutrient sources would not be sufficient 
to sustain growth. The fully closed cycle of reciprocal N and P exchange 
between the symbiotic partners (Fig. 5) can explain the evolutionary 
and ecological success of symbiotic corals in well-lit, nutrient-limited 
warm water habitats. In sum, our study provides a missing piece of the 
puzzle required to explain the success of coral reefs in seemingly barren 
ocean waters that has intrigued scientists since Darwin’s pioneering 
work to explain why coral reefs grow where they do1.

Implications for coral reef survival
Anthropogenic nutrient enrichment is a well-documented threat to 
coral reef survival that will become more serious as coastal populations 
increase in the future52–55. Conversely, global warming is predicted to 
drive regional depletion of dissolved inorganic nutrients in surface 
waters by increasing thermal stratification of the oceans and deepen-
ing of the nutricline, especially near some of the coral reef islands and 
atolls that span the oligotrophic tropical oceans31. Our findings suggest 
that this disturbance of the nutrient environment may increase stress 
levels on affected coral reefs. The lack of supply with N and P in dis-
solved inorganic form will directly deprive symbiotic corals of a major 
nutrient source, and will also have negative effects on their other major 
source of organic N and P through the overall reduced productivity of 
nutrient-depleted waters20. The lack of sufficient provision with nutri-
ents has the potential to induce coral bleaching and death in addition 
to the heat stress-induced loss of symbionts52, aggravating the severe 
effects of global warming on the livelihoods of hundreds of millions of 
people and a large part of marine biodiversity that depends on func-
tioning coral reefs56. Nutrient acquisition via digestion of symbionts 
by the coral host will probably have an important role in determining 
the response of coral reefs to future change.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-023-06442-5.

1. Rougerie, F. in The French-Speaking Pacific: Population, Environment and Eevelopment 
Issues (ed. Jost, C.) 163–171 (Boombana, 1998).

2. Falkowski, P. G., Dubinsky, Z., Muscatine, L. & Porter, J. W. Light and the bioenergetics of a 
symbiotic coral. Bioscience 34, 705–709 (1984).

3. Muscatine, L., Falkowski, P., Porter, J. & Dubinsky, Z. Fate of photosynthetic fixed carbon in 
light-and shade-adapted colonies of the symbiotic coral Stylophora pistillata. Proc. R. 
Soc. Lond. B 222, 181–202 (1984).

4. Godinot, C., Ferrier-Pagès, C. & Grover, R. Control of phosphate uptake by zooxanthellae 
and host cells in the scleractinian coral Stylophora pistillata. Limnol. Oceanogr. 54, 
1627–1633 (2009).

5. Sutton, D. & Hoegh-Guldberg, O. Host–zooxanthella interactions in four temperate 
marine invertebrate symbioses: assessment of effect of host extracts on symbionts. Biol. 
Bull. 178, 175–186 (1990).

6. Tanaka, Y., Suzuki, A. & Sakai, K. The stoichiometry of coral-dinoflagellate symbiosis: 
carbon and nitrogen cycles are balanced in the recycling and double translocation 
system. ISME J. 12, 860–868 (2018).

7. Trench, R. The physiology and biochemistry of zooxanthellae symbiotic with marine 
coelenterates III. The effect of homogenates of host tissues on the excretion of 
photosynthetic products in vitro by zooxanthellae from two marine coelenterates. Proc. 
R. Soc. Lond. B 177, 251–264 (1971).

8. Trench, R. Microalgal–invertebrate symbiosis: a review. Endocyt. Cell Res. 9, 135–175 
(1993).

9. Wang, J.-T. & Douglas, A. E. Nutrients, signals, and photosynthate release by symbiotic 
algae (the impact of taurine on the dinoflagellate alga Symbiodinium from the sea 
anemone Aiptasia pulchella). Plant Phys. 114, 631–636 (1997).

10. Dubinsky, Z. & Jokiel, P. L. Ratio of energy and nutrient fluxes regulates symbiosis 
between zooxanthellae and corals. Pac. Sci. 48, 313–324 (1994).

Symbiont 
metabolism

Symbiont cell Host cell

Supply of 
N + P 

containing 
building 

blocks for 
e.g. DNA 
or protein 
synthesis

Host 
metabolism

Small amounts of dissolved or
particulate organic N + P (food)

Small amounts of dissolved
inorganic N + P (NH4, NO3 and PO4)

Digestion of 
excess 

symbionts by 
the host 

Large amounts
organic N + P

Supply of 
N + P 

containing 
building 

blocks for 
e.g. DNA 
or protein 
synthesis

b

Symbiont 
population 
growth by 
cell division

Host tissue 
growth by 
cell division

Symbiont 
metabolism

Symbiont cell

a

Host cell

Supply of
N + P 

containing 
building 

blocks for 
e.g. DNA 
or protein
synthesis

Host
metabolism

Small amounts of dissolved or 
particulate organic N + P (food)

Small amounts of dissolved 
inorganic N + P (NH4, NO3 and PO4)

Symbiont 
population
growth by 
cell division

Supply of 
N + P 

containing 
building 

blocks for 
e.g. DNA 
or protein
synthesis

Host tissue 
growth by 
cell division

Small amounts of 
N-rich amino 

acids, no P transfer

Large amounts of 
C-rich 

photosynthates

Small amounts of 
N- + P-containing 
excretion products

Small amounts of 
N-rich amino 

acids, no P transfer

Large amounts of 
C-rich 

photosynthates

Small amounts of 
N- + P-containing 
excretion products

Fig. 5 | Schematic depiction of N and P uptake, partitioning and recycling 
mechanisms within the coral–dinoflagellate symbiosis. a, In the traditional 
view, large amounts of C along with modest amounts of N and essentially no P 
are released from the symbionts. Accordingly, the uptake and assimilation of 
dissolved inorganic N and P by the symbiont provides limited benefits to the 
host. The host relies largely on heterotrophic uptake of the essential N and P  
to obtain the building blocks for its growth. b, Based on our findings, the host 
can gain full access to the pool of dissolved inorganic nutrients, that would 
otherwise not be accessible to coral animals, by acquiring N and P through 
feeding on symbionts. If sufficiently large amounts of dissolved inorganic N 
and P are available to the symbiont, the host can sustain its growth and metabolic 
demands exclusively through symbiont farming and digestion. In nutrient- 
limited conditions, the symbiotic association can exploit both major pools  
of nutrients, dissolved inorganic forms of N and P as well as dissolved and 
particulate organic forms of N and P. In well-lit, clear, warm and nutrient-poor 
waters, the ability of the coral to reciprocally transfer these vital N and P 
compounds between the partners of the symbiotic association gains them an 
evolutionary and ecological advantage over plants or animals that are limited 
to accessing one or the other nutrient pool.

https://doi.org/10.1038/s41586-023-06442-5


1024 | Nature | Vol 620 | 31 August 2023

Article
11. Ferrier‐Pagès, C., Godinot, C., D’angelo, C., Wiedenmann, J. & Grover, R. Phosphorus 

metabolism of reef organisms with algal symbionts. Ecol. Monogr. 86, 262–277 (2016).
12. Houlbrèque, F. & Ferrier‐Pagès, C. Heterotrophy in tropical scleractinian corals. Biol. Rev. 

