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TECHN ICAL ADVANCE

Dynamic energy budget modeling reveals the potential of
future growth and calcification for the coccolithophore
Emiliania huxleyi in an acidified ocean
ER IK B . MULLER 1 and ROGER M. NISBET2

1Marine Science Institute, University of California, Santa Barbara, CA 93106, USA, 2Department of Ecology, Evolution and

Marine Biology, University of California, Santa Barbara, CA 93106, USA

Abstract

Ocean acidification is likely to impact the calcification potential of marine organisms. In part due to the covarying nat-

ure of the ocean carbonate system components, including pH and CO2 and CO3
2� levels, it remains largely unclear

how each of these components may affect calcification rates quantitatively. We develop a process-based bioenergetic

model that explains how several components of the ocean carbonate system collectively affect growth and calcifica-

tion rates in Emiliania huxleyi, which plays a major role in marine primary production and biogeochemical carbon

cycling. The model predicts that under the IPCC A2 emission scenario, its growth and calcification potential will have

decreased by the end of the century, although those reductions are relatively modest. We anticipate that our model

will be relevant for many other marine calcifying organisms, and that it can be used to improve our understanding of

the impact of climate change on marine systems.

Keywords: calcification, calcite saturation state, coccolithophores, Dynamic Energy Budget Theory, Emiliania huxleyi, ocean

acidification
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Introduction

The increase in atmospheric pCO2 since the onset of the

industrial revolution has brought about a change in

ocean surface carbonate chemistry, notably a decline in

pH and carbonate concentration and an increase in dis-

solved CO2 (IPCC, 2007). This change, commonly

referred to as ocean acidification (OA), is expected to

intensify during this century, resulting in an

increasingly challenging environment for calcifying

organisms to produce calcareous skeletons (Fabry et al.,

2008; Rost et al., 2008). Indeed, numerous accounts,

summarized in several recent reviews (Fabry et al.,

2008; Rost et al., 2008; Doney et al., 2009), attest to

declines in calcification rates with decreasing pH or

ambient carbonate levels in marine calciferous

organisms.

The impact of OA on coccolithophores is of special

concern because of their large role in primary

production and calcium carbonate precipitation in the

ocean. Much about the impact of OA on their calcifica-

tion potential and other physiological processes

remains unclear. For instance, species and even strains

differ considerably in their sensitivities to a changing

ocean carbonate system (Langer et al., 2006, 2009).

Furthermore, conflicting reports about the best studied

coccolithophorid, E. huxleyi, have appeared. While

most authors have found that per-cell calcification rates

in E. huxleyi decrease with increasing pCO2 beyond

current atmospheric levels (Riebesell et al., 2000; Rost

et al., 2008; Bach et al., 2011, 2013; Hoppe et al., 2011),

others have observed the opposite trend (Feng et al.,

2008; Iglesias-Rodriguez et al., 2008; Shi et al., 2009),

possibly because of differences in experimental design

or data normalization (Riebesell et al., 2008; Field et al.,

2011). Finally, it remains unclear to what extent the

different components in the carbonate system

determine the rate of calcification. For example, it seems

reasonable to expect photosynthesis to be a major dri-

ver of calcification, as the latter is an energy requiring

process, and consequently to expect a positive relation-

ship between pCO2 levels and calcification rates. How-

ever, calcification rates in marine organisms generally

depend, among all of the ocean carbonate system com-

ponents, most clearly on the ocean CO3
2� concentration

(or, equivalently, the calcite or aragonite saturation

state) (Fabry et al., 2008). A thorough quantification of

the impact of OA on calcification requires an integrative

framework with which the impact of the distinct com-

ponents of the ocean carbonate system on relevant

physiological processes can be evaluated.
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Our aim was to develop such an integrative frame-

work, based on Dynamic Energy Budget (DEB) theory,

to evaluate the impact of OA on the growth and calcifi-

cation rate of calciferous organisms, such as coccolitho-

phores. DEB theory describes the rates at which

organisms acquire resources from the environment

(here: CO2, light energy, and nutrients) and use the

energy and nutrients therein for maintenance, develop-

ment, and production of biomass (Nisbet et al., 2000;

