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Coccolithophores are a group of unicellular phytoplankton species whose ability to calcify has a profound
influence on biogeochemical element cycling. Calcification rates are controlled by a large variety of biotic
and abiotic factors. Among these factors, carbonate chemistry has gained considerable attention during
the last years as coccolithophores have been identified to be particularly sensitive to ocean acidification.
Despite intense research in this area, a general concept harmonizing the numerous and sometimes
(seemingly) contradictory responses of coccolithophores to changing carbonate chemistry is still lacking
to date. Here, we present the “substrate-inhibitor concept” which describes the dependence of calcifica-
tion rates on carbonate chemistry speciation. It is based on observations that calcification rate scales
positively with bicarbonate (HCO3), the primary substrate for calcification, and carbon dioxide (CO,),
which can limit cell growth, whereas it is inhibited by protons (H"). This concept was implemented in
a model equation, tested against experimental data, and then applied to understand and reconcile the
diverging responses of coccolithophorid calcification rates to ocean acidification obtained in culture
experiments. Furthermore, we (i) discuss how other important calcification-influencing factors (e.g. tem-
perature and light) could be implemented in our concept and (ii) embed it in Hutchinson’s niche theory,
thereby providing a framework for how carbonate chemistry-induced changes in calcification rates could
be linked with changing coccolithophore abundance in the oceans. Our results suggest that the projected
increase of H' in the near future (next couple of thousand years), paralleled by only a minor increase of
inorganic carbon substrate, could impede calcification rates if coccolithophores are unable to fully adapt.
However, if calcium carbonate (CaCO3) sediment dissolution and terrestrial weathering begin to increase
the oceans’ HCO3 and decrease its H* concentrations in the far future (10-100 kyears), coccolithophores
could find themselves in carbonate chemistry conditions which may be more favorable for calcification

than they were before the Anthropocene.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction

Coccolithophores, a group of marine phytoplankton, are among
the most important CaCO; producers on our planet and an integral
part of the marine carbon cycle. They contribute about 1-10% to
marine primary production and about 50% to pelagic CaCO3; depo-
sition in sediments (Broecker and Clark, 2009; Poulton et al., 2007).
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Calcification of coccolithophores feeds back on the climate system
by (i) affecting the Earth’s albedo, (ii) decreasing CO, uptake capac-
ity of the oceans via the reduction of total alkalinity, and (iii)
enhancing carbon sequestration to depth by providing ballast
material which accelerates sinking velocities of organic particles
(Armstrong et al., 2002; Frankignoulle et al., 1994; Tyrrell et al.,
1999). Thus, changes in the amount of CaCOs3 precipitated by coc-
colithophores can significantly impact global carbon cycling
(Riebesell et al., 2009).

Increasing amounts of anthropogenic CO, currently accumulat-
ing in the ocean are severely perturbing the oceans’ carbonate sys-
tem - a process termed ocean acidification. Consequences are a
substantial decrease of carbonate ion (CO%f) concentration, a
minor increase of [HCO3], and a pronounced increase of [CO,]
and [H]. Changing carbonate chemistry conditions are likely to
modulate key physiological processes in coccolithophores (Holtz
et al., 2015; Muller and Nisbet, 2014; Rokitta et al., 2012) thereby
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affecting their calcification rates (Riebesell et al., 2000). However,
there is presently controversy whether ocean acidification will
promote or reduce calcification rates (Beaufort et al., 2011;
Iglesias-Rodriguez et al., 2008a,b; Riebesell et al.,, 2008, 2000;
Smith et al., 2012). Part of this controversy results from the
absence of a conceptual understanding of the cellular and ecolog-
ical mechanisms that drive observed responses in laboratory
experiments and field observations.

Here, we aim to resolve the apparent discrepancies by deriving a
novel physiological concept on the response of coccolithophorid
calcification rates to changing carbonate chemistry conditions.
We assess the validity of our concept by formulating a uniform
model equation which is tested against experimental data from cul-
ture experiments on four Kkey species (Emiliania huxleyi,
Gephyrocapsa oceanica, Calcidiscus leptoporus, Coccolithus pelagicus).
Furthermore, we embed this physiological concept in ecological
theory - an essential second step when investigating the success
of coccolithophores in the future ocean. We then compare our find-
ings to field observations and try to assess whether near and far
future carbonate chemistry conditions could impede or facilitate
coccolithophorid calcification rates.

Materials and methods
Theoretical background of the concept

Metabolic rates are determined by the influence of several dif-
ferent physical and chemical factors. Increasing temperature, for
example, accelerates metabolic rates until an optimum is reached.
Further increase beyond the optimum is detrimental and leads to
reduced rates until the thermal tolerance of an organism is
exceeded and metabolism shuts down. The thermal window of
each metabolic process will therefore always resemble an opti-
mum curve (reviewed in Portner and Farrell, 2008). The same
response pattern also appears when metabolic processes react to
changing carbonate chemistry conditions (Bach et al, 2011).
However, while the thermal reaction norm is determined by only
a single physical entity (i.e. temperature), the carbonate chemistry
response is composed by the interactive influence of CO,, HCO3,
C0%~, and H" concentrations. Therefore, it is necessary to separate
their individual impacts in order to determine which of the four
components stimulate metabolic rates and which inhibit them.
This is particularly relevant for calcification rates in coccol-
ithophores which are known to be highly sensitive to changing car-
bonate chemistry.

Calcification-stimulating components of the carbonate system
are those which are used as inorganic carbon source for intracellu-
lar CaCO; precipitation. Increasing availability of the inorganic
carbon substrate accelerates calcification until a maximum rate is
reached. However, autotrophic organisms like coccolithophores
can only reach this maximum rate if carbonate chemistry condi-
tions do not limit photosynthetic carbon fixation because calcifica-
tion additionally requires large amounts of organic molecules to
construct coccoliths (Brownlee and Taylor, 2004). CO, limitation
of photosynthesis can therefore indirectly constrain calcification
rates as it can lead to limited supply of essential organic com-
pounds. It follows that calcification rates are also indirectly con-
trolled by the influence of carbonate chemistry on
photosynthetic carbon fixation. Inhibition of calcification rates
occurs when rates stay sub-optimal although all metabolic
processes are fully saturated with inorganic carbon substrate.
This was observed in high CO, treatments of ocean acidification
studies where rates decreased despite increasing inorganic carbon
availability (Bach et al., 2011; Feng et al., 2008; Gao et al., 2009;
Hoppe et al., 2011; Langer et al., 2009, 2006; Miiller et al., 2010;
Riebesell et al., 2000; Sciandra et al., 2003; Sett et al., 2014).

The interaction of (i) the calcification-stimulating effect of an
inorganic carbon substrate used for CaCOs precipitation, (ii) the
necessity to satisfy a minimum inorganic carbon requirement for
photosynthesis so that calcification is not indirectly limited, and
(iii) the negative effect of an inhibitor can be connected in a con-
ceptual equation of the form:

Calcification rate = S x [substrate] — R x [minimum requirement]
— I x [inhibitor] (1)

where S, R, and I are parameterizations that describe the affinity or
sensitivity of per cell calcification rates to changes in [substrate],
[minimum requirement], and [inhibitor], respectively (see below).
This equation constitutes the basis of the “substrate-inhibitor con-
cept” proposed in this study.

Emiliania huxleyi is currently the best studied coccolithophore
with respect to its response to changing carbonate chemistry con-
ditions. Therefore, it is sensible to first use E. huxleyi data to derive
a model equation which is based on the substrate-inhibitor con-
cept and then apply this equation to other species in a second step.

The bulk of experimental studies identified HCO3 as the primary
inorganic carbon source for calcification (Bach et al., 2013;
Buitenhuis et al., 1999; Nimer and Merrett, 1993; Paasche, 1964;
Rickaby et al., 2010; Sekino and Shiraiwa, 1994). It follows that cal-
cification rate increases with increasing [HCO3 | in the absence of an
inhibitor until being saturated (Bach et al., 2013; Buitenhuis et al.,
1999). Thus, the first term in Eq. (1) which represents the direct
HCO3 dependency of calcification rate can be described by a hyper-
bolic function by analogy to a Michaelis-Menten kinetic:

a[HCO;]

S|substrate] = b [HCO,] (2)

where a and b parameterize the stimulation of calcification rates by
increasing [HCO3] (units given in Table 1).