Camb. Philos. Soc. https://doi.org/10.1111/j.1469-185X.2008.00058.x (2009).
13. Sebens, K. P., Witting, J. & Helmuth, B. Effects of water flow and branch spacing on 

particle capture by the reef coral Madracis mirabilis (Duchassaing and Michelotti). J. Exp. 
Mar. Biol. Ecol. 211, 1–28 (1997).

14. Rädecker, N., Pogoreutz, C., Voolstra, C. R., Wiedenmann, J. & Wild, C. Nitrogen cycling in 
corals: the key to understanding holobiont functioning? Trends Microbiol. 23, 490–497 
(2015).

15. Grover, R., Maguer, J.-F., Allemand, D. & Ferrier-Pages, C. Nitrate uptake in the 
scleractinian coral Stylophora pistillata. Limnol. Oceanogr. 48, 2266–2274 (2003).

16. Pernice, M. et al. A single-cell view of ammonium assimilation in coral–dinoflagellate 
symbiosis. ISME J. 6, 1314–1324 (2012).

17. Miller, D. & Yellowlees, D. Inorganic nitrogen uptake by symbiotic marine cnidarians:  
a critical review. Proc. R. Soc. Lond. B 237, 109–125 (1989).

18. Kopp, C. et al. Highly dynamic cellular-level response of symbiotic coral to a sudden 
increase in environmental nitrogen. mBio 4, e00052-13 (2013).

19. Ferrier-Pagès, C. et al. Tracing the trophic plasticity of the coral–dinoflagellate symbiosis 
using amino acid compound-specific stable isotope analysis. Microorganisms 9, 182 
(2021).

20. Fox, M. D. et al. Gradients in primary production predict trophic strategies of mixotrophic 
corals across spatial scales. Curr. Biol. 28, 3355–3363.e4 (2018).

21. Wall, C. B., Wallsgrove, N. J., Gates, R. D. & Popp, B. N. Amino acid δ13C and δ15N analyses 
reveal distinct species‐specific patterns of trophic plasticity in a marine symbiosis. 
Limnol. Oceanogr. 66, 2033–2050 (2021).

22. Aston, E. A. et al. Scale‐dependent spatial patterns in benthic communities around a 
tropical island seascape. Ecography 42, 578–590 (2019).

23. Bongiorni, L., Shafir, S., Angel, D. & Rinkevich, B. Survival, growth and gonad 
development of two hermatypic corals subjected to in situ fish-farm nutrient enrichment. 
Mar. Ecol. Prog. Ser. 253, 137–144 (2003).

24. Buckingham, M. et al. Impact of nitrogen (N) and phosphorus (P) enrichment and skewed 
N: P stoichiometry on the skeletal formation and microstructure of symbiotic reef corals. 
Coral Reefs 41, 1147–1159 (2022).

25. Dunn, J. G., Sammarco, P. W. & LaFleur, G. Jr. Effects of phosphate on growth and skeletal 
density in the scleractinian coral Acropora muricata: a controlled experimental approach. 
J. Exp. Mar. Biol. Ecol. 411, 34–44 (2012).

26. Godinot, C., Houlbreque, F., Grover, R. & Ferrier-Pages, C. Coral uptake of inorganic 
phosphorus and nitrogen negatively affected by simultaneous changes in temperature 
and pH. PLoS ONE 6, e25024 (2011).

27. Rocker, M. M., Francis, D. S., Fabricius, K. E., Willis, B. L. & Bay, L. K. Variation in the health 
and biochemical condition of the coral Acropora tenuis along two water quality gradients 
on the Great Barrier Reef, Australia. Mar. Pollut. Bull. 119, 106–119 (2017).

28. Savage, C. Seabird nutrients are assimilated by corals and enhance coral growth rates. 
Sci. Rep. 9, 4284 (2019).

29. Slattery, M., Gochfeld, D. J., Easson, C. G. & O’Donahue, L. R. Facilitation of coral reef 
biodiversity and health by cave sponge communities. Mar. Ecol. Prog. Ser. 476, 71–86 
(2013).

30. Andrews, J. C. & Gentien, P. Upwelling as a source of nutrients for the Great Barrier Reef 
ecosystems: a solution to Darwin’s question? Mar. Ecol. Prog. Ser. 8, 257–269 (1982).

31. Gove, J. M. et al. Near-island biological hotspots in barren ocean basins. Nat. Commun. 7, 
10581 (2016).

32. Johnson, M. D. et al. Ecophysiology of coral reef primary producers across an upwelling 
gradient in the tropical central Pacific. PLoS ONE 15, e0228448 (2020).

33. Radice, V. Z., Hoegh‐Guldberg, O., Fry, B., Fox, M. D. & Dove, S. G. Upwelling as the major 
source of nitrogen for shallow and deep reef‐building corals across an oceanic atoll 
system. Funct. Ecol. 33, 1120–1134 (2019).

34. Rougerie, F., Fagerstrom, J. & Andrie, C. Geothermal endo-upwelling: a solution to the 
reef nutrient paradox? Cont. Shelf Res. 12, 785–798 (1992).

35. Furnas, M., Mitchell, A., Skuza, M. & Brodie, J. In the other 90%: phytoplankton responses 
to enhanced nutrient availability in the Great Barrier Reef Lagoon. Mar. Pollut. Bull. 51, 
253–265 (2005).

36. Genin, A., Monismith, S. G., Reidenbach, M. A., Yahel, G. & Koseff, J. R. Intense benthic 
grazing of phytoplankton in a coral reef. Limnol. Oceanogr. 54, 938–951 (2009).

37. Richter, C., Wunsch, M., Rasheed, M., Kötter, I. & Badran, M. I. Endoscopic exploration of 
Red Sea coral reefs reveals dense populations of cavity-dwelling sponges. Nature 413, 
726–730 (2001).

38. Graham, N. A. et al. Seabirds enhance coral reef productivity and functioning in the 
absence of invasive rats. Nature 559, 250–253 (2018).

39. Honig, S. E. & Mahoney, B. Evidence of seabird guano enrichment on a coral reef in Oahu, 
Hawaii. Mar. Biol. 163, 22 (2016).

40. Meyer, J. L. & Schultz, E. T. Migrating haemulid fishes as a source of nutrients and organic 
matter on coral reefs. Limnol. Oceanogr. 30, 146–156 (1985).

