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Abstract
Under predicted future ocean conditions, reefs exposed to elevated nutrients will simultaneously experience ocean acidifi-
cation and elevated temperature. We evaluated if moderate nutrients mitigate, minimize, or exacerbate negative effects of 
predicted future ocean conditions on coral physiology. For 30 days, Acropora millepora and Turbinaria reniformis were 
exposed to a fully factorial experiment of eight treatments including two seawater temperatures (26.4 °C and 29.8 °C), pCO2 
levels (401 μatm pCO2 and 760 μatm pCO2), and nutrient concentrations (ambient: 0.40 μmol L−1 NO3

− and 0.22 μmol L−1 
PO4

3−, and moderate: 3.56 μmol L−1 NO3
− and 0.31 μmol L−1 PO4

3−). Added nitrate was taken up by the algal endosym-
bionts and transferred to the coral hosts in both species, though to a much higher degree in A. millepora. When exposed to 
elevated temperature, elevated pCO2, or both, effects observed for chlorophyll a, calcification, biomass, and energy reserves 
were not compounded by the moderate nutrient concentrations in either species. Moderate nutrients enabled A. millepora 
to continue to meet daily metabolic demand via photosynthesis under predicted future ocean conditions and T. reniformis 
to greatly exceed daily metabolic demand via photosynthesis and heterotrophy. Our results suggest that balanced moderate 
nutrients are not detrimental to corals under predicted future ocean conditions and may even provide some benefits.

Introduction

Many coral reefs are located in oligotrophic tropical waters 
with low dissolved inorganic nitrogen (DIN; < 2 μmol L−1) 
and phosphorus (DIP; < 0.1 μmol L−1) concentrations (e.g., 
Crossland 1983; d’Elia and Wiebe 1990; Tanaka et al. 2007; 

Erler et al. 2015). Despite being nutrient limited, corals have 
persisted due to the tightly coupled symbiosis between the 
algal endosymbionts (Symbiodiniaceae) and the coral host 
(Muscatine and Porter 1977; Radecker et al. 2015). Algal 
endosymbionts take up DIN and DIP from the water col-
umn (e.g., Muscatine 1980; Grover et al. 2003; Tanaka et al. 
2006), translocate organic nutrient compounds and excess 
photosynthates to the host to support its metabolism (e.g., 
Muscatine et al. 1981; Hughes et al. 2010; Ferrier-Pages 
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et  al. 2016), and efficiently recycle products from host 
metabolism (e.g., Falkowski et al. 1984; Reynaud et al. 
2009; Tanaka et al. 2018). The host acquires fixed carbon 
by feeding heterotrophically on zooplankton, and dissolved 
and particulate organic carbon (e.g., Grottoli et al. 2006; 
Ferrier-Pages et al. 2011; Levas et al. 2016).

While high nutrient concentrations (DIN: > 10 μmol L−1, 
DIP: > 0.35 μmol L−1; Tanaka et al. 2007), such as those 
found in coastal areas experiencing severe eutrophication 
(e.g., Stimson et al. 2001; Szmant 2002), can be beneficial 
by stimulating algal endosymbiont growth and chlorophyll 
content, they can also be detrimental by undermining cal-
cification (e.g., Marubini and Davies 1996; Ferrier-Pages 
et al. 2000; Koop et al. 2001). It is hypothesized that with 
high nutrient concentrations, the algal-host symbiosis 
decouples, endosymbionts compete for and monopolize the 
available dissolved inorganic carbon (DIC) for photosyn-
thesis decreasing the proportion of photosynthate translo-
cated to the coral host and resources for calcification (e.g., 
Muscatine et al. 1989a; Fagoonee et al. 1999; Langdon and 
Atkinson 2005). In contrast, moderate nutrient concentra-
tions (DIN: < 10 μmol L−1, DIP−: < 0.35 μmol L−1; Tanaka 
et al., 2007), such as those found in upwelling regions or 
coastal regions moderately affected by riverine and ground-
water discharge (e.g., Tanaka et al. 2007; Naumann et al. 
2015; Rouze et al. 2015), can provide physiological benefits 
to coral health, without negatively affecting calcification 
in experimental studies and in situ (e.g., Bongiorni et al. 
2003; Dizon and Yap 2005; Tanaka et al. 2007). However, 
the stoichiometry of DIN and DIP is also important; moder-
ate nutrient concentrations only remain beneficial to coral 
provided they remain in beneficial ratios (Redfield ratio N:P 
16:1; Wiedenmann et al. 2013; D’Angelo and Wiedenmann 
2014; Ezzat et al. 2016; Rosset et al. 2017). Increases in DIN 
without proportionate increases in DIP have been shown 
to increase susceptibility of coral to light and temperature 
stress (Wiedenmann et al. 2013; Rosset et al. 2017; Lapointe 
et al. 2019). Furthermore, studies have shown DIN species to 
also affect coral health differently, with ammonium enrich-
ments found to be more beneficial than nitrate enrichments 
(e.g., Ezzat et al. 2015; Burkepile et al. 2020; Fernandes de 
Barros Marangoni et al. 2020).

Coral reefs are increasingly exposed to elevated pCO2 
(i.e., ocean acidification, OA) and temperature due to 
anthropogenically driven climate change (e.g., Caldeira and 
Wickett 2003; Zeebe et al. 2008; IPCC 2014), which can 
cause bleaching, productivity loss, and mortality in coral 
(e.g., Grottoli et al. 2006; Anthony et al. 2008; Noonan and 
Fabricius 2016; Magel et al. 2019). Moderate nutrient con-
centrations appear to mitigate much of the negative effects 
of OA on coral growth (e.g., Marubini and Atkinson 1999; 
Holcomb et al. 2010; Chauvin et al. 2011) and partially or 
fully mitigate the negative effects of elevated temperature 

stress on coral photosynthesis and calcification (Ezzat et al. 
2016, 2019). Yet, the effect of moderate nutrients on cor-
als simultaneously exposed to OA and elevated temperature 
is only beginning to be understood (Hall et al. 2018). Our 
companion paper, Hoadley et al. (2016), found moderate 
nutrients to mitigate the dual stress effects of elevated tem-
perature and OA on the physiology of the algal endosymbi-
ont Durusdinium trenchii in the coral Turbinaria reniformis. 
However, little is known about the combined effects of mod-
erate nutrients and these dual stressors on coral holobiont 
(coral host and algal endosymbiont) physiology.

Here, we evaluated the single and interactive effects of 
elevated temperature, simulated OA (elevated pCO2), and 
moderate nutrient concentrations (NO3

−: < 5 μmol L−1, 
PO4

3−: < 0.35 μmol L−1; Tanaka et al., 2007) on coral energy 
reserves, carbon budget, and nitrogen uptake of the Pacific 
corals Acropora millepora and T. reniformis. We hypoth-
esized that the physiological benefits of moderate nutrient 
concentrations would minimize the simultaneous negative 
effects of elevated temperature and simulated OA on the 
coral holobiont. If true, then fringing coral reefs with local 
anthropogenic nutrient enrichments from runoff and reefs 
exposed to natural upwelling resulting in balanced moder-
ate nutrient concentrations may aid in the resilience of some 
corals under future ocean conditions.

Materials and methods

In April 2011, six colonies of Acropora millepora and Tur-
binaria reniformis were collected from 3 to 10 m depth in 
Fiji (17° 29′ 19″ S, 177° 23′ 39″ E) and at least 10 m apart 
to maximize the chance that they were genetically distinct 
(Baums et al. 2019). Corals were transported to the Reef 
Systems Coral Farm mariculture facility, New Albany, Ohio 
and maintained for 18 months at 26.4 °C ± 0.04 SE in 3785 L 
recirculating aquaria with artificial seawater (Instant Ocean 
Reef Crystals, Spectrum Brands) under ambient tempera-
ture, pCO2, and nutrients in a greenhouse (max light levels 
on a natural light cycle: 700–1000 µmol quanta−1 m−2 s−1). 
In January 2012, all colonies were divided into ramets (n = 8 
per colony, one for each treatment), mounted on 5 cm PVC 
tiles using EcoTech coral glue, and allowed to recover. On 
6 August 2012, coral ramets were transferred into indoor 
experimental tanks (57  L) under ambient conditions 
(26.4 °C, 402 μatm pCO2, ambient nutrient concentrations), 
with custom-made artificial seawater (ESV Aquarium Prod-
ucts Inc.) designed to be of the same chemical composition 
and alkalinity as natural seawater, and artificial light (Tek 
Light T5 actinic lights, 275 μmol quanta−1 m−2 s−1, 10:14 h 
light:dark diurnal cycle). Coral ramets were evenly distrib-
uted across the tanks and allowed to acclimate for 4 weeks. 
The lower light conditions are sufficient to allow corals 



Marine Biology          (2021) 168:98 	

1 3

Page 3 of 15     98 

to reach maximum photosynthesis rates and is above the 
minimum light levels recommended for coral experiments 
(Grottoli et al. 2020). Artificial seawater is extensively used 
in closed systems for coral research (Berzins et al. 2008; 
D’Angelo and Wiedenmann 2012; Schoepf et al. 2013; Grot-
toli et al. 2020).

