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Abstract. Rising atmospheric C®concentrations due to 1 Introduction
anthropogenic emissions induce changes in the carbonate

chemistry of the oceans and, ultimately, a drop in ocean pH._. . . . :
This acidification process can harm calcifying organisms IikeR'S.mg. atmospheric Cfconcentrations due to fossil fuel
coccolithophores, molluscs, echinoderms, and corals. It imissions apd land use ghanges are well known perturba-
expected that ocean acidification in combination with othertions environmental scientists as well as to t_he g_eneral
anthropogenic stressors will cause a severe decline in coré?L'b“C G_PCQ 2007. About a quarter of the Cpemitted in
abundance by the end of this century, with associated disad Yearis absorbed by the oceaSal()me et.aJ.2004). €O .
trous effects on reef ecosystems. Despite the growing impor[eacts with water to produce carbonic acid that further dis-

tance of the topic, little progress has been made with respecﬁOCiates by releasing hydrogen ions (simply called protons

to modelling the impact of acidification on coral calcifica- in the fOHOW'Pg)' This causes a”drop N ocean PH, a pro-
tion. Here we present a model for a coral polyp that simu-¢©SS termed “ocean acidification” (O/G4ldeira and Wick-

lates the carbonate system in four different compartments?tt' 2003. How these changes in seawater chemistry affect

the seawater, the polyp tissue, the coelenteron, and the c.’:ﬁbe life of Marine organisms 1S a matter of debaeigwell
cifying fluid. Precipitation of calcium carbonate takes place etal, 2.009 R|es_ etal.2009.

in the metabolically controlled calcifying fluid beneath the . Marine organisms that produce skeleton structures O.f cal-
polyp tissue. The model is adjusted to a state of activity ascum carbonate (CaCfpare thought to b_e_mqst susceptlble
observed by direct microsensor measurements in the calcifyt-0 _OA (Doney et _al,. 2009 b ecause precipitation and disso-
ing fluid. We find that a transport mechanism for bicarbon- lution of CaCQ (in the varlous_mmeral forms) are strongly
ate is required to supplement carbon into the calcifying ﬂuiddependent on the concgntratlon of carbonate ions, which
because C@diffusion alone is not sufficient to sustain the decreasgs with decreasing pHegbe and Wolf-GIgdrow
observed calcification rates. Simulated £Q&rturbation ex- 200?)' _leen th"?‘t coral reef ecosystems are domlnat_ed by
periments reveal decreasing calcification rates underelevate(t‘txaICIfyIng organismsohen and Holcomt2009, there is
pCO, despite the strong metabolic control of the calcifying great concerm that they may b.e strongly perturbed by F:hanges
fluid. Diffusion of CQ, through the tissue into the calcify- in seawater carbonate chemistry. Even though tropical sur-

ing fluid increases with increasing seawage0,, leading face waters will not become undersaturated with respect

to decreased aragonite saturation in the calcifying fluid. Ourtzo0 (z;\r.al_?onltﬁ g Igilcne W'tlgz)no thehneﬁt 100),_®r(r etb al,
modelling study provides important insights into the com- 5 Hoegh-Guldberg et 312007, the changes in carbonate

plexity of the calcification process at the organism level andchem|stry are expected to cause a decrease in coral calcifica-

helps to quantify the effect of ocean acidification on corals. tion rgtes of up to 30%, most prqt_)ably. turning many coral
reefs into non-reef coral communities with zero or even neg-

ative calcium carbonate accumulatidsfi€ypas et al.2001).
Corals are colonial organisms made up of individual