Sousa et al., 2008; Kooijman, 2010). We develop pro-

cess-based models that treat calcification as a secondary

process whose dynamics are implied by DEB theory

and describe the impact of ocean carbonate system

components, such as H+ and CO3
2�, on production and

calcification rates. We then evaluate the model with

published data describing growth and calcification

rates in three E. huxleyi strains at a wide range of com-

binations of environmental inorganic carbon chemistry

parameters (Bach et al., 2011; Hoppe et al., 2011). With

parameters estimated from those data, we investigate

implications of a changing ocean carbonate system in

the Pacific, north of 50°, on primary production and cal-

cification in E. huxleyi.

Materials and methods

Data were downloaded from the EPOCA database (EPOCA,

2011) in August 2012 (NZEH ‘open DIC’ treatment data were

omitted because of poor mixing leading to cell sedimentation

and erratic growth behavior). Parameters not directly affecting

the calcification rate were estimated from data on growth rates

and cellular organic carbon content and held constant at their

respective estimated values during the analysis of data on cal-

cification rates. Because the data do not contain sufficient

information for the estimation of all model parameters, some

simplifications needed to be considered. The maximum photo-

synthetic carbon fixation and maintenance rates could not be

estimated (as this would require additional data, such as gross

CO2 fixation and dark/light respiration rates), and were,

therefore, fixed at values selected from a range that yielded

satisfactory model fits; this element of subjectivity doesn’t

affect the main findings of this article, which depend relatively

little on the exact value of parameters (see Results and discus-

sion). Furthermore, it was impossible to delineate the

individual contributions of assimilation, growth, and mainte-

nance to the calcification rate (as this would require additional

data, such as gross CO2 fixation, dark/light respiration, and

dark/light calcification rates). It was necessary to assume two

of the three energy fluxes contributed negligibly to calcifica-

tion. It seems reasonable to assume that photosynthesis is a

major driver of calcification. Accordingly, the yield coefficient

quantifying the contribution of assimilation to calcification

was chosen as a free estimable parameter and those quantify-

ing the contribution of maintenance and growth were set at

zero. It should be noted that fitting results obtained while

assuming a negligible contribution of assimilation rather than

growth to calcification were nearly identical, because the rates

of photosynthetic carbon fixation (as implied by parameter

values and environmental conditions) and growth (as mea-

sured) covary to a great extent in the experiments analyzed

here.

Simulations for predicting past and future productivity and

calcification rates assumed the carbonate system of the North-

ern Pacific (Feely et al., 2009) as determined with CO2sys for

Matlab (T = 10 °C; salinity = 3.5) and beta-distributed model

parameter values (distribution parameter values = 2, which

yields a symmetrical, hump-shaped distribution with upper

and lower bounds), without affecting conclusions, ½Hþ�env0 ,

was not randomized to avoid bimodal results due to the role

of this parameter in a switch function. The lower and upper

bounds for yield parameters differ 25% from their means (to

constrain them within a biologically meaningful range); the

bounds for other parameters differ 50% and 150%, respec-

tively, from their means.

Models

This section briefly outlines the mathematical framework of

DEB theory as needed for this article [assumptions, underpin-

nings, and further details can be found elsewhere (Kooijman,

2010; Muller, 2011; Sousa et al., 2008)], adds calcification to this

theory, and describes the impact of OA on growth and calcifi-

cation. A conceptual representation of the resulting modeling

framework is depicted in Fig. 1.

Fig. 1 Conceptual model representation of the impact of ocean

acidification on calcification. Dynamic Energy Budget theory

(sources and sinks connected by solid arrows) provides the

energetic basis for the model and implicitly specifies energy

allocation to calcification (broken black arrows). Additional

modeling modules describe the impact of suboptimal pH on

general physiological processes and the relationship between

the pH of the coccolith vesicle (CV) and of the ocean (green and

red arrows represent positive and negative relationships,

respectively). See text for a full description and the Supplemen-

tal Equations for model derivation. ‘PAR’ is photosynthetically

active radiation; ‘SU’ is synthesizing unit.

© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2031–2038

2032 E. B . MULLER & R. M. NISBET



Dynamic energy budgets

The core DEB model for a population of dividing

unicellular organisms has two state variables: the load of

energy reserves in a cell, mE, and the density of structural

biomass, XV. In this particular DEB model variant (for ‘V1

morphs’; Hanegraaf & Muller, 2001), the mean structural

biomass of a cell in an exponentially growing population is

a constant, so the density of structural biomass is

proportional to the density of cells, regardless of resource

availability. Hence, we can normalize model quantities to

cell numbers, i.e. per capita, rather than per mole of struc-

tural C as is customary in DEB theory. This is convenient

as the data in our analysis are in expressed as per capita.

The state equations are

dmE

dt
¼ jEA � kEmE ð1Þ

dXV

dt
¼ XV

KEmE � jED
mE þ 1=yVE

ð2Þ

in which jEA is the specific assimilation rate (which in this arti-

cle is the same as the per capita photosynthetic carbon fixation

rate); kE is the specific energy conductance; jED the specific

maintenance rate and yVE the growth efficiency. The specific

assimilation rate is conveniently described with the concept of

a synthesizing unit for two potentially limiting resources (Ko-

oijman, 1998; Muller, 2011), i.e. here the environmental CO2

concentration, XCO2
, and irradiance, {JL,F}:

j
EA

¼ 1
1

jEAm
þ 1

p1XCO
2

þ 1
p2 JL;Ff g �

1
p1XCO2

þp2 JL;Fgf
ð3Þ

in which jEAm is the maximum specific assimilation rate and

p1 and p2 are proportionality factors (HCO3
� instead of CO2

should be used with species with efficient carbon concentrat-

ing mechanisms). Equation (3) adequately describes pub-

lished (Nimer & Merrett, 1993) photosynthetic carbon fixation

rates in E. huxleyi (see Fig. S1). The specific growth rate, jVG, is

defined as jVG ¼ dXV

XVdt
, which equals the per capita growth rate

in an exponentially growing population.

The biomass of a cell, M, is the sum of its structural bio-

mass, MV, and its reserve biomass, ME. In exponentially grow-

ing populations, the reserve load of a cell is constant, so from

Eqn (1) and ME � mEMV

M ¼ MV þME ¼ MV 1þ jEA
kE

� �
ð4Þ

For populations that do not grow (approximately) exponen-

tially, the (numerical) solutions of Eqns (1) and (2) should be

used to calculate ME.

To account for the impact of H+ on physiological pro-

cesses other than those directly involved in calcification, we

use an effect model (Muller et al., 2010) in which the spe-

cific assimilation rate and specific energy conductance are

reduced and the specific maintenance rate is increased

when the environmental H+ concentration, [H+]env, exceeds

a threshold no-effect concentration, ½Hþ�env0 . These rates

change according to

jEA ! jEA 1þ ½Hþ�env � ½Hþ�env0

� �
þ

KHþ

 !�1

;

kE ! kE 1þ ½Hþ�env � ½Hþ�env0

� �
þ

KHþ

 !�1

and jED ! jED 1þ ½Hþ�env � ½Hþ�env0

� �
þ

KHþ

 !
ð5Þ

in which KHþ is the effect scaling parameter.