41. Godinot, C., Gaysinski, M., Thomas, O. P., Ferrier-Pagès, C. & Grover, R. On the use of 31P 
NMR for the quantification of hydrosoluble phosphorus-containing compounds in coral 
host tissues and cultured zooxanthellae. Sci. Rep. 6, 21760 (2016).

42. Grover, R., Maguer, J.-F., Reynaud-Vaganay, S. & Ferrier-Pages, C. Uptake of ammonium by 
the scleractinian coral Stylophora pistillata: effect of feeding, light, and ammonium 
concentrations. Limnol. Oceanogr. 47, 782–790 (2002).

43. D’Angelo, C. & Wiedenmann, J. An experimental mesocosm for long-term studies of reef 
corals. J. Mar. Biol. Assoc. 92, 769–775 (2012).

44. Rosset, S., Wiedenmann, J., Reed, A. J. & D’Angelo, C. Phosphate deficiency promotes 
coral bleaching and is reflected by the ultrastructure of symbiotic dinoflagellates. Mar. 
Pollut. Bull. 118, 180–187 (2017).

45. Wiedenmann, J. et al. Nutrient enrichment can increase the susceptibility of reef corals to 
bleaching. Nat. Clim. Change 3, 160–164 (2013).

46. Leichter, J. J. & Genovese, S. J. Intermittent upwelling and subsidized growth of the 
scleractinian coral Madracis mirabilis on the deep fore-reef slope of Discovery Bay, 
Jamaica. Mar. Ecol. Prog. Ser. 316, 95–103 (2006).

47. Titlyanov, E. et al. Degradation of zooxanthellae and regulation of their density in 
hermatypic corals. Mar. Ecol. Prog. Ser. 139, 167–178 (1996).

48. Hoegh-Guldberg, O., McCloskey, L. & Muscatine, L. Expulsion of zooxanthellae by 
symbiotic cnidarians from the Red Sea. Coral Reefs 5, 201–204 (1987).

49. Lorrain, A. et al. Seabirds supply nitrogen to reef-building corals on remote Pacific islets. 
Sci. Rep. 7, 3721 (2017).

50. Grottoli, A. G., Rodrigues, L. J. & Palardy, J. E. Heterotrophic plasticity and resilience in 
bleached corals. Nature 440, 1186–1189 (2006).

51. Conlan, J., Humphrey, C., Severati, A., Parrish, C. & Francis, D. Elucidating an optimal diet 
for captive Acropora corals. Aquaculture 513, 734420 (2019).

52. D’Angelo, C. & Wiedenmann, J. Impacts of nutrient enrichment on coral reefs: new 
perspectives and implications for coastal management and reef survival. Curr. Opin. Env. 
Sust. 7, 82–93 (2014).

53. Fabricius, K. E. Effects of terrestrial runoff on the ecology of corals and coral reefs: review 
and synthesis. Mar. Pollut. Bull. 50, 125–146 (2005).

54. Lapointe, B. E., Brewton, R. A., Herren, L. W., Porter, J. W. & Hu, C. Nitrogen enrichment, 
altered stoichiometry, and coral reef decline at Looe Key, Florida Keys, USA: a 3-decade 
study. Mar. Biol. 166, 108 (2019).

55. Vega Thurber, R. L. et al. Chronic nutrient enrichment increases prevalence and severity 
of coral disease and bleaching. Glob. Change Biol. 20, 544–554 (2014).

56. Morrison, T. H. et al. Advancing coral reef governance into the Anthropocene. One Earth 
2, 64–74 (2020).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 
4.0 International License, which permits use, sharing, adaptation, distribution 
and reproduction in any medium or format, as long as you give appropriate 

credit to the original author(s) and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, 
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

https://doi.org/10.1111/j.1469-185X.2008.00058.x
http://creativecommons.org/licenses/by/4.0/


Methods

An overview of the methods (M1–M21) applied in the context of the 
experiments is provided in Supplementary Fig. 1.

Coral culture
The experimental corals (Supplementary Table 1) have been cultured 
and propagated by fragmentation in the experimental coral mesocosm 
facility of the Coral Reef Laboratory at the University of Southampton 
since 2008 (refs. 43,57). The coral models for the present study were 
selected as they have been used previously in physiological experi-
ments by others. Moreover, they represent common species with a wide 
geographic distribution. Additionally, they include different colony 
morphologies to demonstrate the broad applicability of our findings. 
Acropora and Stylophora were selected as they feature in many previous 
studies on nutrient effects on symbiotic corals and they are also widely 
distributed reef-building corals. E. paradivisa with its phaceloid growth 
and large polyp size was included to demonstrate that the effects are 
reproducible independent from the morphological features of the 
experimental model.

Temperatures (~27 °C) and salinity (~33 practical salinity units (psu)) 
in the experimental aquaria were monitored regularly and kept con-
stant during long-term culture and experimentation. Aquaria were 
illuminated by metal halide lamps (Aqualine 10,000, Aqua Medic), 
operated on a 12-h light/dark cycle, exposing the corals to a light inten-
sity of ~105 µmol m−2 s−1. Turbulent flow was generated using a Turbelle 
Nanostream 6045 (Tunze), operated at a flow rate of 4,500 l h−1. Corals 
were kept in nutrient-replete conditions ([NO3] ≈ 12 µM, [PO4] ≈ 3 µM), 
simulating nutrient environments that have been previously described 
for reefs with increased coral growth rates (Extended Data Fig. 1 and  
Extended Data Table 1). To test the response of different corals to nutrient- 
replete and nutrient-limited conditions, ten individual microcolonies 
were produced from fragments of one mother colony for each of the  
10 experimental species (10 species × 10 colonies = 100 colonies). Coral 
fragments were attached to ceramic tiles using two-component epoxy 
resin (D-D Aquascape; D-D The Aquarium Solution) and allowed to 
regenerate for >4 weeks prior to the start of the experiments. Five 
colonies per species were used in nutrient-replete and nutrient-limited 
conditions, respectively. For the nutrient pulse (15N-labelling) experi-
ment, 7–10 replicate colonies per species were used for treatment 
and control conditions, respectively. Unless indicated otherwise, the 
taxonomic background of the symbionts associated with experimen-
tal corals (Supplementary Table 1) was confirmed by the time of the 
experiments through PCR-amplification and sequencing of the internal 
transcribed spacer 2 (ITS2) regions of the nuclear ribosomal RNA genes 
as described58,59, using the classification of symbiont species from  
ref. 60 (Supplementary Fig. 1, M1).

