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ATP Supply May Contribute to
Light-Enhanced Calcification in
Corals More Than Abiotic
Mechanisms

Giovanni Galli™ and Cosimo Solidoro "2

" Department of Oceanography (OCE), National Institute of Oceanography and Experimental Geophysics (OGS), Sgonico,
Italy, 2 International Centre for Theoretical Physics (ICTP), Trieste, Italy

Zooxanthellate corals are known to increase calcification rates when exposed to light,
a phenomenon called light-enhanced calcification that is believed to be mediated
by symbionts’ photosynthetic activity. There is controversy over the mechanism
behind this phenomenon, with hypotheses coarsely divided between abiotic and
biologically-mediated mechanisms. At the same time, accumulating evidence shows
that calcification in corals relies on active ion transport to deliver the skeleton building
blocks into the calcifying medium, making it is an energetically costly activity. Here
we build on generally accepted conceptual models of the coral calcification machinery
and conceptual models of the energetics of coral-zooxanthellae symbiosis to develop
a model that can be used to isolate the biologically-mediated and abiotic effects of
photosynthesis, respiration, temperature, and seawater chemistry on coral calcification
rates and related metabolic costs. We tested this model on data from the Mediterranean
scleractinian Cladocora caespitosa, an acidification resistant species. We concluded
that most of the variation in calcification rates due to photosynthesis, respiration and
temperature can be attributed to biologically-mediated mechanisms, in particular to the
ATP supplied to the active ion transports. Abiotic effects are also present but are of
smaller magnitude. Instead, the decrease in calcification rates caused by acidification,
albeit small, is sustained by both abiotic and biologically-mediated mechanisms.
However, there is a substantial extra cost of calcification under acidified conditions.
Based on these findings and on a literature review we suggest that the energy aspect of
coral calcification might have been so far underappreciated.

Keywords: corals, calcification, light-enhanced calcification, biological control, calcification cost, calcification
model, temperature, acidification

INTRODUCTION

Marine organisms sensitivity to acidification and warming is a matter of several physiological
processes being concomitantly affected, as argued by Pértner (2008). Despite the huge research
effort seen in recent years, biocalcification response to environmental parameters remains an
elusive topic, as stated by Allemand et al. (2011) in an extensive review on coral calcification; that
review opens with two quotes, written almost one century apart by scientists engaged with coral
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calcification, both advocating that the key to understand
biocalcification lies in the interactions between the living parts
of the coral and the skeleton, an aspect that is still sometimes
overlooked in many research studies.

Coral calcification is an energy demanding process: Al-
Horani et al. (2003) and Venn et al. (2011) demonstrated that
scleractinian corals actively regulate the chemical properties
(pH, Ca** concentration) in the extracellular calcifying medium
(ECM, the sub-micrometric interface between coral soft tissue
and skeleton, from which the skeleton is secreted) in order to
favor calcification, and active regulation requires an energetic
investment. Recent studies uncovered several energy demanding
physiological processes involved in coral calcification. There is
evidence that Ca?* ions are supplied to the ECM via an active
transcellular pathway involving Ca-ATPase active membrane
transport proteins that would simultaneously remove protons
from the ECM (Barott et al., 2015a; Zoccola et al., 2015).
Alternatively, protons may be removed from the ECM by an
independent proton pumping mechanism (Jokiel, 2011; Ries,
2011), possibly an H-ATPase of the same kind used to acidify the
medium where zooxanthellae are located (Barott et al., 2015b).
Carbon, on the other hand, may reach the ECM trough passive
bicarbonate anion transports (BAT) of the SLC4 family (Barott
et al., 2015a; Zoccola et al., 2015). Barott et al. (2015a) however,
also suggest that HCO; transport trough BATs may be driven
by the co-transport of Sodium that may reach the ECM through
an active Na/K-ATPase pump, thus making also carbon delivery
costly. However, there is also evidence that not all corals may have
evolved the same physiological pathways and mechanisms to
control calcification (Barott et al., 2015a; Le Goff et al., 2017), s0 a
complete description of all the processes involved in calcification
in corals is still missing.

Corals, through their metabolism, allocate some part of the
energy they obtain from heterotrophic feeding and zooxanthellae
photosynthesis to calcification (Dubinsky and Jokiel, 1994;
Houlbreque and Ferrier-Pages, 2009; Tremblay et al., 2012, 2013)
and convert it to skeletal material, i.e., calcium carbonate and
organic matrix (OM). The ratio of energy invested to skeleton
deposited is the [unitary] metabolic cost of calcification. Many
studies dealt with proposed metabolic costs of calcification
(Anthony et al., 2002; McCulloch et al., 2012; Hohn and Merico,
2015). The exact value of such cost is in fact unknown (Allemand
et al., 2011). The only experimental estimate to date was carried
out by Palmer (1992) on a mollusc and yielded an estimated cost
of 100-200 kJ/mol. More recently the cost of calcification has
been identified with the difference in chemical potential between
coelenteron and ECM (about 3-6 kJ/mol, McCulloch et al., 2012),
the Gibbs free energy of ATP hydrolysis needed to fuel membrane
transport proteins (about 30 kJ/mol, Anthony et al., 2002) or the
Gibbs free energy of ATP hydrolysis needed to fuel membrane
transport proteins, but also with contributions from passive
transport mechanisms (about 20 kJ/mol, Hohn and Merico,
2015). Though, these values may be underestimated since they
do not account for the inefficiencies that any real life transport
process entails. Furthermore, it could be argued that if the cost of
building one mole of skeleton was that low [specific enthalpies
of combustion of carbohydrates, lipids, and proteins are, by

comparison 473, 611, and 543 kJ/mol respectively, (Gnaiger,
1983)], many calcifiers would face little trouble in compensating
for acidification effects. Jokiel (2011) proposed that the observed
effects of acidified seawater on coral calcification are mediated
by diffusion limitation of net HT transport away from the coral.
This is similar to the argument from Cohen and Holcomb (2010)
that under acidified conditions corals must spend more energy to
remove protons from the calcifying medium in order to maintain
calcification rates. These arguments point at an increase in the
cost of calcification, or a reduction in efficiency, under acidified
conditions.

To understand how calcification is affected by the surrounding
environment it is crucial to understand how corals allocate
energy to calcification. The problem is not trivial as it involves
both the coral host physiological activity and that of its algal
symbionts, which are also involved in the phenomenon of
light-enhanced calcification (LEC). Higher calcification rates [3x
on average, Gattuso et al.,, 1999; Moya, 2006] are consistently
observed during daytime and this effect is believed to be mediated
by symbionts photosynthetic activity (Gattuso et al., 1999;
Allemand et al., 2011). LEC is an highly debated topic and various
non-mutually exclusive hypotheses exist (reviewed in Gattuso
et al,, 1999; Allemand et al., 2011). All the hypotheses can be
coarsely grouped into the two categories of biologically-mediated
and abiotic mechanisms.

Abiotic explanations (i.e., directly mediated by inorganic
chemistry) concern photosynthesis altering the carbon budget in
the coelenteron, producing changes in chemical gradients that
eventually affect carbonates deposition (Cyronak et al., 2015;
Cohen et al., 2016).

As far as biologically-mediated mechanisms are concerned,
photosynthesis would enhance calcification by providing energy
and/or material for skeletogenesis. For instance, there is
evidence that OM plays a structural role in skeleton formation
(Allemand et al., 2004; Puverel et al., 2005; Bertucci et al., 2015;
Takeuchi et al., 2016; Von Euw et al, 2017); photosynthesis
may thus enhance calcification by providing energy and/or
precursors for OM synthesis (Bertucci et al., 2015). Also, some
authors mention the energetic coupling between symbionts
and host as a possible cause of LEC, either directly as
increased ATP production stimulated by the translocation
of photosynthate to the host, (Goreau and Goreau, 1959;
Chalker and Taylor, 1975) or indirectly as photosynthetic
oxygen production enhancing respiration rates (Al-Horani et al.,
2007).

