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Abstract

The objective of this study was to investigate whether a tipping point exists in the calcification responses of
coral reef calcifiers to CO2. We compared the effects of six partial pressures of CO2 (PCO2

) from 28 Pa to 210 Pa
on the net calcification of four corals (Acropora pulchra, Porites rus, Pocillopora damicornis, and Pavona cactus),
and four calcified algae (Hydrolithon onkodes, Lithophyllum flavescens, Halimeda macroloba, and Halimeda
minima). After 2 weeks of acclimation in a common environment, organisms were incubated in 12 aquaria for
2 weeks at the targeted PCO2

levels and net calcification was quantified. All eight species calcified at the highest
PCO2

in which the calcium carbonate aragonite saturation state was , 1. Calcification decreased linearly as a
function of increasing partial PCO2

in three corals and three algae. Overall, the decrease in net calcification as a
function of decreasing pH was , 10% when ambient PCO2

(39 Pa) was doubled. The calcification responses of P.
damicornis and H. macroloba were unaffected by increasing PCO2

. These results are inconsistent with the notion
that coral reefs will be affected by rising PCO2

in a response characterized by a tipping point. Instead, our findings
combined among taxa suggest a gradual decline in calcification will occur, but this general response includes
specific cases of complete resistance to rising PCO2

. Together our results suggest that the overall response of coral
reef communities to ocean acidification will be monotonic and inversely proportional to PCO2

, with reef-wide
responses dependent on the species composition of calcifying taxa.

Ocean acidification (OA), and its effects in synergy with
rising temperature and a wide variety of local disturbances,
is one of the major threats that coral reefs are facing in the
next century (Erez et al. 2011). OA is caused by the
dissolution of approximately one-quarter of anthropogenic
CO2 emissions into the ocean (Sabine et al. 2004), which
induces a reaction with seawater promoting a series of
chemical changes driving a decrease in pH, an increase in
bicarbonate ion concentration [HCO{

3 ], a decrease in
carbonate ion concentration [CO2{

3 ], and a lowered
saturation state of calcium carbonate (V; Orr 2011).

The projected changes in carbonate chemistry of
seawater are expected to threaten the long-term survival
of tropical and cold-water scleractinians corals, and it has
been proposed that coral reefs will cease to deposit calcium
carbonate (CaCO3) when the saturation state of aragonite
(Va, the mineral form of calcium carbonate used by corals)
drops below 3.3 (Hoegh-Guldberg et al. 2007). It also has
been proposed that coral reefs may exhibit a negative
balance between precipitation and dissolution of CaCO3

(i.e., they will lose more than they will deposit) when the
concentration of atmospheric CO2 relative to preindustrial
levels doubles (Silverman et al. 2009). However, most
studies of these effects are based on a limited set of
empirical measurements establishing the functional rela-
tionship between the partial pressure of CO2 (PCO2

; and
hence, Varag and the saturation state of calcite, Vcalc) and
the calcification rates of important functional groups of
calcifying taxa on tropical reefs (Erez et al. 2011; Edmunds
et al. 2012). In addition, only one study (Marubini et al.
2008) to date has resolved precisely the shape of the
relationship between calcification and PCO2

, and therefore it

is not possible to distinguish among functionally dissimilar
relationships (Doney et al. 2009; Ries et al. 2009). The
description of these relationships could greatly expand the
understanding of the mechanisms of mineralization em-
ployed by calcifying organisms, and greatly improve the
accuracy of models describing the effects of OA on
calcifying organisms and ecosystems. Previous studies have
suggested that a threshold PCO2

(e.g., 50 Pa; Hoegh-
Guldberg et al. 2007) exists, above which coral reef
calcification will be dramatically reduced. For this reason,
we investigated a large range of PCO2

in order to test
whether the existence of such critical thresholds can be
demonstrated at an organismic level for eight of the main
calcifiers in Moorea. When assessing the functioning of
coral reefs in the future, the hypothesis that the calcifica-
tion responses to PCO2

of the main reef calcifiers exhibit
tipping points must be critically evaluated. As has been
shown at natural CO2 vents in the marine environment, the
crossing of a pH tipping point can lead to the abrupt
disappearance of certain species (Hall-Spencer et al. 2008).

The effects of OA on calcification have been investigated
in $ 21 species of scleractinian corals (Erez et al. 2011), and
the results generally have demonstrated a decrease in
calcification as a function of increasing PCO2

and decreasing
Varag (Kleypas and Yates 2009; Erez et al. 2011). However,
variation in experimental designs (such as the use of acid
addition to simulate OA), or among-study differences in
incubation conditions (such as light intensity, temperature,
and the extent to which corals are fed), make generaliza-
tions about patterns of response difficult (Edmunds et al.
2012). The relationship between PCO2

and calcification in
reef organisms other than scleractinian corals has not been
studied in detail, despite the important roles played by non-
scleractinian organisms in reef ecosystem function. This is* Corresponding author: steve.comeau@csun.edu
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the case for crustose coralline algae (CCA) and articulated
calcified algae, which are significant contributors to the
CaCO3 budget of coral reefs.