The experimental systems in this study were outlined in 
Hoadley et al. (2016). Briefly, from 7 to 16 September 2012, 
treatments were initiated (Table S1): temperature, pCO2, and 
nutrients were gradually increased over the course of a week 
until target conditions were reached to minimize shocking any 
of the corals (Figure S1). Treatments consisted of a control 
(26.4 °C, 402 μatm pCO2), elevated pCO2 (26.4 °C, 760 µatm 
pCO2), elevated temperature (29.8 °C, 402 μatm pCO2), and 
combined elevated temperature and pCO2 (29.8 °C, 760 μatm 
pCO2), each at ambient nutrient concentrations (0.40 μmol 
L−1 NO3

− and 0.22 μmol L−1 PO4
3−) and moderate nutri-

ent concentrations (3.56 μmol L−1 NO3
− and 0.31 μmol L−1 

PO4
3−) (Table 1; Figure S2). Each treatment was replicated 

in six tanks such that one ramet of each species was in each 
tank (Figure S2). The control temperature (26.4 °C) repre-
sented the average annual temperature in Fiji, while the aver-
age elevated temperature (29.8 °C) was within the sea surface 
temperature bleaching threshold range of 29.5–30 °C in Fiji 
(https://​coral​reefw​atch.​noaa.​gov/​vs/​gauges/​fiji.​php). Control 
and treatment pCO2 levels represented present day conditions 
and those expected by end-of-century (2081–2100) under the 
RCP 6.0 scenario (720–1000 μatm pCO2), respectively (IPCC 
2014). The moderate nutrient concentration was representative 
of that observed during natural upwelling events or in regions 
which receive some anthropogenic nutrient enrichment, and 
are similar to average concentrations used or observed in previ-
ous studies (e.g., Marubini and Atkinson 1999; Tanaka et al. 
2007; Holcomb et al. 2010). To ensure that observed effects 
were not due to phosphorus starvation (e.g., Wiedenmann 
et al. 2013; Rosset et al. 2017; Tanaka et al. 2017), NO3

− and 
PO4

3− concentrations were close to the Redfield ratio of 16:1 
for nitrogen:phosphorus (Redfield 1958). NO3

− was added 
using KNO3 and PO4

3− was added using KH2PO4, daily. 
The nitrate was isotopically enriched compared to typical 
coral δ15N values (i.e., δ15NKNO3 = 46‰ compared to typical 
coral δ15N of 5–8‰), so acted as an N tracer allowing the 
δ15N of the endosymbiotic algae and coral host to be used as 
a proxy for inorganic nitrogen uptake. Experimental condi-
tions (ramping plus target conditions) lasted for 30 days, and 
all corals were fed fresh, 2-day old Artemia nauplii (Carolina 
Biological Supply) twice each week. The seawater temperature 
(Figure S1), carbonate chemistry, and nutrient concentrations 
within each tank were monitored throughout the experiment 
(Table 1). pH electrodes (Thermo Scientific Orion Ross Ultra 
pH glass electrodes) were recalibrated to NBS standards daily. 

While this is not the most accurate method to determine sea-
water pH, it is commonly used in physiology (e.g., Venn et al. 
2013; Cai et al. 2016), is the method used in our previous study 
with the same coral colonies (Schoepf et al. 2013; Levas et al. 
2015) thus optimizing comparison between the studies, and is 
acceptable here given the large differences between treatments 
(Riebesell et al. 2011).

Assuming each colony was a different genotype, the experi-
mental design removed genotypic variation among treatments 
within each species, optimizing our ability to detect treatment 
effects. While the six tanks within each treatment shared a sin-
gle sump, technically making this a pseudo-replicated design 
(Hurlbert 1984; Cornwall and Hurd 2016), this disadvantage is 
outweighed by the advantage of being able to manipulate eight 
combinations of temperature, pCO2, and nutrients simultane-
ously in 48 tanks.

Physiology

In the first and last 3 days of the experiment, calcification was 
measured using the buoyant weight technique and converted 
to dry weight (Jokiel et al. 1978). Calcification rates from 
Hoadley et al. (2016) have been recalculated as closer scrutiny 
of raw buoyant weight data discovered three extreme values 
which indicated a failure to tare the balance before weighing. 
During the last 3 days of the experiment, photosynthesis (P) 
and respiration (R) measurements were carried out on live 
coral incubated in sealed chambers (Hoadley et al. 2016), from 
which dissolved and particulate organic carbon (DOC and 
POC) water samples were collected (Levas et al. 2015). DOC 
and POC samples were not collected for A. millepora due to 
time constraints. On completion of live coral measurements, 
ramets were frozen and stored at − 80 °C for further analysis.

P and R were used to calculate Contribution of Zooxan-
thellae (Symbiodiniaceae) to Animal Respiration (CZAR) 
(Muscatine et al. 1981). DOC concentrations (mg L−1) were 
determined using a Shimadzu TOC-L total organic carbon 
analyzer (using the 680 °C combustion catalytic oxidation 
method) (Levas et al. 2015). POC filters were acid fumigated 
(Levas et al. 2015), and combusted in an Elementar Vario EL 
Cube/Micro-Cube elemental analyzer interfaced to a PDZ 
Europa 20–20 isotope ratio mass spectrometer at the stable 
isotope facility at the University of California-Davis. DOC 
and POC values were used to calculate Contribution of Het-
erotrophy to Animal Respiration from DOC (CHARDOC) and 
POC (CHARPOC), respectively, according to methods modi-
fied from Levas et al. (2015). In brief, DOC and POC fluxes 
(μmol C hr−1 cm−2) were blank corrected, and standardized to 
incubation time and surface area (SA) of the coral ramet using 
the following equation:

https://coralreefwatch.noaa.gov/vs/gauges/fiji.php
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CHAR for each coral ramet was then calculated according 
to the following equation:

where the daytime OC flux (OCdf) was multiplied by the 
total daytime hours (10) and divided by the total μg C lost 
via daytime and nighttime respiration (RT), plus the night-
time OC flux (OCnf) multiplied by the total nighttime hours 
(14), divided by RT, and multiplied by 100 to yield values 
in percentages. OC and RT were measured in μg C and 
standardized to gram dry weight. CHARDOC and CHARPOC 
were summed to yield CHAR of the total organic carbon 
(CHARTOC) (Levas et al. 2015). CZAR and CHARTOC were 
summed to yield the Contribution of Total acquired fixed 
carbon relative to Animal Respiration (CTAR) (Grottoli 
et al. 2014).

Surface area of A. millepora was measured using the wax 
dipping technique (Veal et al. 2010) due to its branching 
morphology, and samples were prepared for downstream 
analyses by airbrushing or grinding (Table S2). Surface 
area of T. reniformis was measured using the aluminum 
foil technique (Marsh 1970) due to its plating morphology, 
and prepared for downstream analyses by use of a water-pik 
(Table S2). Chlorophyll a of A. millepora was measured 
using 100% acetone (Jeffrey and Humphrey 1975), while T. 
reniformis chlorophyll a cm−2 was calculated from Hoadley 
et al. (2016). For both species, biomass was measured to 
ash free dry weight (McLachlan et al. 2020), protein was 
measured using the bicinchoninic acid method (Smith et al. 
1985) with bovine serum albumin as a standard (Pierce 
BCA Protein Assay Kit), total lipids were measured using 
chloroform:methanol (2:1, v:v) with two KCl rinses (Bau-
mann et al. 2014), and carbohydrates were measured using 
the phenol–sulfuric acid spectrophotometric method with 
glucose standards (Dubois et al. 1956). All energy reserves 
were reported in Joules (Gnaiger and Bitterlich 1984).

Host and algal endosymbiont δ15N isotopes

Coral host, algal endosymbiont, and whole coral (host + algal 
endosymbiont) δ15N isotopes were measured according to 
methods modified from Hughes and Grottoli (2013). In brief, 
a subsample of coral tissue slurry was homogenized and 
sonicated (20% amplitude for 60 s total, 1:1 cycle) using 
a probe sonicator, before adding 35 mg mL−1 NaCl. The 
subsample was filtered through 20 µm nitex mesh to remove 
any skeletal material, the endosymbiotic algal fraction was 

(1)

OC flux
(

�mol C hr
−1
cm−2

)

=

(

OCcoral − OCblank

)

incubation time × SA
.

(2)CHAR =

(

OCdf × 10

R
T

)

+

(

OCnf × 14

R
T

)

× 100%,

isolated onto GF/F filters, and the host tissue filtrate dried 
down in 9 mm × 10 mm tin capsules (Costech Analytical 
Technologies Inc.) using a stream of ultra-pure nitrogen gas 
whilst on a 60 °C heat plate. Exposure to nitrogen gas dur-
ing this step does not affect the δ15N values of the samples 
(Sturaro et al. 2020).

Acropora millepora host and algal endosymbiont frac-
tions were combusted in a Costech elemental analyzer stable 
isotope ratio mass spectrometer (EA-IRMS), and the result-
ing N2 gas automatically analyzed with a Thermo Finnigan 
Delta IV isotope ratio mass spectrometer via a ConFlow 
open split interface in the Grottoli Stable Isotope Biogeo-
chemistry Lab at The Ohio State University. Repeated meas-
urements of internal standards had an average SD ± 0.41‰ 
δ15N. Approximately 10% of A. millepora samples were run 
in duplicate with an average SD ± 0.21‰. While T. reni-
formis algal endosymbionts were successfully separated 
from the host, there was insufficient sample material to pro-
duce reliable host isotopic measurements. Therefore, whole 
tissue slurry (host and algal endosymbiont) was freeze-dried 
and loaded into tin capsules for isotopic analysis. Turbina-
ria reniformis whole and algal endosymbiont fractions were 
combusted in an Elementar Vario EL Cube/Micro-Cube 
elemental analyzer interfaced to a PDZ Europa 20–20 iso-
tope ratio mass spectrometer at the stable isotope facility 
at University of California-Davis. Repeated measurements 
of an internal standard had an average SD ± 0.08‰ δ15N. 
The δ15N values of both species are reported as the per mil 
deviation of the ratio of stable nitrogen isotopes 15N:14N 
relative to air.

