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1.  INTRODUCTION

Tropical scleractinian corals are holobionts consist-
ing of the coral animal host, dinoflagellate algae, and
a diverse assemblage of other microbes (Rohwer et
al. 2002), the growth and stability of which are
dependent on nutrient availability and metabolism
(Morris et al. 2019). Because productivity of dinofla-
gellate algae is nitrogen (N)-limited in oligotrophic
tropical waters, dinitrogen (N2) fixation by coral-

associated microbes is likely crucial for maintaining
the coral−dinoflagellate symbiosis (Rädecker et al.
2015, Bednarz et al. 2017). Alternatively, dissolved
organic N (DON) is also a dynamic pool of bioavail-
able N for sustaining coral metabolism (Crandall &
Teece 2012). Conversely, phosphorus (P) is consid-
ered the ultimate limiting nutrient in coastal reefs
(Ferrier-Pagès et al. 2016) that are subject to sewage
or groundwater discharges (Tanaka et al. 2011, Ning
et al. 2020).
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ABSTRACT: The availability of nitrogen (N) and phosphorus (P) is crucial for maintaining coral−
dinoflagellate symbiosis, whereas excess nutrients and skewed N:P ratios are often associated
with coral reef decline. It is thus essential to understand the general patterns of species-specific as
well as dose-dependent responses of corals to elevated nutrient concentrations and skewed N:P
ratios. Here, we found that the impacts of nutrient enrichment on the corals Acropora millepora
and Platygyra crosslandi from Weizhou Island, South China Sea, were highly dependent on nutri-
ent dose, N:P ratios, and coral species. Moderate nutrient enrichment (N: 19−140 μmol l−1 and
P: 0.5−1.5 μmol l−1) did not lead to bleaching of either coral species, but their metabolic processes
(calcification, nutrient uptake, and dinitrogen fixation) were affected. More depleted δ13C and
lower dinitrogen fixation rates of A. millepora than of P. crosslandi indicated that A. millepora was
more vulnerable to the disturbance of nutrient enrichment. However, N:P ratios (±SD) as high as
106 ± 10 decreased the photosynthetic efficiency and nutrient uptake rates of P. crosslandi, indi-
cating that this species may be vulnerable to high N:P ratios, although it was one of the dominant
coral assemblages at Weizhou Island. The results provide an important basis for understanding
coral reef degradation triggered by nutrients and a suggestion that coastal management should
focus not only on the concentrations but also on the ratios of nutrients.
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Coral bleaching is predominantly attributed to ele-
vated temperature and light, but recent studies have
unveiled nutritional mechanisms that can regulate
bleaching (Wiedenmann et al. 2013, Morris et al.
2019). Nevertheless, studies on the functional signif-
icance of different coral species have focused on
thermal tolerance rather than on the nutritional sig-
nificance (Ezzat et al. 2017). Given the oligotrophic
nature of reef-building corals, their symbiotic rela-
tionships may be particularly vulnerable to excess
nutrients, which eventually lead to a significant loss
of living corals (Yu 2012, Bell et al. 2014).

Nutrient enrichment generally increases the den-
sity and photosynthesis of symbiotic dinoflagellates,
but decreases the rate of calcification (Fabricius
2005). The response of corals to nutrient enrichment
is context dependent, varying with coral taxa and
morphology, enrichment source, and nutrient dose
level (Koop et al. 2001, Shantz & Burkepile 2014,
Blanckaert et al. 2020). For example, moderate nutri-
ent enrichment has no effect on the calcification of
Porites cylindrica, whereas the calcification of Mon-
tipora digitata declines under nutrient enrichment
(Tanaka et al. 2017). Therefore, more extensive ex -
periments should be conducted to understand the
general patterns of coral species-specific responses
to a wide range of nutrient doses.

The effects of nutrient enrichment on coral holo-
bionts are not necessarily caused by the concentra-
tion of nutrients, but by the P starvation of the algal
symbionts caused by high N:P ratios (Rosset et al.
2017). For instance, the carbon fixation rate and the
translocation of photosynthates to the animal host
decreased when only nitrate was experimentally
added to the seawater (Ezzat et al. 2015). This is
because P starvation can change the composition of
lipids in the thylakoid membrane structure and then
increase the susceptibility of corals to temperature-
and light-induced bleaching (Wieden-
mann et al. 2013). However, the ef -
fects of N:P ratios on coral holobionts
have been investigated only in a few
coral species from limited geographic
locations in the world, and coral spe-
cies-specific responses to high N:P
ratios are not yet clear.

