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Abstract

The fate of coccolithophores in the future oceans remains uncertain, in part due to key factors having not
been standardized across experiments. A potentially moderating role for differences in day length (photoperiod)
remains largely unexplored. We therefore cultured four different geographical isolates of the species Emiliania
huxleyi, as well as two additional species, Gephyrocapsa oceanica (tropical) and Coccolithus braarudii (temperate),
to test for interactive effects of pCO, with the light : dark (L : D) cycle. We confirmed a general regulatory effect
of photoperiod on the pCO, response, whereby growth and particulate inorganic carbon and particulate organic
carbon (PIC : POC) ratios were reduced with elevated pCO, under 14 : 10 h L : D, but these reductions were
dampened under continuous (24 h) light. The dynamics underpinning this pattern generally differed for the
temperate vs. tropical isolates. Reductions in PIC : POC with elevated pCO, for tropical taxa were largely
through reduced calcification and enhanced photosynthesis under 14 : 10 h L : D, with differences dampened
under continuous light. In contrast, reduced PIC : POC for temperate strains reflected increases of photosynthe-
sis that outpaced increases in calcification rates under 14 : 10 h L : D, with both responses again dampened
under continuous light. A multivariate analysis of 35 past studies of E. huxleyi further demonstrated that differ-
ences in photoperiod account for as much as 40% (strain B11/92) to 55% (strain NZEH) of the variance in
reported pCO,-induced reductions to growth but not PIC : POC. Our study thus highlights a critical role for day
length in moderating the effect of ocean acidification on coccolithophore growth and consequently how this
response may play out across latitudes and seasons in future oceans.

Primary productivity by oceanic phytoplankton drives the
flux and eventual sequestration of carbon from the atmosphere
into the deep ocean. Calcium carbonate (CaCOj3) biomineraliz-
ing nanoplankton (coccolithophores) are considered particularity

critical to this role as their photosynthesis directly assimilates
CO,, while their calcification provides dense mineral for ballast-
ing and facilitates export to the deep sea (Klaas and Archer 2002;
Bach et al. 2016). Coccolithophores appear particularly suscepti-
ble to ocean acidification (OA), the process whereby rising atmo-
spheric pCO, concentrations are resulting in lower ocean pH
and modifications to carbonate chemistry (see Meyer and Riebe-
sell, 2015).

Experiments conducted on laboratory monocultures, as well
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as natural populations, generally observe that exposure to ele-
vated pCO, decreases coccolithophore calcification and/or inc-
reases photosynthetic rates (Riebesell 2004; Hoppe et al. 2011).
Shifts in the balance of calcification to photosynthesis drive a
decline in cellular ratios of particulate inorganic carbon (PIC) to
particulate organic carbon (POC), implying significant biogeo-
chemical implications (Ridgwell et al. 2009; Meyer and Riebesell
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2015). However, coccolithophore responses are moderated
by several factors, which influence their productivity, other
than ocean carbonate chemistry, including temperature (Sett
et al. 2014; Feng et al. 2017), nutrient availability (Lefebvre
et al. 2011; Rouco et al. 2013; Tong et al. 2016), life-cycle stage
(Rokitta and Rost 2012; Kottmeier et al. 2014), and taxonomy
(Langer et al. 2006; Rickaby et al. 2010). Coccolithophore
responses may also be strain-specific (Langer et al. 2009) and
dependent upon environmental history and local adaptation
(Lohbeck et al. 2012).

Many OA studies have focused on the ubiquitous and abun-
dant coccolithophore species Emiliania huxleyi. Several morpho-
types and strains of E. huxleyi exist (Brand 1982; Young 1994),
which demonstrate varying responses to elevated pCO,
(e.g., Langer et al. 2009), potentially reflecting localized adapta-
tions to specific oceanic regions (Findlay et al. 2011). Species
other than E. huxleyi may also be regionally significant calcifiers
(Daniels et al. 2014, 2016). For example, Gephyrocapsa spp. can
contribute significantly to the coccolithophore community and
suspended PIC pool in the southeast Pacific and Mediterranean