Statistical analyses

To test the effect of treatment across physiological vari-
ables, a Euclidean distance-based resemblance matrix was 
constructed using normalized data of gross P, calcification, 
biomass, protein, and total lipids. Collinearity amongst 
physiological response variables was investigated using 
Draftsman’s plots and Pearson’s correlation coefficient. No 
variables were strongly correlated [i.e., |r| < 0.70 (Dormann 
et al. 2013)] and thus were treated as independent. Chloro-
phyll a and carbohydrates were not included, because they 
were not measured in all ramets due to insufficient sam-
ple material, and δ15N isotopes were not included as they 
would have biased outcomes of the plot by acting as an N 
tracer. Non-metric multidimensional scaling (NMDS) plots 
allowed visualization of relationships between each coral 
ramet across all treatments, for each species. Analysis of 
similarities (ANOSIM) was used to evaluate the degree of 
dissimilarity among treatments (Clarke and Gorley 2006). 
All multivariate analyses were conducted using the software 
package Primer v6 (Clarke and Gorley 2006).
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All data were tested for normality and homogeneity of 
variance using a Shapiro–Wilk’s test plots of expected vs. 
residual values, respectively. Acropora millepora chloro-
phyll a and T. reniformis chlorophyll a and biomass were 
log transformed to meet the assumptions of normality. 
Cook’s Distance identified one outlier in T. reniformis 
calcification (Cook 1977), and following its removal, 
these data were normally distributed. Univariate four-way 
analysis of variance (ANOVA) was used to test the effects 
of temperature, pCO2, nutrients, and colony on each meas-
ured variable, for each species. Temperature was fixed with 
two levels (26.4 °C, 29.8 °C), pCO2 fixed with two levels 
(401 μatm pCO2, 760 μatm pCO2), nutrients fixed with 
two levels (ambient, moderate), and colony was included 
as a random effect. As no single colony was systematically 
different from all others for a given variable, we concluded 
that the selected colonies represented natural variation in 
the population (Grottoli et al. 2014). Colony was removed 
and three-way ANOVAs performed (temperature, pCO2, 
nutrients). Bonferroni corrections were not used (Quinn 
and Keough 2002; Moran 2003). The use of replicate par-
ent colonies across all treatments reduced overall variation 
between treatments. Since all ramets were reared under 
the same conditions except for treatment, and were simi-
larly sized, any differences between treatments and con-
trols for any variable were assumed to be due to treatment 
effects alone. Finally, post hoc slice tests tested the effect 
of the nitrate addition within each temperature and pCO2 
combination, for each variable. All univariate parametric 
statistics were generated using SAS software, Version 9.3 
of the SAS System for Windows. Values of p ≤ 0.05 were 
considered significant.

Results

Average seawater temperature, pHNBS, pCO2, saturation 
state, total alkalinity, and nutrient concentrations for all 
eight treatments throughout the 30 days of the experi-
ment are summarized in Table 1. On average, elevated 
temperature treatments were 3.6 °C higher, the elevated 
pCO2 treatments had pH values that were 0.2 pH units 
lower (i.e., 372 ppm higher), and the moderate nutrient 
concentrations were 3.16 μmol L−1 and 0.09 μmol L−1 
higher in nitrate and phosphate than in the ambient treat-
ments (Table 1). Unfortunately, on 5 October 2012 a com-
puter malfunction in the control system caused a stressful 
decline in pH for ~ 48 h killing the majority of control 
Acropora millepora ramets, while Turbinaria reniformis 
ramets were unaffected. Therefore, there was no true con-
trol for A. millepora. Despite this, data from ramets within 
the other treatments were still valid as each moderate 

nutrient treatment within elevated pCO2, temperature, 
or the combination had a corresponding ambient nutri-
ent treatment. Therefore, it was still possible to determine 
how the moderate nutrients affected coral response under 
each treatment condition.

Acropora millepora

Overall, only moderate nutrients resulted in significant 
changes in coral physiology (Fig. 1a, Table S3). Closer 
examination of each physiological variable revealed that 
under combined elevated temperature and pCO2, gross pho-
tosynthesis was significantly higher in corals with moderate 
nutrients compared to those with ambient nutrients (Fig. 1b; 
Table S4). No significant differences were observed in calci-
fication, biomass, or protein across all treatments (Fig. 1c–e, 
Table S4). Total lipids were significantly higher under ele-
vated pCO2 compared to those under ambient pCO2, irre-
spective of temperature and nutrients (Fig. 1f, Table S4). 
In elevated temperature treatments, carbohydrates were sig-
nificantly higher in corals under elevated pCO2 compared to 
those under ambient pCO2, irrespective of nutrients (Figure 
S3A; Table S5).

The δ15N of the endosymbiotic algae (δ15Ne) and the 
coral host (δ15Nh) were significantly higher under ambient 
temperature, ambient pCO2, and moderate nutrients (Fig. 2a; 
Table S6). A posteriori slice tests indicated that δ15Ne was 
significantly enriched due to the nitrate addition (moderate 
nutrients) across all temperature and pCO2 treatments com-
pared to those without the nitrate addition (ambient nutri-
ents) (Fig. 2a). Compared to corals under ambient nutrients, 
δ15Ne enrichment in corals under moderate nutrients was 
highest under control conditions, followed by elevated pCO2 
(+ 4.34‰), elevated temperature (+ 3.83‰), and the com-
bined treatment (+ 2.60‰) (Fig. 2a). A similar trend was 
observed for δ15Nh (Fig. 2a) though the enrichment was not 
statistically significant in the combined treatment.

Chlorophyll a cm−2 was significantly higher in corals 
under moderate nutrients compared to those under ambi-
ent nutrients (Fig. 2b; Table S6). When exposed to either 
elevated pCO2, elevated temperature, or the combined treat-
ment, corals under moderate nutrients were visually darker 
than those under ambient nutrients (Figures S4a–h). Finally, 
while there were no significant differences in CZAR across 
all treatments, A. millepora were not able to meet 100% of 
metabolic demand through CZAR alone in either elevated 
temperature treatment (elevated temperature treatment and 
the combined treatment) under ambient nutrients but could 
under moderate nutrients (Fig. 2c).
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Turbinaria reniformis

Overall, only elevated temperature resulted in significant 
changes in coral physiology (Fig. 3a; Table S7). Closer 
examination of each physiological variable revealed no 
significant differences in gross photosynthesis, calcifica-
tion, biomass, or total lipids across treatments (Fig. 3b–d, 
f; Table S8). In the control, protein declined significantly 
in corals with moderate nutrients compared to those with 
ambient nutrients (Fig. 3e; Table S8). At ambient pCO2 
(control and elevated temperature), moderate nutrients led 
to a decline in carbohydrates (Figure S3b; Table S9).

Moderate nutrients alone significantly affected δ15N of 
whole holobiont tissues (δ15Nw), while a significant pCO2 
by nutrient interaction was observed for δ15Ne (Fig. 4a; 
Table S10). δ15Nw was enriched by an average of + 1.40‰ 
due to the nitrate addition (moderate nutrients) across all 
temperature and pCO2 treatments compared to their coun-
terparts without the nitrate addition (ambient nutrients) 
(Fig. 4a; Table S10). A posteriori slice test indicated that 
δ15Ne of corals under moderate nutrients were more enriched 
at ambient pCO2 (+ 2.28‰ and + 1.92‰) than at elevated 
pCO2 (+ 1.44‰ and + 1.07‰) (Fig. 4a, Table S10).

Fig. 1   Acropora millepora a non-metric multidimensional scaling 
(NMDS) plot with control (grey circles), elevated pCO2 (black cir-
cles), elevated temperature (temp) (grey triangles), and elevated tem-
perature and pCO2 (black triangles), under ambient nutrients (open 
symbols) and moderate nutrient (filled symbols) treatments. Meas-
ured variables included: A. millepora average (± 1SE) b gross photo-
synthesis, c calcification, d holobiont total biomass, e holobiont total 

protein, and f holobiont total lipids. Corresponding ANOSIM analy-
ses are in Table S3. Asterisks indicate significant differences between 
the ambient and moderate nutrient treatments within each tempera-
ture and pCO2 combination. Sample size is indicated within each 
bar. Significant effects from the corresponding ANOVAs indicated in 
Table S4
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No significant difference was observed in chlorophyll a 
cm−2 across treatments (Fig. 4b; Table S11), although corals 
in the combined elevated temperature and pCO2 treatment 
under ambient nutrients were slightly paler than those under 
moderate nutrients (Figures S5g, h). Similarly, there were 
no significant overall model effects for CZAR, CHARTOC, 
or CTAR (Fig. 4c–e; Table S11). Nevertheless, CZAR was 
greater than 100% of daily metabolic demand under all 
treatments (Fig. 4c). In all treatments except the control, 
coral with ambient nutrients released organic carbon into 
the water column (negative CHARTOC), while those with 
moderate nutrients took up organic carbon from the water 
column (positive CHARTOC) (Fig. 4d).

Discussion

This study adds to the growing body of knowledge on inter-
active effects of nutrients, temperature, and pCO2 on corals. 
High nutrient concentrations exacerbate coral response to 
OA or elevated temperature (e.g., Mate ; Ferrier-Pages et al. 
2000; Langdon and Atkinson 2005), while moderate nutrient 
concentrations can mitigate the negative effects of either of 
those stressors (e.g., Tanaka et al. 2007; Chauvin et al. 2011; 
Ezzat et al. 2016). Here, moderate nutrient concentrations 
were not additionally detrimental to coral physiology when 
simultaneously exposed to simulated OA and elevated tem-
perature, and even provided some benefits.

Acropora millepora

Overall, A. millepora physiology was primarily affected 
by moderate nutrients (Fig. 1a). Consistent with previous 
findings, isotopic evidence indicated that the algal endos-
ymbionts took up the isotopically enriched nitrate first and 
translocated δ15N-enriched compounds to the host under 
all treatment conditions (Fig. 2a) (e.g., Muscatine et al. 
1989b; Grover et al. 2003; Tanaka et al. 2006; Kopp et al. 
2013). Acropora millepora hosted Cladocopium (Hoadley 
et al. 2015)—a generalist algal endosymbiont able to fix 
and translocate inorganic carbon and nitrogen (N) efficiently 
under ambient conditions (Jones and Berkelmans 2010; 
Baker et al. 2013; Pernice et al. 2015), which is consistent 
with our findings as nitrate incorporation was highest under 
control conditions. Furthermore, the degree of δ15Ne and 
δ15Nh enrichment progressively decreased under elevated 
pCO2, elevated temperature, and the combined treatment 
(Fig. 2a)—consistent with previous observations of dimin-
ished N and P uptake due to the cumulative stress of ele-
vated temperature and OA (Godinot et al. 2011). However, 
N uptake is unaffected by elevated pCO2 alone in Stylophora 
pistillata (Godinot et al. 2011), suggesting that N uptake 
regulation is coral and/or Symbiodiniaceae species-specific.