Weizhou Island (21° 00’−21° 10’ N,
109° 00’− 109° 15’ E), located in a rela-
tively high-latitude area in the north-
ern South China Sea (Fig. 1), is a
potential refuge from climate change
for corals that are often threatened by
eutrophication attributed to anthro-

pogenic activities (Yu et al. 2019). Thus, to test the
hypothesis that the responses of corals around the
island to elevated nutrient concentrations and skewed
ratios are species-specific as well as dose-dependent,
we collected branching coral Acropora millepora and
massive coral Platygyra crosslandi and quantified
their δ13C, δ15N, algal biomass, and metabolic rates,
including photosynthetic yield of dinoflagellates, cal-
cification, nutrient fluxes, and diazotroph-derived N
(DDN) assimilation rates. With these comprehensive
data, we were able to assess (1) the extent of coral
responses to eutrophication, (2) the species-specific
responses of corals to a skewed N:P ratio, and (3)
whether corals at Weizhou Island are affected by
eutrophication.

2.  MATERIALS AND METHODS

2.1.  Study site

Weizhou Island is a volcanic island located in the
Beibu Gulf, northern South China Sea (Fig. 1), and its
relatively high subtropical latitude provides an ideal
habitat for coral growth. However, the mean living
coral cover around Weizhou Island has decreased
from ~42% in 1984 to ~10% in 2015, and the massive
coral Platygyra crosslandi is one of the dominant
 species, while cover of the branching coral Acrop-
ora millepora is <1% (Yu et al. 2019). The rapid coral
reef degeneration is attributed to escalating anthro-
pogenic impacts such as those of domestic and aqua-
culture wastewater discharges (Yu et al. 2019). The
concentrations of dissolved inorganic nitrogen and
phosphorus (DIN and DIP) at Weizhou Island during
2018−2019 were 2.31−11.47 and 0.02−0.43 μmol l−1,
respectively, and the N:P ratio ranged from 12 to 350
(Ning et al. 2020). The increasing anthropogenic pol-

112

Fig. 1. Study location and sampling station (blue star). The red areas represent 
areas covered by living coral
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lution in recent years has resulted in an increasing
trend in DIN concentration, whereas the DIP concen-
tration has changed little over the same period; thus,
the N:P ratio has gradually increased (Yu et al. 2019).

2.2.  Coral preparation and acclimatization

We collected 4 A. millepora colonies and 3 P. cross-
landi colonies from the sampling station (Fig. 1) in
April 2018. The colonies of both species were cut into
20 fragments (about 100 cm2) and were then trans-
ferred into 5 flow-through aquariums (4 A. millepora
fragments and 4 P. crosslandi fragments in each
aquarium) where fresh seawater was continuously
supplied and allowed to acclimate under natural sun-
light (irradiance was ~400 μmol photons m–2 s–1 in the
morning and ~520 μmol photons m–2 s–1 in the after-
noon). The nutrient concentrations in the respective
seawater flowing into 4 out of 5 aquariums were
amended to gradient concentrations (Table 1) by
adding different doses of NH4Cl, NaNO3, and KH2PO4

stock solution (100 mmol l−1), and the re maining
aquarium without nutrients added was regarded as
the ‘control’ treatment. The nutrient concentrations
in nutrient-enriched groups I−IV were as high as
those used in earlier eutrophication experiments on
reefs (Lam et al. 2015, Reich et al. 2020).

2.3.  Flow-through reactor (FTR) incubation

The FTR consisted of a 2 l Plexiglas column (10 cm
internal diameter) and 2 lids designed by Rao et al.
(2007), in which radial grooves were milled around
the inflow and outflow ports. The reactor was
equipped with a Teflon-coated magnetic stir bar to
ensure that the seawater it contained was evenly
mixed. Plexiglas columns were connected to inflow
and outflow containers with 0.3 cm ID Teflon tubing.

After 1 wk of acclimation, coral fragments from dif-
ferent aquariums were each transferred into separate

FTRs (i.e. only 1 fragment in each FTR), and seawater
was pumped into the corresponding FTR from the bot-
tom up at a flow rate of 20 ml min−1. Similarly, differ-
ent doses of NH4Cl, NaNO3, and KH2PO4 stock solu-
tion were added into the influent seawater to obtain
gradients of nutrient concentrations (Table 1). Thus,
there were 4 A. millepora fragments and 4 P. cross-
landi fragments as replicate samples in each group.