polyps. A coral polyp consists of a bag-like invagination

of two cell layers separated by a collagenous layer, the
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mesoglea Fautin and Mariscall991). The opening of the the tissue Tambuté et al, 2011). This paracellular pathway
invagination, i.e. the mouth of the polyp, bears tentacles tas mainly supported by calcein staining experiments (e.g.
capture food. The inner cell layer is called the endoderm andrambuté et al, 2012). The relative contributions of the tran-
encloses the stomach or coelenteron. In a coral colony, thecellular and paracellular pathways to the calcification pro-
single neighboring polyps are connected with each other viecess are, however, unknown. The active removal of protons
the tissue of the coenosarfafmbuté et al, 2011). The outer by the calicoblastic epithelium increases the saturation state
cell layer, the ectoderm, is divided into the oral ectoderm,in the calcifying fluid, making the conditions for the crys-
facing the seawater, and aboral ectoderm, facing the cordhllization of aragonite more favourable. Calcification rates
skeleton. The aboral ectoderm is called calicoblastic epitheof corals are among the highest of all animal®»ken and
lium and consists of specialized cells whose activity inducesMcConnaughey2003. The rapid calcification rates and the
the extracellular formation of aragonite crystals forming the discovery of organic molecules that are incorporated into the
coral skeletonConstantz1986), a process known as calcifi- coral skeleton led to the hypothesis that organic molecules
cation. The calcifying fluid between the calicoblastic epithe- act as an organic matrix that initiates the crystallization of the
lium and the coral skeleton is separated from the seawater bgoral skeleton, thus catalyzing coral calcificatiédlémand
up to four cell layers and is strongly controlled by the polyp’s et al, 1998 Clode and Marshgll2002 Cuif and Dauphin
physiology Cohen and Holcomt2009 Ries 2011, McCul- 2005 Helman et al.2008. A structuring effect, however, has
loch et al, 2012. never been shown for these organic molecules and the cat-
It has been shown that corals increase the pH in the calcialyzation has not yet been quantified. Organic molecules are
fying fluid with respect to seawateAl-Horani et al, 2003 incorporated in banding layers within the skelet@uif and
Ries 201% Venn et al, 2011 by actively removing protons Dauphin 2005 as shown by acridine orange staining exper-
from the calcifying fluid Ries 2011). There is also evidence iments Gtolarskj 2003. But these banding structures have
that corals elevate calcium concentrations in the calcifyingalso been found in inorganically precipitated aragonite that
fluid with respect to their growth environmenAl{Horani did not incorporate any organic moleculé$o{comb et al,
et al, 2003, indicating active transport of calcium into the 2009.
calcifying fluid (Cohen and McConnaugheg003 Alle- The calicoblastic epithelium cells excrete a number of
mand et al.2004. Active calcium transport over cell mem- molecules into the subcalicoblastic space, including Car-
branes is common in eukaryotic cellmgsi 1985 Peder-  bonic AnhydraseNloya et al, 2008. Carbonic Anhydrase
sen and Carafqlil987 Gussone et gl2006. Calciumisre- (CA) catalyzes the otherwise very slow reaction: GO
quired in the nucleus and is involved as second messenger iH0 = HCO; +H™ (Sueltemeyer et 811993 and might
the signal transduction pathwa@drafoli 2002. However,  support calcification by increasing the supply of bicarbonate
since calcium binds easily to organic molecules (also seermnd subsequently carbonate ions to the calcifying fluid.
in Marshall et al. 2007, potentially disturbing cell physio- Coral calcification rates are enhanced when corals are ex-
logical activity at elevated concentrations, the maintenanceosed to light due to the additional energy provided by photo-
of very low intracellular concentrations, i.e. active removal synthesizing symbiontsChalker and Taylqrl975 Chalker
of calcium ions from the cytoplasm against a concentration1981 Marubini et al, 2001, Moya et al, 200§. Arago-
gradient, is an essential procesza(afoli 1987. An ATP- nite precipitation by corals therefore cannot be treated ex-
driven calcium pump, or Cd-mediated ATPase (hereafter clusively as a physico-chemical proceBsitton and Walter
Ca-ATPase), has been identified in corals with genetic anal1990. Food availability, changes in temperature and other
yses and has been proven to exist in the calicoblastic epithesnvironmental factors can substantially alter coral growth
lium cells Zoccola et al.2004). Kinetic activity measure- (Szmant-Froelich and Pilspri98Q Kleypas et al. 1999
ments reveal saturating activity of the Ca-ATPase with in-Lough and Barnes2000. The calcification response to
creasing calcium concentrations, typical for ion transporterschanges in the carbonate chemistry of the growth environ-
(Ip et al, 1991). Furthermore, the removal of protons from ment due topCO, manipulations appears ambiguoligs
the calcifying fluid is likely connected to the activity of the et al, 2009, although the majority of observations show a
calcium pump as the Ga-mediated-ATPase in eukaryotic reduction of coral calcification with increasingCO, (e.g.
cell membranes acts as a proton-calcium antipoGau(d Gattuso et a).1998 Langdon 2002 Marubini et al, 2008
et al, 1986 MacLennan et 81997 Allemand et al.2004). Cohen and Holcom2009 McCulloch et al, 2012).
Therefore, the assumption of either a weak or a strong pro- Despite several decades of coral research, the physiologi-
ton pump, or the maintenance of a constant proton gradiental control of the calcifying fluid by scleractinian hermatypic
in corals Ries 2011 has implications for the calcium trans- corals remains still uncleaf@émbuté et al, 2011J). If the cal-
port. cifying fluid is metabolically controlled by the coral polyp
Besides a calcium transcellular route through the coral tis-and differs substantially from the growth medium, how and
sue, a paracellular pathway has been proposed where ions anhy should precipitation and dissolution of calcium carbon-
transported between the seawater and the calcifying fluid viaate in the calcifying fluid be related to external changes in
diffusion and/or advection through the intercellular space ofseawater chemistry? To address this question, we developed
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a mathematical model of coral polyp calcification that com- [¢ [geawater coelenteron
putes the kinetic reactions of the carbonate chemistry in four| £ [B(OH),] [COj] )
different compartments: the seawater, the polyp tissue, thgg | [H] [OH] L t (i1
e . . . £ <> [B(OH)] [HCO3]
coelenteron, and the calcifying fluid (as inspiredliaynbutte & 1ol i ) [OH]
etal, 1996. The model is constrained by the microsensor ex- ! [Ca*] O3]
. . . . . [CO) [HCOi]

periments ofAl-Horani et al.(2003, which provides time se- i " 4 calcitying fiuid
ries of calcium concentrations and pH in the calcifying fluid [co:] = om ) :

X o ! [CO] [H] [OH]
under light-dark conditions and represents to date a unique [C?z] ]
and most valuable datas@dhen and Holcomt2009. We (BQH] meog M| (HCO skeleton
used the model to investigate (1) the temporal dynamics of BOH] T . T [coz
the carbonate system in the different model compartments ' %——»Caca
(2) the physiological mechanisms controlling the calcifying [Ca™] [Ca™] [Ca*]

fluid, and (3) the responses of polyp calcification to ocean
acidification by perturbing Cgconcentrations in the growth Fig. 1. Schematic of the coral polyp model. Four boxes are consid-

medium. ered in the model (seawater, coelenteron, tissue, calcifying fluid),
which are interconnected via fluxes over the boundary layers. The
seawater compartment is connected to an atmosphere with prede-
fined pCO,. Precipitation of the coral skeleton (calcification) oc-
curs in the calcifying fluid. State variables and fluxes are described
in the text.

2 Methods
2.1 Model description

We developed a box model for a coral polyp that comprises

the growth medium (seawater), the stomach room (coelen-

teron), the actual body (tissue), and the medium in the subcal- ) L
icoblastic layer (calcifying fluid) as separate compartments 1he passage of charged ions over the lipid bilayer of
(Fig. 1). This setup was inspired by the work Bambutte cell mempranes can only be achieved via specific trans-
et al. (1996, in which equivalent compartments were iden- POrt proteins or channels, both observed in coral ceiée(
tified with kinetic analyses of calcium transport. The model €0l2 €t al, 1999 2004. Calcium transport from the tissue
resolves the full kinetic reactions of the carbonate system act© the calcifying fluid occurs against a concentration gradi-
cording toZeebe and Wolf-Gladrow200)). In each com- €Nt and is assumed to be mediated by an active’ G -
partment, the following state variables are considered: dis@ntiporter (Ca-ATPasgp et al, 1991 Zoccola et al.2004).
solved carbon dioxide (C£, bicarbonate (HC), carbon- In our model, the Ca-ATPase is parameterized with simple

_ S . . Michaelis-Menten kinetics as a function of calcium concen-
ate (C@ ). protons (), hydroxide |_ons_(OH), boric acid tration in the cytoplasm of the coral tissue, and is assumed to
(B(OH)3), borate (B(OHY)), and calcium ions (C&).