Sea (Beaufort et al. 2007; Carmen Alvarez et al. 2010). However,
only five coccolithophore species other than E. huxleyi have
currently been studied in the context of OA: Calcidiscus lepto-
porus (Langer et al. 2006; Diner et al. 2015), Calcidiscus quadri-
perforatus (Diner et al. 2015), Coccolithus braarudii (Langer
et al. 2006; Rickaby et al. 2010), Gephyrocapsa oceanica (Rickaby
et al. 2010; Sett et al. 2014), and Syrachosphaera pulchra (Fiorini
et al. 2011). Given that different species and strains represent
populations adapted to specific environmental conditions, it is
plausible to expect that the pCO, response of tropical species
(and isolates) may differ from that for temperate species, for
example, due to differences in the temperature, light, and nutri-
ent climates, as well as carbonate chemistry buffering of their
natural environment.

Light availability is a key environmental driver of cocco-
lithophore productivity, with changes to dosage via intensity
(Zondervan et al. 2001; Rost et al. 2002; McCarthy et al. 2012;
Rokitta and Rost 2012; Jin et al. 2017), spectral quality (Gao
et al. 2012; Jin et al. 2013), and frequency (Jin et al. 2013), all
moderating how they respond to OA. Only three studies, on a
single temperate isolate of E. huxleyi (PML B92/11; Rost
et al. 2002, 2006; Zondervan et al. 2002), have tested for an
interactive role of pCO, with differences in light dose (day
length). Although these studies did not report any significant
responses, this outcome is not directly consistent with physio-
logical expectations.

First, both increased pCO, (Bach et al. 2013; Kottmeier
et al. 2014) and day length (Rost et al. 2006) decrease the
dependency of photosynthesis on HCO3;~ and hence on car-
bon concentrating mechanism (CCM) activity (Bach
et al. 2013). Although photosynthetic rates are often higher
under increased pCO,, photosynthetic efficiency is lower with
increased photoperiod (Nielsen 1997; Rost et al. 2002, 2006;
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Zondervan et al. 2002) as affinity for inorganic carbon
(Ci) is reduced (Rost et al. 2006). Enhancement of photosyn-
thesis by increased pCO, may then be canceled out when the
photoperiod is increased. Second, calcification decreases with
pCO, due to elevated H* concentration ([H*]; Bach et al. 2013,
2015; Fukuda et al. 2014) but appears unchanged with photo-
period (Rost et al. 2002; Zondervan et al. 2002). As calcifica-
tion directly competes with photosynthesis for HCO3;™ as a
substrate (Rokitta and Rost 2012; Bach et al. 2013; Bolton and
Stoll 2013), the decreasing dependency of photosynthesis on
HCO;3;™ (CCM activity), via increased pCO, and photoperiod,
may then ultimately reduce the negative impact of elevated
[H*] (Bach et al. 2013).

These two lines of evidence indicate that the decline in the
PIC to POC ratio (PIC : POC) with increased pCO, (see Meyer
and Riebesell 2015) should be lessened when the photoperiod
is also increased. However, such an expectation may ulti-
mately depend on the strength of the CCM (Rost et al. 2002,
2006) and the mechanism of Ci acquisition for photosynthesis
and/or calcification (Rickaby et al. 2010; Meyer and Riebesell
2015; Taylor et al. 2017), and hence the coccolithophore spe-
cies (or even isolate).

Photoperiod is a key factor regulating the timing and dura-
tion of seasonal productivity (Longhurst et al. 1995), which
becomes increasingly seasonally extreme toward polar latitudes
that are the least buffered against changes due to elevated pCO,
and OA (Shadwick et al. 2013). While day length is not influ-
enced by climate change, ocean warming and the associated
stronger stratification will alter the light dose (and nutrient avail-
ability) for phytoplankton in the upper ocean. Differences in
photoperiod have not been standardized across laboratory exper-
iments (Meyer and Riebesell 2015) or field studies that span
broad latitudinal gradients (Poulton et al. 2013; Richier
et al. 2014) and therefore, represents a key untested source of
variability in pCO, responses. We conducted a multifactorial
experiment to examine interactions between photoperiod and
pCO, upon geographically diverse coccolithophores. Specifically,
we tested the hypothesis that OA-induced declines to PIC : POC
ratios will be significantly lower under continuous 24 h light
regimes compared to a 14 : 10 h light : dark (L : D) photoperiod.
To consider our experimental results more broadly, we also con-
structed a database of responses from previous published studies
to examine the potential interactive influence of photoperiod to
elevated pCO,.

