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Fig. 1. Culture dynamics of Pleurochrysis carterae acclimated to 280, 380, or 750 μatm pCO2 for >9 generations and measured
over 24 h with a 14:10 h light:dark period. (a) pH measured on the total scale (pHT), with dashed lines representing the target
pH for each treatment. (b) Cell diameter. (c) Total alkalinity (AT). (d) Particulate inorganic carbon (PIC). The 280 μatm treat-
ment is omitted due to inaccurate PIC cell−1 measurements. (e) pCO2, calculated using CO2sys software (Pierrot et al. 2006),
with dashed lines representing the target pCO2 for each treatment. (f) In vivo fluorescence normalized to cell abundance. (g)
Calcite saturation state (Ωcalcite), calculated using CO2sys software (Pierrot et al. 2006). When there were statistical differences
among pCO2 treatments, the results are designated with a letter. Same letters indicate results that were not significantly dif-
ferent from each other. Different letters indicate significant differences. When error bars are shown, they represent ±1 SD. 

Shaded areas represent the dark period
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Fig. 2. Culture dynamics of Pleurochrysis carterae acclimated to 280, 380, or 750 μatm pCO2 for >9 generations and measured
over one 14 d growth cycle. (a) pH measured on the total scale (pHT). (b) Cell density. (c) Total alkalinity (AT). (d) Cell diameter.
(e) CO2 concentration calculated using CO2sys software (Pierrot et al. 2006). (f) Cell particulate inorganic carbon (PIC). (g)
Calcite saturation state (Ωcalcite), calculated using CO2sys software (Pierrot et al. 2006). (h) Cell particulate organic carbon
(POC). Carbonate chemistry measurements of the media for each treatment were made on Days 0 and 14 and represent the
chemistry conditions without biological influence. Shaded areas represent the days when the cultures were in exponential
growth. When there were statistical differences among pCO2 treatments, the results are designated with a letter. Same letters
indicate results that were not significantly different from each other. Different letters indicate significant differences. Calcula-
tions of full carbonate chemistry parameters for Days 7 and 8 of the 14 d growth cycle were not possible due to the pH 

electrode malfunctioning. When error bars are shown, they represent ±1 SD
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the dark period, the pCO2 increased and the pH
decreased for each pCO2 treatment due to net respi-
ration. For both pH and pCO2, the variability was
centered around the target level set for each treat-
ment (Fig. 1a,e). These diel changes due to photosyn-
thesis and respiration resulted in Ωcalcite conditions
that increased during the light period and decreased
at night for all treatments, with a significant differ-
ence between the 750 μatm treatment and the 280

and 380 μatm treatments (Tables 1 &
2, Fig. 1g). Cell diameter, cellular
PIC, and fluorescence all increased
during the light period and decreased
during the dark period, with no sig-
nificant differences among treat-
ments for cell diameter and  cellular
PIC (Fig. 1, Table 3). Fluorescence
normalized to cell density was signifi-
cantly higher in the 280 μatm treat-
ment than in the 380 and 750 μatm
treatments (Fig. 1f, Table 3).

During a 14 d growth cycle, with the
exponential growth phase lasting
from Days 0−9 (Fig. 2b), pH steadily
increased throughout the exponential
stage, at which point pH stabilized
and in 1 case (280 μatm) slightly de-
clined, although not significantly
(Fig. 2a). The growth rate of the cells
during log-phase growth was not sta-
tistically different for the different
pCO2 treatments (0.53 ± 0.13 d−1).

During exponential growth, pCO2 declined in each
treatment and then remained relatively constant and
low during stationary phase (Fig. 2e). These changes
correspond to the increasing uptake of CO2 during
photo synthesis by an exponentially growing biomass
of algae. During the 14 d growth cycle, AT declined
with time in each treatment (Fig. 2c) as a result of bi-
carbonate lost to calcification and due to assimilation
of NO3

− and PO4
3− by the algae (Fig. 3) (Wolf-
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Variable SS df MS F p

pHT 2.84 2,114 1.42 84.39 <0.001
Temperature 0.47 2,120 0.23 3.14 0.047
Salinity 0.05 2,120 0.03 0.19 0.828
AT 3.45 × 105 2,74 1.73 × 105 2.77 0.069
Phosphate 376.51 2,89 188.25 2.03 0.137
Silicate 26.47 2,15 13.24 1.24 0.319
DIC 32033.89 2,69 1.60 × 104 0.21 0.810
pCO2 1.43 × 106 2,69 7.15 × 105 28.89 <0.001
[HCO3

