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Introduction

In the main text, we computed the energetic costs associated with calcification in a3

batch-like framework and compared these costs to experimentally-derived estimates of4

organic matrix costs. Section 1 provides a more detailed derivation of the solutions to5

equations provided in the main text. We also provide extra calculations to analyse the6

model’s sensitivity to various assumptions, including the cost of the organic matrix. In7

Section 2, we provide an analysis of a steady state model describing calcification, as8
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opposed to the “batch” model discussed in the main text. This is to illustrate the subtle9

similarities and differences, and how they might affect the results. Finally, in Section 3 we10

discuss evidence for the tight kinetic constraints imposed upon larval development that11

are mentioned in the main text.12

1. Solutions to the Calcification Model Equations

Within the main text, we presented the following set of equations describing the time13

evolution of Total Alkalinity ([TA]) and Dissolved Inorganic Carbon ([DIC])14

V
d[TA]

dt
= 2Rp15

V
d[DIC]

dt
= ṽ A∆[CO2], (1)16

17

Qualitatively, these equations describe a closed-off parcel of water where the left hand18

side denotes the changing total number of moles of Total Alkalinity and DIC. The right19

hand side reflects the fact that alkalinity is only added through the removal of hydrogen20

ions whereas DIC is only changing due to a diffusive flux of CO2. This form assumes that21

there is no precipitation of CaCO3 (a sink for both alkalinity and DIC) until we reach the22

end-point (discussed below). This latter assumption is in part for ease of calculation, but23

is motivated by the widespread presence of ACC as a precursor in calcifying organisms,24

which is highly unstable and so forms rapidly when the fluid becomes sufficiently alkaline.25

In addition, we approximate the carbonate ion concentration as (Zeebe & Wolf-Gladrow,26

2001):27

[CO2−
3 ] ≈ [TA]− [DIC]. (2)28

29
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In order to remove some of the unknown quantities within these equations, we non-30

dimensionalized the variables using the following scaling relations:31

F = ṽ A∆[CO2]32

Rp = εF33

T =
V [DIC]sw
F . (3)34

35

Denoting the dimensionless variables by the use of a prime (e.g. [TA] = [TA]′[DIC]sw,36

t = t′T , etc) we substitute the above relations into Eqs. (1) to obtain the dimensionless37

ordinary differential equations:38

d[TA]′

dt′
= 2ε39

d[DIC]′

dt′
= 1, (4)40

41

and therefore, using equation (2),42

d[CO2−
3 ]′

dt′
= 2ε− 1. (5)43

44

These differential equations are straight-forward to solve. We integrate with respect to45

dimensionless time t′ and use seawater as the initial condition. As in the main text,46

we parameterize this initial condition by way of x2, the bicarbonate fraction of DIC in47

seawater. If we ignore the contribution to seawater DIC from dissolved CO2, the initial48

[CO2−
3 ]′|t′=0 = 1− x2. We present the solutions for [DIC] and carbonate ion49

[CO2−
3 ]′ = (2ε− 1)t′ + (1− x2)50

[DIC]′ = 1 + t′. (6)51
52

As discussed in the main text, in order to compute a cost, we must decide when the53

pumping process reaches a given end-point (t′ = t′end). This end-point is prescribed by54
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supposing that the final concentration of carbonate is some fraction γ of the total DIC in55

the calcifying fluid. We chose γ = 0.5, which corresponds to pH=pK2, but here we will56

derive the cost for general γ in order to illustrate the dependence of our solution upon γ.57

From equation (6), the relevant equation to solve is58

[CO2−
3 ]′

∣∣
t′end

= γ[DIC]
∣∣
t′end

59

(2ε− 1)t′end + (1− x2) = γ (1 + t′end) (7)60
61

yielding the end-time62

t′end =
1− x2 − γ
1 + γ − 2ε

. (8)63

64

1.1. Calculating Cost and Susceptibility.

Having obtained an end time to the pumping, we can now compute the amount of energy65

expended by the organism per gram of CaCO3 precipitated. The number of Calcium ions66

pumped in time t is given by Rp t, which can be multiplied by the molar cost of ATP67

(η = 30 kJ mol−1) to obtain the metabolic cost at time t. At the end-point, the number68

of moles of CaCO3 obtained from the process is given by [DIC]sw V γ(1 + t′end). Finally,69

we use the molar mass of CaCO3 (µC = 100 g mol−1) to convert moles to grams, yielding70

a cost per gram of71

C ≡ energy expended

mass of CaCO3

72

=
ηRpt

′
endT

µCV [DIC]sw[CO2−
3 ]′|t′end

73

=
η

µC

εt′end

γ(1 + t′end)
74

=
η

µC

x2 − 1 + γ

γ (x2 − 2(1− ε)) ε, (9)75

76

where the substitution γ = 1/2 yields equation (9) of the main text.77
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Note that in the above equation, if the organism is pumping relatively fast such that78

ε−1� x2/2, the cost per gram increases linearly with x2, the bicarbonate fraction of the79

original seawater.80

1.2. Metabolic Carbon

The parameter ε is difficult to measure, however the metabolic carbon fraction fM of81

bivalve shells has been measured and tracked throughout ontogeny (Waldbusser et al.,82

2013). Therefore, we choose to present our results in terms of the measurable fM.83