Measurement of each FTR was conducted once
during daytime. The temperature, pH, dissolved oxy-
gen (DO), and total alkalinity (TA) of the influent
and effluent seawater were measured. At the same
time, water samples were collected and filtered with
0.45 μm pore-size syringe filters and were frozen at
−20°C until later nutrient analysis. The effective pho-
tosynthetic efficiency (ΦPSII) of all coral fragments
was measured between 09:00 and 11:00 h to ensure
that the light conditions (irradiance of ~400 μmol
photons m–2 s–1) were relatively constant. A photo-
synthesis yield analyzer (mini-PAM, Walz) applied
3 μs pulses of weak light (<0.15 μmol photons m−2 s−1)
and saturation pulses of white light (4500 μmol pho-
tons m−2 s−1) to detect the minimum (F) and maxi-
mum (Fm’) fluorescence of light-adapted samples,
respectively, and thus ΦPSII = (Fm’ − F) / Fm’ (Xu et al.
2017). Measurement of each FTR could be completed
within 10 min.

2.4.  15N2 added incubation for N2 fixation
measurement

After the coral incubation, seawater in FTRs for the
15N2 incubation experiment was filtered (0.2 μm), and
then 10% volume of the incubation columns was
replaced by 15N2-enriched seawater (details in the
following paragraph). The valves on the inflow and
outflow tubes of each column were closed so that
every column was closed. A magnetic stirrer was
used to mix the seawater inside the column. In paral-
lel, duplicate corals were also incubated in seawater
without 15N2-enriched seawater added.
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Group NH4
+ NO3

− DON DIP DOP N:P

Control 1.56 ± 0.06 2.21 ± 0.11 19.82 ± 1.03 0.23 ± 0.02 2.97 ± 0.04 16.4 ± 2.1
I 34.46 ± 2.17 18.96 ± 1.19 19.16 ± 1.93 0.54 ± 0.04 3.49 ± 0.32 106.5 ± 9.6
II 32.49 ± 2.39 102.91 ± 2.22 30.78 ± 10.11 1.50 ± 0.11 4.29 ± 0.19 93.3 ± 7.1
III 32.23 ± 1.31 191.65 ± 4.06 22.52 ± 3.18 3.92 ± 0.15 4.23 ± 0.53 58.2 ± 2.2
IV 30.20 ± 1.16 317.71 ± 3.65 21.78 ± 2.68 8.13 ± 0.15 4.03 ± 0.29 43.3 ± 1.1

Table 1. Nutrient concentrations (μmol l−1) and N:P ratios (mean ± SD) in influent seawater during incubations. DON: 
dissolved organic nitrogen; DIP: dissolved inorganic phosphorus; DOP: dissolved organic phosphorus
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15N2-enriched seawater was prepared as described
by Großkopf et al. (2012). Filtered (0.2 μm) seawater
was degassed for 1 h using a vacuum pump and was
then transferred into a 2 l Tedlar bag without a head-
space. After 20 ml 15N2 (98 atom% 15N2) were in -
jected into the bag, it was horizontally shaken for
12 h to complete dissolution of the added 15N2 gas. To
obtain the atom% 15N in the dissolved N2 pool, an
aliquot of 15N2-enriched seawater was sampled from
the bag and transferred to a 12 ml Exetainer vial
(Labco); the δ15N of the dissolved N2 pool was then
measured by membrane inlet mass spectrometry
(MIMS).

After 24 h of incubation, coral fragments were col-
lected from the incubation columns, rinsed with fil-
tered seawater, and frozen at −20°C for later analysis
of the coral tissue and dinoflagellate fractions.

2.5.  Sample analysis

The coral tissue was completely removed from the
skeleton using a Waterpik containing filtered seawa-
ter and was then homogenized with a Potter tissue
grinder. The homogenate was centrifuged at 2000 ×
g (10 min at 4°C) to pellet the zooxanthellae, and the
supernatant was transferred into 50 ml polypropy-
lene tubes. Respective tubes containing tissues or
zooxanthellae were frozen in liquid nitrogen and
freeze-dried. The biomass of dinoflagellates and
 tissue content were then quantified via their dry
weights and normalized to the coral surface area
(Grover et al. 2002). Skeletal surface area was meas-
ured using the aluminum foil method (Marsh 1970,
Xu et al. 2017).

The 13C and 15N in coral tissue and symbiotic
dinoflagellates were quantified with a mass spec-
trometer (Mat 253; Thermo Fisher Scientific) cou-
pled via a C/N/S elemental analyzer (Flash EA;
Thermo Fisher Scientific). The precision for 13C
and 15N was <0.2‰.