CCA play a critical role in the formation of coral reefs
by cementing structural components together (Adey 1998)
and providing settlement cues for coral larvae (Heyward
and Negri 1999; Harrington et al. 2004). Because CCA
produce skeletons made of high-magnesium calcite, the
most soluble form of CaCO3, they are expected to be
particularly vulnerable to decreases in Vcalc caused by OA
(Anthony et al. 2008). The few published experimental
studies on the response of CCA to OA tend to confirm this
sensitivity, because decreased pH has negative effects on
CCA through reduced recruitment (Hall-Spencer et al.
2008; Kuffner et al. 2008), depressed growth (Jokiel et al.
2008; Diaz-Pulido et al. 2012), lowered calcification rates
(Anthony et al. 2008), and impaired capacity to induce
coral larval settlement (Doropoulos et al. 2012). The
articulated calcified alga Halimeda spp. serves as an
important primary producer of organic and inorganic
carbon on many coral reefs, and contributes to the diet of
herbivorous fishes (Overholtzer and Motta 1999). In fact,
Halimeda is the highest carbonate producer (64% of the
total) among calcifying algae in the lagoon of Moorea
French Polynesia (Payri 1988). Halimeda appears to
respond to OA by linearly decreasing calcification as a
function of decreasing pH (Sinutok et al. 2011) or as a
curvilinear response to Varag (Ries et al. 2009), although
some studies have indicated a species-specific response
(Price et al. 2011).

In light of the aforementioned studies, a global trend of
the response of coral reef calcifiers to OA (Kleypas and
Yates 2009) is emerging gradually, but progress toward this
goal is slowed by a paucity of high-resolution descriptions
of relationships between PCO2

and calcification. These
relationships are necessary to properly assess the threat to
coral reefs from OA and to test the hypothesis that
responses are characterized by ‘tipping points’ (Hansen
et al. 2008). We performed experiments to establish a high-
resolution relationship between PCO2

and the calcification
of four coral species, including two species with perforate
skeletons (Porites rus and Acropora pulchra) and two
species with imperforate skeletons (Pocillopora damicornis
and Pavona cactus). In addition, the relationship between
PCO2

and calcification was quantified for four calcifying
algae, including two CCA (Hydrolithon onkodes and
Lithophyllum flavescens) with intracellular calcification
and two articulated algal species (Halimeda macroloba
and H. minima) that calcify extracellularly.

Methods

Experimental design and organism collection—This study
was conducted from August to October 2011 in Moorea,
French Polynesia, using organisms collected from the back
reef of the north shore at , 1–2 m depth. Perturbation
experiments were performed in a mesocosm apparatus
consisting of 12 tanks that allowed for the maintenance of
six PCO2

treatments in duplicate. The experiment was
separated into four consecutive trials, each lasting 2 weeks.

The trials were used to create an independent contrast of
the corals and algae by placing both taxa in the same tanks.
In Trials 1 and 2, P. rus and H. macroloba were placed
together in six tanks, and A. pulchra and H. onkodes were
placed together in the six other tanks. In Trials 3 and 4, P.
damicornis and H. minima were placed together in six tanks,
with P. cactus and L. flavescens in the six other tanks. This
procedure facilitated a statistical contrast among species of
coral and among species of algae. It was not biologically
meaningful to statistically compare corals and algae, so
these groups were comingled in single tanks.

For each trial, 36 individual samples (‘nubbins’ for
corals, ‘cores’ for CCA, and ‘tufts’ for Halimeda) of each
species were collected, allowing for six replicates per species
in each incubation tank. Samples of CCA were collected by
coring (3.5–4.5 cm diameter), and coral nubbins (3–5 cm
long branches) and Halimeda tufts (4–6 cm long thalli) were
collected by hand. Freshly collected samples were returned
to the Richard B. Gump South Pacific Research Station,
where coral nubbins and CCA cores were glued with Z-
Spar (A788 epoxy) to plastic bases (4 3 4 cm) and
Halimeda tufts were attached to similar bases using nylon
line.

Incubation conditions—After sample organisms were
prepared as described above, they were maintained first
for 2 d in a seawater table to recover from preparation.
Afterward, they were transferred to a custom-made
acclimation tank (Aqualogic) consisting of an open-flow
(10 L min21) aquarium (1000 liters) in which temperature
and light were adjusted to provide conditions similar to
those used during the subsequent treatments (27uC, ,
700 mmol photons m22 s21). Four 75 W Light Emitting
Diode (LED) modules (Sol White LED Module; Aqua-
illumination) provided light to the acclimation tank on a
12 : 12 h light : dark cycle. Acclimation and treatments were
performed at , 27uC (27.2u 6 0.02uC, mean 6 SE, in the
incubation tanks over the four trials) to match the annual
mean temperature in the lagoon of Moorea. In the
acclimation tank, organisms were submerged on a circular
table that rotated once every 12 h to deliver a similar
integrated light intensity over each day and remove effects
associated with the position in the tank. Organisms
remained in the acclimation tank for 2 weeks.