Maintenance of nutrient environments for long-term 
experiments
Experimental corals were kept in separate flow-through tanks 
under nutrient-replete conditions, as described above, and in a 
nutrient-limited system ([NO3] ≈ 0.7 µM, [PO4] ≈ 0.13 µM) with the 
same layout. Temperature, salinity, light and flow conditions in the 
nutrient-limited system were identical compared to the nutrient-replete 
system. Nitrate was removed continuously from the system using a 
Nitrate reactor (Aqua Medic), whereas phosphate was removed by 
filtering the water through a RowaPhos Matrix (D-D The Aquarium 
Solution). Ammonium levels in both, the nutrient-replete and lim-
ited systems, were constantly low45. Particles that could potentially 
serve as coral food were removed from the seawater by microfiltration 
with a 10-in. FilterPlus Housing fitted with a 1-µm polypropylene (PP) 
filter (TradeMark Aquatics) and further sterilized by UV treatment 
with a V2 Vecton 120 UV Steriliser (Tropical Marine Centre) before 
the water entered the compartments with the experimental corals.  

The experimental tanks and the ceramic tiles were regularly cleaned 
to remove any algal films (Supplementary Fig. 1, M2).

Nutrient pulse treatments and 15N labelling
Experimental corals attached to ceramic tiles were kept in 3.5-l food 
grade polyethylene tanks that were submerged in a large holding tank 
connected to the nutrient-limited system. A laminar water flow over 
the top of the tank was generated by current pumps and resulted in 
turbulent water movement inside the submerged experimental tanks. 
Five days per week, 1 h after the start of the light period, these tanks 
were raised 5 cm above surface for 2 h so that no water exchange with 
the rest of the system occurred. Water flow and aeration inside the 
isolated treatment tanks were maintained with air stones. Elevating 
the corals, together with the tanks, minimized the disturbance of the 
corals prior to the treatment and all polyps remained expanded. Once 
the tanks were isolated, the water in each treatment tank was spiked 
with 1 ml of 15N-enriched (10%) NO3 and PO4 stock solutions, to reach 
an average concentration of ~10 µm NO3 and ~3 µM PO4. A second spike 
was delivered after 1 h. The control tank was dosed with 2 ml of Milli-Q 
water. The tanks were then covered with a lid to prevent aerosols and 
micro-droplets generated by the air bubbles to enter the main sys-
tem. By the end of the 2-h spiking treatment, the tanks were removed 
from the system and the corals were lifted from the treatment tank 
and washed by dipping in a tank with system water to remove residual 
nutrient enriched water. Subsequently, the corals were transferred 
to identical, clean tanks pre-filled with system water that were again 
submerged in the holding tank. All used tanks were cleaned with dem-
ineralized water, dried and stored for the next round of treatments. 
Great care was taken to avoid contaminations with 15N-enriched NO3. 
The tiles holding the corals were cleaned once per week with a tooth-
brush to prevent algal growth. The experiment was conducted for 217 
days before the samples were collected and frozen for downstream 
analyses (Supplementary Fig. 1, M3).

Nutrient uptake rates
On days 1, 3, and 5 of the final week of the nutrient pulse (15N-labelling) 
experiment, nutrient uptake rates were determined. Treated and 
control corals were isolated from the experimental system in their 
incubation tanks in a defined volume of nutrient-limited water. N and 
P concentrations in the incubation tanks were measured in defined 
intervals (5, 30, 60, 65, 90 and 120 min) over the 2-h incubation period 
after administering the nutrient pulse to the treatment tanks. For each 
timepoint, water samples (50 ml) from each of the isolated treatment 
and control tanks containing were collected. The samples were filtered 
through a 0.2-µm Minisart Syringe Filter into a sterile 50 ml tube (Falcon 
50 ml Conical Centrifuge Tubes, Fisher Scientific) and immediately 
frozen for later analysis by an AutoAnalyzer (QuAAtro39 segmented 
flow auto-analyser, Seal Analytical).

To determine the amount of nutrients taken up during the incuba-
tion period by the control and treatment corals, the amount of nutri-
ents removed from the water was integrated. The values measured for 
corals kept at nutrient-limited control conditions were subtracted as 
background from the corresponding nutrient removal values in the 
nutrient-spiked tanks. Average values were calculated for the corre-
sponding timepoints of the measurements on the three different days. 
The resulting values were set equal to the amounts of nutrients taken 
up by the corals and normalized to the area of the corals. To determine 
the N and P amounts take up over the duration of the experiment, the 
uptake rates over time were corrected for the change in surface area 
of the replicate colonies (Supplementary Fig. 1, M4).

Monitoring the effects of different nutrient environments
Standardized imaging. Corals were photographed with a digital 
Olympus Tough F2.0 camera at the start of the experiments and then 
at regular 2- to 3-week intervals, to measure growth and symbiont 
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density in response to the nutrient treatments. A standardized imag-
ing procedure was followed: first the coral colonies were transferred 
to a glass tank pre-filled with water from their specific treatment sys-
tem (nutrient-limited or replete). The tank was afterwards placed in 
a defined position inside a purpose-built black cabinet lit with white 
LED lights fitted with diffuser screens fixed to both sides and to the 
top lid of the cabinet, ensuring even and reproducible illumination 
across samples. Photographs were subsequently taken with room 
lights switched off to avoid changes in the light exposure. Camera set-
tings were kept the same for all images. Colonies were photographed  
always from the same orientation and against size and colour scales for 
reference (Coral Health Chart, CoralWatch). Branching colonies were 
photographed from the side and foliose or encrusting colonies from 
the top (Supplementary Fig. 1, M5).

Coral growth by surface area. The visible surface area of each coral 
colony was determined from the standardized photographs using the 
polygon tool in FIJI/ImageJ (version 1.53). The total surface area of each 
specimen for a defined set of species, was measured after removal of 
the organic fraction. Due to the specific challenges imposed by the 
different colony morphologies, the total area of branching corals was 
determined using the paraffin wax dipping technique61 and the foil 
wrapping method for plate-forming shaped corals. We confirmed that 
the two protocols yielded comparable results for our sample types  
using a subset of representative samples of each species. Therefore, the 
minimal deviations that may result from the use of different methods 
between species with different growth morphologies would become 
part of the intraspecific variability and part of the error estimate. For foil 
wrapping, coral skeletons were covered with aluminium foil which was 
cut and molded to fit the shape of the colony. The aluminium foil was 
then trimmed around the edges to match the skeleton boundaries and 
weighed. To convert foil weight into surface area the coral, the conver-
sion factor was obtained by weighing a series of pieces of aluminium foil 
with a known surface area. To determine the surface area using the wax 
dipping technique, coral skeletons were dipped into a 1-l glass beaker 
containing melted paraffin wax (60 °C) for 3 s and carefully shaken to 
remove excess wax. After 5 min, corals were weighed, dipped again into 
wax for 3 s, air dried for 5 min and re-weighed. The weight difference 
between the first and second coating was used to determine the weight 
increment caused by the second coating. To determine the surface 
skeletal area, the following regression was used4: surface area (cm2) = 
34.32 (cm2 g−1) × mass (g). The total area values were used to extrapolate 
the intermediate values of growth over time by scaling the real final 
area values to the changes in visible surface area determined from the 
standardized photographs. This data transformation is permitted since 
the changes in visible surface area were proportional to the changes in 
weight, with the latter being proportional to the 3D area under constant 
growth conditions (Supplementary Fig. 1, M6).