CO, is an important substrate for photosynthesis and cell
growth (Bach et al., 2013, 2011; Paasche, 1964; Rost et al., 2003;
Schulz et al., 2007). Relatively low CO, concentrations (e.g. below
~7 umol kg~! in E. huxleyi) have been shown to induce a sharp
reduction of cellular growth and therefore indirectly also of calcifi-
cation rates (Bach et al., 2013, 2011; Sett et al., 2014). The reason
for this sharp reduction was identified to be diffusive CO, loss
which increased exponentially at the same CO, threshold as the
exponential decline of growth and calcification rates occurred
(Rost et al., 2006, 2003) and cannot be fully compensated by active
inorganic carbon uptake (Bach et al., 2013; Hopkinson et al., 2011).
Accordingly, leakage of CO, out of the cells led to pronounced inor-
ganic carbon limitation of photosynthesis (Bach et al., 2013; Rost
et al., 2006, 2003) and hence, exerts a strong indirect control on
calcification rates. However, the influence of CO, concentration is
negligible when its minimum level needed to saturate growth is
exceeded (Bach et al., 2011; Sett et al., 2014). The indirect influence
of sub-saturating CO, on calcification rates is described as:

R[minimum requirement] = e~(c%! (3)

where the constant ¢ determines when the indirect CO, limitation
comes into play (units given in Table 1). The power law function
used here has the advantage that it is able to reproduce the pattern
observed in CO, leakage (see above) as it exerts a strong influence of
[CO,] when its concentration is low but becomes negligible when it
exceeds a certain threshold.

Inhibition of calcification rate has been identified to be induced
by protons (Bach et al., 2011). High seawater H* concentrations can
reduce the electrochemical gradient between the cytosol and sea-
water thereby potentially impairing the efflux of protons, a bypro-
duct of CaCO5 precipitation from Ca?* and HCO3, out of the cells
(Suffrian et al., 2011; Taylor et al., 2012, 2011). Inhibition of
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Table 1

Maximum measured calcite to organic carbon (PIC:POC) ratio and maximum
population mean coccosphere diameter of the four coccolithophore investigated
here. (Values were extracted from data by Bach et al., 2013, 2012, 2011; Langer et al.,
2006; Sett et al., 2014, and this study). Maximum values for PIC:POC and coccosphere
diameter are a good indicator for the species’ calcification and cell size potential.
Note, however, that each species can have lower PIC:POC ratios and be smaller under
non-optimal carbonate chemistry conditions. Sensitivity parameters (a, b, c, d) of
calcification rates were obtained by fitting measured calcification rates of 4
coccolithophore species (given in table S1) with Eq. (5). Note that their units need
to be a = dimensionless, b=mol kg~!, c and d = kg mol~! and concentrations of CO,,
HCO3 and H* in mol kg~! in order to get a dimensionless factor for calcification rates
from Eq. (5). Carbonate chemistry conditions where calcification rates either reach
50% of their maxima (OPT; - i.e. left of the optimum; Fig. 3) or decrease down to 50%
after having reached maximum values (SubOPT;, - i.e. right of the optimum; Fig. 3)
were calculated from pCO, and TA determined in Fig. 3. R? values determine to what
extent a fit with Eq. (5) is able to reproduce the data. For further analysis of the fit
quality see Fig. 1.

E. huxleyi G. C C
oceanica leptoporus  pelagicus
Max. PIC:POC (mol:mol) 1.2 2.4 2.2 2.6
Max. coccosphere 4.8 6.1 14.7 15.3
diameter (pm)
a (dimensionless) 9.56E-01 1.06E+00  2.31E+05 2.55E+00
b (mol kg~ 1) 7.04E-04 1.16E-04 3.55E+02  2.42E-03
¢ (kg mol~1) 2.10E+06  5.26E+05  2.19E+05  3.01E+05
d (kg mol™1) 8.27E+06  2.64E+07  3.76E+07  3.18E+07
OPT;, (CO,, HCO3, 0.8, 829, 14,1023, 4.4,1478, 3.1,1338,
H" in pmol kg™") 0.0009 0.0013 0.0028 0.0022
subOPT4, (CO,, HCO3, 111, 2269, 46,2173, 66,2220, 57,2202,
H" in umol kg ") 0.0458 0.02 0.0278 0.0242
R? 0.82 0.81 0.93 0.84

calcification rates is assumed to be linearly correlated with
increasing H* concentrations. This assumption is based on experi-
mental results where a linear decrease of calcification rates was
observed when cells were cultured under calcification-saturated
inorganic carbon availability but exposed to increasing [H*] (Bach
et al., 2011; Sett et al., 2014; this study). Thus, sensitivity to the
inhibitor is defined as:

I[inhibitor] = d[H"] (4)

where the constant d parameterizes the sensitivity to protons (units
given in Table 1).

Connecting Eqgs. 2-4 according to the concept shown in Eq. (1)
yields:

a[HCO;]

WCO;] _ e—c[COZ] _ d[Hﬂ (5)

Calcification rate =

Since calcification rate depends on three different variables in
this equation (HCO3, CO,, H*), there are inevitably an infinite num-
ber of possible combinations for the fit parameters q, b, c, and d.
This has two major implications for the use of this equation in an
optimization procedure. First, a, b, ¢, and d must be constrained
within useful ranges before starting the optimization procedure
(see Section ‘Fit procedure with experimental data’ for further
details). Second, q, b, ¢, and d have no physiological meaning and
can therefore only be used for calculations of calcification rates
after the optimization procedure but not for further biological
interpretations.

Fit procedure with experimental data

Measured but normalized (see below) calcification rates of
E. huxleyi (Bach et al., 2013, 2012, 2011), G. oceanica (Sett et al.,
2014), C. leptoporus (Langer et al., 2006), C. pelagicus (this study;
Table 3) were fitted in a non-linear least squares fit procedure with
Eq. (5) to corresponding HCO3, CO,, and H' (free scale) concentra-
tions using the function Isqnonlin in MATLAB (the Mathworks). The
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Fig. 1. (a) Comparison between measured calcification rates (normalized to the
measured maximum rate determined for each species; Table S1) and modelled
calcification rates on a HCO3 gradient. Modelled calcification rates were calculated
using Eq. (5) and fit parameters given in Table 1 with the same carbonate chemistry
data as determined for the measured values. Empty and full symbols denote
modelled and measured calcification rates, respectively. Gray squares = E. huxleyi,
blue triangles = C. leptoporus, green pyramids = G. oceanica, red dots = C. pelagicus.
(b) Modelled vs. measured calcification rates (normalized to the maximum rate
determined for each species, Table S1). The thin dotted black line denotes the 1:1
ratio and therefore the space where modelled and measured calcification rates
would perfectly match. The thick black line is the linear regression
(y=0.8086x + 0.0998, R? = 0.84). The slope of the regression is slightly below one
which indicates that the model tends to overestimate calcification rates when they
are very low and underestimate them when they are extremely high (see
Section ‘Testing and applying the model’ for further details). Species color and
symbol code is the same as in (a).

difficulty in this operation lies in the multitude of variables calcifi-
cation rates are fitted to. While, they are usually fitted and pre-
dicted by a single carbonate chemistry parameter (e.g. pCO,), we
define in the present study that they depend on three (HCO3,
CO,, H"). Thus, the same fit can be achieved with a multitude of
possible combinations for the coefficients a, b, ¢, and d which
requires constraining them within reasonable ranges before the
optimization procedure with the software started. After the first
run with the software we tested whether we can improve the fit
by changing the constrained ranges for a, b, ¢, and d and subse-
quently running the software again. The optimization was consid-
ered to be complete when further iterations of this procedure did
not further improve the coefficient of determination (R?) of the fit.

Prior to fitting, all measured calcification rates were normalized
to the species-specific maximal measured calcification rate so that
values used in the fit procedure ranged between 0 and 1. The nor-
malization has two major advantages. First, per cell calcification
rates which vary orders of magnitude among species (e.g.
~10pg cell"! d~! in E. huxleyi vs. ~300 pg cell"' d~!, in C. pelagi-
cus) can be compared in one plot. Second, calculated calcification
rates obtained after a fit with the normalized data represent a
carbonate-chemistry dependent factor which facilitates applica-
tion in other models. Nevertheless, in case real per cell calcification
rates are required they can be back calculated by multiplying
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relative calcification rates from the fit with Eq. (5) with the
species-specific maximum measured rate. Both, absolute and
normalized calcification rates are given in Table S1.