Seawater was supplied from a depth of 12 m in Cook’s
Bay, filtered through a sand filter (mesh size , 100 mm),
and stored in a header tank from which it was gravity-fed
to the acclimation tank and the mesocosms. After acclima-
tion and for each trial, the 36 individuals from one species of
coral and one species of algae were allocated randomly to six
mesocosms (Aqualogic) of 150 liters at six different PCO2

(for
a final density of six coral nubbins and six algal pieces per
tank), and individuals of the other coral and the other algal
species were allocated randomly to the other six tanks
experiencing identical conditions of PCO2

, light, and temper-
ature. During the mesocosm incubation of organisms from
one trial (e.g., Trial 1), organisms for the following trial (e.g.,
Trial 2) were maintained in the acclimation tank so they
could be placed into the mesocosm immediately following
the preceding trial. Positions of organisms in all tanks
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(including the acclimation tank) were changed randomly
every 2 d to eliminate position effects. Seawater in the
incubation tanks was replaced continuously at ,
100 mL min21.

CO2 treatments consisted of six PCO2
levels correspond-

ing to a preindustrial value (28 Pa), present-day concen-
tration (39 Pa), an optimistic value expected by the end of
the century (, 55 Pa, approximate representative concen-
tration pathway [RCP] scenario 4.5; Moss et al. 2010), an
average value expected by the end of the century (, 75 Pa,
, RCP scenario 6.0), a pessimistic value expected by the
end of the 21st century (, 105 Pa, , RCP scenario 8.5),
and an extreme value of 210 Pa. The extreme value was
chosen to simulate seawater conditions at the saturation
threshold with respect to aragonite (Varag , 1), the
thermodynamic threshold between passive dissolution and
precipitation of CaCO3 in the aragonite crystal form. CO2

treatments were obtained by bubbling the tanks with either
CO2-enriched air or CO2-depleted air. CO2-enriched air
was created using a solenoid-controlled gas regulation
system (Model A352, Qubit Systems) that mixed pure CO2

with ambient air to create gas mixtures with a known PCO2

(as detected by an Infrared Gas Analyzer, Model S151,
Qubit Systems). CO2-free air was obtained by scrubbing
CO2 from ambient air by passing it through a soda lime
column. The flow of air and CO2-manipulated air in each
tank was adjusted independently using needle valves to
correct the deviations detected by pH measurements of
tank seawater from the targeted values.

Carbonate chemistry—Samples for seawater pHT were
collected 1–2 times d21 (08:00 h and 18:00 h) in each tank,
and measured immediately with an automatic titrator (T50,
Mettler-Toledo) using a pH probe calibrated every third
day on the total scale using 2-amino-2-hydroxymethyl-1,3-
propanediol buffers (A. Dickson) at a salinity of 35.0.
Calibrations were done every third day based on the
rationale that the pH cell was demonstrably stable as it
drifted an average of 0.2 mV between two calibrations,
which corresponded to a pHT variation of , 0.005 unit.
The determination of pH using a pH cell was preferred over
the use of the indicator dye m-cresol because the pH cell
allowed for greater replication with only a trivial reduction
in accuracy. Determination of pH using a pH cell yields
uncertainty for pH measurements of , 0.02 unit for
seawater (Dickson 2010). pHT also was measured spectro-
photometrically in each trial for every tank using the
indicator dye m-cresol (Standard operating procedure 6b;
Dickson et al. 2007). pHT measured by the two methods
provided similar values with a mean difference # 0.008 pH
units. Salinity was measured every 4 d using a conductivity
meter (YSI 3100) and total alkalinity (AT) was measured in
duplicate every 2–3 d. Analyses of AT were performed on
the day of seawater sampling via an open-cell potentio-
metric titration using an automatic titrator (T50, Mettler-
Toledo). Measurements of AT were conducted on duplicate
50 mL samples at room temperature (, 23uC), and AT was
calculated using a Gran function applied to pH values
ranging from 3.5 to 3.0 as described by Dickson et al.
(2007). Titrations of certified reference materials provided

by A. G. Dickson (batch 105) yielded AT values within
4.0 mmol kg21 of the nominal value (SD 5 4.1 mmol kg21;
n 5 12). Parameters of the carbonate system in seawater
were calculated from salinity, temperature, AT, and pHT

using the R package seacarb (Lavigne and Gattuso 2011).

Net calcification—Buoyant weight of the corals and
algae (Spencer-Davies 1989) was recorded following
2 weeks of acclimation (i.e., before treatment incubation)
and after 14 d of incubation in treatment conditions with a
precision of 6 1 mg. The difference between the initial and
final buoyant weight was converted to dry weight (dry wt)
using an aragonite density of 2.93 g cm23 for corals and
Halimeda, and a calcite density of 2.71 g cm23 for CCA.
Rates of calcification were normalized to the area of the
organisms, as estimated by the aluminum foil technique
(Marsh 1970) for corals, and image analysis (Image J, U.S.
National Institutes of Health) of planar digital images for
CCA. For Halimeda, calcification was normalized to the
final ash-free dry weight. To take into account the effects of
PCO2

on the tissue growth of corals, biomass also was
estimated on all the specimens at the end of the incubation.
To estimate biomass, corals were fixed in 10% formalin in
seawater for 48 h and then decalcified in 5% HCl for 2–4 d.
The tissue tunics left after skeletal dissolution were
homogenized and then dried for 24–48 h at 60uC prior to
weighing (6 1 mg). Biomass was used to standardize
calcification rates and test for changes in the quantity of
tissue per unit area induced by PCO2

. For P. cactus,
determination of biomass was impossible because their thin
tissues were damaged during decalcification.