Fig. 2   Acropora millepora average (± 1SE) a δ15N of algal endosym-
biont (circles) and coral host (triangles) under ambient nutrient treat-
ments (open symbols) and moderate nutrient (filled symbols) treat-
ments. Errors are sometimes smaller than the symbol and not visible. 
A posteriori slice tests indicated that each algal endosymbiont pair 
(i.e., ambient vs. moderate nutrients) within each temperature (temp) 
and pCO2 combination were significantly different from each other. 
A. millepora average (± 1SE) b chlorophyll a, and c Contribution of 
Zooxanthellae (Symbiodiniaceae) to Animal Respiration (CZAR), 
under ambient nutrients (open bars) or moderate nutrients (solid 
bars). The dashed line at 100% represents the threshold at which the 
coral is meeting 100% metabolic demand. Asterisks indicate signifi-
cant differences between the ambient and moderate nutrient treat-
ments within each temperature and pCO2 combination. Sample size 
indicated within each bar. Significant effects from the corresponding 
ANOVAs indicated in Table S6
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Moderate nutrient concentrations have either no effect 
or positive effects on chlorophyll a, photosynthesis, and 
calcification in Acropora spp. (Tanaka et al. 2007), even 
when simultaneously exposed to elevated pCO2 (Hol-
comb et al. 2010; Chauvin et al. 2011). Similarly, here, 
moderate nutrient concentrations either had no effect or 
had positive effects on the algal endosymbiont (i.e., gross 
photosynthesis and chlorophyll a cm−2; Figs. 1b and 2b) 
and holobiont (i.e., calcification, biomass, protein, total 
lipids, CZAR, and carbohydrates; Figs. 1c–f, 2c, S3A) 
across treatments. The moderate nutrient concentrations 
stimulated gross photosynthesis (Fig. 1b) and chlorophyll 

a (Fig. 2b), presumably by the removal of N-limitation on 
the algal endosymbionts (e.g., Marubini and Davies 1996; 
Ezzat et al. 2016; Courtial et al. 2018). Enhancement of 
CZAR by moderate nutrients in both elevated temperature 
treatments provided sufficient additional photosyntheti-
cally fixed carbon for the corals to meet metabolic demand 
(Fig. 2c). This suggests that at elevated temperatures, 
moderate nutrient concentrations may provide benefits 
similar to that of heterotrophy (e.g., Grottoli et al. 2006, 
2014; Ferrier-Pages et al. 2010), stimulating translocation 
of photosynthate to the coral host (Tremblay et al. 2016) 
and maintaining coral metabolic demand.

Fig. 3   Turbinaria reniformis a non-metric multidimensional scal-
ing (NMDS) plot with control (filled circles), elevated pCO2 (filled 
triangles), elevated temperature (temp) (open circles), and elevated 
temperature (temp) and pCO2 (open triangles), under ambient nutri-
ent (grey symbols) and moderate nutrient (black symbols) treatments. 
Measured variables included: average (± 1SE) b gross photosynthe-
sis, c calcification, d holobiont total biomass, e holobiont total pro-

tein, and f holobiont total lipids. Corresponding ANOSIM analyses 
are in Table S7. Asterisks indicate significant differences between the 
ambient and moderate nutrient treatments within each temperature 
and pCO2 combination. Sample size indicated within each bar. Signif-
icant effects from the corresponding ANOVAs indicated in Table S8. 
Photosynthesis data from Hoadley et al. (2016)
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Calcification was not inhibited by moderate nutrients 
when simultaneously exposed to either elevated pCO2, ele-
vated temperature, or both, consistent with previous studies 
of Acropora spp. (Tanaka et al. 2007; Holcomb et al. 2010; 
Fabricius et al. 2013). However, this contrasts with studies 
of other coral species which have observed declining calci-
fication under moderate nutrient concentrations (Dizon and 
Yap 2005; Courtial et al. 2018; Hall et al. 2018). As with 
Schoepf et al. (2013), energy reserves were not metabolized 
to sustain calcification under elevated pCO2 (Fig. 1e-f, S3A). 
Furthermore, total lipids were higher under elevated pCO2 
irrespective of temperature or nutrients (Fig. 1f), likely due 
to C-fertilization, simulated OA enhanced incorporation of 
heterotrophically derived carbon as a result of stress (Bau-
mann et al. 2014), or some combination of the two.

Overall, moderate nutrient concentrations were not det-
rimental to A. millepora under predicted future ocean con-
ditions. Importantly, the absence of the control data for A. 
millepora does not affect this interpretation. Our results sug-
gest that under future ocean conditions, moderate nutrient 
concentrations could benefit the A. millepora holobiont by 
stimulating photosynthesis and aiding in the maintenance 
of daily metabolic demand. Thus, A. millepora may better 
survive future ocean conditions in locations with balanced 
moderate nutrient concentrations. It remains unknown, how-
ever, whether moderate nutrient concentrations would con-
tinue to provide these benefits when simultaneously exposed 
to elevated pCO2 and temperature over a longer timescale, 
or what the upper threshold nutrient concentrations would 
be for these benefits to continue.

Turbinaria reniformis

The overall physiology in this species was primarily affected 
by elevated temperature (Fig. 3a). The similar degree of 

Fig. 4   Turbinaria reniformis average (± 1SE) a δ15N of algal endos-
ymbiont (circles) and coral holobiont (squares) under ambient nutri-
ent treatments (open symbols) and moderate nutrient (filled symbols) 
treatments. Errors are sometimes smaller than the symbol and not 
visible. A posteriori slice tests indicated that each algal endosym-
biont pair (i.e., ambient vs moderate nutrients) and each host pair 
(i.e., ambient vs moderate nutrients) within each temperature and 
pCO2 combination were significantly different from each other. T. 
reniformis average (± 1SE) b chlorophyll a, c Contribution of Zoox-
anthellae (Symbiodiniaceae) to Animal Respiration (CZAR), d Con-
tribution of Heterotrophy to Animal Respiration from Total Organic 
Carbon (CHARTOC), and e Contribution of Total acquired fixed car-
bon relative to Animal Respiration (CTAR), under ambient nutri-
ents (open bars) or moderate nutrients (solid bars). The dashed lines 
at 100% represent the threshold at which the coral is meeting 100% 
metabolic demand. Data in b from Hoadley et  al. (2016). Asterisks 
indicate significant difference between the ambient and moderate 
nutrient treatments within each temperature and pCO2 combination. 
Sample sizes indicated within each bar. Significant effects from the 
corresponding ANOVAs are in Tables S10 and S11

▸
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isotopic enrichment across all moderate nutrient treatments 
(Fig. 4a) indicates that nitrate uptake by the algal endos-
ymbiont and rapid recycling with the host was unaffected 
by temperature or pCO2. Turbinaria reniformis hosted D. 
trenchii (Hoadley et al. 2016), a thermally tolerant special-
ist algal endosymbiont which up-regulates N-intake and 
metabolism when thermally stressed, presumably to main-
tain translocation of photosynthates to the coral host (Baker 
et al. 2013). Therefore, it was surprising that uptake and 
incorporation of the nitrate addition was not higher under 
elevated temperature here (Fig. 4a). However, Baker et al. 
(2013) added nitrate at concentrations an order of magni-
tude higher than those used here (i.e., 35 μmol L−1 NO3

− in 
Baker et al. (2013), vs. 3.5 μmol L−1 NO3

− in this study), 
and nutrient uptake is driven by external substrate concentra-
tions (Grover et al. 2002, 2003; Bythell and Wild 2011) and 
nutrient history of the coral (Godinot et al. 2009). Further-
more, D. trenchii was not thermally stressed by the elevated 
temperature within this study (Hoadley et al. 2016), and 
therefore, perhaps did not up-regulate N-intake to the great-
est extent possible.

Under predicted future ocean conditions, moderate nutri-
ent concentrations either had no additional effect or had 
positive effects on the algal endosymbiont (i.e., gross pho-
tosynthesis and chlorophyll a cm−2; Figs. 3b, 4b) and holobi-
ont (i.e., calcification, biomass, protein, total lipids, CZAR, 
CHARTOC, and CTAR, carbohydrates; Figs. 3c–f, 4c–e, 
S3b) physiological variables measured. While gross pho-
tosynthesis and chlorophyll a did not change with elevated 
temperature and pCO2 (Figs. 3b, 4b), dark acclimated maxi-
mum quantum yield of photosystem II (Fv/Fm

MT) decreased, 
likely due to down-regulation of the functional photosystem 
II reaction centers, rather than a sign of stress (Hoadley et al. 
2016). Together, this suggests algal acclimation under future 
ocean conditions aided by moderate nutrient concentrations. 
Similarly, Beraud et al. (2013) reported that moderate nutri-
ent concentrations increased T. reniformis photosynthetic 
and photoprotective pigment concentrations and sustained 
photosynthesis in response to temperature stress.

Interestingly, Ezzat et al. (2016) determined that while 
inorganic nutrients (2.5 μmol NO3, 0.6 μmol PO4) with a 
balanced N:P ratio maintained T. reniformis metabolism 
and calcification under thermal stress, they were enhanced 
when combined with heterotrophy. Here, CTAR was main-
tained at or above 100% of daily metabolic demand across 
all treatments, except at elevated temperature under ambient 
nutrients, although caution should be exercised here as n = 2 
(Fig. 4e). This was a function of CZAR always exceeding 
100% of metabolic demand being further aided by moder-
ate nutrient enhanced CHARTOC (Figs. 4c, d). As all cor-
als were fed throughout this experiment, it is hypothesized 
that moderate nutrient concentrations lead to better use of 
photosynthates and increased incorporation of this retained 

carbon into coral tissues in response to elevated temperature 
(Beraud et al. 2013), provided N and P are available in the 
appropriate ratio (Tanaka et al. 2017; Morris et al. 2019). In 
agreement with previous studies of T. reniformis, calcifica-
tion was not inhibited by the moderate nutrient concentra-
tions (Fig. 3c) (Beraud et al. 2013; Ezzat et al. 2016), and 
energy reserves were not metabolized to sustain calcification 
under elevated pCO2 (Fig. 3e–f, S3b) (Schoepf et al. 2013).

Overall, moderate nutrient concentrations were not 
detrimental to T. reniformis under predicted future ocean 
conditions, but instead enhanced the coral’s carbon budget. 
Our results indicate that the T. reniformis holobiont will 
not be adversely affected under future ocean conditions and 
would persist in locations with balanced moderate nutrient 
concentrations.