transport two protons for each calcium ion to assure charge

F_ques across the boundary layers connegt the pools of thBaIance (Fig2, process 5). The passage of calcium into the
various chemical components between the different ComMpartz, o) tissue is likely driven by the concentration gradient of

ments, driving the dynamics of the full kinetic model (F2y. calcium across the plasma membraGeigsone et 312006
Since the mouth of the polyp opens the_ coelenteron to thepy,;g gradient can be utilized by a calcium chanrfdcola
seawater and given that the_oral e.p|theI|aI layers can be ass; al, 1999 Carafoli 2002. Due to the requirement of cal-
sumed to be permeable to jons via a paracellula_r pathwa%ium homeostasis in eukaryotic cel@4drafoli 1987, we as-
(E enaze:]-Tambuttlel: et al].996., vl;/Ie degme an ad;l/ectlvelflux sume that the entry of calcium into the coral tissue equals ac-
that exchanges all state variables between the coelenterqR,q ..o cjym transport into the calcifying fluid. A bicarbonate
and the seawater at a constant exchange rate. The Seawa{%nsporter (co-transport of HGOand H) has been pro-
Ebosed byFurla et al (2000 and appears to be responsible for

compartment is connected to an overlying atmosphere vi
the air-sea gas-exchange of £@anninkhof 1999). Atmo- active carbon uptake from the seawater and the coelenteron
into the tissue (Fig2, process 3), and for transport from the

spheric CQ concentrations, ambient temperature, and sea
tissue into the calcifying fluid (Fig, process 6). The bicar-

water salinity, are used as external forcing. d®assumed
to freely diffuse from the seawater, the coelenteron, and thg,, o transporter is parameterized with Michaelis-Menten
kinetics, with influx into the tissue assumed to equal efflux.

calcifying fluid into the polyp tissue and out again (Fg&j.

processes 4 a_nq 7), depending on the goncentration gradierﬁ]e activity of the Ca-ATPase removes protons from the cal-
and the diffusivity of CQ over eukaryotic cell membranes i ino fiuid. To avoid protons from accumulating in the coral

(Sueltemeyer and Rinast99§. Respiration and photosyn- tissue, they are removed and eventually released into seawa-

thelsis are corlfi(;_ered as S%urce and sink of Ghin the ter (Allemand et al.2004). Since the gastric cavity of corals
polyp tissue (Fig2, process 9). has a lower pH than the external seawater and since the pH
is known to decrease in the darkdostini et al, 2012, we
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coelenteron a certain mineral phas@qrton and Walter199Q Lasaga
] ey ) eog (€O 1998 Zeebe and Wolf-Gladrow2001) and the precipita-
) @ @ (4)§ tion of aragonite is generally well described by the equation
e L e M é kp - (€2 —1)" (following Burton and Walter1990. We there-
M1 e m]oHeol (g fore focus on the “bio-inorganic” model of coral calcification
in which (1) the incorporation of organic molecules into the
© [COH coral skeleton is assumed to be a by-product of rapid crys-
tal growth Tambuté et al, 2011 and (2) the crystallization
AT [Ca¥] [H] [HCO]  [CO: follows classical precipitation-dissolution kinetics.
§ Carbonic anhydrase is produced by the calicoblastic ep-
calcifying fluid ) o mi ithelium cells of Stylophora pistillata(Moya et al, 2008.
AH] [C]  [COMen [HOOK] (OS] However, the concentration of this enzyme and its activity in
@Y the calcifying fluid is not known. For the sake of simplicity,
skeleton cato, carbonic anhydrase is not considered in our model. All model

equations are reported in the Appendix. The model is coded
Fig. 2. Processes considered in the model. (1) active proton pumpn the computer language python.
(Allemand et al.20049), (2) passive calcium channélgccola et al.
1999 Allemand et al.2004), (3) active uptake of bicarbonateyrla 2.2 Model runs
et al, 2000, (4) CO, diffusion (Sueltemeyer and Rinagt996), (5)
active calcium transportf et al, 1991, Zoccola et al.2004), (6) . . . . .
active bicarbonate transpofria et al, 2000, (7) COy diffusion Our model is constrained with observations collected by mi-

(Sueltemeyer and Rinadt996, (8) aragonite precipitatiorBurton Cros_ensqr experlmentgléHoranl et al, 2003, comprising
and Walter 1990, (9) photosynthesis and respiratiodl{Horani  C@lcium ion concentrations and pH measured at the polyp
etal, 2003. surface, in the coelenteron and in the calcifying fluid be-

neath the coral tissue. In these experiments, the time evo-
lution of calcium ion concentrations and pH was measured

assume a proton pump that releases protons from the tissuguring coral exposure to alternating periods of light and dark.
into the coelenteron in the dark (Fig.process 1). Due to limitations in the methodology, the experiments were

Besides the transcellular transport of ions into the calci-not performed simultaneously and thus the data are from runs
fying fluid, a paracellular pathway has been proposed in thecarried out at different times and for different time intervals.
calicoblastic epitheliumTambuté et al, 2011, 2012. The In our model, however, all concentrations are determined si-
paracellular passage would indicate free diffusion of ionsmultaneously, thus allowing investigations of direct interac-
or advection of seawater through the intercellular space andions and interdependencies of state variables in the various
passage of the tight junctions of the calicoblastic epithe-model compartments. The model is set up to obtain the best
lium. This pathway could also introduce magnesium ions andrepresentation of calcium ion concentrations in the calcifying
phosphate to the calcifying fluid with the effect of reducing fluid (Fig. 3d), as this is one of the most relevant constituents
the physiological control of the coral polyp on the chemical of coral calcification.
composition of the calcifying fluid. Given the uncertainties  The simulation is run for 1260 seconds with a time step of
concerning the existence of the paracellular pathway, or théx 10~ s. In analogy taAl-Horani et al.(2003 Fig. 2), light
extent to which it contributes to exchange ions, our modelperiods are from 0 to 420 s and from 840 to 1260 s and the
includes only the transcellular pathway of calcium and bicar-dark period is from 420 to 840 s. Photosynthesis in the light
bonate. consumes C®in the coral tissue and provides metabolic en-

