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Abstract

Rising atmospheric CO, concentrations due to anthropogenic emissions induce
changes in the ocean carbonate chemistry and a drop in ocean pH. This acidifica-
tion process is expected to harm calcifying organisms like coccolithophores, molluscs,
echinoderms, and corals. A severe decline in coral abundance is, for example, ex-
pected by the end of this century with associated disastrous effects on reef ecosys-
tems. Despite the growing importance of the topic, little progress has been made
with respect to modelling the impact of acidification on coral calcification. Here we
present a model for a coral polyp that simulates the carbonate system in four different
compartments: the seawater, the polyp tissue, the coelenteron, and the calicoblastic
layer. Precipitation of calcium carbonate takes place in the metabolically controlled cal-
icoblastic layer beneath the polyp tissue. The model is adjusted to a state of activity as
observed by direct microsensor measurements in the calcifying fluid. Simulated CO,
perturbation experiments reveal decreasing calcification rates under elevated pCO,
despite strong metabolic control of the calcifying fluid. Diffusion of CO, through the
tissue into the calicoblastic layer increases with increasing seawater pCO, leading to
decreased aragonite saturation in the calcifying fluid of the coral polyp. Our modelling
study provides important insights into the complexity of the calcification process at the
organism level and helps to quantify the effect of ocean acidification on corals.

1 Introduction

Rising atmospheric CO, concentrations due to fossil fuel emissions and land use
changes are well known perturbations to environmental scientists as well as to the
general public (IPCC, 2007). Even though there may still be some uncertainties about
the absolute amount of CO, annually taken up by the oceans, there is general agree-
ment that the oceans take up about a quarter of the CO, emitted in a year (Sabine
et al., 2004). CO, reacts with water to produce carbonic acid that further dissociates
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by releasing protons. This causes a drop in ocean pH which is therefore a direct con-
sequence of rising atmospheric CO, concentrations, a process termed “ocean acidifi-
cation” (OA) (Caldeira and Wickett, 2003). How these changes in seawater chemistry
affect the life of marine organisms is, however, still a matter of debate (Ridgwell et al.,
2009; Ries et al., 2009).

Marine organisms that produce skeleton structures of calcium carbonate (CaCOg)
are thought to be most susceptible to OA (Doney et al., 2009). This is because precip-
itation and dissolution of CaCOgj (in the various mineral forms) are strongly dependent
on the carbonate ion concentration, which decreases with decreasing pH (Zeebe and
Wolf-Gladrow, 2001). There is great concern that tropical coral reefs may be strongly
affected by changes in seawater carbonate chemistry as these ecosystems are domi-
nated by many calcifying organisms whose mineralogical remains build up the calcare-
ous sediments in these regions (Cohen and Holcomb, 2009). Even though tropical sur-
face waters will not become undersaturated with respect to aragonite or calcite within
the next 100yr (Orr et al., 2005), the changes in carbonate chemistry are expected
to cause a decrease in coral calcification rates of up to 30 %, most probably turning
many coral reefs into non-reef coral communities with zero or even negative calcium
carbonate accumulation (Kleypas et al., 2001). However, despite oversaturation with
respect to aragonite and calcite, spontaneous precipitation of CaCO5; does not occur
in the ocean. The formation of CaCO4 crystals in seawater is inhibited by high con-
centrations of magnesium and phosphate that occupy the binding sites for calcium and
carbonate ions on the crystal lattice (Pytkowicz, 1973; Lasaga, 1998).

The fact that marine calcifying organisms like corals precipitate CaCO5 despite the
mentioned inhibition mechanisms leads to the conclusion that Mg2+ and/or POi‘ are
actively excluded from the calcifying fluid. Furthermore, net calcification (precipitation
minus dissolution) only occurs when the ion product of calcium and carbonate exceeds
the stoichimetric solubility product of a particular mineral phase (Lasaga, 1998; Zeebe
and Wolf-Gladrow, 2001). Calcifying organisms therefore must hold a concentration
mechanism for these ions at the site of calcification that concurrently resupplies Ca?*
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and CO§‘, which are continuously consumed by calcium carbonate precipitation. The
calcifying fluid therefore differs from the growth medium and is usually separated from
the seawater by at least two membranes (Allemand et al., 2004).

It has been shown that corals increase the pH in the calcifying fluid with respect
to their growth medium (Al-Horani et al., 2003) by actively removing protons from the
calcifying fluid (Ries, 2011) and thus increasing its saturation state. The removal of pro-
tons is likely connected to the activity of the calcium pump that acts as a proton-calcium
antiporter (Gould et al., 1986; Allemand et al., 2004). In this case, the assumption of ei-
ther a weak or a strong proton pump, or the maintenance of a constant proton gradient
in corals (Ries, 2011) has also implications for the calcium transport. However, cal-
cium and protons in the calicoblastic layer are not maintained at fixed concentrations
but vary with different light conditions (Marubini et al., 2001; Al-Horani et al., 2003).
A study by Ries (2011) recently investigated the calcification response to changing
pCO, under potential steady state conditions within the coral, without resolving the un-
derlying (short-term) dynamics. The study also assumed equal concentrations of DIC
and Ca** in the calcifying fluid and growth medium, although it has been shown that
they may differ at least for the case of Ca®* (Tambutté et al., 1996; Al-Horani et al.,
2003).