−] 1.46 × 105 2,69 7.31 × 104 0.93 0.400
[CO3

2−] 1.27 × 105 2,69 6.36 × 104 74.01 <0.001
[CO2] 1894.85 2,69 947.42 29.12 <0.001
Ωcalcite 75.35 2,69 37.67 74.43 <0.001

Table 2. Results of 1-way ANOVAs of carbonate chemistry of Pleurochrysis
carterae acclimated to 3 pCO2 levels for >9 generations (showing which car-
bonate chemistry variables were significantly related to pCO2 treatment in
each row), including variability experienced during a diel cycle and during a
complete growth cycle. pHT, temperature, salinity, alkalinity, phosphate, and
silicate were measured, and the remaining parameters were calculated using
CO2sys software (Pierrot et al. 2006). In the degrees of freedom column, the
first (second) value is the between-group (within-group) degrees of freedom.
Bolded p-values represent significant   differences among pCO2 treatments. 

AT: total alkalinity, DIC: dissolved inorganic carbon

Experiment Variable Error source SS df MS F p

24 h cycle Cell abundance pCO2 treatment 9.36 × 109 2 4.68 × 109 54.20 <0.001
Error 6.48 × 109 75 8.64 × 107

Cell diameter pCO2 treatment 0.63 2 0.31 1.85 0.163
Error 12.65 75 0.17

PIC cell−1 pCO2 treatment 0.90 1 0.90 0.16724 0.686
Error 150.19 28 5.36

Fluorescence cell−1 pCO2 treatment 0.00 2 0.00 6.7471 0.002
Error 0.00 75 0.00

14 d cycle Cell density pCO2 treatment 1.16 × 1012 2 5.79 × 1011 4.57 0.016
Error 5.32 × 1012 42 1.27 × 1011

Cell diameter pCO2 treatment 0.65 2 0.32 1.77 0.182
Error 7.69 42 0.18

PIC cell−1 pCO2 treatment 21.92 2 10.96 2.57 0.089
Error 179.34 42 4.27

POC cell−1 pCO2 treatment 1129.53 2 564.76 8.88 <0.001
Error 2669.99 42 63.57

Table 3. Results of 1-way ANOVAs of cell dynamics of Pleurochrysis carterae acclimated to 3 pCO2 levels for >9 generations
and measured hourly over a 24 h period or daily over a 14 d period. Bolded p-values represent significant differences among 

pCO2 treatments. PIC (POC): particulate inorganic (organic) carbon
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Gladrow et al. 2007). This changing chemistry re-
sulted in Ωcalcite values that increased for each treat-
ment during the exponential growth phase (Fig. 2g).
Despite variable conditions, the 280 and 380 μatm
treatments re mained significantly different from the
750 μatm treatment with respect to pHT, pCO2, and
Ωcalcite (Fig. 2, Tables 1 & 2).

Pleurochrysis carterae cell diameter began at low
values, characteristic of early stationary phase cells,
quickly increased, and then remained relatively con-
stant until Day 7, then decreased over the remaining
14 d growth cycle, as did PIC cell−1, with no sig ni -
ficant differences among treatments (Fig. 2d,f, Table 3).
POC cell−1 did not follow an obvious pattern during
the growth cycle, although the 750 μatm pCO2 treat-
ment had significantly higher POC cell−1 than the 280
and 380 μatm treatments (Fig. 2h, Table 3).

Light-dependency of calcification

Coccoliths of P. carterae were almost completely
dissolved by 2 min exposure to HCl, followed by neu-
tralization with NaOH (Fig. 4a,b). Sufficient coccoliths
reformed after 24 h incubation in either light (Fig. 4c)
or dark conditions (Fig. 4d) to reliably count the num-
ber of coccoliths formed cell−1. Coccolith formation
(following de-calcifying with HCl) was used as a
proxy for calcification and was significantly faster in