Coral growth by mass. Identical tiles from the same batch were used to 
mount all replicate colonies. Additionally, a set of three tiles were kept 
empty and incubated next to the coral colonies in each experimental 
system. All tiles were regularly cleaned along with the tiles holding 
the corals. Corals on their attachment tiles were placed on adsorbent 
paper for a 10-s drip-off period to remove residual water. Mass of the 
coral colonies was then determined using a Fisherbrand analytical 
balance. The reference tiles were weighed at each timepoint of data 
collection and their average value was subtracted from the mass of 
the coral colonies at the respective timepoints. Mass readings were 
taken on the same days as the photographs (Supplementary Fig. 1, M7).

Processing of coral samples for downstream experiments. At the end 
of the experiments, corals were removed from the experimental system 
and placed on absorbent paper for a 10 s drip-off period. Subsequently, 
the samples were frozen individually at −20 °C for downstream analysis. 

To obtain host and symbionts fractions, coral tissue was quantitatively 
removed with an airbrush with Milli-Q water, homogenized and the 
symbiont fraction was separated by centrifugation at 1,500g (10 min, 
4 °C). The host tissue contained in the supernatant was re-centrifuged 
at 16,000g (10 min, 4 °C) and kept at –20 °C for further analysis. Symbi-
onts pellets were washed and re-centrifuged at 16,000g (10 min, 4 °C), 
and divided in two aliquots. For mitotic index determination, pellets 
were fixed with 10% formaldehyde and suspended in sterile artificial 
seawater at 4 °C overnight. For isotope analysis pellets were frozen at 
−20 °C (Supplementary Fig. 1, M8).

Symbionts analysis
Symbiont densities and actual number of symbionts per colony. 
We established a procedure to deduce the symbiont densities from the 
mean grey value (MGV) of the coral photographs. The MGV, the sum of  
the grey-scaled values of all the pixels in a selected area of an image  
divided by the number of pixels, depends to a large extend on the amount 
of photosynthetic pigments of the symbiont shining through the host 
tissue. Under constant environmental conditions, the pigment density 
per symbiont cell does not change and, accordingly, the “darkness” of 
the host tissue is proportional to the symbiont density62. The MGV was 
determined for the whole visible area of every coral using the polygon 
tool in FIJI/ImageJ (version 1.53). To extrapolate symbiont densities from 
MGV values, a calibration curve was constructed using four different 
coral species (M. foliosa, M. capricornis, A. polystoma and S. pistillata). 
Replicate colonies of each species acclimated to nutrient-replete condi-
tions were transferred to the nutrient-limited system. Replicate samples 
were removed for each species and photographed for MGV determi-
nation at day 0 (transfer day) and at three regular timepoints spread 
over the 70-day experiment. The coral surface area was determined 
by the aluminium foil or wax dipping techniques as described above 
and the symbionts were isolated following established protocols (see 
below) and quantified by flow cytometry analysis using a CytoSense 
flow cytometer (CytoBuoy) with the CytoUSB v5.7.5.7 data acquisition 
software. Symbiont densities calculated from these data were plotted 
against MGV values to obtain the calibration curve ( y = 2E + 6 × e−0.011X, 
r2 = 0.70). Subsequently, symbiont densities at the different experimen-
tal timepoints were deduced from the MGV values of the standardized 
coral images. The actual total number of symbionts per colony on a 
given day (Sn exp.) was calculated from the experimentally determined 
symbiont density and the area at the given timepoint (Supplementary 
Fig. 1, M9).

Mitotic indices. Symbiont cells fixed in 10% formaldehyde were ana-
lysed using CytoBuoy CytoSense flow cytometer and CytoUSB v5.7.5.7 
data acquisition software. All samples were run at a flow rate of ~5 µl s−1 
and photomultiplier tube voltage 100 mv. Cells were excited at 488 nm 
and detected using a 588 nm band-pass filter (red fluorescence) trigger 
(100 mV). Symbiont cells were screened using forward scatter and side 
scatter to remove debris. Symbiodiniaceae cells are strongly autofluo-
rescent, thus, to differentiate between singles cells and cells undergo-
ing cytokinesis, they were analysed using forward scatter against a 
red (chlorophyll) fluorescence (total fl-red). The mitotic index was 
determined as the ratio between the number of a population’s cells 
undergoing cytokinesis to its total number of cells (Supplementary 
Fig. 1, M10).

Symbiont expulsion rate. The expulsion of symbionts from S. pistil-
lata, A. polystoma and M. foliosa under nutrient-replete conditions was 
measured by collecting all the symbionts released in the water during 
a 24 h period. Three colonies per species were placed individually in 
small replicate tanks (~1 l) and exposed to equal light conditions. Water 
flow and aeration inside the isolated tanks were maintained using air 
stones. At the end of 24-h period, the corals were gently swirled in the 
water to detach any symbionts that may still be adhering to its outer 



surface. After corals had been removed from the tanks, the complete 
water volume in each tank was collected in bottles and centrifuged for 
10 min at ~1,500g to collect the released symbionts. The cell pellet was 
resuspended in a small volume of water and fixed with 10% formalde-
hyde. Cell numbers were quantified using a CytoBuoy CytoSense flow 
cytometer as described above. The expulsion rate (E′) was calculated as 
the percentage of expelled cells in relation to the total number of sym-
bionts of the corresponding coral sample (Supplementary Fig. 1, M11).

Symbiont digestion rates. The calculation of the number of digest-
ed symbionts assumes that the actual total number of symbionts per 
colony on a given day (Sn) equals the number of symbionts resulting 
from the proliferation of previous’ days symbiont stock (P) minus the 
number of symbionts expelled per day (E) minus the number of digested 
symbionts (D).

S P E D= − −n

In this context, P is calculated by multiplying the previous day’s sym-
biont stock with the experimentally determined proliferation rate, the 
mitotic index (MI, here: 4.2 ± 0.77% per day) and adding this number 
to the previous day’s symbiont stock:

P S S= × MI(0.042) +n n−1 −1

The number of expelled symbionts E is calculated by multiplying the 
previous day’s symbiont stock with the experimentally determined 
expulsion rate E′ (here: 0.02 ± 0.01% per day).

E S E= × ′(0.0002)n−1

Consequently, D can be determined by subtracting the number of 
symbionts expelled per day (E) and the actual total number of sym-
bionts per colony on a given day (Sn) from the number of symbionts 
resulting from the proliferation of previous’ days symbiont stock (P).