For Fig. 3, we created a pCO, gradient ranging from 0 to
2000 patm at a constant TA of 2350 pmol kg~' and calculated
[CO,], [HCO3] and [H'] for this gradient as described by Zeebe
and Wolf-Gladrow (2001) using equilibrium constants determined
by Roy et al. (1993) (§=35, T=15°C, P=0 dbar, no nutrients).
Species specific calcification rates for each pCO, level of the created
gradient was subsequently calculated with corresponding [CO,],
[HCO3] and [H*] and known sensitivity parameters a, b, ¢, and d
(obtained from the fit procedure with measured calcification rates;
see above) using Eq. (5). This procedure was also adopted for
Figs. 2a and 8 with the difference that we did not create a pCO, gra-
dient for these figures but instead a whole matrix of carbonate
chemistry conditions. [CO,], [HCO3] and [H'] calculated for each
grid point in the matrix and the sensitivity parameters a, b, c,
and d for E. huxleyi (Table 1) were used to create the contour plots.

Substrate—inhibitor interaction test with E. huxleyi
The substrate-inhibitor interaction (Fig. 2b) was tested with E.

huxleyi (strain B92/11) in sterile-filtered (0.2 pm) nutrient-replete
(NO3 =64 pmol kg~!; PO3~ =4 pmolkg™'; SeO,=10nmol kg ';

1
3
0.8 %
o 5
= 067
S =
= constant %
+§_ :T > 0.4 8
z I @ 2>
© J 028
[}

0
1 o
=
_ 0.8 8
< 8
2 06 L
° E
£ @
Z 0.4 ~§
02 c
9o
°
o &

200 400 600 800 1000
[HCO3] (umol kg™")

Fig. 2. Response of E. huxleyi to individual carbonate system parameters. (a)
Relative calcification rates shown in a [H*] and [HCO3] grid. Contour-lines were
calculated from carbonate chemistry conditions (CO,, HCO3, H") with Eq. (5) using
sensitivity coefficients (a, b, ¢, d) obtained from a fit of the E. huxleyi dataset. Data
points represent underlying calcification rates (E. huxleyi; B92/11) that have been
used for the fit (R? = 0.82; see Section ‘Testing and applying the model’ for details,
data taken from Bach et al, 2013, 2011, 2012). The colors indicate relative
calcification rates with 1 being the measured maximum (Table S1). (b) Carbonate
chemistry conditions at which E. huxleyi was calcifying (colored) or was not
calcifying (gray). The colors indicate the fraction of 200 investigated cells within a
culture that were calcifying (with 1 = dark blue being 100%) after 9 h of incubation
in light conditions (Table 2). Note that a larger fraction of cells starting calcification
within the incubation period indicates more favorable HCO3 and H* concentrations.
The dashed blue line (arbitrary) separates calcifying from non-calcifying conditions.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Calcification rates of four different coccolithophore species in response to
increasing pCO, at constant total alkalinity. Species-specific calcification rates were
calculated with Eq. (5) using fit parameters given in Table 1. Calculated rates were
normalized to the calculated maximum rate of each species in order to facilitate
comparison of the four species within the same graph. The pCO, levels where
optimum curves cross the dashed line denote the ‘50% maximum calcification rate
carbonate chemistry conditions’ (i.e. OPT;;; on the left of the optimum and
subOPT;, on the right of the optimum; Table 1).

f/4 concentrations of a trace metal and vitamin mixture (Guillard
and Ryther, 1962); 2 mL kg~! of natural North Sea water) artificial
seawater (S = 35; prepared as described in Kester et al. (1967) but
without initial additions of NaHCO3) at 15 °C and a light intensity
of 150 pmol m—2 s~ ! in a 16:8 light:dark cycle. Dissolved inorganic
carbon (DIC) and total alkalinity (TA) of the culture medium were
adjusted by additions of NaHCOs3, HCl, and NaOH. Cells were accli-
mated in autoclaved 500 mL polycarbonate bottles (Nalgene) to
calcification-inhibiting carbonate chemistry conditions (TA and
DIC = 500 pmol kg~ ') prior to the main experiment for at least 10
generations. Aliquots from this pre-culture were incubated (140-
300 cells mL™!) in autoclaved 2L polycarbonate bottles for 4-5
generations (yielding ~5000 cells mL™!) in 14 potentially calcifica-
tion-inhibiting carbonate chemistry conditions with differing TA
and DIC. Cell cultures were then inspected for coccoliths in an
inverse light microscope using two orthogonally aligned polarized
filters. In case coccoliths could not be detected, the non-calcifying
culture was split into four sub-volumes (310 mL, Schott Duran)
and manipulated with different amounts of NaHCOs, HCI, or
NaOH to yield new carbonate chemistry conditions. After the
sub-volumes were incubated for 9 h in light conditions, 200 cells
were once more carefully inspected for coccoliths using cross-po-
larized light- and scanning electron microscopy in case results
from light microscopy needed to be backed up.

Samples for DIC and TA were taken before splitting cell cultures
and at the end of the experiments. Both, TA and DIC samples were
filtered (0.7 and 0.2 pm, respectively) and stored (DIC in gas tight
bottles without headspace) at 4 °C until measurements. DIC was
measured by an infra-red absorption method using an AIRICA
system (MARIANDA), equipped with a LICOR LI-7000, while TA
was measured in an open cell titration using a Metrohm 794
Basic titrino as described in Dickson et al. (2007). Remaining car-
bonate chemistry parameters were calculated with CO2SYS
(Lewis and Wallace, 1998) using equilibrium constants determined
by Roy et al. (1993). All measured or calculated data of this sub-
strate-inhibitor compensation experiment is reported in Table 2.

Culture experiments with Coccolithus pelagicus ssp. braarudii

The response of growth, particulate organic carbon (POC) pro-
duction, and calcification rates of Coccolithus pelagicus ssp. braarudii
(strain PLY182G) to increasing [CO,] at constant TA
(2328 + 9 umol kg~!) was tested as described in (Bach et al., 2012,
2011). Briefly: Cells were grown under controlled conditions
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Table 2

Carbonate chemistry and calcification data of the substrate-inhibitor interaction experiment with E. huxleyi (Fig. 2b). The percentage of 200 cells possessing/producing coccoliths
was investigated by means of cross-polarized light microscopy which allows detection of internal coccoliths. These birefringence measurements were backed up with scanning
electron microscopy (SEM) investigations when the presence of coccoliths could not be unequivocally determined. In case of discrepancies among the two methods, we relied on
SEM investigations since this is the most reliable approach. Percentages marked in ‘bold’ are those where coccoliths were found.

TA DIC pH free H* fCO, HCO3 COo3~ CO, Qcarcite  Cells with Coccoliths found by
(umol kg™!) (umol kg™!) scale (nmolkg™") (patm)  (umolkg™') (umolkg™') (umolkg™) coccoliths (%) means of SEM