Different theories exist about the biological control of ergy for active ion transport. In the dark, respiration increases
coral calcification (reviewed iTambuté et al, 2011). The  CO; in the coral tissue.
occurrence of organic molecules in the banded structures Al-Horani et al. (2003 used the coralGalaxea fascicu-
of coral skeletons Stolarskj 2003 suggests that these laris, a species with relatively large polyps. The sizes of
molecules could be somehow involved in the calcificationthe compartments required by the model are obtained by as-
process Allemand et al. 1998 Clode and Marshgl2002. suming spherical geometry of the polyp with densest sphere
The hypothesis of an organic matrix controlling the calcifi- packing of polyps within the colony. The diameter ofGa
cation process, however, has been questionetidigomb  fascicularispolyp is approximately 8.2 mniLéuzinger et al.
et al. (2009 and the potential role of an organic matrix as 2003. The thickness of the coral tissue is assumed to be
catalyser of aragonite precipitation has not been quantified.0 mm. The resulting compartment sizes are given in Ta-
yet. These uncertainties impede the development of a mearble 2. The volume of seawater was set to 4. rEonsistent
ingful parameterization for calcification as a mechanism con-with the microsensor experimental{Horani et al, 2003,
trolled by an organic matrix. The crystallization of CagO seawater temperature was set to 20.5 °C and salinity was set
in aqueous solutions requires supersaturation with respect ttw 40 psu.

Biogeosciences, 9, 4444454 2012 www.biogeosciences.net/9/4441/2012/



S. Hohn and A. Merico: Modelling coral polyp calcification 4445

Table 1.Initial concentrations of state variables.

State variable  Seawater Coelenteron Tissue Calcifying fluid ~ Unit
CcO, 9.631x 10~ 16051x 106  8813x 1076 0.253x 106 mol kg1
HCOy 20559x 1076 21620x10°® 1881x10°®  4587x10°%  molkg!
coj™ 33446x 106  22192x10°6  306x 1076 10146x10°®  molkg™?
Ht 6.310x 1072 1.0x10°8 6.310x 108 1.318x 1079 mol kg1
OH~ 6.899x 10~ 4.353x 106 6.899x 10~/ 3.302x 103 mol kg1
H,0 536 536 536 536 mol kg~1
B(OH), 12992x 1076 91173x10°®  17233x10® 30553x10%  molkg®
B(OH)3 345232x 10°% 383979x 106 457919x 106 169622x 106 molkg?
cat 100x 103 100x 103 05x 1073 10.65x 10~3 mol kg1
CaCQ; - - - Q1 x 1076 mol kg1

2.3 Model scenarios 10,10 ———— 10

10.05} 1 %

After defining a set of parameter values (TaBjeand ini-

tial conditions (Tablel) with which the model adequately
represents the observations, we repeat the model simulation
for different atmospheripCO;, to determine the effect of i 1 o2}
changing seawater chemistry on the calcification rate of the
simulated polyp. The carbonate chemistry in the seawater 104
compartment is initialized to be in equilibrium with the at- 102}

06
10.00

04

mmol kg !

. . L . L . 00 . . L L L .
0 200 400 600 800 1000 1200 l—ll]J“.)l) 200 400 600 800 1000 1200 140
T T T T T T 2 T T T T T T

C | ip D

mosphere at CPpartial pressures of 280, 380, 700, and 7, | - 17 =
1000 ppmv (Table3). The initial values of the other state = \/\\\ EZ/\/// |
variables and parameters are set according to the referenc § " 3 _,,/ M il :
run (Tablesl and?2). 96 1.0 W

106}

1 1 L L L L 1 105 L L L L L L
0 200 400 600 800 1000 1200 Hl])OJl) 200 400 600 800 1000 1200 1400
seconds seconds

3 Results Fig. 3. Simulated calcium ion concentrations over time (black

. . lines) in the four model compartmenté € seawaterB =tissue;
Even though the model resolves the time evolution of the fu”C:coelenteronD:caIcifying fluid). The observations (grey dots)

set of state variables, i.e. aj” cpmpo_nents of the carbonate SYSire from the microsensor studies of Al Horani et al. (2003). Light
tem, we sum up carbon dioxide, bicarbonate, and carbonatgeriods range from 0 to 420s and from 840 to 12605s. The dark
and consider total dissolved inorganic carbon (DIC) to sim-period is between 420 and 840s.

plify the analysis of the model results. Bicarbonate, carbon-

ate, hydroxide ions, protons and borate are combined to cal-

culate total alkalinity (TA) in all model compartmeni/¢lf-  increasing pH and total alkalinity (Figg. and 6d). In the
Gladrow et al,2007). pH is determined from proton concen- dark, calcium transport is stopped and calcium ions are re-
trations. As pH data were obtained from experiments withmoved from the calcifying fluid by aragonite precipitation.
slightly different time intervals than the experiments carried The mineralization of aragonite also removes carbonate from
out to obtain calcium ion concentrations, we shifted the pHthe calcifying fluid, thus decreasing total alkalinity and DIC
data on the time axis to match the switches in light conditions(Fig. 6d). However, since C&produced in the tissue by dark

in the simulation (Fig4c and d). respiration diffuses into the calcifying fluid, a net increase in
total DIC is observed in this compartment during the dark
3.1 Calcifying fluid phase (Fig5d).

The transport of bicarbonate into the calcifying fluid in-
Four processes influence state variables in the calcifyingcreases total DIC in the light phase. e@iffusion, however,
fluid: (1) diffusion of CQ, (2) HCG; -transport, (3) C& - works in both directions, from the calcifying fluid into the
transport, and (4) calcification (mineralization) (see alsopolyp tissue and vice versa. In the light, photosynthesis fixes
Fig. 2, processes 5-8). Active transport of calcium from the CO, in the polyp tissue and creates a gradient that draws CO
tissue increases calcium concentrations in the calcifying fluidfrom the calcifying fluid into the polyp tissue. In the dark,
during light exposure (Fig3d). Calcium transport concur- respiration reverses this gradient and LCdffusion resup-
rently removes protons from the calcifying fluid, thus also plies DIC to the calcifying fluid despite the absence of active

www.biogeosciences.net/9/4441/2012/ Biogeosciences, 9, 44B4-2012
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Fig. 4. Simulated pH over time (black lines) in the four model com- .Flg' 5. Simulated DIC concentrations over time (black lines)

artments A = seawaterB =tissue;C = coelenteronb = calcifyin in the four model compartmentsAE seawater; B =tissue;
P ! 9 C =coelenteronp = calcifying fluid). Light periods range from 0

fluid). The observations (grey dots) are from the microsensor stud- L
ies of Al Horani et al. (2003). Light periods range from 0 to 420 s t0 420s and from 840 to 1260s. The dark period is between 420

and from 840 to 1260 s. The dark period is between 420 and 840 S.and 840s.