cells acclimated to 380 and 750 μatm
pCO2 than in cells acclimated to
280 μatm pCO2 (Fig. 5, Table 4). Fur-
thermore, coccolith formation was sig-
nificantly faster in cells incubated in
light conditions relative to cells incu-
bated in dark conditions (Fig. 5,
Table 4), indicating some, but not com-
plete, light-dependency of calcifica-
tion. There was no significant interac-
tion between pCO2 treatment and
light conditions during incubation
(Table 4). Some  coccoliths remained
after the de- calcifying treatment with
HCl and neutralization with NaOH
(Fig. 4b). Moreover, few coccoliths
formed per cell following 24 h dark in-
cubation (Fig. 4d). A comparison of the
average coccoliths cell−1 after de-calci-
fying and neutralization with the aver-
age cellular coccoliths following 24 h
dark incubation demonstrated that
with the exception of the 280 μatm
treatment, there were significantly

more coccoliths cell−1 following the 24 h dark incuba-
tion (2-way ANOVA, F1 = 18.13, p = 0.005) than fol-
lowing the de-calcifying treatment, supporting the
conclusion that there was a significant amount of cal-
cification during the 24 h dark incubation.
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Fig. 3. Measured and calculated total alkalinity (AT) of a Pleurochrysis car -
terae culture acclimated to 750 μatm pCO2 for >9 generations and measured
over one 14 d growth cycle. Change in AT as a result of calcification was cal-
culated based on daily particulate inorganic carbon (PIC) measurements.
Change in AT as a result of nutrient assimilation was calculated on daily
[NO3

−] and [PO4
3−] measurements. Net calculated alkalinity represents the

change in alkalinity reflecting both calcification and nutrient assimilation. The
PIC measurement on Day 14 was an outlier and was excluded from calcula-
tions. The shaded area represents the days when the culture was in exponen-

tial growth

Fig. 4. Scanning electron micrographs of various Pleurochry-
sis car terae cells. (a) Cell prior to de-calcification and (b) cell
after de-calcification by acidification to pH = 5.5 with HCl. (c,
d) Previously de-calcified cells at the end of the 24 h incuba-

tion in (c) light or (d) dark conditions. Scale bars = 2 μm



White et al.: Pleurochrysis response to CO2

Photosynthetic and calcification rates

P24 and C24 ra tes measured using the 14C-microdif-
fusion technique (see Eqs. 2 & 3) showed increased
rates in the phytoplankton acclimated to 750 μatm
pCO2, although this in crease was only significant for
C24 (Fig. 6, Table 5). Based on an estimate of 0.35 ×
10−14 mol Ca per P. carterae coccolith (van der Wal et
al. 1987), C24 correspond to coccolith formation rates

of 62, 57, and 103 coccoliths cell−1 d−1 for cells accli-
mated to 280, 380, and 750 μatm pCO2, respectively,
with the obvious caveat that these rates are based on
3 h incubations, with 24 h rates approximated from
Eq. (2). The PIC:POC production ratio was signifi-
cantly higher for cells ac cli ma ted to 750 μatm pCO2

than for cells acclimated to 280 or 380 μatm pCO2

(Fig. 6c). This increased ratio was pri-
marily driven by the increase in C24

for cells acclimated to 750 μatm pCO2.

DISCUSSION

Culture chemistry and cellular
dynamics

The field of OA research is rapidly
advancing, with new knowledge
bringing new recommendations for
manipulation experiments. For exam-
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Fig. 5. Calcification of Pleurochrysis carterae acclimated to
3 pCO2 treatments for >9 generations and grown for 24 h in
either light or dark conditions. Calcification was approxi-
mated by the number of coccoliths formed cell−1 during the
24 h incubation, following complete de-calcification. Differ-
ent letters indicate significant differences among pCO2

treatments. Error bars represent 1 SD

Error source SS df MS F p

pCO2 treatment 176.73 2 88.37 31.67 <0.001
Light treatment 2532.55 1 2532.35 907.47 <0.001
pCO2 × Light 0.87 2 0.44 0.16 0.86
Error 33.49 12 2.79

Table 4. Results of 2-way ANOVA of coccolith formation by
Pleurochrysis carterae acclimated to 3 pCO2 levels for >9 gen-
erations, de-calcified by acidification with HCl, and subsequent
24 h incubation in either light or dark conditions. Bolded
p-values represent significant differences among treatments