However, if the calcifying fluid is metabolically controlled by the coral polyp and differs
substantially from the growth medium, how and why should precipitation and dissolu-
tion of calcium carbonate in the calicoblastic layer be related to external changes in
seawater chemistry? To address this question, we developed a mathematical model
of coral polyp calcification that computes the kinetic reactions of the carbonate chem-
istry in four different model compartments (as identified by Tambutté et al., 1996) and
is parameterized and constrained with the microsensor experiments of Al-Horani et al.
(2003). We investigated the temporal dynamics of calcium and carbon in the coral
polyp and the responses of polyp calcification to ocean acidification with perturbed
CO, concentrations in the simulated growth medium.
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2 Methods
2.1 Model description

We developed a box model for a coral polyp that comprises the following compart-
ments: the growth medium (seawater), the stomach room of the polyp (coelenteron),
the actual body of the coral polyp (tissue), and the calcifying fluid (calicoblastic layer)
(Fig. 1). The model resolves the full kinetic reactions of the carbonate system, includ-
ing boric acid and borate, according to Zeebe and Wolf-Gladrow (2001). The state
variables considered in each compartment are: dissolved carbon dioxide (CO,), bi-
carbonate (HCOj3), carbonate (cog—), protons (H*), hydroxide ions (OH™), boric acid

(B(OH)3), borate (B(OH),), and calcium ions (Ca2+). Precipitation and dissolution of
calcium carbonate (CaCO3) are considered only in the calicoblastic layer and are pa-
rameterized according to Zuddas and Mucci (1994). The seawater compartment is
connected to an overlying atmosphere via the air-sea gas-exchange of CO, (Wan-
ninkhof, 1992). Atmospheric CO, concentrations, ambient temperature and seawater
salinity, are used as external forcing. State variables in seawater and the coelenteron
are assumed to be connected via advective exchange (at constant rate) due to feed-
ing. CO, is assumed to freely diffuse from the seawater, the coelenteron, and the
calicoblastic layer into the polyp tissue and out again, depending on the concentration
gradient and the diffusivity of CO, over eukaryotic cell membranes (Sueltemeyer and
Rinast, 1996). Calcium transport from the tissue to the calcifying fluid is assumed to
be mediated by a Ca2+-H+-antiporter (Ca-ATPase, Ip et al., 1991; Zoccola et al., 2004)
and is parameterized with simple Michaelis-Menten kinetics, depending on calcium
concentrations only. The Ca-ATPase is assumed to transport two protons for each
calcium ion to assure charge balance. In nature, the entrance of calcium from sea-
water and the coelenteron into the tissue occurs either passively via Ca®*-channels
or actively via a transporter (Allemand et al., 2004). In our model, we only assume
active calcium uptake and parameterize the transporter in the same way as for calcium
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excretion into the calicoblastic layer. A bicarbonate transporter (co-transport of HCO,
and H™) is also considered for active carbon uptake from the seawater and the coe-
lenteron into the tissue and transport from the tissue into the calicoblastic layer (Furla
et al., 2000). The bicarbonate transporter is parameterized with Michaelis-Menten ki-
netics on HCO; . Photosynthesis and respiration are considered as source and sink of
CO, in the polyp tissue and the rates are taken from the experiments of Al-Horani et al.
(2003). Model equations are given in the Appendix.

2.2 Model runs

As primary reference for our simulations, we used data of the microsensor experiments
by Al-Horani et al. (2003), in which calcium ion concentrations and pH were measured
at the polyp surface, in the coelenteron and in the calicoblastic layer beneath the coral
tissue. In these experiments, the time evolution of calcium ion concentrations and
pH was measured during coral exposure to light and darkness for different time peri-
ods. Even though the study by Al-Horani et al. (2003) presents a unique and valuable
dataset, the data were not obtained simultaneously due to limitations in the method-
ology and thus belong to different experiment runs at different times and for different
time intervals. In our model, however, all concentrations are determined simultane-
ously thus allowing investigations of direct interactions and interdependencies of state
variables in the model compartments. The model is set up to obtain the best represen-
tation of calcium ion concentrations in the calicoblastic layer (Fig. 2d), as this is one of
the most relevant aspects to coral calcification.

The simulation is run for 1260 s with a time step of 6 x 10™s. Light periods are from
0—-420s and from 840—-1260s. The dark period is from 420—840 s integration time as in
the experiment for calcium ion measurements in the calicoblastic layer (Al-Horani et al.,
2003, Fig. 2). Active transport of calcium and bicarbonate as well as consumption of
CO, due to photosynthesis are assumed to occur in the light period only. In the dark,
CO, is produced in the coral tissue by respiration.
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Al-Horani et al. (2003) used the coral Galaxea fascicularis in their study, a species
with rather large polyps. The sizes of the polyp compartments required by the model
are obtained by assuming spherical geometry of the polyp with densest sphere packing
of polyps within the colony. The diameter of a G. fascicularis polyp was estimated to
be approximately 8.2 mm (Leuzinger et al., 2003). The volume of the above seawater
medium was set to 1m°. Seawater temperature was 20.5°C and salinity was 40 psu
during the experiments (Al-Horani et al., 2003).

