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A Conceptual Model for Projecting
Coccolithophorid Growth,
Calcification and Photosynthetic
Carbon Fixation Rates in Response
to Global Ocean Change

Natasha A. Gafar*, Bradley D. Eyre and Kai G. Schulz

Centre for Coastal Biogeochemistry, School of Environment Science and Engineering, Southern Cross University, Lismore,
NSW, Australia

Temperature, light and carbonate chemistry all influence the growth, calcification and
photosynthetic rates of coccolithophores to a similar degree. There have been multiple
attempts to project the responses of coccolithophores to changes in carbonate
chemistry, but the interaction with light and temperature remains elusive. Here we
devise a simple conceptual model to derive a fit equation for coccolithophorid growth,
photosynthetic and calcification rates in response to simultaneous changes in carbonate
chemistry, temperature and light conditions. The fit equation is able to account for up
to 88% of the variability in measured metabolic rates. Equation projections indicate that
temperature, light and carbonate chemistry all have different modulating effects on both
optimal growth conditions and the sensitivity of responses to extreme environmental
conditions. Calculations suggest that a single extreme environmental condition (COo,
temperature, light) will reduce maximum rates regardless of how optimal the other
environmental conditions may be. Thus, while the response of coccolithophores to ocean
change depends on multiple variables, the one which is least optimal will have the
most impact on overall rates. Finally, responses to ocean change are usually reported
in terms of cellular rates. However, changes in cellular rates can be a poor predictor
for assessing changes in production at the community level. We therefore introduce a
new metric, the calcium carbonate production potential (CCPP), which combines the
independent effects of changes in growth rate and cellular calcium carbonate content to
assess how environmental changes will impact coccolith production. Direct comparison
of CO» impacts on cellular CaCO3 production rates and CCPP shows that while the
former is still at 45% of its pre-industrial capacity at 1,000 patm, the latter is reduced
to 10%.

Keywords: growth rate, photosynthesis, calcification, Gephyrocapsa oceanica, climate change, carbonate
chemistry, temperature, light
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1. INTRODUCTION

Coccolithophores are an abundant, ubiquitous component of
marine phytoplankton assemblages (McIntyre and Bé, 1967;
Charalampopoulou, 2011; Okada and Honjo, unpublished
manuscript). As a functional group, coccolithophores have
been influencing the Earth’s biogeochemical element cycling
for over 200 million years (Ridgwell, 2005; de Vargas et al.,
2007). These organisms can contribute up to 20% of the total
carbon production (calcification plus photosynthesis) in some
ecosystems (Poulton et al., 2007, 2010), and up to 50% to the
calcium carbonate (CaCQO3) content found in Holocene marine
sediments (Broecker and Clark, 2009). Furthermore, several
coccolithophore species also form extensive, dense blooms
that cover up to 10,000 km? (Holligan et al., 1993a,b). Mass
production of coccoliths by coccolithophores feeds-back to
the marine carbon cycle by decreasing surface alkalinity and
dissolved inorganic carbon in a 2:1 ratio, thus shifting carbonate
chemistry toward CO, (Holligan et al., 1993a; Westbroek et al.,
1993). Mass production of coccoliths may also enhance carbon
sequestration in deep ocean waters by acting as ballast for organic
carbon particles (Beaufort and Heussner, 1999; Armstrong et al.,
2002). Finally it is hypothesized that DMSP production by
coccolithophore blooms, in particular Emiliania huxleyi, may
influence the Earth’s albedo (Holligan et al.,, 1993a). As such,
changes in coccolithophore abundance and productivity have
the potential to significantly impact both the marine and
global carbon cycles (Zondervan et al.,, 2001; Riebesell et al.,
2009).

Since the Industrial Revolution in the late Eighteenth century,
human activities started to significantly perturb the natural
carbon cycle. Burning of fossil fuels, as well as wide scale
deforestation have contributed to an increase in atmospheric
partial pressures of carbon dioxide (pCO;) from a pre-industrial
level of ~280 patm to the current level of ~400 patm (IPCC,
2013a). Atmospheric CO; levels are projected to reach up to
985 patm (RCP8.5 scenario) by the end of the century (Caldeira
and Wickett, 2005; Orr et al., 2005; IPCC, 2013a). Under these
conditions, ocean surface temperatures are projected to increase
by as much as 4.8°C (IPCC’s RCP8.5 scenario) (IPCC, 2013b).
This increase in CO, and temperature is expected to have
significant effects on ocean mixing and stratification which in-
turn will impact nutrient and light availability (Bopp et al., 2001;
Rost and Riebesell, 2004; Sarmiento et al., 2004). In addition,
rising atmospheric CO; levels are also bound to significantly
change the ocean’s carbonate chemistry.

An increased uptake of atmospheric CO, in the surface
ocean will result in increased dissolved CO,, bicarbonate
(HCO3) and hydrogen ions (H")/decreased pH but also
in decreased carbonate ion concentrations (CO%’) (Doney
et al., 2009; Schulz et al, 2009). These changes, often
termed ocean acidification, are likely to have significant
effects on coccolithophore physiology (growth, calcification
and photosynthesis), which has important implications for
coccolithophore related global biogeochemical processes (e.g.,
oceanic CO, uptake and sequestration) (Bopp et al, 2001;
Sarmiento et al., 2004).

Previous studies (i.e., Bach et al., 2011; Sett et al., 2014;
Bach et al, 2015), have established a unifying frame work
where coccolithophore responses to carbonate chemistry can
be described as a balance between the fertilizing effects of
substrate (CO, and HCO53') availability (Bach et al., 2011) and
the inhibiting effects of hydrogen ions (H™) (Bach et al., 2011,
2013). At one end of the scale, process-based numerical models
describing intra-cellular inorganic carbon fluxes in response to
changes in seawater carbonate chemistry and the resulting effects
on coccolithophorid metabolic rates have been developed using
this framework (Holtz et al., 2015a,b). On the other side of the
complexity spectrum, there are simple fit equations based on
this conceptual framework describing metabolic rates as being
balanced by substrate availability, and inhibition by rising H*
(Bach et al., 2011, 2015).

The downside of current equations however is that, unlike
some numerical models, they lack the ability to describe
responses to the interactive effects of other environmental
variables, in particular temperature and light. For example at the
same CO; level, calcification can vary from 10 to 54 pg C d~!
depending on light (50-800 pmol photons m~2s~!) and from 15
to 30 pg C d~! depending on temperature (15-25°C) (Figure 1).
The influence of temperature and light on metabolic rates are
as large as or even larger than the influence of CO;. A single
analytical fit equation to fit measured response rates at various
temperature, light and carbonate chemistry conditions would be
useful to assess species specific sensitivities, optima and tipping
points under future environmental conditions. Furthermore,
comparing different species would allow exploration of the
effects of ocean change on future coccolithophore community
composition.
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FIGURE 1 | Calcification rates for Gephyrocapsa oceanica strain RCC1303
over a wide range of fCO» levels. Data describing responses to CO» under
different temperatures [15 (30), 20 (v) and 25°C (x)] and 150

wmol photons m~2s~ 1 were taken from Sett et al. (2014), while data
describing responses under different photosynthetically active radiation (PAR)
levels (50-800 pwmol photons m—2s~1 () at ~500, ~1,000, and ~1,500
patm fCO» and 20°C were taken from Zhang et al. (2015).
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Here we develop a simple conceptual model for predicting
coccolithophorid growth, photosynthesis and calcification in
response to changes in temperature, light and carbonate
chemistry. The majority of work on these effects comes from two
species, Emiliania huxleyi and Gephyrocapsa oceanica. E. huxleyi
has decoupled and coupled carbonate chemistry system data as
well as temperature response data available for a single strain (i.e.,
Bach et al., 2011, 2013; Sett et al., 2014). However, there is no
light response data for this same strain. Meanwhile for a single
G. oceanica strain, temperature, light and coupled carbonate
chemistry response data are available, but no decoupled data
exists (Sett et al., 2014; Zhang et al., 2015). Decoupled carbonate
chemistry data (changing CO, at constant pH) has been used
to develop the concept of substrate stimulation and proton
inhibition (Bach et al., 2011, 2013). However, it is not necessary to
describe responses to ongoing ocean change in a coupled system.
Hence it was decided that G. oceanica would be used as it had
light, temperature and carbonate chemistry data available for the
same strain. The resulting analytical equation was used to fit
measured metabolic rates of the G. oceanica strain, to assess the
interactive effects of temperature, light and carbonate chemistry
on growth, calcification and photosynthesis. The equation was
also used to test two additional concepts. In the first it was
used to assess if comparable responses would be obtained from
two, widely used, carbonate chemistry manipulation methods.
In one method, total alkalinity (TA) was kept constant in the
other dissolved inorganic carbon (DIC) was kept constant. In the
second the equation was used to assess how changes in cellular
calcification rates impact calcium carbonate production on the
community level.