Calcification

To describe the calcification rate, we need to specify how the

internal carbonate system depends on metabolism and on the

ocean carbonate system. Biological calcification generally

requires at least four ‘substrates’: energy, biomolecules for skel-

etal structure, divalent cations, and inorganic carbon. Accord-

ingly, the calcification rate depends on the rates at which these

‘substrates’ are supplied to the calcification process. Rather

than following the dynamics of all ‘substrates’, we argue that

for our purposes, it is reasonable to describe the dependency of

the calcification rate on metabolism solely in terms of the rate at

which energy is supplied to calcification. Energy is needed to

build the biomolecules needed for skeletal structure, have all

the compounds delivered in the coccolith vessicle (CV) and reg-

ulate the pH in the CV. If each of these compounds requires a

fixed amount of energy to be built and supplied to the CV, their

supply rate is proportional to the rate at which energy is allo-

cated to calcification. Each of the DEB energy fluxes, i.e. assimi-

lation, maintenance, and growth, potentially contributes to

calcification. Because the core assumptions of DEB theory

imply that the contribution of each of those fluxes is propor-

tional to their respective magnitude (cf. product formation in

Hanegraaf & Muller, 2001; Kooijman, 2010), the rate at which

energy (and hence compounds) is allocated to calcification is, in

principal, specified by the theory. Accordingly, we assume that

the specific calcification rate, jCa, is proportional to the

weighted sum of contributing energy fluxes, or

jCa / w1jEA þ w2jVG þ w3jED; ð6Þ

in which w* are the weight coefficients specifying the contri-

bution of each energy flux to calcification.

Equation (6) does not explicitly consider the role of the spe-

ciation and internal transport of inorganic carbon in determin-

ing the calcification rate. To retain simplicity, we assume that

the time scale at which the slowest steps in inorganic carbon

speciation operate, i.e. seconds to minutes (Ho & Sturtevant,

1963), is generally short relative to the time scale of environ-

mentally induced changes in metabolism, such as those gov-

erned by diurnal cycles. With Bolton & Stoll (2013), we also

assume that transport of inorganic carbon is sufficiently fast

such that the CV carbonate system responds to changes in

metabolic rates and in the ocean carbonate system without

ecologically significant delay. The model acknowledges the

role of carbon speciation and transport in determining the

composition of the CV carbonate system through parameter

values, but it ignores the dynamic aspects of these processes.

© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2031–2038
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We model the dependency of the calcification rate on the

ocean carbonate system with simple chemical equilibrium and

thermodynamic considerations. The speciation of total dis-

solved inorganic carbon (DIC) is commonly summarized with

two reaction equations:

H2CO3 � HCO�
3 þHþ with equilibrium constant

Ka1 ¼
HCO�

3

� �
Hþ½ �

H2CO3½ � ð7Þ

and

HCO�
3 � CO2�

3 þHþ with equilibrium constant

Ka2 ¼
CO2�

3

� �
Hþ½ �

HCO�
3

� � ð8Þ

Then, as in equilibrium in alkaline solutions Ka1 � Hþ½ �,

CO2�
3

� � ¼ Ka1Ka2 DIC½ �
Hþ½ �2 þ Ka1 H

þ½ � þ Ka1Ka2

� Ka2 DIC½ �
Hþ½ � þ Ka2

ð9Þ

or

Hþ½ � � Ka2 DIC½ � � CO2�
3

� �� �
CO2�

3

� � ð10Þ

Following Ries (2011), we assume that the energy that is

required to maintain a proton gradient is proportional to the

proton-motive force EHþ given by the Nernst equation,

EHþ ¼ RT

F
ln

Hþ½ �env

Hþ½ �i
ð11Þ

in which the superscripts ‘env’ and ‘i’ represent the environ-

ment and coccolith vesicle, respectively. This implies that for a

given energy supply rate to maintain a proton gradient, [H+]i

= w [H+]env, with w as a proportionality constant. For a given

rate of energy invested in maintaining a proton gradient, this

proportional relationship also links the internal carbonate con-

centration to the ocean carbonate system through substitution

into Eqn (9) (applied to the environment) and Eqn (8) (applied

to the coccolith vesicle). Cast in terms of the saturation state of

calcite in the environment, ΩCa � [Ca2+]env [CO3
2�]env/Ksp

with Ksp as the calcite solubility constant, we get after some

routine algebra

CO2�
3

� �i ¼
Ki
a2

Ki
a2
�wKenv

a2

DIC½ �iXCa

wKenv
a2

Ca2þ½ �env

Ksp Ki
a2
�wKenv

a2ð Þ DIC½ �env þ XCa

ð12Þ

To maintain a stable CV carbonate system, two protons

need to be removed for each calcium carbonate deposited, i.e.