469.5 488.7 7.13 74.9 957 449 4 35.8 0.10 0.4 No

485.6 494.5 7.23 59.3 777 460 5 29.1 0.12 0

497.6 494.9 7.34 45.5 602 465 7 22.6 0.16 0.5 No

509.4 490.4 7.50 315 417 465 10 15.6 0.23 0 No

522.9 490.4 7.62 23.8 315 466 13 11.8 0.31 0 No

636.0 668.6 7.11 771 1344 613 5 50.3 0.13 0

678.1 679.4 7.36 44.0 801 640 10 30.0 0.23 0.5 No

690.9 686.6 7.40 395 728 648 11 273 0.26 24

707.1 685.4 7.54 28.9 534 650 15 20.0 0.36 9.3

7231 688.6 7.63 232 432 654 19 16.2 0.45 329

572.9 585.4 7.23 58.4 905 545 6 339 0.15 0

580.2 592.8 7.24 58.1 913 552 6 342 0.15 0

583.1 589.5 7.29 515 809 552 7 303 0.17 0

590.9 589.2 7.36 43.7 689 555 8 25.8 0.20 0

594.8 589.8 7.39 40.8 646 556 9 24.2 0.22 0 Yes

877.8 538.8 8.71 2.0 22 401 137 0.8 3.26 97.6 Yes

463.6 491.7 7.05 89.5 1135 446 3 42.5 0.08 0

501.1 498.4 7.34 45.5 606 469 7 22.7 0.16 0

539.5 501.3 7.67 213 289 476 15 10.8 0.36 0 No

600.2 509.8 8.00 10.0 135 473 32 5.0 0.75 12.6

658.1 506.2 8.25 5.6 72 450 54 2.7 1.28 9.6

586.1 595.3 7.27 543 859 556 7 32.2 0.16 0

597.4 598.9 7.33 46.4 743 563 8 27.8 0.19 0.5 No

612.6 604.1 7.42 37.8 614 571 10 23.0 0.24 7.8

628.4 604.0 7.56 27.7 452 573 14 16.9 0.33 31.8

640.5 606.1 7.64 231 378 575 17 14.2 0.40 30.7

724.9 462.5 8.58 2.6 28 368 93 1.0 2.22 93.7

521.8 488.3 7.63 233 307 464 13 115 0.32 319 Yes

892.1 951.7 7.07 84.6 2085 867 7 781 0.16 11

913.5 951.2 7.19 64.8 1625 881 9 60.9 0.22 21.2

926.2 9594 7.22 60.8 1542 892 10 57.8 0.23 39.6

939.8 949.5 7.35 442 1124 894 14 42.1 0.32 614

954.1 946.0 7.47 34.2 871 896 18 32.6 0.42 79.7

317.0 326.8 7.11 774 659 300 3 24.7 0.06 0

737.9 380.2 8.84 1.4 11 260 120 0.4 2.86 0

650.5 4427 8.45 3.6 38 372 70 14 1.66 0

977.8 550.2 8.87 14 14 368 182 0.5 4.34 0 No
1663.5 1028.5 8.93 1.2 22 655 373 0.8 8.89 95.4

421.0 428.7 7.21 62.3 705 398 4 26.4 0.10 0

519.2 538.2 7.16 70.0 988 496 5 37.0 0.11 0

543.9 537.5 7.39 40.8 588 507 8 22.0 0.20 0

590.2 582.6 7.41 38.9 608 550 9 22.8 0.23 0

737.2 691.4 7.71 194 362 655 23 13.6 0.54 485

450.8 471.9 7.10 79.9 981 432 4 36.7 0.09 0

485.8 480.5 7.36 43.3 558 453 7 20.9 0.17 0

5319 482.2 7.76 174 225 456 18 8.4 0.42 0

628.6 489.3 8.21 6.1 76 439 48 29 1.14 1 Yes

772.0 485.9 8.62 2.4 26 379 106 1.0 2.53 1 Yes

526.3 548.3 7.13 734 1053 504 5 395 0.11 0

558.3 562.9 7.29 50.7 761 527 7 28.5 0.17 0

7151 776.6 6.99 102.6 2031 696 5 76.1 0.11 0

746.4 790.8 7.09 80.9 1662 723 6 62.3 0.14 0.5 No

785.9 800.4 7.29 513 1094 750 10 41.0 0.23 2 Yes

208.9 2331 6.81 154.1 874 200 1 32.8 0.02 0

(RUBARTH climate chamber) in sterile-filtered nutrient replete arti-
ficial seawater (see above) at 15°C and a light intensity of
170 umol m~2 s~! in a 16:8 light:dark cycle. Cells were acclimated
to experimental conditions for 10 generations in autoclaved
500 mL glass bottles (Schott Duran) and subsequently transferred
with relatively low initial cell numbers (<40 cells mL™') into 17
autoclaved glass bottles containing seawater with the same chemi-
cal conditions. Cell numbers at the beginning and the end of the
experiments were measured with an Accuri C6 flow cytometer
(BD Biosciences). Carbonate chemistry conditions were adjusted
by adding calculated amounts of Na,CO5; and HCl to the seawater
medium. DIC and TA was sampled and measured before transferring
the acclimated cells and at the end of the experiments as described

above. Three TA measurements from the end of the experiments
failed and had to be approximated from initial TA and the build-
up of particulate inorganic carbon (PIC) as:

TAend = TAunitiat — 2(PIChuitd-up) (6)

where PICpyiiq-up is given in pmol kg~'. [CO,], [HCO5] and [H'] were
calculated for each treatment from the mean of initial and final DIC
and TA measurements with CO2SYS as described above.

Sampling started 2 h after the onset of the light period and
lasted no longer than 2 h. Total particulate carbon (TPC) and partic-
ulate organic carbon (POC) samples were filtered onto GF/F filters
(combusted at 500 °C for 12 h) and stored in combusted (500 °C,
12 h) glass petri dishes at —20 °C. Prior to analysis, POC samples
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were transferred into a desiccator and placed for 4 h above fuming
(37%) HCI that removed all inorganic carbon. POC samples were
dried overnight after the acid treatment at 60 °C. TPC samples were
dried for the same time and temperature without the previous acid
treatment in a separate oven. The amount of TPC and POC on filters
was analyzed with a C/N analyzer (Hekatech). Particulate inorganic
carbon (PIC) was calculated by subtracting POC from TPC.

Growth rates u (d~') were calculated from initial and final mea-
sured cell densities (Nto, Ntgp) as:

= ) In(Ne) 7

where the growth period (d) is given in days.

POC production and calcification rates were calculated as the
product of POC cell™! or PIC cell"! and p, respectively. All mea-
sured or calculated data of this experiment with C. pelagicus is
reported in Table 3.

Results and discussion
Testing and applying the model

Measured calcification rates of E. huxleyi, G. oceanica,
C. leptoporus, and C. pelagigus (Bach et al., 2013, 2011; Langer
et al., 2006; Sett et al., 2014, this study) grown in a large variety
of carbonate chemistry, but otherwise identical, culture conditions
(an important aspect covered in Section ‘The influence of culture
conditions’) were fitted against CO,, HCO3 and H* with Eq. (5).
The fits yielded coefficients of determination (R?) ranging between
0.81 and 0.93 (Table 1). Visually comparing measured with mod-
elled calcification rates plotted on a HCO3 gradient shows that
the substrate-inhibitor principle implemented in Eq. (5) can
retrace the most important patterns observed in the data
(Fig. 1a). Accordingly, measured and modelled calcification rates
correlate reasonably well (R? = 0.84, Fig. 1b). Largest discrepancies
between data and model fit occur at rather extreme calcification
rates. Here the model tends to slightly overestimate calcification
rates when they are very low and slightly underestimates them
when they are peaking (Fig. 1b). The reason for this is that Eq.
(5) has under certain circumstances problems to reproduce abrupt
changes in calcification rates when they occur on a very narrow
range of carbonate chemistry conditions. The problem could be
solved by adding extra terms to Eq. (5), thereby increasing its
complexity. In this study, however, we chose not to sacrifice the
simplicity of the model on the expense of rather marginal improve-
ments in the fit quality in order to keep the discussion focused on
the substrate-inhibitor concept.

The fit parameters a, b, ¢, and d (Table 1) of the four coccol-
ithophore species can be used with Eq. (5) to calculate the species’
relative calcification rates as a function of [H*], [HCOs], and [CO,].
This is shown with the example of E. huxleyi in Fig. 2a where calcu-
lated calcification rates are compared with measured values in a
matrix of carbonate chemistry conditions. Blue areas in this figure
represent calcification-favorable carbonate chemistry environ-
ments with high substrate (HCO3) availability, low inhibitor (H")
concentrations, and sufficient CO, supply for photosynthesis so
that calcification is not hindered indirectly (note that low CO, con-
ditions occur at low HCO3 and H" in Fig 2a). These results have sev-
eral interesting implications which shall be discussed in more
detail in the following.

Ocean acidification (increasing CO, at constant total alkalinity)
is represented in Fig. 2a by a curved line which starts at relatively
low [CO,] and [H*] where calcification is indirectly limited by the
insufficient CO, supply for photosynthesis. At intermediate CO-,
calcification rates reach their optimum (and cross the blue area

Table 3

Carbonate chemistry and physiological growth data of experiments with C. pelagicus. Mean TA and DIC were calculated as average of initial and final values. pH, pCO,, HCO3, CO%~, and CO, were calculated from mean TA and DIC as

described in Section ‘Substrate-inhibitor interaction test with E. huxleyi’. POC

particulate organic carbon, TPC = total particulate carbon, PIC = particulate inorganic carbon.