Besides light, also other major environmental parameters
are believed to play crucial roles in calcification: seawater
carbonate chemistry and temperature; and both are believed
to act in a 2-fold fashion on the process of calcification,
with biologically-mediated and abiotic effects: Temperature
is clearly a major determinant of metabolic rates (Coles
and Jokiel, 1977), but it also has effects on carbonate
chemistry, including calcification rates which are favored at
high temperatures. Seawater carbonate chemistry is often
considered as a major determinant of chemical gradients
within the coral, in fact acidification effects on calcification are
mostly ascribed to abiotic mechanisms (Cohen and Holcomb,
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2010; Jokiel, 2011); however, carbonate chemistry could also
affect photosynthesis (which may be carbon-limited) and
respiration (which may be depressed in case of hypercapnia,
Portner, 2008), although on this matter conflicting evidence is
observed, e.g., in Schneider and Erez (2006) vs. Comeau et al.
(2017).

Syntrophic symbioses, like the one that happens in many
coral species, can be conceptualized in the light of host and
symbiont energetics, as done in the syntrophic symbiosis models
developed by Dubinsky and Jokiel (1994) and Muller et al.
(2009). In these models zooxanthellae produce an excess of
photosyntate that is translocated to the coral host and it thus
represents additional energy available for whatever metabolic
purpose must be fulfilled, whilst (in the Muller et al., 2009
model) the coral host supplies its symbionts with waste material
(nutrients) that serve as substrate for algal photosynthesis.
The interesting outcome of this setup is that, although the
regulation mechanism is entirely passive, it suffices to obtain
a stable relationship; furthermore, this relationship shifts from
mutualism to parasitism as environmental conditions change,
thus providing also a candidate trigger for bleaching events.

We believe the key to understand the mechanisms involved
in LEC, and in environmental control of calcification in general,
lies in the energetic coupling between coral and zooxanthellae
metabolism and calcification. It is however also likely that purely
abiotic mechanisms play a major role in determining calcification
response. Arguably both abiotic and biological phenomena may
be relevant and it would be interesting to be able to discern
the effects. The experimental results from Al-Horani et al.
(2003) and Venn et al. (2011) and the conceptual model of the
calcification physiological machinery from McConnaughey and
Whelan (1997) opened the gates to a deeper understanding of
the cause and effect mechanisms that regulate coral sensitivity to
acidification. Still lot though remains to be understood; the small
spatial and temporal scales of the processes involved make many
possibly useful experiments impractical: the carbonates system
is completely determined with any two of its variables, though
measuring such variables in micrometric or sub micrometric
spaces (like ECM and coelenteron) is demanding, so that to date
not all the details of coral internal chemistry are known.

Models represent a viable way to test existing hypotheses
and suggesting new experiments. Hohn and Merico (2012,
2015) compared different conceptual models of coral calcification
to determine which one produced the best agreement with
the experimental results from Al-Horani et al. (2003). The
authors found the model that performed better was the one
that incorporated all three of the proposed metabolic pathways
(active transport, paracellular diffusion, transcellular diffusion)
involved in calcification. Coincidently it was also possible to
test hypotheses on the contributions of the different metabolic
pathways to calcification: in their model calcium reaches the
skeleton mainly through the active pathway and carbon trough
transcellular CO, diffusion, whilst through the paracellular
pathway skeleton building blocks diffuse back from ECM to
coelenteron.

Nakamura et al. (2013) used a similar model to test the
plausibility of the oxygen hypothesis (Allemand et al, 2011)

for light-enhanced calcification (LEC), concluding that oxygen-
boosted respiration may be responsible for the increase in
calcification during daytime.

Here we propose a model of coral calcification built on
the conceptual schemes developed in McConnaughey and
Whelan (1997), Hohn and Merico (2012, 2015), Nakamura
et al. (2013), and implement realistic kinetics of active trans-
membrane transport (Smith and Crampin, 2004). The model
is applied on an experimental dataset for the Mediterranean
coral Cladocora caespitosa (Rodolfo-Metalpa et al., 2010) and
used to (1) compare the biologically-mediated and abiotic
contributions to calcification due to temperature, metabolic rates
(photosynthesis and respiration), and seawater chemistry and
(2) assess the cost of calcification and its response to external
parameters and physiological rates. In defining biologically-
mediated effects we focus here on the energy (or ATP)
hypothesis (Goreau and Goreau, 1959; Chalker and Taylor,
1975) and neglect other hypothesizes mechanisms, (e.g., supply
of precursors for skeletal organic matter synthesis, oxygen
limitation).

MATERIALS AND METHODS

Case Study
The model is applied on the dataset provided in Rodolfo-

Metalpa et al. (2010). This very valuable study assessed the
differential influence of temperature and pCO, on the metabolic
rates (gross photosynthesis, dark respiration, calcification) in the
Mediterranean coral C. caespitosa. The data set constitutes of
four treatments: (1) Baseline temperature (according to replicate)
and baseline pCO; (400 ppm), (2) Baseline temperature and
increased pCO; (700 ppm), (3) Increased temperature (+3°C
with respect to the corresponding baseline temperature replicate)
and baseline pCO;, (4) Increased temperature and increased
pCO;. Each treatment comprises six replicates assessed in
different seasons. For this study only the summer and winter
replicates were used because both gross photosynthesis and
dark respiration were measured. A table of the experimental
conditions used in the model is provided in Table 1.

Model Description

Model Topology, State Variables, and Scales

This model’s rationale is to follow the transport and reaction
of the chemical species and metabolic fluxes physiologically
relevant to biocalcification (either in a direct or indirect way)
from seawater to coral skeleton trough compartments within
the coral living body. We make the simplifying assumption
(after Nakamura et al., 2013) that seawater is separated from
the skeleton by two consecutive compartments: the coelenteron
and the calcifying medium (ECM). Here we hypothesize
that (1) mass transfer processes happening through the oral
tissue, between seawater and coelenteron, can be neglected
because advection rates through the coral mouth should be
much larger, and (2) mass transfer processes through various
layers within the aboral tissue, between coelenteron and
ECM, are in series, hence limited by the least permeable
layer which, we assume, is the interface between calicoblastic
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TABLE 1 | Experimental data from Rodolfo-Metalpa et al. (2010) used in this study, calcification rates are measured with the alkalinity anomaly technique.

Treatment Temperature TA DIC pH Gross photosynthesis Dark respiration Calcification

°C wmol kg‘1 pmol kg‘1 - nmol cm~2 h~1 nmol cm=2 h~1 nmol cm=2 h~1
a 21.7 2,538 2,201 8.06 0 —606.618 102.7
b 21.7 2,538 2,201 8.06 1455.883 —606.618 247.8
c 13.4 2,540 2,262 8.1 0 ~121.324 36.4
d 13.4 2,540 2,262 8.1 165.4416 —-121.324 80.2
e 24.5 2,541 2,203 8.01 0 —816.176 143.3
f 24.5 2,541 2,203 8.01 1655.147 —816.176 266.8
g 16.4 2,540 2,254 8.06 0 —595.588 45.2
h 16.4 2,540 2,254 8.06 1113.97 —595.588 101.2
i 21.7 2,543 2,317 7.87 0 —452.206 99.7
i 21.7 2,543 2,317 7.87 1466.916 —452.206 232.0
k 13.4 2,538 2,378 7.87 0 ~121.324 35.0
| 13.4 2,538 2,378 7.87 341.912 ~121.324 71.8
m 24.5 2,546 2,315 7.84 0 ~716.912 106.3
n 24.5 2,546 2,315 7.84 1731.622 ~716.912 241.0
o 16.4 2,545 2,374 7.85 0 —419.118 42.4
p 16.4 2,545 2,374 7.85 694.853 —419.118 108.4

The chemical species considered are the Ca** ion and those

T [DIC, TA, Cal. pertaining to the carbonates system. The reported presence of the

Jsw-coel Seawater enzyme carbonic-anhydrase, which speeds up the equilibration

Coelenteron of the carbonates system, in corals’ ECM (see (Bertucci et al.,

2013) for a review) may hinder the validity of kinetics derived for

Jpg,ate seawater (Zeebe and Wolf-Gladrow, 2001), whilst, at the same

Pg time, suggests that the carbonate system should be reasonably

D e CO, sys. close to equilibrium within the model compartments. Given this

' reasoning and due to the fact that the whole carbonate system

has two degrees of freedom (i.e., is completely determined by
[DIC, TA, Calcel . . .