Fig. 6. (a) Photosynthetic and (b) calcification rates and (c)
particulate inorganic carbon to particulate organic carbon
production ratios (PIC:POC), expressed as the ratio of photo-
synthetic to calcification rates, of Pleurochrysis carterae
acclimated to 3 pCO2 levels for >9 generations. Values rep-
resent mean ± SD. Rates were measured by the 14C micro -
diffusion technique and were normalized to cell density. Dif-
ferent letters indicate significant differences among pCO2

treatments

Variable Error source SS df MS F p

Photosynthetic pCO2 treatment 3.16 2 1.58 4.4 0.067
rate Error 2.16 6 0.36

Calcification pCO2 treatment 0.046 2 0.023 37.98 <0.001
rate Error 0.0037 6 0.0006

PIC:POC pCO2 treatment 0.0006 2 0.0003 12.53 0.007
Error 0.0001 6 0.00002

Table 5. Results of 1-way ANOVAs of photosynthetic and calcification rates
(P24 and C24, respectively) and particulate inorganic carbon to particulate
organic carbon production ratios (PIC:POC) of Pleurochrysis carterae accli-
mated to 3 pCO2 levels for >9 generations. Bolded p-values represent signifi-

cant differences among pCO2 treatments
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ple, in the European Project on Ocean Acidification
(EPOCA) Guide to best practices for OA research
and data reporting, LaRoche et al. (2010, p. 89) rec-
ommended dilute batch culturing of phytoplankton
due to ‘the need to keep the carbonate chemistry as
constant as possible.’ However, just 5 yr later, with
more knowledge about the extremely variable car-
bonate chemistry in coastal waters (Feely et al. 2010,
Wallace et al. 2014, Baumann et al. 2015), calls are
being made for ex perimental manipulations replicat-
ing the natural variability of the organisms’ natural
environment (Gled hill et al. 2015, Boyd et al. 2016).
Boyd et al. (2016) pointed out that oceanic organisms,
and particularly coastal organisms, are faced with
environmental heterogeneity that varies over time
scales ranging from diel (photosynthetic- and respi-
ration-driven) to decadal (i.e. the El Nino-Southern
Oscillation). The majority of OA perturbation experi-
ments have used stable treatments, overlooking the
natural variability that species encounter. However,
Cornwall et al. (2013) found that response of calcify-
ing macroalgae to OA varied based on whether the
pH treatments were stable or variable around a mean
pH level. Our carbonate chemistry manipulation
method of controlling only the pCO2 of the incoming
gas allowed the carbonate chemistry of the culture to
vary gradually on diel (Fig. 1) and fortnightly time
scales (Fig. 2), due to changes in biological activity
of the cultures. The range of the diel variability
(ca. ±0.2 pH units around the target mean) in our cul-
tures was similar to the mid-range pH variability
seen in a temperate tidal salt marsh (Baumann et al.
2015). The increase in pH seen over a 14 d growth
cycle (Fig. 2a) is similar to the pH increases that have
been observed for natural phytoplankton blooms
over time scales of 20−25 d (Brussaard et al. 1996,
Hinga 2002). Therefore, our cultures were exposed to
pCO2 conditions that fluctuated around mean treat-
ment levels that represent future pCO2 conditions,
based on atmospheric pCO2 changes. The fluctua-
tions around these mean treatment levels more real-
istically represent the environmental heterogeneity
that coastal species, such as Pleurochrysis carterae,
experience on different time scales. Because the range
of conditions experienced by the 280 (pre industrial)
and 380 μatm pCO2 treatments (near- ambient) were
generally not significantly different from each other,
coastal species may not yet be experiencing carbon-
ate chemistry conditions that are outside of the range
they experienced prior to the industrial revolution.
We caution that these experiments were performed
in 2013, the average annual pCO2 at Mauna Loa was
396.5 ppmv, and for the last full year of data in 2017,

the pCO2 was 406.5 ppmv, both of which have sur-
passed the level we used as our near-ambient con-
centration (380 μatm pCO2) (Dlugokencky & Tans
2018, Le Quéré et al. 2018). However, it should be
noted that previous work considering pre-industrial
and ambient pCO2 treatments with quasi-stable con-
ditions has shown significant biological impacts
between these treatment levels (Talmage & Gobler
2010).