Physiological data

Calculated mean

Measured tg,

Measured to

PIC:POC

TPC quota  TPC production PIC quota PIC production

(pgcell™")

POC production

POC

Growth
rate p

co3~ CO,

3

HCO

fCO,

pH

DIC tgp Mean TA Mean DIC

TA thin

DIC to

TA to

(mol:mol)

(pgcell™)  (pgcell ' day™)

(pg cell"! day ")

(pg cell ' day™")

quota

(umolkg™")  (umol kg™")

(natm)  (umolkg™")

(free

(umolkg™')  (umolkg™) (umolkg™') (umolkg™') (umolkg™')

(umol kg™1)
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scale)

1.0
13

57
84
100

173
201
221

117
151

355
359
372
447
397
479
661
678
567
511
552
529

60

182
159

151

033
0.42
0.45
0.46
0.49
0.48
0.59
0.59
0.59
0.58
0.55
0.34
032
0.27
0.26

2.0
26

461

1150
1221

55

8.78

71
8.65
8.

1656.4 2245.5" 1568.8 2292.8 1612.6

2340.0

67

415

68
82

8.

1694.6 21782 1583.5 22544 1639.0

2330.7

167
206

68

386

1289
1324
1359

1735.5 2167.4 1622.3 2250.6 1678.9

23337

35

362
343

92
103

1768.1 21254 1611.0 2225.8 1689.6 61

2326.2

1.8
2.0
24
26
2.0
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275
288
223
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319
466
488
378
302
322
255
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296
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277
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1812.1

23255
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7.0
9.4
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1977.3
2118.1
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1737.8 2156.7 1857.5 27
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2228.2 2152.2 2082.3 2235.7 2155.2 7.76

2319.1
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62
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2286.5 21933 2143.2 2257.1 2214.9

23209
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2062
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23255 2234.6 2226.8 2276.5 2276.1

23184

0.6
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2214.8 2206.6 2268.0 2278.7 7.47
2201.1 7.44

2350.9
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0.5

34

83.5

40

2286.2

2264.7

23714 2209.0

2320.5

Estimated with Eq. (6).
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in Fig. 2a) since CO, demand for photosynthesis is satisfied, HCO3
substrate is sufficiently available, and inhibition by H" is still rela-
tively low. At high CO,, the inhibition by H* becomes the dominant
factor leading to decreasing calcification rates (Fig. 2a; see also
Bach et al., 2013, 2011; Sett et al., 2014). In a carbonate chemistry
scenario where [HCO3] increases at constant [H*] (straight hori-
zontal line in Fig. 2a), calcification rates increase hyperbolically.
A steep increase from low to intermediate substrate availability
is followed by saturation toward higher substrate concentrations.

A particularly interesting implication of the modelled results is
that the inhibition of calcification rates by H" could potentially be
compensated by increased HCO3 substrate availability. For exam-
ple, at 2 nmol kg~! [H'], calcification rates can be similarly high
as at 1 nmol kg~! [H'] provided that [HCO3] is also approximately
twice as high (Fig. 2a). Possibly, elevated HCO3 availability and
therefore increased supply of inorganic carbon to the coccolith
vesicle, enables the cells to compensate to a certain degree the
reduction of [CO3] at the site of calcification which is caused by
increased intra-cellular [H']. In order to test this substrate-in-
hibitor compensation, we cultured E. huxleyi for 10 generations
at dissolved inorganic carbon (DIC) concentrations and total alka-
linity (TA) below 500 pmol kg~' which suppresses calcification
(Bach et al., 2013). These cell cultures were then enriched with dif-
ferent amounts of NaHCOs;, NaOH, or HCl and subsequently
inspected by cross-polarized light- and scanning electron micro-
scopy to check the cells’ ability to form coccoliths under various
combinations of [HCO3] and [H*] (see Section ‘Results and discus-
sion’ for further detail). This test shows that the negative influence
of [H*] can be compensated at least to a certain degree by elevated
availability of HCO3 and increases the confidence in the substrate—
inhibitor concept described here (Fig. 2b, Table 2).

Fig. 3 shows the calculated response of the four investigated
species to increasing seawater pCO, at constant TA, the typical
ocean acidification scenario. The reaction norm for this carbonate
chemistry scenario was calculated with species-specific fit param-
eters a, b, ¢, and d (Table 1) and [H*], [HCO3], and [CO,] using Eq.
(5) (see Section ‘Fit procedure with experimental data’ for details
on the calculation). All four species show optimum curve reaction
norms over the full pCO, spectrum which is in accordance with
what can be expected for such a carbonate chemistry scenario
(Bach et al., 2011; Langer et al., 2006; Sett et al., 2014, this study).
Calcification rates of E. huxleyi — the smallest species - increase
most steeply in the low pCO, range and are least sensitive toward
the high end. The initial increase in the slightly larger species
G. oceanica is less steep and the species reacts more sensitively
toward higher pCO, (higher [H*]). C. pelagicus and C. leptoporus -
the two largest species investigated here - have their calcification
optima shifted to considerably higher pCO, levels compared to the
smaller species. Yet, their sensitivity at high pCO, is comparable to
that of G. oceanica (Fig. 3).

Observed variability in sensitivities among these species nicely
reflects their different surface to volume and calcite to organic
carbon (PIC:POC) ratios. The two larger species C. pelagicus and
C. leptoporus with a lower surface to volume ratio require more
inorganic carbon substrate in their immediate proximity to saturate
inorganic carbon flux into the cell (Flynn et al., 2012; Rickaby et al.,
2010; Wolf-Gladrow and Riebesell, 1997), the presumed reason
why their “50% maxima” of calcification rates (OPT, Table 1)
are reached at higher pCO,. Steeper decline of calcification rates
after the optimum (Fig. 3) of G. oceanica, C. leptoporus, and C. pelag-
icus compared to E. huxleyi could be due to their significantly higher
degree of calcification (maximum PIC:POC ratios are 2.2 - 2.6 in G.
oceanica, C. leptoporus, and C. pelagicus vs. 1.2 in E. huxleyi; Table 1).
An increased PIC:POC ratio indicates that cells have to release
relatively more H" stemming from the intracellular calcification
reaction (Ca?*+ HCO3 — CaCO; + H*) compared to cells with low

PIC:POC. Thus, maintaining a steady H' efflux could become
increasingly difficult if the cells are more heavily calcified, because
these cells have to discharge larger quantities of H* under unfavor-
able conditions than less calcified ones.

At first, it may be somewhat surprising that one can so easily
unify the calcification responses of four different coccolithophores
species to changing carbonate chemistry conditions in one simple
concept although the Isochrysidales group (G. oceanica and
E. huxleyi) diverged from the Coccolithales (C. leptoporus and
C. pelagicus) ~250 million years ago (Liu et al., 2010). However, the
factthat(1)inorganic carbonis essential for calcification and (2) that
protons, when present in critical concentrations, are detrimental to
every organism make this substrate-inhibitor principle rather
logical. Perhaps it is so basic to the process of calcification that it
applies to marine calcifiers in general.

The influence of culture conditions

Calcification rates are not exclusively determined by carbonate
chemistry conditions but also by other environmental parameters
such as light availability, temperature, or nutrient concentrations.
All of these parameters can potentially modify the response of cal-
cification rate to changing carbonate chemistry (De Bodt et al,,
2010; Feng et al., 2008; Gao et al., 2009; Rokitta and Rost, 2012;
Sciandra et al., 2003; Sett et al., 2014). In the present concept
and model Eq. (5), we neglected their influence. This has two major
reasons. First, a multitude of physical and chemical factors influ-
ence calcification rates and most of them have not been studied
so far. Thus, it does not make sense to selectively extend the model
by e.g. temperature and light intensity when other factors of
equally high importance but where no data is available remain
unconsidered. Second, and perhaps more importantly, we under-
stand quite well that e.g. temperature and light intensity changes
can increase or decrease calcification rates. This aspect could easily
be included in our model by multiplying equation 5 with temper-
ature and light intensity and a specific scaling factor or function.
However, we understand far worse how these and/or other rele-
vant physical and chemical factors interactively modify the cells’
affinity and sensitivity to [HCO3], [CO,], and [H*]. Affinity and sen-
sitivity to [HCO3], [CO;], and [H*] are parameterized in Eq. (5) by
the coefficients a, b, ¢, and d. In our model, a modification of a, b,
¢, and d by changing growth conditions (such as light or tempera-
ture conditions) would alter the shape of the reaction norm but it
would not change the greater response pattern. For example, the
optimum curve response pattern of calcification rates observed
under increasing pCO, at constant TA (Fig. 3) would stay an opti-
mum curve at different culture conditions. The curve progression,
however, would look different. How this rearrangement of the
curve progression works and which mechanisms it obeys is unfor-
tunately poorly understood at the moment. Unraveling these
mechanisms should be a key focus in future physiological studies
so that we become able to reasonably integrate the interactive
influence between relevant environmental factors and carbonate
chemistry on coccolithophorid calcification rates in the present
or any other physiological model.