3 any two of the variables involved), we chose as state variables

== to describe the carbonate system the two conservative quantities

—RJ—> dissolved inorganic carbon (DIC) and total alkalinity (TA), as

R;PlC done in Nakamura et al. (2013), and use equilibrium relations (as

8 explained later in this section) to calculate the other (dependent)

% o £ state variables: HY, OH™, CO,, HCOj, and CO} ™. Whenever

J . AZH* ,_a\ T 3 T . some process involves the dependent state variables, the resulting

ATP, Ca-ATPase o> = - flux is converted in DIC and/or TA fluxes as explained through

e HCO¢ i l this section. All transport processes are computed per unit

Vi surface area and the growth of the colony is not resolved. As

[DIC, TA, Calecm

CO, sys.
Ca2*+CO5>
Jcacos ECM
i Skeleton

FIGURE 1 | Model's conceptual scheme portraying compartments, main state
variables, and fluxes.

epitelium and ECM. A scheme of the model is provided
in Figurel, all model parameters and sources are listed in
Table 2.

proposed in Galli et al. (2016) the massive growth shape of C.
caespitosa would ensure that vital rates do not depend colony size.

Carbonate System Equilibria and Physico-Chemical
Constants
The components of the carbonate system, HT, OH™, CO;,
HCOy3, and CO?, are calculated in each compartment from
DIC, TA, temperature and salinity, assuming that chemical
equilibrium is reached at each time step, according to the
equilibrium relations in Zeebe and Wolf-Gladrow (2001). For the
sake of simplicity, we consider just the carbonates’ contribution
to alkalinity and neglect, e.g., borates.

The carbonic acid dissociation constants, K; and Kj, and
solubility product of water, Ky, are calculated from temperature
and salinity according to Millero (2007). Aragonite solubility
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TABLE 2 | All model parameters and sources.

Parameter Description Value Units Source

hcoe Coelenteron height 3000 um Nakamura et al., 2013
hecm ECM height 5 um Nakamura et al., 2013
kp Aragonite precipitation rate constant 1.10E-03 umol cm=2 s~ 1 Burton and Water, 1990
Np Aragonite precipitation rate constant 1.63 - Burton and Water, 1990
Ky Aragonite dissolution rate constant 2.70E-02 umol cm~2 s~ Walter and Morse, 1985
ng aragonite dissolution rate constant 25 - Walter and Morse, 1985
Hop Energetic equivalent 473 kJ mol~1 Gnaiger, 1983

AGaTP Gibbs free energy of ATP hydrolysis 30.5 kJ mol~! -

- Respiratory quotient 1 molc molo; -

Sal Salinity 38.1 psu Rodolfo-Metalpa et al., 2010
kco2 COp permeability constant 1.94E-056 cms™! Estimated

Kpp Paracellular pathway permeability 7.35E-04 cms™! Estimated

s Diffusion coefficient 0.013 cms™! Estimated

o Fraction of Pg allocated to calcification 0.28 - Estimated

B Fraction of R allocated to calcification 0.1 - Estimated

VH ¢ Proportionality constant (Ca-ATPase) 106.53 cms™! Estimated

EOc Ca-ATPase concentration 2.79E03 umol cm—2 Estimated

kifs Ca-ATPase rate constant 26.91 cm# s umol—2 Estimated

k2f¢ Ca-ATPase rate constant 89.67 g1 Estimated

k3f¢ Ca-ATPase rate constant 116.00 g1 Estimated

k1bc Ca-ATPase rate constant 1.37 cm?2 umol~! Estimated

k2bc Ca-ATPase rate constant 92.16 s! Estimated

k3be Ca-ATPase rate constant 0.025 cm? s umol—2 Estimated

EOp BAT concentration 0.48 umol cm—2 Estimated

k1fp BAT rate constant 0.0093 cm3 umol~1s~! Estimated

k2fy BAT rate constant 0.0017 s Estimated

k3fp BAT rate constant 0.0017 s Estimated

kibp BAT rate constant 4.35E-05 s Estimated

k2by BAT rate constant 1.81E-04 s Estimated

k3bp BAT rate constant 6.90E-06 cm? umol~—1 s~1 Estimated

product, Ky, is calculated from temperature and salinity
according to Zeebe and Wolf-Gladrow (2001). Water density,
p, is also calculated from temperature and salinity according to
Millero and Poisson (1981) and used trough the model to convert
volumes to masses when needed.

Photosynthesis and Respiration

Gross photosynthesis, Pg, and respiration, R, are forced in the
model with the values measured by Rodolfo-Metalpa et al.
(2010) as mol Oy per unit area per unit time. Photosynthesis
removes one mol DIC from the coelenteron per mol O,
produced (Jpg,prc flux in Figure 1) whilst respiration increases
coelenteron DIC by 1 mol per mol O, consumed (Jg prc flux in
Figure 1). Contextually, ATP production fluxes (Jpgarp, JRATP)
are associated with Pg and R: Pg and R fluxes are converted
from O, to energy with a conversion coeflicient (Hoz, kJ/molo;,)
according to Gnaiger (1983) and then to mol ATP by assuming a
Gibbs free energy of 30.5 kJ per mol ATP:

HopyPg HpR

JpgarP = ———=, JRATP = ——— (1)
¢ AGarp

Jpg.ATP represents the surplus energy budget that is available for
the coral host from photosyntate translocation during daytime,
whilst Jparp represents energy budget from heterotrophic
feeding and stored photosynthate.

Passive Transport Processes
The exchanges from seawater to coelenteron are modeled as an
advection process governed by concentration gradients:

7sw—coel =5(SVg — SV ioel) (2)

Where J ;,_coel is the vector of the fluxes of the state Variables
from seawater to coelenteron (mass surface™! time~ 1) SVSW

and SVwel are the vectors of the state variables, SV =
[DIC,,TAI,Cai ], in seawater and coelenteron respectlvely
(concentrations), s is the advection coeflicient (with units of
speed).

The exchanges of state variables between coelenteron and
ECM trough the paracellular pathway and the permeation
of CO; trough cell layers are described as advective/diffusive
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phenomena:

Tcoelfecm = kpp(svcoel - Svecm) (3)
Jcor = kCOZ(COZ,coel - COZ,ecm) (4)

Where  qoel_ecm 1S the vector of the fluxes between coelenteron
and ECM trough the paracellular pathway, Jco, is the CO;
flux from coelenteron to ECM trough the living tissue, CO3 ¢y,
and COyecm are CO, concentrations in coelenteron and ECM
respectively, and kpp, kcoz are permeability coefficients (with
units of speed). The Jco; flux exchanges 1 mol DIC per mol CO,
transported.