Total alkalinity (TA) was estimated by Gran titra-
tion using pre-standardized HCl and was corrected
against Dickson reference material (Batch 122)
(McMahon et al. 2013). Calibration of the pH probe
was done using standards (buffers of pH 4, 7, and 10).
The measurement precisions for pH and TA were
both <0.2%. Dissolved inorganic carbon (DIC) con-
centrations and saturation of aragonite (ΩAr) were
calculated from salinity, temperature, TA, and pH
using the Excel macro CO2SYS (Lewis & Wallace
1998). Nutrient concentrations were determined
using an autoanalyzer (QuAAtro, SEAL Analytical).

The measurement precisions for the NO3
−, NO2

−,
NH4

+, DIP, total dissolved nitrogen (TDN), and total
dissolved phosphorus (TDP) analyses were <6% CV
(Ning et al. 2019). DON concentration was obtained
from the difference between TDN concentration and
DIN (= NO3

− + NO2
− + NH4

+) concentration, and dis-
solved organic P (DOP) concentration was obtained
from the difference between TDP concentration and
DIP concentration.

2.6.  Calculations and statistical analyses

Uptake rates (μmol cm−2 h−1) of DIC, TA, and nutri-
ents from coral holobionts were calculated from the
differences in concentrations of DIC, TA, and nutri-
ents between influent and effluent seawater; flow
rates; and the coral surface area, according to Eq. (1)
(Ning et al. 2020). The negative values of the rates
represented release rates from the coral to the sea-
water:

F = (Cin − Cout) × R / S (1)

where Cin and Cout are the concentrations of DIC, TA,
and nutrients in the influent and effluent seawater,
respectively. R is the flow rate, and S is the surface
area of corals.

Calcification rate of coral holobionts can be calcu-
lated by TA release rate/−2, as 2 moles of TA are pro-
duced/consumed for every 1 mole of CaCO3 dis-
solved/precipitated, and the negative value of the
rate represents the CaCO3 dissolution rate.

DDN assimilation rates by coral tissues and dino-
flagellates were calculated based on the final iso-
topic composition of the particulate N (PN) after the
incubation using the following equation according to
Eq. (2) from Mohr et al. (2010):

(2)

where A = atom% 15N in the PN in incubations to
which 15N2-enriched seawater was added (APN

sample), in
incubations (APN

control) without 15N2-enriched seawater
added, or in the dissolved N2 pool (AN2). AN2 was cal-
culated from the δ15N measured by MIMS; t is the
incubation time; and [PN] is the PN content of the
sample at the end of the incubation normalized per
cm2 of coral skeletal surface area.

All results are expressed as mean ± standard devi-
ation (SD). Assumptions of normality and homogene-
ity of variances were tested using Shapiro−Wilk and
Levene’s tests, respectively. When the data did not
meet the assumptions, they were logarithmically

A A

A A t
=

−
−

×DDN assimilation
( )

( )
[PN]sample

PN
control
PN

N control
PN

2
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transformed prior to subsequent ANOVAs (referring
to biomass of symbiotic dinoflagellates in this case).
A 2-way ANOVA was then used to test for significant
differences of physiological parameters between
corals (A. millepora and P. crosslandi) and nutrients
(5 levels). The effect of nutrients on physiological
parameters for each species was tested using a 1-way
ANOVA, and the Tukey test was used for post hoc
multiple comparisons for further analysis of signifi-
cance. Pearson’s correlation analysis with a 2-tailed
test of significance was used to evaluate the relation-
ships between the measured parameters. All statisti-
cal analyses were carried out with SPSS (version
22.0), and statistical significance was judged using
the criterion p < 0.05.

3.  RESULTS

After FTR incubation of branching coral Acropora
millepora and massive coral Platygyra crosslandi
under different nutrient conditions, we found that the
biomass and ΦPSII of symbiotic dinoflagellates, δ15N,
and δ13C were statistically significantly different be -
tween the 2 coral species, and all of these parameters
and metabolic (calcification, nutrient fluxes, and
DDN) rates varied significantly under different nutri-
ent conditions; the interactive effect (coral × nutrient)
was significant for almost all physiological parame-
ters with the exception of calcification and fluxes of
DIC, NO3

−, and DIP (Table 2).

3.1.  Symbiotic biomass, ΦPSII, and calcification rates
of 2 coral species under different nutrient conditions

Biomass of symbiotic dinoflagellates in P. cross-
landi (4.74 ± 1.55 mg cm−2) was 2‒6 times the level in
A. millepora (1.41 ± 0.40 mg cm−2); the algal biomass
of corals from Weizhou Island was affected by nutri-
ent enrichment (2-way ANOVA, F4,30 = 9.25, p <
0.001). Specifically, the algal biomass of P. crosslandi
was 2.5 times lower in group IV (2.39 ± 0.59 mg cm−2)
than in other groups (Fig. 2a). The ΦPSII of symbiotic
dinoflagellates differed significantly between A.
millepora (0.69 ± 0.02) and P. crosslandi (0.62 ± 0.09)
(2-way ANOVA, F1,30 = 112, p < 0.001) and also dif-
fered significantly under varied nutrient conditions
(2-way ANOVA, F4,30 = 44.2, p < 0.001); in particular,
the value of P. crosslandi in group I was as low as 0.47
± 0.06 (Fig. 2b).