In a recent study we made a first attempt on this and investi-
gated how different temperature treatments modified the antici-
pated optimum curve reaction norm of calcification rate in E.
huxleyi and G. oceanica to increasing [CO,] at constant TA (Sett
et al,, 2014). These experiments revealed: (i) The reaction norm
did indeed always resemble an optimum curve in this ocean acid-
ification mimicking carbonate chemistry manipulation, regardless
of the incubation temperature. (ii) The CO, concentration where
optimal calcification rates were reached tended to increase with
temperature so that the progression of the optimum curve differed
among temperature treatments. Accordingly, temperature did not
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change the stimulating influence of CO, and HCO3 or the inhibiting
influence of H* on calcification rate but it did change the organ-
ism’s affinity and sensitivity to them. The potential explanation
for this “optimum shift” of calcification rates toward higher CO,
levels at higher temperatures was hypothesized to be the direct
result of a temperature-accelerated metabolism which presumably
profits more from the increase in inorganic carbon availability than
it suffers from inhibition by higher [H*] (Sett et al., 2014).

An example where such light and/or temperature-driven affin-
ity/sensitivity-modifications may explain seemingly inconsistent
responses of calcification rates to simulated ocean acidification
are the studies by Langer et al. (2009) and Hoppe et al. (2011).
While Hoppe et al. reported decreasing calcification rates in a
pCO, range from 200 to 1000 patm, Langer et al. showed an opti-
mum-curve like response over the same range (Fig. 4). Both studies
followed the same experimental protocol, investigated the same
E. huxleyi strain (RCC1256), but cultured them at different
temperatures and light intensities, being 17 °C and 400 pmol
photonsm~2s~! in Langer et al. (2009) and 15°C and
170 pumol photons m~2 s~! in Hoppe et al. (2011). Higher tempera-
ture and light intensity in Langer et al. (2009) could have shifted
the optimum of calcification rate toward higher pCO, because cells
had a higher carbon demand due to an accelerated metabolism and
an increased energy supply to cope with the inhibiting effects of
elevated [H']. This optimum shift appears as different response
within the ocean acidification relevant pCO, range even though
the underlying physiological response is most likely the same (an
optimum curve response) in both examples (Fig. 4).

“Shifting pCO, optima” may also explain variable responses
observed in E. huxleyi strain NZEH where Iglesias-Rodriguez et al.
(2008b) reported increasing calcification rates with rising pCO,
while Hoppe et al. (2011) found the opposite. As in the previous
example, strain NZEH can be expected to respond with the same
physiological pattern in both studies. But since culture conditions
were different, the optimum may be shifted to higher pCO, in
Iglesias-Rodriguez et al. (2008b), thereby yielding an opposite trend
in the given section of the pCO, range (Fig. 4). The presumed opti-
mum shiftin Iglesias-Rodriguez et al. (2008b) could be due to higher
incubation temperature (see comparison given above), although
this is not supported by the much lower absolute rates observed
(Fig. 4). Alternatively, the shorter light period set up by Iglesias-
Rodriguez et al. (2008b) (light:dark =12:12 (h:h) as opposed to
16:8 in Hoppe et al. (2011), see Table 4) might have played an
important role as the shorter timespan translates to a considerably
lower light supply of about ~30% when integrated over the whole
day. In any case, this comparison shows that experimental protocol
and/or culture conditions have a profound influence on the response
of coccolithophorid calcification rates to increasing pCO,. In fact, all
possible responses (increasing, constant, and decreasing calcifica-
tion rates) have been reported for the E. huxleyi strain NZEH
(Fig. 5). This surprisingly large method-related variability may even
have the potential to obscure the variability which is incurred by
genetic differences between strains. In order to test this possibility
we first checked how much variability in the response to increasing
CO, can be observed in the same strain when it was grown in a vari-
able experimental setup (Fig. 5a and b; Table 4) and then compared
this to the variability observed among strains which were grown in
an identical experimental setup (Fig. 5¢, Table 4). This test indicates
that differences in the experimental protocol and/or culture condi-
tions can cause at least as much variability as genetic differences
between strains (Fig. 5; Table 4).

Embedding the physiological concept in ecological theory

The response of coccolithophorid calcification rates to ocean
acidification has been investigated in many monoclonal culture

experiments (reviewed in Riebesell and Tortell, 2011). Results from
these studies were often used to make assumptions on the role of
coccolithophores in the future marine carbon cycle. Such
extrapolations are questionable, however, since they are based
on experiments which neither consider a potential change in coc-
colithophore community composition nor in absolute abundances.
A change in either of these parameters has most likely a larger
feedback capacity on the marine carbon cycle than a change in
cellular calcification rate alone. Coccolithophore species composi-
tion can change when certain coccolithphores profit/suffer more
than others from changing carbonate chemistry conditions. Their
total abundance can change when the altered physiological perfor-
mance under acidified conditions alters competitiveness of coccol-
ithophores compared to other functional groups. It is therefore
essential to couple physiological and ecological theory when trying
to assess the role of coccolithophores in the future ocean (Kearney
and Porter, 2009). In the following, a thought experiment will illus-
trate how this could be achieved.

Integrating a physiological into an ecological concept can be
realized by application of the niche theory introduced by
Hutchinson (1957). Hutchinson defined a niche as n-dimensional
hypervolume where dimensions represent many different biotic
and abiotic factors that control the presence of a species in a habi-
tat. The niche can be further sub-divided into two hierarchical
levels - the fundamental niche and the realized niche. The former
describes the sum of abiotic conditions where an organism would
live when no interference with other organisms takes place. The
latter also includes interactions between organisms and thus
describes the conditions where an organism actually does live
(Hutchinson, 1957). In its original form the niche concept is used
on a species level. We will now transform the concept from species
to physiological process level and subsequently discuss if the
process (in this case calcification) could be linked to the success
of coccolithophores in the oceans.

The substrate-inhibitor concept (Eq. (5)) describes the funda-
mental niche of calcification with respect to carbonate chemistry
(Fig. 3). To include the realized niche in the concept it is necessary
to assume that the ability to calcify is a fitness-relevant trait. This
assumption seems reasonable because if calcification was not ben-
eficial, it would have been lost during evolution as it is associated
with significant energetic costs (Brownlee and Taylor, 2004). It
follows that the ability to calcify could allow them to occupy a
niche that would otherwise be occupied by a competitor or would
be left vacant. Conversely, a loss of calcification or a reduction of
calcification rates could result in a reduced competitiveness of
the coccolithophore.

The mechanism of how this could work is illustrated in Fig. 6.
Here, the realized niche for calcification is constrained by a cost-
benefit-threshold (CBT) above which calcification rates are high
enough to pose a competitive advantage. In the complete absence
of interactions between coccolithophores and competitors/grazers,
the CBT is zero and the realized niche equals the fundamental
niche (like in monoclonal culture experiments). As competition
for resources and grazing pressure intensifies the CBT gradually
increases and narrows the realized niche for calcification. If deteri-
orating carbonate chemistry conditions drive calcification rates
below the CBT (i.e. calcification costs exceed the associated
benefits) then the ability to calcify is no longer a competitive
advantage. In the worst case this could lead to a replacement of
coccolithophores because species which can occupy the same
niche are now able to successfully compete with them.