2.3 Model scenarios

After having defined a set of parameter values (Table 2) and initial conditions (Table 1)
with which the model adequately represents the observations, we repeated the model
simulations for different atmospheric pCO, to determine the effect of changing seawa-
ter chemistry on the calcification rate of the simulated polyp. The carbonate chemistry
in the seawater compartment is then initialized in equilibrium with the atmosphere at
CO, partial pressures of 280, 380, 700, and 1000 ppmv (Table 3). The initial values of
the other state variables and other parameters were set according to the reference run
(Tables 1 and 2).

3 Results

Even though the model resolves the time evolution of the full set of state variables,
i.e. all components of the carbonate system, we summed up carbon dioxide, bicarbon-
ate, and carbonate and considered total dissolved inorganic carbon (DIC) to simplify
the analysis of the model results. Bicarbonate, carbonate, hydroxide ions, protons and
borate are combined to calculate total alkalinity (TA) in all model compartments (Wolf-
Gladrow et al., 2007). pH is determined from proton concentrations. As pH data were
obtained from experiments with slightly different time intervals than for the determina-
tion of calcium ion concentrations, we shifted the pH data on the time axis to match the
switches in light conditions in the simulation (Fig. 3c,d).
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3.1 Seawater

In the model, the metabolic activity of the coral has hardly any influence on seawater
composition because the volume of the seawater compartment is much larger than
the polyp and the fluxes are negligible compared to the large reservoir of the growth
medium. Concentrations of state variables in the seawater compartment therefore do
not change over time (Figs. 2-5a).

3.2 Coelenteron

Active uptake of calcium in the light period decreases calcium ion concentrations in the
coelenteron (Fig. 2c). During dark phases, calcium is resupplied via advective water
exchange between the coelenteron and the seawater compartment so that its concen-
tration is restored towards background values (10 mmol kg_1). As the uptake of calcium
into the coral tissue is parameterized as an anti-transport with protons, one might ex-
pect the removal of calcium ions from the coelenteron to also decrease the pH in the
coelenteron due to the proton efflux. However, the opposite is observed in the data as
well as in the model simulations (Fig. 3c). The pH increase in the light phase is due to
the decrease of the CO, concentration in the coelenteron, as it can also be observed
in the DIC concentrations (Fig. 4c), the reason being photosynthetic carbon fixation
and successive CO, diffusion from the coelenteron into the tissue. Respiration and
advective exchange with the seawater restore pH and DIC in the coelenteron towards
background values during the dark phase. The proton flux into the coelenteron, how-
ever, decreases total alkalinity in the coelenteron during light exposure (Fig. 5¢). In the
dark, coelenteron alkalinity relaxes towards seawater alkalinity due to water exchange
as previously described for the calcium concentrations.
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3.3 Tissue

In the simulated coral tissue, calcium ion concentrations increase during the light pe-
riod (Fig. 2b). This is because active uptake of calcium from seawater and coelenteron
is currently higher than calcium transport from the polyp tissue to the calicoblastic layer.
The rate of calcium uptake has been chosen to match the decrease of calcium con-
centrations in the coelenteron during light exposure. The maximum calcium transport
rate into the calicoblastic layer has been defined to match the increase of calcium con-
centrations in the calcifying fluid, in addition to the effects of aragonite precipitation and
dissolution. Thus, calcium concentrations increase in the tissue as the simulation pro-
gresses with time (Fig. 2b). It could be expected that uptake and outflow are balanced
in the coral polyp and that intracellular calcium concentrations equilibrate around a cer-
tain value. However, this model compartment cannot be appropriately constrained, as
no data on intracellular calcium concentrations are available. The changes of intracellu-
lar pH in the coral tissue (Fig. 3b) are mainly driven by photosynthesis and respiration,
which change intracellular CO, concentrations and thus DIC in the tissue (Fig. 4b).
Intracellular pH mainly responds to changes in the carbonate chemistry. However, the
imbalance between calcium uptake and calcium transport to the calicoblastic layer can
also be recognized in the total alkalinity (Fig. 5b) as the calcium-proton anti-transport
is reflected in a slight increase of pH in the polyp tissue. As all active transporters
are assumed to operate during light exposure only, no changes of intracellular calcium
concentrations or alkalinity are observed in the dark (Figs. 2 and 5b).

3.4 Calicoblastic layer

Four processes influence state variables in the calicoblastic layer: 1) diffusion of CO,,
2) HCO,-transport, 3) Ca2+-transport, and 4) calcification (mineralization). Active
transport of calcium from the tissue to the calicoblastic layer increases calcium con-
centrations in the calcifying fluid during light exposure (Fig. 2d). Calcium transport
concurrently removes protons from the calcifying fluid, thus also increasing pH and
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total alkalinity (Figs. 3 and 5d). In the darkness, calcium transport is stopped and cal-
cium ions are removed from the fluid and transferred to the mineral phase. As the
mineralization of aragonite also removes carbonate from the calcifying fluid, this pro-
cess decreases total alkalinity and DIC (Figs. 4 and 5d).

