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Reef coral calcification depends on regulation of pH in the internal calcifying
fluid (CF) in which the coral skeleton forms. However, little is known about
calcifying fluid pH (pHcg) regulation, despite its importance in determining
the response of corals to ocean acidification. Here, we investigate pHcr in
the coral Stylophora pistillata in seawater maintained at constant pH with
manipulated carbonate chemistry to alter dissolved inorganic carbon (DIC)
concentration, and therefore total alkalinity (Ar). We also investigate the intra-
cellular pH of calcifying cells, photosynthesis, respiration and calcification
rates under the same conditions. Our results show that despite constant pH
in the surrounding seawater, pHcp is sensitive to shifts in carbonate chemistry
associated with changes in [DIC] and [Ag], revealing that seawater pH is not
the sole driver of pHcr. Notably, when we synthesize our results with
published data, we identify linear relationships of pHcg with the seawater
[DIC]/[H™] ratio, [Ar]/ [H] ratio and [CO%f]. Our findings contribute new
insights into the mechanisms determining the sensitivity of coral calcification
to changes in seawater carbonate chemistry, which are needed for predicting
effects of environmental change on coral reefs and for robust interpretations
of isotopic palaeoenvironmental records in coral skeletons.

1. Introduction

The structural basis of one of the world’s most biodiverse habitats, coral reef
ecosystems, is composed of a CaCOj; framework largely built by the calcifica-
tion of scleractinian corals. Despite the importance of coral calcification in
building and maintaining reef structures, relatively little is understood about
calcification at a mechanistic, physiological level [1].

Critical to the calcification mechanism of reef corals is the ability to regulate
pH in the extracellular calcifying fluid (CF) where the skeleton forms [2,3]. The
CF is separated from the surrounding seawater by the overlying coral tissues,
and is at the interface between the coral skeleton and the calcifying calicoblastic
epithelium (figure 1a). Knowledge of the chemistry of the CF is limited, but it
has been shown that corals increase pHcr to exceed that of the surrounding sea-
water pH in order to increase the aragonite saturation state ({1,rag) of the CF and
promote precipitation of CaCOj5 [2,3,10-13].

Previous research has attempted to better characterize both biological and
seawater environmental parameters that influence pHcp in order to better
understand the calcification process. At the cellular level, biological regulation

© 2017 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. (a) Schematic of cross section through the coral tissues at the coenosarc. (b) Schematic of ion transport processes influencing calcifying fluid (CF) pH in
Stylophora pistillata. (1-4) lon exchange between seawater, the CF and calicoblastic cells occurs via (1) transcellular and (2) paracellular pathways [4—7]. (3 and 4)
Transcellular pathways indude HCO;™ transport by a SLC4y transporter localized to the apical calicoblastic membrane [4] and the removal of protons from the CF via
the Ca>*ATPase [8]. (5 and 6) Changes in seawater carbonate chemistry associated with shifts in seawater [DIC] and Ay, and also seawater pH, affect pH; in the

calicoblastic cells and pHcr (this study and [9]). SJ, septate junction.

of pHcr is typically attributed to proton transporters situated
in the calicoblastic epithelium, particularly Ca*" ATPases,
which have been proposed to remove protons from the CF,
thus elevating pH [8] (figure 1b). Physiological studies and
recent molecular work have also described cnidarian HCO;
transporters in the calicoblastic cell layer that may be
involved in transporting dissolved inorganic carbon (DIC)
for calcification, thus influencing CF chemistry [4,14]
(figure 1b). At the organism scale, there is evidence that
photosynthesis is also linked to pHcr regulation, because
pHcr is elevated in light relative to dark conditions [2]. Res-
piration rate may also be a factor effecting pHcp, because
many studies suggest that respiratory CO, is a major source

of DIC used in coral calcification [12,14-16].
Previous research on the influence of seawater environ-

mental parameters on pHcr has almost exclusively focused
on seawater pH. This includes palaecoenvironmental research
that has sought to determine the relationship between sea-
water pH and pHcr to better constrain the use of isotopic
signatures in coral skeletons as indicators of seawater pH in
earth’s history [17-19]. It also includes a number of studies
that have characterized how seawater pH affects pHcg, in
order to gain a better physiological understanding of how
ocean acidification, which is considered to be one of the
major environmental challenge to coral reefs, impacts coral

calcification [3,9,11]. A decrease in seawater pH associated
with ocean acidification can depress intracellular pH (pH;)
in calicoblastic cells and pHcp, leading to a decrease in CF
Qurag and declines in coral calcification rate [9]. Indeed,
recent papers have linked the capacity of corals to regulate
pHcr with the low sensitivity of some scleractinians to
ocean acidification [9,11].