bicarbonate transport. Since diffusion is driven by a concen3.3 Seawater

tration gradient, the gradual changes in gncentrations

produce a time lag or a gradual shift in diffusion rates af- In the model, the metabolic activity of the coral has hardly
ter the light switches. In addition to the calcium-proton anti- any influence on seawater composition because the volume
transport, the pH in the calcifying fluid also responds to,CO of the seawater compartment is much larger than the polyp
diffusion by increasing pH in the light while decreasing it in and the fluxes are negligible compared to the large reservoir

the dark. of the growth medium. Concentrations of state variables in
the seawater compartment therefore do not change over time
3.2 Tissue (Figs.3-6a).

To assure calcium homeostasis in the cytoplaSaréfol 3.4 Coelenteron

1987, the rate of calcium uptake by the coral tissue is as-

sumed to be the same order of magnitude as the transpofithe uptake of calcium during the light period decreases cal-
rate of calcium from the tissue to the calcifying fluid. As cium ion concentrations in the coelenteron (F3g). Dur-

a consequence, the intracellular calcium concentration reing dark phases, calcium is resupplied via advective water
mains stable at about 0.5mM (Figb). For every calcium exchange between the coelenteron and the seawater com-
ion exported, alkalinity is reduced in the cytoplasm due topartments so that its concentration is restored towards back-
the import of two protons. However, since protons are in turnground values (10 mmol kg). The uptake of calcium by the
exported into the coelenteron, total alkalinity remains rela-coral tissue is simulated with a diffusive influx over a cal-
tively stable in the tissue throughout the simulation periodcium channel (Fig2, process 2). Calcium uptake from the
(Fig. 6b). The pH in the coral tissue slightly increases from coelenteron therefore does not decrease the pH as one might
around 7.2 to about 7.3 in the light period due to photosyn-expect because of the calcium-proton anti-transport. The coe-
thetic consumption of C®(Fig. 4b). In the dark, respira- lenteron pH increases in the light due to the decrease of CO
tory CO, production leads to a decrease in tissue pH. The(Figs.4c andsc), the reason being photosynthetic carbon fix-
observed range in coral tissue pH is in agreement with pHation and successive G@iffusion from the coelenteron into
imaging of calicoblastic epithelium cells€nn et al, 2009. the tissue. Respiration and proton transport from the tissue
Despite influencing the pH in the coral tissue, the addition (orinto the coelenteron decrease pH and total alkalinity in the
removal) of CQ does not affect total alkalinity. The respira- dark (Fig.6c).

tory release and photosynthetic consumption of, Cladw-

ever, can be noticed in the small DIC changes occurring in3.5  Calcification over time

the coral tissue (Fighb).
(Figpb) The light-dependent metabolic activity of the coral polyp

(i.e. the active transport of calcium and bicarbonate, the re-
moval of protons, and the suction of @@o the site of
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Table 2. Model parameters.

Variable Definition Value and unit Source

w exchange rate of advective transport 3min1 estimated

Dco, diffusion coefficient for CQ 28x103cms1 Sueltemeyer and Rinag&t996
VHCOsseny  Maximum uptake rate for bicarbonate (sea-tiss) 42.2 pmol pdiypin—1 estimated

VHCO3coel) maximum uptake rate for bicarbonate (coel-tiss) 42.2 pmol ﬁdypin_l estimated

VHCOsss ~ Maximum transport rate for bicarbonate (tiss-cali) ~ 42.2 pmol pohmin—1 estimated

kncos half-saturation constant bicarbonate transport 1.0mmdim estimated

Pca permeability of calcium channel Bx10%cms1 estimated

VCagiss) maximum transport rate for calcium (tiss-cali) 438.75 pmol Capolypin—1  estimated

kca half-saturation constant of calcium transport 1.0mmall Araki and Gonalez(1998
Hpump transport rate of proton pump per polyp 9.4 pnots estimated

Cphot net photosynthesis rate per polyp 40 umﬁﬁs‘l estimated

Cresp dark respiration rate per polyp 20 pmotrhs—1 estimated

S light switch 0 or 1 (dimensionless) defined

kp reaction rate for mineralization 1.61 umo‘ﬂ%hfl Burton and Waltef1990
n empirical reaction order 1.63 (dimensionless) Burton and Walte1990
\Olsea Volume of seawater compartment 1.86m estimated

Vol coel Volume of coelenteron 575x 107 2m3 estimated

\Volyiss Volume of tissue compartment per polyp 3533x 10~9m3 estimated

Vol calc Volume of calcifying fluid per polyp 110x 10 9m3 estimated

Table 3. Initial conditions of state variables fgrCO, scenarios at TA = 2300 umol kg

State variable 280 ppmv 380 ppmv 700 ppmv 1000 ppmv Unit

COy(sea) 7502x 1076  10181x 108 18755x10°% 26793x10°6 molkg 1
HCO3geq ~ 1599x 1073 1711x1073  1.905x 1073  1996x10°%  molkg™™

CO5cea) 2791x 1074 2353x 1074  1583x 1074  1218x1074  molkg~!
Hsea) 6.973x107° 8.847x107°  14639x107° 19948x10°° molkg~!
OHgeq) 6.243x10°% 4.920x10°®  2974x10°® 2182x10°®  molkg~!