The transport of bicarbonate to the calcifying fluid increases total DIC in the light
phase (Fig. 4d). CO, diffusion, however, works in both directions, from the calicoblastic
layer into the polyp tissue and vice versa. In the light, photosynthesis fixes CO, in the
polyp tissue and creates a gradient that draws CO, from the calicoblastic layer into
the polyp tissue. In the darkness, respiration reverses this gradient and CO, diffusion
resupplies DIC to the calcifying fluid despite absence of active bicarbonate transport
(Fig. 4d). Since diffusion is driven by a concentration gradient, the gradual changes
in CO, concentrations after the light switches produce a time lag or gradual shift in
diffusion rates. In addition to the calcium-proton anti-transport, the pH in the calcifying
fluid also responds to CO, diffusion, increasing pH in the light and decreasing in the
dark.

3.5 Calcification over time

With the model it is possible to investigate the dynamics of aragonite precipitation in
the calcifying fluid over time (Fig. 6). The light dependent metabolic activity of the coral
polyp (i.e. the active transport of calcium and bicarbonate, the removal of protons, and
the suction of CO, to the site of photosynthesis) increases the concentrations of cal-
cium and carbonate ions in the calcifying fluid and thus increases the saturation state
for calcium carbonate. Precipitation and dissolution of aragonite only depend on the
aragonite saturation in the calcifying fluid (Eq. A11). The increase of the calcifica-
tion rate during light exposure, as shown in Fig. 6, is therefore the result of the active
metabolic regulation of the ion composition in the calcifying fluid. Only when light is
switched off and the ion transport mechanism is inactive, mineralization of aragonite
depletes calcium and carbonate and the calcifying fluid approaches equilibrium with
the mineral phase (Fig. 6). CO, diffusion due to respiration of the polyp, however, still
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acts as a source of DIC to the calicoblastic layer in the dark, thus never allowing the
calcifying fluid to reach the equilibrium with the mineral phase. Calcification occurs at
variable rates between 0 and 15 mmolCam=2d™" (Fig. 6).

At the end of the light period, the calcification rate exceeds the transport rate of
calcium ions and the calcium concentration in the calicoblastic layer decreases before
light is switched off (Fig. 2d). The same response can be observed for total alkalin-
ity (Fig. 5d). This decrease at the end of the light period is even more pronounced
for DIC concentrations (Fig. 4d). This is because CO, diffusion into the polyp tissue
adds to calcification as a carbon sink and both sinks altogether become higher than
bicarbonate transport as the single carbon source to the calcifying fluid. Only the pH
in the calicoblastic layer does not decrease before the onset of the dark period. This is
because the pH changes due to diffusion of CO, into the polyp tissue are higher than
the calcium-proton anti-transport (Fig. 3d).

3.6 Calcification over pCO,

Since the main intention of this study is to investigate how changes in the carbon-
ate chemistry of the growth medium actually affect coral polyp calcification in the cal-
icoblastic layer, we performed pCO, perturbation experiments at pCO, levels of 280,
380, 700, and 1000 ppmv. For each scenario, we have calculated the average cal-
cification rates over the simulation period (Fig. 7). Average coral polyp calcification
decreases with increasing pCO, in the growth medium (Fig. 7) as also observed in
experimental studies (Marubini et al., 2008).

In the model, the calcifying fluid is not directly connected to seawater and we assume
no active transport of CO§‘. Hence, the decrease of polyp calcification with increasing
pCO, cannot be explained by the decrease of carbonate ion concentrations (i.e. lower
saturation state) in the seawater compartment. The modelled saturation state in the
calicoblastic layer, however, decreases with increasing pCO,. The relative decrease
in carbonate ion concentrations in the calcifying fluid is caused by elevated diffusion of
CO, from seawater through the coral tissue into the calicoblastic layer.
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4 Discussion
4.1 Sensitivity of coral calcification to ocean acidification

This study addresses the questions of how and why coral calcification is influenced
by the pCO, changes in the growth medium. The answers are not straightforward
because: 1) the calcifying fluid is separated from seawater by the polyp tissue, and
2) the ion composition of the calcifying fluid is metabolically controlled. Our model,
however, shows a decline in coral polyp calcification with increasing seawater pCO,
(Fig. 7), as also observed by experimental studies (Marubini et al., 2008). This result,
together with the good representation of the short-term lab-experiments of Al-Horani
et al. (2003), suggests that the model is based on reasonable assumptions. It should
be noted that the model does not include a direct dependence of calcification on sea-
water saturation state or carbonate ion concentrations. The connection between the
calcifying fluid and the growth medium is realized via free diffusion of CO, over cell
membranes and through the cells of the polyp tissue. Additionally to CO, diffusion, we
considered a bicarbonate transporter from the seawater into the tissue and from the
tissue to the calicoblastic layer as has been proposed by Furla et al. (2000). Parallel
to elevated CO, diffusion from the growth medium to the calcification site, bicarbon-
ate transport slightly increases with rising pCO, as also the bicarbonate concentration
in seawater increases. When calcium transport to the calcification site is fixed in the
different scenarios, the increased supply of CO, and HCO; changes the carbonate
chemistry in the calcifying fluid and decreases the concentration of carbonate ions,
ultimately altering the overall calcification rate (Fig. 7).