Implications

Balanced moderate nutrient concentrations were not detri-
mental to A. millepora nor T. reniformis holobiont physiol-
ogy under predicted future ocean conditions, but physiologi-
cal responses were species-specific. We hypothesize that the 
species-specific responses observed may be due to the fol-
lowing factors, requiring further investigation: (1) the spe-
cific Symbiodiniaceae driving the N uptake (Suggett et al. 
2017) and influencing downstream physiological responses, 
and/or (2) differences in coral-associated microbial commu-
nity composition influencing coral resilience to environmen-
tal stressors and future ocean conditions (e.g., Ainsworth 
and Gates 2016; McDevitt-Irwin et al. 2017; Grottoli et al. 
2018). Additional study is also required to determine if the 
benefits of moderate nutrient concentrations observed here 
would be maintained over a longer timescale.

Overall, moderate nutrient concentrations enabled A. 
millepora to meet, and T. reniformis to far exceed, daily 
metabolic demand under predicted future ocean conditions 
(Figs. 2c, 4e). Acropora millepora has previously been 
denoted an “ecological loser” under predicted future ocean 
conditions (Schoepf et al. 2013; Grottoli et al. 2018). How-
ever, coral reef environments with balanced moderate nutri-
ent concentrations (i.e., with coastal runoff or upwelling) 
could reverse this conclusion and may provide refuge to the 
more sensitive A. millepora, while the more tolerant T. reni-
formis would continue to thrive.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00227-​021-​03901-3.

Acknowledgements  We thank the staff of Reef Systems Coral Farm 
Inc., New Albany, Ohio for their time and logistical support. We also 
thank S. Blackhurst, M. Geronimus, X. Hu, T. Liston, M. McBride, T. 
Pettay, J. Price, M. Ringwald, K. Rockwell, C. Saup, J. Scheuerman, 
M. Shortridge, A. Singer, E. Zebrowski, and C. Zerda for help in the 
laboratory.

https://doi.org/10.1007/s00227-021-03901-3


	 Marine Biology          (2021) 168:98 

1 3

   98   Page 12 of 15

Author contributions  AGG and MEW secured the funding, and 
designed and coordinated the study. All authors, except for KLD 
participated in the fieldwork. KLD and VS carried out all laboratory 
analyses except for T. reniformis chlorophyll a which was conducted by 
KH. KLD carried out all data analyses and drafted the manuscript. All 
authors contributed to revising the manuscript and gave final approval 
for publication.

Funding  This work was funded primarily by the National Science 
Foundation (NSF-EF-1041124, 1040940, 1041070 to AGG, MEW, 
and WJC, respectively). Additional support was provided to AGG by 
the National Science Foundation (NSF-OCE 1838667) and the HW 
Hoover Foundation, and to KLD by the Graduate School’s Alumni 
Grants for Graduate Research and Scholarship (AGGRS) Program at 
The Ohio State University.

Availability of data and materials  The datasets supporting this manu-
script will be deposited at https://​www.​bco-​dmo.​org/​proje​ct/​528004.

Declarations 

Conflict of interest  The authors declare no conflict of interest exists.

Ethical approval  All work undertaken in this study complied with the 
current laws of Fiji and the United States of America for collecting and 
importing/exporting coral specimens.

References

Ainsworth TD, Gates RD (2016) Corals’ microbial sentinels The coral 
microbiome will be key to future reef health. Science 352:1518–
1519. https://​doi.​org/​10.​1126/​scien​ce.​aad99​57

Anthony KRN, Kline DI, Diaz-Pulido G, Dove S, Hoegh-Guldberg O 
(2008) Ocean acidification causes bleaching and productivity 
loss in coral reef builders. Proc Natl Acad Sci USA 105:17442–
17446. https://​doi.​org/​10.​1073/​pnas.​08044​78105

Baker DM, Andras JP, Jordan-Garza AG, Fogel ML (2013) Nitrate 
competition in a coral symbiosis varies with temperature among 
Symbiodinium clades. ISME J 7:1248–1251. https://​doi.​org/​10.​
1038/​ismej.​2013.​12

Baumann J, Grottoli AG, Hughes AD, Matsui Y (2014) Photoauto-
trophic and heterotrophic carbon in bleached and non-bleached 
coral lipid acquisition and storage. J Exp Mar Biol Ecol 461:469–
478. https://​doi.​org/​10.​1016/j.​jembe.​2014.​09.​017

Baums IB, Baker AC, Davies SW, Grottoli AG, Kenkel CD, Kitchen 
SA, Kuffner IB, LaJeunesse TC, Matz MV, Miller MW, Parkin-
son JE, Shantz AA (2019) Considerations for maximizing the 
adaptive potential of restored coral populations in the western 
Atlantic. Ecol Appl. https://​doi.​org/​10.​1002/​eap.​1978

Beraud E, Gevaert F, Rottier C, Ferrier-Pages C (2013) The response 
of the scleractinian coral Turbinaria reniformis to thermal stress 
depends on the nitrogen status of the coral holobiont. J Exp Biol 
216:2665–2674. https://​doi.​org/​10.​1242/​jeb.​085183

Berzins IK, Czaja R, Coy C, Watson CA, Kilgore KH, Yanong RPE, 
Graves S, McLaughlin L, Causey B (2008) Aquacultured coral 
and restoration. In: Leewis RJ, Janse M (eds) Public aquarium 
husbandry series. Burgers’ Zoo, Amhem, pp 375–389

Bongiorni L, Shafir S, Angel D, Rinkevich B (2003) Survival, growth 
and gonad development of two hermatypic corals subjected 
to in situ fish-farm nutrient enrichment. Mar Ecol Prog Ser 
253:137–144. https://​doi.​org/​10.​3354/​meps2​53137

Burkepile DE, Shantz AA, Adam TC, Munsterman KS, Speare KE, 
Ladd MC, Rice MM, Ezzat L, McIlroy S, Wong JCY, Baker 
DM, Brooks AJ, Schmitt RJ, Holbrook SJ (2020) Nitrogen iden-
tity drives differential impacts of nutrients on coral bleaching 
and mortality. Ecosystems 23:798–811. https://​doi.​org/​10.​1007/​
s10021-​019-​00433-2

Bythell JC, Wild C (2011) Biology and ecology of coral mucus release. 
J Exp Mar Biol Ecol 408:88–93. https://​doi.​org/​10.​1016/j.​jembe.​
2011.​07.​028

Cai W-J, Ma Y, Hopkinson BM, Grottoli AG, Warner ME, Ding Q, Hu 
X, Yuan X, Schoepf V, Xu H, Han C, Melman TF, Hoadley KD, 
Pettay DT, Matsui Y, Baumann JH, Levas S, Ying Y, Wang Y 
(2016) Microelectrode characterization of coral daytime interior 
pH and carbonate chemistry. Nat Commun. https://​doi.​org/​10.​
1038/​ncomm​s11144

Caldeira K, Wickett ME (2003) Anthropogenic carbon and ocean pH. 
Nature 425:365–365. https://​doi.​org/​10.​1038/​42536​5a

Chauvin A, Denis V, Cuet P (2011) Is the response of coral calcifica-
tion to seawater acidification related to nutrient loading? Coral 
Reefs 30:911–923. https://​doi.​org/​10.​1007/​s00338-​011-​0786-7

Clarke K, Gorley R (2006) Primer v6: user manual/tutorial. PRIMER-E 
Ltd., Plymouth

Cook RD (1977) Detection of influential observation in linear regres-
sion. Technometrics 19:15–18. https://​doi.​org/​10.​1080/​00401​
706.​1977.​10489​493

Cornwall CE, Hurd CL (2016) Experimental design in ocean acidifica-
tion research: problems and solutions. ICES J Mar Sci 73:572–
581. https://​doi.​org/​10.​1093/​icesj​ms/​fsv118

Courtial L, Bielsa VP, Houlbreque F, Ferrier-Pages C (2018) Effects 
of ultraviolet radiation and nutrient level on the physiological 
response and organic matter release of the scleractinian coral 
Pocillopora damicornis following thermal stress. PLoS ONE. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​02052​61

Crossland CJ (1983) Dissolved nutrients in coral reef waters. In: Barnes 
DJ (ed) Growth, maintenance and change of coral reefs. Austral-
ian National University Press, Canberra

D’Angelo C, Wiedenmann J (2012) An experimental mesocosm for 
long-term studies of reef corals. J Mar Biol Assoc UK 92:769–
775. https://​doi.​org/​10.​1017/​s0025​31541​10018​83

D’Angelo C, Wiedenmann J (2014) Impacts of nutrient enrichment on 
coral reefs: new perspectives and implications for coastal man-
agement and reef survival. Curr Opin Environ Sustain 7:82–93. 
https://​doi.​org/​10.​1016/j.​cosust.​2013.​11.​029

de Barros F, Marangoni L, Ferrier-Pages C, Rottier C, Bianchini A, 
Grover R (2020) Unravelling the different causes of nitrate and 
ammonium effects on coral bleaching. Sci Rep. https://​doi.​org/​
10.​1038/​s41598-​020-​68916-0

d’Elia CF, Wiebe WJ (1990) Biogeochemical nutrient cycles in coral-
reef ecosystems. In: Dubinsky Z (ed) Ecosystems of the world 
25: coral reefs. Elsevier, New York, pp 49–74

Dizon RM, Yap HT (2005) Coral responses in single- and mixed-spe-
cies plots to nutrient disturbance. Mar Ecol Prog Ser 296:165–
172. https://​doi.​org/​10.​3354/​meps2​96165

Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carre G, Garcia 
Marquez JR, Gruber B, Lafourcade B, Leitao PJ, Muenkemu-
eller T, McClean C, Osborne PE, Reineking B, Schroeder B, 
Skidmore AK, Zurell D, Lautenbach S (2013) Collinearity: a 
review of methods to deal with it and a simulation study evaluat-
ing their performance. Ecography 36:27–46. https://​doi.​org/​10.​
1111/j.​1600-​0587.​2012.​07348.x

Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F (1956) Col-
orimetric method for determination of sugars and related sub-
stances. Anal Chem 28:350–356. https://​doi.​org/​10.​1021/​ac601​
11a017

Erler DV, Wang XT, Sigman DM, Scheffers SR, Shepherd BO (2015) 
Controls on the nitrogen isotopic composition of shallow water 

https://www.bco-dmo.org/project/528004
https://doi.org/10.1126/science.aad9957
https://doi.org/10.1073/pnas.0804478105
https://doi.org/10.1038/ismej.2013.12
https://doi.org/10.1038/ismej.2013.12
https://doi.org/10.1016/j.jembe.2014.09.017
https://doi.org/10.1002/eap.1978
https://doi.org/10.1242/jeb.085183
https://doi.org/10.3354/meps253137
https://doi.org/10.1007/s10021-019-00433-2
https://doi.org/10.1007/s10021-019-00433-2
https://doi.org/10.1016/j.jembe.2011.07.028
https://doi.org/10.1016/j.jembe.2011.07.028
https://doi.org/10.1038/ncomms11144
https://doi.org/10.1038/ncomms11144
https://doi.org/10.1038/425365a
https://doi.org/10.1007/s00338-011-0786-7
https://doi.org/10.1080/00401706.1977.10489493
https://doi.org/10.1080/00401706.1977.10489493
https://doi.org/10.1093/icesjms/fsv118
https://doi.org/10.1371/journal.pone.0205261
https://doi.org/10.1017/s0025315411001883
https://doi.org/10.1016/j.cosust.2013.11.029
https://doi.org/10.1038/s41598-020-68916-0
https://doi.org/10.1038/s41598-020-68916-0
https://doi.org/10.3354/meps296165
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1021/ac60111a017


Marine Biology          (2021) 168:98 	

1 3

Page 13 of 15     98 

corals across a tropical reef flat transect. Coral Reefs 34:329–
338. https://​doi.​org/​10.​1007/​s00338-​014-​1215-5

Ezzat L, Maguer J-F, Grover R, Ferrier-Pages C (2015) New insights 
into carbon acquisition and exchanges within the coral—dino-
flagellate symbiosis under NH4+ and NO3− supply. Proc R Soc 
B-Biol Sci 282:142–150. https://​doi.​org/​10.​1098/​rspb.​2015.​0610

Ezzat L, Towle E, Irisson J-O, Langdon C, Ferrier-Pages C (2016) The 
relationship between heterotrophic feeding and inorganic nutrient 
availability in the scleractinian coral T. reniformis under a short-
term temperature increase. Limnol Oceanogr 61:89–102. https://​
doi.​org/​10.​1002/​lno.​10200

Ezzat L, Maguer J-F, Grover R, Rottier C, Tremblay P, Ferrier-Pages C 
(2019) Nutrient starvation impairs the trophic plasticity of reef-
building corals under ocean warming. Funct Ecol 33:643–653. 
https://​doi.​org/​10.​1111/​1365-​2435.​13285

Fabricius KE, Cseke S, Humphrey C, De’ath G (2013) Does trophic 
status enhance or reduce the thermal tolerance of scleractinian 
corals? A review, experiment and conceptual framework. PLoS 
ONE. https://​doi.​org/​10.​1371/​journ​al.​pone.​00543​99

Fagoonee I, Wilson HB, Hassell MP, Turner JR (1999) The dynamics 
of zooxanthellae populations: a long-term study in the field. Sci-
ence 283:843–845. https://​doi.​org/​10.​1126/​scien​ce.​283.​5403.​843

Falkowski PG, Dubinsky Z, Muscatine L, Porter JW (1984) Light and 
the bioenergetics of a symbiotic coral. Bioscience 34:705–709. 
https://​doi.​org/​10.​2307/​13096​63

Ferrier-Pages C, Gattuso JP, Dallot S, Jaubert J (2000) Effect of nutri-
ent enrichment on growth and photosynthesis of the zooxanthel-
late coral Stylophora pistillata. Coral Reefs 19:103–113. https://​
doi.​org/​10.​1007/​s0033​80000​078

Ferrier-Pages C, Rottier C, Beraud E, Levy O (2010) Experimental 
assessment of the feeding effort of three scleractinian coral spe-
cies during a thermal stress: Effect on the rates of photosynthe-
sis. J Exp Mar Biol Ecol 390:118–124. https://​doi.​org/​10.​1016/j.​
jembe.​2010.​05.​007

Ferrier-Pages C, Peirano A, Abbate M, Cocito S, Negri A, Rottier C, 
Riera P, Rodolfo-Metalpa R, Reynaud S (2011) Summer auto-
trophy and winter heterotrophy in the temperate symbiotic coral 
Cladocora caespitosa. Limnol Oceanogr 56:1429–1438. https://​
doi.​org/​10.​4319/​lo.​2011.​56.4.​1429

Ferrier-Pages C, Godinot C, D’Angelo C, Wiedenmann J, Grover R 
(2016) Phosphorus metabolism of reef organisms with algal 
symbionts. Ecol Monogr 86:262–277. https://​doi.​org/​10.​1002/​
ecm.​1217

Gnaiger E, Bitterlich G (1984) Proximate biochemical composition 
and caloric content calculated from elemental CHN analysis—a 
stochiometric concept. Oecologia 62:289–298. https://​doi.​org/​
10.​1007/​bf003​84259

Godinot C, Ferrier-Pages C, Grover R (2009) Control of phosphate 
uptake by zooxanthellae and host cells in the scleractinian coral 
Stylophora pistillata. Limnol Oceanogr 54:1627–1633. https://​
doi.​org/​10.​4319/​lo.​2009.​54.5.​1627

Godinot C, Houlbreque F, Grover R, Ferrier-Pages C (2011) Coral 
uptake of inorganic phosphorus and nitrogen negatively affected 
by simultaneous changes in temperature and pH. PLoS ONE. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00250​24

Grottoli AG, Rodrigues LJ, Palardy JE (2006) Heterotrophic plasticity 
and resilience in bleached corals. Nature 440:1186–1189. https://​
doi.​org/​10.​1038/​natur​e04565

Grottoli AG, Warner ME, Levas SJ, Aschaffenburg MD, Schoepf V, 
McGinley M, Baumann J, Matsui Y (2014) The cumulative 
impact of annual coral bleaching can turn some coral species 
winners into losers. Glob Change Biol 20:3823–3833. https://​
doi.​org/​10.​1111/​gcb.​12658

Grottoli AG, Martins PD, Wilkins MJ, Johnston MD, Warner ME, Cai 
W-J, Melman TF, Hoadley KD, Pettay DT, Levas S, Schoepf 
V (2018) Coral physiology and microbiome dynamics under 

combined warming and ocean acidification. PLoS ONE. https://​
doi.​org/​10.​1371/​journ​al.​pone.​01911​56

Grottoli AG, Toonen RJ, van Woesik R, Vega Thurber R, Warner 
ME, McLachlan RH, Price JT, Bahr KD, Baums IB, Castillo K, 
Coffroth MA, Cunning R, Dobson K, Donahue M, Hench JL, 
Iglesias-Prieto R, Kemp DW, Kenkel CD, Kline DI, Kuffner IB, 
Matthews JL, Mayfield A, Padilla-Gamino J, Palumbi S, Voolstra 
CR, Weis VM, Wu HC (2020) Increasing comparability among 
coral bleaching experiments. Ecol Appl. https://​doi.​org/​10.​1002/​
eap.​2262

Grover R, Maguer JF, Reynaud-Vaganay S, Ferrier-Pages C (2002) 
Uptake of ammonium by the scleractinian coral Stylophora pis-
tillata: effect of feeding, light, and ammonium concentrations. 
Limnol Oceanogr 47:782–790. https://​doi.​org/​10.​4319/​lo.​2002.​
47.3.​0782

Grover R, Maguer JF, Allemand D, Ferrier-Pages C (2003) Nitrate 
uptake in the scleractinian coral Stylophora pistillata. Limnol 
Oceanogr 48:2266–2274. https://​doi.​org/​10.​4319/​lo.​2003.​48.6.​
2266

Hall ER, Muller EM, Goulet T, Bellworthy J, Ritchie KB, Fine M 
(2018) Eutrophication may compromise the resilience of the Red 
Sea coral Stylophora pistillata to global change. Mar Pollut Bull 
131:701–711. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2018.​04.​067

Hoadley KD, Pettay DT, Grottoli AG, Cai W-J, Melman TF, Schoepf 
V, Hu X, Li Q, Xu H, Wang Y, Matsui Y, Baumann JH, Warner 
ME (2015) Physiological response to elevated temperature and 
pCO2 varies across four Pacific coral species: understanding the 
unique host plus symbiont response. Sci Rep. https://​doi.​org/​10.​
1038/​srep1​8371

Hoadley KD, Pettay DT, Grottoli AG, Cai WJ, Melman TF, Levas S, 
Schoepf V, Ding Q, Yuan XC, Wang YC, Matsui Y, Baumann 
JH, Warner ME (2016) High-temperature acclimation strate-
gies within the thermally tolerant endosymbiont Symbiodinium 
trenchii and its coral host, Turbinaria reniformis, differ with 
changing pCO2 and nutrients. Mar Biol. https://​doi.​org/​10.​1007/​
s00227-​016-​2909-8

Holcomb M, McCorkle DC, Cohen AL (2010) Long-term effects of 
nutrient and CO2 enrichment on the temperate coral Astran-
gia poculata (Ellis and Solander, 1786). J Exp Mar Biol Ecol 
386:27–33. https://​doi.​org/​10.​1016/j.​jembe.​2010.​02.​007

Hughes AD, Grottoli AG (2013) Heterotrophic compensation: a pos-
sible mechanism for resilience of coral reefs to global warming or 
a sign of prolonged stress? PLoS ONE. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00811​72

Hughes AD, Grottoli AG, Pease TK, Matsui Y (2010) Acquisition and 
assimilation of carbon in non-bleached and bleached corals. Mar 
Ecol Prog Ser 420:91–101. https://​doi.​org/​10.​3354/​meps0​8866

Hurlbert SH (1984) Pseudoreplication and the design of ecological 
field experiments. Ecol Monogr 54:187–211. https://​doi.​org/​10.​
2307/​19426​61

