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Coral resilience to ocean acidification and global

warming through pH up-regulation

MalcolmMcCulloch1,2*, Jim Falter1,2, Julie Trotter1 and Paolo Montagna3,4,5

Rapidly rising levels of atmospheric CO2 are not only causing
ocean warming, but also lowering seawater pH hence the
carbonate saturation state of the oceans, on which many
marine organisms depend to calcify their skeletons1,2. Using
boron isotope systematics3, we show how scleractinian corals
up-regulate pH at their site of calcification such that internal
changes are approximately one-half of those in ambient sea-
water. This species-dependent pH-buffering capacity enables
aragonitic corals to raise the saturation state of their calcifying
medium, thereby increasing calcification rates at little addi-
tional energy cost. Using a model of pH regulation combined
with abiotic calcification, we show that the enhanced kinetics
of calcification owing to higher temperatures has the potential
to counter the effects of ocean acidification. Up-regulation of
pH, however, is not ubiquitous among calcifying organisms;
those lacking this ability are likely to undergo severe declines in
calcification as CO2 levels increase. The capacity to up-regulate
pH is thus central to the resilience of calcifiers to ocean acidi-
fication, although the fate of zooxanthellate corals ultimately
depends on the ability of both the photosymbionts and coral
host to adapt to rapidly increasing ocean temperatures4.

The response of calcifying organisms to the accelerating effects
of declining seawater pH and increasing ocean temperatures is still
poorly constrained5. Some studies2,6 of warm-water zooxanthellae-
bearing corals show a high degree of sensitivity to declining seawater
pH. This has led to predictions of major reductions in coral
calcification at atmospheric CO2 levels (pCO2

) of ∼450 µatm (ref. 7)
and, with the additional effects of global warming, the demise
of coral reefs at ∼560 µatm (ref. 8). However, other studies2,9–11

indicate a much lower range of coral sensitivities and thus predict
less dramatic changes in calcification rates over the probable
range of future pCO2

scenarios. Uncertainties in the response of
biogenic calcifiers to the combined effects of climate change and
ocean acidification arise, not only from inherent limitations in
experiments attempting to simulate the impacts of high pCO2

,

but also from the lack of a well-constrained physiologically
based understanding of the links between calcification, seawater
carbonate chemistry and rapidly changing thermal regimes. Here
we present a new approach that effectively quantifies the response
of calcification in corals and some other key biogenic calcifiers to
ocean acidification and rising ocean temperatures, assuming that
they are able to continue to operatewithin their thermal tolerance4.

Biogenic calcification occurs within a physiologically controlled
environment12–14, with scleractinian corals precipitating their cal-
cium carbonate (CaCO3) skeleton from an extracellular calcifying
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Figure 1 | Plot of pHT relative to pHcf, determined from boron isotope

systematics3 (see Supplementary Information) of aragonitic corals and

calcitic foraminifera17. At pHT of 8.1, the temperate coral Cladocora

caespitosa exhibits the greatest increase in pHcf with 1pH ∼ 0.5

(1pH = pHcf −pHT), whereas the tropical corals Porites spp., P. cylindrica,

Stylophora pistillata, Acropora spp. and A. nobilis have lower 1pH ∼ 0.3 to

∼0.4 (ref. 3). In contrast, the calcitic foraminifera17 (shown in blue) lie on

or near the abiotic line with 1pH ∼ 0. Ellipses show pHcf values measured

over daily cycles using microelectrodes (A; ref. 12) and pH-sensitive dyes

(V; ref. 15), broadly consistent with the longer duration (weeks to month)

represented by boron measurements.

fluid located in the semi-isolated space12–14 between the skeleton
and the calicoblastic ectoderm. During active calcification, the
pH of the calcifying fluid (pHcf) is often increased12,15 relative to
ambient (that is, external) seawater pH, resulting in the equilibrium
composition of dissolved inorganic carbon (DIC) being shifted in
favour of CO3