2. METHODS

2.1. Data Collection

Published studies by Sett et al. (2014) and Zhang et al. (2015)
on the effects of changes in carbonate chemistry on a single
strain of Gephyrocapsa oceanica RCC1303 were used to compile
a uniform dataset containing: Specific growth rates . (day~!),
particulate organic and inorganic carbon (POC and PIC) quotas
(pg C cell™!) and production rates (pg C day_l), fCO,
(patm), [CO,] (umolkg’l), [HCO3] (umolkg’l), [COg_]
(wmolkg™!), pHr (on the total scale), total alkalinity/TA
(pwmol kg_l), dissolved inorganic carbon/DIC (jumol kg_l),
photosynthetic active radiation/PAR (pmol photons m~2s~1)
and temperature (°C). Growth rates for all studies were based on
specific growth rate . (d~1).

_ In(Cy dln(Co) )
where C; and Cy are cell concentrations at the end and beginning
of the experiment during exponential growth, respectively, and
d is the duration of incubation in days. Calcification and
photosynthetic rates were obtained by multiplying growth rates
with cellular quotas of particulate inorganic or particulate organic
carbon, respectively. Two studies were chosen as they utilized
the same strain (RCC1303) and provided light (six levels)

and temperature (3 levels) interactions over a broad carbonate
chemistry range (in total 54 data points). Two additional studies
by Zondervan et al. (2001) and Rickaby et al. (2010) on two other
G. oceanica strains PC7/1 and Pz3.1 were not included. Data
were not included as they were providing no additional light,
temperature or CO, coverage, but would increase unexplained
variance due to strain-specific responses (compare Langer et al.,
2009).

2.2. Carbonate Chemistry Standardization
Carbonate chemistry was standardized using CO2SYS (Lewis
et al, 1998) and the stoichiometric equilibrium constants
K; and K, for carbonic acid determined by Lueker et al
(2000), Kg for sulphuric acid determined by Dickson et al.
(1990) and Kp for boric acid following Uppstrom (1974).
Calculated pH is reported on the total scale. As input
parameters temperature, salinity, phosphate concentrations and
original (quality controlled) carbonate chemistry measurements
(dissolved inorganic carbon/DIC and total alkalinity/TA) of the
original studies were used. Any replicate values within a single
treatment level were averaged prior to re-calculations (See Table
S1 for the final corrected and standardized dataset).

2.3. Previous Efforts to Fit

Coccolithophorid Performance

The first efforts to fit measured changes in coccolithophorid
metabolic rates in response to changes in carbonate chemistry
(Bach et al, 2011) were a modified Michaelis-Menten
equation augmented by a negative sensitivity constant (s),
with physiological rates solely a function of CO, fugacity (fCO;)

X x fCO,
= Y —|—fC02 —S XfC02 (2)
where V denotes growth or organic and inorganic carbon fixation
rates, X (pg C cell™! day~! or day™') and Y (jumolkg™') the
theoretical maximum rate of the Michaelis-Menten term and the
fCO;, at which maximum rates are half-saturated, respectively,
and s (pumol™! kg) a negative linear term to account for the
observed negative effects of increasing fCO,.

This analytical equation was later modified and improved
for fitting calcification rates in Bach et al. (2015). Although
also a modified Michaelis-Menten equation, hydrogen ions
(HT), rather than fCO,, had been identified as the actual
inhibiting factor influencing biological rates. Additionally, the
substrate analog of fCO, was replaced with bicarbonate (HCO3')
which is considered the primary substrate for calcification and
photosynthesis (Rokitta and Rost, 2012; Kottmeier et al., 2014,
2016a). Therefore, rather than depending solely upon fCO;,
metabolic rates were now dependent upon the concentration
of bicarbonate ions (HCOj3'), with the addition of two negative
terms to account for the limiting and inhibiting effects of
relatively low CO, and high hydrogen ion (H") concentrations,
respectively

a[HCO; |

—_ 9 - _ e—C[COz]
b+ [HCO; ]

—d[H"] 3)
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where a (dimensionless) and b (mol kg_l) represent stimulation
of metabolic rates by increasing [HCO3], ¢ (kg mol™1)
parameterizes the indirect effects of CO, limitation on rates, and
d (kg mol™!) describes the linear negative effect of increasing
[HT]. The exponential term in the above equation represents
a minimum requirement for CO,, with strong influence on
observed rates at relatively low concentrations and negligible
influence above a certain threshold. In the above analytical
equations the fitting coefficients (X, Y, a, b, ¢, and d) will
change depending on the temperature and light conditions.
Considering that temperature and light have been observed to
effect physiological responses to a similar degree as changing
carbonate chemistry (Figure 1), developing fit equations able
to account for the combined effects of temperature, light and
carbonate chemistry would be necessary to project responses to
future ocean conditions.

2.4. Development of a Conceptual Model of
the Interactive Effects of Carbonate
Chemistry, Temperature, and Light on
Coccolithophorid Performance

The starting point for development of the conceptual model
was Megard et al. (1984) and their equation on the response
of photosynthesis to irradiance. Their pigment traps (T) were
assumed to capture the light ultimately driving photosynthesis
(compare Figure 2A). The traps have three states: a reactive
state (T°) able to capture light (I) at a rate Ik;;T’, an activated
state (T*) able to catalyze photosynthesis to produce oxygen at
a rate k., T*, and an inhibited state (T**) encountered when
excess light is absorbed by an activated trap which occurs at a
rate Iky3T*. The trap is assumed to revert from the inhibited
state at a constant rate k_3T**. The activated state (T*) can also
revert back to the reactive state (T’) by a number of processes
(i.e., fluorescence or heat) at a constant rate k_; T*. Using this
physiological concept, they were able to reproduce both the
limiting and inhibiting effects of light on photosynthesis.

In the following paragraphs we expand this simple conceptual
model to include observed effects of changes in temperature and
carbonate chemistry (i.e., substrate and inhibitor availability). We
also expand the conceptual model to predict calcification and
growth rates as well as photosynthetic rates.

2.4.1. Effects of Light on Cellular Processes

Photosynthesis, calcification and growth rates depend on light
availability. photosynthetic rates increase with light availability
up to a saturating point after which they begin to decline
due to the damaging effects of light inhibition (Powles, 1984;
Larsen, 2012). Similarly the rate of coccolithophore calcification
has been observed to significantly increase with irradiance
from low (<50 pwmol photons m~2s™!) to saturating intensities
(>150 pmol photons m~2s~1) (Nimer and Merrett, 1993; Feng
et al,, 2008), as well as growth rates between 50 and 800
umol photons m~2s~! (Zhang et al., 2015). In this experimental
light range, inhibition of growth and calcification rates by high
light is not as pronounced as for photosynthetic rates, but would
eventually occur with increasing light intensity. Thus, it can be

A THO,
-1
o
T**
B
RI a(bS;(’:;c))ITRH el RI + FIX
A
RIH

FIGURE 2 | (A) The conceptual model developed by Megard et al. (1984) to
describe the response of photosynthesis to irradiance. See section 2.4 for
details. (B) Expanded conceptual model describing the effects of carbonate
chemistry, i.e., substrate and proton concentrations (S, H), temperature (T),
and light intensity (I) on calcification, photosynthetic and growth rates. See text
in section 2.4.4 for details. R denotes a reaction system essential to the
cellular process, Rl is the reactive state, R" is the activated state, R" is the
inhibited state, FIX is fixed carbon or growth (i) in general and a-g are forward
and reverse reaction rate constants.

concluded that the effects of light for all rates largely follow the
non-linear stimulation-inhibition concept of Megard.

2.4.2. Effects of Temperature on Cellular Processes
Increasing temperature, accelerates coccolithophore metabolic
rates up to an optimum level (i.e., Eppley, 1972; Helm et al,,
2007). Beyond this level, with temperatures continuing to
increase, metabolic rates start decreasing down to a point where
metabolism can completely shut down (reviewed in Portner and
Farrell, 2008; Larsen, 2012). This simple stimulation-inhibition
observation of temperature is similar to that of light. As such, the
effects of temperature are also captured by Megard’s conceptual
model.

2.4.3. Effects of Carbonate Chemistry on Cellular
Processes

In an ocean acidification scenario (increasing CO, and
decreasing pH) all rates increase to an optimum before declining
again as conditions become more unfavorable (Bach et al., 2011,
2013). In a decoupled system (increasing CO, and constant pH)
rates increase and then level off in a Michaelis-Menten fashion
(Bach et al., 2011, 2013). These effects can be understood as
stimulation by substrate (CO, + HCO3') and inhibition by HT.
How this will be incorporated into a conceptual model together
with light and temperature will be discussed in the following
sections.