There was no significant difference in calcification
rate between the 2 coral species (2-way ANOVA,
F1,30 = 1.64, p = 0.211), but calcification rates were
statistically significantly different between different
nutrient conditions (2-way ANOVA, F4,30 = 221, p <
0.001). The calcification rate decreased from 0.014 ±
0.007 μmol cm−2 h−1 in the control group to 0.010 ±
0.016 μmol cm−2 h−1 in groups I and II with moderate
nutrient concentrations (DIN: 19−140 μmol l−1 and
DIP: 0.5−1.5 μmol l−1), whereas CaCO3 was turned to
net dissolution in groups III and IV when the concen-
trations of DIN and DIP in seawater were >225 and
>3.9 μmol l−1, respectively (Fig. 2c). In particular, the
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Paramater Coral species Nutrient conditions Coral × nutrient
df F p df F p df F p

Biomass of dinoflagellates 1 270 <0.001 4 9.25 <0.001 4 12.8 <0.001
ΦPSII of dinoflagellates 1 112 <0.001 4 44.2 <0.001 4 52.5 <0.001
δ15N of dinoflagellates 1 32.0 <0.001 4 30.6 <0.001 4 22.2 <0.001
δ13C of dinoflagellates 1 31.6 <0.001 4 3.65 0.015 4 11.4 <0.001
δ15N of coral tissue 1 744 <0.001 4 137 <0.001 4 63.3 <0.001
δ13C of coral tissue 1 409 <0.001 4 2.82 0.043 4 5.67 0.002
Calcification rates 1 1.64 0.211 4 221 <0.001 4 0.867 0.495
DIC flux 1 2.32 0.139 4 86.8 <0.001 4 1.40 0.259
NH4

+ flux 1 54.4 <0.001 4 77.6 <0.001 4 24.1 <0.001
NO3

− flux 1 0.798 0.379 4 163 <0.001 4 1.58 0.206
DON flux 1 0.118 0.733 4 114 <0.001 4 7.98 <0.001
DIP flux 1 1.57 0.220 4 100 <0.001 4 0.817 0.525
DOP flux 1 0.911 0.348 4 512 <0.001 4 23.8 <0.001
DDN by dinoflagellates 1 2814 <0.001 4 2729 <0.001 4 1924 <0.001
DDN by coral tissue 1 253 <0.001 4 4160 <0.001 4 626 <0.001

Table 2. Results of ANOVA for physiological parameters between corals (Acropora millepora and Platygyra crosslandi) and
nutrients (5 levels; see Table 1). Significant results (p < 0.05) are indicated in bold. DIC: dissolved inorganic carbon; DON: dis-
solved organic nitrogen; DIP: dissolved inorganic phosphorus; DOP: dissolved organic phosphorus; DDN: diazotroph-derived 
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calcification rate in group IV with the highest nutri-
ent concentrations (0.099 ± 0.022 μmol cm−2 h−1) was
significantly different from that of other groups
(Tukey, p < 0.001, Fig. 2c).

3.2.  δ13C and δ15N of 2 coral holobionts under
different nutrient conditions

The δ13C in coral tissue of A. millepora (‒17.85 ±
0.37‰) was depleted by 10% in comparison with
that of P. crosslandi (‒16.09 ± 0.32‰) (Fig. 3a). Tissue
δ13C differed significantly under different nutrient
conditions (2-way ANOVA, F4,30 = 2.82, p = 0.043).
The δ13C in tissue of P. crosslandi was slightly
depleted with increasing nutrient concentrations and

was most depleted in group IV (‒16.49 ± 0.19‰),
whereas the most depleted δ13C in tissue of A. mil -
lepora was observed in group I (‒18.36 ± 0.32‰)
(Fig. 3a).

The δ13C in symbiotic dinoflagellates of A. mille-
pora (‒16.68 ± 0.51‰) was depleted by 3% in com-
parison with that of P. crosslandi (‒16.17 ± 0.37‰) (2-
way ANOVA, F1,30 = 31.6, p < 0.001). Similar to the
variation in tissue δ13C, algal δ13C was significantly
varied with different nutrient conditions (2-way
ANOVA, F4,30 = 3.65, p = 0.015). The most depleted
δ13C in dinoflagellates of A. millepora was observed
in group I (‒17.35 ± 0.27‰), while that of P. cross-
landi was observed in group IV (‒16.65 ± 0.21‰)
(Fig. 3b). In addition, δ13C in dinoflagellates was pos-
itively correlated to δ13C in tissue (Pearson, r = 0.684,
p < 0.001) and to biomass of dinoflagellates (Pearson,
r = 0.566, p < 0.001, Table 3).