While much attention has been paid to seawater pH,
experiments have not yet been conducted on the influence
of other seawater carbonate chemistry parameters on pHcp.
This is surprising given the potential role of several carbonate
chemistry parameters in pHcp regulation. For example,
changes in seawater [DIC] and the concentrations of its com-
ponents CO,, HCO; and CO?™ are likely to be of significance,
because DIC species have integral roles in acid—base regu-

lation of both cells and extracellular fluids in most
organisms [20] (regardless of whether they engage in calcifi-
cation). Furthermore, the total alkalinity [At] of seawater,
which describes the buffering capacity of seawater to pH
change, is also potentially important for the buffering of pro-
tons removed from the CF. At a wider physiological level,
seawater carbonate chemistry can affect processes such as
photosynthesis and calcification that may themselves have a
bearing on pHcr. Indeed, previous studies have demonstrated
that calcification rates are affected by seawater [DIC] and [Ar]
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[21-25], and it is also known that coral photosynthetic rates
respond to seawater [DIC] [25,26]. All these reasons suggest
that pHcr may not simply be controlled by the pH gradient
between the CF and the surrounding seawater.

Here, we test the hypothesis that variation in seawater [DIC]
and [Ar] impacts pH regulation of the CF in the scleractinian Sty-
lophora pistillata, which in turn affects calcification rates. We
manipulated seawater carbonate chemistry to modify seawater
[DIC] and [Af] (i.e. our treatment levels) while maintaining
seawater pH constant, thereby creating the potential to exper-
imentally distinguish the effects of varying seawater [DIC] and
[A7] from varying seawater pH on the pHcp in the corals.
Under these conditions, we measured pHcg it vivo by confocal
microscopy, and assessed calcification in the light and dark.
Additionally, we sought to gain insights into the physiological
mechanisms underlying how pHcg is regulated, through
measurements of rates of photosynthesis, respiration and pH;
of the calicoblastic cells (measured by confocal microscopy).

2. Material and methods

(a) Experimental set-up
Coral samples were prepared from three colonies maintained in
the coral culture facilities at the Centre Scientifique de Monaco.
Samples were prepared as nubbins (22 per colony) suspended
on monofilament threads or microcolonies grown laterally on
glass coverslips (eight per colony) according to methods given
in [20]. Four experimental treatments were maintained total
scale pH (pHry) at approximately 7.9, with manipulated [DIC]
and [Ar] using combinations of CO,-free air, pure CO,, 1M
HCI and 1M NaOH (electronic supplementary material table
S1). Throughout the manuscript, these treatments are referred
to as ‘very low’, ‘low’, ‘ambient” and ‘high’ [DIC] and [A].
Eight nubbins mounted on threads and three microcolonies
on coverslips were randomly selected and placed in each of
eight 201 tanks for DIC treatments and were maintained in the
aquaria during 15 days. Details of the aquarium conditions,
manipulations of DIC and monitoring of carbonate chemistry
are provided in the electronic supplementary material.

(b) Calcification

Calcification of the coral nubbins was measured using two tech-
niques: buoyant weight was used to evaluate calcification over
the two weeks of incubation, and the alkalinity anomaly technique
[27] was used to differentiate short-term (approx. 30 min) calcifica-
tion in the light and dark at the end of the two week incubation
period. Buoyant weight (+1 mg) was recorded before and after
the 15 day incubation, using eight nubbins per DIC treatment,
and the difference between the two was converted to dry weight,
using an aragonite density of 2.93 g cm >,

Light and dark calcification were estimated on three coral pieces
per treatment. After 10 days of incubation, nubbins were chosen ran-
domly from the tanks and placed in separate 100 ml glass beakers
containing seawater from the respective incubation tanks. Light
incubations were performed in the morning after corals were
exposed to a minimum of 1 h of light. Dark incubations were per-
formed at the end of the night on corals that were acclimated to
darkness for more than 8 h. Calcification rates determined by buoy-
ant weighing and alkalinity anomaly were normalized to surface
area, estimated using the wax dipping method [28].