Methods

Strain selection and culture conditions

Six coccolithophore isolates were selected to enable intercom-
parison of day length—CO, interactions within and between spe-
cies: four isolates of E. huxleyi (PCC70-3, PCC124-3, RCC962,
and NZEH) and one isolate each of G. oceanica (RCC1804) and
C. braarudii (PLY182) (Table 1). These isolates were chosen to
represent a cross section of geographical origin, isolation date,
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Table 1. Strain information (E. huxleyi morphotype [B, A, R] is indicated where known). SST data from optimum interpolation sea sur-
face temperature database and minimum and maximum temperatures for 2016 in°C. Light dose is calculated from day length and
mean PAR values (derived using the “R” package “phytotools”) and is in mol photons m=2d~".

Isolation SST Day length  Light dose

Species Strain identifier(s) Location date (min-max) (min-max)  (min-max)
E. huxleyi RCC962/Biosope_32B_FL1-3 French polynesia, 8°19'S, 141°15’E Oct 2004 26.5-30.6 11-13 21.2-30.5
E. huxleyi (B) PCC70-3 Northern North Sea, 56°17'N, 3°21'E Jul 2011 6.5-16.2 8-16 1.3-40.5
E. huxleyi (A) PCC124-3 Bay of Biscay, 46°6'N, 7°8'W Jun 2011 12.0-19.5 9-15 4.6-37.9
E. huxleyi (R) NZEH/PLY M219/COWPO6 South Pacific (New Zealand), 1992 7.8-13.1 9-15 4.0-40.3

47°41'S,174°1'E

G. oceanica RCC1804/Sipadan DM2-4 Sipadan, Malaysia, 4°6’N, 118°37' E Dec 2008 28.4-30.0 11-12 25.7-25.8
C. braarudii PLY 182G English Channel, 50°10'N, 4°17'W Nov 1990 9.8-17.2 8-16 2.8-40.7

morphotype (for E. huxleyi), and cellular inorganic content (PIC
per cell; Supporting Information Table S2) under steady state
ambient pCO,. Isolates of E. huxleyi examined included those
from temperate (PCC70-3, PCC124-3, and NZEH) and tropical
(RCC962, French Polynesia, 8°19'S, 141°15'W) locations and
encompassed morphotypes A (PCC124-3), B (PCC70-3), and R
(NZEH; Young 1994). C. braarudii is a heavily calcifying cocco-
lithophore commonly found in temperate coastal and upwelling
regions (Daniels et al. 2014), whereas G. oceanica is found in tem-
perate and subtropical open-ocean regions, with the isolate used
in this study originating from the tropics (Sipadan, Malaysia,
4°6'N, 118°37'E).

All species were grown as semicontinuous cultures in climate-
controlled growth cabinets (Sanyo Gallenkamp, Fitotron
PG660), where temperate organisms (E. huxleyi stains PCC70-3,
PCC124-3, and NZEH and C. braarudii) were maintained at 17°C
and the tropical organisms (E. huxleyi stain RCC962 and
G. oceanica) were maintained at 20°C. All cultures were grown at
a light intensity of 150 gmol photons m™ s~!. Cultures were
maintained in artificial seawater enriched with f/2 nutrients
(Guillard 1975), plus selenium, and diluted where necessary to
maintain cells in exponential growth. All media was filter steril-
ized via a 0.2-um filter (Polycap 36AS, Whatman Filters) as
autoclaving resulted in significant reductions to the total alkalin-
ity. Triplicate 750 mL volumes for each isolate were simulta-
neously grown at ambient pCO, (present day, ~ 390 ppm) and
under elevated pCO, representative of future representative con-
centration pathway 8.5 (IPCC 2014) for 2080 (~ 1000 ppm).
Two different photoperiods were used: a 14 : 10 h L : D cycle
vs. continuous 24 h light, with a total daily photon dose of 15.1
and 25.9 mol photons m~2 d~!, respectively. Cultures were mon-
itored daily via cell counts using a Neubauer hemocytometer. All
cultures were harvested for physiological analyses once steady
state growth rates (u, d™Y) remained stable (< 5% difference
according to a daily running average), which typically required
3 to 4 weeks (= 15-20 generations).

