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A B S T R A C T   

The impact of changing nutrient conditions on scleractinian coral-based geochemical proxies is poorly under-
stood, despite the nutrient balance in many coral reefs being disturbed by anthropogenic activity. Here, the 
geochemical responses of tropical corals Acropora polystoma and Porites lichen to nutrient enrichment and 
depletion are examined following growth under cultured conditions, to assess the impact of nutrients on 
traditional geochemical proxies for both temperature and the coral internal carbonate system. The corals were 
exposed to four different nutrient treatments over a period of 140 days: (1) a replete treatment with optimal 
levels of nitrate (~4.5 μM) and phosphate (~0.6 μM), (2) a nutrient depleted treatment with negligible nitrate 
and phosphate, (3) a treatment with high nitrate (~73 μM) and negligible phosphate, and (4) a treatment with 
high phosphate (~5.7 μM) and negligible nitrate. Results suggest nutrients play a hitherto under-appreciated role 
in coral skeleton elemental (Li/Ca, B/Ca, Mg/Ca, Sr/Ca, Li/Mg) and isotopic (δ11B) composition, with the in-
ternal carbonate chemistry also impacted. For example, Mg/Ca and Sr/Ca are lower, and Li/Mg higher, in the 
nutrient imbalanced and deplete treatments compared to the replete treatment for both species. Disruption to the 
carbonate system in corals cultured under imbalanced nutrient conditions is best explained by a decrease in 
dissolved inorganic carbon flux to the extracellular calcifying medium. Variations in nutrient concentration — or 
nutrient imbalance — can have dramatic consequences on both reconstructed sea surface temperatures and 
ocean or calcification pH, with reconstructed temperatures varying from − 7◦C to +52 ◦C, and δ11B-derived pH 
by up to 0.13 pH units. The impact from anthropogenically-induced nutrient disturbances should therefore be 
considered when generating temporal records of environments using coral skeletal archives.   

1. Introduction 

Scleractinian corals are important archives of environmental infor-
mation, with the elemental and isotopic composition of their aragonite 
skeletons acting as sensitive environmental proxies for the waters in 
which they mineralised (Thompson, 2022) and/or as tracers of the 
carbonate system within their calcifying fluid (Krief et al., 2010; 
McCulloch et al. 2012a). In particular, the boron isotope ratio (δ11B) is a 
well-established proxy for the pH of seawater (Hemming and Hanson, 
1992) and is widely used in studies concerned with ocean acidification 
(e.g. Wei et al., 2009; Fowell et al., 2018, D’Olivo et al., 2019), whilst 
element to calcium ratios (E/Ca) such as Li/Ca, B/Ca, Mg/Ca, Sr/Ca, Ba/ 
Ca, U/Ca and Li/Mg are employed as proxies for seawater temperature 
and salinity, as well as tracers for processes such as upwelling and 
terrestrial run-off (Lea et al., 1989; Beck et al., 1992; Mitsuguchi et al., 

1996; Sinclair et al., 1998; Watanabe et al., 2001; Fallon et al., 2003; 
McCulloch et al., 2003; Wei et al., 2009; Gaetani et al., 2011; Montagna 
et al., 2014; Cuny-Guirriec et al., 2019; Ross et al., 2019). Furthermore, 
when combined, δ11B and B/Ca enable investigations into the internal 
carbonate chemistry and calcification mechanisms of these organisms 
(Wall et al., 2019; Chalk et al., 2021). Together, they provide a powerful 
geochemical toolkit for oceanographic investigations (Thompson, 
2022). 

Nutrients, including nitrogen and phosphorous, are key for coral 
holobiont physiology, and play important roles in metabolic processes 
such as skeletal and tissue growth, as well as influencing zooxanthellae 
density and photosynthesis (Dubinsky and Jokiel, 1994; Marubini and 
Davies, 1996; Ferrier-Pagès et al., 2000; Houlbrèque et al., 2003; 
Houlbrèque and Ferrier-Pagès, 2009; Godinot et al., 2011). Being both 
auto- and heterotrophs, corals are able to exploit a range of nutritional 
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pathways: nutrients may be acquired through heterotrophic feeding of 
detrital particulate organic matter or live organisms such as zooplankton 
and phytoplankton (Sorokin, 1991; Sebens et al., 1996; Houlbrèque and 
Ferrier-Pagès, 2009; Rosset et al., 2015), or they may be assimilated 
from dissolved inorganic nutrients via their symbiotic zooxanthellae 
(Crossland and Barnes, 1977; Muscatine and D’Elia, 1978; Grover et al., 
2003; Godinot et al., 2009; Rosset et al., 2015). 

A number of natural and anthropogenic drivers can alter the nutrient 
budget available to the coral holobiont (D’Angelo and Wiedenmann, 
2014). Changes in upwelling and water mixing, sediment mobilisation 
(e.g. by storm activity), nitrogen fixation, and river runoff (delivering 
terrestrially derived nutrients) all play a role, and in some cases are 
seasonally-driven (Ullman and Sandstrom, 1987; Szmant and Forrester, 
1996; Bell et al., 1999; Devlin and Brodie, 2005; Lapointe et al., 2019), 
with anthropogenic activities and processes such as the establishment of 
fish farms, sewage discharge, the use of fertilisers, deforestation, and 
other land-use transformations contributing to both changes in oceanic 
nutrient levels and eutrophication on coral reefs (Tomascik and Sander, 
1987; Mitchell et al., 2001; Loya, 2004; Devlin and Brodie, 2005; Fab-
ricius, 2005; DeGeorges et al., 2010; Brodie et al., 2012; Maina et al., 
2012; Lapointe et al., 2019). 

The response of coral physiology to nutrient enrichment is unclear in 
the literature. Some studies have revealed either an absence of negative 
effects, or even positive reactions, to increased nutrients concentrations 
(Koop et al., 2001; Szmant, 2002; Bongiorni et al., 2003; Dunn et al., 
2012). Yet enrichment, or perhaps more specifically imbalanced 
enrichment of nutrients (i.e. enrichment of one specific nutrient), can 
also have a detrimental effect: reducing calcification rates and skeletal 
density (Stambler et al., 1991; Dunn et al., 2012), lowering reproductive 
success (Loya, 2004; Fabricius, 2005), damaging the coral-algal symbi-
osis (Dubinsky et al., 1990; Rosset et al., 2017; Becker and Silbiger, 
2020), and increasing their susceptibility to episodes of bleaching when 
exposed to heat and light stress (Wiedenmann et al., 2013; DeCarlo 
et al., 2020). Furthermore, nutrient deprivation can also impair the 
functioning of the coral-algal symbiosis, as well as result in lower 
zooxanthellae density, smaller polyp sizes, and increased susceptibility 
to bleaching (Rosset et al., 2015). Therefore, whilst the relationship 
between nutrient levels and coral physiology is undoubtedly complex, it 
is clear that when certain nutrient thresholds are either exceeded or not 
reached, coral holobiont survival — and consequently coral reef resil-
ience — can be severely impacted (D’Angelo and Wiedenmann, 2014). 
Despite this recognition of the effects of variable nutrient availability on 
coral physiology, their effects on biomineralisation mechanisms and 
associated skeletal elemental composition remain poorly constrained. 

Elements may be incorporated into the calcium carbonate crystal 
lattice that form scleractinian coral skeletons via a variety of processes, 
such as direct cation substitution of Ca2+ (for Sr2+; Gaetani and Cohen, 
2006), occlusion of organic-bound material (e.g. Mg2+; Finch and Alli-
son, 2008), entrapment of cations by newly formed aragonite or at 
crystal defect sites (Li+ and Mg2+; Gabitov et al., 2011; Rollion-Bard and 
Blamart, 2015), or substitution into the mineral anion site of aragonite 
CO3

2− (e.g. B(OH)4
− ; Branson, 2018). Incorporation of these elements can 

be impacted by environmental conditions (Gaetani and Cohen, 2006), 
physiological parameters (Sinclair, 2005), or mechanisms associated 
with calcification (e.g. Chalk et al., 2021). It is, however, unclear how 
these processes are impacted by the available nutrient budget, and as a 
result of both this and the difficulty of reconstructing them, changing 
nutrient conditions are rarely considered when making reconstructions 
of past environments using coral skeletal composition. Here, for the first 
time, the E/Ca (Li/Ca, B/Ca, Mg/Ca, Sr/Ca, Li/Mg) and δ11B composi-
tion of skeletal carbonate of Acropora polystoma and Porites lichen, 
cultured under four treatments of normal, enriched, and/or depleted 
nitrogen (as nitrate [NO3

–]) and phosphorus (as phosphate [PO4
3− ]) 

concentrations, were investigated to explore the effects of nutrient 
enrichment and deprivation on traditional geochemical proxies for both 
temperature and the coral internal carbonate system that underpin 

much of the use of coral skeleton geochemistry in palaeooceanography. 

2. Materials and Methods 

2.1. Coral Culturing 

Specimens (Fig. 1) were cultured in artificial seawater (Table S1) in a 
closed coral mesocosm at the Coral Reef Laboratory, National Ocean-
ography Centre, Southampton (D’Angelo and Wiedenmann, 2012). 
Parent colonies of both Acropora polystoma and Porites lichen grown in 
replete, optimal, and balanced nitrate and phosphate (HNHP) condi-
tions, were fragmented, mounted onto ceramic tiles using epoxy resin, 
then returned to the replete conditions for four weeks to recover. After 
this recovery period, four fragments were left in the replete HNHP tank 
as a control, and sets of four fragments were placed into three further 
treatment tanks maintained at distinct dissolved inorganic nitrogen and 
phosphorus concentrations. These comprised a low nitrate/low phos-
phate treatment (LNLP) that was depleted in both nutrients, and two 
treatments characterised by imbalanced nutrient conditions formulated 
to mimic anthropogenic enrichments of [NO3

–] and [PO4
3− ] respectively: 

high nitrate with low phosphate (HNLP), and low nitrate with high 
phosphate (LNHP). Corals were kept in each treatment and monitored 
for 140 days. Once the experimental period had finished, coral frag-
ments were transferred from the treatment tanks to sterile water for a 
period of three days prior to sampling. Further details of the culturing set 
up can be found in Rosset et al. (2015, 2017) and Buckingham et al. 
(2022). 