(c) Experimental conditions for confocal microscopy
Measurements of pHcr (=subcalicoblastic medium) and pH; of the
calcifying cells in the light and dark were made by inverted

confocal microscopy (Leica SP5, Germany) as described pre-
viously [9]. Briefly, samples that had been grown laterally on
glass coverslips were fitted in semi-closed perfusion chambers
(4 cm internal diameter; PeCon, Germany), mounted on the confo-
cal microscope and supplied with seawater drawn from the
desired incubation treatment (renewal rate of 50% min ' in
2.5 ml). Colony sizes were restricted to 1 cm? in surface area, irra-
diance was provided by fibre optic light source (Philips 21 V 150-W
halogen bulb) and temperature was maintained at 25°C. Prior
optimization of seawater flow rates and colony size has demon-
strated that carbonate chemistry remains constant in the
perfusion under these conditions [2,9,29] (see discussion of the
experimental design in the electronic supplementary material).

(d) Analysis of pHcr and pH; of calicoblastic cells
Confocal pH measurements were made using ratiometric analysis
of two forms of the dual emission pH-sensitive dye SNARF-1 (Invi-
trogen) according to methods published previously [2,9]. After
being transferred from the treatment aquaria directly to the micro-
scope, samples were first perfused with seawater from the desired
experimental treatment for 10 min in either the light or dark. For
pHcr, samples were then perfused with seawater from the desired
treatment containing 45 pM cell-impermeable SNARF-1 for a 5 min
loading period, before making five measurements of pHcr during a
10 min time window in light or dark. pH measurements were also
taken in the seawater surrounding the corals in the perfusion
chamber to confirm seawater pH remained stable during confocal
analysis and that it remained the same between treatments.

For measurements of pH; of calicoblastic cells, the procedure
involved 10 min of dye loading by perfusion with seawater
containing 10 uM cell-permeable SNARF-1 AM, followed by
10 min of seawater perfusion, during which pH; measurements
were taken to check pH; was stable.

Calibration of intracellular SNARF-1 AM and extracellular
(seawater and CF) SNARF-1 to pH was performed as described
previously [16] to the National Bureau of Standards (NBS) pH
scale and total scale pH, respectively.

pHcr and calicoblastic cell pH; measurements were carried
out at 40x magnification by excitation at 543 nm at 30% laser
intensity, and fluorescence captured at emission wavelengths of
585 + 10 nm and 640 4+ 10 nm. For each measurement, several
optical sections were captured in a Z-stack, with an acquisition
time of approximately 10s. pHcr was measured in light and
dark conditions in six samples from each treatment. Calicoblastic
cell pH; was measured in three colonies from the very low,
ambient and high [DIC] and [Ar] treatments.

(e) Photosynthesis and respiration
Rates of net photosynthesis (P,,) and respiration (R) were assessed
at0and 250 wmol quanta m > s~ on five nubbins per treatment in
50 ml glass chambers. Chambers were equipped with a Unisense
optode (oxygen-sensitive minisensor) connected to the Oxy-4
software (Chanel fibreoptic oxygen meter, Presens, Regensburg,
Germany). The optodes were calibrated before each experiment
against air-saturated (by bubbling) and nitrogen-saturated sea-
water (for the 100% and 0% oxygen, respectively). Stir bars were
used to continuously create turbulent conditions in the chambers.
P,, and R were calculated by regressing oxygen flux against time,
and were corrected by control incubation performed with empty
chambers. Gross photosynthesis was calculated by adding the
absolute value of R to P,. At the end of each incubation, nubbins
were frozen (—20°C) before determining Symbiodinium densities,
and total chlorophyll concentrations [30].