The δ15N decreased from coral tissue (7.73 ±
1.76‰) to dinoflagellates (5.69‰ ± 0.46‰), and both
showed a significant effect between nutrients (2-way
ANOVA, F4,30 = 30.6 for dinoflagellates and F4,30 =
137 for tissue, p < 0.001) and coral species (2-way
ANOVA, F1,30 = 32.0 for dinoflagellates and F1,30 =
744 for tissue, p < 0.001). In groups II, III, and IV with
high nutrient concentrations, δ15N in tissue of A.
millepora and P. crosslandi was enriched by 50 and
16%, respectively (Fig. 3c). Conversely, δ15N in dino-
flagellates of both species was depleted by 13%
under high nutrient concentrations (Fig. 3d). In addi-
tion, δ15N in tissue was negatively correlated with
δ13C in tissue (Pearson, r = –0.618, p < 0.001, Table 3).

3.3.  Nutrient fluxes between the corals and 
seawater under different nutrient conditions

Both A. millepora and P. crosslandi assimilated
NH4

+ and NO3
‒, at rates of 0.03‒0.22 and 0.02‒

0.46 μmol cm−2 h−1, respectively, and released DON
at rates of 0.09‒1.22 μmol cm−2 h−1 (Fig. 4a‒c). The
uptake rates of nutrients were higher in the nutrient-
enriched groups than in the control group. In partic-
ular, NO3

‒ uptake rate by P. crosslandi was 50 times
higher under nutrient enrichment than in the control
group, but NO3

‒ was released from the coral to the
seawater in group IV at a rate of 0.29 ± 0.21 μmol
cm−2 h−1 (Fig. 4b). Similarly, the DON flux in group IV
differed significantly from other groups (Tukey, p <
0.001, Fig. 4c).

In the control group, coral holobionts assimilated
DIP at rate of 0.001 ± 0.001 μmol cm−2 h−1 and
released DOP at rate of 0.002 ± 0.002 μmol cm−2 h−1;

116

a

2

4

6

8

Bi
om

as
s o

f d
in

o-
fla

ge
lla

te
s 

(m
g 

cm
–2

)

c

Incubation group
III IVControl I II

–0.20

–0.15

–0.10

Ca
lci

fic
at

ion
 ra

te
(µ

m
ol 

cm
–2

 h
–1

)

–0.05

0.00

0.05

A
A

A
A

B

a  A a  A

b  C
Acropora millepora

Platygyra crosslandi

b

a AB a  B

Φ
PS

II

0.2

0.4

0.6

0.8 a ab abab

a a ab b
ab

A A

B

AC b A

Fig. 2. (a) Biomass and (b) effective photosynthetic effi-
ciency (ΦPSII) of symbiotic dinoflagellates, and (c) calcifi -
cation rates of corals Acropora millepora and Platygyra
crosslandi incubated in 5 different nutrient conditions (see
Table 1). Negative values of calcification rates represent
CaCO3 dissolution rates. The error bars show SD, and differ-
ent letters above histograms denote statistical differences
among varied nutrient conditions (Tukey tests, p < 0.05)

A
ut

ho
r c

op
y



Ning et al.: Nutrient effects on corals

under nutrient enrichment, both DIP and DOP were
assimilated by coral holobionts at rates of 0.006 ±
0.006 and 0.039 ± 0.030 μmol cm−2 h−1, respectively,
with the exception in group IV in which both DIP and
DOP were released from the coral into the seawater
at rate of −0.015 ± 0.013 μmol cm−2 h−1 and −0.058 ±
0.021 μmol cm−2 h−1, respectively (Tukey, p < 0.001,
Fig. 4d,e). In particular, the highest DOP uptake rate
(0.070 ± 0.011 μmol cm−2 h−1) was observed in group
I, in which the DIN:DIP ratio in seawater was the
highest (Fig. 4e).

DIC was released from coral holobionts into seawa-
ter in all incubation groups and significantly in -
creased from 0.12 ± 0.14 μmol cm−2 h−1 in group I and
the control group to 0.71 ± 0.21 μmol cm−2 h−1 in
groups II and III, and then to 1.48 ± 0.23 μmol cm−2

h−1 in group IV (Fig. 4f). Furthermore, correlation
analysis showed that the calcification rate was posi-
tively related to the DIC flux (Pearson, r = 0.854, p <
0.001, Table 3).