Evolutionary adaptation may enable coccolithophores to escape
replacement, either by selection on standing genetic variation or
by the accumulation of beneficial de novo mutations (Collins
et al, 2014; Jin et al,, 2013; Lohbeck et al., 2012). Standing genetic
variation is reflected in strain-specific responses to changing
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Fig. 4. Potential influence of different culture conditions on the outcome of
experiments with E. huxleyi strains NZEH and RCC1256 (light intensities in pumol
photons m~2 s~1). This comparison is based on data reported by Langer et al. (2009),
Hoppe et al. (2011), and Iglesias-Rodriguez et al. (2008b). The optimum curves
(arbitrary) were added to each dataset in order to illustrate that the underlying
response pattern would be similar according to the substrate-inhibitor concept,
despite the large differences in the calcification response within the ocean
acidification (OA) relevant range of the pCO, gradient (see Section ‘The influence
of culture conditions’ for details).

carbonate chemistry (Langer et al., 2009). It increases the likeli-
hood to find and select for genotypes within populations that are
able to keep calcification rates above the CBT under continuously
acidifying conditions (Fig. 4). The variability among strains in their
response to changing carbonate chemistry can be substantial
(Langer et al., 2009; Read et al., 2013). However, variability is dif-
ficult to quantify at the moment since there is a lack of data where
genotype-specific effects can clearly be distinguished from the
influence of variable culture conditions (see Section ‘The influence
of culture conditions’). When this data becomes available it can be
accounted for in Eq. (5) by parameterization of the constants g, b, c,
and d which, in concert, determine the affinity to substrates and
sensitivity to the inhibitor.

Calcification-relevant de novo mutations are another source of
variation adaptation can act on (Collins et al., 2014). They can accu-
mulate in populations when high calcification rates are under pos-
itive selection (Lohbeck et al., 2012). This would change affinities/
sensitivities (collectively parameterized by g, b, ¢, and d in Eq. (5))
to HCO3, CO,, and H* over time. The rate of change, however, is
particularly difficult to constrain which poses a major challenge
for any kind of model parameterization.

The degree by which calcification can adapt to ocean acidifica-
tion is presently unknown. Cell physiological examinations found
the essential H* efflux (stemming from the use of HCO3 for intra-
cellular calcification) to become more costly with ongoing ocean
acidification as the electrochemical H* inside-out gradient is
reduced and passive proton outflow impeded (Taylor et al., 2011).
Adapted cells would have to activate proton channels more
frequently, adjust their membrane potential, and/or lower their
internal pH (Taylor et al., 2012). Reduced intra-cellular pH would
severely affect the entire cellular machinery and require other pro-
cesses (e.g. photosynthesis) to co-adapt in order to keep H* efflux
alive (Benner et al., 2013; Lohbeck et al., 2014). The obligatory H*
efflux associated with calcification may therefore pose a fundamen-
tal constraint on adaptation which may potentially explain why
“calcification crisis” were possible during long-lasting (thousands
of years) CO, perturbation events (Erba and Tremolada, 2004;
Erba, 2006) even though evolutionary adaption to changing carbon-
ate chemistry conditions is possible within one year (Jin et al., 2013;
Lohbeck et al., 2012). Unraveling these fundamental constraints and
the limits of adaptation should be a focus in future coccolithophore

studies because knowing them is the key information required to
understand to what extent the calcification response to carbonate
chemistry perturbations can be compensated by evolution.
Silicate- or cellulose-armored functional groups such as dia-
toms and dinoflagellates do not need to sustain the calcification-
related H* efflux. Thus, they probably do not need to adapt in order
to keep costs for the production of structural elements low. On the
contrary, dinoflagellates (except for calcifying species; (Van de
Waal et al., 2013)) with generally inefficient CO,-fixing RuBisCO
enzymes (Tortell, 2000) may even profit from chemical changes
since photosynthetic carbon fixation as their source of structural
elements in the form of cellulose should be facilitated by the ocean
acidification-associated CO, fertilization (Fu et al, 2008;
Reinfelder, 2011). Under the assumption that any form of shell/ex-
oskeleton protects phytoplankton against predation (as argued by
Hamm and Smetacek, 2007), non-calcareous armors may be the
preferable solution to realize protection in a future ocean (Fig. 7).

Implications: past, present, and future

In this section we apply the substrate-inhibitor principle in
order to speculate on past, present, and future success and distri-
bution of coccolithophores in the oceans. However, great care must
be taken when correlating carbonate chemistry with coccol-
ithophore dispersal because this is by no means the only parameter
controlling it. Physical (e.g. temperature), other chemical (e.g.
nutrient concentrations), or ecological (e.g. grazing pressure)
factors will under many if not most circumstances outweigh the
influence of carbonate chemistry conditions, unless differences in
the latter are extreme. We will therefore focus the discussion on
those cases where differences in carbonate chemistry conditions
are rather extreme - for example the comparison between the
Mesozoic and the modern ocean.

Today, coccolithophores are present in all oceans and most mar-
ginal seas, including the semi-enclosed Mediterranean, Black and
Caspian Sea, as well as the western but not the eastern part of
the Baltic Sea (Kideys et al., 2005; Moore et al., 2012; Silkin
et al.,, 2014; Tyrrell et al., 2008). The Black Sea has considerably
higher total alkalinities than the global ocean, leading to high
availability of HCO3 substrate and comparatively lower [H*] at
atmosphere-equilibrated pCO, (Goyet et al., 1991). These should
be particularly calcification-favorable carbonate chemistry condi-
tions (Fig. 8). And indeed, the Black Sea frequently harbors exten-
sive E. huxleyi blooms (Kopelevich et al., 2014), especially since
diatom proliferation is limited by reduced silicate input as a conse-
quence of the Danube River dam construction in the early 1970’s
(Humborg et al., 1997).

Total alkalinity of the eastern Baltic Sea is much lower than the
global ocean mean which results in calcite under-saturation during
winter time (Tyrrell et al., 2008). This led Tyrrell et al., 2008 to
suggest that one reason for the absence of coccolithophores in this
region could be reoccurring corrosive conditions which the
calcareous armor cannot fully resist. Our interpretations resemble
those of Tyrrell et al. with the key difference that we argue from
the perspective of CaCO5; formation, not dissolution. According to
our results, calcification would be comparatively energy-
consuming in the Baltic proper (below the CBT) so that diatoms,
using cheaper and in this region permanently available silicate
(Sandén and Danielsson, 1995) to construct their armor, outcom-
pete coccolithophores (Figs. 6 and 7).

Coccolithophores have their first appearance in the fossil record
during the Upper Triassic (~225 million years ago; Bown et al.,
2004) and diversify thereafter until the end of the Cretaceous
(Martin, 1995). Carbonate chemistry reconstructions of these peri-
ods suggest generally higher surface ocean pCO, and lower pH than
at present day (Zeebe, 2012). However, high-pCO,/low-pH
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Culture conditions for experiments with E. huxleyi strain NZEH, RCC1216, RCC1212, RCC1216, and RCC1238 shown in Fig. 5. The origin of each strain and the time of its isolation is
given in Langer et al. (2009). pHngs and pHyoar indicates that pH values were reported on the NBS and total scale, respectively. Continuous bubbling indicates that cultures were
aerated with CO, gas mixtures during the whole experiment, while pre-inoculation bubbling denotes that aeration stopped when cells were inoculated. Acid-base addition at
constant TA indicates that TA was re-adjusted with NaHCOs after acid and base additions to yield the same TA between treatments. Re-adjustment was omitted in “the acid-base
constant DIC” approach. NSW = natural seawater. The arrows illustrate observed responses in calcification rates with 1 (increasing), | (decreasing), <> (constant), and N (optimum
curve) found within the investigated pCO, range. Letters behind arrows express whether results were significant (a) or not (b) when a statistical analysis was reported by the

authors.
Color code in Fig. 5 pCO, CO, Temperature  Light intensity  Light:dark cycle  Salinity Culture Calcification ~ Reference
calculation manipulation (°C) (umol m~2s7')  (h:h) medium response
based on:

NZEH (variable experimental protocol and culture conditions, Fig. 5a)

Gray TA, DIC Continuous 19 150 12:12 34 Ta Iglesias-
bubbling Rodriguez et al.