The amount of metabolic carbon within the calcifying fluid in our model at time t′84

is simply the difference between the initial DIC and the DIC at time t′ (because the85

only DIC added is metabolic). The initial DIC in dimensionless units is unity and its86

time evolution is given by Equation (6). Therefore, the amount of metabolic carbon in87

dimensionless units is simply equal to t′. Accordingly, the metabolic fraction (fM) as a88

function of time is:89

fM =
metabolic DIC

total DIC
90

=
t′

1 + t′
. (10)91

92

If we now substitute t′ = t′end, we obtain the expected metabolic carbon fraction present93

in the final, inorganic portion of the shell precipitated by the organism,94

fM|t′end =
x2 − 1 + γ

2 (ε− 1) + x2

, (11)95

96

which leads to equation (13) of the main text upon setting γ = 1/2. As discussed in the97

main text, the rate of calcification R is simply related to fM through98

R =
γ

fM

. (12)99

100
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We can rearrange our relation between fM and ε within the batch model,101

ε =
fM(2− x2) + x2 − 1 + γ

2fM

, (13)102

103

to explicitly write the batch cost in terms of fM:104

C =
η

µC

fM(2− x2) + x2 + γ − 1

2γ
(14)105

106

1.3. Whole Skeleton Costs

As discussed in the main text, the energetic cost of the entire skeleton includes com-107

ponents arising from organic parts embedded within the shell. This organic material will108

have associated with it a cost per mass ν. Accordingly, if a mass fraction fp of the shell109

is organic, the total energetic cost E per mass of skeleton becomes110

E(x2, fp) ≡ inorganic cost + organic cost

total mass
111

=
C × (inorganic mass) + ν × (organic mass)

total mass
112

= C(1− fp) + ν fp, (15)113
114

where the left term arises from the inorganic costs (derived above) and the right from115

organic costs.116

In the main text, we defined the sensitivity function117

S ≡ 1

E
∂E
∂x2

∆x2, (16)118

119

allowing us to quantify fractional increases in cost. This expression may be thought of120

conceptually as the fraction increase in the cost per mass (∆E/E) arising as a result of a121

given, fractional rise in bicarbonate concentration (∆x2/x2). Using the expressions for C122
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and S, the sensitivity function takes the rather unwieldy form123

S =124

(1− fp)(1 + γ − 2ε)(η/µC)ε∆x2

(2(ε− 1) + x2)
[
(1− fp)(x2 + 1− γ)(η/µC)− fpγ(x2 − 2(ε− 1)ν)

] . (17)125

126

It is this function that we plot (again in terms of fM) in the right panels of Figures (S2)127

and (2) with γ = 0.5.128

Within the main text, we adopted a cost of organic material, ν = 30 J mg−1, from the129

experimental work of Palmer (1992). However, the cost of inorganic components remains130

somewhat uncertain and most likely varies between organisms. Consequently here we131

present the equivalent results displayed in Figure (2) of the main text, but use instead132

ν = 3 J mg−1, which is a typical cost for simple amino acid synthesis [Pace and Manahan133

2006, Pan et al. 2015].134

As can be seen from Figure S2, cheaper organic costs dampen the organic carbon buffer-135

ing effect upon sensitivity, as is seen by the increase in minimum sensitivity from ∼1.7%136

to ∼9% between the two cases. On the other hand, the maximum shell costs drop from137

∼ 1.6 J mg−1 to ∼ 0.4 J mg−1. However, qualitatively the conclusions remain the same,138

i.e., that an increased organic component makes for a less sensitive but more expensive139

shell.140

2. Steady-State Model

In the main text, we described a “batch” model, whereby calcification occurs within141

individual parcels of fluid. Each parcel has its chemistry altered to a given end-point142

before the CaCO3 precipitates. Such a model is highly idealized and might be better143

suited to certain calcifying taxa than others. Indeed, some earlier work has considered a144
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more steady-state calcification scenario as appropriate, particularly to corals (e.g. [Adkins145

et al. (2003)]). In this section we describe a similar model here and compare key features146

of it to the “batch” model off of which we based our main conclusions.147

Consider a compartment of fluid that is maintained at a constant chemical composition148

whilst undergoing continuous exchange with seawater. For a steady state to exist, all149

fluxes of DIC and Alkalinity must balance: The DIC lost through CaCO3 precipitation150

must be replaced through a combination of seawater mixing and metabolic carbon influx.151

Likewise, all alkalinity removed through precipitation must be replenished by the Ca-152

ATPase pumps, together with mixing of alkalinity from seawater. From the outset we note153

that the steady-state model may be conceptualized as an average over many batches. The154

instantaneous calcification rate in the former scenario is constant, whereas in the latter155

scenario the rate is impulsive, with precipitation occurring each time a parcel reaches156

the end-point. However, in terms of the mass-specific cost of an entire skeleton, both157

viewpoints are equivalent.158

As with the batch process described in the main text, we can model the steady159

state process using a system of equations, scaled by the same dimensional quantities160