Nitrate and phosphate concentrations in the experimental systems 
were determined regularly through colourimetric detection methods 
using a HACH DR900 Colourimeter (Hach, USA) described in detail in 
Rosset et al. (2017). The long-term nutrient regimes over the duration of 
the experiment were the same as described in Buckingham et al. (2022): 
for HNHP, [NO3

–] was ~4.5 µM and [PO4
3− ] was ~0.6 µM (N:P ~ 8:1); for 

HNLP, [NO3
–] was ~73 µM and [PO4

3− ] was not detectable (method 
detection limit = 0.21 µM); for LNHP, [NO3

–] was ~0.06 µM and [PO4
3− ] 

was ~5.7 µM (N:P ~ 0.01); and for LNLP both [NO3
–] and [PO4

3− ] were 
not detectable (Fig. 1). Although mean [NO3

–] and [PO4
3− ] concentra-

tions of ~0.25 ± 0.28 µM and ~0.13 ± 0.08 µM respectively have been 
typically reported for coral reef waters (Kleypas et al., 1999), the high 
turnover rates of a dynamic nutrient budget (e.g. from reef fauna) means 
characterising the true nutrient availability through water measure-
ments is extremely difficult (Furnas et al., 2005). Our LNLP treatment 
(as well as the nutrient imbalanced treatments) did not contain any fish 
or sponges that would make important contributions to this budget, and 
was characterised by [NO3

–] and [PO4
3− ] below detection. It is therefore 

considered to be representative of nutrient starved conditions. The N 
and P concentrations of the HNHP condition fall within the range that 
characterises high nutrient reefs environments under the influence of 
upwelling or nutrient input from terrestrial environment (Szmant, 2002; 
Aston et al., 2019; Lapointe et al., 2019; Buckingham et al. 2022). 
Bearing in mind dynamic nutrient budgets exist on most reef systems, 
this treatment is most comparable to nutrient availability on coral reefs 
in nature (D’Angelo and Wiedenmann, 2014). Following that parent 
colonies of all corals in the present study were initially cultured in, and 
acclimatised to, the HNHP treatment, corals grown under these nutrient 
conditions act as the control for our experiments. Our imbalanced 
nutrient conditions exceed typical seasonal variations (e.g. Lapointe 
et al., 2019), and therefore represent more extreme cases of anthropo-
genic [NO3

–] and [PO4
3− ] enrichment, which will not necessarily follow 

seasonality. 
Tanks were maintained at a constant temperature of ~26 ◦C, salinity 

of ~33.5 g/kg, and pH of ~8.11 (Table S1), with light intensities of 
~110 μmol m− 2 s− 1 as part of regular 12-hour light–dark cycles. Water 
pH was measured weekly using a Mettler Toledo EL20 pH probe. The pH 
of the four treatment tanks, converted to the total scale, varied slightly, 
with means (±2SD) of 8.16 ± 0.14 for the HNHP treatment, 8.13 ± 0.19 
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for the LNLP treatment, 8.03 ± 0.34 for the LNHP treatment, and 8.12 
± 0.06 for the HNLP treatment (Table S1). Temperature was measured 
daily with a glass thermometer, giving mean (±2SE) temperature 
readings of 26.0 ± 0.1 ◦C for HNHP, 25.9 ± 0.1 ◦C for LNLP, 25.7 ±
0.1 ◦C for HNLP, and 26.7 ± 0.3 ◦C for LNHP. Salinity of all treatments 
except LNHP was measured daily using a Hi-98319 Marine Waterproof 
Salinity Tester (Hanna Instruments Ltd., Leighton Buzzard, UK), giving 
mean (±2SE) values of 33.8 ± 0.1 g/kg for HNHP, 34.2 ± 0.1 g/kg for 
LNLP, and 33.0 ± 0.1 g/kg for HNLP. DIC and total alkalinity were 
measured at different times to pH using a VINTDTA 3C system 
(Marianda), with the DIC measured via coulometry (coulometer 5011; 
UIC), and the total alkalinity by closed-cell titration (Dickson et al., 
2007). DIC values are 1147.7 μmol/kg for HNHP, 1776.4 μmol/kg for 
LNLP, 1809.1 μmol/kg for HNLP, and 1650.0 μmol/kg for LNHP. The 
precision is ± 3.6 µmol/kg for TA (or ~ 0.2%) and ± 2.2 µmol kg− 1 for 
DIC (or ~ 0.1%). Together, these measurements were used to verify the 
measurements taken via the pH probe. 

2.2. Skeletal Growth 

Growth measurements were taken weekly on the cultured corals. 
Linear growth and encrusting growth of the branching coral A. polystoma 
was measured using callipers (precision of ±0.1 mm). For the encrusting 
coral P. lichen, areal growth was quantified using digital photography 
and imaging software. Photographs of the corals with a scale placed next 
to them were taken from above using an Olympus TG-4 digital camera 
that was mounted at a defined distance, using identical camera settings. 
The visible surface area of the corals was calculated in arbitrary units (a. 
u.) from the digital images using Fiji/ImageJ V1.44. 

2.3. Symbiont Density 

Corals grown in each nutrient treatment were sub-sampled, and 
zooxanthellae were extracted from two fragments of each species to 
measure symbiont density. An airbrush loaded with sterile seawater was 
used to remove zooxanthellae from a ~2–4 cm2 area of each coral 
fragment (the exact area sampled was determined by image analysis). 
Three replicate 15 ml aliquots were centrifuged at 3,000 rpm for 10 min 
for purification, resulting sample pellets were then washed in 15 ml of 
sterile seawater before being centrifuged for a second time. The 

supernatant was removed, sample pellets were resuspended in 10 ml of 
seawater, then 5 μl of each aliquot was transferred to a haemocytometer. 
Algal cells were then counted under a light microscope using 10×
magnification. 

2.4. Photosynthetic Efficiency 

A submersible pulse amplitude modulated (PAM) fluorometer was 
used to assess the weekly fluorescence-based maximum yield of photo-
system II (Fv/Fm) in coral zooxanthellae over a period of 15 weeks. A 
Walz diving PAM (Heinz Walz GmbHm, Effeltrich Germany), alongside 
accompanying WinControl V2.08 software, were used to measure and 
record Fv/Fm after eleven hours of acclimation to the daily dark period. 
The probe was held perpendicular to coral skeleton at a distance of 10 
mm. Three repeat measurements were taken on each sample. 

2.5. Coral Sampling 

A. polystoma and P. lichen specimens (Fig. 1) were cleaned in a so-
lution of 10% H2O2 and 1.0 M NH3 for two days, before being ultra-
sonicated in 18.2 MΩ cm (ultrapure) water for 10 min and left to dry in a 
flow box. Specimens were then sectioned using a HC sintered diamond 
rotating saw and sampled using a scalpel; encrusting growth for 
A. polystoma and areal growth for P. lichen. The fragments, ~5 mm2 in 
size, were then mounted in MetPrep EpoFLO high-purity epoxy resin, 
the coral surfaces were exposed using a HC sintered diamond rotating 
grinder, then samples were polished to reveal a flat and smooth surface 
using Kemet PSU-M polishing cloths with diamond in oil suspension 
(grades 15 μm, 9 μm, 3 μm). A final polish was performed using a 0.3 μm 
grade polishing cloth and ultrawater, then samples were cleaned with 
alcohol in an ultrasonic bath. Prior to analysis by laser ablation (LA) 
inductively coupled plasma mass spectrometry (ICP-MS) and multi- 
collector inductively coupled plasma mass spectrometry (MC-ICP-MS), 
samples were ultrasonicated in ultrapure water for 5 min. 

2.6. Solution ICP-MS 

All geochemical analyses were performed at the geochemistry lab-
oratory, School of Ocean and Earth Sciences, University of South-
ampton. Water samples were diluted by 134-times in 3% distilled HNO3 

Fig. 1. A. polystoma and P. lichen specimens cultured under different nutrient treatments. Note bleaching on some samples due to nutrient stress, e.g. A. polystoma 6 
and P. lichen 9–12, rather than temperature stress. 
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containing Be (20 ppb), In (5 ppb) and Re (5 ppb) for internal stand-
ardisation. Element concentrations of Li, B, Mg, Ca, and Sr were deter-
mined on a Thermo Scientific X-Series II Quadrupole ICP mass 
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Accuracy 
was determined based on repeat analyses of Mediterranean Sea water 
standard (IAEA-B1) and are <5% for Li/Ca, B/Ca, Mg/Ca and Sr/Ca and 
<10% for Ba/Ca at 2σ. 

2.7. Solution MC-ICP-MS 

Solution δ11B analysis on the culture waters were performed using a 
Thermo Scientific Neptune MC-ICP mass spectrometer following previ-
ously published procedures (Foster, 2008; Foster et al., 2013). Boron 
was isolated from the sample matrix by ion-exchange chromatography 
using 20 μl Teflon columns containing Amberlite IRA743 resin. Mass 
bias corrections were applied by sample-standard bracketing using 
boron isotope standard NIST SRM951. Solution concentrations ranged 
from 40 to 50 ppb B and uncertainty (2σ) ranges from ±0.2–0.25‰, 
respectively, calculated from long term reproducibility of analyses of 
JCp-1, a Porites sp. coral standard (Inoue et al. 2004). Repeat analyses (n 
= 4) of 50 ppb Mediterranean Sea water standard (IAEA-B1), which has 
the same matrix as our culture medium and was processed in the same 
way, returned a mean (±2SD) of 39.7 ± 0.15‰. 