Membrane Transport Processes

Two membrane transport proteins are modeled: a Ca-ATPase
pump (McConnaughey and Whelan, 1997; Allemand et al,
2004; Barott et al., 2015a) that exchanges 1 mol Ca?* for 2 mol
H7T at the cost of 1mol ATP (Gattuso et al., 1999) between
coelenteron and ECM, and a bicarbonate anion transport
[(Furla et al., 2000; Zoccola et al., 2015); BAT, (Barott et al,,
2015a)] that exchanges 1mol HCOj; between coelenteron
and ECM. BAT functioning does not require an ATP supply
and may be driven by the co-transport of other ions such
as ClI= or Nat (Barott et al., 2015a; Zoccola et al., 2015),
though those have been neglected as they are not relevant
for skeletogenesis and unlikely to be rate-limiting due to high
seawater concentrations.

Previous modeling studies (Hohn and Merico, 2012, 2015;
Nakamura et al., 2013) have dealt differently with membrane
transport protein modeling in corals; however, due to the
particular aims of this study, we choose to adopt a different
solution: in order to relate transport rates to ATP supply as
well as concentration gradients, we need to model the co-
limitation of transport when two or more substrates are involved
(e.g, Ca’t and HT on both sides of the membrane, and
ATP in the Ca-ATPase). This isn’t possible with Michaelis-
Menten kinetics, as done, for instance, in Hohn and Merico
(2012, 2015). On the other hand, Nakamura et al. (2013)
adopted a different formulation, based on the Nernst equation,
for membrane transport modeling, that relates fluxes to
both ATP supply and concentration gradients. Whereas, this
formulation is appealing because it is based on first principles
and has only one free parameter (an energy conversion
coefficient), we don’t think it is entirely realistic because it
is linear in ATP supply, whereas enzyme kinetics should
saturate.

We chose to model pumps functioning after Smith and
Crampin (2004) whom proposed a biophysically-based model of
a sodium-potassium antiporter as a four steps cyclic enzymatic
reaction comprising both the forward and backward cycles.
Such model is based on a reduction scheme from a 15-stage
kinetic model that lumps together the fast reactions. To limit the
number of unknown parameters we further simplified Smith and
Crampin’s model by assuming that (1) the binding of two HT
ions in the Ca-ATPase is lumped together in a single reaction,
(2) the binding reactions of Ca-ATPase with Ca%t and of BAT
with ions other than HCOjJ are much faster than the other

steps due to high Ca?>*, Cl~, Na*, etc., concentrations and can
therefore be neglected [but see Gutner-Hoch et al. (2017) for
evidence that Ca*" addition can stimulate calcification under
light conditions, but not in the dark, hence can be rate-limiting].
This leaves us with two 3-stage reactions that can be written
as:

El, + 2H}, = E2, (5)
E2. + ATP = E3, (6)
E3, = El.+2H] 7)
and,
El, + HCO; = E2, (8)
E2, = E3, 9)

E3, = El, + HCO; (10)

3,ecm

for Ca-ATPase and BAT respectively. Where El, E2, E3
are the three possible states of Ca-ATPase (subscript
c) and BAT (subscript b), whose total concentration is
conservative and equals E0; = E1;+E2;+E3;. A graphic
scheme of the reactions is presented in Figure2. In the
model we do not compute ATP concentration within the
cell but rather we define the ATP flux that is devoted to
run the active transports (Jarp,ca—ATPase» See section ATP
Flux to Ca-ATPase). Given this constraint we chose, for
the Ca-ATPase only, to model reaction kinetics based on
fluxes rather than concentrations, as proposed by Kooijman
(2010); the fluxes of chemical species reaching the pumps
are considered to be linearly proportional to concentrations:
with vy a proportionality constant with units of speed.
Forward and backward reactions kinetics have reaction
constants kjf, kyp, ksr and kyp, kpp, ksp for the forward
and backward cycles respectively. The whole system for the

Ca-ATPase

FIGURE 2 | Graphic scheme of the two cyclic enzymatic reactions that were
used to model Ca-ATPase and BAT membrane transport proteins.
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Ca-ATPase can be written as:

dE1
— = —kyEl (virH,,)? + ki B2 + sy E3
2
—ksp E1 (VHH:c_rel) (11)
dE2 5
s ki E1 (vaH,,,)” — kip E2 — kof E2 JaTp Ca—ATPase
ko E3 (12)
dE3
7 kaf E2 JaTp,Ca—ATPase — kab E3 — k¢ E3
2
~+k3p E1 (VHH:c_»el) (13)
E0 = E1 + E2+ E3 (14)

At steady state the net production of E1, E2, E3 is zero, hence the
flux trough Ca-ATPase equals:
2
klf E1l (VHH:;m) — kip
E2 = kyf E2 Jarp,Ca—ATPase — kb
E3 = kyE3 — k3 E1 (viHC,)’ (15)

JCa—ATPase =

By solving at steady state, the expression for the flux trough
Ca-ATPase is derived:

EO0 <k1f kg Kaf Jarp.ca—atpase (ViEH )" — Kup Koy ks (virHZ, )2>

ATP Flux to Ca-ATPase

The energetic flux that is used to run the active transports
is considered to be a weighted sum of respiration (Jrarp)
and photosynthesis (Jpgarp) ATP fluxes. Even though
zooxanthellae clearly do not directly supply energy to Ca-
ATPase, we assume, after Dubinsky and Jokiel (1994) and
Muller et al. (2009), they produce some excess photosyntate
that is translocated to the host and can be used for whatever
purpose, including running ion transport machinery. This
mechanism is clearly a simplification, the translocation
of photosynthetic energy to the coral host would imply
an increase in light respiration and the energy consumed
by the active transports will indeed appear solely in the
respiratory flux, though it should suffice as a first approximation
assuming that the machinery operates at steady state. The ATP
flux is:

JaTP,Ca—ATPase = @Jpg,aTP + BJR.ATP (20)

where o and B are the fractions of Jpgarp and Jgarp that are
devoted to the active transports.

oel

JCa—ATPase =

2
den = kyy ksf Jarp.Ca—atPase + kof kap (vH )" JATP,Ca—ATPase

+k1f sz (VHH:;W,)Z ]ATP,CafATPase + klf k3f (VHH:;m)Z
+ kZb k3b (VHH:;el)z + klb k3b (VHH::JEI)Z

+kifkap (VHH:Em)Z + ki kop + kip kar (17)

So that each cycle transports 2mol protons from ECM to
coelenteron and 1mol Ca’* from coelenteron to ECM while
consuming 1 mol ATP; flow is in opposite direction if the pump
functions in reverse. The Jc arpase flux moves 2 mol TA from
coelenteron to ECM per mol HY, and vice-versa if the pump
functions in reverse.

BAT flux (Jpat) expression is analogous to that of Ca-ATPase
and is derived with the same procedure:

3,ecm

EO <k1f sz k3f HCO;

3,coel

— kyp ko Ky HCOT )

JaT =

(18)

den

den = sz k3f + sz k3b HCO;)ecm +k sz HCO;

1f 3,coel
+ klf k3f HCO3_,coel + kyp k3, HCO;

3,ecm
thigkap HCO; 4 kip kop + kip kap

+ kyp ks HCO;

3,ecm

(19)

The kinetic constants for the two transports are of course
different so that the BAT and Ca-ATPase have separate
parameterizations. The Jgar flux moves 1 mol DIC and 1mol
TA from coelenteron to ECM under normal functioning and
vice-versa if the pump functions in reverse.

den (16)

Aragonite Precipitation and Dissolution
Aragonite precipitation and dissolution kinetics are modeled
after Burton and Water (1990) and Walter and Morse (1985) as:

kp (2 = D)™ if (@ =1)

ka(1— )" if (@ < 1) )

Jcacos = {

where Jcacos is the Aragonite precipitation or dissolution
flux (mass per unit time per unit area), k,, n, are empirical
coefficients for precipitation kinetics, kg, nq are empirical
coefficients for dissolution kinetics and 2 is the saturation state
of aragonite defined as,

Cat CO¥
Q = —com ~ Sean

ecm 3,ecm

<, (22)

where K, is the solubility product of aragonite calculated from
temperature and salinity according to Zeebe and Wolf-Gladrow
(2001) Jcacos flux consumes 1 mol DIC and 2mol TA from
the ECM per mol CaCO3 precipitated and vice-versa in case of
dissolution.