2.4.4. Using a Single Conceptual Model for Growth,
Calcification, and Photosynthesis

Both photosynthesis and calcification work in a similar way
in that both are driven by substrate and enzyme/template
interactions (i.e, RuBisCO with CO, in photosynthesis,
and Ca’™ and HCO; with with an organic template and
polysaccharides in calcification) (Paasche, 2001; Farazdaghi,
2011). Although technically a substrate, Ca** can practically
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be considered non-limiting as its concentrations in seawater
are typically orders of magnitude higher than that of dissolved
inorganic carbon. In fact Ca®" has only been observed to limit
calcification at un-naturally low concentrations (Herfort et al.,
2004; Trimborn et al., 2007; von Dassow et al., 2012), so its
availability is unlikely to affect reaction kinetics. As such, the
same reaction system-substrate concept can be used for either
calcification, photosynthesis or growth rates in general, the latter
depending on photosynthetic performance.

An important assumption made for the conceptual model at
this point is that the concentrations of the relevant carbonate
chemistry species (HT, HCO;3, CO3) inside the relevant cell
compartments (i.e., chloroplast for photosynthesis and coccolith
production vesicle for calcification) scale with bulk seawater
concentrations outside the cell. That means that decreasing
seawater concentrations result in a respective decrease inside the
cell and vice-versa (i.e., Coleman and Colman, 1981). Evidence
for a connection of the inorganic carbon pool in seawater
and inside phytoplankton cells stems from conceptual models
relating supply and demand to observed stable carbon isotope
fractionation (e.g., Sharkey and Berry, 1985; Laws et al., 1995;
Burkhardt et al., 1999; Keller and Morel, 1999). While a multitude
of studies have shown that phytoplankton species actively take
up both CO, and HCOj3 (e.g., Burkhardt et al, 2001; Rost
et al,, 2003), the internal pools are significantly influenced
by passive diffusion of CO; into and out of the cell which
theoretically scales linearly with extracellular CO; concentrations
(e.g., Schulz et al, 2007 and references therein). Concerning
proton concentrations, there is experimental evidence that bulk
seawater pH can influence internal concentrations in a linear
fashion (Suffrian etal., 2011), probably mediated by voltage-gated
H™" channels (Taylor et al., 2011). Hence, and given the fact that
there are no direct measurements on the exact magnitude of
external in relation to internal changes, a linear relationship was
assumed.

The next step was to decide how to implement the effects
of light, temperature and carbonate chemistry within the
conceptual model (See Figure 2B). The effects of light and
temperature are very simple with both a stimulating and
an inhibiting effect on rates. Both light and temperature
could be said to affect all reaction steps. However, it was
found that applying temperature and light dependency to all
reactions resulted in canceling out of terms and that the best
compromise for light and temperature fits required a separation
of temperature and light on at least one reaction step in the
model. To implement the effects of carbonate chemistry into
the model, CO, and HCO; were combined and defined as
substrate (S). While, the proportion of CO, and HCO; utilized
by growth, photosynthesis and calcification strongly depends
upon carbonate chemistry conditions, for the sake of keeping the
concept simple, it was assumed that all rates depended upon the
combination of CO; and HCO; and had no preference for one or
the other (Kottmeier et al., 2014). It should be noted that, owing
to its higher concentrations, this assumption gives more weight to
changes in HCOj . The stimulating effects of substrate availability
on rates can then be described as a Michaelis-Menten saturation
curve (Bach et al., 2011). The inhibiting effects of rising H*

are slightly more complicated in that they are balanced, to a
degree, by the positive effects of rising substrate concentrations
(Bach et al., 2011). Because of this, two terms were required to
provide an effective representation of H' effects across the whole
CO; range. As carbonate chemistry is dependant on temperature,
all reactions with carbonate chemistry dependencies also had
temperature dependencies. Finally, it was found that applying
temperature, light and carbonate chemistry dependencies to
both forward and reverse reactions for inhibition resulted in a
canceling out of terms and, as such, an insensitivity of inhibition
to environmental conditions. Because of this, it was decided
that the reverse reaction for inhibition would be assumed to be
independent of environmental conditions.

In this conceptual model, the transition of the reactive (R!)
to activated (RT) state follows a Michaelis-Menten substrate (S)
kinetic, stimulated by light (I) and temperature (T), at a rate
a(bS/(S+¢))ITRL. The activated state (RY) may transition back to
the reactive state (R!), depending on the proton concentration
(H) and temperature, at a rate dHTRY. Furthermore the
activated state can also transition to an inhibited state (RIT)
by light, temperature and proton concentrations at a rate
FHITRL. The reversal back to the activated state (RY) is at a
rate gR, insensitive to environmental conditions (similar to
Megard et al., 1984). Finally, the activated state can catalyze
a reaction (photosynthesis, calcification, or growth in general)
producing fixed carbon (FIX), and transition back to the reactive
state (R!) in a single step at a rate eIR”, depending upon
light.

With the sum of states in this reaction system being constant,
ie, (R)=RI + RI 4+ R the change in each of these three states
with time can be expressed by the following three differential
equations:

dr! _ I bS I

bS
4 =ag T ITR! + gRU — (dHT + el + fHITRT (5)
R _ FHITRY — gR™ (6)

This set of differential equations was solved analytically for steady
state conditions, i.e., assuming no change in each of the rates with
with time, giving:

n_ RSIT
"~ koHT + ksSHT + kyI + ksSI + SIT + keSHI2 T2

™)

where, k, = dc/ab, k3 = d/ab, kqy = celab, ks = e/ab, and kg =
flg. The specific metabolic rate of photosynthesis, calcification or
growth based on this equation is MR = e x R and the theoretical
maximum rate of photosynthesis, calcification or growth, k; =e
x R, would occur if the reaction system would be solely in its
active state, i.e, where R = R Based on this, metabolic rates
(MR) of photosynthesis, calcification and growth are

k; SIT

MR(LLS,H) =
( ) oHT + k3SHT + kyI + ksSI + SIT + ke SHI?T2
(®)
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2.4.5. Simplified Equations

Equation (Equation 8) can fit responses to changes in
temperature, light and carbonate chemistry at the same time. For
situations where only one environmental variable (temperature,
light, carbonate chemistry) is variable, with the other two
remaining constant, the model can be simplified to:

S
MR(S,H) = o 9)
soH + s3SH + s4 + 855

for describing carbonate chemistry (S, H) responses at constant
light intensity and temperature,

il

MR(]) = ———
S iz+i31+i412

(10)

for light (I) responses at constant carbonate chemistry and
temperature, and

4T

MR =
D ty +t3T + t4,T2

(11)

for temperature responses (T) at constant carbonate chemistry
and light intensity, with s, i and t denoting respective fit
parameters (Table 1).

2.5. Fitting Procedure

Equation (8) was fitted to measured Gephyrocapsa oceanica
metabolic rates from Sett et al. (2014) and Zhang et al. (2015)
using a non-linear regression procedure with the MATLAB
function nlinfit, at corresponding HCO3, CO, and H* (total
scale) concentrations, light availability (I) and incubation
temperature (T) as input parameters. Given the order of
magnitude differences in fit coeflicients, starting conditions were
scaled by suitable multipliers for fitting purposes. Data were not
weighted and were assumed to have equal uncertainties.

2.6. Temperature and Light Transformation

To reduce skew and allow for rate inhibition below and beyond
certain temperature and light conditions, both temperature and
light data were transformed. To reduce skew in the light data,
a square root transform I = +/PFD was applied, where PFD =
photon flux density of PAR (photosynthetic active radiation). G.
oceanica will grow across a relatively broad range of temperatures
with cultures failing to grow at and below 9°C and above 30°C
(Rhodes et al., 1995; Buitenhuis et al., 2008; Larsen, 2012).
Upper and lower limits for growth were included with the
general transform of T = (T; — 9) x (33 — T}), where T; is the
temperature of each treatment. In order to accurately express
the sharp onset of temperature inhibition in this species, the
transform was further modified with a square root transform
to give T = (Tt — 9) x 4/(33 — Ty). The temperature transform
was compared with the Norberg thermal optimum envelope
model (Norberg, 2004)

T-2\’
Growth(Z, T,w) = [1 _ (7) :| 200-0633T (12)

w

TABLE 1 | Units for the fit coefficients of Equations (9-11).

Parameter Equation 9 Equation 10 Equation 11
S1, 01 .ty pg C cell=! day~1 or day~!

S0, io, to Dimensionless jumol photons m—2s~! °C

83, i3, 3 Kg mol~" Dimensionless Dimensionless
S4, 14, 4 Mol kg~ pmol photons~! m2s oc1

S5 Dimensionless - -

Note that for calcification and photosynthetic rates the unit of s1, i1, t1 is pg C cell~! day~"
and for growth rates day~".

with optimum (envelope) temperature set to Z = 21, the thermal
window to w = 12 and using a scaling factor a = 0.31 to account
for the fact that individual species do have maximum rates below
the orginial Eppley curve. The shape of both fits was in good
agreement [data not shown, but the reader is referred to Figure 2B
in Norberg (2004)].