(F , T , [DIC]sw). However, here we must include a term that reflects the mixing with sea-161

water, parameterized as a timescale τ = |τ ′|T over which the calcifying fluid is replaced162

by seawater, where || denotes absolute value. The steady state equations are simple to163

write down:164

εc − εp =
1

2|τ ′|([TA]′sw − A′)165

εc − 1 =
1

|τ ′|([DIC]′sw − C ′) (18)166

167
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where we have defined the dimensionless pumping rate εp (equivalent to the parameter ε168

used in the batch model) and the dimensionless calcification rate εc. Both theses rates are169

again scaled relative to the influx of metabolic CO2. In addition, A′ and C ′ are, respec-170

tively, the Total Alkalinity and DIC of the calcifying fluid, scaled by the concentration171

of DIC in seawater. Note that the analogous quantities in the batch model above were172

labelled [TA]′ and [DIC]′, but we chose different variables (as we did with εp) in order to173

clearly distinguish the two models.174

The quantities [TA]′sw and [DIC]′sw are the analogously-scaled properties of seawater,175

such that176

[TA]′sw ≈ x2 + 2x3 ≈ 2− x2177

[DIC]′sw ≈ x2 + x3 ≈ 1, (19)178
179

where x3 is defined as the carbonate fraction of seawater DIC, as opposed to x2, the180

bicarbonate fraction. The right hand sides of Equations (18) arise from mixing with181

seawater. The situation where |τ ′| → ∞ represents a perfectly sealed parcel of seawater,182

i.e. the batch model, when a steady state only exists if εc = εp = 1.183

It is worth pointing out two immediate properties and limitations of the steady state184

scenario. First, in order to maintain a concentration of DIC in the fluid greater than that185

of seawater (as suggested by some studies on corals; Allison et al. [2014]), the only source186

of DIC capable of balancing calcification and seawater mixing is diffusion of metabolic187

CO2 into the space. Such a diffusion-limited strategy might be favoured by organisms188

that host symbiotic photosynthesizers and potentially helps decouple their calcification189

from seawater conditions.190
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Second, as with the batch process, we can write down an expression for the metabolic191

carbon fraction fM of the calcifying fluid. Specifically, keeping track only of the metabolic192

carbon, we can write the steady state equation193

εcfM − 1 = −fMC
′

τ ′
, (20)194

195

which can be rearranged, using equation 18 to obtain196

fM =
|τ ′|

1 + |τ ′| . (21)197

198

Recall from the main text that the batch model led to a metabolic fraction199

fM

∣∣
batch

=
t′end

1 + t′end

, (22)200

201

which takes a very similar functional form to the steady state scenario. This similarity202

is not a coincidence; the end time t′end of the batch process is the timescale over which203

an old parcel of seawater has had its chemistry altered to the required degree and a new204

parcel of seawater must be obtained. Likewise, τ ′ is the timescale over which the entire205

calcifying space is replaced by new seawater, which is equivalent to averaging over many206

parcels in the batch process.207

Relation 21 allows us to replace the seawater exchange timescale |τ ′| with an observable208

quantity, fM in the steady state equations above:209

εc − εp =
1

2

(
1− fM

fM

)
([TA]′sw − A′)210

εc − 1 =

(
1− fM

fM

)
([DIC]′sw − C ′). (23)211

212
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As we did before, we now assume that the fluid is maintained at pK2 ([CO2−
3 ] = [HCO−3 ] =213

[DIC]/2). This removes one degree of freedom by allowing us to write214

A′ = (2[CO2−
3 ] + [HCO−3 ])/[DIC]sw.215

=
3

2
C ′, (24)216

217

Accordingly, we may again rewrite the steady state equations as218

εc − εp =
1

2

(
1− fM

fM

)
([TA]′sw − 3C ′/2)219

εc − 1 =

(
1− fM

fM

)
([DIC]′sw − C ′), (25)220

221

which we can now solve.222

2.1. Cost comparison

The steady state cost Css is computed in an analogous fashion to the batch process —223

the energy expended per gram of calcium carbonate precipitated:224

Css ≡
η

µC

εp
εc
. (26)225

226

Through algebraic manipulation of the simultaneous equations (25), we solve for both εc227

and εp in terms of the observables fM and C ′. Substituting into the expression above for228

cost yields the result:229

Css =
η

µC

C ′ − 4|τ ′| − 2x2

4(1− C ′ + |τ ′|)230

=
η

µC

fM(2− x2) + x2 + C ′(fM − 1)/2

2(1 + C ′(fM − 1))
. (27)231

232

The final step is to compare this cost to the cost derived in the batch model,233

C =
η

µC

fM(2− x2) + x2 + γ − 1

2γ
. (28)234

235
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The expressions are identical in the limiting case where C ′ = 0 and γ = 1. This is not236

entirely surprising because γ = 1 means that all of the DIC taken up in each parcel is237

precipitated as CaCO3 whereas C ′ = 0 analogously means that precipitation draws all the238

DIC in the calcifying space out into CaCO3 much faster than new seawater is brought in.239

In other words, the steady state calcifying space acts as one big “parcel”.240

In order to compare the costs we define a ratio of the batch cost to the steady state241

cost as242

rC ≡
C
Css

243

=

(
fM(2− x2) + x2 + γ − 1

2γ

)
244

×
(

2(1 + C ′(fM − 1))

fM(2− x2) + x2 + C ′(fM − 1)/2

)
(29)245

246

In Figure 3, we plot this ratio as a function of C ′ for 4 different choices of fM (0, 0.1, 0.3,247