Statistical analysis—The assumptions of normality and
equality of variance were evaluated through graphical
analyses of residuals. All analyses were performed using R
software (R Foundation for Statistical Computing). To test
for a tank effect between Trials 1 and 2, as well as between
Trials 3 and 4, PCO2

treatments were analyzed using a 2-way
model I ANOVA, with PCO2

as a dependent variable, and
Tank and Trial as a fixed effect.

Effects of each replicate trial on the response of
calcification to the CO2 treatments also were analyzed using
a 2-way model I ANOVA, with calcification as a dependent
variable, and CO2 treatments and trials as fixed effects.
When no significant effects of the Treatment 3 Trial
interaction (p $ 0.25; Quinn and Keough 2002) were
detected, Trial was dropped from the analyses, and
individual organisms treated as statistical replicates. To
compare the response to OA of the different species studied,
analyses of covariance (ANCOVA) were performed within
each taxonomic group (corals, CCA, and Halimeda).

Model choice—An Akaike Information Criterion (AIC)
approach was used to determine which model best
described the relationship between calcification and PCO2

.
Three different models were tested: linear, logarithmic, and
polynomial. These calculations were conducted for each
organism studied using the software package R (R
Foundation for Statistical Computing). The AIC for a
given model (AICi) was calculated using
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AICi~n ln
RSS

n

� �
z2k ð1Þ

where n is the number of data points, RSS is the residual
sums of squares of the model, and k is the number of
parameters in the model.

To quantify the plausibility of each model being the best
approximation, the Akaike weights (Wi) then were
calculated as

Wi~
e {0:5DAICið ÞP

R
R~1e {0:5DAICRð Þ ð2Þ

where DAICi is the difference between the AIC value for a
given model and the minimum AIC value (the best fit) for
the group of models investigated. The denominator is the
sum of the relative likelihoods for the three models. The
models with Wi that were within 10% of the maximum were
not excluded from the study.

Results

There was no significant difference in PCO2
between trials

(ANOVA, between Trials 1 and 2: F1,11 5 0.05, p 5 0.827;
between Trials 3 and 4: F1,11 5 0.46, p 5 0.499). The mean
values for the carbonate chemistry parameters during the
four trials were stable and centered on the targeted values
(Table 1), and hence facilitated statistical comparisons
between trials. The smallest variations between tanks for
PCO2

were obtained in the low-CO2 treatment as well as the
control; whereas, variation increased as PCO2

increased.
However, the variation in the high-PCO2

treatment did not
coincide with large variation in calcium carbonate satura-
tion states (e.g., Va SE 5 0.02 at 210 Pa PCO2

).
For net calcification, there were no significant effects of

the Treatment 3 Trial interaction (F5,60 , 1.3, p . 0.25)
for five species (P. rus, A. pulchra, L. flavescens, H.
macroloba, and H. minima). The trial effect was significant
for the remaining three species (F5,60 5 1.869, p 5 0.114;

F5,60 5 4.753, p 5 0.01; and F5,60 5 1.820, p 5 0.123 in P.
damicornis, P. cactus, and H. onkodes, respectively), but a
graphical analysis of the differences between trials in these
cases demonstrated that the trial effect was due to a
difference in magnitude and not direction of the treatment.
For this reason, the trial effect also was dropped from the
analysis for the eight species and the individual organisms
treated as statistical replicates in the following analyses.

Net calcification of corals—The mean net calcification of
corals over the 2 week incubations was positive in all six
treatments (Fig. 1). The highest rates of net area-normal-
ized calcification were measured for P. rus and A. pulchra
(1.53 mg cm22 d21 6 0.07 mg cm22 d21 [mean 6 SE, n 5
12] at 28 Pa and 1.41 mg cm22 d21 6 0.08 mg cm22 d21 at
39 Pa PCO2

, respectively). Maximum mean rates of area-
normalized calcification were lower for P. damicornis and
P. cactus (0.69 mg cm22 d21 6 0.08 mg cm22 d21 at 55 Pa
and 0.91 mg cm22 d21 6 0.06 mg cm22 d21 at 55 Pa PCO2

,
respectively). The lowest area-normalized net calcification
rates were recorded at 210 Pa PCO2

, where they were
1.10 mg cm22 d21 6 0.11 mg cm22 d21 in P. rus,
0.73 mg cm22 d21 6 0.09 mg cm22 d21 in A. pulchra,
0.55 mg cm22 d21 6 0.06 mg cm22 d21 in P. damicornis, and
0.58 mg cm22 d21 6 0.05 mg cm22 d21 in A. pulchra. In the
four coral species, area-normalized calcification declined
linearly as a function of increasing PCO2

. AIC results
(Table 2) justified the use of linear regressions to describe
the relationship between PCO2

treatments and area-normal-
ized calcification for the four coral species. The response of
calcification to increasing PCO2

was relatively similar in P.
rus, A. pulchra, and P. cactus, with the strongest PCO2

-
dependent decline measured for P. rus and A. pulchra (with
respective slopes of 221 and 231 mg cm22 d21 per 10 Pa of
PCO2

increase; Table 3). P. cactus was affected slightly less
than P. rus and A. pulchra, with a linear regression slope of
219 mg cm22 d21 per 10 Pa of PCO2