All the data presented in the manuscript were deposited in
the PANGAEA database [31].
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Figure 2. Photosynthesis and respiration (mean =+ s.e.) of . pistillata incubated at constant pH; (approx. 7.9) and varying dissolved inorganic carbon concentration
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photosynthesis and gross photosynthesis normalized by the Symbiodinium density measured at the end of the two week incubation. (b) Light and dark respiration
normalized by the surface area of organisms. Columns with the same letters were not significantly different (post hoc analyses). (Online version in colour.)
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Figure 3. Calcification rates (mean =+ s.e.) of S. pistillata at constant pHy (approx. 7.9) and varying [DIC] and [Af]. ([DIC] was approximately 800, 1500, 2200,

2900 pmol kg~

, in the very low, low, amb and high treatments, respectively). (a) Net calcification measured by the buoyant weight technique over the two week

incubation. (b) Net calcification measured in the light and the dark at the end of the incubations using the alkalinity anomaly technique. Columns with the same
letters were not significantly different (post hoc analyses). (Online version in colour.)

3. Results
(a) Carbonate chemistry

Carbonate chemistry in the tanks was precisely regulated across
all treatments, and tanks were accurately duplicated within
treatments (electronic supplementary material, table SI).
Seawater pHy was maintained close to the pH in the ambient
treatment (7.89 + 0.1), with mean values of 7.92 + 0.1, 7.94 +
0.2 and 791 + 0.3 in the very low, low and high [DIC] and
[A7] treatments, respectively (+s.e., n =15, electronic sup-
plementary material, table S1). [DIC] was maintained at
847 4+ 57, 1554 + 47, 2219 + 10 and 2968 + 39 pmol kg '
the very low, low, ambient and high [DIC] treatments (respect-
ively), which corresponded to [Ar] values of 1001 + 30, 1775 +
31, 2461 +5 and 3278 + 19 wmol kg_1 (mean + s.e., n =15,
electronic supplementary material, table S1).

(b) Photosynthesis—respiration

In the following section, photosynthesis was normalized to
Symbiodinium cells to assess the functioning of the symbionts
under the different [DIC] and [Ag] treatments. Respiration
was normalized to surface area to assess both the host’s and

the symbionts’ responses to the treatments. Symbiodinium-
normalized net photosynthesis (P,,) was maximal at ambient
and high [DIC] and [A1] (figure 24, light green). There was an
effect of treatment on Symbiodinium-normalized P, (p <
0.001), with P, increasing with [DIC] and [Af] (figure 2a).
Gross photosynthesis (P,) followed similar trends, with a signifi-
cant effect of treatment (p < 0.001) and greatest values for
Symbiodinium-normalized rates at ambient and high [DIC] and
[Ar] treatments (figure 2a).

Surface area-normalized dark respiration (R4) was affected
by treatment (p = 0.004) and slightly decreased with increas-
ing [DIC] and [Ar] (figure 2b). Surface area-normalized
respiration in the light (R)) was affected by treatment when
normalized to area (p < 0.001; figure 2b) although there was
no overall decreasing or increasing trend across [DIC] and
[A7] treatments.

(c) Calcification

Buoyant weight analysis of S. pistillata was conducted to pro-
vide an integrated measurement of net calcification (dry
weight) in the light and dark over the 15 days period
(figure 3a). Treatment affected calcification (ANOVA, F3 3¢ =
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30.04, p < 0.001), with calcification increasing with [DIC] and
[A7] from the very low to the ambient treatment (figure 3a).
Post hoc analyses showed that calcification in the very low
and low [DIC] and [Ag] differed significantly from all the
other treatments (p < 0.01).

Net light calcification of S. pistillata was impacted by treat-
ment, with a maximum of 79 + 10 pg CaCO; cm 2h lin the
high [DIC] and [Af] treatment, and a minimum of 15 +
5 ug CaCO;y cm 2h ! in the very low [DIC] and [Af] treat-
ment (figure 3b). Treatment affected net calcification in the
light (ANOVA, p <0.001), and post hoc analyses revealed
that calcification differed between treatments (p < 0.01),
except between the very low and low [DIC] and [A1] treat-
ments (p = 0.326) and between the ambient and high [DIC]
and [Ag] treatments (p = 0.994).

Similarly, maximal net calcification rates in the dark were
recorded in the high and ambient [DIC] and [Ar] treatment,
whereas minimal calcification (11 + 1 pg CaCO; cm 2h™h
was measured in the very low [DIC] and [Ag] treatment
(figure 3b). Treatment affected calcification in the dark (p <
0.001), with increasing [DIC] and [Ar] stimulating dark calci-
fication. Post hoc analyses demonstrated that the very low
treatment differed from the ambient and high [DIC] and
[A7], and the low [DIC] and [Ag] differed from the high
[DIC] and [Ag] treatment (p < 0.002).