2− relative to HCO3
−, thus promoting the reaction

Ca2+ +CO3
2− ↔ CaCO3. Using boron isotope systematics, it has

recently been shown3 (Fig. 1) that corals systematically increase
their pHcf over a wide range of seawater pH following highly
correlated (r2 = 0.99) linear arrays, which are approximately sub-
parallel for different species. Thus, at a typical seawater pH of
∼8.1 (total scale: pHT), the pHcf of aragonitic corals shows a
species-dependent range from 8.4 to 8.7 (Fig. 1), representing a
systematic increase in pHcf relative to ambient sea water (1pH)
of ∼0.3–0.6 units.
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The validity of the boron-derived estimates of pHcf (Fig. 1) is
supported by the albeit still limited in situ measurements of pH
from within the calcifying medium of live coral polyps, using
microelectrodes12,16 and more recently with pH-sensitive dyes15.
These studies indicate enhanced pHcf by ∼0.6–1.2 (and possibly up
to 2) pH units above sea water during the daytime, when both net
production and calcification are highest. These results are broadly
consistent with the boron isotope systematics (see Supplementary
Information) that represent the pHcf integrated over at least several
weeks of the calcification process. Collectively these studies indicate
that pHcf up-regulation is a highly resilient trait that occurs across
a number of coral species, implying an inherent commonality in
the physiological controls on aragonite calcification. A notable
exception, however, are some species of calcitic foraminifera that
have pHcf similar to ambient seawater17 pH (Fig. 1), indicating that
pHup-regulation is both variable in itsmagnitude and not universal
to all marine calcifiers.

Constraining the biologically controlled pHcf and, importantly,
its relationship to changing external seawater pH, is profound.
The calcification rates inherently attainable by different calcifying
species can now be effectively quantified over a wide range of
seawater conditions. To achieve this we use the well-known
concept of biologically induced calcification18, where the carbonate
saturation state at the site of calcification is mainly biologically
controlled through the active transport of Ca2+, DIC and H+,
together with mineral precipitation rates governed by abiotic
kinetics. Our approach of combining internal pH regulation of
the calcifying fluid with abiotic calcification (IpHRAC model) thus
enables carbonate mineral precipitation rates,G, to be quantified as
a function of both seawater saturation state and temperature, where
the calcification rate19 is given by:G=k(Ωcf−1)n, where k is the rate
law constant,Ωcf is the saturation state of the calcifying fluid and n is
the order of the reaction, for which the coefficients are temperature
dependent (see Methods). In contrast to previous studies2,8, we use
the biologically mediated Ωcf value rather than the seawater value.
We therefore assume that seawater-derived ions are transported to
the site of calcification in the subcalicoblastic layer and its chemistry
is modulated by active transport of metabolic carbon and H+ to
facilitate increased rates of precipitation.

Although there are still some uncertainties about the physio-
logical mechanisms controlling calcification14, our IpHRAC model
provides a quantitative framework against which the contrasting
experimental data on calcification sensitivities can now be evaluated
(Fig. 2). Our IpHRAC model identifies two distinct classes of re-
sponse: first, those that exhibit a low-sensitivity response consistent
with strong pHcf up-regulation; and second, those showing a higher
sensitivity to ocean acidification, which we attribute to an inability
to up-regulate pHcf, resulting in a response that closely matches
abiotic rates (Fig. 2). The key reason for the lower sensitivity
response of coral calcification to declining seawater pH is that pH
up-regulation of the calcifying fluid results in significantly increased
internal saturation states20, withΩcf of∼25 to∼15 despite seawater
pHT decreasing from ∼8.1 to 7.6 (Fig. 3a). This is also consistent
with studies21 that indicate a much lower pH threshold at which
corals can continue to maintain calcification. In contrast, over the
same range in seawater pHT, the high-sensitivity abiotic response re-
flects the large relative change in saturation state fromΩ ∼ 4 to∼1,
the lower value being the critical limit for undersaturation and thus
a strong determinant of calcification rate asΩcf approaches unity.

A key question is whether the energy requirement to increase
pHcf is also likely to be a critical factor in limiting rates
of calcification. Biological manipulation of pHcf is mainly
undertaken by Ca–ATPase-driven antiporters that pump H+

ions from the site of calcification in exchange for Ca2+ ions12,13.
The free energy16 needed to maintain this pH gradient is
given by: 1GH+ = 2.3RT1pH, where 1pH is the difference
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Figure 2 | Percentage change in calcification rates (relative to seawater