2.8. Laser Ablation ICP-MS 

Elemental analysis of A. polystoma and P. lichen was performed on a 
Thermo Scientific X-Series II Quadrupole ICP mass spectrometer 
coupled to an Elemental Scientific Lasers (Bozeman, MT, USA) NWR193 
excimer laser ablation system with a TwoVol2 ablation chamber. Sam-
ples were analysed for 7Li, 11B, 24Mg, 43Ca, and 86Sr to enable calcula-
tion of E/Ca ratios. On-peak blank corrections were applied based on the 
mean intensities of preceding and succeeding blank measurement. 
Instrumental drift and mass bias were corrected by standard-sample 
bracketing to glass reference material NIST SRM612 and the values of 
Jochum et al. (2011). Samples and standards were ablated in line-mode, 
with each sample ablated once along the same track as used for the δ11B 
analyses (two ablation passes of a 1 mm line). Each analysis consisted of 
1200 integration cycles of 0.173 s. Operating conditions are detailed in 
Table 1. 

JCp-1 reference material and PS69/318-1, a cold water calcitic 
scleraxonian octocoral (an in-house reference material), were ablated 
throughout the analytical session as a guide to internal precision, 
external reproducibility, and accuracy (Table 2). Internal precision, 
expressed as 2SE of the mean of 1200 integration cycles, was ≤10% for 
all ratios except Li/Ca, which was ≤20%. External reproducibility, 
expressed as 2SD of the mean of 6 analyses, was ≤11% for all ratios 
except Li/Ca, which was ≤20%. Mean accuracy of all ratios is to within 
12% relative to published values: Foster et al. (2013) for PS69/318-1 
and the interlaboratory comparison study by Hathorne et al. (2013) 
for JCp-1. 

The sample E/Ca are presented after the data have been normalised 
to typical seawater compositions of 2.52 μmol/mol Li/Ca, 42.07 μmol/ 
mol B/Ca, 5.14 mmol/mol Mg/Ca, and 8.82 mmol/mol Sr/Ca based on 
concentrations published by Li (1991) for Li, Lee et al. (2010) for B, and 
Millero et al. (2008) for Mg, Ca and Sr, using the following equation: 

E/Can =
(E/Ca)m × (E/Ca)cw

(E/Ca)sw
(1)  

where n = normalised ratio of the coral, m = measured ratio of the coral, 
cw = culture water composition, and sw = seawater composition. 
Measured ratios are presented in the SI. 

2.9. Laser Ablation MC-ICP-MS 

Boron isotope analysis of A. polystoma and P. lichen was performed on 
a Thermo Scientific Neptune Plus MC-ICP mass spectrometer coupled to 
an Elemental Scientific Lasers NWR193 excimer laser ablation system 
with a TwoVol2 ablation chamber. Analytical protocols broadly fol-
lowed Standish et al. (2019). 10B and 11B were measured on the L3 and 
H3 Faraday cups respectively, both of which were installed with 1013 Ω 
resistors. Samples and standards were ablated to remove any surface 
contamination prior to data collection. Data were collected in static 
mode, with each analysis consisting of 100 integration cycles of 2.194 s. 
Dynamic blank corrections were applied cycle by cycle assuming a linear 
relationship between the preceding and succeeding blank measure-
ments, instrumental mass bias was corrected by sample-standard 
bracketing with NIST SRM610 glass reference material and the isotope 
composition published by le Roux et al. (2004) and Standish et al. 
(2019), and matrix interferences from scattered Ca ions were corrected 
for based on a relationship between δ11B inaccuracy and 11B/Cainterfer-

ence for pressed pellets of carbonate reference materials JCt-1, Tridacna 
gigas, and JCp-1, Porites sp. coral (Inoue et al. 2004; Gutjahr et al., 2020), 
where the Cainterference was measured at m/z of 10.10 using the L2 
Faraday cup (installed with a 1012 Ω resistor). Samples and standards 
were ablated in line-mode (two passes over a length of 1 mm), with each 
sample ablated once. Data were screened and cycles falling outside of 
2SD of the mean were removed. Operating conditions are detailed in 
Table 1. Internal reference material PS69/318-1 was ablated throughout 
the analytical session as a guide to internal precision, external repro-
ducibility and accuracy (Table 2). Internal precision, expressed as 2SE of 
the mean of the 100 integration cycles, was ≤0.4‰. The mean δ11B of 
the repeat analysis (n = 8) was 13.78 ± 0.42‰ (2SD), consistent with a 
solution measurement of 13.83 ± 0.29‰ (2σ) (Standish et al., 2019). 

Table 1 
Typical operating conditions for laser ablation ICP-MS analysis.   

δ11B isotope analysis Elemental analysis 

Instrument 
Mass 

Spectrometer 
Thermo Scientific Neptune 
Plus multi-collector 
inductively coupled plasma 
mass spectrometer 

Thermo Scientific Quadrupole 
X-Series inductively coupled 
plasma mass spectrometer  

Laser Ablation 
System 

Elemental Scientific Lasers 
NWR193 excimer laser 
ablation system with a 
TwoVol2 ablation chamber 

Elemental Scientific Lasers 
NWR193 excimer laser 
ablation system with a 
TwoVol2 ablation chamber  

RF Power 1400 W 1200 W 
Cones Nickel skimmer (X) and jet 

sample 
Standard nickel sample cone 
and XT skimmer  

Gas Flows 
Cooling Gas 

(argon) 
16 l min− 1 13 l min− 1 

Auxiliary Gas 
(argon) 

0.7 l min− 1 0.8 l min− 1 

Make-up gas 
(argon) 

1.0 l min− 1 0.88 l min− 1 

Ablation cell 
carrier gas 
(helium) 

1.0 l min− 1 0.7 l min− 1 

Additional Gas 
(nitrogen) 

0.006 l min− 1 0.0 l min− 1  

Ablation Conditions 
Laser power 

density 
~7.5–8.0 J cm− 2 ~7.5–8.0 J cm− 2 

Laser repetition 
rate 

12 Hz 10 Hz 

Laser beam size 50 μm diameter 50 μm diameter 
Laser tracking 

speed 
10 μm s− 1 10 μm s− 1 

Ablation mode Line Line  
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The δ11B composition of the coral samples are presented in Table S2. 
However, in order to compare between treatments, the subtle δ11B dif-
ferences of the culture water, which varied from − 2.4 to +1.3‰ 
(Table S1), need to be accounted for. Boron isotope data are therefore 
discussed after normalisation to the isotopic composition of seawater 
δ11Bn: 

δ11Bn =

(( 11B/ 10Bsw

( (11B/ 10Bcw)/ (11B/ 10Bm) )

)

÷ 11B
/

10BNIST951 − 1
)

× 1000

(2)  

where 11B/10Bsw is 4.2038 (Foster et al., 2010), and 11B/10BNIST951 is 
4.04367 (Catanzaro et al., 1970). In order to investigate the response of 
internal pH to nutrient change, whilst also accounting for variations in 
the pH of the culture waters, pHcf is calculated following Zeebe and 
Wolf-Gladrow (2001): 

pHcf = pKB − log
(

−
δ11Bcw − δ11Bm

δ11Bcw − αB × δ11Bm − 1000 × (αB − 1)

)

(3)  

where δ11Bcw is the isotopic composition of the culture water for the 
respective treatment tank (see Table S1), pKB (Dickson, 1990) is calcu-
lated individually for each treatment tank based on the measured tem-
perature and salinity (Table S1), and the isotopic fractionation factor 
(αB) = 1.0272 (Klochko et al. 2006). Finally, ΔpH was calculated for 
each sample, where: 

ΔpH = pHcf − pHcw (4)  

2.10. Calculation of the Carbonate Chemistry 

In order to investigate the effect of changes in nutrients on the car-
bonate chemistry of corals, carbonate ion [CO3

2–]cf (in µmol/kg) has also 
been calculated for each sample following Chalk et al. (2021) using a 
simplified relationship between [CO3

2–]cf, borate ion ([B(OH)4
− ]cf in 

µmol/kg), and (B/Ca)m (µmol/mol) fitted to the data of Holcomb et al. 
(2016): 

[
CO2−

3

]

cf = 0.00297 ×

([
B(OH)

−

4

]

cf

B/Cam
× 106

)

(5)  

where B/Ca is in µmol/mol and [B(OH)4
− ]cf (in µmol/kg) is calculated 

following Dickson (1990) but using the respective, measured, culture 
water boron concentrations ([B]cw): 

[
B(OH)

−

4

]

cf =
[B]cw

1 + [H]
+
/KB

(6) 

Δ[CO3
2–] was calculated using the following equation: 

Δ
[
CO2−

3

]
=
[
CO2−

3

]

cf −
[
CO2−

3

]

cw (7) 

Dissolved inorganic carbonate [DIC] of the calcifying fluid (in µmol/ 
kg) was calculated from the pHcf, [CO3

2–]cf, and mean measured water 
salinities (g/kg) and temperatures (◦C) in R for both the coral calcifi-
cation fluid and the culture waters using the seacarb package v.3.3.0 
(Gattuso et al., 2021). 

Δ[DIC] is calculated using the following equation: 

Δ[DIC] = [DIC]cf − [DIC]cw (8)  

2.11. Statistical Treatment 

Physiological and geochemical data were statistically compared to 
demonstrate whether differences between the replete HNHP treatment 
and the respective nutrient imbalanced (LNHP and HNLP) and deplete 
(LNLP) treatments were significant. Following a Shapiro-Wilks test 
which indicated that the data are, for the most part, normally distrib-
uted, t-tests were then applied. Results of the t-tests are presented in 
Table S3. 