AT decreased in each pCO2 treatment throughout
the 14 d growth cycle. However, during the exponen-
tial phase, Ωcalcite steadily increased, indicating that
during this stage, the increasing pH had a stronger
impact on Ωcalcite (by shifting the DIC equilibrium)
than did the decreasing AT associated with calcifica-
tion. The decrease in alkalinity can be nearly entirely
explained by the measured nutrient uptake and
measured increase in PIC, the latter representing net
calcification (Fig. 3). While the nitrate ion itself does
not contribute to alkalinity, the process of nitrate up-
take by phytoplankton must be accompanied by co-
transport of a positive ion, generally assumed to be H+

(Wolf-Gladrow et al. 2007), which increases alkalinity
by 1 μequivalent per μmol nitrate assimilated. Simi-
larly, cotransport of H+ with phosphate also increases
alkalinity by 1 μmol kg−1 per μmol phosphate assimi-
lated (Wolf-Gladrow et al. 2007). The coccolithophore
Emiliania huxleyi uses bicarbonate as the inorganic
carbon source for calcification (Paasche 1964, Buiten-
huis et al. 2003, Bach et al. 2013), and evidence indi-
cates that P. carterae also uses bicarbonate, although
some low calcifying strains may be able to use CO2 as
the carbon source for calcification (Israel & González
1996). The stoichiometry of calcification generally fol-
lows that, for each mole of CaCO3 produced, alkalinity
is reduced by 2 equivalents from the loss of 2 bicar-
bonate ions. There are some exceptions to this, how-
ever, as a function of growth rate (Balch et al. 1996).

Nonetheless, for our 14 d growth cycle observa-
tional period, the calculated sum of the nitrate
uptake effect and calcification effect, based on daily
measured nutrient and PIC concentrations, is in close
agreement with the measured alkalinity (Fig. 3).
Such a decrease in alkalinity as we observed here
has been observed during coccolithophore blooms
(Balch et al. 2016).

Cell size variability over a diel cycle show similar
patterns to those observed by van der Wal et al.
(1987), with increasing cell diameter during the light
cycle and decreasing cell diameter during the dark
cycle. This increase in cell size during the light cycle
is attributed to preparation for cell division (van der
Wal et al. 1987), which takes place mainly during the
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dark period. Our data showing an increase in the rel-
ative fluorescence normalized to cell density during
the light cycle and a decrease during the dark cycle
(Fig. 1f) support this conclusion. The increase in cel-
lular PIC during the light cycle and decrease during
the dark cycle is explained as coccolith production
stimulated by an increase in the cell surface area as
cells prepare for division during the dark period (van
der Wal et al. 1987). The decrease in cellular PIC dur-
ing the dark period may also represent partial disso-
lution of the coccoliths due to respiratory CO2 pro-
duction reducing the pH near the cell surface, such
that the chemistry of the microenvironment around
the cell surface may be substantially different than
that of the bulk culture (Flynn et al. 2012), which
remained supersaturated with respect to calcite in all
pCO2 treatments, even during the dark period.
Unfortunately, we did not have any SEM images that
might have provided direct evidence of malformed
coccoliths to explain the dark decrease in PIC.

Light-dependency of calcification

The light-dependency of P. carterae calcification
has been investigated by others, with results indica-
ting that the dark calcification rate of P. carterae is
dependent on the length of the dark exposure. Early
work initially indicated that coccolith formation is
light-dependent (Dorigan & Wilbur 1973), with little
to no calcification during dark periods lasting up to
7 d. However, subsequent work showed that the
rates of calcification were similar during the light and
dark periods of an alternating 16:8 h light:dark incu-
bation, but calcification significantly decreased by
24 h in continuous darkness, and eventually ceased
(van der Wal et al. 1987). Similarly, Moheimani &
Borowiztka (2011) found that P. carterae were able to
calcify during the latter half of a 12 h dark period of a
12:12 h light:dark incubation, although the concen-
tration of coccoliths initially decreased during the
dark period, which the authors interpreted as disso-
lution due to respiratory CO2.

One other group investigated the impact of pCO2

on dark calcification in P. carterae and found nega-
tive net calcification rates during 7 d dark incuba-
tions, indicating calcite dissolution at both 390 and
1200 μatm pCO2. However, they found a signifi-
cantly more negative net calcification rate at 1200
relative to 390 μatm pCO2, despite both treatments
being supersaturated with respect to calcite
(Casareto et al. 2009). It should be noted that in the
work of Carsareto et al (2009) P. carterae was inocu-

lated into unfiltered seawater samples, which may
have exposed the algae to greater rates of commu-
nity respiration than an axenic algal culture, poten-
tially increasing respiratory CO2-driven dissolution,
thus complicating the interpretation. Because a 7 d
dark exposure exceeds the length of time in which
calcification ceases in the dark (van der Wal et al.
1987), measuring net calcification over this time
period may have missed observations of dark calcifi-
cation early-on during the dark period. Furthermore,
significant differences between our experimental
design and that of Casareto et al. (2009) likely con-
tribute to the different results regarding the impact of
pCO2 on the dark calcification rate of P. carterae.
Bach et al. (2015) demonstrated that simply the dif-
ferences in the light intensity and temperature expe-
rienced by the same strain of coccolithophore can
produce different responses to similar pCO2 ranges.