0.5) spanning the range measured in bivalve shells (Gillikan et al., 2007; Waldbusser et248

al., 2013), along with γ = 1/2. As can be seen, the costs are rather similar across a wide249

range of C ′, however, there exist C ′ for which the steady state cost is much greater than250

the batch cost. In principle, C ′ is measurable, but such measurements are limited and251

different experimental assumptions can cause the inferred C ′ to vary from much less than252

unity to greater than unity (for example, assumptions upon borate precipitation Allison253

et al., 2014).254

Given the uncertainty in C ′, we work with the assumption that organisms will function255

such as to minimize costs for their given physiology. Therefore, we neglect the cases where256

C ′ is kept at the value where costs become very large (Figure 3), in which case the batch257

and steady state models yield similar costs. However, we maintain the caveat that in258
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some special cases the inorganic costs may in fact be higher than those derived in the259

main text.260

3. Larval Growth Curves

In the main text, we discussed how larvae are subject to kinetic calcification constraints261

not felt as intensely during their adult stages. This notion is supported by observations262

from a wide range of taxa in which the growth rates relative to body size of larval forms are263

vastly in excess of those typical of adults of the same species. In Figure (S4), we illustrate264

growth curves obtained experimentally for the brachiopod Terebratalia transversa (data265

from Stricker and Reed, (1985)) and the oyster Crassostrea gigas (data from Waldbusser266

et al., 2013) for the first weeks of the species’ development, which display a significant267

nonlinear drop in calcification rate after the first couple of days of life during which the268

skeleton is first synthesized.269

References
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Figure 1. Illustration of the dependence of our computed cost upon our choice of γ.

The red (lowest) line corresponds to our chosen value of γ = 0.5. The blue has γ = 0.75

and gold γ = 1. The upper curve is roughly 40% larger than the lowest curve, suggesting

that our inferred costs may differ by a comparable degree to reality. However, stopping at

pK2 makes sense on chemical grounds, and agrees with the pH observed in the calcifying

fluids of multiple organisms.
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We suppose that all of the CaCO3 within each calcifying
compartment comes out of solution at once at the end point.
In terms of the variables [4], the end-point is reached at a
dimensionless time,

t0end =
x2

2 (✏� 1)
[6]

where

x2 ⌘ [HCO�
3 ]sw

[DIC]sw
[7]

is the bicarbonate fraction of seawater. For ✏ < 1, the end-
point time is negative, reflecting the fact that for low pump-
ing rates, CO2 di↵uses into the compartment and dissociates
faster than ion pumps can neutralize the resulting protons.
Accordingly, below a certain pumping capacity, calcification
by means of heightened ⌦ becomes impossible.

Given a time t0end we compute the cost of CaCO3 per unit
mass,

C =
1

2

⌘

µC
x2

✏

✏� 1
, [8]

where µC = 100g mol�1 is the molar mass of CaCO3 and
⌘ ⇡ 30 kJ mol�1 (see above). An important consequence is
that the faster an organisms pumps (the higher is ✏), the
cheaper its skeleton becomes. Thus there is an ever-present
energetic benefit in pumping rapidly. For ✏ ! 1 the cost
C ! 1/2 (⌘/µC)x2 ⇡ 0.13 J mg�1, a number consistent with
observations of larvae [76], but adults appear to expend more
energy than this minimum [58], suggesting lower ✏. Mechanis-
tically, the infinite pumping case is where one H+ is pumped
for each HCO�

3 ion present in the original seawater.
The above discussion accounts for the inorganic, CaCO3

part of the skeleton, but the total cost of a skeleton includes
the metabolic investment associated with the organic portion
[57, 47, 58, 49, 12]. The organic matrix makes up about 1-5
wt% gastropod [57] and mollusc [49] skeletons, but its cost
is poorly constrained. An approximate experimental value
stands at ⌫ ⇠ 30 J mg�1 [57, 58], roughly 200 times the mini-
mum inorganic cost C. The pure cost of amino acid synthesis
has been inferred from other work to sit closer to ⇠ 3 J mg�1

[56, 59], however, the matrix itself is an organised structure
of glycoproteins which likely costs much more than its con-
stituent amino acids. Accordingly, here we display results for
an organic cost of ⌫ ⇠ 30 J mg�1 but show in the Supplemen-
tal information that our results remain qualitatively similar
for smaller organic costs.

The total cost E of a given mass of shell comprising an or-
ganic matrix of mass fraction fp is

E(x2, fp) =
1

2
µ x2

✓
✏

✏� 1

◆
(1 � fp) + ⌫ fp. [9]

For ease of presenting, we now define a function that measures
the sensitivity of whole shell cost to changes in seawater chem-
istry. This function is expressed as the fractional increase in
E for a given increase �x2 of the parameter x2:

S ⌘ 1

E
@E
@x2

�x2. [10]

It is important to note that the value of x2 is a measure of
acidification state and increases under ocean acidification, i.e.
the bicarbonate ion becomes more abundant at the expense of
carbonate ions. At present x2 ⇡ 0.85 [17, 76], with the IPCC
report predicting an increase of �x2 ⇠ 0.1 within a century
[18, 17](does IPCC5 HAVE a guesstimate?), approximately
equivalent to a 10% rise.

Instead of presenting our results in terms of ✏, we favour
the fraction of carbon within the CaCO3 that is metabolically-
derived fM . Such a fraction has been inferred from numerous
measurements of �13C within a variety of organisms across
multiple ontogenetic stages [51, 2, 27, 76]. Within the frame-
work of our model, fM may be computed from the quantity
of light CO2 that di↵uses into the calcifying space from sur-
rounding cells in time t0end. Using the solutions to equations 3
fM evolves according to,

fM(t0) =
t0

1 + t0
. [11]

Substituting t = t0end yields the relationship,

fM|t0
end

=
x2

2 (✏� 1) + x2
, [12]

relating the fraction of metabolic carbon in the final shell to
the pumping parameter ✏. Note that a lower �13C signature
corresponds to slower ion-pumping.