3. Results 

3.1. Coral Growth 

Corals cultured under all four nutrient treatments increased in size 
during the experimental period, albeit the degree of growth varied be-
tween treatments (Fig. 2 and Table S4). With respect to A. polystoma 
cultured in the replete HNHP treatment, mean (±1SD) linear growth 
was 13.3 ± 5.4 mm and mean (±1SD) encrusting growth was 7.3 ± 1.6 
mm. Linear growth was significantly lower (p < 0.05, t-test, see 
Table S3) when corals were grown under the deplete or imbalanced 
conditions. In contrast, encrusting growth was significantly higher (p <
0.05, t-test) when corals were grown under HNLP conditions compared 
to those from the HNHP nutrient environment. Mean areal growth of 
P. lichen cultured in the HNHP treatment was 3.6 ± 1.3 (a.u.). Relative to 
this, areal growth was significantly lower (p < 0.05, t-test) when grown 
under LNLP conditions. 

3.2. Symbiont Density 

The greatest symbiont densities were seen in the replete HNHP 
treatment for both species, with mean total cells per mm2 of 11,858 ±
512 (±2SE) for A. polystoma and 22,354 ± 4,113 for P. lichen (Fig. 3, 
Table S5). Relative to the nutrient replete conditions, densities were 
significantly lower (p < 0.05, t-test) in the deplete and imbalanced 
nutrient treatments in all cases: for A. polystoma, densities were 84% 
lower for LNLP, 83% lower for HNLP, and 66% lower for LNHP; for 
P. lichen densities were 94% lower for LNLP, 90% lower for HNLP, and 
88% lower for LNHP. 

3.3. Photosynthetic Efficiency 

Fv/Fm measurements, used as a proxy for photosynthetic efficiency, 
remained stable for both species under HNHP (Fv/Fm of ~0.76 for 
A. polystoma and ~0.62 for P. lichen) and LNLP treatments (Fv/Fm of 
~0.72 for A. polystoma and ~0.62 for P. lichen) (Fig. 4, Table S6). Under 
imbalanced nutrient conditions, photosynthetic efficiency of both 
A. polystoma and P. lichen decreased over time from starting values of 
~0.6–0.7; linear regression p-values indicate slopes are significant at 
95% confidence (Table S6). A Fv/Fm value <0.5, as recorded at the end 
of the experimental period for P. lichen in the imbalanced nutrient 
treatments, is often used as an indicator of stress (Gorbunov et al., 
2001). Yet strictly speaking, stress is inferred by the loss of photosyn-
thetic efficiency over time, and this is recorded for both species in these 
imbalanced conditions. 

Table 2 
LA-MC-ICP-MS and LA-ICP-MS analyses of reference materials JCp-1 and deep sea coral PS69/318–1. Uncertainties are ± 2SD of repeats analyses. For δ11B analysis n 
= 8, and for E/Ca analysis n = 6.   

δ11B (‰) Li/Ca (μmol/mol) B/Ca (μmol/mol) Mg/Ca (mmol/mol) Sr/Ca (mmol/mol) 

PS69/318–1 13.78 ± 0.42 39.0 ± 3.9 221.7 ± 7.0 90.3 ± 2.1 2.87 ± 0.05 
JCp-1 – 6.1 ± 0.8 425.1 ± 46.9 4.4 ± 0.3 9.19 ± 0.35  
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3.4. E/Ca Composition 

For corals cultured in the nutrient replete (HNHP) treatment, mean 
(±2SE) E/Ca values are as follows: Li/Can of 6.8 ± 0.9 μmol/mol for 
A. polystoma and 4.7 ± 1.1 μmol/mol for P. lichen; B/Can of 444.6 ±
46.4 μmol/mol for A. polystoma and 362.5 ± 69.2 μmol/mol for P. lichen; 
Mg/Can of 4.6 ± 0.6 mmol/mol for A. polystoma and 3.6 ± 1.0 mmol/ 
mol for P. lichen; Sr/Can of 8.6 ± 0.2 mmol/mol for A. polystoma and 8.0 
± 0.2 mmol/mol for P. lichen; Li/Mgn of 1.5 ± 0.2 mmol/mol for 
A. polystoma and 1.3 ± 0.1 mmol/mol for P. lichen (Table S2, Fig. 5). 

Variability in E/Ca composition occurs as a function of culture me-
dium nutrient content, with similar patterns recorded for both species 
(Fig. 5). Corals cultured under HNLP conditions are characterised by 
significantly lower Sr/Can (p < 0.05, t-test, see Table S3) compared to 
the HNHP nutrient environment. Li/Can, B/Can, and Mg/Can, are also 
significantly lower for A. polystoma, whilst Li/Mgn is significantly higher 
for P. lichen, cultured under HNLP conditions compared to the replete 
treatment. With respect to corals cultured under LNHP conditions, Sr/ 
Can is significantly lower and Li/Mgn significantly higher (p < 0.05, t- 
test) compared to those cultured in the HNHP treatment. Li/Can and 
Mg/Can of A. polystoma are also significantly lower compared to those 
cultured in the HNHP treatment. Corals grown under nutrient deplete 
(LNLP) conditions are characterised by significantly lower B/Can and 
Sr/Can (p < 0.05, t-test, see Table S3) compared to the HNHP nutrient 
environment. Mg/Can is also significantly lower for A. polystoma, and Li/ 
Mgn is significantly higher for P. lichen, cultured under LNLP conditions 
compared to the HNHP nutrient environment. 

Correlations are strongest between Mg/Can, Sr/Can, and Li/Mgn for 
A. polystoma, all of which have Pearson correlation coefficients (r) of 
0.65–0.86. Correlations between these ratios and Li/Can give an r of 
0.43–0.81, whilst correlations are weakest when involving B/Can (r =

0.14–0.44). Similarly, correlations for P. lichen are strongest between Li/ 
Mgn and Sr/Can (r = 0.69) and Mg/Can (r = 0.67), and are weakest when 
involving B/Can (r = 0.10–0.29) (Table 3, Figs. S1 and S2). 

3.5. Boron Isotope Ratio Composition and Carbonate Chemistry 

P. lichen grown in the replete, HNHP, treatment yield a mean (±2SE) 
δ11Bn of 24.6 ± 2.2‰, whilst A. polystoma grown in the HNHP treatment 
gave a mean (±2SE) δ11Bn of 25.6 ± 1.3‰ (Fig. 5, Table S2). Compared 
to the respective nutrient replete samples, corals grown in the imbal-
anced nutrient treatment LNHP are characterised by similar mean δ11Bn 
(23.9 ± 1.0‰ for P. lichen and 25.6 ± 0.8‰ for A. polystoma). Corals 
grown in both the imbalanced nutrient treatment HNLP and the deplete 
nutrient treatment LNLP are characterised by similar, or slightly higher, 
mean δ11Bn: 24.9 ± 1.3‰ for P. lichen and 26.5 ± 0.4‰ for A. polystoma 
for the former, and 24.0 ± 2.0‰ for P. lichen and 26.3 ± 0.4‰ for 
A. polystoma for the latter. No treatments are different at a 95% confi-
dence level based on the t-tests (Table S3). Overall, the range in δ11B due 
to varying nutrient concentration was ~1‰. Boron geochemistry is an 
effective tracer of the coral carbonate system, permitting calculation of 
pH, [CO3

2–] and [DIC] (e.g. McCulloch et al., 2017), all of which are 
estimated here. Since the subtle variations in culture media pH may 
obscure relationships in δ11B-space, it is more informative to compare 
between the treatments in terms of ΔpH (Equation (4)). Corals grown in 
the replete HNHP treatment are characterised by ΔpH (±2SE) of 0.43 ±
0.08 for A. polystoma and 0.37 ± 0.14 for P. lichen (Fig. 6, Table S2). 
Corals cultured in imbalanced nutrient treatments HNLP and LNHP are 
characterised by relatively larger ΔpH (Fig. 6, Table S2), and for 
A. polystoma these differences are significant (p < 0.05, t-test, see 
Table S3). The ΔpH of corals cultured under LNLP conditions was not 
significantly different to those from the HNHP nutrient environment at 
95% confidence. 

The mean Δ[CO3
2–] (±2SE) of HNHP samples are 1,024 ± 62 μmol/ 

kg for P. lichen and 884 ± 89 μmol/kg for A. polystoma (Fig. 6, Table S2). 
Mean Δ[CO3

2–] was significantly higher (p < 0.05, t-test, see Table S3) for 
both species of corals when specimens were cultured under the LNHP 
conditions, and significantly lower for A. polystoma when cultured under 
LNLP conditions. The mean Δ[DIC] (±2SE) of HNHP samples are 3,144 
± 1,118 μmol/kg for P. lichen and 2,187 ± 443 μmol/kg for A. polystoma 
(Fig. 6, Table S2). Mean Δ[DIC] was significantly lower (p < 0.05, t-test) 
for A. polysoma cultured under LNHP conditions. 

4. Discussion 

4.1. The effect of nutrient enrichment and depletion on coral physiology 

Corals cultured in replete HNHP conditions (nitrate of ~4.5 μM, 
phosphate of ~0.6 μM) were characterised by stable photosynthetic 
efficiencies and the greatest symbiotic densities. Net skeletal growth of 
A. polystoma (i.e. linear growth plus encrusting growth) was also 

Fig. 2. Box plots showing skeletal growth of A. polystoma (a, b) and P. lichen (c) cultured under different nutrient treatments. Datasets different to their respective 
HNHP treatment at 95% confidence are marked with an asterisk. 

Fig. 3. Mean density of zooxanthellae (±2SE) on A. polystoma and P. lichen 
cultured under different nutrient treatments. Datasets different to their 
respective HNHP treatment at 95% confidence are marked with an asterisk. 
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greatest in those grown in the replete treatment, with this being driven 
primarily by high linear growth (minimal encrusting growth was 
observed). Meanwhile, for P. lichen, samples grown in the replete 
treatment recorded the greatest degree of areal growth. 