Our work further supports the observations of oth-
ers that P. carterae has the ability to calcify under
short-term dark conditions, although we found re -
duced dark calcification rates relative to light calcifi-
cation rates (dark calcification = 0.9, 19.8, and 21.9%
of light calcification for 280, 380, and 750 μatm pCO2,
respectively; Fig. 5). This reduction in calcification
rate in dark conditions was not seen by van der Wal
et al. (1987) and may have been influenced by the
timing of the start of our 24 h incubations. For this
experiment, our replicates were de-calcified by acid-
ification just prior to the end of the 10 h dark period
of the 14:10 h light:dark cycle. Once the cultures
were neutralized to restore the original pH, the 24 h
incubation period started. Therefore, the cells in the
dark treatment were actually in the dark for 34 con-
tinuous hours by the end of the experiment, thus their
energetic reserves would have been severely limited.
Van der Wal et al. (1987) found that the rate of calci-
fication decreased significantly with time of dark
incubation, with significant reduction after 24 h of
dark incubation. As with our results, this reduction is
thought to be due to depletion of energy reserves in
the absence of photosynthesis.

Regardless of light conditions, the calcification
rates of algae acclimated to 380 and 750 μatm were
significantly greater than those of algae acclimated
to 280 μatm pCO2. Moreover, the effect of pCO2 on
calcification rates was the same during both light and
dark incubations (despite any stress associated with
the de-plating of the cells in the light−dark experi-
ment). Thus, the hypothesis that calcification at high
pCO2 (with lower Ωcalcite) may be energy-limited in
the dark is not supported (Monteiro et al. 2016).
Instead, at CO2 conditions that are elevated relative
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to pre-industrial conditions, calcification rates in -
creased significantly.

Photosynthetic and calcification rates

Using the highly-sensitive 14C-microdiffusion tech-
nique, we found no significant impact of pCO2 on
P. carterae photosynthetic rate (Fig. 6a), but a signif-
icant increase in both the calcification rate and
PIC:POC production ratio with increasing pCO2

(Fig. 6b,c). Note that when the calcification rate was
converted to the equivalent number of coccoliths
produced per day, this translated to coccolith forma-
tion rates of 62, 57, and 103 coccoliths cell−1 d−1 for
cells acclimated to 280, 380, and 750 μatm pCO2,
respectively. This is reasonable compared to values
of 100−200 coccoliths cell−1 for P. carterae, reported
by van der Wal et al. (1987).

In addition, we did not find a significant impact of
pCO2 on P. carterae growth rate (which averaged
0.53 ± 0.13 d−1 as noted in the Results). In combina-
tion, the photosynthetic and growth rate results indi-
cate that P. carterae is not carbon-limited at current
atmospheric CO2 conditions and does not benefit
photosynthetically from increased atmospheric CO2

levels (CO2 fertilization). Similarly, a meta-analysis of
24 experiments found no significant impact of in -
creased CO2 on E. huxleyi photosynthetic rates, indi-
cating that this species is also not currently facing
carbon-limitation (Meyer & Riebesell 2015; see also
Rivero-Calle et al. 2015). However, Gephyrocapsa
oceanica was found to have significantly increased
photosynthetic rates at both 380 and 1000 μatm, rela-
tive to 280 μatm (Meyer & Riebesell 2015), which
may indicate that there are species-specific differ-
ences among coccolithophores with regard to current
CO2-saturation levels for carbon fixation.