the proton removal rate is proportional to the calcification rate

(to avoid dilution effects due to growth, we assume that the

total volume of the CVs in a cell is proportional to the amount

of its structural biomass). A complicating factor is, however,

that the marginal cost of proton removal increases as the

proton gradient becomes steeper [cf. Eqn (11)]. To retain sim-

plicity and tractability, we maintain our assumption that the

calcification rate, and hence the proton removal rate, is

directly proportional to energy allocated to proton removal.

We can now combine Eqns (6) and (12) to describe

the impact of the ocean carbonate system and metabolism on

calcification. To simplify the result, we assume constant cal-

cium concentrations in the ocean and CV and ocean calcium

concentrations and a constant DIC concentration in the CV

(these assumptions can be relaxed when those concentrations

are measured), and present aggregates of constants and pro-

portionality factors as compound parameters. Then,

jCa ¼ yCa;AjEA þ yCa;GjVG þ yCa;DjED
� � XCa

KXCa
DIC½ �env þ XCa

ð13Þ

in which the compound parameter KXCa
is the OA effect scal-

ing parameter (when [DIC]env is constant, KXCa
[DIC]env is a

half-saturation constant) and y** are yields of calcite from con-

tributions of the respective energy fluxes that would be

observed at very high calcite saturation states (e.g. yCa,A is the

number of calcite molecules that would be deposited for each

CO2 fixed during photosynthesis at very high calcite satura-

tion states).

Results and discussion

The model developed in the previous section relates

production and calcification rates to metabolic rates

and ocean carbonate system parameters. To compare

model predictions to data, those data need to meet

three demanding criteria. First, to characterize the

energy supplied to calcification, data should include

measurements about some physiological processes,

such as the rate of photosynthesis, dark respiration or

growth or cellular composition. Second, the environ-

mental inorganic carbon chemistry needs to be fully

specified. Third, data need to be collected for a rela-

tively large number and sufficiently wide range of com-

binations of environmental inorganic carbon chemistry

parameters. To the best of our knowledge, only two

publications reporting on three calcifying strains of

E. huxleyi meet those criteria to an extent that permits a

model evaluation. Bach et al. (2011) determined the

organic carbon content of cells and the rates of growth

and calcification in strain B92/11 for a wide range of

environmental CO2 concentrations at both constant and

variable pH, whereas Hoppe et al. (2011) collected simi-

lar data for strains NZEH and RC1256 in experiments

in which either the environmental total alkalinity or

DIC varied.

The trends in the data from those studies are ade-

quately described by the model (see Fig. 2 for model

fits to data from strain B92/11 and Fig. S2 those to data

from strains RC1256 and NZEH; see Table 1 for param-

eter estimates). A comparison of data and model fits

across treatments is rather subtle, as the relationships

among the components of the carbonate system vary

greatly among treatments, while four components,

namely CO2, DIC, H+, and ΩCa, are input variables in

the model (see the legend to Fig. 2 for a model explana-

tion of trends). This figure establishes two important

© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2031–2038
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points: (i) any search for a single component of the car-

bonate system that most prominently determines calci-

fication potential of a particular strain is bound to be

futile, as calcification depends on multiple, covarying

factors whose relative impact on calcification depends

on experimental protocol; but (ii) a process-based

model such as ours can tease out the combined effect of

these covarying factors.

Because E. huxleyi plays fundamental roles in the

dynamics of marine food webs and CO2 sequestration,

it is informative to project the potential impact of

changing ocean carbonate conditions on this species.

We use simulations to illustrate this for a ‘bad-case’

scenario by assuming future CO2 levels according to

the relatively pessimistic IPCC A2 emission scenario

(see Table 2), the projected ocean carbonate chemistry

parameters for the Pacific, north of 50° (Feely et al.,

2009), and three irradiance levels, the lowest of which

is likely the environmentally the most relevant

(Zondervan et al., 2002). Parameter values are drawn

from wide-range beta distributions (see Methods) with

the mean values for strain B92/11 (see Table 1) to

account for the uncertainty about those values and/or

for variability in parameter values among E. huxleyi

strains.