Symbiotic densities were significantly lower for corals cultured in the 
deplete nutrient treatment LNLP (both nitrate and phosphate at or below 
detection) compared to the replete treatment, results that are consistent 
with a study on Euphyllia paradivisa by Rosset et al. (2015), although it 
should be noted that these mean differences between treatments are no 
larger than those typically observed seasonally at single sites (Fagoonee 
et al., 1999; Costa et al., 2005). In both this study and Rosset et al. 
(2015), the photosynthetic efficiency was not impacted, with Rosset 
et al. (2017) hypothesising that normal photosynthetic efficiency can be 
explained because both N and P are both depleted and thus there is a 
reduced demand for phosphorus from non– or slow-growing algal pop-
ulations (D’Angelo and Wiedenmann, 2014). Skeletal growth was 
impacted, with A. polystoma recording significantly lower linear growth 
(and net skeletal growth), and P. lichen recording significantly lower 
areal growth. This apparently contradicts the view that corals typically 
calcify faster when nutrients are scarce (McConnaughey, 2012, and 
references therein). However, growth rates (measured either as linear 
extension or areal growth) do not necessarily mirror calcification rate. 
Furthermore, it can be difficult to compare studies that contrast corals 
cultured under different nutrient conditions; the LNLP treatment here is 
considered to be nutrient starved (i.e. stressed) where levels of nitrate 
and phosphate are at levels lower than typical reef environments. 

The effect of nitrogen enrichment on coral calcification is dependent 
on its chemical form, concentration, coral species, and duration of 
enrichment, with biological mechanisms also playing a key role (Ferrier- 
Pagès et al., 2000). For example, additional nitrogen can be incorpo-
rated into algal biomass, resulting in a decrease in the transfer of 
photosynthetic products (e.g. C) from symbiont to coral and, as a 

consequence, lower rates of coral calcification (Dubinsky et al. 1990; 
Stambler et al. 1991). There is also the potential for an increase in 
competition between algae and host for inorganic carbon (Stambler 
et al. 1991; Marubini and Davies 1996). Ferrier-Pagès et al. (2000) re-
ported that the growth of Stylophora pistillata was dependent on nutrient 
concentrations, with a decrease reported at ammonium concentrations 
of 20 μM. This was consistent with a decrease in skeletal growth of 
Pocillopora damicornis at similar ammonia concentrations (15 μM) re-
ported by Stambler et al. (1991), although Steven and Broadbent (1997) 
reported no decrease in growth of Acropora palifera at lower concen-
trations of 4 μM. In contrast, nitrogen as nitrate at similarly low con-
centrations (1–20 μM) has typically been reported to lead to a decrease 
in growth of a variety of coral species (Tomascik and Sander, 1985; Bell 
and Tomascik 1993; Marubini and Davies, 1996), with the exception of 
Dollar (1994) who reported no negative change in growth of Porites rus 
at (unmeasured) high nitrogen, and Atkinson et al. (1995) who recorded 
elevated growth for a wide variety of species in nitrate of up to 5 μM 
(which was linked to high levels of CO2). 

In this study, although we did not directly quantify calcification 
rates, linear growth of A. polystoma was significantly lower in HNLP 
treatments (nitrate of ~73 μM) when compared to those grown in the 
replete treatment (nitrate of ~4.5 μM), driving lower net skeletal 
growth. Whilst encrusting growth was significantly higher — indicating 
a shift in skeletal growth strategies — the overall decrease in net growth 
of A. polystoma during nitrogen enrichment is consistent with both the 
general picture, as well as previous work on this specific species; 
Buckingham et al. (2022) note that such nutrient conditions were 
typically associated with either no effect or decreases of both linear 
growth and calcification for Acropora spp. P. lichen cultured in the HNLP 
treatment in this study also show lower levels of skeletal growth 
compared to those cultured under replete HNHP conditions. Similarly, 
Ferrier-Pagès et al. (2000) reported a decrease in growth of S. pistillata 

Fig. 4. Photosynthetic efficiency of coral zooxanthellae on A. polystoma and P. lichen cultured under different nutrient treatments over a period of 15 weeks. Un-
certainties are 2SE of the three replicate measurements. Data series marked with an asterisk slope at a confidence of 95%. 
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with phosphorus enrichment of 2 μM. Results presented here from the 
imbalanced LNHP nutrient enrichment (phosphate of ~5.7 μM) are 
consistent with this: lower areal growth is recorded in P. lichen and lower 
net growth is recorded for A. polystoma, driven by significantly lower 
linear growth (albeit alongside higher encrusting growth) compared to 
corals grown under nutrient replete conditions. McConnaughey (2012) 
demonstrated that calcification is typically higher when nutrient levels 
are lower, suggesting a positive relationship between calcification- 
generated proton export and nutrient uptake. Accordingly, high 
nutrient availability may result in reduced calcification (McCon-
naughey, 2012), a hypothesis that is consistent with the reduced growth 
recorded during the LNHP and HNLP treatments here. It has also been 
proposed that [PO4

3− ] can retard CaCO3 nucleation and precipitation 
rates (e.g. in foraminifera, Henehan et al., 2015), which offers a further 
mechanism for reduced growth in the LNHP treatment. However, as the 
imbalanced treatments are also starved of either nitrate or phosphate, 
this starvation could also be a key driver of the physiological responses 
recorded. 

Symbiont densities for both species were significantly lower in the 
imbalanced treatments than the nutrient replete treatment (with these 
differences again being no larger than those recorded seasonally), and 

their photosynthetic efficiencies decreased throughout the duration of 
the experiment. Fv/Fm values for P. lichen indicate that this species was 
experiencing stress. With respect to HNLP conditions, this is again 
consistent with the findings of Rosset et al. (2017) who showed that 
symbiosis was disturbed, and algal photosynthesis impacted, when 
E. paradivisa was cultured in phosphate limited but nitrate replete water. 
Indeed, Wiedenmann et al. (2013) had also previously demonstrated 
that phosphate starvation of zooxanthellae at high N:P can disturb the 
photosynthetic capacity of zooxanthellae through altering the normal 
ionic character of their photosynthetic membranes, making corals more 
susceptible to bleaching. A number of other studies found that nutrient 
enrichment led to an increase in the rate of maximal gross photosyn-
thesis and zooxanthellae density on a range of coral species (Hoegh- 
Guldberg and Smith 1989; Dubinsky et al. 1990; Marubini and Davies 
1996; Ferrier-Pagès et al. 2000). With respect to the findings of Ferrier- 
Pagès et al. (2000), this was compared to an unenriched nutrient 
treatment of <0.1 μM phosphorus and <0.5 μM nitrate, which is more 
akin to the LNLP treatment here and can therefore be deemed as being a 
consistent result. Nonetheless, Rosset et al. (2017) demonstrated that 
E. paradivisa can tolerate low nitrate conditions when phosphate is 
replete (LNHP) without negative effects, suggesting a better adaptation 
to nitrogen limitation for this species. This was not the case for the 
A. polystoma and P. lichen studied here, with both symbiotic densities 
and photosynthetic efficiency negatively impacted in both HNLP and 
LNHP treatments, further highlighting species-specific responses. 

4.2. The effect of nutrient enrichment and depletion on geochemical 
proxies 

The nutrient treatments clearly impact coral physiology, and like-
wise the geochemical signature of A. polystoma and P. lichen skeleton 
also vary with nitrate and phosphate enrichment and depletion. With 

Fig. 5. Normalised δ11B and E/Ca composition of (a) A. polystoma (encrusting growth) and (b) P. lichen (areal gowth) cultured under different nutrient treatments. 
Datasets different to their respective HNHP treatment at 95% confidence are marked with an asterisk. 

Table 3 
Pearson correlation coefficients between E/Ca ratios for A. polystoma (italic 
cells) and P. lichen (bold cells). Coefficients ≥ 0.5 are underlined.  

Ratio Li/Can B/Can Mg/Can Sr/Can Li/Mgn 

Li/Can  –  0.34  0.81  0.68  0.43 
B/Can  0.22  –  0.14  0.44  0.19 
Mg/Can  0.26  0.29  –  0.80  0.86 
Sr/Can  0.50  0.24  0.40  –  0.65 
Li/Mgn  0.53  0.10  0.67  0.69  –  
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respect to E/Ca, the two coral species show remarkably similar re-
lationships between nutrient treatments. For example, after normal-
isation to culture water, Sr/Ca is lower and Li/Mg is higher (at 95% and 
80% confidence levels respectively), in the deplete and imbalanced 
treatments for both species compared to their respective replete treat-
ment (Fig. 5). 

The Sr/Ca, Li/Mg, and Mg/Ca of scleractinian coral skeletons are all 
applied as seawater temperature proxies (Beck et al., 1992; Sinclair 
et al., 1998; Watanabe et al 2001; Fallon et al., 2003; Montagna et al. 
2014; Alpert et al. 2016). Ross et al. (2019) demonstrated that Sr/Ca of 
tropical (branching and foliose) coral skeletons changes by − 0.06 
mmol/mol ◦C− 1 (a figure consistent with a study by Corrège, 2006, for 
Porites spp.), whilst skeletal Li/Mg changes by approximately − 0.08 
μmol/mol ◦C− 1. Based on these relationships, and the differences we 
find between the replete, imbalanced and depleted treatments, it is 

apparent that the two temperature proxies have very different sensi-
tivities to changes in nutrient levels (Fig. 7a). The Sr/Ca temperature 
proxy is particularly sensitive to changes in nutrient concentrations, 
exhibiting biases equivalent to +21 to +52 ◦C between treatments (x- 
axis, Fig. 7a and b). The low nitrate treatments are most affected and 
there is little difference between the two species studied. The Li/Mg 
temperature proxy is impacted to a small degree exhibiting changes 
equivalent to − 2 to − 7 ◦C and with no clear differences between species 
or treatment (y-axis, Fig. 7a). Based on a study of Montastrea faveolata by 
Watanabe et al. (2001), the Mg/Ca temperature proxy changes by 0.28 
mmol/mol ◦C− 1. This proxy is therefore impacted to a similar degree as 
the Li/Mg, with changes equivalent to − 1 to − 7 ◦C (y-axis, Fig. 7b). 