2.7. Equation Fit and Working Limits

The ability of the fit to describe the data in terms of carbonate
chemistry, temperature and light was then examined. This
initial evaluation focused on assessing if physiological features
such as limitation and inhibition were present, as well as how
much variability the equation explained. Following these tests,
the limits of Equation (8) and its fit coefficients (Table 2)
in terms of projecting responses outside of the current data
range were tested. In the first test all rates were calculated at
seven distinct light intensities (10, 50, 100, 200, 800, 1,000,
2,000 pmol photons m~2s~!) over a DIC range of 1,200-3,000
pmolkg™! at constant TA of 2,350 molkg™! (fCO, down to
2 patm and up to 5,000 patm) and a temperature range of 9—
33°C. In the second test rates were calculated at seven distinct
temperatures (10, 12, 16, 20, 24, 28, 32°C) over a DIC range
of 1,200-3,000 jtmolkg™! at constant TA of 2,350 pwmolkg™!
(fCO, down to 2 patm and up to 5,000 patm) and light
intensities of 10-2,500 wmol photonsm~2s~!. In the final test
rates were calculated at six distinct fCO; levels (50, 200, 400,
1,000, 2,000, 3,000 patm) over a temperature range of 9-33°C
and light intensities between 10 and 2,500 pumol photons m =25~ 1.
The results of all tests were visualized using contour plots. These
plots were then used to define environmental working limits for
equation 8 and its fit coefficients (Table 2).

2.8. Interaction of Temperature, Light and
Carbonate Chemistry in Modulating
Physiological Rates

Optimum CO,, light and temperature conditions, maximum
rates (Vmax) and CO,, temperature and light conditions at which
rates are half-saturated or half-inhibited (Késat and K%inhib
respectively) were calculated and assessed for photosynthetic,
calcification and growth rates using Equation (8) and the
individual fit coefficients (Table 2).
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TABLE 2 | Fit coefficients (ky, ko, K3, kg, ks, Kg), R2, p-values, F-values and
degrees of freedom obtained from fit Equation (8) for calcification (pg C cell~1
d’1), photosynthesis (pg C cell™T d*w) and growth rate (d*1) fits to all data of
Sett et al. (2014) and Zhang et al. (2015).

Calcification Photosynthesis  Growth
Kq (pg C cell=! day~1 or day ") —9.01 —4.02 —0.64
Ko (umol photonsm—2s~1) —1.68E+06 —2.77E+06 8.22E+05
kg (kg mol~! 3.05E+08 1.08E4-09 —6.81E+08
pmol photons m—2s~1)
k4 (Mol kg™ °0) —7.87E-02 —6.23E—02  —9.10E—02
ks (°C) 10.46 —0.49 —6.17
kg (kg mol~" pmol photons ! —1.72E+04 —1.34E404  —1.05E+04
m2s°C—1
R2 0.8843 0.8512 0.8329
(p-value) (<0.001) (<0.001) (<0.001)
F-value (degrees of freedom) 399 (52) 306 (52) 260 (52)

Note that for calcification and photosynthetic rates the unit of k1 is pg C cell~" day~" and
for growth rates day~'.

2.9. Coupled and Decoupled Carbonate

Systems

In experimentally decoupled carbonate systems DIC
concentrations increase while [H™] remains constant (Bach
et al., 2013). This results in a saturation curve response with no
H™ inhibition. In coupled systems DIC and H* concentrations
increase together resulting in an optimum curve response (Sett
et al,, 2014). The fit equation was designed to fit responses to
both coupled and decoupled carbonate chemistry. However, no
decoupled data currently exists for G. oceanica. In order to test if
Equation (8) could describe responses for coupled and decoupled
carbonate chemistry we fitted the equation to data on coupled
and decoupled E. huxleyi experiments as in Bach et al. (2015).
All data was first standardized following procedures described
in section 2.2. The resulting fit coefficients were used to create
a contour plot describing the effect of coupled (constant TA)
and decoupled (varying TA) carbonate chemistry on projected
calcification rates of E. huxleyi.

2.10. TA vs. DIC Manipulation

The two main forms of carbonate chemistry manipulation in
experimental incubations are changing DIC at constant TA
(DIC manipulation = CO; gas bubbling, combined additions
of Na,COj3 and acid, or additions of CO, enriched seawater),
and changing TA at constant DIC (TA manipulation = acid/base
addition) in a closed system. These two approaches typically
produce relatively comparable changes in carbonate chemistry.
To examine potential effects of the two manipulation methods
on measured metabolic rates, two scenarios were devised at
constant light of 150 wmol photonsm~2s~! and a temperature
of 20°C. In one TA was set to a constant concentration of 2,350
pmolkg~! and DIC was varied to produce a CO, range of 50~
3,000 pwatm. In the other DIC was set to a constant concentration
of 2,069 wmol kg ! and TA was varied to produce a CO, range
of 50-3,000 patm. That way both scenarios have exactly the
same carbonate chemistry at 400 pLatm (TA = 2,350 wmol kg~!

and DIC = 2,082 jLmol kg_l) (Figure 3). Calculated H™, HCO3
and CO; (using K; and K, from Lueker et al., 2000) of both
scenarios were then used to project physiological rates using
Equation (8) (at a constant light of 150 pmol photons m~2s7!

and temperature of 20°C) and fit coefficients in Table 2.

2.11. CaCO3 Production Potential

The response of coccolithophores to ocean change is typically
measured using cellular production rates. However, in
unicellular, asexually dividing organisms cellular production
rates are affected by cellular quotas and cellular division rates.
As such the same metabolic rate can be observed for different
combinations of cellular quotas and growth rates. For instance,
the same cellular calcification rate of 18 pg C cell™! day~!
would be observed for a cell with a growth rate of 0.9 d~! and a
CaCO; quota of 20 pg C cell™}, and a growth rate of 1 d~! and
a CaCO3 quota of 18 pg C cell ™. To examine how these cellular
differences translate to the community level we extrapolated
changes in the above communities over seven days, assessing
their production potential. Using a known starting cell count
and assuming constant exponential growth, the cellular standing
stock can be calculated for each community for each day. The
corresponding CaCO3 production of these communities for each
day can then be calculated by multiplying daily cellular standing
stocks with cellular CaCO3 quotas. The CaCO3 production
potential (CCPP) is then the amount of CaCO3 produced within
a week of growth. Finally, the cellular CO; response (pg C cell™})
can be directly compared to those on the community level (pg C
produced after 7 days) by normalizing each of them to respective
values at, for instance, pre-industrial levels of 280 jLatm.

3. RESULTS
3.1. Equation Fit and Working Limits

Equation (8) with its coefficients was able to explain up to 88%
of the variability in measured metabolic rates (compare Table 2)
across a relatively broad range of carbonate chemistry (25-3,500
patm), light (50-800 pmol photons m~2s7!) and temperature
(15-25°C) conditions. Furthermore, it was able to capture
known physiological features like the limitation, stimulation and
inhibition of rates by different light (Figure 4) and temperature
conditions (data not shown). Equation (8) was also able to
describe the effects of substrate limitation and stimulation and
hydrogen ion (H™) inhibition on metabolic rates (Figure 5).
Projecting Equation (8) beyond the range of the input data
(i.e., 15< T(°C) >25, 20< fCO,(patm) >3,500, 50< I(PAR) >800),
some limitations became evident at more extreme environmental
conditions especially when in combination. While there were
reasonable projections for most temperature, fCO, and light
conditions (Figure 6A), both light and CO, inhibition were
no longer observed for photosynthesis or growth rates at
temperatures below 12°C and for calcification rates below 11°C
(Figure 6C). Similarly, at fCO, levels above 2,000 patm for
calcification and photosynthesis and above 3,000 patm for
growth, rates were slightly overestimated at combined high
temperature-light conditions owing to the appearance of a
second temperature optimum (Figure 6B). In addition, estimates
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FIGURE 3 | Redistributions in seawater carbonate chemistry in response to changes in DIC at a constant TA (blue), and to changes in TA at a constant DIC (red).
Shown changes are (A) DIC, (B) TA, (C) [COo], (D) pH on the total scale, (E) [HCOE ]and (F) [oog—]. Carbonate chemistry for each scenario was calculated at a
temperature of 20°C and salinity a of 35 using stoichiometric equilibrium constants for carbonic acid determined by Lueker et al. (2000). Black lines indicate
atmospheric CO» concentrations representing glacial (~180 patm), pre-industrial (~280 patm), current (~400 patm) and projected values for the year 2100 (~1,000
patm).

for growth rates did not display light limitation at fCO,
levels below 100 patm. As a result, photosynthetic rates were
overestimated at low fCO; levels. In summary, the working
range for the equation is limited to temperatures above 12°C
for photosynthetic and growth rates and 11°C for calcification
rates, fCO, levels below 2,000 patm for calcification and
photosynthetic rates, and fCO, levels of 100-3,000 patm for
growth rates.