(d) Calcifying fluid pH
Coral samples were mounted in a perfusion chamber and ana-
lysed by confocal microscopy and the fluorescent pH dye
SNARF-1 to determine pHcp. The experimental set-up also
allowed confocal measurements of pH to be taken in the sea-
water flowing through the perfusion chamber to confirm that
seawater pH was consistent among treatments (figure 4).
pHcr varied across the treatments during the light and
dark (p <0.001), and was more elevated at higher [DIC]
and [Ag] (figure 4ab). In the light, pHcp varied from
792 +0.01 in the very low [DIC] and [Ag] treatment to
8.23 + 0.02 in the high [DIC] and [Af] treatment. Post hoc ana-
lyses revealed that pHcp differed between treatments, except
between the very low and low [DIC] and [Ar] (p = 0.395). In
the dark, pHcr varied from 7.91 + 0.02 at very low [DIC], to
8.11 £+ 0.01 at high [DIC] and [Ag]. Similar to pHcg in the
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Figure 5. Confocal microscopy measurements of the pH in the calicoblastic
cells (pH;) (mean + s.e) of S. pistillata maintained under constant pH;
(approx. 7.9) and very low [DIC] and [A;] (very low, DIC approx.

800 wmol kg~ "; [A;] approx. 1000 pmol kg~ "), ambient DIC and [Af]
(amb; DIC approx. 2200 mol kg~ "; [A;] approx. 2500 mol kg~ '), and
high DIC (high, DIC approx. 2900 wmol kg~ "; [A] approx.

3300 pumol kg ™). Measurements were done in the light and the dark. Col-
umns with the same letters were not significantly different (post hoc
analyses). (Online version in colour.)

light, post hoc analyses showed that pHcr in the dark differed
between treatments, except between the very low and low
[DIC] and [Af1] (p = 0.904).

(e) Calicoblastic cell pH;

pH; was measured in the high, ambient and very low DIC
and [Ag] treatments (figure 5). pH; varied according to
[DIC] and [Ag] in both light and darkness (p < 0.001 and
p=0.011 in light and darkness, respectively) with pH;
decreasing with decreasing [DIC] and [Af].

4. Discussion

Determining the factors that control pH regulation of the CF is
a critical step towards a better mechanistic understanding of
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coral calcification physiology, and identifying why corals are
sensitive to changes in seawater carbonate chemistry. Previous
investigations into pHcg have focused on the influence of sea-
water pH on pHcg, and no attention has been paid to other
seawater carbonate parameters. Here we maintained seawater
pH constant, while modifying seawater carbonate chemistry
through a manipulation of [Ar] and [DIC], which resulted in
variation in the concentration of the components of seawater
DIC, namely CO,, HCO; and Cng (electronic supplementary
material, table S1). pHcp varied across the treatments, display-
ing a positive relationship with increasing [DIC] and [Af]
despite external seawater pH remaining constant. Notably,
pHcr was not regulated above the surrounding seawater pH
by corals in the low and very low [DIC] and [Ar] treatments.
Our findings demonstrate that seawater pH is not the only
driver of pHcp.

(a) Influence of photosynthesis and respiration on pHcr
We analysed photosynthesis and respiration, because pre-
vious research suggests that both physiological parameters
are likely to have major roles in influencing pHcp levels
[2,14]. Studies have shown that photosynthesis increases
pHcr in the light versus dark [2,10]. The data in this study
are consistent with these previous studies, because under
ambient [DIC] and [Ar], pHcr was higher in the light than
in the dark, and when net photosynthetic rates decreased in
low and very low [DIC] and [Af] treatments, there was a con-
comitant drop in pHcg It is possible that the drop in
photosynthetic rate occurred owing to DIC-limitation,
because corals use external seawater DIC as the principal
source of carbon for photosynthesis [14]. Overall, this could
point to a mechanism by which seawater [DIC] modulates
pHcr by affecting photosynthetic rate. Although this mechan-
ism may provide a partial explanation for the response of
pHcr to seawater [DIC] and [Ag] treatments in the light, it
does not, however, explain the dark pattern and why pHcg
increased in high [DIC] and [Ar] treatment relative to ambi-
ent [DIC] and [Ag], despite net photosynthetic rates
remaining unchanged.