D P E S= − − n

For D to be valid, Sn needs to match the actual total number of symbi-
onts on the corresponding day deduced from experimental data (Sn exp.).

Based on the above equations, we calculated the theoretical growth 
of the initial symbiont stock (P) that can be expected from the prolif-
eration rate of 4.2 ± 0.77% per day over the duration of the 203-day 
experiment. This was contrasted with the actual increase in symbiont 
numbers due to the growth-related expansion of the coral area (Sn exp.) 
at the observed constant symbiont cell densities determined in the 
experiment. D (3.5 ± 0.7% per day) was modelled to create a best-fitting 
curve in which P′ values match the Sn exp. values at all timepoints of the 
experiment.

To model the decline of symbiont numbers in our model corals  
(M. foliosa, M. capricornis, S. pistillata and A. polystoma) grown under 
nutrient-limited conditions, we used the same formula with the division 
rate of 3.5 ± 0.7% and a lower proliferation rate adjusted for reduced 
mitotic indices of the symbionts exposed to nutrient-limited conditions 
(0.8 ± 0.16%) (Supplementary Fig. 1, M12).

Field sampling
Coral sampling. In May 2018, branching Acropora sp. colonies were 
sampled from 9 uninhabited islands in the northern atolls of the Chagos 
Archipelago, Indian Ocean. Four of the islands had diverse and abun-
dant seabird populations which provide substantial nutrient subsidies 
to the nearshore marine environment, while five of the islands had few 
seabirds due to the presence of introduced rats38,63. The islands were dis-
tributed across three atolls, with high-seabird and low-seabird islands 
within each atoll (Great Chagos Bank: one island per treatment, Peros 

Banhos: two islands per treatment, Salomon: one high-seabird island 
and two low-seabird islands). Across this archipelago, the nitrogen input 
by seabirds per hectare of island is ~250 times greater on islands with 
dense seabird populations than on islands with low seabird numbers38. 
Further, all corals used in this study were from the reef flats within the 
reef crest, within 300 m of shore. The influence of oceanic nutrients is 
expected to be small and consistent among sites. Likewise, there are 
no anthropogenic nutrient sources within the study region, which is 
uninhabited and part of a large marine protected area38. All study sites 
were separated by at least 3 km. Coral colonies of similar size and growth 
form were haphazardly selected on lagoonal sides of the islands within 
the atolls, rather than on the ocean facing sides (n = 4–10 colonies per 
island). From each colony, a small fragment (~5 cm) was removed us-
ing a chisel. All samples were wrapped in aluminium foil and immedi-
ately frozen at −20 °C for later separation of host and symbiont tissue  
(Supplementary Fig. 1, M13).

Monitoring of colony growth. Small branching Acropora sp. colonies  
were tagged using numbered cattle tags tied to nearby substrate.  
Between 5–7 colonies per site were tagged on 5 islands with high and  
4 islands with low seabird densities. All colonies were located within  
300 m of shore on the lagoon sides of islands. We re-visited all sites in 
2019 and 2021, with 5 sites also re-visited in 2020 yielding data of 9 islands  
for growth analysis. The change in planar area was used as metric of 
coral growth, a commonly used non-destructive method that is tightly 
related to changes in three-dimensional surface area and volume64,65. 
Each tagged colony was photographed from above using a Canon S110 
camera with a scale bar placed level with the upper surface of the coral. 
Planar area was measured in each image by outlining the outer edge of 
the colony using the polygon tool in FIJI/ImageJ. Change in planar area 
(cm2 day−1) was calculated for each colony as the difference between the 
new surface area and the previous surface area divided by the number 
of days between measurements (Supplementary Fig. 1, M14).

Plankton collection. Zooplankton was sampled in March 2019 and 
2021 during the day by towing a plankton net and at night using light 
traps. For daytime sampling a plankton net with 250 µm mesh size was 
towed behind a small boat next to sites where corals were collected. 
At each site, 2–3 tows were conducted along the same area parallel to 
shore for ~20–30 min. For night sampling 2–3 plankton traps made 
from wide-mouthed plastic bottles with a funnel opening on one end 
were set before dusk and picked up the following morning shortly  
after dawn. Two green glow sticks were placed in each trap as an  
attractant, and traps were secured to the reef near coral collection sites 
using cable ties. Immediately upon collection, the contents of the trap 
were filtered through 250-µm mesh. Both day and night plankton were 
subdivided. Samples were freeze-dried prior to analysis of the isotopic 
content (Supplementary Fig. 1, M15).

Guano collection. Dried guano was collected in May 2018 from leaves 
of coastal plants containing red-footed booby (Sula sula) nests. Sam-
ples were taken from 3 different rat-free islands (n = 9–10 per island), 
with only one sample taken from each plant. Guano was immediately 
dried at 60 °C for 24–48 h and aliquoted for analysis of the isotopic 
content (Supplementary Fig. 1, M16).

N and P elemental analysis and bulk organic δ15N content sample 
processing. Frozen (−20 °C) symbiont pellets and host homogenate 
were dried using a Mechatech LyoDry Compact freeze dryer (Mechatech 
Systems) and homogenized to a fine powder with a mortar and pestle 
for elemental analysis (N and P) and bulk organic δ15N content in natural 
abundance and 15N-enriched samples (Supplementary Fig. 1, M17).

Bulk organic δ15N analysis of natural abundance samples. A Elementar 
Vario PYRO Cube Elemental Analyser running in CNS mode equipped 
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with a TCD (thermal conductivity detector) interfaced with an Isoprime 
VisION continuous flow isotope ratio mass spectrometer (IRMS) was 
used for the analysis. The samples were weighed out in clean tin cap-
sules on a Sartorius ME5 micro balance and were then combusted 
at 1,120 °C with the addition of pure oxygen. The resulting combus-
tion gases of NOx were subsequently reduced to N2 in the reduction 
column which was held at 850 °C. The elemental ratios were deter-
mined by the TCD, the isotope ratios by the IRMS. Sulfanilamide was 
used as an elemental standard for %N. For the normalization of the  
isotope ratios, we used USGS 40 and USGS 41 as international reference 
materials (United States Geological Survey). We furthermore used 
suitable quality control materials such as the internal High Organic 
Content Sediment Standard (HOCS, Elemental Microanalysis), which 
was used to calculate the instrument precision (Supplementary Fig. 1,  
M18).

Bulk organic analysis of δ15N-enriched samples. For this the Elemen-
tar Vario Isotope Select Elemental Analyser was run in CN mode and 
interfaced with an Isoprime 100 continuous flow IRMS. The samples 
were weighed out in clean tin capsules on a Sartorius MP3 micro balance 
and were then combusted at 950 °C with the addition of pure oxygen. 
The resulting combustion gases of NOx were subsequently reduced 
to N2 in the reduction column which was held at 550 °C. The elemental 
ratios were determined by the TCD, the isotope ratios by the IRMS.