3.2. Interaction of Temperature, Light and
Carbonate Chemistry in Modulating

Physiological Rates

3.2.1. Light Responses

Depending upon the fCO, level, increasing light from 50
to 800 wmolphotonsm—2s~! increased calcification rates
230%, photosynthetic rates 240% and growth rates 21%
(Figure 4). The effect of fCO, on metabolic rates was strongest
between 500 and 800 pmolphotonsm™2s~! and decreased

with decreasing light availability (Figure 4). Increasing fCO,
lowered light requirements for photosynthesis and calcification
but increased light requirements for growth (Figure 4, Table 3).
Optimum light levels were lowest for photosynthesis (338-
657 pmol photons m~2s7!), moderate for growth (614-735
pwmol photons m~2s~1), and highest for calcification (674-825
pwmol photons m~2s~1) (Figure 4, Table 3).

Growth had the lowest light requirements to exceed half
maximum rates (K%PAR sat) at 12.9-38.3 pmol photons m~2s7!
with photosynthesis requiring 47.6-1152 pmol photons
m=2 s, and calcification  requiring  76.7-134.7
pmol photons m~2s~! (Figure 4, Table 3). Light requirements to
exceed half maximum rates (K%P ar Sat) decreased with increasing
fCO; for calcification and photosynthesis but increased with
increasing fCO, for growth (Table 3). Light inhibition for this
species was not pronounced within the measured data range of
50-800 jLmol photons m~2s~!. As a result, rates calculated by the
fit did not decrease below half of maximum (K%p r inhib) within
our working light range of 0-2,500 jumol photons m~2s~!.

>
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FIGURE 4 | (A) Particulate inorganic carbon (PIC) and (B) particulate organic
carbon (POC) production, and (C) growth rates in response to changes in light
intensity at three different fCO» levels at a constant temperature (20°C).
Symbols denote measured data by Zhang et al. (2015) at fCO» levels of ~500
(4), ~1,000 (O), and ~1,500 (<) patm and lines represent calculated rates
using Equation (8) and fit coefficients in Table 2.

3.2.2. Temperature Responses

Depending on the CO; level, increasing temperature from 15 to
25°C more than doubled all metabolic rates (Figure 5). The effect
of temperature on metabolic rates was highest in the optimal
CO, range between 5 and 30 pmolkg~! and decreased toward
more extreme CO, concentrations (Figure 5). Photosynthesis
and calcification had maximum rates of 19.0 and 28.4 (pg C d—h
at temperatures of approximately 23.0°C while growth rates had
maximum rates of 1.31 (d™!) at temperatures of approximately
24.5°C (Table 4). Temperatures at which rates were half saturated
(K1 , sat) and half inhibited (K1 inhib) were between 15—

2 Tem 2 Tem

17°C and 29-31°C, respectively, for all rates (Table 4).

3.2.3. Effects of Carbonate Chemistry on Cellular
Processes

By including terms for carbonate chemistry (i.e., S and H)
Equation (8) was able to describe the limitation and stimulation

15

-
o

0 20 40 60 80 100

0 20 40 60 80 100
002 (pmol kg'1)

FIGURE 5 | (A) Particulate inorganic carbon (PIC) and (B) particulate organic
carbon (POC) production, and (C) growth rates (solid lines) in response to
changes in carbonate chemistry, i.e., variable DIC at constant TA, at three
different temperatures. Data points denote responses to CO» under different
temperatures [15 (blue O), 20 (green v) and 25°C (red «)] and constant light of
150 pwmol photons m~2s~1 and were taken from Sett et al. (2014). Solid lines
represent calculated rates using Equation (8) and fit coefficients from Table 2.
Note that rates were plotted vs. CO» concentration rather than fugacity as, for
the same CO» availability, temperature changes the latter.

of metabolic rates at sub-saturating substrate concentrations, as
well as the inhibition of rates by increasing H" concentrations
(Figure 5). By including terms for temperature, Equation (8)
was also able to describe how the effects of limitation,
stimulation and inhibition were modulated by temperature
(Figure 5). Optimum CO; concentrations required for growth,
photosynthesis and calcification showed a slight tendency toward
lower CO; at higher temperatures (Table 5, Figure 5). Optimum
CO; concentrations also varied slightly between the different
processes with optimum calcification observed at 10.0 £+ 2.8
pwmol kg™!, optimum photosynthesis at 16.9 & 6.4 pmolkg™?,
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FIGURE 6 | (A) Projected growth rates of Gephyrocapsa oceanica across a
wide range of CO» and temperature conditions at a constant light of 200
pwmol photons m~2s~ 1. Note that rates decrease toward extreme
temperatures and fCO» levels, indicating that the stimulating and inhibiting
effects of these two variables are well captured. (B) Projected photosynthetic
rates of Gephyrocapsa oceanica across a wide range of temperature and light
conditions at a constant fCO» of 3,000 patm. Note that rates are slightly
overestimated at high temperatures under mid to high light intensities owing to
the appearance of a second small temperature optima. (C) Projected growth
rates of Gephyrocapsa oceanica across a wide range of CO, and light
conditions at a constant temperature of 10°C. Note that the inhibiting effects
of light and fCO» are not present.

and optimum growth rates at 13.1 & 3.3 wmolkg ™! (Table 5).
The CO, concentrations at which rates were half saturated
(K%COZ sat) displayed very little change with varying temperature
(Table 5). The CO, concentration at which rates were half-
inhibited by increasing HT levels (K%CO2 inhib) were highest at
lower temperatures, indicative of a lower sensitivity (Table 5,
Figure 5). Inhibition by increasing H' concentrations also
varied between the processes with K%COZ inhib observed at lower
CO; concentrations for calcification, than for photosynthetic or

growth rates (Table 5).

TABLE 3 | Calculated optimum light intensities, maximum rates (Vmax) and light
K% values at constant temperature (20°C) and carbonate chemistry (500, 1,000,
and 1,500 patm) using Equation (8) and fit coefficients from Table 2.

Light 500 patm 1,000 patm 1,500 patm
Optima (wmol photons m—2s—1)

Calcification 825 718 674
Photosynthesis 657 431 338
Growth 614 700 735
Vmax (pg C cell=1 d=1 ord—1)

Calcification 48.2 22.1 13.4
Photosynthesis 33.7 20.4 13.6
Growth 1.14 0.94 0.75
K%PAR sat (wmol photons m—2 s‘1)

Calcification 135 95.0 76.7
Photosynthesis 115 69.5 47.6
Growth 12.9 29.3 38.3

K % ear Satis the light intensity below which the rate drops below half its maximum by light
limitation.

TABLE 4 | Calculated optimum temperatures, maximum rates (Vmax) and K%
temperature values at constant carbonate chemistry (400 patm) and light (150
iwmol photons m*2s’1) using Equation (8) and fit coefficients from Table 2.

Temperature

Optima (°C)

Calcification 231
Photosynthesis 23.0
Growth 24.5
Vmax (pg C cell=1 d=1 ord~1)

Calcification 28.4
Photosynthesis 19.0
Growth 1.31
K%Temp inhib (°C)

Calcification 30.4
Photosynthesis 29.3
Growth rate 30.6
K%Temp sat (°C)

Calcification 156.5
Photosynthesis 16.8
Growth 16.7
K} mp SAtand is the temperature below which the rate drops below half its maximum by

low temperature inhibition. K%Tm inhib is the temperature beyond which the rate drops

below half its maximum by high temperature inhibition.

3.3. Coupled and Decoupled Carbonate

Systems

Fitting Equation (8) to cellular calcification rates of E. huxleyi
(Bach et al., 2013) demonstrates the ability of the conceptual
model to capture both coupled (as in the case for the G. oceanica
data sets by Sett et al., 2014; Zhang et al., 2015) and decoupled
(Bach et al., 2013) carbonate chemistry conditions. For the case of
an ocean acidification scenario, i.e., coupled carbonate chemistry
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TABLE 5 | Calculated optimum CO» concentrations, maximum rates (Vmax) and
0Oy K4 values at 15, 20, and 25°C, 150 pmol photonsm~?s =" and variable
CO» using Equation (8) and fit coefficients from Table 2.