The theory that calcification becomes more ener-
getically costly at lower saturation states has been
supported for multiple invertebrate taxa (Drenkard
et al. 2013, Waldbusser et al. 2013, Houlbrèque et al.
2015), but is perhaps overly simplistic for autotrophic
organisms, as the corresponding increase in CO2

may be beneficial for photosynthesis, indirectly sup-
plying more energy for calcification. Nonetheless, it
has been hypothesized that the majority of calcifying
organisms will be negatively affected by OA (Orr et
al. 2005). Indeed, some of the first work regarding
the impact of OA on coccolithophore calcification
showed a decline in calcification rates of E. huxleyi
and G. oceanica with increasing pCO2 (Riebesell et
al. 2000). However, other work has shown an in -

crease in E. huxleyi calcification rates with increas-
ing pCO2 (Iglesias-Rodriguez et al. 2008), and still
others have shown E. huxleyi to have optimum-
shaped curves with an initial increase in cellular cal-
cification rate with increasing pCO2, from 200 to
600 μatm pCO2 followed by a decrease in cellular
calcification rate with further increasing pCO2 up to
~900 μatm pCO2 (Langer et al. 2009, Hoppe et al.
2011). Ultimately, based on 24 experiments, E. hux-
leyi exhibits a significant decline in calcification rates
at 780 and 1000, relative to 280 μatm (Meyer &
Riebesell 2015).

With regard to P. carterae, it is difficult to compare
the increased calcification rate that we observed for
algae acclimated to 750 μatm pCO2 with existing lit-
erature because the 2 existing studies considering
the effects of CO2 on P. carterae report bulk culture
net calcification rates, not per cell net calcification
rates. Moheimani & Borowitzka (2011) found de -
creased bulk culture calcite production at pCO2 lev-
els ranging from 835−1350 μatm, relative to calcite
production at 461−603 μatm pCO2. However, both
treatments represent an increase in bulk culture cal-
cite production relative to cultures where the pH was
uncontrolled and pCO2 ranged from 3−267 μatm.
Moreover, Casareto et al. (2009) found a non-signifi-
cant increase in the net calcification rate of P. car -
terae cultures grown for 7 d at 1200 μatm, relative to
ambient pCO2 with no conclusions possible on cellu-
lar rates.

Application of the substrate-inhibitor concept

Bach et al. (2015) provided a substrate-inhibitor
concept describing the dependence of calcification
rates on carbonate chemistry speciation. This con-
cept incorporates the ideas that coccolithophore cal-
cification rates increase with increasing HCO3

−,
which acts as a primary substrate for calcification,
and with increasing CO2, which can limit photosyn-
thesis, thereby indirectly affecting calcification by
limiting the supply of energy necessary for calcifica-
tion. Furthermore, calcification can be inhibited by
increased proton concentrations (Bach et al. 2015).
When applied here, it appears that calcification rates
may be enhanced by the increased availability of
bicarbonate ions in the 380 and 750 μatm pCO2 treat-
ments, but not yet inhibited by the increased H+ con-
centrations in these 2 treatments, relative to the
280 μatm treatment. However, due to the variable
carbonate chemistry conditions of our cultures,
which fluctuate around a mean target value, the
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bicarbonate concentrations were not significantly
different among any of the treatments (Table 1). Sim-
ilarly, pH was not significantly different between the
280 and 380 μatm treatments, although it was signif-
icantly lower (higher [H+]) in the 750 μatm treatment.
It may be that high variability of the culture condi-
tions, measured on diel and 2 wk time scales,
obscured a baseline shift in carbonate chemistry
 conditions. Indeed, although not significant, the
380 μatm treatment attained lower pH and Ωcalcite

conditions towards the end of the dark period than
did the 280 μatm treatment (Fig. 1a,g). Similarly,
throughout the 9 d of exponential growth during the
14 d growth cycle, the 380 μatm treatment had con-
sistently lower pH and Ωcalcite conditions than the
280 μatm treatment.

The observed increase in P. carterae calcification
rate at 750 μatm also fits into the substrate-inhibitor
concept presented by Bach et al. (2015). This model
simulates the optimum curves similar to those
observed experimentally by Langer et al. (2009) and
Hoppe et al. (2011). While it would have been ideal to
model the P. carterae data presented in this study in
the context of the Bach et al. (2015) substrate-
 inhibitor concept, we have too few data points to
model. However, based on the relative surface area
to volume ratio and PIC:POC ratio of P. carterae, we
can attempt to estimate where P. carterae would fit
into this model based on relative calcification rates.
The actual calcification optima and sensitivities for
any species will depend on many factors regarding
the culture conditions, including temperature, light
levels, and nutrient levels (Bach et al. 2015). Larger
species (Calcidiscus leptoporus and Coccolithus
pelagicus, coccosphere diameter 14.7 and 15.3 μm,
respectively) have lower surface area to volume
ratios and require a higher HCO3