In the case of respiration, previous studies indicate that DIC
derived from coral respiration accounts for a large portion of
the DIC used in coral calcification [14,16]. It follows, therefore,
that variation in production of respiratory CO, may have an
effect on pHcr. Reductions in pHcg at low and very low
[DIC] and [Ar] observed in darkness are consistent with this
possibility, because respiration rates were significantly elev-
ated in these treatments relative to ambient and high DIC
and [Af] levels. This could suggest a mechanism where at
lower seawater [DIC] and [Ag], increased respiration led to
higher rates of CO, diffusion from calicoblastic cells into the
CF with an acidifying effect. Under such a scenario, cellular
mechanisms of pHcp regulation (e.g. previously proposed
Ca”>" ATPase activity) appeared not to have prevented CF
acidosis. However, changes in respiration rates do not explain
increases in pHcp that occurred at high [DIC] and [Ar] in dark-
ness, as respiration rates were the same in the ambient and high
[DIC] and [Ar] treatments.

(b) Influence of pH; of calcifying cells on pHcr

Variation in rates of photosynthesis and respiration may have
contributed to the observed response of pHcr to changes in
seawater carbonate chemistry associated with shifts in [DIC]

and [Ag], but these parameters do not explain certain aspects [ 6 |

of our data. As noted in §4a, pHcr was higher in high [DIC]
and [Ag] treatments relative to ambient [DIC] and [Ar], with
no concomitant change in photosynthesis or respiration.
Furthermore, in low and very low [DIC] and [Ag] treat-
ments, pHcr was no longer regulated above seawater pH in
either light or dark conditions. These data suggest that sea-
water carbonate chemistry parameters may affect pHcg by an
additional mechanism not directly related to photosynthesis
or respiration.

It is unlikely that this mechanism involves seawater leak-
age (e.g. by paracellular transport) into the CF exerting direct
control of pHcp, because maintaining elevated pH under
elevated [DIC] and [Ar], with higher buffering capacity, is
chemically more challenging than at low [DIC] and [Af]
[32]. Thus, if the mechanism by which corals regulate pHcp
remains the same between treatments, we would not expect
to see decreases in pHcr in the low and very low [DIC]
and [Af] treatments relative to high [DIC] and [Af].

Instead, our calicoblastic cell pH; data point to another
candidate mechanism by which pHcp is affected, involving
an effect of changes in seawater carbonate chemistry on cali-
coblastic pH;. Calicoblastic pH; decreased in parallel with
changes in seawater carbonate chemistry associated with
decreases in seawater [DIC] and [Ar] at constant pH. These
data indicate that the concentration of one or more DIC
species (e.g. CO,, HCO; or CO3") or seawater Ar itself has
a direct bearing on pH; regulation in these cells. Although
the available data in our paper and in the literature provide
little insight into identifying which carbonate chemistry par-
ameter is responsible for the changes in calicoblastic cell pH;,
disruption to pH; impairs cellular processes including the func-
tioning of membrane transporters [33]. Therefore, it follows
that a decrease in calicoblastic cell pH; may directly impinge
on the ability of this tissue layer to regulate pH of the CF, con-
tributing to the observed declines in pHcg in the lower [DIC]
and [Ar] treatments. Indeed, previous research involving sea-
water acidification has also argued that decreases in pH; of
calicoblastic cells may lead to decreases in pHcp [9].

Determining the effects of carbonate chemistry on both
calcifying cell pH; and pHcg will depend crucially on a
better understanding of ion transport from seawater across
the coral tissues. Currently, the literature on this subject is
not clear, because certain previous studies have pointed to
a largely unrestricted exchange of ions between the CF and
the surrounding seawater [5], whereas other studies have
pointed to a more restricted exchange of ions mediated by
transcellular transport mechanisms and septate junctions
between cells [6,7].