CO, 15°C 20°C 25°C
Optima pmol kg~1

Calcification 13.2 9.15 7.74
Photosynthesis 24.0 15.1 1.7
Growth 16.8 11.9 10.6
Vmax (pg C cell=! d=1 ord~")

Calcification 13.8 30.1 27.7
Photosynthesis 7.14 18.6 15.9
Growth 0.49 1.06 1.28
K%coz inhib (wmol kg=1)

Calcification 60.9 29.3 25.4
Photosynthesis >130 60.6 45.8
Growth 119 57.0 44.6
K%coz sat (wmol kg=7)

Calcification 2.22 2.41 1.96
Photosynthesis 2.63 3.46 2.55
Growth 1.43 1.80 1.90

K %mz inhib is the CO. concentration beyond which the rate drops below half its

maximum rate because of proton inhibition (in a coupled carbonate system). K %COZ sat

is the CO, concentration below which the rate drops below half its maximum by low

substrate availability. Note that the K %Coz inhib for photosynthesis at 15°C exceeds the

COy, working range for the equation, as a result it was reported as >130 . molkg ™.

conditions at increasing fCO, and constant TA, rates are
calculated to be low at low fCO,-low [HT] conditions, optimal
at intermediate f CO,-low [H"] conditions, and low again at high
fCO,-high [H'] conditions (Figure 7, TA constant line). In the
decoupled carbonate chemistry scenario, i.e., increasing fCO;
at constant [HT], rates are calculated to be low at low fCO,
conditions, to increase to an optimal point under intermediate
fCO; conditions, and to remain stable with further increases in
fCO, (Figure 7, pH constant line). In both cases the calculated
pattern of response agreed with the measured response of
calcification rates to coupled and decoupled carbonate chemistry
manipulations (Figure 7).

3.4. DIC vs. TA Manipulation

Calculated physiological rates at constant DIC were consistently
lower than at constant TA at fCO, levels above 500 patm
(Figure 8). Within this range, rates decreased to a similar
magnitude with rising fCO; in both manipulations. As a result a
relatively constant offset of overall rates was maintained between
the manipulation methods above 500 patm (Figure 8). Below 500
patm both methods displayed an optimum curve response to
rising fCO,. However, optima were shifted toward lower CO,
levels in the constant DIC manipulations versus the constant
TA ones (Figure 8). Calcification and photosynthesis displayed
significantly higher V.« and growth a slightly higher V. in
the DIC constant treatment relative to the TA constant one
(Figure 8).

There were no significant differences in [CO,], pH, and
[COg_] calculated between the two manipulation methods
(compare Figure 3). Concentrations in HCO; were slightly
higher in the TA constant manipulation below 400 patm and
significantly higher in the DIC constant manipulation above 400
patm (Figure 3).

3.5. CaCO3; Production Potential (CCPP)

A single cell dividing at a rate p = 1 d~! will grow to a
community of 1,097 cells within one week. In comparison a
single cell dividing at a rate o = 0.9 d~! will only grow
to a community of 545 cells in a week (Figure9A). At the
same cellular calcification rate of 18 pg PIC cell™! day~!, the
community dividing at p = 1 d~! has a CaCO;3 production
potential (CCPP) of 19.7 ng PIC while the one growing at 0.9 d~!
has a CCPP of 10.9 ng PIC during a week of growth (Figure 9B).
To directly compare responses of cellular calcification rates and
the CaCOj3 production potential (CCPP) of a community to
rising fCO,, both measures were normalized to respective values
at 280 patm. For instance, an increase to 1,000 patm drops
cellular calcification rates to about 45% of the rate observed at 280
patm (Figure 9C) while CCPP of a community would be reduced
to 10%.

4. DISCUSSION
4.1. Equation Fit and Working Limits

Previously, analytical equations would have to run a separate fit
for carbonate chemistry effects under each temperature and light
condition (i.e., Sett et al.,, 2014; Zhang et al., 2015). By accounting
for combined changes in light, temperature and carbonate
chemistry fit Equation (8) was able to explain up to 88% of
variability in measured rates. Rates were stimulated by increasing
light intensities up to saturating light, beyond this point rates
decreased slightly as light became inhibiting (Figure 4). The
stimulating effects of light depended upon fCO,, with light
having weaker stimulating effects on rates at higher fCO,
levels (Figure 4). Rates were also stimulated by temperature
with rates increasing from limiting low temperatures up to an
optimum, beyond this point rates decreased as temperatures
became inhibiting (Table 4). The magnitude of stimulation by
temperature depended upon CO,, with the greatest stimulation
by temperature observed in the optimal CO, range between 5
and 30 wmol kg~ ! (Figure 5). Increasing substrate availability at
low CO; resulted in rapid increases in metabolic rates, while
increasing H' at high CO; resulted in the inhibition and decrease
of metabolic rates (Figure 5).

In an attempt to estimate the significance of the observation
that individual metabolic rates appear to have different CO,
requirements for optimum rates, and sensitivities concerning half
saturation and inhibition (e.g., compare Table 5), a single fit to
a combined data-set of normalized (to individual maxima) rates
for growth, calcification and photosynthesis was applied. The fact
that this single fit explained at best less than half of the variation
in the data in comparison to the individual ones suggests that
metabolic rates should be treated separately as having specific
sensitivities and requirements.
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FIGURE 7 | Test of the ability of Equation (8) to fit responses to coupled and decoupled carbonate chemistry systems using E. huxleyi. Contour lines were produced
using Equation (8) and fit coefficients derived from E. huxleyi data presented in Bach et al. (2015) (see section 2.9 for details). Colors indicate projected (contour lines)
and measured (dots) calcification rates. Lines highlight carbonate chemistry conditions for coupled (constant TA) and decoupled (constant pH) systems.

PIC rate (pg C cell”" d")

Combinations of extreme environmental values outside
the existing experimental data ranges (15< T(°C) <25, 20<
fCO,(patm) <3,500, 50< I(umol photons m~2 s~1) <800),
resulted in a decreased ability of the equation to project
physiological responses. Temperatures below 11-12°C resulted
in a loss of light and CO, inhibition, while fCO, levels
above 2,000-3,000 patm resulted in a slight overestimation of
rates at combined high light-temperature. Growth rates at low
light intensities and fCO, levels below 100 patm lacked light
limitation. Acknowledging these limitations, the working range
for the current fit is restricted to temperatures above 11°C and
fCO, levels below 2,000 patm for calcification, above 12°C
and fCO; levels below 3,000 patm for photosynthetic rates,
and above 12°C and between 100 and 3,000 patm for growth
rates. These limitations are most likely the result of model
projections well outside the original data range at combinations
of high/low temperature, light and CO,. However, within the
data range of environmental input parameters, Equation (8)
allows calculation and projection of metabolic rates outside the
limited experimental combinations of light, temperature and
carbonate chemistry.

4.2, Interaction of Light, Temperature and
Carbonate Chemistry in Modulating

Physiological Rates
Light, temperature and carbonate chemistry have long been
considered important factors in influencing metabolic rates

(Bopp et al., 2001; Sarmiento et al,, 2004; Feng et al., 2008).
Metabolic rates in G. oceanica double as temperature increases
from 15°C to 25°C, increases fivefold as light increases from
50 to 800 pmol photons m~2s~!, and vary fivefold over a CO,
range of 25-3,500 patm (Sett et al., 2014; Zhang et al., 2015).
Similar effects of temperature, light and CO, have been observed
for another coccolithophore, Emiliania huxleyi, where metabolic
rates double as temperature increases from 10°C to 20°C (Sett
et al., 2014), vary threefold over a CO; range of 20-6,000 pLatm
(Sett et al, 2014), and increases fivefold over a light range
of 15-150 pmol photons m~2s~! (Rost et al., 2002). Based on
this information, changes in light and temperature over an
environmentally relevant range are able to influence metabolic
rates at least as much as broad range carbonate chemistry.
In fact when the effects of light and temperature were not
included in our fit, (i.e., Equation 9) only 48% of the variability
in measured metabolic rates was explained. This supports the
notion that some of the discrepancies observed in the response of
coccolithophores to ocean acidification are a result of differences
in culturing conditions (including temperature, light) between
different studies (Hoppe et al., 2011; Raven and Crawfurd, 2012;
Rokitta and Rost, 2012; Sett et al., 2014).

Strain may also be contributing to the above mentioned
discrepancies. Significant differences have been observed
between different strains of the same species when cultured
under the same conditions (See Langer et al., 2009; Diner et al.,
2015). As such, strain may also be an important factor to be
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particulate organic carbon (POC) production, and (C) growth rates (solid lines)
in response to changes in DIC at a constant TA (blue), and to changes in TA at
a constant DIC (red) at 20°C and 150 wmol photons m—2s~1 (See Figure 3).
Black lines indicate atmospheric CO» levels representing glacial (~180 patm),
pre-industrial (~280 patm), current (~400 patm) and projected values for the
year 2100 (~1,000 patm). Rates were calculated using Equation (8) and fit
coefficients in Table 2.

considered. More detailed information on the sensitivity and
response of different strains to changing carbonate chemistry,
temperature and light would be required before further efforts to
account for these strain-specific differences could be made.