B(OH)3(sea) 3421x107% 3.637x107%  4.009x 107  4.183x10™*  molkg™?
B(OH)jseay 1331x107% 1115x10°*  7.427x107°  5686x 10> molkg™™

photosynthesis) increases the concentrations of calcium and Calcification is limited in the light by the active trans-
carbonate ions in the calcifying fluid, thus increasing the sat-port rates of calcium and bicarbonate and by the consequent
uration state of calcium carbonate. In the model, the precipiincrease in aragonite precipitation, which leads to a quasi-
tation and dissolution of aragonite only depend on the aragsteady-state between transport and precipitation that deter-
onite saturation state in the calcifying fluid (E§12). As mines maximum concentrations of calcium and carbonate
shown in Fig.7, the increase of the calcification rate during in the calcifying fluid. While aragonite precipitation follows
light exposure is the result of the active metabolic regula-passively the increase in calcium and carbonate concentra-
tion of the ion composition in the calcifying fluid. Only when tions, the concentrations of calcium and carbonate in the cal-
light is switched off and the ion transport mechanism is in- cifying fluid depend only on active transport rates and,CO
active, mineralization of aragonite depletes calcium and cardiffusion.

bonate and the calcifying fluid approaches equilibrium with

the mineral phase (Fig’). Note that calcification does not 3.6 Calcification over pCO»

stop entirely in the dark. C&diffusion, due to polyp respi-

ration in the dark, acts as a source of DIC to the CalCifying Since one of the aims of our study is to investigate
fluid, thus never allowing the calcifying fluid to reach the how changes in seawater carbonate chemistry affect coral
equilibrium with the mineral phase. Calcification rates vary po|yp calcification, we performeﬂcoz perturbation exper-
between 0 and 2 mmol Cathd™* (Fig. 7). iments at atmospheripCO; levels of 280, 380, 700, and
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Fig. 6. Simulated total alkalinity over time (black lines) in the four e e

model compartmentsA(= seawater;B =tissue; C = coelenteron; 4.1 Se_n_s_ltlery of coral calcification to ocean

D = calcifying fluid). Light periods range from 0 to 420 s and from acidification

840 to 1260 s. The dark period is between 420 and 840ss.

This study addresses the questions of how and why coral cal-

cification is influenced by CO, changes in seawater. 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 seawate€0O, (Fig. 8),

as also observed in several other experimental stu@at (

tuso et al. 1998 Marubini et al, 2008 Holcomb et al.

005355 "T00 600800 1090 1300 1200 201Q McCulloch et al, 2012). This result, together with the
seconds good representation of the short-term lab-experimentsd-of

Fig. 7. Net calcification rate over time. Light periods range from 0 Horani et al (2003, suggests that the model is based on rea-

t0 420's and from 840 to 1260 s. The dark period is between 420 angon@ble assumptions and is able to capture the most relevant
840s. processes involved in coral calcification.

As explained in the methods section, the paracellular path-
way for ion exchange between the seawater and the calcify-
1000 ppmv. For each scenario, we run the model as describeidg fluid has not been considered in this study. The connec-
in the reference run (Fig) and calculate the average calcifi- tion between the calcifying fluid and the growth medium is
cation rates over the whole simulation period. Average coralrealized via free diffusion of C®over cell membranes and
polyp calcification decreases with increasip@O, in the through the cells of the polyp tissue. In addition to £diffu-
growth medium (Fig8) despite the strong metabolic control sion, we considered a bicarbonate transporter from the sea-
of the calcifying fluid. These results are in accordance withwater into the tissue and from the tissue into the calcifying
other experimental studies showing decreasing calcificatiorfluid, as proposed b¥furla et al.(2000. With rising atmo-
rates with increasingCO, (e.g.Gattuso et a).1998 Maru- sphericpCO,, more CQ diffuses from the growth medium
bini et al, 2008 Holcomb et al. 201Q McCulloch et al, to the calcification site and bicarbonate transport increases
2012. slightly. When calcium transport to the calcification site is
In the model, the calcifying fluid is not directly connected fixed in the different scenarios, the increased supply 0 CO
to seawater and we assume no active transport @T:O and HCQ changes the carbonate chemistry in the calcify-
Hence, the decrease of polyp calcification with increasinging fluid and decreases the concentration of carbonate ions,
pCO, cannot be explained by the decrease of carbonate iomltimately altering the overall calcification rate (FR).
concentrations (i.e. lower saturation state) in the seawater The basic physiological mechanisms and pathways con-
compartment. The simulated saturation state in the calcify-sidered in the model are based on first principles and chemi-
ing fluid, however, decreases with increaspgO,. Therel-  cal reaction kinetics. Therefore, relative to the very short time
ative decrease in carbonate ion concentrations in the calcifyscales considered, the model reproduces the experiments by
ing fluid is caused by elevated diffusion of @®om seawa-  Al-Horani et al. (2003 with good accuracy. The inorganic
ter through the coral tissue into the calcifying fluid. carbonate chemistry is not affected by major uncertainties
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(Zeebe and Wolf-Gladrow2001;, Riebesell et a].2009 and transport mechanism in cell physiology (see d&tsola et al,
even the mechanisms of active calcium transport into the cal2000).
cifying fluid are relatively well understoody( et al, 1991 When calcification increases during the light period, the
MacLennan et al.1997 Allemand et al. 2004 Zoccola  carbon sinks exceed carbon supply and DIC concentrations
et al, 2004. The pathway of carbon transported into the cal- in the calcifying fluid decline already way before light is
cifying fluid, however, is still a matter of debatMérubini switched off (Fig.5d). The maintenance of continuous cal-
et al, 2008. Furla et al.(2000 proposed the involvement of cification is therefore the result of a fragile equilibrium be-
an anion exchanger that we included in our model. tween carbon supply and calcium-proton anti-transport in the
Since CQ diffusion over cell membranes is a passive pro- coral polyp.
cess, the observed functional dependence of calcification on It is presently unclear if a paracellular pathwaanbuté
pCO;, should be similar in most calcifying organisms. How- et al, 2011 2012 plays a role in the transport of calcium and
ever,Ries et al.(2009 showed a huge variability in the re- carbon into the calcifying fluid, and, if so, to which extent.
sponse of different calcifiers wCO, changes. These include Given these uncertainties, this pathway was not considered
linear increase with aragonite saturation state, increase up tim our study. The model, however, appropriately captures the
a maximum saturating level, non-linear responses, and linobserved changes in calcium concentrations and in pH in the
ear decrease to increasify Metabolic activity, i.e. respi- calcifying fluid, possibly suggesting a negligible role for the
ration and photosynthesis, strongly affects O, in the paracellular pathway.
microenvironment of the calcification site and the transport
rates of calcium and bicarbonate into the calcifying fluid 4.3 Carbonate chemistry and initial conditions
most likely differ among organismd&R{es 2011). The rela-
tive contribution of active ion transport and gdiffusion The model qualitatively reproduces the observed time evolu-
into the calcifying fluid might also lead to different calcifi- tion of calcium concentrations and pH in the calcifying fluid
cation responses to changipgO,. This relative contribu-  (Figs. 3 and 4). The simultaneous changes in pH and cal-
tion is influenced by morphological differences among or- cium concentrations are coupled due to the calcium-proton
ganisms (for example different sizes of the calcifying fluid). antiport. Changes in pH, however, can be buffered by the
Our model has been parameterized following a specific ex-carbonate chemistry in the calcifying fluid. The initial con-
periment with a specific coral species. Different parameterditions in DIC content and TA in the calcifying fluid strongly
values would therefore be required for studying calcificationaffect the time evolution of calcium and pH. Although no