3.4.  DDN assimilation rates by 2 coral species
under different nutrient conditions

Under natural conditions (i.e. the control group),
more than 99% of the DDN was assimilated by coral
tissue rather than symbiotic dinoflagellates, but the

DDN assimilation by dinoflagellates
increased with increasing nutrient
con centrations (2-way ANOVA, F4,30 =
2729, p < 0.001, Fig. 5). The DDN
assimilation by tissue of P. crosslandi
was greater than that of A. millepora
(2-way ANOVA, F1,30 = 253, p < 0.001,
Table 2). In tissue of A. millepora, the
DDN assimilation rate decreased from
39.06 ± 5.56 pmol cm−2 h−1 in control
group to 13.62 ± 3.20 μmol cm−2 h−1 in
group II, and then to 0.96 ± 0.47 μmol
cm−2 h−1 in groups II, III, and IV; in
 tissue of P. crosslandi, DDN assimila-
tion rate in groups I and IV was 65%
lower than that in other groups (95.75
± 7.61 μmol cm−2 h−1) (Fig. 5a). In dino-
flagellates of both species, the DDN
assimilation rate in groups III and IV
was significantly higher than in other
groups (Tukey, p < 0.001, Fig. 5b).
Furthermore, DDN assimilation by
 tissue was negatively related to the
δ15N in tissue (Pearson, r = –0.732, p <
0.001), and DDN assimilation by dino-

flagellates was also negatively related to the δ15N in
dinoflagellates (Pearson, r = –0.475, p = 0.002).

4.  DISCUSSION

The effects of nutrients on the physiology of corals
were caused not only by the concentrations but also
by the skewed N:P ratios, and we found that different
species of corals have different responses to nutrient
enrichment. Based on the data of biomass and ΦPSII of
symbiotic dinoflagellates and δ15N, δ13C, and meta-
bolic (calcification, nutrient fluxes, and DDN) rates of
coral holobionts, we first assess the extent of coral
responses to different nutrient concentrations, then
discuss the effects of N:P ratios on different physio-
logical parameters of corals, and finally compare the
differences in the responses of the 2 corals to nutrient
enrichments.

4.1.  Effects of nutrient enrichment on physiology
of coral holobionts

The algal biomass of corals from Weizhou Island
was affected by nutrient enrichment despite the
absence of coral bleaching. Specifically, low algal
biomass was observed in experimental group IV that
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was exposed to the highest nutrient enrichment. On
the other hand, nutrient enrichment also led to a
decrease in calcification, because the addition of
nutrients can enhance organic metabolism (respira-
tion and photosynthesis), which plays a role in deter-
mining the DIC in the overlying water column (Glud
et al. 2008, Lantz et al. 2017), and elevated DIC exac-
erbates the decrease in coral calcification (Meyer et
al. 2016).

In this study, coral δ13C was slightly depleted with
increasing nutrient concentrations, indicating an
increasing degree of heterotrophy by the coral host
(Risk et al. 1994, Heikoop et al. 2000, Xu et al. 2021).
Meanwhile, tissue δ15N was enriched under nutrient
enrichments. This may be because corals that are
more heterotrophic harbor smaller communities of
N2 fixers than corals that are more autotrophic
(Pogoreutz et al. 2017b), and less uptake of light 14N2

by N2 fixers may ultimately result in enriched δ15N
values (Lesser et al. 2007). Thus, the δ15N values in
tissue were negatively related to DDN assimilation
by tissue and δ13C values.

Algal symbionts may translocate fewer products to
the host cells when coral is bleaching (Hillyer et al.
2018), whereas DDN may constitute an additional N
source for bleaching corals (Pogoreutz et al. 2017a,
Bednarz et al. 2019). In this study, nutrient-stimu-
lated coral heterotrophy led to increased DDN assim-
ilation by symbiotic dinoflagellates but to decreased
DDN assimilation by tissue. This is consistent with
the previous finding that sugar-induced bleaching/
stimulated N2 fixation led to increased DDN assimila-
tion by dinoflagellates but to no change in host tissue
(Pogoreutz et al. 2017a), while Rädecker et al. (2021)
observed net release of N from the holobiont under
heat stress, even preceding bleaching, which was
shown to coincide with transcripts pertaining to the
catabolism of amino acids in the coral host transcrip-
tome. In this study, the fluxes of DIN and DIP
changed with the nutrient concentrations and shifted
from net uptake to release in experimental group IV,
suggesting that the symbiotic relationships of corals
from Weizhou Island were affected by nutrient
enrichment despite the absence of coral bleaching.