We used acetanilide as an elemental standard for %C and %N. For the 
normalization of the isotope ratios, we used USGS 40 and USGS 41a as 
international reference materials (United States Geological Survey). We 
furthermore used suitable quality control materials such as the Protein 
Standard (Elemental Microanalysis), which was used to calculate the 
precision of the run as well as any memory effects. δ15N values (‰) were 
calculated as follows: δ15N = [(Rsample/Rstandard) − 1] × 1,000] where R is the 
ratio of the heavy isotope (15N) to the light isotope (14N) of the sample or 
standard (Supplementary Fig. 1, M19).

Determination of P content. Between 0.5 mg and 10 mg of the sam-
ples were weighed into CEM 20-ml MARSXPress PFA vessels with 5 ml 
of sub-boiled concentrated nitric acid. They were digested using the 
CEM Plant Material One Touch method (15 min ramp to 200 °C and 
hold for 15 min) in a MARS6 microwave digestion system. The digested 
samples were diluted with Milli-Q to 20 ml before being subsampled 
and further diluted to give a total dilution of approximately 1:60,000. 
The diluted samples were spiked with Indium and Rhenium to give a 
concentration of 5 parts per billion to act as internal standards. The 
samples were analysed in oxygen mode on an Agilent 8900 QQQ-ICP-MS 
using synthetic standards prepared from Inorganic Ventures ICP-MS 
single element ICP-MS standards, the standards were also spiked with 
In and Re at 5 parts per billion (Supplementary Fig. 1, M20).

Statistical analyses and reproducibility. All statistical analyses were 
performed in Sigmaplot 13. To monitor the effects of long-term expo-
sure to nutrient-replete and nutrient-limited conditions, wet weight, 
relative area, mean grey value data were collected for replicate colonies 
for each of 10 coral species (10 replicate colonies per parameter and 
treatment were used for 8 species, 6 replicates for 1 species and 9 repli-
cates for 1 species)66,67 (Supplementary Table 1). The replicate colonies 
were considered technical replicates and their values were averaged 
for each species. Specific growth responses to nutrient-limited and 
nutrient-replete conditions returned comparable results for the 10 
distinct biological species (Fig. 1).

The growth-enhancing effects of dissolved inorganic N and P (nitrate 
and phosphate) was reproduced in an entirely different experimental 
set up used for the 15N-labelling experiments (Fig. 2). For these studies, 
average values for 7–10 replicate colonies per species and treatment 
were calculated. Host tissue and symbionts of the three distinct bio-
logical species showed reproducible responses with regards to the 

uptake of nitrate and phosphate and the partitioning between the 
two partners of the symbiosis.

The mechanism of uptake and nutrient distribution was analysed 
for four biologically distinct species, a subset of the model corals that 
were also analysed in the experiments for Figs. 1 and 2. The findings 
were reproducible for all studied species (Fig. 3).

Exponential regressions were used to model the effects of long-term 
exposure to nutrient-limited and nutrient-replete conditions on the 
symbiont densities and coral growth (surface area and weight). Linear 
regressions were used to model the number of digested symbionts 
against area increase (%) and the 15N enrichment between host and 
symbiont fractions.

Field studies examined samples from nine independent islands across 
three atolls of the Chagos Archipelago. Replication across the islands of 
the same type (high versus low seabird densities) revealed reproducible 
differences that were significantly different for the δ15N values of host 
corals and their symbionts as well as their potential nitrogen sources, 
zooplankton and bird guano, and nutrient environment-specific growth 
rates. To compare the 15N enrichment between corals (host and symbi-
ont) and their nitrogen sources (zooplankton, macroalgae and guano), 
the number of biologically independent samples analysed were as fol-
lows: (1) for islands with high seabird densities (+Birds): zooplankton 
(n = 18), macroalgae (n = 55)38, symbionts (n = 27), coral host (n = 27); 
and (2) for islands with low seabird densities (−Birds): zooplankton 
(n = 17), macroalgae (n = 45), symbionts (n = 25), coral host (n = 25) (Sup-
plementary Fig. 1, M21).

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
All data used in this work are available at the University of Southampton 
data repository subject to standard CC-BY license terms, and can be 
accessed from https://doi.org/10.5258/SOTON/D2696. Source data 
are provided with this paper.
 
57. D’Angelo, C. et al. Locally accelerated growth is part of the innate immune response and 

repair mechanisms in reef-building corals as detected by green fluorescent protein 
(GFP)-like pigments. Coral Reefs 31, 1045–1056 (2012).

58. Hume, B. C. et al. Symbiodinium thermophilum sp. nov., a thermotolerant symbiotic alga 
prevalent in corals of the world’s hottest sea, the Persian/Arabian Gulf. Sci. Rep. 5, 8562 
(2015).

59. Hume, B. C. et al. Ancestral genetic diversity associated with the rapid spread of stress- 
tolerant coral symbionts in response to Holocene climate change. Proc. Natl Acad. Sci. 
USA 113, 4416–4421 (2016).

60. LaJeunesse, T. C. et al. Systematic revision of Symbiodiniaceae highlights the antiquity 
and diversity of coral endosymbionts. Curr. Biol. 28, 2570–2580.e6 (2018).

61. Holmes, G. Estimating three-dimensional surface areas on coral reefs. J. Exp. Mar. Biol. 
Ecol. 365, 67–73 (2008).

62. Chow, M., Tsang, R. H., Lam, E. K. & Ang, P. Jr. Quantifying the degree of coral bleaching 
using digital photographic technique. J. Exp. Mar. Biol. Ecol. 479, 60–68 (2016).

63. Benkwitt, C. E., Carr, P., Wilson, S. K. & Graham, N. A. Seabird diversity and biomass 
enhance cross-ecosystem nutrient subsidies. Proc. R. Soc. B 289, 20220195 (2022).

64. Dornelas, M., Madin, J. S., Baird, A. H. & Connolly, S. R. Allometric growth in reef-building 
corals. Proc. R. Soc. B 284, 20170053 (2017).

65. Pratchett, M. S. et al. in Oceanography and Marine Biology: An Annual Review Vol. 53 (eds 
Hughes, R. N. et al.) 215–295 (2015).

66. Vanstone, J. Identification of Symbiodiniaceae from corals maintained long-term under 
controlled aquarium conditions. Thesis, Univ. Southampton (2022).

67. Eyal, G. et al. Spectral diversity and regulation of coral fluorescence in a mesophotic reef 
habitat in the Red Sea. PLoS ONE 10, e0128697 (2015).