. There was no significant
decline in area-normalized net calcification rate as a function
of PCO2

for P. damicornis (slope 5 26 mg cm22 d21 per 10 Pa

Table 1. Parameters of the carbonate chemistry of seawater in the 12 tanks, pooled among the four trials. The conditions are
duplicates of the six targeted PCO2

corresponding to a preindustrial value (28 Pa), a present day value (39 Pa), an optimistic value expected
by the end of the century (, 55 Pa, , RCP 4.5; Moss et al. 2010), an average value expected by the end of the century (, 75 Pa, , RCP
6.0), a pessimistic value expected by the end of the 21st century (, 105 Pa, , RCP 8.5), and an extreme value of 210 Pa. The
concentration of dissolved inorganic carbon (CT), partial pressure of CO2 (PCO2

), and the saturation state of aragonite (Varag) and calcite
(Vcalc) were derived from pHT, total alkalinity (AT), salinity (S), and temperature (T) using the R package seacarb (Lavigne and Gattuso
2011). Values correspond to mean 6 SE (n 5 90; SE for the salinity was , 0).

Conditions pHT AT (mmol kg21) CT (mmol kg21) PCO2
(Pa) Varag Vcalc T (uC) S

28-1 8.18460.005 231263 187165 26.560.4 4.5860.02 6.8960.06 27.260.04 36.4
28-2 8.18860.006 229264 186865 26.260.5 4.6160.03 6.9460.06 27.360.06 36.4
39-1 8.03560.004 229162 198964 41.160.4 3.6160.04 5.4460.04 27.260.05 36.3
39-2 8.05260.004 229162 196164 38.960.4 3.6860.04 5.5560.04 27.360.05 36.3
55-1 7.93860.005 228165 201865 53.760.8 3.0060.03 4.5160.04 27.260.06 36.3
55-2 7.94660.005 228763 201864 52.660.8 3.0560.03 4.5960.04 27.360.04 36.2
75-1 7.81760.006 226168 206168 74.261.4 2.3760.03 3.5760.04 27.260.07 36.3
75-2 7.80960.006 226066 206466 75.861.4 2.3360.03 3.5160.04 27.260.04 36.3
105-1 7.70360.008 229463 214364 102.162.2 1.9460.03 2.9160.05 27.160.03 36.1
105-2 7.70160.008 227964 213065 101.862.0 1.9160.03 2.8860.04 27.260.06 36.2
210-1 7.41860.008 228668 224368 208.763.7 1.0760.02 1.6160.03 27.260.02 36.3
210-2 7.40760.007 229063 225164 214.163.4 1.0560.02 1.5760.03 27.360.05 36.4
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Fig. 1. Mean calcification as a function of PCO2
in the eight species studied: (a) P. rus, (b) A.

pulchra, (c) P. damicornis, (d) P. cactus, (e) H. onkodes, (f) L. flavescens, (g) H. macroloba, and (h)
H. minima. The points correspond to the mean calcification, pooled between trials (n 5 12), the
vertical error bars show the SE of the measurements of calcification, and the horizontal error bars
show the SE of PCO2

. The dashed lines represent the 95% CIs of the linear regressions.
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of PCO2
, p 5 0.105; Table 3). ANCOVA (Table 4) revealed

that the intercepts of the relationships between calcification
rate and PCO2

differed significantly between the coral species
studied, which demonstrated that they calcified at different
rates. However, ANCOVA did not reveal differences in the
slopes of the relationships between calcification rate and
PCO2

, although a strong trend was measured for A. pulchra
and P. damicornis (Table 4; p 5 0.073).

For biomass measured at the end of each incubation, as
well as biomass-normalized calcification, AIC results
(Table 2) confirmed the suitability of a non-linear polyno-
mial function to describe the biomass-normalized calcifi-
cation rate, and confirmed the relationship between
biomass and area in P. rus and A. pulchra (Fig. 2; Table 3).
In contrast, a linear model best described biomass-
normalized calcification rate and biomass–area relation-
ships in P. damicornis. For P. rus and A. pulchra, biomass
increased with PCO2

until reaching a maximum at , 150 Pa.
Thereafter, it declined as PCO2

approached 210 Pa (Fig. 2).
For P. damicornis, biomass slightly decreased linearly as a
function of increasing PCO2

(Fig. 2). These changes in
biomass due to PCO2

in both P. rus and A. pulchra resulted

in a decrease in biomass-normalized calcification (, 9–10%
per 10 Pa of PCO2

) until PCO2
reached , 80–100 Pa, where it

remained relatively constant as PCO2
approached 210 Pa.

Because biomass declined slightly as a function of increasing
PCO2

, while area-normalized calcification slightly increased,
the biomass-normalized net calcification rate in P. damicornis
was unaffected by PCO2

.

Net calcification of algae—Similar to the responses of the
corals, the four species of calcifying algae also exhibited
positive mean net calcification over the 2 week incubations
in all treatments (Fig. 1), and the relationships between
PCO2

treatments and calcification were best described using
linear regressions (Table 2). Both CCA exhibited a
significant decrease in net calcification as a function of
increasing PCO2

(Table 3). Calcification in CCA was
depressed by , 0.1 mg cm22 d21 and 0.3 mg cm22 d21 in
H. onkodes and L. flavescens, respectively, at 28 Pa
compared with ambient PCO2

(, 39 Pa). The lowest
calcification rates (but not significantly different from the
105 Pa treatment) were measured in both species at 210 Pa
(0.60 mg cm22 d21 6 0.14 mg cm22 d21 and

Table 2. Summary of the Akaike Information Criterion (AIC) used to determine the best model type (linear vs. logarithmic vs.
polynomial) describing the relationship between calcification and PCO2

. AICi is the AIC value for a given model, DAICi is the difference
between the AIC value for a given model and the minimum AIC value (the best fitting) for the group of models investigated, and Wi is the
Akaike weight. In the species column, the normalization parameter of calcification is given in parentheses.