Ω =4.6) plotted against seawater aragonite saturation state (Ωar). The

IpHRAC model is compatible with the low-sensitivity coral data (black

symbols). The sensitivity of abiotic aragonite precipitation (solid dark blue

line) and high magnesium calcite precipitation (dashed dark blue line)

represents the absence of pH up-regulation, consistent with the

high-sensitivity response of some corals (blue symbols) and calcareous

algae (light blue symbols) to ocean acidification. The ‘+N’ and ‘−N’ data

represent the nutrient-increased and ambient communities, respectively2.

between pHcf and seawater pHT, R is the universal gas constant
(8.314 J K−1 mol−1) and T is the temperature in Kelvin. For
a typical 1pH value of ∼0.5 (Fig. 1), the free-energy change
(1GH+) required to maintain the pH gradient is ∼3 kJ mol−1 of
H+ transported, or roughly 3–6 kJmol−1 of CaCO3 precipitated,
depending on whether the metabolic carbon supporting
calcification is supplied in the form of CO2 or HCO3

− (see
Methods). For example, a relatively large decrease in seawater
pHT from 8.1 to 7.7 would increase 1pH to 0.7 units and
would thus require an additional 1–2 kJ of energy mol−1 of
CaCO3 precipitated. Although being a large relative change,
it is insignificant when considering the total energy produced
by photosynthesis (∼475 kJmol−1 C, see Methods) and that
rates of calcification are generally around one-third22 of gross
primary production. So for zooxanthellae-bearing corals, the
extra energy required to up-regulate pH is minor, only <1% of
that generated by photosynthesis. Although it is only a relatively
small proportion of the overall photosynthetically supplied energy,
this is nevertheless essential for controlling physiological pHcf,
which further emphasizes the importance of maintaining the
zooxanthellae–coral symbiosis for sustaining calcification.

The higher rates of coral calcification, production and respira-
tion when exposed to light compared with the dark22,23 also indicate
that calcification may be dependent on the rate of carbon supply
needed to build organic templates, as well as to increase DICcf at
the site of calcification. This concept is consistent with numerous
studies showing that calcification is generally correlated with net
photosynthesis and both occur at rates of similar magnitude on
a per-mole-carbon basis22,23. This further implies that higher pCO2

could stimulate higher rates of zooxanthellae production, which in
turnmay drive higher rates of coral calcification through increasing
internal DICcf and Ωcf. Other factors, such as nutrients and feeding
mechanisms, also play a role in the energetics of calcification, but it
seems that pH up-regulation is the most critical factor determining
the inherent sensitivity of calcifiers to ocean acidification.
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The effects of ocean acidification on coral calcification can now
be quantified using our IpHRAC model over a wide range of CO2

scenarios. Here we consider the low pCO2
conditions (∼180 µatm) of

the Last Glacial Maximum (LGM) through to the pre-industrial pe-
riod (pCO2

∼ 280 µatm) and future Intergovernmental Panel on Cli-
mate Change (IPCC) A1FI year 2100 scenario (pCO2

∼ 1,000 µatm).
When considering the response of calcification to only ocean
acidification (that is, constant temperature; Fig. 3b), the corals rep-
resented here exhibit a relatively narrow range of moderate to low
sensitivities. The most sensitive is Acropora nobilis, which shows a
decrease in calcification by∼12% during the LGM to pre-industrial
levels, with a further∼35% decrease in calcification predicted from
the present day to the very high pCO2

levels predicted in the year 2100
by the A1FI scenario. The least sensitive are Stylophora pistillata and
Porites spp., which operate at a lower gradient of ∼0.32 for pHcf

relative to seawater pH (Fig. 1) and therefore show smaller decreases
in calcification by only ∼5% from the LGM to present and ∼15%
from the present day to 2100 in the A1F1 scenario. Although still
significant, these declines are approximately half of those based on
changes in seawater saturation state.

It is also necessary to incorporate the effects of ocean warming
on rates of calcification. This is most clearly evident for the LGM to
late Holocene epoch, a time period characterized by warming of the
planet and a concomitant expansion of tropical coral reefs. Using
the experimentally determined temperature dependency of rate
kinetics on calcification19 together with a simplified dependence of
global warming on pCO2