The basic physiological mechanisms and pathways considered in the model are
based on first principles and chemical reaction kinetics. On very short time scales
therefore the model reproduces the experiments by Al-Horani et al. (2003) with good
accuracy. The inorganic carbonate chemistry is not affected by major uncertainties
(Zeebe and Wolf-Gladrow, 2001; Riebesell et al., 2009) and even the pathways for cal-
cium transport in corals are relatively well understood (Ip et al., 1991; Allemand et al.,
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2004; Zoccola et al., 2004). The pathway for carbon transport to the calicoblastic layer
is still, however, a matter of debate (Marubini et al., 2008), albeit Furla et al. (2000)
have proposed the involvement of an anion exchanger.

Since CO, diffusion over cell membranes is a passive process, the observed pCO,
dependence of calcification should be common to other calcifying organisms as well.
However, Ries et al. (2009) have shown a huge variability of the pCO, response of cal-
cification for different marine calcifiers. These calcification responses range from linear
increase with aragonite saturation over saturating increase and an “optimum curve” to
linearly decreasing calcification with increasing Q. Metabolic activity, i.e. respiration
and photosynthesis, strongly affects the pCO, in the microenvironment of the calcifi-
cation site and the transport rates of calcium and bicarbonate into the calcifying fluid
are most likely not the same for all organisms (Ries, 2011). Our model has been pa-
rameterized for a specific experiment with a single coral species and we would expect
slightly different parameter values for different species or organisms.

4.2 Carbon supply to the calicoblastic layer

Even though elevated CO, diffusion at elevated seawater pCO, may explain the de-
crease in coral polyp calcification, this process alone is not sufficient to sustain calcifi-
cation in the calicoblastic layer. When in the model CO, diffusion is considered to be
the only carbon source to the calicoblastic layer, we find that calcium carbonate precip-
itation depletes DIC to very low concentrations and calcification rates become very low.
This result is consistent with the decrease in calcification rates when anion exchangers
in coral polyps are inhibited (Furla et al., 2000). Calcification thus becomes carbon
limited and calcium ions accumulate to unrealistically high concentrations. We there-
fore propose that CO, diffusion alone is not sufficient to sustain observed calcification
rates and that an additional pathway for carbon transport to the calicoblastic layer has
to exist.

Our conclusion is supported by the fact that the model correctly reproduces the ob-
served changes in calicoblastic layer pH and calcium ion concentrations (Figs. 2 and 3)
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and shows a sustained calcification only when bicarbonate transport in symport with
protons is assumed. In principle, these observations might be appropriately repro-
duced also by assuming a carbonate ion transporter, but a bicarbonate transporter is
much more likely (see also Furla et al., 2000). Regardless of the actual ion involved,
our study shows that an active carbon transport mechanism has to exist.

When calcification increases during the light period, the carbon sinks exceed carbon
supply and DIC concentrations in the calicoblastic layer decline already way before light
is switched off (Fig. 4d). Maintaining of continuous calcification is therefore the result
of a fragile interplay between carbon supply and calcium-proton anti-transport in the
coral polyp.

4.3 Model-data comparison

The model qualitatively reproduces the observed time evolution of calcium concentra-
tions and pH in the calicoblastic layer and in the coelenteron (Figs. 2 and 3). Deviations
between the model and the data can be explained as follows.

The simulated changes of calcium concentrations in the calicoblastic layer are
slightly steeper and more pronounced than in the data, whereas the amplitude in the
pH-signal is not as high as in the data. A way for the corals to dampen changes in cal-
cium concentrations in the calicoblastic layer could be to decrease the maximum cal-
cium transport rate but this would also reduce the changes in pH. Since pH is strongly
affected by variations in the carbonate chemistry, the most plausible explanation for
the models underestimation of the changes in pH and the slight overestimation of the
changes in calcium concentrations is probably connected with DIC and TA. The buffer-
ing capacity of the calcifying fluid may be too high to allow pH to vary in the same range
as in the measured data. Unfortunately, no direct observations are available on DIC
and TA in the calcifying fluid. Our model is highly sensitive to DIC and TA in the cal-
cifying fluid and therefore provides reasonable constraints to inversely calculate what
DIC concentrations and TA must have been in the calicoblastic layer in order to explain
the observed changes of [Ca2+] and pH. This, however, would be valid if the observed
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variables were consistent to each other, but as explained, the measurements do not
belong to the same experimental runs.