Species Model AICi DAICi Wi

Porites rus (Area) linear 120.0 0.43 0.38
logarithmic 119.6 0.00 0.47
polynomial 121.8 2.14 0.16

Acropora pulchra (Area) linear 46.3 0.00 0.47
logarithmic 47.0 0.69 0.33
polynomial 48.0 1.69 0.20

Pavona cactus (Area) linear 28.8 0.00 0.52
logarithmic 27.3 1.45 0.25
polynomial 27.0 1.71 0.22

Pocillopora damicornis (Area) linear 20.8 0.00 0.44
logarithmic 20.5 0.25 0.39
polynomial 1.1 1.91 0.17

Porites rus (Biomass) linear 2145.2 4.91 0.04
logarithmic 2150.1 0.00 0.49
polynomial 2149.9 0.13 0.46

Acropora pulchra (Biomass) linear 261.7 6.36 0.03
logarithmic 266.4 1.69 0.29
polynomial 268.1 0.00 0.68

Pocillopora damicornis (Biomass) linear 2193.9 0.44 0.33
logarithmic 2194.3 0.00 0.41
polynomial 2193.4 0.92 0.26

Hydrolithon onkodes (Area) linear 94.5 0.71 0.33
logarithmic 93.8 0.00 0.47
polynomial 95.5 1.63 0.21

Lithophyllum flavescens (Area) linear 60.0 1.03 0.34
logarithmic 61.4 3.45 0.10
polynomial 58.0 0.00 0.56

Halimeda macroloba (Ash-free dry weight) linear 453.2 0.11 0.38
logarithmic 453.1 0.00 0.41
polynomial 454.4 1.31 0.21

Halimeda minima (Ash-free dry weight) linear 290.4 2.28 0.15
logarithmic 288.1 0.00 0.45
polynomial 288.3 0.24 0.40
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0.43 mg cm22 d21 6 0.07 mg cm22 d21 in H. onkodes and
L. flavescens, respectively). Results from the ANCOVA
showed that the intercepts of the calcification–CO2

relationships for the two CCA were significantly different
(p 5 0.024) but the slopes were not (p 5 0.681; Table 5),
which indicated that elevated PCO2

affected both species in
a similar manner.

For Halimeda, the two species displayed contrasting
responses to PCO2

. For H. macroloba, calcification was
unaffected by PCO2

, but for H. minima, it decreased linearly
with increasing PCO2

(Table 3), with a minimum at 210 Pa
PCO2

(4.03 mg CaCO3 d21 g[dry wt]21). The results of the
ANCOVA confirmed the different biomass-normalized
calcification–CO2 relationships for the two Halimeda by
revealing a significant difference between species for
intercepts (p , 0.001) as well as slopes (p 5 0.046; Table 5).

Discussion

Effects of OA on corals—The response of corals to OA is
species-dependent (Edmunds et al. 2012). The two species
with perforate skeletons (P. rus and A. pulchra) exhibited
similar responses in calcification to PCO2

; whereas, the two
corals with imperforate skeletons responded differently

from one another, with P. damicornis being less sensitive to
increasing PCO2

than P. cactus (Fig. 3a). Erez et al. (2011)
reviewed the effects of OA on corals and demonstrated that
a doubling of PCO2

induced highly variable responses in
calcification that ranged from no effect to a , 100%
reduction in net calcification; most of the studies reviewed
reported results that fell within a range of 15–50% decline
in net calcification. The responses in calcification observed
in our study were below this range. The strongest effect of
increasing PCO2

was measured for A. pulchra and P. cactus
(9% decline in area-normalized calcification at 78 Pa vs.
39 Pa) and the weakest effect on P. damicornis (4% decline
in area-normalized calcification at 78 Pa vs. 39 Pa; Fig. 3).
The present study is not the first to show a relatively small
effect of OA on corals, with null results following
increasing PCO2

reported for the temperate coral Cladocora
caespitosa (Rodolfo-Metalpa et al. 2010) and the tropical
coral Stylophora pistillata at ambient temperatures (Rey-
naud et al. 2003) and fed massive Porites spp. at 25.6uC and
29.3uC (Edmunds 2011).

In our study, biomass-normalized calcification did not
show a similar trend to area-normalized calcification in
response to PCO2

. Whereas area-normalized calcification
decreased linearly with PCO2

in P. rus and A. pulchra,

Table 3. Parameters of the linear and non-linear regressions used to estimate the relationship between calcification and PCO2
. Linear

regressions were used to represent the relationship between area-normalized calcification and PCO2
for the four corals and the two CCA,

and for the relationship between biomass-normalized calcification and PCO2
for the two Halimeda species and the coral P. damicornis. The

relationship between biomass-normalized calcification and PCO2
was best fit by a polynomial function (y 5 ax2 + bx + c) for P. rus and A.

pulchra. P-values of the slopes, as well as R2 for the linear regressions, are given; p-values for the intercepts of the linear regressions were
, 0.001. The p-values given for the non-linear regressions correspond to the constants a, b, c in the model y 5 ax2 + bx + c.