4.2.  Effects of skewed N:P ratios on physiology of
coral holobionts

In DIP-limited environments, DOP could support
the growth of dinoflagellates (Wiedenmann et al.
2013). Thus, the largest DOP influx was observed in
group I with the highest N:P ratio, indicating an
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adaptive regulation mechanism for nutrient uptake
by coral holobionts. However, severe P starvation
disturbs the symbiosis, as indicated by malfunction-
ing algal photosynthesis and even expulsion of dino-
flagellates (Rosset et al. 2017). Thus, the highest N:P
ratio led to the lowest ΦPSII of symbiotic dinoflagel-
lates being <0.5 and, subsequently, lower N flux in
Platygyra crosslandi than in Acropora millepora (Fig.
4a−c). However, the high N:P ratio did not seem to
affect the calcification and DIC flux of corals at the
holobiont level.

In addition, the extremely high N:P ratio in group I
resulted in a low DDN assimilation rate, and the
majority of DDN was primarily assimilated into the
tissue, probably also because the N:P ratio was
higher in dinoflagellates than in coral tissue (Blanck-
aert et al. 2020). This could be explained by the
ammonia switch-off effect (i.e. immediate inactiva-
tion of N2 fixation occurs when a superior N source is

encountered) (Kessler et al. 2001,
Tilstra et al. 2017): in other words,
corals do not waste precious energy
on expensive N2 fixation if N is abun-
dant. Conversely, DDN assimilation
rate increased with increasing P con-
centration and decreasing N:P ratios,
which is consistent with the finding
that DDN assimilation strongly varies
with P availability and N:P ratios in
seawater (Bednarz et al. 2017, Bena-
vides et al. 2017).

4.3.  Comparison of the 2 coral
species  responding to nutrient

enrichment and N:P ratios

Tissue thickness contributes to resil-
ience by increasing energy storage
(Putnam et al. 2017). In laboratory
incubations, we have measured the
algal biomass and tissue content of
corals, which were greater for P. cross-
landi than for A. millepora. However,
there may be no difference in thick-
ness between these corals at Weizhou
Island, where corals experience ongo-
ing sediment and nutrient stress (Liao
et al. 2019), because tissue thickness
can change along a gradient of sedi-
ment stress (Barnes & Lough 1999). In
this study, none of the metabolic rates
differed significantly between the 2

coral species, with the exception of NH4
+ flux and

DDN assimilation rates, but the rates were measured
at the holobiont level (i.e. the oxygen release and the
nutrient uptake by symbiotic algae are all folded into
the results, thus affecting calcification calculations).

More depleted δ13C in tissue of A. millepora than
of P. crosslandi suggests that A. millepora was
more heterotrophic than P. crosslandi (Lesser et al.
2007, Ferrier-Pagès et al. 2011). Conversely, the
δ15N was more enriched in A. millepora than in P.
crosslandi, indicating their variation in nutrient
sources with different δ15N (Heikoop et al. 2000).
N2 fixation was suggested to compensate for the
low heterotrophic N uptake in autotrophic corals
(Pogoreutz et al. 2017b); thus, DDN assimilation
rate by tissue was higher for P. crosslandi than
for A. millepora, leading to more depletion of δ15N
in P. crosslandi than in A. millepora. In particular,
P. crosslandi tends to be vulnerable to high N:P
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ratios, resulting in lower ΦPSII and NH4
+ uptake

rate of P. crosslandi than of A. millepora.
Altogether, we found species-specific as well as

dose-dependent responses of Weizhou Island corals
to elevated nutrient concentrations and increased
ratios. The episodic moderate-level nutrient enrich-
ment will not lead to coral bleaching, but bleaching
may be the eventual outcome of the disturbance of
nutrient cycling between corals and their symbiotic
algae under chronic nutrient enrichment (Rädecker
et al. 2021). Although there was no significant differ-
ence in the nutrient uptake rates between the 2 coral
species at the holobiont level, the differences in δ13C,
δ15N, and DDN showed that A. millepora responded
more strongly to nutrient enrichment than P. cross-
landi. Yet it is worth noting that, in the case of an
extremely increased N:P ratio, P. crosslandi may be

more at risk of thermal bleaching than A. millepora,
although P. crosslandi dominated in the coral assem-
blages of Weizhou Island. These results shed light on
the effect of nutrient enrichment and skewed ratios
on corals in relatively high-latitude reefs, but further
research is required to assess the potential interac-
tion of climate change and nutrient enrichment on
the reefs, which will be beneficial for refining risk
management strategies.
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