4.2.1. Light Responses

Calcification in Gephyrocapsa oceanica required higher light
intensities, to reach maximum rates, than photosynthesis for
the same fCO, level (Figure 4, Table 3). In contrast, E. huxleyi
appears to saturate at much lower light intensities and shows
either no difference in light saturation between processes (Rost
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FIGURE 9 | (A) Cell numbers and (B) corresponding CaCO3 production for
two calcifying coccolithophore communities, one with a growth rate of 1 d~'
and cellular PIC quota of 18 pg C cell=! d~ (¢) and the other with a growth
rate of 0.9 d~1 and cellular PIC quota of 20 pg C cel=1d~1 (O), over seven
days assuming a starting cell count of one. Note that for the same cellular
calcification rate community CaCOg production potential after seven days of
growth (CCPP) is aimost half (~10 ng) for the community with a growth rate of
0.9 d~" in comparison to the one growing at 1.0 d= (~20 ng). (C) Cellular
calcification rates (black) and CCPP (gray) after seven days of growth
normalized to corresponding values at 280 patm (line) in response to rising
fCOy at 20°C and 150 wmol photonsm—2s~" (Equation 8 and fit coefficients
in Table 2).

et al., 2002), or a higher light requirement for photosynthesis
than calcification (van Bleijswijk et al., 1994) depending upon the
strain examined. This could reflect a difference in light sensitivity
of different metabolic processes between the two species.

Among the three rates, growth had the most rapid increase in
rates from low to saturating light, the lowest light requirement
to bring rates up to half of their maximum (K% PAR Ssat in
Table 3), and the least change in rates from saturating to high
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light intensities (Figure 4C). As cell division is critical for the
survival of a coccolithophore population it appears reasonable to
invest into growth over calcification and photosynthesis under
sub-optimal light conditions.

Energy requirements for optimal rates declined with
increasing fCO, for calcification and photosynthesis but
increased with increasing fCO, for growth (Table 3). These
results partly agree with the extrapolations made in Zhang
et al. (2015), where light requirements for all optimum rates,
decreased with increasing fCO;. This indicates that as fCO,
levels increase (at least up to 1,500 patm), less energy is required
for carbon production but more is required for maintaining
cellular division. Energy requirements for both growth and
calcification cover a similar range between 500 and 1,500
fCO,. For photosynthesis however, light requirements for
maximum rates are halved at 1,500 patm in comparison to
500 patm. It may be that increased fCO,, through increased
substrate availability, reduces the need for CO, concentrating
mechanisms (CCMs) (Jin et al., 2013). As CCMs require energy
to function, a reduction in their activity would result in a lower
energy demand (Barcelos e Ramos et al., 2010), and therefore
a lower light requirement for photosynthesis, and to a lesser
degree calcification (Jin et al., 2013). The dependence of light
responses on fCO; could have important implications for
coccolithophores under future ocean conditions where both
fCO, and light availability is expected to change. As energy
requirements for cellular processes decrease, more energy
may diverted into resisting the negative effects of increasing
fCO,/[HT]. For example more energy may be put into removal
of excess HT from the cell (Barcelos e Ramos et al., 2010).

As fCO; levels rise and pH becomes more unfavorable,
overall lower maximum rates are observed for the same light
intensities (Figure 4). This effect, was stronger for calcification
and photosynthetic rates than for growth rates (Figure4,
Table 3). Furthermore, rates vary much less with light at higher
fCO, than at lower fCO, (Figure4). This may indicate that
at unfavorable CO,/pH conditions coccolithophores sacrifice
optimal carbon production in order to maintain steady growth
rates which are essential for survival.

4.2.2. Temperature Responses

Temperature was observed to influence calcification,
photosynthetic and growth rate responses of G. oceanica.
Sensitivity of all rates was similar with optima at 23-25°C,
half-saturation (K%Tempsat) at 15-17°C and half-inhibition
(K%Tempinhib) at 29-31°C (Table4). However, this finding
should be considered with caution as rate measurements for only
three temperatures were available.

Based on the fit, it would appear that temperature does
not significantly influence responses to changing carbonate
chemistry. At least until temperatures begin to approach the
physiological limits for the species. CO; requirements for both
optimal and half-saturation of rates tended to decrease with
increasing temperatures (Table 5). However, these changes were
generally small (<12 pmol kgfl) most likely not significant in
terms of cell physiology (Table 5). This indicates that between 15
and 25°C CO; requirements, at least from limiting to optimal

CO,, are practically insensitive to temperature. In contrast,
CO; concentrations at which rates were half-inhibited by H*
(K%Coz inhib) were influenced by temperature, with higher
CO,/H* concentrations required to inhibit rates at 15°C than
between 20 and 25°C (Table 5, Figure5). The influence of
temperature on metabolic rates also varied with temperature,
with greater stimulation of rates observed at 20 and 25°C than
at 15°C (Table 5, Figure5). As 15°C is closer to the lower
temperature limit for this strain, rates are likely being more
strongly dictated by temperature than by changing CO;, in
this treatment. In particular, optimum rates appear much less
sensitive to CO, changes, possibly because cultures can not take
full advantage of ideal carbonate chemistry conditions when
exposed to more unfavorable temperatures. This, combined with
the results observed for light, where rates were lower and varied
less with light at higher fCO; than at lower fCO,, indicates that if
one of the major factors for growth (i.e., CO,, temperature, light)
becomes unfavorable, then rates will be depressed regardless of
how optimal the other conditions might be. In other words, it
becomes the dominant factor affecting rates. Furthermore, the
limiting effects of extreme temperature and CO; conditions do
not appear to be able to be compensated for by improvements in
the non-limiting factors.

In terms of temperature-CO; response, our results (Figure 5)
are similar to the fit observations produced by the original
equation in Sett et al. (2014). Like Sett et al. (2014) we observed
only small shifts in optimum CO, concentrations with increasing
temperature (<12 pmol kg_l) for all rates. So temperature
appears to not significantly influence CO, optima for this species.
A point of difference between the equations is that Sett’s observed
no influence of temperature on inhibition (K%COZ inhib) whereas
ours (Equation 8) observed an increase in H' inhibition with
temperature (Table5). However, our equation gives a non-
linear rate change at high CO,, whereas the one in Sett had a
relatively linear rate change. So it is likely that this discrepancy
is a result of the different fitting capabilities of the two model
equations.

4.2.3. Effects of Carbonate Chemistry on Cellular
Processes

For a given temperature the CO, requirement for optimum
rates is lowest for calcification and highest for photosynthesis
(Figure 5). Additionally, calcification rates are more quickly
inhibited toward higher pH than either growth or photosynthetic
rates (Table 5, Figure 5). Differences in sensitivity to limitation
(K%COZ sat) between the three processes was small (<1

pwmolkg™!) and are therefore unlikely to be of physiological
significance (Table 5).

Together these results indicate that calcification has a much
higher sensitivity to [H™] (K%COZ inhib) than either growth
rates or photosynthesis. Similar results have been observed
for Emiliania huxleyi, i.e., higher [HT] sensitivities than those
for photosynthesis or growth (Bach et al., 2011; Sett et al,
2014). Experiments with Coccolithus pelagicus also found a
higher sensitivity of calcification to [H'] (Bach et al., 2015).
This suggests that in coccolithophores, calcification is the
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most sensitive process to elevated [H't]/lowered pH. The
sensitivity of calcification to elevated [H*] could be explained
by a combination of internal acidification potentially reducing
[COg_] in the coccolith production vesicle (CPV) (Bach
et al, 2013), and HT inhibition of HCOj transport into
the cell (Kottmeier et al, 2016a). In contrast, the sensitivity
of other process to [HT] may be less direct. For example
high [H'] can decrease HCO; wuptake and increase CO,
uptake (Kottmeier et al., 2016b). Hence calcification, which is
thought more dependent on [HCO5 ], could be expected to
decrease while photosynthesis, which can utilize [HCO5] and
[CO;] more equally, would likely be less impacted. As such it
may be that the difference in sensitivity between calcification
and photosynthesis is the result of slightly different substrate
dependencies.

The results also indicate that calcification has a slightly
lower requirement for substrate (CO, and HCOj), in terms
of both optimum and K%COZ sat, than either growth rates
or photosynthesis. Similar results have been observed for
Emiliania huxleyi, with lower optimum [CO;] than those for
photosynthesis or growth (Bach et al., 2011; Sett et al., 2014). An
alternate explanation is that the higher sensitivity of calcification
to [HT] is shifting its substrate optima down to lower CO,/H"
concentrations. This is supported by experiments on E.huxleyi,
in which the CO, optimum for calcification was higher under
decoupled carbonate chemistry conditions (increasing CO,
and constant H') than under coupled carbonate chemistry
conditions (increasing CO, and H™) (Bach et al.,, 2011, 2013).
This again supports the notion that, calcification is the most
sensitive process to elevated [H™].