Six major conclusions emerge from the simulations of

primary production and calcification in E. huxleyi in the

Pacific, north of 50° (see Table 1). First, up to the

present, E. huxleyi has benefitted from CO2 fertilization

since the start of the Industrial Revolution as expected

(a) (b) (c)

(d) (e) (f)

Fig. 2 Production and calcification in Emiliania huxleyi B92/11 as a function of carbonate system parameters with model fits to data

from Bach et al. (2011). Two carbonate system manipulation techniques yielded different pH (free scale) vs. CO2 patterns: one with a

constant pH (open symbols and solid lines) and one in which the pH declines with increasing CO2 concentrations (closed symbols and

broken lines). Model fits to the mean cell organic carbon content (a) and specific growth rate (b) provide parameter estimates (see

Table 1) used to fit the calcification rate as a function of CO2 (c), DIC (d), ΩCa (e), and pH (f). With ΩCa as the reference independent var-

iable (e), the model explains the trends as follows. The direct functional relationship between the calcification rate and ΩCa [see

Eqn (13)] in part explains the initial increase and subsequent leveling-off of calcification rates with increasing ΩCa. At constant pH, an

additional cause for depressed calcification rates at low ΩCa is the relatively low energy supply resulting from CO2 limitation for photo-

synthesis. In contrast, at a variable pH, CO2 limited photosynthesis occurs at high ΩCa; hence the declining calcification rates at values

for ΩCa beyond 6. The low calcification rates observed at low ΩCa with this treatment are the result of pH conditions being suboptimal

for metabolism. For parameter values, see Table 1. Mean relative error (Lika et al., 2011) is 0.15 (data from constant and variable pH

treatment combined; a), 0.04/0.05 (constant/variable pH; b), 0.39/0.21 Constant/variable pH excluding data for which calcification is

nil; c–f).

© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2031–2038
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primary production and calcification rates have

increased, although those increases are very modest at

the lowest irradiance considered. Second, in agreement

with observations (Rokitta & Rost, 2012), the negative

impact of OA on primary production and calcification

rates is most pronounced at low irradiance levels as

CO2 fertilization cannot enhance photosynthesis at light

limited conditions. Third, at the lowest, environmen-

tally most relevant irradiance, the gain in primary pro-

duction and calcification rates since the preindustrial

era will be reversed before midcentury. Fourth, OA has

impacts on both primary production and calcification

rates. There is a relatively minor difference in impact at

environmentally relevant light levels, i.e. expected end

of century declines relative to the present of 8.6% and

6.9% in the rates of primary production and calcifica-

tion, respectively. Yet, this minor difference might have

negative implications for atmospheric CO2 sequestra-

tion in the ocean as the organic carbon pump, which

draws CO2 from the atmosphere through primary

production, might be impacted more severely than the

carbonate counter pump, which releases CO2 into the

atmosphere through the reduction in ocean water alka-

linity due to calcification (Riebesell, 2004; Riebesell

et al., 2007). Fifth, although parameter values are drawn

from wide distributions, the distributions of expected

changes in primary production and calcification rates

are surprisingly narrow (see Fig. 3). In addition, simu-

lation results with parameter values for strain RC1256

and NZEH deviate at most 2% from those obtained

with strain B92/11 at the environmentally most rele-

vant irradiance. This lends substantial credibility to the

general conclusions of this paper and supports our

expectation that the numerical results in Table 1 are

indicative for the response of a wide range of E. huxleyi

strains and potentially other coccolithophores. Sixth,

our results are in line with those studies that report a

negative impact of OA on calcification (Riebesell et al.,

2000; Sciandra et al., 2003; Bach et al., 2011, 2013), but

our estimate of the expected loss in calcification by the

end of the century relative to today (6.9% under the

low light scenario) is rather modest.