(c) Calcification and calcifying fluid €2

Several studies manipulating seawater carbonate chemistry
have found that varying [DIC] and [Ar] affects coral calcifica-
tion rates [21-23]. These studies include the work of Jury et al.
[21] and Schneider & Erez [25], who recorded a strong decline
in calcification rates at constant ambient seawater pH over a
decrease in seawater [DIC] and [Ay] similar to that of this
study. Schneider & Erez [25] also demonstrated a decrease
in calcification with [DIC] when pH was held constant.
These results have been interpreted to mean that decreases
in seawater [DIC] restrict the supply of inorganic carbon as
a reactant in the calcification reaction [21-25].
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Figure 6. Relationship between the proton concentration in the calcifying fluid ([H™]¢) and various parameters of the carbonate chemistry. Data from this study
(filled circles) were combined with data from Venn et al. [9] (open circles) to compare CO,-driven decreases in seawater pH with relatively small increases in
seawater [DIC] and no change in [A;] with large change of [DIC] and [A;] at constant pH. [H™"]¢: was plotted against (a) seawater [DIC], (b) seawater [H],
(c) seawater [HCO; ], (d) seawater [CO%‘], () the ratio [DICI/[HT] and (f) the ratio [A{]/[HT]. There were strong linear correlations of [HT e with [(Oﬁ‘],
the ratio [DICI/[H"] and the ratio [AJ/[H'] (R* = 0.71, p = 0.010; R* = 0.75, p = 0.006, and R* = 0.68, p = 0.012, respectively). (Online version in colour.)

Our study provides a new, complementary perspective
where changes in carbonate chemistry associated with shift
in seawater [DIC] and [A1] also modulate pH; and pHcp
As pHcr affects aragonite saturation state ((arag) of the CF,
changes in pHcp are expected to correspond to changes in
calcification rate. Our observations of decreased calcification
rates of S. pistillata measured by buoyant weight and alka-
linity anomaly methods are consistent with this expectation,
as calcification rates follow a similar trend to pHcp in very
low, low and ambient [DIC] and [Af] treatments under
both light and dark conditions.

We note that there are differences between the patterns of
pHcr and calcification, which suggest that pHcp is not the
only factor influencing the calcification response to seawater

[DIC] and [Ar]. For example, while calcification rates saturate
at ambient and high [DIC] and [A1], pHcp increased between
ambient and high [DIC] and [Ag]. Similarly, a comparison
between similar light and dark pHcg values (e.g. pHcp 8.15
in the light at ambient [DIC] and [Ag] versus pHcg 8.11 in
the dark in high [DIC] and [A7]) does not yield similar calci-
fication rates (light ambient [DIC] and [Ag] calcification rates
are two times higher than dark calcification rates at high
[DIC] and [Afg]). This indicates that although regulation of
pHcr is essential to provide a favourable physiochemical
environment for CaCOj precipitation, the physiology and bio-
chemistry involved in the calcification process is complex [6]
and involves additional factors that are likely to influence cal-
cification rates. These include synthesis of the skeletal organic
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matrix by the calicoblastic cells partly from precursors pro-
duced by the coral’s symbiotic algae [34]. The organic matrix
serves to catalyse nucleation of aragonite crystals and
potentially act as template for skeleton formation [6,35].

In addition to pHcy, Qarag of the CF and calcification rates
may also be determined by CF [DIC], but we are not able to
determine this parameter from our data. Currently, the litera-
ture is divided over whether or not [DIC] is elevated in the
CF with respect to seawater. While geochemical analysis of
coral skeletons suggests that DIC is concentrated at the site of
calcification [12], [DIC] derived from microelectrode measure-
ments of carbonate in the CF indicate that [DIC] is similar to
that of the surrounding seawater [13]. Further research is
required to definitively resolve this issue.

(d) Correlation of carbonate chemistry parameters
with pHCF

The role of seawater carbonate chemistry in controlling coral
calcification has been described previously [35-37] in terms of
the ratio of seawater concentrations [DIC]gy :[H ]sw. The
authors of these previous pieces of work proposed that calcifica-
tion is influenced by the [DIC]sw:[H"]sw ratio, as rates of
calcification are limited by the supply of DIC and the accumu-
lation of H" (i.e. a product of calcification) [36—38]. Reanalysis
of data from several previous ocean acidification experiments
supports the proposed relationship between [DIC]sw/[H* sy
and calcification rates [36—38].