(2008a,b)

Blue TA, DIC Continuous 19 80-120 12:12 NSW Tb Jones et al.

bubbling (English (2013)?
Channel)

Green TA, DIC Continuous 19 80-120 12:12 NSW Tb Jones et al.

bubbling (English (2013)°
Channel)

Red PHotal, TA Continuous 20 150 24:0 NSW (Gulf | b Shi et al. (2009)
bubbling stream)

Orange PHeota, TA Acid-base 20 150 24:0 NSW (Gulf 1b Shi et al. (2009)
constant TA stream)

Yellow pHngs, DIC Pre- 15 170 16:8 324 NSW la Hoppe et al.
inocculation (North (2011)
bubbling Sea)

Turquise PHngs, DIC Acid-base 15 170 16:8 324 NSW la Hoppe et al.
constant DIC (North (2011)

Sea)

Pink PHngs, DIC Continuous 15 170 16:8 324 NSW na Hoppe et al.

bubbling (North (2011)
Sea)

RCC1216 (variable experimental protocol and culture conditions, Fig. 5b)

Gray PHeotal, TA Pre- 17 150 14:10 38 Tb Richier et al.
inocculation (2011)
bubbling

Blue TA, DIC Acid-base 17 400 16:8 32 NSW l Langer et al.
constant DIC (North (2009)

Sea)

Green pHngs, TA Continuous 15 50 16:8 32 NSW la Rokitta and

bubbling (North Rost (2012)
Sea)

Red pHngs, TA Continuous 15 300 16:8 32 NSW b Rokitta and

bubbling (North Rost (2012)
Sea)
Orange pHngs, TA Continuous 15 300 16:8 324 NSW la Kottmeier et al.
bubbling (North (2014)
Sea)
Strain comparison under identical experimental protocol and culture conditions, Fig. 5¢
Gray triangle TA, DIC Acid-base 20 400 16:8 32 NSW «,(1238) ]  (Langer et al.,
(RCC1238), gray constant DIC (North (1212) 2009)
square (RCC1212) Sea)
Blue triangle TA, DIC Acid-base 17 400 16:8 32 NSW 1, (1216) N (Langer et al.,
(RCC1216), blue constant DIC (North (1256) 2009)
square (RCC1256) Sea)
Red triangle PHngs, DIC Acid-base 15 170 16:8 324 NSW la, (1256) | (Hoppe et al,,
(RCC1256), red constant DIC (North a, (NZEH) 2011)
square (NZEH) Sea)

2 After 6-7 days of incubation.
b After 8-10 days of incubation.

conditions were probably accompanied with elevated HCO3, since
rock weathering and dissolution of deep-ocean CaCO3; sediments
enhanced the oceans’ alkalinity (Honisch et al., 2012; Ridgwell
and Zeebe, 2005; Zeebe, 2012). Thus, unfavorably high [H*] might
have been compensated by high substrate availability thereby cre-
ating carbonate chemistry conditions which supported high calci-
fication rates. This could be another chemical prerequisite (next
to e.g. high [Ca%']; Stanley and Hardie, 1998) of why coccol-
ithophores were able to constitute such a prominent component
of the mid- to late-Mesozoic phytoplankton community.

CO, is currently released to the atmosphere at a rate unparal-
leled for at least the last 300 million years (Honisch et al., 2012).
The fast pace limits prompt dampening of ocean acidification by
geochemical buffering like weathering and carbonate sediment
dissolution (Ridgwell, 2005; Zeebe, 2012). These will only come
into play on millennial time-scales leaving anthropogenic ocean
acidification as a short pulse (~10-20 kyears; Archer et al., 2009;
Ridgwell and Hargreaves, 2007) of strongly increased [H*] and only
slightly increased [HCO3] (Honisch et al., 2012; Zeebe, 2012). If
coccolithophorid calcification remains unable to fully adapt to
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Fig. 5. Response in calcification rates of different E. huxleyi strains to increasing
pCO,. Panel (a) and (b) show the variability in the response of strain NZEH and
RCC1216 when grown under different culture conditions and applying different
experimental protocols. Panel (c) shows the variability in the response when
different strains were grown under identical culture conditions and applying an
identical experimental protocol. Comparing panels (a, b) with (c) suggests that the
variability caused by inconsistent culture conditions and experimental protocols is
at least equally important as the genetic variability among strains. Color coding and
details on culture conditions for each experiment are given in Table 4. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

the H" pulse, other functional groups whose shell construction is
not handicapped may become more competitive during this time
thereby further narrowing the realized niche of calcification by ele-
vating the CBT (Fig. 6).

Tides may turn, however, when the acidification pulse starts to
retreat (5-10 kyears in the future; Archer et al., 2009; Ridgwell and
Hargreaves, 2007). When deep-ocean CaCO3; sediment dissolution
and terrestrial weathering kick in and release significant amounts
of carbonate alkalinity ((HCO5] + 2[CO%]) into the oceans, H" con-
centrations slowly decline while HCO3 increases. Simultaneously,
increased alkalinity causes CO, under-saturation of the surface
oceans leading to in-gassing of additional amounts of atmospheric
CO,. Model simulations consistently show that the oceans will con-
tain more HCO3 ~50,000 years into the future than at present
while [H*] will be similarly low (Archer et al., 2009; Ridgwell
and Hargreaves, 2007) with the degree of long-term carbonation
positively scaling with the amount of anthropogenic CO, that will
be released into the atmosphere (Honisch et al., 2012; Ridgwell
and Hargreaves, 2007; Zeebe, 2012). These relatively high-
substrate/low-inhibitor carbonate chemistry conditions of the far

mean fundamental niche

cost-benefit ratio

cellular calcification rate

increasing pCO,at constant TA

Fig. 6. Conceptual figure on the response of all coccolithophore genotypes (thin
gray lines with the thick blue line being the mean) to a large pCO, gradient at
constant total alkalinity. Complete optimum curves represent the fundamental
niches of calcification and therefore the carbonate chemistry conditions where
calcification is physiologically possible. The horizontal turquoise line denotes the
‘cost benefit threshold’ (CBT) above which the benefits of being able to calcify
exceed the associated costs. The CBT therefore constrains the realized niche of
calcification where this trait promotes the competitiveness of coccolithophores
relative to other groups. The points where optimum curves cross the CBT can be
considered as tipping points below which the individual genotype is out-competed
because costs for calcification exceed its benefit and the competitive advantage is
lost. Red-framed genotypes would be the first to fall below the CBT in an ocean
acidification scenario while blue framed ones are less sensitive to increasing [H*]
and remain in the realized niche longest. This illustrates how selection on standing
genetic diversity is implemented in this concept.

>
>

costs for armor construction

‘ Diatoms (SiO,)

[H,Si0,] putatively cheap but often limiting ,‘
>

Fig. 7. lllustration of a thought experiment on the energetic effort for armor
construction in three major shell-forming phytoplankton taxa as a function of
carbonate chemistry conditions. The frustule (diatom shell) is considered the most
inexpensive armor under all circumstances because diatoms typically outcompete
all other groups when silicate is available. The coccosphere is relatively inexpensive
under sufficient [CO,], high [HCOs], and low [H*] because substrate is saturating
and protons are easily released into seawater (Taylor et al., 2011). In contrast, the
construction of thecal elements, which are organic (cellulose) plates that constitute
the dinoflagellate shell, should rather be favored at high H* concentrations because
these usually coincide with high [CO,]. Under these conditions dinoflagellates could
down-regulate the energy-consuming operation of carbon concentrating mecha-
nisms to fuel the production of organic source material for their shell. Therefore, a
shift in carbonate chemistry conditions toward high [CO,] may promote their
competitiveness relative to coccolithophores. It must be kept in mind, however,
that such a hypothetical gain in competitiveness due to altered carbonate chemistry
conditions would not automatically lead to dinoflagellate dominance because a
huge number of factors other than carbonate chemistry have an influence on
species composition as well.

future may facilitate coccolithophorid -calcification after the
inhibiting effect of high H* concentrations due to present and near
future ocean acidification has disappeared.
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. Atlantic

Blaci Sea

relative calcification rates

1000 2000 3000
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4000

Fig. 8. Same data as in Fig. 2a but plotted in a pH vs. [HCO3] matrix. The dotted
white line indicates the threshold above which calcite starts to precipitate
inorganically (Morse et al., 2003). The black line indicates the CBT (arbitrary value
of 0.6) and therefore a possible threshold above which the benefits of calcification
in a competitive environment exceed its costs (see Fig. 6). The black and white
boxes indicate surface water carbonate chemistry conditions (0-45 m) of certain
ocean basins (Data taken from Goyet et al., 1991; Key et al., 2004; Tyrrell et al.,
2008). The white asterisk exemplifies potential mean surface ocean carbonate
chemistry conditions (upper 87 m) in 50,000 years from now, assuming the IPCC
“business-as-usual” A2 emission scenario until the year 2100 followed by a linear
decrease of CO, emissions until the year 2300. Calculations were done with the
GENIE-1 earth system model including sediment dissolution and terrestrial
weathering (Ridgwell et al., 2007) set up as in (Archer et al., 2009). Note that
smaller or larger CO, perturbations than simulated here would lead to less or more
pronounced [HCO3] increases in the far future (Ridgwell and Hargreaves, 2007).
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