(see Methods), our IpHRAC model now
predicts a ∼15% increase in calcification rates from the LGM to
late Holocene. This is consistent with the expansion of tropical
reef habitats that occurred during this time despite pCO2

increasing.
Notably, the LGM to late Holocene warming occurred over a
period of ∼10,000 yr (that is, from ∼18,000 yr bp to ∼8,000 yr bp),
whereas our present-day greenhouse-inducedwarming is occurring
within 100–200 yr, thus nearly two orders of magnitude faster.
This rate of anthropogenic-induced CO2 warming is probably
unprecedented and raises the crucial question of whether coral
ecosystems, or more specifically the zooxanthellae photosymbionts
and their coral hosts, have the ability to adapt or acclimate on such
short timescales. The response of biogenic mineral precipitation to
increasing temperature is therefore ultimately dictated by the limits
of coral physiology to acclimate or adapt to rising temperatures
rather than rate kinetics alone. This is best demonstrated by the
bell-shaped (Gaussian) response of coral calcification rates with
increasing temperature24,25, indicating that calcification is subject to
optimum temperature thresholds, such as those for coral bleaching,
beyond which it rapidly declines.

With this caveat, we also model the future response of coral reefs
to both global warmingwithmean tropical sea surface temperatures
(SSTs) of ∼2 ◦C higher (see Methods) and a future scenario
with pCO2

increasing from present-day levels to ∼1,000 µatm by
the year 2100 (IPCC A1FI). For this scenario, our IpHRAC
model predicts either unchanged or only minimal effects on
calcification rates. For example, in the case of Stylophora pistillata
and Porites spp., a modest increase in calcification is predicted by
the year 2100, thus the enhanced kinetics from increasing SSTs
more than compensates for reduced calcification from declining
seawater saturation state. This is also consistent with recent
findings for long-lived Porites corals from Western Australia26.
From a strictly chemical and kinetic perspective, our IpHRAC
model therefore indicates that ocean acidification combined with
rising ocean temperatures should have only minimal effects on
coral calcification, a direct outcome of their ability to up-regulate
pH at the site of calcification. We caution, however, that our
IpHRAC approach specifically addresses only the effect of rising
temperature on aragonite precipitation kinetics. The inherent
ability of different coral species and their symbionts to thermally
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Figure 3 | Future and historical projections of changes in internal

saturation state and % changes in coral calcification rates. a, Aragonite

saturation state of the calcifying fluid and of sea water versus pCO2
for IPCC

A1FI projections of levels to the year 2100. Calculations based on pHcf

up-regulation for coral species from Fig. 1, assuming DICcf = 2×DICsw

(solid lines) and DICcf = DICsw (dashed). b, Relative changes in

calcification rates versus pCO2
for constant temperatures calculated using

the IpHRAC model for tropical and temperate corals. The line 1pH = 0

represents rates of abiotic aragonite precipitation at seawater pH and DIC.

c, As for b but also incorporating the effects of increasing temperature on

the rate kinetics of calcification. Marine calcifiers with the ability to

up-regulate pH have the potential to maintain approximately constant or

enhanced (that is, within ±10%) calcification rates even at high pCO2
,

depending on their ability to adapt to higher temperatures from rapid

climate change (shaded zone). Calcifiers lacking the ability to regulate

internal pHcf will follow the seawater trajectory and therefore suffer major

reductions in skeletal formation.
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adapt as temperatures increase under a rapidly changing climate4

thus remains to be the critical unknown parameter that limits
quantitative predictions on the future of coral reefs. We also
emphasize that calcifying organisms with minimal or no ability to
regulate their pH will suffer substantial decreases in skeletal growth
rates as pCO2

continues to increase and seawater pH decreases. This
is supported by observations27 that some calcitic foraminifera have
already suffered severe declines since the LGM, consistent with the
rapid decline of non-regulating species predicted by our model
for abiotic calcification (Fig. 3b,c). Although our results indicate
that up-regulation of pH at the site of calcification provides corals
with enhanced resilience to the effects of ocean acidification, the
overall health of coral reef systems is still largely dependent on
the compounding effects of increasing thermal stress from global
warming and local environmental impacts28, such as terrestrial
runoff, pollution and overfishing.

Methods
The effect of internal pH regulation on the rate of coral calcification is modelled
using an empirical exponential rate dependence law for carbonate precipitation19:

G= k(Ωcf −1)n

with the following temperature-dependence for aragonite precipitation19:

ka = −0.0177T 2 +1.47T +14.9

na = 0.0628T +0.0985

and for calcite precipitation19 by:

kc = 0.0153T 2 −0.968T +18.4 for T < 25 ◦C

and
kc = −0.0167T +4.32 for T ≥ 25 ◦C

nc = 0.0543T +0.387

Ωcf is the saturation state of calcite or aragonite at the site of calcification
and defined as:

ΩI = [Ca2+]cf[CO3
2−]cf/K

′
spx

where [Ca2+]cf and [CO3
2−]cf are the concentrations of dissolved calcium and

carbonate ions at the site of calcification and K ′
spx is the solubility constant for

aragonite (K ′
spa) and calcite (K

′
spc).