Normalization Species Values p R2

Area Porites rus 22.10 1024x+1.54 0.038 0.70
Acropora pulchra 23.07 1024x+1.41 0.010 0.84
Pocillopora damicornis 26.05 1025x+0.66 0.105 0.52
Pavona cactus 21.92 1024x+0.95 0.013 0.82

Biomass Porites rus 7.42 1028x222.58 1024x+0.29 0.083, 0.044, 0.004 0.89
Acropora pulchra 1.40 1027x224.47 1024x+0.51 0.111, 0.076, 0.007 0.78
Pocillopora damicornis 3.58 1026x+0.12 0.75 0.04

Area Hydrolithon onkodes 21.94 1024x+1.00 0.040 0.69
Lithophyllum flavescens 21.60 1024x+0.81 0.044 0.37

Biomass Halimeda macroloba 21.17 1024x+9.62 0.902 0.00
Halimeda minima 22.03 1023x+7.74 0.042 0.69

Table 4. Results of the ANCOVA used to test for differences in slopes and intercepts in the relationships between area-normalized
calcification and PCO2

in the four coral species tested by pair.

Species 1 Species 2 Effect Residuals df SS F p

P. rus A. pulchra intercept 69 0.805 4.971 0.029
slope 68 0.001 0.007 0.935

P. cactus intercept 69 8.398 49.530 ,0.001
slope 68 0.001 0.005 0.944

P. damicornis intercept 69 13.246 76.626 ,0.001
slope 68 0.208 1.202 0.277

A. pulchra P. cactus intercept 69 1.707 21.787 ,0.001
slope 68 0.009 0.113 0.738

P. damicornis intercept 69 4.196 51.382 ,0.001
slope 68 0.271 3.314 0.073

P. cactus P. damicornis intercept 69 0.614 11.538 0.001
slope 68 0.037 0.703 0.405
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biomass-normalized calcification followed a similar change
relative to the control treatment explained best by a
polynomial model for both species (Fig. 3b). This result
was due to a corresponding increase in biomass as a
function of increasing PCO2

, with a maximum at , 150 Pa,
which was , 2.5-fold and 2-fold greater than samples in the
control treatment in P. rus and A. pulchra, respectively
(Fig. 2). This result is in agreement with Edmunds (2011),
who showed an increase in biomass in massive Porites spp.
at 81.5 Pa compared with 38.4 Pa at 29.3uC. For both P.
rus and A. pulchra, we propose that increasing PCO2

, and,
hence, increasing [HCO{

3 ], may favor photosynthetic
efficiency of Symbiodinium, leading to an increase in the
production of organic carbon that can be stored in coral
tissues. When PCO2

reached , 150 Pa for P. rus and A.
pulchra, we suspect that the Symbiodinium may have been
saturated with HCO{

3 and perhaps were realizing the
negative effects of low pH in disrupting cellular function
such as enzymatic activity (Pörtner et al. 2004). In contrast,

for P. damicornis, biomass slightly decreased as a linear
function of increasing PCO2

(, 5% when ambient PCO2

doubled). In this species, the cost of maintaining relatively
high calcification rates (i.e., no effect of PCO2

on area-
normalized calcification) at high PCO2

may not have been
compensated by an increase in Symbiodinium photosynthe-
sis, and therefore biomass declined as it was metabolized as
a respiratory substrate.

Effects of OA on calcifying algae—In the two species of
CCA, calcification decreased as a function of increasing
PCO2

, as observed for A. pulchra and P. cactus (for which
calcification declined 8% when PCO2

doubled from the
ambient condition). More adverse effects of OA on CCA
have been reported by Anthony et al. (2008) and Diaz-
Pulido et al. (2012), who both observed net dissolution as
well as loss of net production in H. onkodes exposed to
, 100 Pa PCO2

. The reported dissolution in these studies
might be due to exposure of the underside of the calcified

Fig. 2. Biomass and biomass-normalized calcification in three corals. (a–c) is biomass (mg cm22) for (a) P. rus, (b) A. pulchra, and
(c) P. damicornis. (d–f) is the biomass-normalized calcification for (d) P. rus, (e) A. pulchra, and (f) P. damicornis. The points correspond
to the mean after pooling the two trials (n 5 12), the vertical error bars show the SE of the measurements of biomass or calcification, and
the horizontal error bars show the SE of PCO2

.

Table 5. Results of the ANCOVA used to test for differences in slopes and intercepts in the relationships between area-normalized
calcification and PCO2

for the two CCA (H. onkodes and L. flavescens) and between biomass-normalized calcification and PCO2
for the two

Halimeda (H. macroloba and H. minima).

Species 1 Species 2 Effect Residuals df SS F p

H. onkodes L. flavescens intercept 69 0.885 5.181 0.024
slope 68 0.029 0.169 0.681

H. macroloba H. minima intercept 69 367.4 17.034 ,0.001
slope 68 87.3 4.045 0.046
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thallus that lacks living tissue, which might otherwise
provide protection against micro-eroders (Chazottes et al.
1995) and dissolution that can occur in seawater supersat-
urated with respect to calcium carbonate (Kline et al. 2012).
In the present study, the lower surface of the CCA was
covered with epoxy resin to more closely simulate the
natural configuration of the algae on natural surfaces of the
reef where seawater does not have direct access to the lower
carbonate surface of the thallus.