Model Master Equations and Initialization
Surface based fluxes are converted to concentrations by dividing
for the height of the relevant compartment, h,e) and hecpy, so that
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the whole system of differential equations can be written as:

dDIC, e - I
Tcoe = (_]BAT + ]swfcoel,l - ]caelfecm,l
—Jco2 — Pg + R) /hcael (23)
ATA el R
% = <_]BAT — 2JCaATPase + ]swfcoel,Z
_fcoelfecml) /hcoel (24)
dCa 1 - N
% = <_]CaATPase + ]sw—coel,3 - ]coel—ecm,3) /hcoel (25)
dDIC ~
Tecm = (]BAT + J coel—eem + Jcoz — ]CaCO3> [heem  (26)
dTA -
dtecm = (]BAT + 2]CaATPase +7 coel—ecm,2
_2]CaCO3) /hecm (27)
dCa N
% = (]CuATPuse + ]coelfecm,?’ - ]CaCO3) /hecm (28)

This system is solved with a Runge-Kutta-Fehlberg variable step-
size method with error control tolerance 10~° and initialized
with a 0.01s timestep. The state variables in all compartments
are initialized with the relative seawater values (according to
experimental setup); after some trials, we determined this does
not influence compartments behavior apart for a negligible initial
transient.

Model Calibration

The model was run for a simulation time of 500s, largely
sufficient to reach a steady state, with external conditions
corresponding to each of the experimental setups (T, Sal, DIC,
TA) and vital rates measurements (Pg, R) in Rodolfo-Metalpa
et al. (2010) and was calibrated, with a monte-carlo simulation
coupled with a genetic algorithm, by minimizing the sum of
squared errors between the measured and simulated calcification
rates (those measured with the alkalinity anomaly technique, see
Rodolfo-Metalpa et al., 2010). We performed several thousands
of model runs until we attained a satisfactory fitting of the
experimental data. The dataset in Rodolfo-Metalpa et al. (2010)
was also used to run simulation experiments (see below).

Cost of Calcification

The instantaneous metabolic cost of calcification can be
calculated as the ratio between the ATP flux reaching Ca-ATPase,
JATP,Ca—ATPase> and the calcification rate Jc,cos.

Simulation Experiments

After determining the set of parameter values that approximates
at best the measured calcification rates, the model was used to run
simulation experiments.

Compartments’ Behavior Under Light and Dark

To evaluate how the compartments and transport rates behave
under light and dark conditions (i.e., in the presence or absence
of photosynthesis), the model was run for a total simulation
time of 2000 s with alternating light and dark conditions lasting
for 500s each and other conditions as from the (b) setup
(see Table 1). Compartments’ behavior was then compared with

TABLE 3 | Summary of biologically-mediated and abiotic effects on calcification
assessed.

Effect Variable perturbed Flux perturbed Variation

Pg_bio - Jpg,aTP +50%

Pg_abio - Jrg,DIC +50%

R_bio - ‘JR,ATP +50%

R_abio - JR,DlC +50%

T_bio - Jpg,ATP. JRATP, JRg DIC, oo £3°C*
Jr,DiC

T_abio T— Ky(T), Ko(M), - +5°C

Kw(T), Kar(T), p(T)°

DIC_bio - Jpg,ATP: JRATP, JPg,DIC, oo £5% DIC®
JrpIC

DIC_abio DICsw - +10%

TA_abio  TAsw - +10%

aChanges in Pg and R for Temperature’s biological effects are proportional to a +3°C
change in temperature. ®Changing temperature alters the dissociation constants of
carbonic acid, K1 and K2, and of water, Kw, the solubility product of aragonite, Kar,
and seawater density p. °Changes in Pg and R are proportional to a change in pCO2
of £300ppm, corresponding to a change in DIC of £5%.

several experimental observations and modeling results as an,
albeit qualitative, mean of validation.

Abiotic and Biologically-Mediated Effects on
Calcification

The model was then used to isolate the biologically-mediated
and abiotic effects of photosynthesis (light), respiration, seawater
chemistry (DIC and TA), and temperature on calcification rates
and calcification costs. This was done by perturbing specific state
variables or fluxes while leaving the rest unchanged; a scheme
with all assessed effects and related perturbed variables and fluxes
is presented in Table 3.

We assume that the only effect of light is an increase in
photosynthesis (but see Cohen et al., 2016); this in turn alters
the DIC balance in the coelenteron (abiotic effect) and the
ATP flux to the active transports (biologically-mediated effect).
Thus, increasing photosynthesis in the model should simulate the
LEC phenomenon. To isolate the biologically-mediated effect of
photosynthesis the model was run at all light setups with Jpg a7p
fluxes (see Figure 1, Table 3) derived with Pg values in the range
+50% with respect to the baseline setup value. To isolate the
abiotic effect of photosynthesis instead, the model was run at
all light setups with Jp pic fluxes (see Figure 1, Table 3) derived
with Pg values in the range +50% with respect to the baseline
setup value. We adopted the same procedure also to separate
the biologically-mediated and abiotic effects of respiration, but
here both light and dark setups were used. The biologically-
mediated effects of respiration were assessed by running the
model at all setups with Jg arp fluxes derived with R values in
the range +50% with respect to the baseline setup value. The
abiotic effects of respiration were assessed by running the model
at all setups with Jp pic fluxes derived with R values in the range
+50% with respect to the baseline setup value. The model doesn’t
incorporate any law of temperature dependence for Pg and R,
thus to separate the biologically-mediated effects of temperature
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the model was run at all setups with Pg and R values from
increased temperature setups substituted with Pg and R values
from the corresponding baseline temperature setup and vice
versa. This method is constrained by the experimental dataset
and permits the assessment of two temperature differences only:
—3 and +3°C. Please note that here, contrary to what done for
Pg and R’s effects, the effects of modified rates on coelenteron
carbonates budget are included in the biologically-mediated
group (i.e., here we are perturbing all of the Jpepic, Jpgatps
Jrpic> and Jrarp fluxes simultaneously, see Figure 1, Table 3).
In fact, we consider that the abiotic effects of temperature are
those for which seawater phyisco-chemical constants, influencing
carbonates equilibria and aragonite deposition rates, account for.
To isolate the abiotic effects of temperature, the model was run
at all setups with all physico-chemical constants (see sections
Carbonate System Equilibria and Physico-Chemical Constants
and Aragonite Precipitation and Dissolution) calculated with
temperatures ranging from —5 to +5°C the baseline setup
value. To separate the abiotic effects of different components
of carbonate chemistry (DIC, TA) the model was run at all
setups with either DIC or TA seawater concentration in the
range £10% with respect to their original setup value. Same
as for temperature, the model doesn’t incorporate any law that
ties Pg nor R to seawater chemistry, also Rodolfo-Metalpa et al.
(2010) state no significant correlation emerged in the original
experiment between pCO; and Pg nor pCO, and R. Nonetheless
it is possible to assess potential biologically-mediated effects of
pCO; (Langdon and Atkinson, 2005; Portner, 2008) by running
the model at each setup with Pg and R values of baseline setups
equal to those of the corresponding acidified setup and vice
versa. This method is constrained by the experimental setup and
permits the assessment of two pCO,, differences only: —300 and
+300 ppm, corresponding to a change in DIC of roughly £5%.
Same as for temperature’s biological effect, this change affects all
of the Jpg atp, Jpg,p1C> Jr,DIC> and Jr arp fluxes simultaneously, see
Figure 1, Table 3.