Controlling and monitoring the carbonate system
Carbonate chemistry within the culture vessels was main-
tained by bubbling with CO,-enriched air via a series of mass

flow controllers (MFCs, EL-FLOW F-201AV; Bronkhorst High-
Tech), with a cylinder of 10% CO, (BOC) and an air compressor
(Bambi, HT15 oil-free compressor). Each culture vessel was con-
nected separately to an MFC via nylon tubing. Ambient air fed
via the compressor was first passed through soda lime (Sigma
23,888) to remove CO, and thus standardize the CO, content.
MFCs were connected to PC-software (Bronkhorst High-Tech)
that both controlled and recorded the airflow and subsequently
to a gas mixer equipped with four taps. One tap fed to an infra-
red gas analyzer (Li-Cor, LI-820 analyzer) connected to a laptop
to verify the desired CO, concentration, whereas the other three
taps ran into one set of triplicate cultures at a rate of 150 mL
min~!. All air-in and air-out ports on the culture vessels were
fitted with 0.2 ym hydrophobic air filters (Millipore), and an air
stone attached to the outflow of the air-in line within each cul-
ture vessel maximized diffusion of the gas into the media. Sterile
f/2 media was bubbled with the target pCO, for 24 h before
inoculation to allow for pre-equilibration of the carbonate chem-
istry. All culture vessels were continuously stirred via a magnetic
stir plate to reduce formation of gas gradients and of cells settling
and/or clumping within the cultures. To ensure that the MFCs
provide full control over the biology, an initial experiment using
batch cultures for each isolate was used to identify the cell con-
centration at which each isolate began to induce modifications
to the carbonate chemistry. In all cases, cell concentrations of
~1 to 1.5 x 10° cells mL™" began to induce significant draw-
down of total alkalinity. Periodic dilutions of the main experi-
mental cultures to maintain cells in exponential growth were
then used to maintain cell concentrations below this threshold.
Several parameters of the carbonate chemistry were moni-
tored daily from all culture vessels: total alkalinity (At) was
measured using a Titrino auto-titrator (Metrohm; 0.024 mol
L™ HCI) on 20 mL aliquots gently gravity-filtered through a
0.2-um syringe filter (Minisart filter, Sigma-Aldrich). Dissolved
inorganic carbon (Cr) was determined on a separate 15 mL ali-
quot, also through a 0.2-um syringe filter, whereby the filtrate
was transferred to ashed glass vials (500°C, 3 h). Samples were
then analyzed using a total carbon analyzer (Shimadzu TOC-
VCSH Total Organic Carbon Analyzer with ASV-I autosampler)
calibrated with bicarbonate standards. Both Ar and Ct; were
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then used to determine the entire carbonate system via
CO2SYS software (ver. 14) (Pierrot et al. 2006). Carbonate
chemistry recorded throughout the experiment in this way
demonstrated that our approach consistently maintained
pCO, at the desired concentrations (see Supporting Informa-
tion Table S1); it is important to note that even with regular
dilution and the protocols employed above, some drawdown
in At and Ct was still evident, particularly in the high CO,
treatments.

All cultures were finally sampled for the following:

PIC and POC Analysis—Two aliquots of 150 mL were each
filtered down onto ashed (500°C for 3 h) 25 -m MF300 glass
fiber filters (Fisher Scientific) and then placed in a desiccator
to dry for 24 h. Samples were stored in sterile cryotubes for
subsequent analysis. One of the paired filters was acidified
with ~ 2 mol L™! HCI to drive off inorganic carbon and further
dried for 24 h. Total carbon on both filters was then deter-
mined using a carbon analyzer (Shimadzu TOC-VCSH Total
Organic Carbon Analyzer with ASV-I autosampler) calibrated
using a glucose standard. POC was quantified on the acidified
filters, and PIC was calculated by subtracting POC from the
total carbon from the nonacidified filters. PIC and POC con-
tent was normalized to corresponding measurements of cell
concentration.