The response to OA by H. minima was similar to that of
CCA exposed to increasing PCO2

(calcification in H. minima
declined by , 11% when ambient PCO2

doubled), whereas
PCO2

did not affect H. macroloba (Fig. 3). Contrasting
relationships between PCO2

and calcification in Halimeda
have been reported, including a curvilinear response (Ries
et al. 2009), a strong decline in calcification and even
dissolution (with PCO2

at , 200 Pa; Sinutok et al. 2011), or
species-specific responses (Price et al. 2011). The differences
in light levels (i.e., the light level used by Sinutok et al.
(2011) is only 43% that employed in the present study), the
degree of water motion, and species composition between
studies likely are to be the causes of such differences.
Furthermore, calcification in Halimeda, which takes place
within intercellular spaces within the thallus (Borowitzka
and Larkum 1987), is likely to be linked strongly to
photosynthesis and respiration, and thus dependent on the
species-specific responses of these physiological processes
to OA. In contrast, in CCA, calcification takes place within
the cell wall (Borowitzka and Larkum 1987) and appears to
be more directly linked to seawater carbonate chemistry, as
shown by the similar reduction in calcification in both CCA
species in this study.

Effects of OA on the reef community—In contrast to
previous studies that have predicted rapid decreases in
calcification of corals and coral reefs exposed to PCO2

.
50 Pa (Hoegh-Guldberg et al. 2007; Silverman et al. 2009),
our study, performed at the organismic level on eight of the
main calcifiers in Moorea, suggests that tropical reefs might
not be affected by OA as strongly or as rapidly as
previously supposed (Pandolfi et al. 2011). Importantly,
we found an overall decrease in calcification of only # 11%

with a doubling of PCO2
. Furthermore, when PCO2

was
increased to 210 Pa (double the pessimistic value expected
by the end of the century; Moss et al. 2010), we did not
detect a threshold at which the effect of PCO2

on
calcification became nonlinear and intensified (i.e., a
tipping point). It is likely that both biological and
methodological effects can explain the reason that the
effects of OA on calcification are more limited in the
present study compared with previous work (reviewed in
Erez et al. 2011). Our experiments were carried out at the
end of the Austral winter, when corals typically have high
food reserves (Thornhill et al. 2011), and therefore might
contain more reserves of energy that could be used to
counteract the deleterious effects of low pH. Second, we used
an acclimation tank to reduce the effects of collection stress
(Tentori and Allemand 2006), and minimize variance
attributed to unique microenvironments from which the
organisms were collected. The pre-incubation acclimation
period also allowed the organisms to acclimate to experi-
mental conditions (i.e., temperature, light, and water
quality) that were not part of the experimental manipulation
(involving PCO2

). Finally, we provided light intensities during
the incubations that were ecologically relevant (700 mmol
photons m22 s21) compared with the light intensities used in
many recent studies of related topics (i.e., 11.5–600 mmol
photons m22 s21; Edmunds et al. 2012), and therefore our
analyses are ecologically relevant to shallow tropical reefs.

Tropical reefs in the central South Pacific might not be
the first coral reefs in the world to be affected as OA
intensifies in the next century, because the seawater
saturation states for CaCO3 in this region are relatively
high (Varag 5 3.7–4.2; S. Comeau, unpubl.; Alldredge 2012)
and are expected to remain largely supersaturated with
respect to both aragonite and calcite through the end of the
current century (Varag 5 2.4–2.7, which corresponds to the
75 Pa treatment in our study [AT , 2350 mmol kg21;
27uC]). The variety of responses to high PCO2

reported here
and elsewhere (Erez et al. 2011) demonstrate a broad and
consistent theme of heterogeneity in the response of reef
calcifiers to OA (Pandolfi et al. 2011; Edmunds et al. 2012)
and the emergence of potential ‘ecological winners,’ such as
P. damicornis and H. macroloba, at least based on

Fig. 3. Compilation of the relationships between PCO2
and calcification. The values correspond to the percent of change in

calcification relative to present day PCO2
(, 39 Pa). (a) Percent change in area-normalized calcification in the four coral species; (b)

percent change in biomass-normalized calcification in P. rus, A. pulchra, and P. damicornis; and (c) percent change in calcification of the
four algae studied.
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resistance to high PCO2
. Such resistance to decreasing pH

potentially may be due to the capacity to up-regulate pH at
the site of calcification (McCulloch et al. 2012), which might
be a critical factor in determining the dominant species in the
high-CO2 oceans of the future. The study of natural CO2

vents in Papua New Guinea have confirmed that some taxa,
such as massive Porites spp., can become dominant at high
PCO2

values that mimic future OA conditions (Fabricius et al.
2011). The lack of a clear tipping point, as well as the
emergence of potential winners in the face of declining pH,
indicate that in the coming decades the species composition
of coral reefs is likely to slowly change, without abrupt
transitions, to a new composition in which species able to
tightly control pH at their calcification site will outcompete
species unable to maintain such control.
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