IPCC (2014) Climate change 2014: synthesis report. In: Core Writing 
Team, Pachauri RK, Meyer LA (eds) Contribution of Working 
Groups I, II, and III to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change. IPCC, Geneva, p 155

Jeffrey SW, Humphrey GF (1975) New spectrophotometric equa-
tions for determining chlorophylls a, b, c1, and c2 in higher-
plants, algae and natural phytoplankton. Biochem Physiol Pflanz 
167:191–194. https://​doi.​org/​10.​1016/​S0015-​3796(17)​30778-3

Jokiel PL, Maragos JE, Franzisket L (1978) Coral growth: buoyant 
weight technique. In: Stoddart D, Johannes RE (eds) Coral reef: 
research methods. UNESCO, Paris, pp 379–396

Jones AM, Berkelmans R (2010) Potential costs of acclimatization to 
a warmer climate: growth of a reef coral with heat tolerant vs 
sensitive symbiont types. PLoS ONE. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00104​37

https://doi.org/10.1007/s00338-014-1215-5
https://doi.org/10.1098/rspb.2015.0610
https://doi.org/10.1002/lno.10200
https://doi.org/10.1002/lno.10200
https://doi.org/10.1111/1365-2435.13285
https://doi.org/10.1371/journal.pone.0054399
https://doi.org/10.1126/science.283.5403.843
https://doi.org/10.2307/1309663
https://doi.org/10.1007/s003380000078
https://doi.org/10.1007/s003380000078
https://doi.org/10.1016/j.jembe.2010.05.007
https://doi.org/10.1016/j.jembe.2010.05.007
https://doi.org/10.4319/lo.2011.56.4.1429
https://doi.org/10.4319/lo.2011.56.4.1429
https://doi.org/10.1002/ecm.1217
https://doi.org/10.1002/ecm.1217
https://doi.org/10.1007/bf00384259
https://doi.org/10.1007/bf00384259
https://doi.org/10.4319/lo.2009.54.5.1627
https://doi.org/10.4319/lo.2009.54.5.1627
https://doi.org/10.1371/journal.pone.0025024
https://doi.org/10.1038/nature04565
https://doi.org/10.1038/nature04565
https://doi.org/10.1111/gcb.12658
https://doi.org/10.1111/gcb.12658
https://doi.org/10.1371/journal.pone.0191156
https://doi.org/10.1371/journal.pone.0191156
https://doi.org/10.1002/eap.2262
https://doi.org/10.1002/eap.2262
https://doi.org/10.4319/lo.2002.47.3.0782
https://doi.org/10.4319/lo.2002.47.3.0782
https://doi.org/10.4319/lo.2003.48.6.2266
https://doi.org/10.4319/lo.2003.48.6.2266
https://doi.org/10.1016/j.marpolbul.2018.04.067
https://doi.org/10.1038/srep18371
https://doi.org/10.1038/srep18371
https://doi.org/10.1007/s00227-016-2909-8
https://doi.org/10.1007/s00227-016-2909-8
https://doi.org/10.1016/j.jembe.2010.02.007
https://doi.org/10.1371/journal.pone.0081172
https://doi.org/10.1371/journal.pone.0081172
https://doi.org/10.3354/meps08866
https://doi.org/10.2307/1942661
https://doi.org/10.2307/1942661
https://doi.org/10.1016/S0015-3796(17)30778-3
https://doi.org/10.1371/journal.pone.0010437
https://doi.org/10.1371/journal.pone.0010437


	 Marine Biology          (2021) 168:98 

1 3

   98   Page 14 of 15

Koop K, Booth D, Broadbent A, Brodie J, Bucher D, Capone D, Coll 
J, Dennison W, Erdmann M, Harrison P, Hoegh-Guldberg O, 
Hutchings P, Jones GB, Larkum AWD, O’Neil J, Steven A, Ten-
tori E, Ward S, Williamson J, Yellowlees D (2001) ENCORE: the 
effect of nutrient enrichment on coral reefs. Synthesis of results 
and conclusions. Mar Pollut Bull 42:91–120. https://​doi.​org/​10.​
1016/​s0025-​326x(00)​00181-8

Kopp C, Pernice M, Domart-Coulon I, Djediat C, Spangenberg JE, 
Alexander DTL, Hignette M, Meziane T, Meibom A (2013) 
Highly dynamic cellular-level response of symbiotic coral to a 
sudden increase in environmental nitrogen. Mbio. https://​doi.​org/​
10.​1128/​mBio.​00052-​13

Langdon C, Atkinson MJ (2005) Effect of elevated pCO2 on photosyn-
thesis and calcification of corals and interactions with seasonal 
change in temperature/irradiance and nutrient enrichment. J Geo-
phys Res Oceans. https://​doi.​org/​10.​1029/​2004j​c0025​76

Lapointe BE, Brewton RA, Herren LW, Porter JW, Hu C (2019) 
Nitrogen enrichment, altered stoichiometry, and coral reef 
decline at Looe Key, Florida Keys, USA: a 3-decade study. 
Mar Biol. https://​doi.​org/​10.​1007/​s00227-​019-​3538-9

Levas S, Grottoli AG, Warner ME, Cai W-J, Bauer J, Schoepf V, 
Baumann JH, Matsui Y, Gearing C, Melman TF, Hoadley KD, 
Pettay DT, Hu X, Li Q, Xu H, Wang Y (2015) Organic carbon 
fluxes mediated by corals at elevated pCO2 and temperature. 
Mar Ecol Prog Ser 519:153–164. https://​doi.​org/​10.​3354/​
meps1​1072

Levas S, Grottoli AG, Schoepf V, Aschaffenburg M, Baumann J, 
Bauer JE, Warner ME (2016) Can heterotrophic uptake of dis-
solved organic carbon and zooplankton mitigate carbon budget 
deficits in annually bleached corals? Coral Reefs 35:495–506. 
https://​doi.​org/​10.​1007/​s00338-​015-​1390-z

Magel JMT, Burns JHR, Gates RD, Baum JK (2019) Effects of bleach-
ing-associated mass coral mortality on reef structural complexity 
across a gradient of local disturbance. Sci Rep. https://​doi.​org/​
10.​1038/​s41598-​018-​37713-1

Marsh JA (1970) Primary productivity of reef building calcareous red 
algae. Ecology 51:255–263. https://​doi.​org/​10.​2307/​19336​61

Marubini F, Atkinson MJ (1999) Effects of lowered pH and elevated 
nitrate on coral calcification. Mar Ecol Prog Ser 188:117–121. 
https://​doi.​org/​10.​3354/​meps1​88117

Marubini F, Davies PS (1996) Nitrate increases zooxanthellae popu-
lation density and reduces skeletogenesis in corals. Mar Biol 
127:319–328. https://​doi.​org/​10.​1007/​bf009​42117

McDevitt-Irwin JM, Baum JK, Garren M, Thurber RLV (2017) 
Responses of coral-associated bacterial communities to local and 
global stressors. Front Mar Sci. https://​doi.​org/​10.​3389/​fmars.​
2017.​00262

McLachlan RH, Dobson KL, Grottoli AG (2020) Quantification of total 
biomass in ground coral samples. Protocols.io, http://​www.​proto​
cols.​io/​view/​quant​ifica​tion-​of-​bioma​ss-​in-​ground-​coral-​sampl​es-​
bdyai​7se

Moran MD (2003) Arguments for rejecting the sequential Bonferroni in 
ecological studies. Oikos 100:403–405. https://​doi.​org/​10.​1034/j.​
1600-​0706.​2003.​12010.x

Morris LA, Voolstra CR, Quigley KM, Bourne DG, Bay LK (2019) 
Nutrient availability and metabolism affect the stability of coral-
symbiodiniaceae symbioses. Trends Microbiol 27:678–689. 
https://​doi.​org/​10.​1016/j.​tim.​2019.​03.​004

Muscatine L (1980) Productivity of zooxanthellae. In: Falkowski PG 
(ed) Primary Productivity in the Sea. Springer, Environmental 
Science Research, pp 381–402

Muscatine L, Porter JW (1977) Reef corals—mutualistic symbioses 
adapted to nutrient-poor environments. Bioscience 27:454–460. 
https://​doi.​org/​10.​2307/​12975​26

Muscatine L, McCloskey LR, Marian RE (1981) Estimating the daily 
contribution of carbon from zooxanthellae to coral animal 

respiration. Limnol Oceanogr 26:601–611. https://​doi.​org/​10.​
4319/​lo.​1981.​26.4.​0601

Muscatine L, Falkowski PG, Dubinsky Z, Cook PA, McCloskey LR 
(1989a) The effect of external nutrient resources on the popula-
tion dynamics of zooxanthellae in a reef coral. Proc R Soc Ser 
B-Biol Sci 236:311–324. https://​doi.​org/​10.​1098/​rspb.​1989.​0025

Muscatine L, Porter JW, Kaplan IR (1989b) Resource partitioning 
by reef corals as determined from stable isotope composition 
I. Delta-C-13 of zooxanthellae and animal tissue vs depth. Mar 
Biol 100:185–193. https://​doi.​org/​10.​1007/​bf003​91957

Naumann MS, Bednarz VN, Ferse SCA, Niggl W, Wild C (2015) 
Monitoring of coastal coral reefs near Dahab (Gulf of Aqaba, 
Red Sea) indicates local eutrophication as potential cause for 
change in benthic communities. Environ Monit Assess. https://​
doi.​org/​10.​1007/​s10661-​014-​4257-9

Noonan SHC, Fabricius KE (2016) Ocean acidification affects produc-
tivity but not the severity of thermal bleaching in some tropical 
corals. ICES J Mar Sci 73:715–726. https://​doi.​org/​10.​1093/​icesj​
ms/​fsv127

Pernice M, Dunn SR, Tonk L, Dove S, Domart-Coulon I, Hoppe P, 
Schintlmeister A, Wagner M, Meibom A (2015) A nanoscale sec-
ondary ion mass spectrometry study of dinoflagellate functional 
diversity in reef-building corals. Environ Microbiol 17:3570–
3580. https://​doi.​org/​10.​1111/​1462-​2920.​12518