Growth rates and cell size—Cell concentrations were quanti-
fied daily from each culture using a Neubauer hemocytometer
(Fisher Scientific). Doubling rates (u) were calculated as u
(d™Y) = (In c1 — In c0) - At™!, where 0 is the initial count (cells
mL™Y), 1 is the final count (cells mL™!), and At is the time
between the two counts (d). Mean cell size was measured from
a separate 15 mL aliquot from each culture using a Z1 Coulter
Particle Counter (Beckman Coulter). Coccosphere thickness
was estimated by adding 5 uL of 0.25 mol L™ HCl to the sam-
ple to dissolve the coccoliths before rerunning each sample
through the particle counter, after Franklin et al. (2010). Dif-
ference in mean cell diameter before and after acidification
was taken as an estimate of the thickness of the coccosphere.

Data treatment and analysis

To directly examine the potential influence of day length
and species upon any OA response, absolute values for each
core variable (u, cellular PIC content, cellular POC content,
PIC : POC, cell size; see Supporting Information Table S2) were
used to calculate the % change with increasing pCO, (Suggett
et al. 2013). For this, values from replicate treatment vessels
Vi, Vi, Vo were always expressed as a % change from its
respective replicate control vessel, Vi, Ve, Ve, since vessels
Vi1-Va, V-V, and Vi3-V3 were located pairwise in the
same area of the incubator. Periodic light measurements (QSL-
101 scalar quantum irradiance sensor, Biospherical Instru-
ments) demonstrated that the light fields for the pairwise
vessel arrangement in the incubators were the same for
control and respective treatment. Percentage data were tested
for normality (MATLAB) and divided by 100 prior to arcsin
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transformation. The interactive influence of day length and
species on the percentage change for each response variable to
elevated pCO, was then tested via two-way analysis of vari-
ance (ANOVA; MATLAB). The interactive effect of CO, and
L : D cycle was also tested on the absolute values for y, cellular
PIC content, cellular POC content, and PIC : POC for each
species via two-way ANOVA (see Supporting Information
Table S3).

E. huxleyi database

A database was constructed from past OA studies on cocco-
lithophores to more broadly consider our experimental results of
the potential influence of photoperiod upon growth and cellular
(sin)organic carbon content (Supporting Information Table S4).
Values for growth rate (x) and PIC : POC were extracted along
with corresponding growth conditions (temperature, T; salinity,
S; photoperiod, L : D; nitrogen-to-phosphate ratio, N : P; light
intensity, E; total alkalinity, Ar; and pCO,) and strain identifica-
tion. CO2SYS was used to calculate At and/or pCO, where other
carbonate chemistry parameters were reported; however, only At
and pCO, were included in subsequent multivariate analysis to
minimize potential autocorrelation.

To be consistent with our experimental approach, data were
only selected from studies where pCO, was manipulated via the
Cr pool as opposed to At or Ca** availability (see Meyer and Rie-
besell 2015). Noncalcifying isolates were not included in the
analysis, or instances where PIC per cell was not measured
alongside POC per cell and u. The method used to manipulate
Cr (i.e.,, CO2 bubbling vs. acid-base additions with bicarbonate)
was not considered a variable in our analysis since these two
alternative Cr manipulation approaches have been shown to
perturb the carbonate system in a similar way (Gattuso and
Lavigne 2009). Values for u, PIC : POC, and pCO, for the “OA
treatments” (T) were normalized relative to those for the corre-
sponding present-day ambient (A) control (ur.s, PIC : POCr.,
and pCOgr.4). This ensured that any residual variability of pr.4 or
PIC : POCr.5 not explained by CO,t., must be from other exper-
imental factors and/or isolate (as per Suggett et al. 2013); this
approach also accounts for potential discrepancies in the mea-
surements (e.g., analytical accuracy) of the independent variables
across studies. Normalized values for the control (i.e., pr.a,
PIC : POCr.s, and CO,t.4 = 1) were then discarded from the data
set. Following these criteria, only a few data sets were available
for coccolithophore species other than E. huxleyi and therefore
we finally restricted our wider analysis to isolates of only this
species, to yield 159 data points from across 35 studies
(Supporting Information Table S4).

Positive (irradiance [E], COzr.o) or negative (PIC : POCr.p)
variables were initially identified (MATLAB) and then square
root or square transformed, respectively, to stabilize the vari-
ance. The PRIMER-BEST match permutation (PRIMER v6,
PRIMER-E Ltd.) was then used to identify variables that best
explained variance of yr.4 or PIC : POCr.5 via repeated (99) per-
mutation testing. Data were standardized within each variable
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category to ensure comparable measurement scaling and
Euclidian distance used to produce the corresponding resem-
blance matrix. Significant wvariables identified from the
PRIMER-BEST match were then entered into a multiple step-
wise regression (MSR; MATLAB).