68. Alam, M., Casareto, B. E., Suzuki, Y., Sultana, R. & Suzuki, T. Optimization of dissolved urea 
measurements in coastal waters with the combination of a single reagent and high 
temperature. J. Oceanogr. 73, 249–258 (2017).

69. Crandall, J. & Teece, M. A. Urea is a dynamic pool of bioavailable nitrogen in coral reefs. 
Coral Reefs 31, 207–214 (2012).

70. Ferrier-Pagès, C. & Gattuso, J.-P. Biomass, production and grazing rates of pico-and 
nanoplankton in coral reef waters (Miyako Island, Japan). Microb. Ecol. 35, 46–57 
(1998).

71. Fukuda, R., Ogawa, H., Nagata, T. & Koike, I. Direct determination of carbon and nitrogen 
contents of natural bacterial assemblages in marine environments. Appl. Environ. 
Microbiol. 64, 3352–3358 (1998).

https://doi.org/10.5258/SOTON/D2696


72. Bertilsson, S., Berglund, O., Karl, D. M. & Chisholm, S. W. Elemental composition of marine 
Prochlorococcus and Synechococcus: implications for the ecological stoichiometry of 
the sea. Limnol. Oceanogr. 48, 1721–1731 (2003).

73. Verity, P. G. et al. Relationships between cell volume and the carbon and nitrogen content 
of marine photosynthetic nanoplankton. Limnol. Oceanogr. 37, 1434–1446 (1992).

74. Glynn, P. Ecology of a Caribbean coral reef. The Porites reef-flat biotope: part II. Plankton 
community with evidence for depletion. Mar. Biol. https://doi.org/10.1007/BF00388905 
(1973).

75. Yahel, R., Yahel, G. & Genin, A. Near-bottom depletion of zooplankton over coral reefs:  
I: diurnal dynamics and size distribution. Coral Reefs 24, 75–85 (2005).

76. Benavides, M. et al. Diazotrophs: a non-negligible source of nitrogen for the tropical coral 
Stylophora pistillata. J. Exp. Biol. 219, 2608–2612 (2016).

77. Moynihan, M. A. et al. Coral-associated nitrogen fixation rates and diazotrophic diversity 
on a nutrient-replete equatorial reef. ISME J. 16, 233–246 (2022).

78. Grover, R., Maguer, J.-F., Allemand, D. & Ferrier-Pagès, C. Urea uptake by the scleractinian 
coral Stylophora pistillata. J. Exp. Mar. Biol. Ecol. 332, 216–225 (2006).

79. Grover, R., Maguer, J.-F., Allemand, D. & Ferrier-Pagès, C. Uptake of dissolved free amino 
acids by the scleractinian coral Stylophora pistillata. J. Exp. Biol. 211, 860–865 (2008).

80. Hoegh-Guldberg, O. & Williamson, J. Availability of two forms of dissolved nitrogen to the 
coral Pocillopora damicornis and its symbiotic zooxanthellae. Mar. Biol. 133, 561–570 (1999).

81. Bythell, J. C. Nutrient uptake in the reef-building coral Acropora palmata at natural 
environmental concentrations. Mar. Ecol. Prog. Ser. 68, 65–69 (1990).

Acknowledgements Funding was provided by NERC (NE/T001364/1), Infrastructure 
Improvement Funding (University of Southampton), the Royal Society (URF\R\201029) and the 
Bertarelli Foundation contributing to the Bertarelli Programme in Marine Science. Fieldwork 

was conducted under permit numbers 0004SE18, 0001SE19, 0003SE20, and 0002SE21.  
We thank G. Clarke and R. Robinson for their support in maintaining the Experimental Coral 
Aquarium Facility at the University of Southampton; M. Cooper for the analysis of P content;  
M. Wilding for technical help with the stable isotope analyses; J. Gittins for support of the 
molecular work of J.V.; and C. Dumousseaud for dissolved inorganic N and PO4 concentration 
analysis. We acknowledge the work of postgraduate (R. Gracie) and undergraduate (M.-M. Baker 
and N. Burt) students who analysed subsets of the data for their dissertations during the COVID 
19-related lockdown.

Author contributions J.W. and C.D.A. conceptualized, conceived and developed the work  
with input from P.A.W., A.G., Y.L., G.E. and O.B.-Z. J.W., C.D.A., M.L.M. and S.M. designed and 
conducted aquarium experiments. J.V. and C.D.A. analysed symbiont taxonomy. C.E.B. and 
N.A.J.G. designed and conducted field studies with input from J.W. and C.D.A. M.L.M., B.H.  
and P.A.W. designed and conducted stable isotope analyses with input from J.W. and C.D.A. J.W., 
C.D.A. and M.L.M. interpreted the data and wrote the manuscript with input from all other 
authors.

Competing interests The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material available at 
https://doi.org/10.1038/s41586-023-06442-5.
Correspondence and requests for materials should be addressed to Jörg Wiedenmann.
Peer review information Nature thanks Kelton McMahon, Virginia Weis and the other, 
anonymous, reviewer(s) for their contribution to the peer review of this work.
Reprints and permissions information is available at http://www.nature.com/reprints.

https://doi.org/10.1007/BF00388905
https://doi.org/10.1038/s41586-023-06442-5
http://www.nature.com/reprints


Article

Extended Data Fig. 1 | Environmental nitrogen supply to symbiotic corals. 
(a) Examples of the availability of N in different chemical forms in reef waters 
that can be taken up by symbiotic corals. (b) Capacity of symbiotic coral to take 
up nitrogen in different chemical forms including dissolved free amino acids 
(DFAA). Bars represent the range of nitrogen availability and uptake capacity 
defined by the upper and lower boundary values deduced from the published 
literature. Relevant references and unit transformation measures are 

summarised in Extended Data Tables 1 and 2. Dissolved inorganic N (DIN) 
values provided in (a) are for (i) upwelling areas in which coral dominance is 
increased by 44% compared to comparable habitats with less exposure to 
internal wave driven upwelling and for (ii) reef waters in which the nutrient 
provision by seabirds results in elevated DIN values (up to >90% nitrate) and 
3-fold increase growth Acropora formosa.



Extended Data Fig. 2 | Correlation of the N and P content of the digested 
symbiont fraction with the N and P content gained by the host during 
growth over 203 days in the nutrient replete (a) and nutrient limited  
(b) conditions. Data points represent means ± standard error (solid line error 

bars: changes in N, dotted line error bars: P). n = 4 independent species:  
A. polystoma, S. pistillata, M. capricornis, M. foliosa. 6–10 colonies were 
analysed per species. Equations of linear fits and R2 are given in the chart. 
Correlations between variables of each fit are significant with p < 0.0001.
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Extended Data Table 1 | Availability of different types of nitrogen accessible to symbiotic corals

References 68–75.



Extended Data Table 2 | Uptake rates of different types of nitrogen accessible to symbiotic corals

References 76–81.
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