Results
In Figure 2, we present a contour plot denoting the theoreti-
cal value of sensitivity S for a range of organic shell fractions
fp and metabolic carbon fractions fM . For the sake of def-
initeness, we choose �x2/x2 = 0.1 and x2 = 0.85, roughly
consistent with the forecasts, with the results qualitatively
similar for slightly di↵erent numbers. High ✏ is equivalent
to low fM (see equation 12; Figure ). The greatest sensitiv-
ities occur at low organic fractions, when S ⇡ �x2/x2, in
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There exists a large number of uncertainties in this problem.
Namely, the membrane permeability ṽ, the vesicle volume and
surface area, together with the pumping rate. All of these con-
stitute free parameters in the problem. We may remove such
parameters by scaling the variables appropriately. Specifically,
the concentration of DIC in the seawater, [DIC]sw largely dic-
tates the mass of calcium carbonate that results and the in-
flux of [DIC] into the fluid (F ⌘ ṽ A�[CO2]) sets a timescale,
T over which all of the DIC is replaced by cell-derived DIC.
Accordingly, we parameterize the pumping rate Rp as some
fraction, ✏ of F . In summary,

F = ṽ A�[CO2]

Rp = ✏F

T =
V [DIC]sw

F . [7]

Once the end point is reached, we assume that all of the
DIC within the sequestered fluid comes out of solution at once.
Thus, the time taken gives an energy required and the volume
of carbonate precipitated allows a determination of the cost
per mole of CaCO3. In terms of the variables 7, the end-point
is reached at a dimensionless time,

t0end =
x2

2 (✏� 1)
[8]

where x2 = [HCO�
3 ]sw/[DIC]sw is the bicarbonate fraction of

seawater. Notice that for this time to be positive, ✏ > 1, mean-
ing that below a certain pumping rate, the DIC concentration
grows faster than the carbonate concentration.

Put the rest in the Methods section.

The Cost of Shell.
Integrating all of the equations, we end up with an analyti-
cal expression for the energy required per mole of inorganic
CaCO3 precipitated. Specifically, the cost is

C =
1

2
µx2

✏

✏� 1
. [9]

This expression approaches the cost assumed elsewhere (e.g.
[25]) for large ✏, with the cost being grater for smaller ✏. Ac-
cordingly, the faster an organisms pumps, the cheaper calcium
carbonate becomes and so there is a naturally, evolutionary
drive to pump faster, assuming the goal of the organism is to
minimise the cost of CaCO3. The cost C (⇠ 0.3 J mg�1) is very
similar to that determined experimentally, both for adults[22]
and larvae[25].

A shell is comprised of more than simply the inorganic
CaCO3 required in building it. A substantial fraction, of the
order of ⇠ 0.5 � 5 wt% is comprised of organic matrix com-
prised of post-translationally-modified proteins which act as
a template ([21, 4]). The total cost of the shell must then
include the cost of this protein fraction. However, the cost
of protein, though poorly constrained, is about 50-100 times
that of the inorganic fraction[22] at ⌫ ⇠ 30 J mg�1. Thus,
when considering the total cost per given mass of shell, E with
protein fraction fp we obtain

E(x2, fp) =
1

2
µ x2

✓
✏

✏� 1

◆
(1 � fp) + ⌫ fp. [10]

Metabolic Carbon Fraction
From Figure ??, the only DIC entering the fluid is in the
form of respired CO2 derived from the cell cytoplasm. Such
DIC will consist of isotopically light carbon (CITE: coral pa-
per). Owing to the di↵usive nature of CO2 entry, the quan-
tity of metabolic carbon in the fluid vs “heavy” carbon at time

t0 = t0end will be larger for longer times. We see from equation 8
that longer times translate to smaller values of ✏, or equiva-
lently, weaker pumping. It is simple to quantify the fraction
of metabolic carbon using the solutions to equations 3 - 5.
Specifically,

fM =
t0

1 + t0
[11]

where fM is the fraction of metabolic carbon in the fluid at
dimensionless time t0 = t/T . Substituting the expression for
t0end yields a quantitative, measurable proxy for dimensionless
pumping rate, ✏, in the form of a metabolic carbon fraction.
Such a metabolic carbon fraction manifests in real-world sam-
ples as a well-defined carbon isotope signature ([18, 1, 10, 25]).
Accordingly, the metabolic carbon fraction of the final, pre-
cipitated CaCO3 will be

fM(t0end) =
x2

2 (✏� 1) + x2
. [12]

Sensitivity to Ocean Chemistry
With the above functional forms for shell costs in hand, we
can begin to evaluate what kinds of selective pressures may act
upon calcifying organisms on both short (ecological) and long
(evolutionary) timescales3. Specifically, on long timescales,
it may be advantageous to minimise the cost of a shell (E)
which from equation 10 may be achieved by reducing the pro-
tein fraction, fp within the shell. However, throughout the
course of evolution, a species must adapt to changing environ-
mental conditions[5]. The environmental factor entering the
equations here is the bicarbonate fraction of seawater, x2. At
present x2 ⇡ 0.8 [29, 25], but ocean acidification will cause
it to increase, with the IPCC report predicting an increase
of �x2 ⇠ 0.15 within a century (CITE). Such a change will
lead to change in the cost E with fractional change in cost be-
ing dependent upon fp. Specifically, we define a measure of
susceptibility,