RESULTS

Calibration and Compartments’ Behavior

The model correctly simulates the observed calcification rates
(that were used for calibration) under all of the experimental
conditions (Figure 3). As there is a lack of knowledge about
the values, or even ranges of variation, of many of the
model parameters, it was not always possible to compare our
estimates with experimental evidence. However, we notice that
our estimate of the parameter s, diffusion coeflicient between
seawater and coelenteron, of 0.013 cm/s, is in the range of
the clearance rates measured for C. caespitosa in Tremblay
et al. (2011) (~0.008: 0.02 cm/s, inferred from the slopes of
the regression lines in Figure 6). The model compartments
behavior under alternating light and dark conditions and the
direction of the mass fluxes agrees with several experimental
observations and modeling results: The ECM pH is always
higher than external pH and higher in the light than in the
dark (Figure 4D), in agreement with experimental observations
(Al-Horani et al., 2003; Raybaud et al,, 2017) and modeling

J
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FIGURE 3 | Calcification rates at all experimental setups, observed vs.
simulated values. Note that the observed calcification rates were used to
calibrate the model.

results (Hohn and Merico, 2012, 2015; Nakamura et al., 2013);
also, the value of the ECM pH in the light (~8.7 at pH
8.06) is in the range of the values calculated for Cladocora
in Raybaud et al. (2017) (ca. 8.6-8.7 for a seawater pH of
8.2). ECM Ca?" concentration is also higher than both the
seawater and the coelenteron values and higher in the light than
in the dark (Figure4C), in agreement with Al-Horani et al.
(2003), Hohn and Merico (2012, 2015), and Nakamura et al.
(2013). Both DIC and TA in the ECM are upregulated with
respect to the coelenteron (Figures 4A,B) and seawater. DIC
upregulation, though, is smaller (DIC_ecm ~1.2 DIC_sw) than
TAs (TA_ecm ~1.4 TA_sw), in agreement with the observations
in Cai et al. (2016). € in the ECM is also higher than in
seawater, ranging from about 12.5 in the light to about eight in
the dark (Figure 4E), this reflects on the related calcification rates
(Figure 4F).

As far as mass fluxes are concerned (see Table 4), under dark
conditions respiratory DIC accumulates in the coelenteron due to
the absence of the photosynthesis sink, and from there it diffuses
back to seawater; on the contrary under light conditions DIC
drops in the coelenteron as it is used for photosynthetic activity,
so that the diffusive flux is directed from seawater into the
coelenteron. Under both light and dark conditions, the skeleton
building blocks (DIC and Ca?") enter the ECM through the
membrane transports, whilst through the paracellular pathway
they diffuse back to the coelenteron. Transcellular CO, flux is
always directed from coelenteron to ECM but is consistently
smaller than the rest of the fluxes and has little overall effect.

In our model, similarly to the one
et al. (2013), the compartments equilibration is almost

in Nakamura
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FIGURE 4 | State variables behavior under alternating light and dark conditions. Shaded regions indicate dark conditions. (A) DIC, (B) TA, (C) Ca2t, (D) pH,
(E) aragonite saturation, (F) Calcification rate.

instantaneous, in opposition with the observations from
Al-Horani et al. (2003) that demonstrate equilibration
takes indeed several minutes; this discrepancy is due to our
simplified assumptions, namely instantaneous translocation
of photosynthetic energy to the active transports and
equilibration of the carbonates system. Accounting for the
time lag of these processes would have introduced additional
complexity and it seemed not justified here since all of our
analyses are based on the steady state functioning of the
system.

Cost of Light and Dark Calcification Under

Different Temperatures and pCO»

The estimated costs of calcification under the experimental
conditions used in Rodolfo-Metalpa et al. (2010) (Figure 5A),
range between about 110 kJ/molcacos or 3.5 molarp/molcacos
to about 230 kJ/molcacos or 7.5 molarp/molcacoz. Dark
calcification is generally more cost effective than light
calcification; also the costs under acidified conditions are
always higher with respect to control, however, extra costs due to
acidification decrease with temperature (Figure 5B). Finally, the
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TABLE 4 | Mean () and standard deviation (o) of DIC, TA, and CaZ* fluxes (mol cm—2 5’1).

sw adv. Pg R BAT Ca-ATPase PP CO,, diff. Jcacos

DIC fluxes Light I 2.09E-04 2.96E-04 1.34E-04 3.76E-04 n.d. —3.29E-04 1.52E-07 4.64E-05
o 1.23E-04 1.65E-04 7.12E-05 1.06E-06 n.d. 2.05E-05 7.20E-08 1.98E-05

Dark m —1.13E-04 0 1.34E-04 3.76E-04 n.d. —3.55E-04 9.45E-08 2.08E-05

o 6.20E-05 0 7.12E-05 9.40E-07 n.d. 1.01E-05 6.90E-08 9.66E-06

TA fluxes Light m 9.36E-05 n.d. n.d. 3.76E-04 4.37E-04 —7.16E-04 n.d. 9.29E-05
o 3.96E-05 n.d. n.d. 1.06E-06 1.41E-04 1.05E-04 n.d. 3.96E-05

Dark m 4.17E-05 n.d. n.d. 3.76E-04 2.13E-04 —b5.48E-04 n.d. 4.16E-05

o 1.92E-05 n.d. n.d. 9.40E-07 8.63E-05 6.94E-05 n.d. 1.93E-05

Ca fluxes Light w 4.68E-05 n.d. n.d. n.d. 2.18E-04 —1.70E-04 n.d. 4.64E-05
o 1.98E-05 n.d. n.d. n.d. 7.05E-05 5.27E-05 n.d. 1.98E-05

Dark m 2.08E-05 n.d. n.d. n.d. 1.06E-04 —8.59E-05 n.d. 2.08E-05

o 9.59E-05 n.d. n.d. n.d. 4.32E-05 3.47E-05 n.d. 9.66E-06

Statistics are computed separately on all light and dark setups. Seawater advection fluxes are positive if directed from seawater to coelenteron; paracellular pathway (PP), CO, diffusion,
Ca-ATPase, and BAT fluxes are positive if directed from coelenteron to ECM; Pg and R fluxes are positive if directed to the coelenteron, Calcification flux is positive if directed from ECM
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FIGURE 5 | (A) Calcification costs at all model setups plotted against temperature, (B) extra cost of calcification, difference between cost under acidified and control
conditions, plotted against temperature.

extra costs of calcification due to acidified conditions are larger
in the dark than under the light.

Contributions to Calcification Rates and

Costs

Effects of Photosynthesis (Light) and Respiration

The overall effect of increased photosynthesis is to enhance
calcification rates. This LEC effect is for the largest part due
to biologically-mediated effects (Figure 6A), which are related
to increased photosynthesis boosting Ca-ATPase transport rates.
Abiotic mechanisms, related to the carbon budget in the
coelenteron, also enhance calcification but to a negligible extent
with respect to biologically mediated mechanisms, and a large
variability is observed among different setups (Figure 6B). As far

as costs are concerned, both biologically-mediated and abiotic
mechanisms decrease costs for increased photosynthesis, with
comparable magnitude of the effects (Figures 6C,D).