4.3. Coupled and Decoupled Carbonate

Systems

To test whether our conceptual model (Equation 8) could
correctly fit responses to decoupled carbonate chemistry if data
was available, it was applied to a combination of decoupled and
coupled data of E. huxleyi used in Bach et al. (2015) at constant
light and temperature. For coupled carbonate systems (Constant
TA) rates showed an optimum curve response (See constant
TA line in Figure 7), while the decoupled carbonate chemistry
system showed a Michaelis-Menten response curve (See constant
pH line in Figure 7). The mechanisms behind these responses
are as follows. In both the coupled and decoupled carbonate
chemistry system, low CO; (substrate) concentrations limit rates
(Bach et al., 2011). As a result increased availability of CO,
(substrate) stimulates rates in both scenarios (Figure 7). This
stimulating effect decreases as CO, (substrate) concentrations
approach saturating concentrations. It is at this point the two
systems begin to diverge. In the coupled carbonate chemistry
system as [CO;] further increase so do the concentrations
of inhibiting H™ (Bach et al, 2011, 2013). There comes a
point where the inhibiting effect of rising [H*] overcomes the
stimulating effect of CO, resulting in a decrease in rates (See
constant TA line in Figure?7). Meanwhile in the decoupled
carbonate chemistry system, H' does not change with rising CO,
so rates remain constant with rising CO, once CO; saturation

is achieved (See constant pH line in Figure 7) (Bach et al,
2011, 2013). Measured calcification rate responses for E. huxleyi
under coupled and decoupled carbonate chemistry conditions
(See datapoints Figure 7), agree with the projections indicating
that the fit equation is able to provide good estimates for both
coupled and decoupled carbonate systems.

4.4. DIC vs. TA Manipulation

Higher maximum rates and lower fCO, optima were calculated
for all processes in the constant DIC compared to the constant TA
manipulation (Figure 8). This difference in absolute rates seems
to be connected to the optimal CO; level of each process, i.e.,
the further away it is from 400 patm (the point at which both
manipulation methods were set to result in exactly the same
carbonate chemistry), the more pronounced the difference in
calculated rates. Below 400 patm the only substantial difference
in carbonate chemistry speciation between the manipulation
methods is in the concentration of HCO; (Figure3). The
difference in HCOj; concentration between the methods was
greatest at the lowest fCO, concentrations and decreased as
fCO; levels approached 400 patm. The optimum of calcification,
being at the lowest fCO, (Figure 8), coincided with the largest
difference in [HCOJ | between the two methods resulting in the
most substantial difference in calculated rates (Figure 3). The
optimum for photosynthesis, being slightly higher, occurred at
a lower HCO; difference which resulted in a lower difference
in calculated rates. Finally the optimum for growth occurred
at the highest fCO; levels where there was comparatively little
difference in [HCO5 ] between the methods resulting in little
differences in calculated rates. As such it is likely that the
differences in overall rate and fCO, optimum are being driven
by differences in [HCO; .

Physiological rates at constant DIC were consistently lower
than at constant TA at fCO; levels above 500 patm (Figure 8).
Above 500 patm the only substantial difference in carbonate
chemistry between the manipulation methods was again in the
concentration of HCO; which was consistently higher in the
constant TA manipulation (Figure 3). Higher [HCOJ ] has been
shown to be able to compensate for the inhibiting effects of
unfavorable HT (Bach et al., 2013). As such the TA manipulation,
with higher [HCO;] at the same fCO, when above 400 patm,
would be expected to have higher overall rates.

A significant impact of differing HCOJ concentrations on
measured metabolic rates in constant DIC versus constant TA
manipulations have previously been estimated to occur below 80
and higher than 700 patm (Schulz et al., 2009). Here, however, it
was found that the further the optimum CO, of a process is away
from 400 patm (the point at which both manipulation methods
were set to result in exactly the same carbonate chemistry), the
larger the differences can become. This will be difficult to detect
experimentally, however, when not employing a larger fCO;
treatment range with relatively high resolution, although certain
evidence appears to exist for Emiliania huxleyi (Hoppe et al.,
2011). It is reiterated though that overall response patterns to
fCO; are not affected by the carbonate chemistry manipulation
method chosen.
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4.5. Community Calcification Potential
Potential impacts of ocean acidification on coccolithophorid
calcification is typically assessed by comparing changes in
cellular calcification rates and PIC:POC ratios. Calcification
rates however, depend on both cellular growth rates and
CaCO3 quotas which usually change independently. In two
communities with identical cellular calcification rates, the one
with the higher growth rate will produce twice the cellular
standing stock and 1.8 times the CaCOj3 as the community
with the lower growth rate (Figures9A,B). This exercise
illustrates that when assessing potential impacts on communities,
growth rates are key. This is supported by the recent finding
that the ability of coccolithophores to form blooms can be
severely impacted toward higher CO, levels (Riebesell et al.,
2017).

To assess the impact of increasing fCO, on calcification of
coccolithophorids on the community level it appears crucial
to explicitly factor in cellular growth rates and use a measure
like the CaCO3 community production potential (CCPP), for
instance for a growth period of seven days. A direct comparison
between CCPP and cellular calcification rates in response to
increasing fCO; is then obtained by normalizing them to
respective values for, for instance, pre-industrial levels of 280
patm. Normalized CCPP had a slightly higher fCO, optimum
(at about 345 patm) than normalized cellular calcification rates
(at about 282 patm) (Figure 9C). Furthermore, normalized
CCPP exceeded pre-industrial carbon production over a range
of ~280-500 patm (Figure 9C). However, normalized CCPP
decreases much more rapidly above and below this optimum
fCO, than normalized cellular calcification rates (Figure 9C).
For example at 750 patm normalized CCPP is only ~28%
compared to pre-industrial levels, while normalized cellular
calcification is ~60%. Furthermore, while cellular calcification
rates at 1,000 patm are still about half of those at pre-industrial
CO; levels, CaCO3 community production potential is only
about a tenth in comparison to pre-industrial times. Finally,
the differences in response between cellular calcification and
CCPP become even more pronounced if longer growth periods
(i.e., longer than the 7 days chosen here) are considered. This
indicates that CaCO3 production by coccolithophores on the
global scale could be much more impacted by the end of this
century than suggested when comparing changes in cellular
calcification rates. The reason for these differences is that CCPP
factors in the impacts of growth rates on cell densities in an
exponentially growing community whereas cellular calcification
rates do not. In fact, CCPP and cellular calcification rates
would be identical if changes were due to changes in CaCOj3
quotas only with no effect on growth rates. As this is clearly
not the case, cellular calcification rates can be a poor measure
of CaCOj3; production capacity at the community level. For
future projections it will also be important to factor in other
environmental variables as well as species competition and
interaction which appears to be a major factor controlling
phytoplankton standing stocks in large parts of the ocean
(Behrenfeld, 2014).

5. CONCLUSIONS

Future global change is expected to impact ocean carbonate
chemistry, temperature and light conditions at the same time
(IPCC, 2013a). Changes in temperature, carbonate chemistry
and light have all been observed to significantly influence growth,
calcification and photosynthetic rates of coccolithophores (Bach
et al,, 2011; Sett et al., 2014; Zhang et al., 2015). The conceptual
model and its resulting fit equation developed in this study is
able to account for the effects of temperature and light inhibition
and limitation, as well as the balance of stimulating (CO, and
HCO3) and inhibiting (HT) effects of changing carbonate
chemistry. Therefore, it combines the functionality of previous
analytical equations (i.e., Bach et al., 2015) in fitting carbonate
chemistry responses with the ability to account for the effects
of simultaneous changes in temperature and light conditions.
As such this equation represents a step forward in our ability
to describe coccolithophore responses to changes in multiple
environmental variables. Given the fundamentals of stimulation
and inhibition by environmental factors, these equations should
also be applicable to other autotrophic organisms for growth and
photosynthesis.

Calculations suggest that a single unfavorable growth
condition (CO;, temperature, light, nutrients) will control
absolute rates and result in decreased sensitivity to changes in
other environmental variables. Calculations also suggest that
growth, calcification and photosynthesis may have very different
sensitivities to [H1], substrate and light availability. Of the three
rates calcification was found to be most sensitive to the effects
of increasing HT, to have the highest light requirement and the
lowest substrate requirement. Finally calculations suggest that
cellular calcification rates alone underestimate the sensitivity
of coccolithophore production on the community level to
changes in fCO,. Therefore we introduce a new metric, CaCO3
production potential (CCPP), which factors in the impact of
growth rates on cell densities in an exponentially growing
community.
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