S ⌘ 1

E
@E
@x2

, [13]

which quantifies the fractional change in cost for a given
change to seawater chemistry. We plot the susceptibility in
figure ?? for a range of protein fractions and metabolic car-
bon fractions4

Organisms with little metabolic carbon, who are pumping
fast, are both minimising their inorganic cost (C) and their
susceptibility (S). Therefore, both from an energy-saving and
evolutionary stand-point, it pays to pump fast.5 In light
of this, we also display (Figure ??) the fractional increase
in cost resulting from an increase of x2 from the modern
value to unity for various protein fractions in the infinite-
pumping case (fM ! 0). The maximum increase in cost is
⇠ 15% (= 100�x2/x2), with that number dropping rapidly
with larger protein fractions. GIVE TWO EXAMPLES.

Hence, whereas pumping fast is beneficial on two fronts,
protein fraction acts as a balance between the costly and the
susceptible. Thus, we may imagine that times of turbulent
environmental conditions favour the evolution of organisms

3The distinction between such timescales is breaking down with recent realisations that evolutionary
change may proceed at much more rapid rate than once thought - even approaching the timescales
of ecological change (CITE CITE CITE:)
4A proxy for pumping rate, �. High � is equivalent to low fM as faster pumping shortens to time
for precipitation.
5Provided minimisation of energy is paramount, which might not always be the case, as discussed
below.

4 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author
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Fig. 3. Upper Panel: The metabolic carbon fraction in the final CaCO3 as a

function of pumping parameter ✏. Higher ✏ translates to shorter calcification times,

allowing less time for light carbon to di↵use in from the cell. As a result, faster pump-

ing leads to lower metabolic carbon fractions. Lower Panel: The influence of x2 on

the calcification rate for a given value of ✏. The upper panel suggests that, owing to

the very low metabolic carbon values of larval shells, they pump at or near physiolog-

ical capacity. The lower panel demonstrates the consequences of ocean chemistry on

the maximum calcification rate attainable using this physiological limit. Acidification

reduces the capacity, meaning that a given physiology is not able to reach as a high a

calcification rate. Owing to kinetic constraints within the larval stage, such a reduced

calcification capacity may have a di↵erential a↵ect on mortality.

4 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author
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We suppose that all of the CaCO3 within each calcifying
compartment comes out of solution at once at the end point.
In terms of the variables [4], the end-point is reached at a
dimensionless time,

t0end =
x2

2 (✏� 1)
[6]

where

x2 ⌘ [HCO�
3 ]sw

[DIC]sw
[7]

is the bicarbonate fraction of seawater. For ✏ < 1, the end-
point time is negative, reflecting the fact that for low pump-
ing rates, CO2 di↵uses into the compartment and dissociates
faster than ion pumps can neutralize the resulting protons.
Accordingly, below a certain pumping capacity, calcification
by means of heightened ⌦ becomes impossible.

Given a time t0end we compute the cost of CaCO3 per unit
mass,

C =
1

2

⌘

µC
x2

✏

✏� 1
, [8]

where µC = 100g mol�1 is the molar mass of CaCO3 and
⌘ ⇡ 30 kJ mol�1 (see above). An important consequence is
that the faster an organisms pumps (the higher is ✏), the
cheaper its skeleton becomes. Thus there is an ever-present
energetic benefit in pumping rapidly. For ✏ ! 1 the cost
C ! 1/2 (⌘/µC)x2 ⇡ 0.13 J mg�1, a number consistent with
observations of larvae [76], but adults appear to expend more
energy than this minimum [58], suggesting lower ✏. Mechanis-
tically, the infinite pumping case is where one H+ is pumped
for each HCO�

3 ion present in the original seawater.
The above discussion accounts for the inorganic, CaCO3

part of the skeleton, but the total cost of a skeleton includes
the metabolic investment associated with the organic portion
[57, 47, 58, 49, 12]. The organic matrix makes up about 1-5
wt% gastropod [57] and mollusc [49] skeletons, but its cost
is poorly constrained. An approximate experimental value
stands at ⌫ ⇠ 30 J mg�1 [57, 58], roughly 200 times the mini-
mum inorganic cost C. The pure cost of amino acid synthesis
has been inferred from other work to sit closer to ⇠ 3 J mg�1

[56, 59], however, the matrix itself is an organised structure
of glycoproteins which likely costs much more than its con-
stituent amino acids. Accordingly, here we display results for
an organic cost of ⌫ ⇠ 30 J mg�1 but show in the Supplemen-
tal information that our results remain qualitatively similar
for smaller organic costs.

The total cost E of a given mass of shell comprising an or-
ganic matrix of mass fraction fp is

E(x2, fp) =
1

2
µ x2

✓
✏

✏� 1

◆
(1 � fp) + ⌫ fp. [9]

For ease of presenting, we now define a function that measures
the sensitivity of whole shell cost to changes in seawater chem-
istry. This function is expressed as the fractional increase in
E for a given increase �x2 of the parameter x2:

S ⌘ 1

E
@E
@x2

�x2. [10]

It is important to note that the value of x2 is a measure of
acidification state and increases under ocean acidification, i.e.
the bicarbonate ion becomes more abundant at the expense of
carbonate ions. At present x2 ⇡ 0.85 [17, 76], with the IPCC
report predicting an increase of �x2 ⇠ 0.1 within a century
[18, 17](does IPCC5 HAVE a guesstimate?), approximately
equivalent to a 10% rise.