− concentration to
saturate HCO3

− flux into the cell, resulting in calcifi-
cation optima at higher pCO2 levels. The cocco-
sphere of P. carterae (NCMA strain 645) is approxi-
mately 9−10 μm (Figs. 1b & 2d), which is in the
middle of the coccosphere range for the 4 species
modeled by Bach et al. (2015). As a result, P. carterae
should have a relative calcification optimum that falls
at a pCO2 level between that of G. oceanica and
C. pelagicus. In their model, G. oceanica, C. pelagi-
cus, and C. leptoporus have significantly greater sen-
sitivities to in creased pCO2 beyond their calcification
optima than does E. huxleyi (Bach et al. 2015). This is
attributed to the PIC:POC ratios for these 3 species
being approximately twice that of E. huxleyi. The
higher the calcification rate is, relative to the photo-
synthetic rate, the more H+ that must be transported

out of the cell to prevent cytosol acidification. As sea-
water pCO2 levels and H+ concentrations increase,
this transport will become more difficult. The
PIC:POC ratio measured for P. carterae in this study
ranges from 0.04 to 0.055, which is a small fraction of
the PIC:POC ratio re ported for E. huxleyi (1.2) by
Bach et al. (2015). As such, P. carterae should be less
sensitive to high pCO2 conditions than E. huxleyi,
which was the least sensitive of the 4 species mod-
eled. While the relative calcification optimum for
P. carterae, estimated from the ratio of cell surface
area to volume and PIC:POC ratios (Bach et al.
2015)(Fig. 3), lies at a pCO2 level lower than that
observed in the present study, the actual pCO2 level
of the P. carterae calcification  optimum will be deter-
mined by specific culture conditions (Bach et al.
2015). Aside from this substrate-inhibitor concept,
which suggests a calcification opti mum based on car-
bonate chemistry speciation, an increase in calcifica-
tion with increasing pCO2 may provide protection
from predators. The modeling work of Irie et al.
(2010) suggests that as the ocean pH decreases,
bloom-forming coccolithophores will benefit more
from having a more heavily calcified exoskeleton
(coccoliths) to reduce instantaneous mortality than
from having an accelerated cell cycle.

An increase in calcification in the estuarine P. car -
terae and similar coccolithophores at future pCO2

levels could have a positive feedback on acidification
of coastal waters during bloom conditions, as calcifi-
cation both decreases alkalinity and increases DIC.
However, because P. carterae has such low PIC:POC
ratio, during exponential growth, the photosynthetic
drawdown of CO2 has a greater impact on Ωcalcite than
the reduction in alkalinity and increase in DIC asso-
ciated with calcification (Fig. 2). Furthermore, in
estuarine waters, upon deposition into the shallow,
low Ωcalcite-sediments (Green & Aller 1998, Wald-
busser & Salisbury 2014), P. carterae coccoliths will
likely dissolve relatively quickly, increasing alkalin-
ity and decreasing DIC, with no net pumping of alka-
linity from the surface to the benthic environment.
With algal blooms increasing in the future due to in -
creased nutrient pollution (Alam & Dutta 2013), these
biogeochemical processes may exacerbate coastal
carbonate chemistry variability, creating more ex -
treme unfavorable conditions for commercially im -
portant coastal heterotrophs, such as shellfish. The
effects that P. carterae have on seawater chemistry
during photosynthesis and calcification seem un -
likely to mitigate coastal OA.

Overall, our work supports the unifying ‘substrate-
inhibitor’ concept of Bach et al. (2015) describing
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variable responses to OA among coccolithophore
species and strains that seem contradictory at first.
Calcification rates can be enhanced by increased
availability of bicarbonate as a result of OA; how-
ever, decreases in calcification can occur due to
inhibitory [H+], resulting in optimum calcification
rates at pCO2 levels that vary by species. These
results indicate that with further species-specific
information including coccosphere size and PIC:POC
ratios, as well as species-specific responses to vary-
ing light, temperature, and nutrients, we may be able
to predict the pCO2 level at which a given coccolitho-
phore species will show its optimum calcification
rate.

Data archive. Datasets from this work are available through
the Biological and Chemical Oceanography Data Manage-
ment Office (BCO-DMO) at www.bco-dmo. org/ project/
514415.
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