Results

Experimental conditions

It was important to ensure the carbonate system was as
tightly controlled as possible. Final pCO, tended to be slightly
higher than the target in the ambient cultures but overall by
only £+ 15% in the 1000 ppm cultures. Ay was typically
reduced in cultures via calcification. Media in ambient CO,
cultures was more stable, with At only drifting by 2% to 7%
below that expected (~ 2400 ymol kg™'), whereas the high
CO, cultures typically fell below 2000 umol kg~'. The total Cy
pool ranged from 1851 to 2428 umol kg~' and was consis-
tently lower in high CO, cultures. Overall, the different L : D
cycles did not affect changes in carbonate chemistry.

Growth and carbon assimilation

Growth rates (4, d™") for the 14 : 10 h photoperiod typically
declined with elevated pCO, (Supporting Information
Table S2), whereby the percentage change in growth rate (u)
from ambient to elevated pCO, was —50% to —60% (E. huxleyi
strain 962, G. oceanica) or —15% (E. huxleyi strains NZEH, 70-3,
and 124-3; Fig. 1A). Only C. braarudii exhibited a slight
increase in u (4%) with elevated pCO,. In contrast, under con-
stant light, the decrease in u from ambient to elevated pCO,
was only —50% (E. huxleyi strain 962) or —10% to —-20%
(E. huxleyi strain NZEH and G. oceanica), and for all other taxa
u increased by 3% to 5%. Thus, the longer photoperiod gener-
ally dampened or fully reversed the extent with which ele-
vated pCO, lowered the growth rate (see also Table 2).

A similar response to photoperiod across taxa was observed
for the percentage change in PIC : POC from ambient to ele-
vated pCO, (Fig. 1B). Specifically, PIC : POC was decreased
with elevated pCO, by —70% (E. huxleyi 962, G. oceanica) or
-5% to —30% (all other taxa) under the 14 : 10 h photoperiod
compared to only —40% to —50% (E. huxleyi stain 962 and
G. oceanica) or —5% to 10% (all other taxa) under continuous
light. While small differences in the extent of pCO, increase
between control and treatments were evident between isolates
(Supporting Information Table S1), neither the percentage
change in yx nor in PIC : POC for either photoperiod signifi-
cantly correlated with the corresponding percentage change
in pCO, across taxa (Fig. 1C,D) and thus are not considered a
major source of variance.

Greatest reductions of y and PIC : POC with increased
pCO, under both photoperiods were observed for the two
tropical isolates, E. huxleyi stain RCC962 and G. oceanica and
reflected PIC per cell and POC per cell responses that were
very different compared to all other taxa (Fig. 1E,F). First, both
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E. huxleyi stain RCC962 and G. oceanica were the only two
taxa to exhibit decreased PIC per cell with elevated pCO,; this
effect was greater under the 14 : 10 h photoperiod (—60% to
—70%) than under continuous light (-20% to 2%) (Fig. 1F).
All other taxa exhibited an increase in PIC per cell with
increased pCO, by 10% to 30% for the 14 : 10 h photoperiod,
and to a lesser extent (10-20%, and in the case of
C. braarudii — 2%) under continuous light.

Second, all taxa exhibited an increase in POC per cell with
increased pCO, under the 14 : 10 h photoperiod (25-55%
E. huxleyi stain 962 and G. oceanica; 30-80% all other taxa;
Fig. 1E). However, the percentage change of POC per cell with
increased pCO, was higher for E. huxleyi stain RCC962 and
G. oceanica under continuous light (65-75%), whereas it was
lower for all other taxa (0-15%) compared to the 14 : 10 h
photoperiod. Together, these trends indicate two contrasting
functional responses among the taxa examined: (i) pCO,-
driven increases in photosynthesis and decreases in
calcification were enhanced and dampened, respectively, with
the longer photoperiod for E. huxleyi stain RCC962 and
G. oceanica and (ii) pCO,-driven increases in both photosyn-
thesis and calcification were both dampened (but with a
greater dampening of photosynthesis over calcification) with
the longer photoperiod for all other taxa.