Instead of presenting our results in terms of ✏, we favour
the fraction of carbon within the CaCO3 that is metabolically-
derived fM . Such a fraction has been inferred from numerous
measurements of �13C within a variety of organisms across
multiple ontogenetic stages [51, 2, 27, 76]. Within the frame-
work of our model, fM may be computed from the quantity
of light CO2 that di↵uses into the calcifying space from sur-
rounding cells in time t0end. Using the solutions to equations 3
fM evolves according to,

fM(t0) =
t0

1 + t0
. [11]

Substituting t = t0end yields the relationship,

fM|t0
end

=
x2

2 (✏� 1) + x2
, [12]

relating the fraction of metabolic carbon in the final shell to
the pumping parameter ✏. Note that a lower �13C signature
corresponds to slower ion-pumping.

Results
In Figure 2, we present a contour plot denoting the theoreti-
cal value of sensitivity S for a range of organic shell fractions
fp and metabolic carbon fractions fM . For the sake of def-
initeness, we choose �x2/x2 = 0.1 and x2 = 0.85, roughly
consistent with the forecasts, with the results qualitatively
similar for slightly di↵erent numbers. High ✏ is equivalent
to low fM (see equation 12; Figure ). The greatest sensitiv-
ities occur at low organic fractions, when S ⇡ �x2/x2, in
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There exists a large number of uncertainties in this problem.
Namely, the membrane permeability ṽ, the vesicle volume and
surface area, together with the pumping rate. All of these con-
stitute free parameters in the problem. We may remove such
parameters by scaling the variables appropriately. Specifically,
the concentration of DIC in the seawater, [DIC]sw largely dic-
tates the mass of calcium carbonate that results and the in-
flux of [DIC] into the fluid (F ⌘ ṽ A�[CO2]) sets a timescale,
T over which all of the DIC is replaced by cell-derived DIC.
Accordingly, we parameterize the pumping rate Rp as some
fraction, ✏ of F . In summary,

F = ṽ A�[CO2]

Rp = ✏F

T =
V [DIC]sw

F . [7]

Once the end point is reached, we assume that all of the
DIC within the sequestered fluid comes out of solution at once.
Thus, the time taken gives an energy required and the volume
of carbonate precipitated allows a determination of the cost
per mole of CaCO3. In terms of the variables 7, the end-point
is reached at a dimensionless time,

t0end =
x2

2 (✏� 1)
[8]

where x2 = [HCO�
3 ]sw/[DIC]sw is the bicarbonate fraction of

seawater. Notice that for this time to be positive, ✏ > 1, mean-
ing that below a certain pumping rate, the DIC concentration
grows faster than the carbonate concentration.

Put the rest in the Methods section.

The Cost of Shell.
Integrating all of the equations, we end up with an analyti-
cal expression for the energy required per mole of inorganic
CaCO3 precipitated. Specifically, the cost is

C =
1

2
µx2

✏

✏� 1
. [9]

This expression approaches the cost assumed elsewhere (e.g.
[25]) for large ✏, with the cost being grater for smaller ✏. Ac-
cordingly, the faster an organisms pumps, the cheaper calcium
carbonate becomes and so there is a naturally, evolutionary
drive to pump faster, assuming the goal of the organism is to
minimise the cost of CaCO3. The cost C (⇠ 0.3 J mg�1) is very
similar to that determined experimentally, both for adults[22]
and larvae[25].

A shell is comprised of more than simply the inorganic
CaCO3 required in building it. A substantial fraction, of the
order of ⇠ 0.5 � 5 wt% is comprised of organic matrix com-
prised of post-translationally-modified proteins which act as
a template ([21, 4]). The total cost of the shell must then
include the cost of this protein fraction. However, the cost
of protein, though poorly constrained, is about 50-100 times
that of the inorganic fraction[22] at ⌫ ⇠ 30 J mg�1. Thus,
when considering the total cost per given mass of shell, E with
protein fraction fp we obtain

E(x2, fp) =
1

2
µ x2

✓
✏

✏� 1

◆
(1 � fp) + ⌫ fp. [10]

Metabolic Carbon Fraction
From Figure ??, the only DIC entering the fluid is in the
form of respired CO2 derived from the cell cytoplasm. Such
DIC will consist of isotopically light carbon (CITE: coral pa-
per). Owing to the di↵usive nature of CO2 entry, the quan-
tity of metabolic carbon in the fluid vs “heavy” carbon at time

t0 = t0end will be larger for longer times. We see from equation 8
that longer times translate to smaller values of ✏, or equiva-
lently, weaker pumping. It is simple to quantify the fraction
of metabolic carbon using the solutions to equations 3 - 5.
Specifically,

fM =
t0

1 + t0
[11]

where fM is the fraction of metabolic carbon in the fluid at
dimensionless time t0 = t/T . Substituting the expression for
t0end yields a quantitative, measurable proxy for dimensionless
pumping rate, ✏, in the form of a metabolic carbon fraction.
Such a metabolic carbon fraction manifests in real-world sam-
ples as a well-defined carbon isotope signature ([18, 1, 10, 25]).
Accordingly, the metabolic carbon fraction of the final, pre-
cipitated CaCO3 will be

fM(t0end) =
x2

2 (✏� 1) + x2
. [12]