Increased respiration also enhances calcification rates and

also here biologically mediated effects dominate. However, in
opposition to what happens for photosynthsis, biologically-
mediated, and abiotic effects are in opposition (Figures 7A,B).
Calcification rates increase due to biologically-mediated effects
(Figure 7A) in the same way as they increase for photosynthesis,
as expected since Pg and R both contribute to the Jap,ca—ATPase
flux. On the contrary, the abiotic effects of increased respiration
cause a decrease in calcification (Figure 7B), because respiration
has opposite effects, compared to photosynthesis, on the
coelenteron carbon budget. As for the costs, biologically-
mediated effects of respiration display high variability and it
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is unclear whether costs increase or decrease for increasing
respiration (Figure 7C), abiotic mechanisms, on the other hand,
cause an increase in costs for increased respiration rates.

Effects of Temperature

The overall effect of temperature is to enhance calcification rates.
Biologically-mediated and abiotic mechanisms both enhance
calcification rates for increasing temperature, with the largest
contribution due to biologically mediated effects (Figures 8A,B).
As for the costs, the biologically-mediated effects (Figure 8C) are
highly variable and it is unclear whether they entail an increase
or a decrease in costs for increased temperature. On the contrary,
costs decrease with temperature due to abiotic mechanisms
(Figure 8D), according to CaCOj3 deposition kinetics.

Effects of Seawater Chemistry

The biologically-mediated effects of DIC and the abiotic effects
of DIC and TA on calcification rates display similar magnitude.
Both biologically-mediated and abiotic mechanisms cause
calcifiction rates to decrease for increasing DIC (Figures 9A,B),
whilst increased TA causes calcification rates to increase (abiotic
effect, Figure 9C). As far as costs are concerned, biologically-
mediated mechanisms cause costs to decrease for increasing
DIC (Figure 9D), whilst abiotic mechanisms determine an

exponential rise in costs for increasing DIC and for decreasing
TA (Figures 9E,F).

DISCUSSION

Our model successfully simulates the experimental calcification
rates determined by Rodolfo-Metalpa et al. (2010), as well
as several aspects of the qualitative compartments response
to external conditions described in Al-Horani et al. (2003),
Hohn and Merico (2012, 2015), and Nakamura et al. (2013).
The pH values in the ECM are in the range of measured
values for the same species (Raybaud et al., 2017). Our model
qualitatively agrees with the observation that the conditions to
favor calcification are attained in the ECM more by upregulation
of total alkalinity than by upregulation of dissolved inorganic
carbon (Cai et al., 2016).

Our model builds on an accredited conceptual model of the
physiology of coral calcification (McConnaughey and Whelan,
1997; Hohn and Merico, 2015), already tested for different
purposes through similar modeling applications (Hohn and
Merico, 2012, 2015; Nakamura et al., 2013), and incorporates
realistic kinetics for membrane transport proteins (Smith and
Crampin, 2004) that depend both on concentration gradients and
available energy. This modeling choice has notable drawbacks
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FIGURE 7 | Biologically-mediated (A,C) and abiotic (B,D) effects of respiration, fractional change in calcification rates (top panels) and calcification costs (bottom
panels). X and y-axis values are indicative of fractional change. Each boxplot represents all setups.
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in parameter richness and hardly constrainable parameters;
however, unlike the solutions adopted in Hohn and Merico
(2012, 2015)and Nakamura et al. (2013), it possesses desirable
properties for realistic membrane transport modeling, i.e., co-
limitation of transport rates when several substrates are involved
and saturating behavior. Similar conceptual schemes, based on
cyclic enzymatic reactions, for describing complex metabolic
fluxes have already been proposed in a bioenergetic modeling
framework (Kooijman, 2010; Muller, 2011), and may represent
viable solutions for accurate modeling of membrane transport
processes also beyond corals. Our coupling between metabolic
rates (Pg, R) and the calcification machinery is based on the
models of syntrophic symbioses developed in Dubinsky and
Jokiel (1994) and Muller et al. (2009); in such models, and in ours
as well, the zooxanthellae translocate some excess photosynthate
to the coral host that can use it for whatever purpose, and some
of this energy is indeed used to run the active transports.

Apart from the treatment of membrane transport proteins,
our model’s topology and our state variables’ choice is indeed
very similar to the model developed in Nakamura et al. (2013);
here the principal element of novelty is however not in model
formulation but rather in its use: the simulation experiments we
carried out to isolate biologically-mediated and abiotic effects
of external variables and metabolic processes on calcification

rates and costs have never been proposed before and, we believe,
provide a new and interesting perspective on the mechanisms
that control calcification in corals, as well as on highly debated
topics like LEC and acidification.

Contribution of the Different Pathways to

Calcification

We found that both calcium and carbon enter the ECM through
membrane transport proteins; this is in line with the findings
from Furla et al. (2000) that found calcification rates in the reef
coral Stylophora pistillata to be impaired by both Ca-ATPase and
BAT selective inhibitors. As a direct consequence of this, in our
model the passive paracellular pathway is a sink rather than a
source of carbon and calcium in the ECM (in agreement with
Hohn and Merico, 2015 for calcium but not for carbon). Finally,
the carbon flux through the transcellular diffusion pathway is
small compared to other fluxes. In contrast, Hohn and Merico
(2015) demonstrated through a modeling approach that passive
carbon diffusion, driven by pH gradients and coupled with
active Ca®>* transport and proton removal, can as well explain
observed chemical properties of coral’s interior compartments,
an hypothesis also suggested by other studies (e.g., Cai et al.,
2016). The mechanisms of carbon delivery to the ECM and
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FIGURE 8 | Biologically-mediated (A,C) and abiotic (B,D) effects of temperature, fractional change in calcification rates (top panels) and calcification costs (bottom
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whether they entail an energy cost (either directly or indirectly)
remains thus open.

Calcification Cost

Our estimates of the metabolic cost of calcification (ranging
around 110-230 kJ/mol) is much larger than the values
previously proposed based on theoretical reasoning (in the range
3-30 kJ/mol Anthony et al, 2002; McCulloch et al., 2012;
Hohn and Merico, 2015) and more in line with the Palmer
(1992) experimental estimate. We obtained such estimates by
implementing realistic biophysically-based membrane transport
kinetics (Smith and Crampin, 2004) where the transport rates
are influenced by both concentration gradients and available
energy. Clearly these values are influenced by the model’s
parameterization, conceptual scheme and variables choice, which
are subject to high uncertainty; for instance, Barott et al. (2015a)
suggest that HCO; transport trough BATs may be driven by
the co-transport of Sodium that would reach the ECM trough
an active Na/K-ATPase (not included in our model), which the
authors identified in the calicoblastic epitelium of two tropical
coral species; this suggests also carbon delivery to the ECM
may indirectly entail an energetic cost. Also, for the sake of
tractability, we neglected the processes happening in the oral
epitelium and aboral gastroderm, where active transport proteins

have however been identified (Ca-ATPase and H-ATPase Barott
et al., 2015a,b). Hence, here we are not considering all the
possible sources of energy expense related to ion transport.
The identification of energy demanding processes related to
calcification in corals is complicated by the fact that not all
corals seem to have evolved the same physiological pathways to
deliver the skeleton building blocks to the site of calcification
(Barott et al., 2015a). Even the up-regulation of pH at the site
of calcification appears not to be a universal feature in corals (Le
Goft et al.,, 2017). Finally, here we are not considering the cost
for OM synthesis. All of these additional processes may add to
our estimate of the calcification cost or may instead lower it in
the case a higher yield per unit of energy is achieved through
an energy efficient balance of active transport processes: in the
model proposed by Hohn and Merico (2015), for instance, several
active transport processes are implemented and the estimated
calcification cost is ~20 kJ/mol. Bearing all of this in mind,
our estimates of the cost of calcification should be interpreted
not as exact values, but as indicative of the possibility that
the cost of calcification could be much higher than previously
assumed. In our opinion, the commonly assumed values for the
cost of calcification have a number of limitations as they do
not account for transport inefficiencies and/or for the change
of transport rates and cost that must follow from a change in
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FIGURE 9 | Biologically-mediated (A,D) and abiotic (B,E) effects of DIC and abiotic effects of TA (C,F), fractional change in calcification rates (top panels) and
calcification costs (bottom panels). x and y-axis values are indicative of fractional change. Each boxplot represents all setups.