Table 1 Parameter values with standard error (if estimated)

Symbol Interpretation

Emiliania huxleyi strain

UnitsB92/11 RC1256 NZEH

kE Specific energy conductance 1.45 (0.12) 2.38 (0.06) 2.74 (0.09) day�1

½Hþ�env0 No-effect H+ concentration 12.25 (4.5) 12.25 12.25 nM

KHþ H+ effect scaling constant 83.4 (17.8) 83.4 83.4 nM

KXCa
OA effect scaling parameter 1.1187 (0.50) 0.55 (0.10) 0.16 (0.11) mM�1

jEAm Maximum specific assimilation rate 4 4 4 pmol C cell�1 day�1

jED Specific maintenance rate 0.1 0.1 0.1 pmol C cell�1 day�1

MV Mean cellular structural biomass* 0.46 (0.04) 0.65 0.65 pmol C cell�1

p1 CO2 assimilation constant 0.33 (0.04) 7.72 (14.52) 7.72 lmol C M CO2
�1 cell�1 day�1

p2 Photon assimilation constant 15.36 (2.05) 11.80 (0.06) 11.40 (0.50) fmol C m2 mol photons�1 cell�1

yCa,A Maximum calcite yield via assimilation 0.77 (0.15) 0.90 (0.04) 0.96 (0.08) mol CaCO3 mol C�1

yCa,D Maximum calcite yield via maintenance 0 0 0 mol CaCO3 mol C�1

yCa,G Maximum calcite yield via growth 0 0 0 mol CaCO3 mol C�1

yVE Structural biomass yield 1.74 1.23 1.23 cell pmol C�1

*Coccoliths are not part of structural biomass.

Table 2 Calculated changes in growth and calcification rates in Emiliania huxleyi B92/11 in the Pacific, north of 50°, relative to the

present with IPCC A2 emission scenario*

Irradiance†

% change in growth rate (SD) % change in calcification rate (SD)

Low Medium High Low Medium High

Preindustrial �0.8 (0.5)‡ �2.2 (1.0) �3.8 (1.4) �1.3 (0.7) �5.1 (2.0) �10.8 (2.5)

2050 �0.6 (0.4) �0.5 (0.8) 2.0 (1.2) �0.2 (0.5) 2.8 (1.8) 9.0 (3.1)

2100 �8.6 (2.3) �6.3 (2.3) �3.6 (2.8) �6.9 (1.9) �2.3 (3.4) 8.6 (6.4)

*Impact of change in CO2 only; pCO2 in preindustrial, present, 2050, and 2100 is 280, 387, 560, and 840 latm, respectively.

†Low, medium, and high irradiance is 50 (natural conditions(Zondervan et al., 2002)), 150 (laboratory conditions(Bach et al., 2011;

Hoppe et al., 2011)), and 500 (light saturated conditions) lmol m�2 s�1, respectively.

‡Negative values in the preindustrial era mean that current rates are higher.
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Our model enables us to evaluate the net impact of a

complex set of interdependent carbonate system com-

ponents on the production and calcification potential of

marine calcifiers. This alone represents major progress.

Further progress could be achieved by adding formal-

ism describing the role of nutrient limitation and by

estimating model parameters for a more diverse group

of marine calcifiers. Modeling nutrient limitation is

important, because, unlike the cultures analyzed here,

natural populations of E. huxleyi are commonly faced

with oligotrophic environments, with major impacts on

growth and calcification. Although it would be straight-

forward, in principle, to extend our representation of

assimilation to include an arbitrary number of addi-

tional potentially limiting factors (Kooijman, 2010),

there are currently insufficient data to validate such an

extension in the context of OA. Such an extended

model would predict that nutrient limitation has a

qualitatively similar impact on growth and calcification

as light limitation.