Our IpHRAC model calculations assume that DICcf = 2×DICsw and
[Ca2+]cf = [Ca2+]sw +0.5 (mmol kg−1), where sw refers to values for sea water.
For tropical waters, ambient seawater pH is calculated at temperatures of 25 ◦C,
salinity of 35 and corresponding total alkalinity of 2,300 µ eq kg−1. A present-day
temperature of 25 ◦C is used for all tropical corals and forams, whereas 20 ◦C is
used for the Mediterranean coral C. caespitosa. For corals living in Mediterranean
waters, both [Ca2+]sw (11.2mmol kg−1) and total alkalinity (2,600 µ eq kg−1) are
adjusted upwards in proportion to the higher salinity of 38. The internal pH for
various coral species were then calculated as a function of seawater pH based
on the relationships determined from their boron isotope systematics (Fig. 1;
ref. 3). Finally, Ωcf was calculated from the increased pHcf, DICcf and [Ca2+]cf
using CO2SYS v1.1 and thus is enhanced five- to tenfold relative to the seawater
aragonite saturation state.

For the constant-temperature simulations, temperatures were held constant at
present-day values as described above. For the variable-temperature simulations,
temperature wasmodelled using a global warming response of the form:

1TSST = S[ln(pCO2
/390)/ln2]

where: S is a climate scaling factor of ∼ 1.5 ◦C, which is a conservative estimate
of the climate sensitivity of tropical SSTs to increasing atmospheric pCO2

. For
the LGM (∼20,000 yr ago), early Holocene, pre-industrial (1850), present day
and the year 2100 under the IPCC SRES B1 and A1FI scenarios, we assume pCO2

levels of 180, 280, 390, 550 and 1,000 µatm respectively and tropical SST increases
of ∼1.6 ◦C from the LGM to present and ∼2 ◦C from the present day to the
A1F1 scenario in 2100.

The free energy needed to maintain the extracellular pH gradient
(1GH+ ) is given by:

1GH+ =RT ln({H+}sw/{H+}cf), or

1GH+ = 2.3RT1pH

For a typical value of 1pH∼ 0.5 (Fig. 1), the free-energy change needed
to maintain the pH gradient between pHcf and pHT is 1GH+ ∼ 3 kJmol−1H+

transported. For metabolic carbon provided in the form of bicarbonate, the coral
would need to pump only 1 H+mol−1CaCO3, but in the form of respired CO2

the coral would need to pump out 2H+mol−1CaCO3 precipitated. Thus, for a
major decrease in seawater pH of 0.4 units for example, with pH up-regulation,
1pH would increase by only ∼0.2 units to 1pH∼ 0.7 (Fig. 1), thus requiring
∼4–8 kJmol−1 of H+.

The free energy (1GR) available from aerobic respiration per mole of
photosynthetically fixed carbon is given by:

1GR = 1G0
R +RT ln

(

fCO2

fO2
{CH2O}

)

where 1G0
R (−480 kJmol C−1) is the free-energy yield for aerobic respiration

at standard temperature and pressure, fO2
and fCO2

are the fugacities of oxygen
and carbon dioxide and {CH2O} is the cellular concentration of photosynthate
(∼0.5mM; ref. 29). This corresponds to a net energy release of 475 kJmol−1 of
carbon fixed. Given a ratio of calcification to gross primary production of one-
third22,30, based onmaximum rates of net production, respiration, and calcification,
measured under conditions of natural diurnal light, corals need to expel 0.3–0.6mol
H+mol−1 C fixed by photosynthesis, depending on whether the metabolic carbon
supporting calcification is supplied in the form of CO2 orHCO3

−. Although this is a
thermodynamic simplification, with the total energy costs of ion transport being the
sum to cross each of the epithelial layers for which both active and passive transport
steps are involved, nevertheless, the energy required for pH up-regulation is still
relativelyminor, being <1%of that being supplied by photosynthesis.
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