In the coelenteron, the simulated pH is overestimated with respect to the observa-
tions, although the general pattern (i.e. increasing pH during light exposure and de-
creasing pH in darkness) is correctly reproduced. The deviations might be explained
by the effects of digestive enzymes on the pH of the coelenteron, which are not consid-
ered in the model. The small discrepancy in the amplitude might be due to differences
in time intervals of the light switches as the general shape of the modelled curve corre-
sponds well with the observations. However, concentration changes of state variables
in the stomach compartment are also sensitive to polyp geometry. The polyp geometry
assumed in the model defines the volume of the coelenteron and the surface areas
especially for the diffusive fluxes. The smaller this volume, the larger the concentration
changes for the defined fluxes. Unfortunately, the size of this compartment has not
been determined by Al-Horani et al. (2003), we therefore used estimates from other
studies (Leuzinger et al., 2003).

We argue that the model qualitatively reproduces the observed responses of mea-
sured calcium and hydrogen ions to changing light climate.

4.4 Metabolic regulations and temperature

The controlled conditions in Al-Horani et al. (2003)’s experiments and the actual obser-
vations represent strong constraints for our model. The composition of the seawater
medium and temperature did not change over investigation time and light was simply
switched on and off without altering the light intensity. In the model, these conditions
are simulated by simply changing between photosynthetic CO, fixation in the light and
respiratory CO, production in the dark. Active ion transport is assumed to take place
only during light exposure. This is of course a simplification. While irradiance in-
stantaneously triggers photosynthesis in the symbiotic zooxanthellae (Gattuso et al.,
1999), the metabolic “machinery” of the coral polyp will most probably react gradu-
ally to abrupt changes in light conditions (Furla et al., 2000). This might be taken into
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account by resolving metabolic regulations of the coral polyp, for example by consid-
ering a dynamic energy pool that controls the activity of ion transport proteins and/or
variable pools of functional proteins and energy-rich metabolites. Dynamic energy
pools might lead to an improved representation of the data and improve the model’s
ability to predict the coral’s response to combined changes in environmental conditions
such as light, temperature, nutrition, and carbonate chemistry (Kleypas et al., 1999).
These pools are, however, extremely difficult to constrain due to the lack of data.

The nutritional status of a coral probably also affects the metabolic activity and thus
ion transport in the polyps. In our model we could observe that the activity of the
ion transporters strongly affects the calcification rate of the coral polyp (Fig. 6). The
experiments by Al-Horani et al. (2003), and thus also our simulations, are run over
a short time period, in which the protein content of the polyp can be assumed to remain
unchanged. The nutritional status of the coral is therefore not relevant in this study.

The interaction between the polyp host and the algal symbionts may also become
more important when considering temperature effects on coral calcification. High tem-
peratures induce the rejection of symbionts by the polyp, a process known as coral
bleaching (Iglesias-Prieto et al., 1992; Anthony et al., 2008). Changing temperatures
will also affect the speed of the reactions in the carbonate system and possibly the
activity of polyp enzymes and the respiration processes (Marshall and Clode, 2004).
Since ocean acidification is expected to co-occur in concert with global warming, stud-
ies aiming at understanding the combined effects of changing temperature and seawa-
ter carbonate chemistry are highly desirable.

5 Conclusions

Our modelling study is a mechanistic investigation of coral physiology and potential
pathways of ion transport to the calcification site. We showed that CO, diffusion to the
calicoblastic layer alone is not sufficient to sustain the observed calcification rates. An
additional pathway is required to transport carbon into the calcifying fluid, which we
propose to be represented by a bicarbonate transporter (Furla et al., 2000).
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Our model shows that the decrease in coral calcification with raising seawater pCO,
is a result of increased diffusion of CO, through the polyp tissue to the calcification
site and may not depend on the abundance of carbonate ions in the growth medium as
proposed, for example, for coccolithophores (Gehlen et al., 2007). The model further
provides additional information on changes in DIC and TA occurring in the calcifying
fluid that could not be obtained otherwise.

Appendix A

Model equations

A The model equations can be generalised as follows:

y(t)=v(t) (A1)
y'(5) =1(t) (A2)
f() =M x r(f) (A3)

where v (t) is the vector of state variables, f(f) is the flux vector, that is defined by the
product of the reaction vector, r(t), in which all single reactions are mathematically de-
fined, and the flux matrix, M, in which the reactions are assigned to the state variables
and, under consideration of compartment volumes and surface areas, are summarized
to the net fluxes, i.e. the time derivatives, y'(t), of the function, y(t), to be solved.
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A1 State variables

State variables are defined as follows.

Vi1:8) =

V17:24) =

HCO;(tlss)

CO _t|ss
Hiiss)
OH(tISS)
Hzo t_lss)
B(OH)4(tiss)
B(OH)S(tiss)
ca?’
(tiss)

Vio:16) =

V(25:33) =

COS(_coeI)

(coel)
OH(_coel)

|_Izo(coel)
B(OH);(coeI)
B(OH)S(coeI

Ca

(coel) U

HCO;(call)

CO _call)
(call)
OH(_call
HZO(call)
B(OH);(caIi)
B(OH)3cai)

2+
Calcai)

[ COZ (cali) ]

| CaCOgcai)

(A4)

The indices (sea), (coel), (tiss), and (cali) refer to the compartments of seawater,

coelenteron, tissue, and calicoblastic layer, respectively.
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A2 Reactions