The observed responses in the E/Ca signature of the coral samples 
between nutrient treatments demonstrates that changing nutrient levels, 
and the impacts these have on coral physiology, significantly alters the 

Fig. 6. ΔpH, Δ[CO3
2–], and Δ[DIC] of A. polystoma (a) and P. lichen (b) cultured under different nutrient treatments. Datasets different to their respective HNHP 

treatment at 95% confidence are marked with an asterisk. 
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geochemical signature of scleractinian corals. Ambient nutrient levels 
are not typically considered when calibrating and applying geochemical 
proxies in coral skeletons. Although the variations in nutrient levels here 
are extreme, our results suggest variable nutrients may play a hitherto 
under-appreciated role in site specific variations in coral E/Ca compo-
sition. This is especially so for Sr/Ca, which is reduced by around 30% 
between the nutrient replete and nutrient depleted treatments (Fig. 5). 
As we demonstrated in Fig. 7, this implies even small variations in 
nutrient concentration (or nutrient imbalance) could have dramatic 
consequences on reconstructed SST and could play an underappreciated 
role in driving ‘site specific’ Sr/Ca-SST calibrations (e.g. Alpert et al. 
2016). Furthermore, given the differential sensitives of the proxies, 
nutrient effects could be invoked as an explanation for when the Sr/Ca 
proxy diverges from that of Li/Mg or Mg/Ca. A possible avenue for 
future research is therefore to explore whether it is possible to correct 
temperature proxies for nutrient effects, or to deconvolve nutrient 
conditions from multiple elemental ratios. 

The boron isotope-pH proxy is also widely used in palae-
oenvironmental studies of corals (e.g. Wei et al., 2009; D’Olivo et al., 
2019; Fowell et al., 2018), with a 1‰ difference in δ11B equating to an 
approximate change of 0.1 pH units. Due to the differing δ11B and pH of 
the culture water from each treatment, this will be discussed here in 
terms of ΔpH, i.e. the difference between the pHcf and pHcw (Eq. (4)). 
Corals grown in the nutrient deplete or imbalanced treatments are up to 
0.13 pH units higher than their respective replete treatments (Fig. 6). In 
A. polystoma, imbalanced treatments are different by 0.11 (HNLP) and 
0.13 (LNHP) pH units, significant at 95% confidence, and the deplete 
treatment (LNLP) is different by 0.07 pH units, significant at 68% con-
fidence. In P. lichen, the imbalanced treatments again show the largest 
difference relative to the replete treatment: ~0.07–0.08 pH units 
different, but only the LNHP is different at a significance of 68% con-
fidence. The ΔpH of the LNLP treatment is indistinguishable from the 
replete. As δ11B-pH changes by around 0.3–0.5 pH units per 1 unit of 
external pH change (McCulloch et al., 2012b), changes induced by nu-
trients are therefore considerable, and larger than the ~0.1 pH unit 
change in external seawater pH caused by anthropogenic acidification of 
the ocean (e.g. Fowell et al. 2018 and references therein). The impact 
from anthropogenically-induced nutrient disturbances should therefore 
also be considered when generating δ11B-based records of seawater pH, 
or assessing coral response to pH change, particularly given the 
increased occurrences of nutrient disturbance in tandem with increasing 
anthropogenic acidification and warming. Indeed, it may be that an 

imbalance of nutrients could contribute to obscuring the δ11B-pH signals 
associated with ocean acidification, as is frequently observed (e.g. 
Fig. S1 from Fowell et al., 2018). It is also worth noting that this impact 
may not be equal amongst all species of coral, as based on the evidence 
presented here P. lichen appears less affected than A. polystoma. 

It is therefore apparent that when geochemical proxies are being 
applied to reconstruct past environments, consideration must be paid to 
the evolution of nutrient budgets within a given study region. Particular 
care is needed when samples derive from regions where nutrient budgets 
have been disturbed by anthropogenic activity. One option is to use 
proxies for nutrient conditions, such as P/Ca (e.g. LaVigne et al., 2010), 
in conjunction with other proxies so these effects can be noted, mini-
mised, normalised, or screened out. Alternatively, if independent prox-
ies from the same parameter can be used in tandem, such as Sr/Ca and 
Li/Mg for SST studies (Cuny-Guirriec et al., 2019), their divergence 
could be used to identify when such impacts may be significant, or even 
to identify the occurrence of such nutrient enrichment/depletion events. 

4.3. The effect of nutrient enrichment and imbalance on calcification fluid 
composition 

New coral skeleton is precipitated from semi-isolated pools of 
modified seawater located in a sub-micron sized space called the 
extracellular calcifying medium (ECM), sandwiched between the coral 
animal and its existing skeleton (Tambutté et al., 2007, 2012, Gagnon 
et al., 2012). Through the deployment of enzymatic pumps (e.g. Ca- 
ATPase: Ip et al., 1991) and the secretion of acid-rich proteins (Mass 
et al., 2013), the coral animal has a high degree of control on the car-
bonate system within these pools, enabling such modification (Ram and 
Erez, 2021). This enables elevation of parameters such as pH, DIC, and 
as a consequence aragonite saturation state (Ω), in order to favour 
crystal growth (e.g. Sevilgen et al., 2019). 

As noted above, ΔpH (the degree of pH elevation in the ECM) varies 
between the nutrient treatments (Fig. 6), with greater upregulation seen 
in the nutrient imbalanced treatments. Similarly, other aspects of the 
carbonate system in the calcifying fluid vary as a function of nutrient 
concentration: for both species, Δ[DIC] is lowest in the imbalanced 
nutrient treatments and highest in the nutrient deplete treatment, whilst 
Δ[CO3

2–] is lowest in the imbalanced LNHP treatment and highest in the 
nutrient deplete treatment (Fig. 6). In particular, Δ[DIC] is well- 
correlated with ΔpH (Fig. 8). 

Current models of calcium carbonate biomineralisation in coral 

Fig. 7. Impact of dissolved nutrient levels to geochemical temperature proxies: (a) Sr/Ca proxy compared to Li/Mg proxy, (b) Sr/Ca proxy compared to Mg/Ca 
proxy. Solid black line represents 1:1 ratio. 
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favour a precursor phase of amorphous calcium carbonate (ACC; Mass 
et al., 2017). It has subsequently been proposed that this ACC, which 
forms in vesicles of intracellular calcifying fluid and is exocytosed into 
the ECM, attaches to the mineral growth front via particle attachment 
before voids are infilled through ion attachment processes (Sun et al., 
2020; Gilbert et al., 2022). Whilst ACC formation and its particle 
attachment are clearly important, significant amounts of calcium car-
bonate is still deposited by later ion attachment processes, and previous 
studies have shown how simplified geochemical models can provide 
useful insights in coral biomineralisation (McCulloch et al., 2012a; Guo, 
2019). Here, we therefore assume that ECM chemistry is important in 
driving the skeletal geochemistry, and assess the trends recorded in the 
cultured coral’s carbonate chemistry with respect to such a simplified, 
closed system, geochemical model. 

Based on the model presented by Guo (2019), the state of the car-
bonate system in the ECM is assumed to be determined by the balance 
between: (i) the degree of proton removal by the CaATPase enzymatic 
pump which increases pHcf and does not directly influence fluid DICcf; 
(ii) the degree of DIC-enrichment caused by either diffusion of CO2 or 
the active pumping of HCO3

– by bicarbonate ion transporters (BAT; 
Zoccola et al., 2015), both of which cause pH to decline and calcification 
fluid DIC to increase; (iii) precipitation of CaCO3 that, by removing 2 M 
of alkalinity and 1 M of DIC per 1 M of CaCO3, lowers both DIC and pH; 
and (iv) the admixture and modification of seawater into the calcifying 
space that drives the internal carbonate system back towards external 
seawater values. The trends shown in Fig. 8 are most easily explained by 
variations in the degree of DIC-enrichment of the calcifying space, such 
that for balanced nutrients (either replete or depleted) DIC-enrichment 
of the calcifying fluid is higher than for the imbalanced nutrients, with 
a tendency for the LNLP treatment to have the highest extent of DIC- 
enrichment. The evolution of the carbonate chemistry within the calci-
fying fluid as HCO3

– is added can be simply modelled by increasing DIC 
and ALK in a 1:1 ratio. Plotted on Fig. 8, good consistency between the 
model and the calculated carbonate chemistry for the measured corals 
suggests that variable addition of HCO3

– to the calcifying space can 
largely explain the variation recorded. 

Disruption of the DIC transporting mechanism can occur in two 
ways: (i) the active transport of HCO3

– by BATs could be reduced; (ii) the 
production of carbonic anhydrase, used to catalyse the conversion of 

CO2 to HCO3
– and H+ (Bertucci et al., 2013), could be retarded. Both 

these processes are significantly down-regulated during coral bleaching 
and thermal stress associated with the loss of symbionts (Kenkel et al., 
2013; Bernardet et al., 2019). Our samples were not bleached by high 
temperature stress, but they did bleach due to nutrient-related stress 
(Fig. 1; see also Rosset et al., 2017; Buckingham et al., 2022). Nutrient 
imbalance is associated with a significant decline in symbiont number 
(Fig. 3), and with a disruption of photosynthetic efficiency, particularly 
for Porites (Fig. 4). Given that the LNLP treatment also experienced a loss 
of symbionts however, a decrease in the number of symbionts alone does 
not appear to disrupt the carbonate system in the ECM in this way. This 
points to the efficiency of that system (Fig. 4) being more important, as 
photosynthetic efficiency appears to only be disrupted in the nutrient 
imbalanced treatments, and not nutrient depleted conditions (as others 
have noted; Buckingham et al., 2022). 