The value of the model would greatly increase if it

could be shown that it successfully describes the impact

of OA on the vital rates and calcification rates of marine

calcifiers other than coccolithophores. To the best of our

knowledge, sufficient relevant data have not yet been

published; what would be needed are data on multiple

physiological processes, such as photosynthesis, feed-

ing, respiration, calcification, growth, and cell composi-

tion, for a sufficiently wide range of combinations of

carbonate system components. However, with the

recent explosive growth of interest in the consequences

of OA, this situation is likely to improve rapidly. We

are optimistic that our model will be relevant to other

taxa, as its assumptions are generic. In particular, the

fundamental assumptions describing the direct impact

of ocean pH on calcification only require that a calcify-

ing organism must have a space with a carbonate sys-

tem composition that may differ from that of the

environment and the rest of the organism. The model

thus opens the way to synthesis of data from many taxa

and environments. With that prospect, the model has a

potential use in large-scale models in need of more bio-

logical realism.
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Figure S1. The rate of photosynthesis in E. huxleyi as a func-
tion of irradiance (A; CO2 concentration is 10.9 lM) and
CO2 (B; irradiance is 50 and 300 lmol m�2 s�1 for open and
closed symbols, respectively).
Figure S2. Production and calcification in E. huxleyi RC1256
as a function of carbonate system parameters with model fits
to data from Hoppe et al., 2011.
Figure S3. Production and calcification in E. huxleyi NZEH
as a function of carbonate system parameters with model fits
to data from Hoppe et al., 2011.
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Supplementary Figures 1 

 2 

 3 

Supplementary Figure 1. The rate of photosynthesis in E. huxleyi as a function of irradiance 4 

(A; CO2 concentration is 10.9 µM) and CO2 (B; irradiance is 50 and 300 µmol m-2 sec-1 for open 5 

and closed symbols, respectively). The curves represent fits of Equation 3 in the paper to all data 6 

simultaneously, with 1.48 
EAm

j =  pmolC cell-1 day-1, 
1

0.193 (  0.025)p = ±  pmolC µmol CO2
-1 7 

cell-1 day-1 and 2 0.014 (  0.001)p = ±  pmolC m2 sec µmol quanta-1 cell-1 day-1; error measures 8 

are standard errors and the mean relative error is 0.099. pH=8.3 in all treatments; data from 9 

Nimer and Merrett (Nimer &  Merrett, 1993). 10 

 11 

 12 
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 13 

Supplementary Figure 2. 14 

 Production and calcification in E. huxleyi RC1256 as a function of carbonate system parameters 15 

with model fits to data from Hoppe et al. (Hoppe et al., 2011). Data were obtained with two 16 

carbonate system manipulation methods: total alkalinity manipulation (open symbols and solid 17 

curves) and DIC manipulation (closed symbols and broken curves). Model fits to the mean cell 18 

organic carbon content (A) and specific growth rate (B) provide parameter estimates used to fit 19 

the calcification rate as a function of CaΩ  (C). The small differences in fits between 20 

manipulation methods are the result of minor differences between DIC levels at corresponding21 

CaΩ . According to the model, calcification rates at low CaΩ  are relatively low because of the 22 

impact of a suboptimal pH on general metabolism. The calcification rates at CaΩ  above 23 

approximately 4 tend to decline because of a diminished energy supply to calcification due to 24 

CO2 limitation of photosynthesis; the relatively narrow range of CaΩ  in this data set precluded a 25 

clearly noticeable impact of CO2 limitation at high CaΩ . For parameter values, see Table 1. Mean 26 

relative error is 0.07 (data both treatments combined; A), 0.02 (data both treatments combined; 27 

B), 0.07 and 0.06 (TA and DIC treatment, respectively, C).  28 

 29 
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 30 

Supplementary Figure 3. 31 

 Production and calcification in E. huxleyi NZEH as a function of carbonate system parameters 32 

with model fits to data from Hoppe et al. (Hoppe et al., 2011). For explanation of data and model 33 

fits see legend to Supplementary Figure 2. Mean relative error is 0.09 (data both treatments 34 

combined; A), 0.03 (data both treatments combined; B), 0.13 and 0.07 (TA and DIC treatment, 35 

respectively, C).  36 
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