in other coral species. direct observations are available on DIC and TA in the cal-
cifying fluid, the high sensitivity of our model to changes in
4.2 Carbon supply to the calcifying fluid these variables provides strong constraints for inversely cal-

culating their values in order to explain the observed changes

Elevated CQ diffusion can explain the decrease in coral in [Ca?t] and pH (see Tablé for initial values).
polyp calcification at elevated seawatpCO,. However, The same applies to the other model compartments. DIC
CO;, diffusion alone is not sufficient to provide all the carbon and TA in the cytoplasm of the tissue, for example, are
that enters the skeleton. When in the model,Qiiifusion not known. Only intracellular pH has been determined in
is considered to be the only carbon source to the calcifyingthe range 7.1-7.4Vénn et al, 2009. Because the ocean
fluid, we find that calcium carbonate precipitation depletescarbonate system (dissolved g®HCQO;, CO%‘, DIC, TA,
DIC to very low concentrations and calcification rates be- pCO2, and pH) has two degrees of freedodedbe and
come very low. This result is consistent with the decrease inWolf-Gladrow, 2001), the whole carbonate system can be
calcification rates when anion exchangers in coral polyps are€alculated from any two parameters, but not from just one.
inhibited Furla et al, 2000. Calcification thus becomes car- The system is therefore underdetermined and the combina-
bon limited and calcium ions accumulate to unrealistically tion of DIC and TA in the coral tissue had to be guessed.
high concentrations. We therefore propose thab Cfu- The time dependence of the pH signal provides further con-
sion alone is not sufficient to sustain observed calcificationstraints on TA and DIC in the coral tissue because the buffer-
rates and that an additional mechanism must exist to supplang capacity of the carbonate chemistry affects the rate of pH
ment carbon into the calcifying fluid. changes and therefore the range in the pH signal. DIC and

Our conclusion is supported by the fact that the modelTA can then be constrained by the assumption that tissue pH
(1) correctly reproduces the observed changes in calcifyinganges between 7.1 and 7Vefn et al, 2009.
fluid pH and calcium ion concentrations (Figsand4) and
(2) shows a sustained calcification only when bicarbonate4.4 Metabolic regulations and temperature
transport in symport with protons is considered. In principle,
these observations might be appropriately reproduced als@he controlled conditions ofl-Horani et al. (2003’s ex-
by assuming a carbonate ion transporter, but a bicarbonatperiments and the actual observations represent strong con-
transporter is much more likely because this is the typicalstraints for our model. The composition of the seawater
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medium and temperature were not changed over investiga2000, we propose that this mechanism is represented by a

tion time and light was simply switched on and off without bicarbonate transporter.

altering the intensity. In the model, these conditions are sim- Our model shows that the decrease in coral calcification

ulated by changing between photosynthetic,Gi®ation in with raising seawatepCQO; is a result of increased diffu-

the light and respiratory COproduction in the dark. More- sion of CG through the polyp tissue into the calcification

over, active ion transport is assumed to take place only dursite and may not depend on the abundance of carbonate ions

ing light exposure. This is of course a strong simplifica- in the growth medium as proposed, for example, for coccol-

tion. While irradiance instantaneously triggers photosynthe-ithophores Gehlen et a].2007). The model further provides

sis in the symbiotic zooxanthellaGéttuso et a).1999, the  additional information on changes in DIC and TA occurring

metabolic machinery of the coral polyp will most probably in the calcifying fluid that could not be obtained otherwise.

react gradually to abrupt changes in light conditioRar{a

et al, 2000. This might be taken into account by resolv- )

ing metabolic regulations of the coral polyp, for example by Appendix A

considering a dynamic energy pool that controls the activ- )

ity of ion transport proteins and/or variable pools of func- Model equations

tional proteins and energy-rich metabolites. Dynamic energy. . .

pools may lead to an improved representation of the data an;jrhe model equations can be generalised as follows:

improve the model’s ability to predict the coral's response y(1) = v(t) (A1)

to combined changes in environmental conditions such as,

light, temperature, nutrition, and carbonate chemidigy- Y = f@) (A2)

pas et al. 1999. These pools are, however, extremely diffi- () =M x r(), (A3)

cult to constrain due to lack of quantitative observations.
The nutritional status of corals probably also affects the

metabolic activity and thus ion transport in the polyps. As

observed in our model, the activity of the ion transporters

strongly affects the calcification rate (Fig). The experi- assigned to the state variables and, under consideration of

ments byAl-Horani et al. (2003 are, however, run over a .
short time period so that the protein content of the polylocompartment volumes and surface areas, are summarized to
the net fluxes, i.e. the time derivativaes(r), of the function,

can be assumed to remain unchanged during simulation time.
The nutritional status of the coral is therefore not relevant to” (1), to be solved.
ourstudy. Al State variables