A link to photosynthetic efficiency finds support in studies that show 
seasonal trends with negatively correlated pHcf and DICcf, in which 
greater pH upregulation has been linked to a reduced supply of 
photosynthetically-driven metabolic DIC associated with changes in 
temperature and/or light (D’Olivo and McCulloch, 2017; McCulloch 
et al., 2017). Furthermore, Prouty et al. (2022) recorded greater upre-
gulation of pHcf and lower DICcf for Porites lobata growing in high 
nutrient and low pH waters off the coast of Hawaii. Upregulation of pH 
was seen in that study as a potential coping mechanism as a response to 
nutrient-driven calcification stressors that oppose photosynthesis and 
calcification. Our simple modelling (black lines in Fig. 8) however shows 
that a higher ΔpH in response to nutrient imbalance is likely due to a 
lower HCO3

– flux to the ECM, possibly as photosynthetic efficiency is 
disrupted, which lowers the DIC of the calcifying space and corre-
spondingly increases pHcf. 

4.4. Potential causes of nutrient-driven changes in coral skeleton 
geochemistry 

4.4.1. Rayleigh Fractionation 
The ECM is a semi-isolated space where new coral skeleton pre-

cipitates, and restriction of the inward flux of ions from ambient 
seawater results in a change in its chemistry as precipitation occurs: DIC 
and pH, as well as [Ca] and [CO3], decrease in the ECM until conditions 

Fig. 8. Δ[CO3
2–] and Δ[DIC] versus ΔpH of A. polystoma and P. lichen cultured under different nutrient treatments. Uncertainties are 2SE of the mean of the repeat 

analyses. The trend lines shows the evolution of the carbonate fluid as: (i) HCO3
– is added, simulated by increasing [DIC] and ALK in a 1:1 ratio, (ii) metabolic CO2 

diffuses in, increasing [DIC] with alkalinity remaining constant, (iii) protons are removed by the CaATPase enzymatic pump, decreasing alkalinity with [DIC] 
remaining constant, and (iv) precipitation of CaCO3 that decreases alkalinity and [DIC] with 2:1 ratio. 
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are no longer favourable for precipitation (Ram and Erez, 2021). 
Furthermore, elements with a partition coefficient (D) of >1, such as Ba 
and Sr, will decrease in the residual ECM relative to Ca as they are 
preferentially taken up into aragonite (Gaetani and Cohen, 2006; Ram 
and Erez, 2021). This results in later forming aragonite being charac-
terised by progressively lower Ba/Ca and Sr/Ca ratios compared to that 
of the earlier forming aragonite. In contrast, elements with a D of <1, 
such as B and Mg, will increase in the residual ECM relative to Ca, with 
later forming aragonite being characterised by progressively higher B/ 
Ca and Mg/Ca ratios (Gagnon et al., 2007; Stewart et al., 2016). The 
process, known as closed system Rayleigh-type fractionation, has 
sometimes been used to explain E/Ca variation within coral skeletons 
(Gaetani and Cohen, 2006; Cohen et al., 2009), although numerous 
other studies have presented data that is not consistent with this type of 
model (Meibom et al., 2008; Rollion-Bard et al., 2009; Brahmi et al., 
2012). 

The degree to which the ECM of a particular coral is isolated at a 
given point in time controls the degree of Rayleigh-type fraction, which 
in turn impacts the chemical evolution of both the ECM and the skeleton. 
Following that imbalanced or depleted [NO3

–] and/or [PO4
3− ] impacts 

coral growth, it is possible that geochemical variations (δ11B and E/Ca) 
between the different nutrient treatments could be the result of differing 
degrees of Rayleigh-type fractionation. Gagnon et al. (2007) demon-
strated that the E/Ca signature of D. dianthus aragonite in the outer septa 
was consistent with a Rayleigh-type fractionation model, and compari-
sons to such closed system models can be used to assess whether such 
process can explain the variation in E/Ca data (e.g. Stewart et al., 2016). 
Furthermore, if Rayleigh-type fractionation was a dominant process 
controlling the variations in E/Ca data, correlations would be expected 
between pairs of E/Ca ratios: positive for those with similar D values, e. 
g. B/Ca and Mg/Ca (both < 1), and negative for those with contrasting D 
values, e.g. Sr/Ca (>1) and Mg/Ca (<1). 

Rayleigh-type fractionation models are described by the following 
equations (Gagnon et al., 2007): 
(
X
Ca

)

coral
= Dx

(
X
Ca

)

sol0
FDX − 1 (9)  

where the extent of precipitation is defined as: 

F =

(
[Ca]
[Ca]0

)

sol
(10) 

Fig. 9 shows the coral E/Ca data plotted alongside theoretical closed 
system Rayleigh-type fractionation models for Li, B, Mg, and Sr incor-
poration into skeletal aragonite calculated following Eqs. (9) and (10), 
where DLi = 6.60E− 4, DB = 2.80E− 3, DMg = 2.35E− 4, and DSr = 1.24, 
and calcifying fluid assumptions are as follows: [Li]sol0 = 26.0 μM, [B] 
sol0 = 433.3 μM, [Mg] sol0 = 52.9 mM, [Ca] sol0 = 10.3 mM, [Sr] sol0 = 91 

μM. Whilst some of the variation within treatments may be consistent 
with Rayleigh-type fractionation, for example the LNHP and HNHP 
A. polystoma, variation between the treatments is not. In addition, there 
are no well-defined correlations between E/Ca ratios for different 
treatments in Fig. 9 that are consistent with their respective D values. 
The implication of this finding is that the nutrient treatments modify 
element uptake beyond a simple Rayleigh-type effect. 

4.4.2. Differences in [Ca] 
Ram and Erez (2021) demonstrated a positive correlation between 

E/Cacoral and E/Casw for Pocillopora damicornis and Acropora cervicornis 
skeletons cultured under varying [Ca]sw. If imbalanced nutrients resul-
ted in differences in [Ca] in the ECM of corals due to modification of the 
calcification process, then variations in [Ca] of the unobserved ECM may 
explain the variation in the E/Ca seen in samples from this study. 

To examine this possibility, mean Li/Ca, Mg/Ca, and Sr/Ca of the 
four nutrient treatments have been plotted alongside E/Ca trends from 
Ram and Erez (2021) for both P. damicornis and A. cervicornis cultured 
under varying [Ca] (Fig. 10). Whilst the slopes are similar when Sr/Ca is 
plotted against Mg/Ca, the mean Li/Ca versus mean Mg/Ca for P. lichen 
in particular suggests that [Ca] of the unobserved ECM cannot explain 
the E/Ca differences between the different nutrient treatments. 

4.4.3. Theoretical CaCO3 precipitation rates 
Gabitov et al. (2011) demonstrated that the Li/Ca and Mg/Ca of 

spherulite fibres increases with aragonite precipitation rate. Mavromatis 
et al. (2015) likewise showed variations in [B] of aragonite can be 
accounted for by changes in precipitation rates that result from high 
saturation states in the calcifying fluid, whilst DSr in aragonite also 
changes as a function of precipitation rate, albeit this relationship is 
apparently also impacted by temperature (AlKhatib and Eisenhauer, 
2017). Variation between the E/Ca of coral skeleton cultured in different 
nutrient treatments could therefore simply relate to differing skeletal 
precipitation rates as governed by the respective nutrient levels. 

Calcification rates were not measured during culturing, however 
theoretical CaCO3 precipitation rates (G) can be calculated based on Ωcf 
(saturation state of the calcifying fluid where [Ca] is assumed to be that 
of the parent seawater: ~10 mM) and T following McCulloch et al. 
2012a: 

G = k(Ωcf − 1)n (11) 

With the following temperature dependence for aragonite 
precipitation: 

karagonite= − 0.0177T2 + 1.47T + 14.9 (12)  

naragonite = 0.0628T + 0.0985 (13) 

Calculated mean (±2SE) theoretical CaCO3 precipitation rates for 

Fig. 9. Rayleigh fractionation models for Li, B, Mg and Sr incorporation into cultured A. polystoma and P. lichen.  
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corals grown in the replete HNHP treatment were 4,331 ± 818 μmol 
m− 2 hr− 1 for A. polystoma and 5,514 ± 648 μmol m− 2 hr− 1 for P. lichen 
(Fig. 11, Table S2). Similar rates were calculated for A. polystoma 
cultured in both imbalanced treatments, and for P. lichen cultured under 
HNLP conditions. The mean calculated rate of P. lichen grown under 
LNHP conditions was significantly lower (p < 0.05, t-test; Table S3) than 
that of P. lichen cultured in the HNHP treatment. Corals grown in the 
deplete LNLP treatment are characterised by higher mean theorised 
CaCO3 precipitation rates compared to those grown in the HNHP 
treatment, and this difference was significant (p < 0.05, t-test) for 
A. polystoma. 

Despite marked differences in the theoretical CaCO3 precipitation 
rates between the nutrient treatments, relationships with the E/Ca ratios 
studied are poor (Fig. 11). Precipitation rate therefore cannot satisfac-
torily explain all the geochemical variation we observe recorded in the 
corals. However, it must be stressed that this is based on theoretical rates 
derived from Ωcf and T, rather than an actual measured quantity, and 
future studies should endeavour to quantify actual calcification rates to 
explore this issue further. 

4.4.4. Micro-structural biases within the coral skeleton 
Scleractinian coral skeletons consist of several distinct structural 

components. Primarily, these are: early mineralisation zones, also 
known as centres of calcification (COCs), that are the basis for initial 
precipitation, and bundles of acicular or fibrous crystals also referred to 
as fasciculi (Allison and Finch, 2007) that radiate out from these features 
and thicken the skeleton (Wells, 1956; Cohen et al., 2001, 2004). A 
number of studies have shown that Li/Ca and Mg/Ca are elevated in the 
COCs compared to surrounding fasciculi for a number of deep sea and 
tropical coral species, including Desmophyllum dianthus, Lophelia pertusa, 
Porites clavus, and Porites lobata (Meibom et al., 2004; Allison and Finch, 
2004; Gagnon et al., 2007; Case et al., 2010; Rollion-Bard and Blamart, 
2015). Sr/Ca is also typically enriched in COCs (Cohen et al., 2001; 
Allison and Finch, 2004; Allison et al., 2005) — although not in every 
case (Shirai et al., 2005; Gagnon et al., 2007). Furthermore, Li/Mg 
(Cuny-Guirriec et al., 2019), B/Ca and δ11B (Blamart et al., 2007; Juri-
kova et al., 2019) also vary structurally, but in these instances COCs are 
associated with lower values compared to the fasciculi. 