BGD
The chemical reactions of the carbonate system in seawater are calculated according
to Zeebe and Wolf-Gladrow (2001) using 14 equations with 14 reaction rates, k, of the 9, 2655-2689, 2012
back, —, and forward, +, reactions. The reaction rates are assigned as described in
s Table 2.3.1, p. 110, in Zeebe and Wolf-Gladrow (2001). The carbonate chemistry is Coral polyp
calculated in each model compartment. For reactions 1-14, the index of the involved calcification
chemicals refers to the seawater compartment, (/) = (sea), whereas for reactions 15—
28, 29-42, and 43-56, (/) = (coel), (/) = (tiss), and (/) = (cali), respectively (Eq. A5). S. Hohn and A. Merico
[ K.1:COz) . ]
k_1 ‘Hcos(i)' H(,') Title Page
k,4-CO,)-OH,
+4 2() _ 0 Abstract Introduction
k_4-HCO3(i)
ktig . CO§ Z) .H Z’) Conclusions  References
H* - i
/f' 5 HCOs(i) Tables Figures
kS .HCO; -OH
r(1:14))1(15:28) [(29:42)3 / (43:56) = Yo 20 (A5) P >
k-5 'Coa(/)
k+6 > g
k e HZ) ’ OH;,') Back Close
k.7-B(OH)z4)-OH,
(i)
k_7 ) B(OH);(I-) Full Screen / Esc
o_
Kig: COS(i) ' B(OH)S(i) Printer-friendly Version
_k_8-B(OH);(i)-HCO§w_
Interactive Discussion
10 The flux of advective exchange of state variables between seawater and coelenteron
is assumed to linearly depend on the concentration gradient between the two compart-
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ments with a constant exchange rate, ® (Eq. A6).

@- (COZ(sea) _CO2(COG|))
®- (HCO' ~HCO;,

3(sea) coel)

2 2
@- (COS(sea)_COS(coeI)>
+ +
@- (H(sea)_H(coeI)> (A6)
®- (OH('S%)—OH('COBI)

@ - (B(OH)a(sea)_B(OH)S(coeI)>
®- (B(OH)‘ B(OH);

4(sea) 4(coel)

2+ 2+
| @- (Ca(sea) _Ca(coel)>

l57:64) =

Diffusion of CO, over compartment boundaries is parameterized according to Fick’s
first law of diffusion, i.e. is assumed to be driven by the concentration gradient of CO,
and the diffusion coefficient of CO, over eukaryotic cell membranes, Do, (Eq. A7).
CO, diffusion is considered over three boundary layers, the polyp surface facing the
seawater, the surface facing the coelenteron, and the layer facing the calcifying fluid.

Dco, (COx2(seay=CO0xytiss) )
reser) = | Dco, (COz2(coey ~COxytiss)) (A7)
Dco, (COxtiss)~COs(cai))

Active bicarbonate uptake and transport over the three boundary layers of the polyp
tissue are parameterized to follow simple Michaelis-Menten kinetics (Eq. A8). The
maximum rate, VHcos(,y is assumed to be different for the three different pathways and
therefore assigned different indices according to the compartment from which bicar-
bonate is removed. The half-saturation constant, kco,, is set to be equal for all three
reactions. As active transport is assumed to only occur during light exposure, the
Michaelis—Menten kinetics are multiplied with a factor, S, that acts as a light-switch
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and is either 0 or 1, depending on light conditions.

[ S. VHcos sea) HCO:;(sea)> ]
Kucog + HCO;(sea)
r . - S . (VHCOS(Coe| HCO:;(coeI (A8)
(68:70) kHCOS+HCO 3(coel)
s. (VHCOS(nss HCO_tISS
| Khco, +HCO, a(tiss)

Calcium transport is also realized following Michaelis-Menten kinetics (Eqg. A9). Half-
saturation constants, kg,, are again assumed to be the same for all passages, whereas
maximum rates, VCa(i), are assumed to differ. Multiplication with the light-switch, S, turns
active transport on and off, according to light situations.

- 2 -
S Vea (sea) Ca s+ea)
kca+Ca

(sea)

Veca coe Ca2009
forrs = | S- (#) (A9)

kCa+Ca (coel)

S VCa(nss) Ca (tiss)
L kca +Ca(t|ss) o

Photosynthesis and respiration are implemented as constant fluxes of either con-
sumption or production of CO, in the coral tissue. The constant rates, Cy,o; and Cegp,
are multiplied with the light-switch, S, or 1 - &, to assure that photosynthesis occurs
only during light phases and respiration only occurs in the dark (Eq. A10).

S-C
— phot
r(74:75) - [(1 _S)'Cresp] (A1 0)

Calcification is implemented according to the equation proposed by Zuddas and
Mucci (1994) (Eq. A11).

rze) = [ Ko (Queary = 1)"] (A11)
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The saturation state of the calcifying fluid, € .4, with respect to aragonite is defined
by the ion product of calcium and carbonate, divided by the solubility product of arago-
nite, KS*p (Eq. A12). KS*p of aragonite is calculated according to Zeebe and Wolf-Gladrow
(2001).