To investigate whether there also was a relationship
between [DIClsw/[H " Jsw ratio and pHcg, we combined the
data of this study with a previous confocal investigation on
pHcr in S. pistillata [9]. Seawater treatments in this previous
study involved CO,-driven decreases in seawater pH with
relatively small increases in seawater [DIC] and no change
in [Ar] (as occurring with ocean acidification). First, net
calcification was plotted (as values relative to controls)
against [DIC]sw/[H" Jsw (electronic supplementary material,
figure S1) to reveal a linear relationship similar to those
described previously [36-38]. pHcr (expressed as CF
proton concentrations ([H"]cg)) was then plotted against var-
ious carbonate chemistry parameters and the [DIC]sy/
[Hlsw and [At]lsw/[H lsw ratios (figure 6). These plots
reveal that the compiled [H"]cg of both studies exhibits a
strong linear correlation with the [DIC]sw/[H"]sw ratio,
the [A7]/[H"]sw ratio and [COg_]gW (R*=0.75, p = 0.006;
R*=0.68, p=0.012 and R*=0.71, p = 0.010, respectively).
By contrast, compiled [H"]cr values do not correlate with
[H"]sw, [DIC]sw or [HCO; Jsw (p > 0.20).

These compiled data suggest that neither [H']sw (i.e. sea-
water pH), [DIC]sw nor [HCO; Jsw are controlling parameters
of pHcr. Instead the mechanism of pHcr depends on either
the [DIClsw/[H"lsw ratio, the [Aq]/[H]sw ratio or
[COg_]SW. Distinguishing between the [DIC]sw/[H"]sw ratio,
the [Ar]/[H"]gw ratio or [COg_ Jsw is not possible in the current
experimental scenario. Deciphering the parameters modulating
pHcr will rely on improving our current understanding of ion
transport mechanisms in corals, particularly in terms of the
exchange of H", HCO; and CO? between the CF and the
surrounding seawater.

Beyond gaining insights into biomineralization mechan- [ 8 |

isms in scleractinians, the correlations of [HY]cp with
carbonate chemistry parameters are of relevance to research
into geochemical proxies, which have the goal of using isotopic
signatures in coral skeletons as indicators of previous environ-
mental conditions. For example, boron isotope systematics are
used widely to determine pHcg [29,39], which used to be
assumed to reflect seawater pH with an offset owing to the
effects of pHcr regulation by the coral (sometimes referred to
as a ‘vital effect’) [40,41]. However, the observed dependence
of pHcr upregulation on [DIC]gy and the lack of correlation
with seawater [H'] and [H"]cr (figure 6) in this study serve
to illustrate that a robust calibration of the vital effect cannot
be uniquely conducted using an assumed offset of pHcg
from seawater pH.

5. Conclusion

This study determined that pHcr is influenced by shifts in
seawater chemistry associated with changes in seawater
[DIC] and [A1] at constant seawater pH. This complements
previous studies that have shown that similar carbonate
chemistry treatments also modulate coral calcification rates
[25]. In the light, availability of seawater [DIC] may affect
photosynthetic rates, which is likely to influence pHcr and
CF ), and therefore calcification rates. In darkness, the
observed increases in respiration rates may have contributed
to lower pHcr in the lower seawater [DIC] and [Ag] treat-
ments. Our calicoblastic cell pH; data suggest that despite
constant seawater pH, changes in seawater carbonate chem-
istry may disturb calicoblastic cell pH; regulation, which
may impair the ability of this cell layer to regulate pHcp.
Future cellular investigations into ion transport in corals
and a better understanding of calicoblastic cell physiology
are needed to explore this possibility further. Most notably,
we demonstrate that pHcr expressed as [H']cr shows a
strong linear correlation with seawater [CO?]SW, the
[DIClsw/[H " sw ratio and the [Ar]/[H" Jsw ratio.

Overall, the observed effects of manipulated seawater
carbonate chemistry on pHcr regulation in S. pistillata highlight
that there is still much to learn about the physiological mechan-
isms controlling CF chemistry in scleractinians. Characterizing
these mechanisms in scleractinians (as well as other calcifiers)
is important to diverse lines of research including palaeoenvir-
onmental reconstructions and predicting the response of
calcifying organisms to the impending oceanic changes.
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