Buckingham et al. (2022) investigated the physiological and calci-
fication responses of A. polystoma to nutrient limited and enriched 
conditions. Alongside reduced linear extension, significant thickening of 
skeletal elements and reduced porosity were recorded. Although 
detailed micro-structural observations were not made here, it was 
observed that skeletal growth was much reduced under all imbalanced 

Fig. 10. Mean (±2SE) Li/Ca, Mg/Ca and Sr/Ca of A. polystoma (circles; dashed black trendline) and P. lichen (triangles; solid black trendline) cultured in the four 
nutrient treatments alongside E/Ca trends driven by changing [Ca] for P. damicornis (solid grey trendline) and A. cervicornis (dashed grey trendline) as reported by 
Ram and Erez (2021). Red data points = HNHP, yellow = LNHP, green = HNLP, blue = LNLP. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 11. Theoretical CaCO3 precipitation rate versus E/Ca ratios for A. polystoma and P.lichen grown in different nutrient treatments. B/Ca is not plotted because it is 
used to calculate Ωcf, itself used to calculate the rate (Eq. (9)). 
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and depleted nutrient treatments. Following that geochemical differ-
ences have frequently been reported across the complex microstructure 
of coral skeletons, a change in the balance of structural components 
between corals grown under different nutrient treatments may account 
for the geochemical differences reported here. 

With the shift in calcification strategies towards increased thickening 
noted by Buckingham et al. (2022) and highlighted here, the 
geochemical signatures of corals grown in LNLP, HNLP and LNHP con-
ditions would be expected to have lower Li/Ca, Mg/Ca, and possibly also 
Sr/Ca, alongside higher Li/Mg, B/Ca, and δ11B, compared to the replete 
HNHP treatment. Lower Mg/Ca and Sr/Ca, alongside higher Li/Mg, are 
reported here for both A. polystoma and P. lichen, whilst A. polystoma is 
also characterised by lower Li/Ca, suggesting structural biases are a 
possible cause of the geochemical variation observed here (Fig. 5). 
However, the Li/Ca of P. lichen counters this argument as it is higher in 
the nutrient deplete and imbalanced treatments compared to the replete. 
Yet species-specific differences cannot be ruled out at this stage and a 
better understanding of P. lichen thickening rates is required for a full 
understanding. What is apparent is that like A. polystoma, the growth 
strategies of P. lichen also changed due to nutrient depletion and 
enrichment (Fig. 2), therefore a degree of change in the rate of thick-
ening is entirely plausible for this species too. Differences in the B/Ca 
and δ11B of corals cultured in the nutrient treatments are also not easily 
explained this way, suggesting that the carbonate system is perhaps 
responding in additional ways overriding any structural effect (see 
Section 4.3). Indeed, the coherent trends we observe between Δ[DIC] 
and ΔpH suggest the nutrient treatments impact the carbonate system 
over and above any changes in δ11B and B/Ca relating to a changing 
balance in structural components (Fig. 8). 

Nutrient depletion or imbalanced enrichment clearly alters the 
calcification strategy of corals (e.g. Buckingham et al., 2022; this study) 
in such a way as to result in increased skeletal thickening, an observation 
that is consistent with ideas linking nutrient depletion with higher 
calcification rates (McConnaughey, 2012). Given the enrichment of 
organic molecules (and proteins in particular) in COCs (e.g. Gautret 
et al., 2000; Cuif et al., 2003; DeCarlo et al., 2018), and the potential role 
of organic proteins (e.g. coral acid-rich proteins or CARPs, Mass et al., 
2013) in nucleation and hence formation of COCs, it is possible that 
nutrient depletion and nutrient imbalance disrupts this aspect of coral 
growth in particular. The organic content of fasciculi associated with 
skeletal thickening is typically lower (e.g. DeCarlo et al., 2018), and as 
such it is possible that the growth of this structural component is not as 
affected by nutrient imbalance or depletion. While this is an intriguing 
possibility for explaining the geochemical differences presented here for 
A. polystoma and P. lichen cultured in different nutrient treatments, this 
hypothesis requires further testing. Future studies that combine detailed 
skeletal growth measurements, including skeletal thickening, and high- 
resolution geochemical analysis that can target both COCs and fasciculi 
separately, are specifically required. 

5. Conclusion 

Imbalanced enrichment and depletion of nitrate and phosphate can 
change coral skeletal chemistry, impacting geochemical inferences 
about ocean temperature and pH: temperature proxies Sr/Ca, Mg/Ca, 
and Li/Mg recorded in corals cultured under extreme imbalanced and 
deplete nutrient conditions gave reconstructed temperatures biased by 
− 7◦C to +52 ◦C compared to corals cultured in the replete treatment, 
whilst induced changes in δ11B exceeded the equivalent of the 0.1 pH 
unit change so far caused by anthropogenic acidification of the ocean. 
Particular care is therefore needed when samples derive from regions 
where nutrient budgets have been disturbed by anthropogenic activity, 
although nutrient proxies such as P/Ca, or multiple E/Ca proxies which 
have divergent responses to nutrient stress, could be employed to 
identify or mitigate against these influences. 

Nutrient depletion or imbalanced enrichment also alters the 

calcification strategy of corals, leading to a reduction in extension and 
an increase in thickening and encrusting growth. In addition, corals 
cultured in nutrient imbalanced conditions recorded a decline in their 
photosynthetic efficiency, with a decrease in photosynthetically-driven 
DIC flux to the ECM considered a likely driver of disruption to the car-
bonate system for corals cultured under such conditions. While the 
relationship between nutrients, changing skeletal growth morphology, 
and the ECM carbonate system requires further study, taken together our 
observations suggest different environmental sensitivities exist for 
different aspects of the coral biomineralisation toolkit, and ultimately it 
is this that underpins the response of the phenotype to environmental 
change. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

We thank Robbie Robinson and George Clarke for their support in the 
maintenance of the experimental aquarium systems of the Coral Reef 
Laboratory, Dan Doran and Matthew Beverley-Smith are gratefully 
acknowledged for sample preparation, whilst Andy Milton and Mathew 
Cooper are thanked for their analytical support. This work was funded 
by the Leverhulme Trust that supported CDS and TBC, and ERC 
Advanced Grant Micons2Reefs (#884650), both awarded to GLF. We 
also acknowledge funding from NERC (Defining Nutritional Bottlenecks 
of Reef Coral Growth and Stress Tolerance—NE/T001364/1) to JW and 
CDA. 

Appendix A. Supplementary material 

This file contains data tables relating to the composition of culture 
waters (Table S1), the geochemical composition of cultured coral sam-
ples (Table S2), the results of t-tests (Table S3), the skeletal growth of 
A. polystoma and P. lichen during culturing (Table S4), the density of 
zooxanthellae on A. polystoma and P. lichen during culturing (Table S5), 
the photosynthetic efficiency of coral zooxanthellae during culturing 
(Table S6); and cross plots of E/Ca and δ11B data for the cultured 
A. polystoma (Fig. S1) and P. lichen (Fig. S2). Supplementary material to 
this article can be found online at https://doi.org/10.1016/j.gca.2023.0 
4.011. 
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Metalpa, R., Dissard, D., Ferrier-Pagès, C., Frank, N., Freiwald, A., Goldstein, S., 
Mazzoli, C., Reynaud, S., Rüggeberg, A., Russo, S., Taviani, M., 2014. Li/Mg 
systematics in scleractinian corals: Calibration of the thermometer. Geochim. 
Cosmochim. Acta 132, 288–310. 

Muscatine, L., D’Elia, C.F., 1978. The uptake, retention and release of ammonium by reef 
corals. Limnol. Oceanogr. 23, 725–734. 

Prouty, N.G., Wall, M., Fietzke, J., Cheriton, O.M., Anagnostou, E., Phillips, B.L., 
Paytan, A., 2022. The role of pH up-regulation in response to nutrient-enriched, low- 
pH groundwater discharge. Mar. Chem. 243, 104134. 

Ram, S., Erez, J., 2021. The distribution coefficients of major and minor elements in coral 
skeletons under variable calcium seawater concentrations. Front. Earth Sci. 9, 
657176. 

Rollion-Bard, C., Blamart, D., 2015. Possible controls on Li, Na, and Mg incorporation 
into aragonite coral skeletons. Chem. Geol. 396, 98–111. 

Rollion-Bard, C., Vigier, N., Meibom, A., Blamart, D., Reynaud, S., Rodolfo-Metalpa, R., 
Martin, S., Gattuso, J.P., 2009. Effect of environmental conditions and skeletal 
ultrastructure on the Li isotopic composition of scleractinian corals. Earth Planet. 
Sci. Lett. 286, 63–70. 

Ross, C.L., DeCarlo, T.M., McCulloch, M.T., 2019. Calibration of Sr/Ca, Li/Mg and Sr-U 
paleothermometry in branching and foliose corals. Paleoceanogr. Paleoclimatol. 34, 
1271–1291. 

Rosset, S., D’Angelo, C., Wiedenmann, J., 2015. Ultrastructural biomarkers in symbiotic 
algae reflect the availability of dissolved inorganic nutrients and particulate food to 
the reef coral holobiont. Front. Earth Sci. 2, 1–10. 

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

Sebens, K.P., Vandersall, K.S., Savina, L.A., Graham, K.R., 1996. Zooplankton capture by 
two scleractinian corals Madracis mirabilis and Montastrea cavernosa in a field 
enclosure. Mar. Biol. 127, 303–317. 

Sevilgen, D.S., Venn, A.A., Hu, M.Y., Tambutté, E.T., de Beer, D., Planas-Bielsa, V., 
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Tambutté, E., Allemand, D., Zoccola, D., Meibom, A., Lotto, S., Caminiti, N., 
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