Quinn GP, Keough MJ (2002) Experimental design and data analysis 
for biologists. Cambridge University Press

Radecker N, Pogoreutz C, Voolstra CR, Wiedenmann J, Wild C (2015) 
Nitrogen cycling in corals: the key to understanding holobiont 
functioning? Trends Microbiol 23:490–497. https://​doi.​org/​10.​
1016/j.​tim.​2015.​03.​008

Redfield AC (1958) The biological control of chemical factors in the 
environment. Am Sci 46: 205–221. http://​www.​jstor.​org/​stable/​
27827​150

Reynaud S, Martinez P, Houlbreque F, Billy I, Allemand D, Ferrier-
Pages C (2009) Effect of light and feeding on the nitrogen iso-
topic composition of a zooxanthellate coral: role of nitrogen 
recycling. Mar Ecol Prog Ser 392:103–110. https://​doi.​org/​10.​
3354/​meps0​8195

Riebesell U, Fabry VJ, Hansson L, Gattuso JP (2011) Guide to best 
practices for ocean acidification research and data reporting. The 
European Union, Luxembourg

Rosset S, Wiedenmann J, Reed AJ, D’Angelo C (2017) Phosphate defi-
ciency promotes coral bleaching and is reflected by the ultras-
tructure of symbiotic dinoflagellates. Mar Pollut Bull 118:180–
187. https://​doi.​org/​10.​1016/j.​marpo​lbul.​2017.​02.​044

Rouze H, Lecellier G, Langlade MJ, Planes S, Berteaux-Lecellier V 
(2015) Fringing reefs exposed to different levels of eutrophica-
tion and sedimentation can support similar benthic communities. 
Mar Pollut Bull 92:212–221. https://​doi.​org/​10.​1016/j.​marpo​lbul.​
2014.​12.​016

Schoepf V, Grottoli AG, Warner ME, Cai W-J, Melman TF, Hoadley 
KD, Pettay DT, Hu X, Li Q, Xu H, Wang Y, Matsui Y, Baumann 
JH (2013) Coral energy reserves and calcification in a high-CO2 
world at two temperatures. PLoS ONE. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00750​49

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Proven-
zano MD, Fujimoto EK, Goeke NM, Olson BJ, Klenk DC (1985) 
Measurement of protein using bicinchoninic acid. Anal Biochem 
150:76–85. https://​doi.​org/​10.​1016/​0003-​2697(85)​90442-7

Stimson J, Larned ST, Conklin E (2001) Effects of herbivory, nutrient 
levels, and introduced algae on the distribution and abundance 
of the invasive macroalga Dictyosphaeria cavernosa in Kaneohe 
Bay Hawaii. Coral Reefs 19:343–357. https://​doi.​org/​10.​1007/​
s0033​80000​123

Sturaro N, Hsieh YE, Chen Q, Wang P-L, Denis V (2020) Toward 
a standardised protocol for the stable isotope analysis of 

https://doi.org/10.1016/s0025-326x(00)00181-8
https://doi.org/10.1016/s0025-326x(00)00181-8
https://doi.org/10.1128/mBio.00052-13
https://doi.org/10.1128/mBio.00052-13
https://doi.org/10.1029/2004jc002576
https://doi.org/10.1007/s00227-019-3538-9
https://doi.org/10.3354/meps11072
https://doi.org/10.3354/meps11072
https://doi.org/10.1007/s00338-015-1390-z
https://doi.org/10.1038/s41598-018-37713-1
https://doi.org/10.1038/s41598-018-37713-1
https://doi.org/10.2307/1933661
https://doi.org/10.3354/meps188117
https://doi.org/10.1007/bf00942117
https://doi.org/10.3389/fmars.2017.00262
https://doi.org/10.3389/fmars.2017.00262
http://www.protocols.io/view/quantification-of-biomass-in-ground-coral-samples-bdyai7se
http://www.protocols.io/view/quantification-of-biomass-in-ground-coral-samples-bdyai7se
http://www.protocols.io/view/quantification-of-biomass-in-ground-coral-samples-bdyai7se
https://doi.org/10.1034/j.1600-0706.2003.12010.x
https://doi.org/10.1034/j.1600-0706.2003.12010.x
https://doi.org/10.1016/j.tim.2019.03.004
https://doi.org/10.2307/1297526
https://doi.org/10.4319/lo.1981.26.4.0601
https://doi.org/10.4319/lo.1981.26.4.0601
https://doi.org/10.1098/rspb.1989.0025
https://doi.org/10.1007/bf00391957
https://doi.org/10.1007/s10661-014-4257-9
https://doi.org/10.1007/s10661-014-4257-9
https://doi.org/10.1093/icesjms/fsv127
https://doi.org/10.1093/icesjms/fsv127
https://doi.org/10.1111/1462-2920.12518
https://doi.org/10.1016/j.tim.2015.03.008
https://doi.org/10.1016/j.tim.2015.03.008
http://www.jstor.org/stable/27827150
http://www.jstor.org/stable/27827150
https://doi.org/10.3354/meps08195
https://doi.org/10.3354/meps08195
https://doi.org/10.1016/j.marpolbul.2017.02.044
https://doi.org/10.1016/j.marpolbul.2014.12.016
https://doi.org/10.1016/j.marpolbul.2014.12.016
https://doi.org/10.1371/journal.pone.0075049
https://doi.org/10.1371/journal.pone.0075049
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1007/s003380000123
https://doi.org/10.1007/s003380000123


Marine Biology          (2021) 168:98 	

1 3

Page 15 of 15     98 

scleractinian corals. Rapid Commun Mass Spectrom. https://​
doi.​org/​10.​1002/​rcm.​8663

Suggett DJ, Warner ME, Leggat W (2017) Symbiotic dinoflagellate 
functional diversity mediates coral survival under ecological 
crisis. Trends Ecol Evol 32:735–745. https://​doi.​org/​10.​1016/j.​
tree.​2017.​07.​013

Szmant AM (2002) Nutrient enrichment on coral reefs: Is it a major 
cause of coral reef decline? Estuaries 25:743–766. https://​doi.​
org/​10.​1007/​bf028​04903

Tanaka Y, Miyajima T, Koike I, Hayashibara T, Ogawa H (2006) Trans-
location and conservation of organic nitrogen within the coral-
zooxanthella symbiotic system of Acropora pulchra, as demon-
strated by dual isotope-labeling techniques. J Exp Mar Biol Ecol 
336:110–119. https://​doi.​org/​10.​1016/j.​jembe.​2006.​04.​011

Tanaka Y, Miyajima T, Koike I, Hayashibara T, Ogawa H (2007) 
Imbalanced coral growth between organic tissue and carbon-
ate skeleton caused by nutrient enrichment. Limnol Oceanogr 
52:1139–1146. https://​doi.​org/​10.​4319/​lo.​2007.​52.3.​1139

Tanaka Y, Grottoli AG, Matsui Y, Suzuki A, Sakai K (2017) Effects of 
nitrate and phosphate availability on the tissues and carbonate 
skeleton of scleractinian corals. Mar Ecol Prog Ser 570:101–112. 
https://​doi.​org/​10.​3354/​meps1​2079

Tanaka Y, Suzuki A, Sakai K (2018) The stoichiometry of coral-dino-
flagellate symbiosis: carbon and nitrogen cycles are balanced in 
the recycling and double translocation system. ISME J 12:860–
868. https://​doi.​org/​10.​1038/​s41396-​017-​0019-3

Tremblay P, Gori A, Maguer JF, Hoogenboom M, Ferrier-Pages C 
(2016) Heterotrophy promotes the re-establishment of photosyn-
thate translocation in a symbiotic coral after heat stress. Sci Rep. 
https://​doi.​org/​10.​1038/​srep3​8112

Veal CJ, Carmi M, Fine M, Hoegh-Guldberg O (2010) Increasing the 
accuracy of surface area estimation using single wax dipping 
of coral fragments. Coral Reefs 29:893–897. https://​doi.​org/​10.​
1007/​s00338-​010-​0647-9

Venn AA, Tambutte E, Holcomb M, Laurent J, Allemand D, Tambutte 
S (2013) Impact of seawater acidification on pH at the tissue-
skeleton interface and calcification in reef corals. Proc Natl Acad 
Sci USA 110:1634–1639. https://​doi.​org/​10.​1073/​pnas.​12161​
53110

Wiedenmann J, D’Angelo C, Smith EG, Hunt AN, Legiret F-E, Pos-
tle AD, Achterberg EP (2013) Nutrient enrichment can increase 
the susceptibility of reef corals to bleaching. Nat Clim Change 
3:160–164. https://​doi.​org/​10.​1038/​nclim​ate16​61

Zeebe RE, Zachos JC, Caldeira K, Tyrrell T (2008) Oceans—carbon 
emissions and acidification. Science 321:51–52. https://​doi.​org/​
10.​1126/​scien​ce.​11591​24

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

https://doi.org/10.1002/rcm.8663
https://doi.org/10.1002/rcm.8663
https://doi.org/10.1016/j.tree.2017.07.013
https://doi.org/10.1016/j.tree.2017.07.013
https://doi.org/10.1007/bf02804903
https://doi.org/10.1007/bf02804903
https://doi.org/10.1016/j.jembe.2006.04.011
https://doi.org/10.4319/lo.2007.52.3.1139
https://doi.org/10.3354/meps12079
https://doi.org/10.1038/s41396-017-0019-3
https://doi.org/10.1038/srep38112
https://doi.org/10.1007/s00338-010-0647-9
https://doi.org/10.1007/s00338-010-0647-9
https://doi.org/10.1073/pnas.1216153110
https://doi.org/10.1073/pnas.1216153110
https://doi.org/10.1038/nclimate1661
https://doi.org/10.1126/science.1159124
https://doi.org/10.1126/science.1159124

	Moderate nutrient concentrations are not detrimental to corals under future ocean conditions
	Abstract
	Introduction
	Materials and methods
	Physiology
	Host and algal endosymbiont δ15N isotopes
	Statistical analyses

	Results
	Acropora millepora
	Turbinaria reniformis

	Discussion
	Acropora millepora
	Turbinaria reniformis
	Implications

	Acknowledgements 
	References