Sensitivity to Ocean Chemistry
With the above functional forms for shell costs in hand, we
can begin to evaluate what kinds of selective pressures may act
upon calcifying organisms on both short (ecological) and long
(evolutionary) timescales3. Specifically, on long timescales,
it may be advantageous to minimise the cost of a shell (E)
which from equation 10 may be achieved by reducing the pro-
tein fraction, fp within the shell. However, throughout the
course of evolution, a species must adapt to changing environ-
mental conditions[5]. The environmental factor entering the
equations here is the bicarbonate fraction of seawater, x2. At
present x2 ⇡ 0.8 [29, 25], but ocean acidification will cause
it to increase, with the IPCC report predicting an increase
of �x2 ⇠ 0.15 within a century (CITE). Such a change will
lead to change in the cost E with fractional change in cost be-
ing dependent upon fp. Specifically, we define a measure of
susceptibility,

S ⌘ 1

E
@E
@x2

, [13]

which quantifies the fractional change in cost for a given
change to seawater chemistry. We plot the susceptibility in
figure ?? for a range of protein fractions and metabolic car-
bon fractions4

Organisms with little metabolic carbon, who are pumping
fast, are both minimising their inorganic cost (C) and their
susceptibility (S). Therefore, both from an energy-saving and
evolutionary stand-point, it pays to pump fast.5 In light
of this, we also display (Figure ??) the fractional increase
in cost resulting from an increase of x2 from the modern
value to unity for various protein fractions in the infinite-
pumping case (fM ! 0). The maximum increase in cost is
⇠ 15% (= 100�x2/x2), with that number dropping rapidly
with larger protein fractions. GIVE TWO EXAMPLES.

Hence, whereas pumping fast is beneficial on two fronts,
protein fraction acts as a balance between the costly and the
susceptible. Thus, we may imagine that times of turbulent
environmental conditions favour the evolution of organisms

3The distinction between such timescales is breaking down with recent realisations that evolutionary
change may proceed at much more rapid rate than once thought - even approaching the timescales
of ecological change (CITE CITE CITE:)
4A proxy for pumping rate, �. High � is equivalent to low fM as faster pumping shortens to time
for precipitation.
5Provided minimisation of energy is paramount, which might not always be the case, as discussed
below.

4 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author
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Fig. 3. Upper Panel: The metabolic carbon fraction in the final CaCO3 as a

function of pumping parameter ✏. Higher ✏ translates to shorter calcification times,

allowing less time for light carbon to di↵use in from the cell. As a result, faster pump-

ing leads to lower metabolic carbon fractions. Lower Panel: The influence of x2 on

the calcification rate for a given value of ✏. The upper panel suggests that, owing to

the very low metabolic carbon values of larval shells, they pump at or near physiolog-

ical capacity. The lower panel demonstrates the consequences of ocean chemistry on

the maximum calcification rate attainable using this physiological limit. Acidification

reduces the capacity, meaning that a given physiology is not able to reach as a high a

calcification rate. Owing to kinetic constraints within the larval stage, such a reduced

calcification capacity may have a di↵erential a↵ect on mortality.

4 www.pnas.org/cgi/doi/10.1073/pnas.0709640104 Footline Author

28
organic cost, ν = 30 J mg-1

organic cost, ν = 3 J mg-1

Figure 2. A comparison between the susceptibility and costs obtained using a value of

ν = 30 J mg−1 (upper panels, Pace and Manahan, 2006; Pan et al., 2015) and a value 10

times smaller (lower panels, Pace and Manahan 2006; Pan et al. 2015). The thick grey

line indicates a sensitivity of 10%. Notice that the qualitative trend is similar in both

cases but the results change quantitatively. Specifically, the ability of additional organic

material to decrease susceptibility is less pronounced when the organic material itself (and

therefore the skeleton) is cheaper.
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Figure 3. Ratio of inorganic costs between the batch model (C) and the steady state

model Css. The x-axis denotes the scaled DIC concentration in the steady-state calcifying

space. We plot the ratio for four metabolic carbon fractions fM =(0, 0.1, 0.3 and 0.5),

which span the observed range in bivalve shells (Gillikan et al., 2007; Waldbusser et al.,

2013). The steady state costs are sensitive to the parameter C ′ and can be either greater

or less than those of the batch model, but assuming the organism is aiming to calcify

rapidly, we work under the assumption that C ′ does not lie in the range where Css � C.
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Figure 4. Published growth curves for the first ∼20 days of life for A). the brachiopod

Terebratalia transversa [Stricker and Reed (1985)] and B). the oyster (a bivalve) Cras-

sostrea gigas [Waldbusser et al. (2013)]. Notice that for both species, the absolute rate of

shell growth is vastly greater in the first 1-2 days than during the later stages. Further-

more, as is evident from B., not only is the absolute growth rate (blue line) vastly greater

in the earliest stages, but as is the specific growth rate (red circles), the increase in shell

mass as a fraction of current shell mass. This figure illustrates the pressure to form the

earliest parts of the shell more quickly than subsequent parts.

D R A F T May 2, 2017, 1:37pm D R A F T