The interaction between the polyp host and the algal sym-
bionts may also become important when considering temperstate variables are defined as follows.
ature effects on coral calcification. High temperatures induce

wherev(z) is the vector of state variableg,(¢) is the flux
vector that is defined by the product of the reaction vec-
tor, r(¢), in which all single reactions are mathematically
defined, and the flux matridy, in which the reactions are

e : - C A - C .
the rejection of symbionts by the polyp, a process known as Hcocz,isea Hcocz;*coeD
coral bleachinglglesias-Prieto et 311992 Douglas 2003 s o
Anthony et al, 2008. Changing temperatures will also af- Hf(sea Hf“"eb
fect the speed of the reactions in the carbonate system and vag=| o ;f_ea ‘ve.19=]| O l;c_oen
possibly the activity of polyp enzymes and the respiration ‘ ch;(S::a T HZO((CCO;;)D
processedarshall and Clode2004). Since ocean acidifica- B(OH)ycea B(OH) 3 coe)
tion is expected to co-occur in concert with global warming, B(OH)3sea B(OH)3(coe)
studies aiming to understand the combined effects of chang- L cdls | Cfley
ing temperature and seawater carbonate chemistry are highly - co, _  COcaly ]|
. (tiss) _
desirable. HC O3 gss HCO(Za(cm
- (olo’m
Cog(tiss) Hi(calc)
H(+tiss) Ol—(ﬁ;‘l@ A4
. V(17:24) = OH: JV(25:33) = (caly
5 Conclusions (A7:29 (19 (25:33 H20(calo (A%)
HZO(tlss) B(OH);
. . . . . B(OH)Z(t' ) Acalo
Our modelling study is a mechanistic investigation of coral B(OH)3teg B(OMscalo
physiology and potential pathways of ion transport to the cal- | Cdiy Cfc%lo
L (calo _|

cification site. We showed that G@liffusion to the calcify-
ing fluid alone is not sufficient to sustain the observed calci- The indices (sea), (coel), (tiss), and (calc) refer to the
fication rates. An additional mechanism is required to trans-compartments of seawater, coelenteron, tissue, and calcify-
port carbon into the calcifying fluid. Followingurla et al.  ing fluid, respectively.
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A2 Reactions three different pathways and therefore assigned different in-
dices according to the compartment from which bicarbonate

The chemical reactions of the carbonate system in seawatgg removed. The half-saturation constatico,, is set to be

are calculated according #eebe and Wolf-Gladro200)  equal for all three reactions. As active transport is assumed

using 14 equations with 14 reaction ratesof the back—,  to only occur during light exposure, the Michaelis-Menten

and forward,+, reactions. The reaction rates are assignedkinetics are multiplied with a facto, which acts as a light

as described in Table 2.3.1, p. 110, Zeebe and Wolf-  switch and is either O or 1, depending on light conditions.
Gladrow (2001). The carbonate chemistry is calculated in

each model compartment. For Reactions (1)—(14), the index 5.<VH003<sea ‘ Hfoa(sea>
of the involved chemicals refers to the seawater compart- #HCO *HCO5(sea
ment, () = (sea), whereas for Reactions (15)—(28), (29)~(42).r ¢g. 70 = S_(VHcoz,moeu '”fos(coen> (A8)
and (43)—(56),i) = (coel), {) = (tiss), and{) = (calc), respec- *HCo3 10 coe)
tively (Eg. A5). S'<VHCOS(tiss) ‘Hcoinss))
_ Koz - COn kHC Oy HHCO3 s,

— + . . . ep .
’;—1'22203“') 6:@ Calcium transport from the tissue into the calcifying
T G fluid is also realized following Michaelis-Menten kinetics

k_4 - HCO, :
e B ok, L (Eq.A9). The entrance of calcium from the seawater and the
o :éo o coelenteron into the tissue is assumed to be mediated by a

OF  HeO- 'OH_ gated channel that uses the concentration gradient to let cal-
T(1:14) T (15:28): F(29:42): T(43:56) = |  *° so =70 1 (AS)  cjum ions diffuse into the cells. Multiplication with the light

KOH™ . coZ; : . )
ke switch, S, turns the transport on and off, according to light
k= - Hi, - OHG) situations.
ky7 - B(OH)g;) - OHg,)
k-7 - B(OH)y) S Pea (C sea—C tlss))
kg - CO5j) - BOH) ran.a = S- Pca (C coe) C%nss)) (A9)
k—g - BOH),;, - HCOg,) | 3(2
. B S. VCatisy * “Atisy
The flux of advective exchange of state variables between Thearcdng

seawater and coelenteron is assumed to linearly depend on
the concentration gradient between the two compartments
with a constant exchange rate(Eq. A6).

The decrease of coelenteron pH in the dark suggests the
activity of a proton pump that acidifies the medium in the
coelenteron during night for feeding and digestidgdstini

[ @ (COxsea=COucom) 7] etal, 2012. For simplicity, we assume a constant rate of pro-
@ - (HCO3 564 ~HCO3c0)) ton transport from the tissue to the coelenteron in the dark.
Cco%, ,—C
( (3(sea 3(c0)el)) raa = [ A=S) - Hpump] (A10)
o - (Hig—HE
(sea (coe) . . . .
r(s7:64) = e (A6) Photosynthesis and respiration are implemented as con-

(OH(Sea OH(’weD)

stant fluxes of either consumption or production of Q@
w-(B<OH>3<sea B(OH)3(coe)) P P .

_ (B(OH)* _BOH)- ) the coral tissue. The constant rat€gpot andCresp are mul-
¢ Ased 4coed tiplied with the light switchS, or 1— S, to assure that pho-
L (C seaC coel)) tosynthesis occurs only during light phases and respiration

Diffusion of CO, over compartment boundaries is param- only occurs in the dark (Ecp11).

eterized according to Fick’s first law of diffusion, i.e. is as- [ S Coht A11
sumed to be driven by the concentration gradient op@ad " (75:76 = [(1—8) : Cresp] (A11)
the diffusion coefficient of C@over eukaryotic cell mem-  caicification is implemented according to the equation

branes, Bo, (Eq. A7). CO;, diffusion is considered over proposed byBurton and Walte¢1990 (Eq.A12).
three boundary layers, the polyp surface facing the seawa-

ter, the surface facing the coelenteron, and the layer facing (77 = [%» - (Qca—1"] (A12)

the calcifying fluid. The saturation state of the calcifying fluitcaic), with

Dco, - (COzsea—COxtiss)) respect to aragonite, is defined by the ion product of calcium
I 65:67) = |:D002 : (COZ@OGD_COZWSS))} (A7) and carbonate, divided by the solubility product of aragonite,
Deo, - (COziss ~COzcalo) K, (Eq. A13). K, of aragonite is calculated according to
Active bicarbonate uptake and transport over the threezeebe and Wolf-Gladro2003).
boundary layers of the polyp tissue are parameterized to fol-
low simple Michaelis-Menten kinetics (E48). The max- C calc) C 3(calo

. . Al3
imum rate, Vicos,,, can be assumed to be different for the (calo = K, (AL3)
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