chemical gradient; also the values of the calcification cost that
have been proposed in previous studies are quite low if compared
to common biomass synthesis costs (Gnaiger, 1983). With such
low costs many corals would face little trouble in allocating
some extra energy to calcification in acidified conditions. Our
results are instead indicative of a conspicuous investment into
skeleton and may be important to understand the relations
between biocalcification and climatic variability. Since, to the
best of our knowledge, only one experimental estimate of the
cost of calcification is available, and none for corals, we suggest
further experiments to test this. Furthermore, the exponential
rise of calcification costs that our model simulates for increasing
DIC (or equivalently, pCO,) indicates that the calcification
process may rapidly become unaffordable even for small changes
in seawater chemistry; bioenergetic models may hence be a
convenient tool to understand corals sensitivity to acidification.

LEC, Contributions to Calcification, and

Influence of External Parameters

In our model the main factor enhancing calcification is the ATP
flux, provided by photosynthesis (LEC) and respiration, that
stimulates active transcellular transport activity. The other major
contribution to calcification rate is temperature which acts in a
similar fashion as light does, by stimulating photosynthesis and
respiration. Abiotic contributions are also present but are roughly
one order of magnitude smaller with respect to biologically-
mediated effects. The effects of seawater chemistry, both abiotic

and biologically-mediated, on the other hand, are of similar
magnitude and less pronounced than those of temperature
and light. This was however expected because the original
experiments from Rodolfo-Metalpa et al. (2010) concluded that
C. caespitosa is an acidification resistant species.

The adverse effects of acidification on coral calcification
is generally attributed to abiotic mechanisms (Cohen and
Holcomb, 2010; Allemand et al., 2011; Jokiel, 2011; Cyronak et al.,
2015) rather than to biologically-mediated ones. In fact, some
studies failed to produce evidence of substantial modification
of metabolic rates other than calcification (e.g., photosynthesis,
respiration) at the pH levels predicted for the near future
(Schneider and Erez, 2006; Rodolfo-Metalpa et al., 2010). Others
studies, however, did find a positive correlation between pCO,
and photosynthesis (Langdon and Atkinson, 2005; Marubini
et al., 2008); based on this evidence, some authors suggest that
photosynthesis and calcification may compete for DIC and that
the decline in calcification rates under elevated pCO, may be due
to increased photosynthetic DIC uptake (Langdon and Atkinson,
2005). In contrast, a negative correlation between pCO;, and
metabolic rates (photosynthesis, respiration), as well as bleaching
response, was found by other studies (Anthony et al., 2008;
Kaniewska et al., 2012), thus giving credit also to the alternative
hypothesis that acidification response is dictated by CO,-induced
metabolic depression (Portner, 2008).

In the end, the prevailing mechanism may be species-specific,
however, acidification effects on calcification are unequivocally
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substantial in the case of sensitive species, even to the point of
complete skeleton dissolution in some cases (Kvitt et al., 2015).
In our model a stronger abiotic response to external pH could
be obtained in two ways: (1) by lowering Ca-ATPase and BAT’s
transport rates, but this would come at the cost of lowering
calcification rates even under normal conditions, which is not
compatible with the observation that many reef corals are both
sensitive to acidification and have very high growth rates, or (2)
by making the paracellular transport pathway more permeable.
This solution would not substantially affect calcification rates
under normal conditions, but would enhance the contribution
of abiotic mechanisms under abnormal ones, like in acidified
conditions. If our speculation is correct the difference between
coral species that are vulnerable or resistant to acidification may
lie in the permeability properties of corals’ tissues. This also could
be tested with experiments.

The hypothesis that calcification in corals is energy limited
and that LEC is due to photosynthate translocation from
symbionts to host has already been formulated (Goreau and
Goreau, 1959; Chalker and Taylor, 1975) but is rather overlooked
(e.g., Gattuso et al., 1999; Allemand et al., 2011; and references
therein). A positive correlation between photosynthesis and
calcification is beyond doubt, but LEC is more often attributed
to abiotic mechanisms, i.e., the photosynthetic uptake of CO,
which would increase carbonate ion concentration and facilitate
precipitation of CaCOj3; (Cohen et al, 2016). However, also
increased respiration rates (a source of CO,) are reported
to be correlated with enhanced calcification: Holcomb et al.
(2014) found that addition of glucose or glycerol, coupled
with increased oxygen, stimulated both respiration and dark
calcification in bleached S. pystillata micro-colonies (but not in
un-bleached ones), and concluded that dark calcification may
be oxygen limited in zooxanthellate corals (Anthony et al,
2002) found respiration rates to be the main factor affecting
calcification in two reef coral species. Also a reanalysis of
the dataset used for this study (Rodolfo-Metalpa et al., 2010)
shows how both photosynthesis and respiration rates correlate
positively with calcification (R, p = 0.87, 1.3e-5 and 0.61,
0.013 for photosynthesis and respiration respectively). Since
photosynthesis consumes carbon whilst respiration produces
it, the two processes should instead display opposite effects
if the prevailing mechanism was abiotic. In addition to that,
Levy et al. (2016) have shown that heterotrophy (a source
of energy) can mitigate the stress response in bleached coral
colonies and that unfed bleached colonies showed a stress
response similar to temperature or acidification stress, including
a decrease in the expression of genes related to energy
metabolism.

Other proposed hypotheses for LEC share similarities with the
energy hypothesis. The oxygen hypothesis, positively tested in
Nakamura et al. (2013), shares the same mechanism of action,
i.e., enhanced metabolism stimulating active transport rates; In
Nakamura et al. (2013) model the coupling between metabolic
rates and active transport, as well as their definition of main
model compartments and fluxes is substantially equivalent to

ours, so that, arguably, a test of the differential contributions of
biologically-mediated and abiotic mechanisms to calcification,
which the authors did not perform, would lead to results similar
to ours. As for the OM hypothesis, recent studies point at a
template-mediated nucleation of the mineral phase, rather than
a purely geochemical mechanism (Puverel et al., 2005; Bertucci
etal., 2015; Takeuchi et al., 2016; Von Euw et al., 2017). However,
to date not enough knowledge is available to construct a realistic
model, in particular it is still unclear whether in the deposition
of skeletal material the deposition of the two fractions, OM and
calcium carbonate, obeys some kind of stoichiometric law that
can make one of the two fractions rate limiting depending on
the conditions. Nonetheless, as far as organism energetics are
concerned, the metabolic energy used to synthesize OM must
generate from holobiont metabolic activities, i.e., respiration
and photosynthesis; hence, also in this case, it should hold
that the process of biocalcification is predominantly driven by
metabolism.

Evidence is building up that calcification in corals relies
on active transport (and new OM synthesis), hence it is
an energy demanding process. This suggests calcification
should be energy limited under most conditions. Biological
processes are indeed renowned for being energy demanding;
the practice of studying biocalcification solely from a
carbonates chemistry perspective is indeed very popular,
perhaps because carbonates chemistry in seawater is rather
well-known and all the tools are at hand. This approach
undoubtedly led to a much deeper understanding of coral
calcification and its relations with environmental parameters,
especially in recent years; however ambiguous results are still
abundant and many mechanisms have yet to be elucidated.
We suggest that the energy limitation of active transport
rates in corals may be much more important than often
considered and that further experiments should test this
hypothesis.
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