2+ 2—
Calcaiy - COS(caIi)

Q(cali) = stp (A12)
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Table 1. Initial concentrations of state variables.

State variable Seawater Coelenteron  Tissue Calicoblastic layer  Unit

CO, 9.5415x107° 95415x107° 95415x10° 6.5165x107° mol kg™
HCO; 2.0542x107° 2.0542x107° 2.0542x107° 1.403x107° mol kg™’
ool 3.3622x107* 3.3622x107* 3.3622x10™* 2.2963x107* mol kg™’
H* 6.3096x107° 6.3096x107° 6.3096x10° 5.0119x107"° molkg ™’
OH~ 6.8990x10° 6.8990x10° 6.8990x10° 8.6854x107° mol kg™’
H,O 5.36 x 10" 5.36 x 10" 5.36 x 10" 5.36x 10 molkg™’
B(OH), 35534x107" 3.5534x107* 3.5534x10™* 3.5534x10™* molkg™
B(OH), 1.1981x10™* 1.1981x10™* 1.1981x10™* 1.1981x107* molkg ™
Ca? 1.0x1072 1.0x1072 1.0x1072 1.06x1072 mol kg™’
CaCO, - - - 1.0x1077 mol kg™
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Table 2. Model parameters.

Variable  Definition Value and unit

® exchange rate of advective transport 3.33s”"

Dco, diffusion coefficient for CO, 28x10%cms™

Vicoy.,, Maximum uptake rate for bicarbonate (sea-tiss) 1500 x 1072 mol C mg prot™" min~"
Viacoye, Maximum uptake rate for bicarbonate (coel-tiss) 1500 x 10~ mol C mg prot™" min™"
VHCOa(iiss) maximum transport rate for bicarbonate (tiss-cali) 40.5x 10""?molC mg prot"1 min~"'
Khco, half-saturation constant bicarbonate transport 1.0x 10 mmolm™®

VCa(sea) maximum uptake rate for calcium (sea-tiss) 0molCamg prot"1 min~"

Vea,,, ~ Maximum uptake rate for calcium (coel-tiss) 341.25 x 10™'? mol Camg prot™' min™"
Veaye maximum transport rate for calcium (tiss-cali) 42.9 x 10~"2 mol Camg prot™" min™"
kca half-saturation constant calcium transport 1x10molL™®

Conot net photosynthesis rate 4mmolm™3s™"

Cresp dark respiration rate 2mmolm=2s™

S light switch 0 or 1 (dimensionless)

k, reaction rate for mineralization 2.77umolm=2h"

n empirical reaction order 2.35 (dimensionless)
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Table 3. Initial conditions of state variables for pCO, scenarios.

State variable 280 ppmv 380 ppmv 700 ppmv 1000 ppmv Unit

COysca) 7.5021x107° 10.181x10™® 18.755x10° 26.793x10°  molkg™
HCO; ¢(n) 1.5993x107° 1.7106x107% 1.9046x107™°  1.9964x10°  molkg™
CO%eea) 2.7909x 107" 2.3525x10™* 1.5832x107*  1.2176x10™*  molkg™
Hsea) 6.9727x10™° 8.8471x107° 14.6386x10™° 19.9480x107° molkg™
OHa) 6.2429x107° 4.9203x10™® 2.9736x10° 2.1822x10°  molkg™
B(OH)3sca) 3.4210x10™* 3.6368x10™* 4.0088x10™*  4.1829x10™*  molkg™
B(OH); ccq) 1.3305x 107" 1.1147x10™* 7.4269x10™° 56859x10™° molkg™
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Fig. 1. Schematic of the coral polyp model. Four boxes are considered in the model (seawater,
coelenteron, tissue, calicoblastic layer), which are interconnected via fluxes over the boundary
layers. The seawater compartment is connected to an atmosphere with predefined pCO,.
Precipitation of the coral skeleton (calcification) occurs in the calicoblastic layer. State variables

and fluxes are described in the text.
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Fig. 2. Calcium ion concentrations in the four model compartments over time (A = seawater;
B =tissue; C = coelenteron; D = calicoblastic layer). Data from microsensor studies by Al Ho-
rani et al. (2003) in red, model results in blue. Light periods from 0 to 420s and from 840s to

seconds

the end. Dark period between 420 and 840 s.
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Fig. 3. pH in the four model compartments over time (A =seawater;

C =coelenteron; D = calicoblastic layer). Data from microsensor studies by Al Horani
et al. (2003) in red, model results in blue. Light periods from 0 to 420s and from 840s to

the end. Dark period between 420 and 840 s.
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Fig. 4. DIC concentrations in the four model compartments over time (A = seawater; B = tissue;
C = coelenteron; D = calicoblastic layer). The blue line shows the model results of the reference
run. Light periods from 0 to 420s and from 840s to the end. Dark period between 420 and
840s.
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Fig. 5. Total alkalinity concentrations in the four model compartments over time (A = seawater;
B =tissue; C = coelenteron; D = calicoblastic layer). The blue line shows the model results of
the reference run. Light periods from 0 to 420 s and from 840 s to the end. Dark period between
420 and 840s.
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