General, but subtle, differences were also evident among
these two functional response groupings in cellular allocation of
PIC and POC for the different pCO, and photoperiod treatments
(Figs. 1 and 2). Under the 14 : 10 h photoperiod, all taxa gener-
ally exhibited reduced (or slightly elevated; C. braarudii) p but
larger cells with elevated pCO, (Fig. 2A); these larger cells were
generally accompanied by substantially thinner (E. huxleyi stain
962 and G. oceanica) or thicker (all other taxa except C. braarudii)
coccospheres (Fig. 2B; Supporting Information Table S2). No
consistent trends in cell size or coccosphere thickness under ele-
vated pCO, were evident under continuous light between these
two groups, but all taxa still generally exhibited reduced growth
rates (and lower PIC : POC).

A two-way ANOVA (see Supporting Information Table S3) to
test for possible interactive effects of pCO, and day length on
the absolute values for growth and carbon allocation further
showed that L : D cycle was more important in driving the
changes observed across g, PIC, POC, and PIC : POC for the tem-
perate isolates (E. huxleyi stains NZEH, 70-3, and 124-3) with
interactive effects of L : D with pCO, for x and POC. In contrast,
CO, was the more important variable for the two tropical
isolates (E. huxleyi stain RCC962 and G. oceanica).

Broader data analysis for E. huxleyi

Collation of data from across past studies did not result in
any clear trends between elevated pCO; ([CO;]r.s) and the rela-
tive change in growth rate (ut.,) when considering data from
previous studies (Fig. 3; Table 3). However, the BEST test
analysis (and MSR) identified that photoperiod (L : D), along
with nutrient availability (N : P), was a significant variable in
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Fig. 1. The combined effect of elevated pCO, and light : dark cycle on growth rate (1) (A and C), calcification (PIC : POC) (B and D), and cellular POC
(E) and PIC (F) quotas on six coccolithophores: four strains of E. huxleyi (NZEH, 962, 70-3, and 124-3), G. oceanica (Go), and C. braarudii (Cb). The data
are presented as percent change between low (400 patm) and high (1000 gatm) CO,.

Table 2. Summary of two-way ANOVA examining the influence of genotype (coccolithophore species, E. huxleyi isolate, n = 6;

Table 1) and photoperiod (14 :

10 h vs. 24 h) upon the percentage change in response variable to elevated pCO, (see Methods

section for procedures describing pretest normalization). Significant outcomes and interactions are highlighted in bold.

Growth PIC per cell POC per cell PIC : POC Cell size
Source of variation df F p F p F p F p F p
Genotype 5 55.7 <0.001 27.1 <0.001 3.16 0.025 37.0 <0.001 2.67 0.047
Photoperiod 1 30.6 <0.001 3.81 0.060 5.35 0.030 38.8 <0.001 8.30 0.008
Genotype x photoperiod 5 4.19 0.007 12.6 <0.001 10.4 <0.001 2.35 0.072 2.70 0.045
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Fig. 2. Relationship between changes in cell size (A) and coccosphere thickness (B) with changes in growth rate (i) at elevated pCO, under two differ-
ent light : dark cycles for six coccolithophores: four strains of E. huxleyi (NZEH, 962, 70-3, and 124-3), G. oceanica (Go), and C. braarudii (Cb). The data
are presented as percent change between low (400 pxatm) and high (1000 gatm) CO,.

controlling the trends in ut.4 across all the studies included in the
analysis, though they only explained < 10% of the variance. Our
experimental data strongly indicated that E. huxleyi isolate was a
key source of variance in the relative response of u to elevated
pCO; (Fig. 1, above); therefore, we repeated this analysis for indi-
vidual E. huxleyi isolates where relatively large data sets were avail-
able (B92/11 and NZEH; see Supporting Information Table S4).
The BEST test analysis identified that both temperature (T) and
L : D cycle were significant variables in explaining the variance of
ut.a for B92/11 and NZEH. However, the MSR was not able to
incorporate all variables into a single model; only T for B92/11
and L : D cycle for NZEH were successfully incorporated, explain-
ing 38% and 54% of the observed variance, respectively.

In contrast to pt.a, PIC : POCr.s was consistently related to
elevated pCO, ([CO;lt.a) when considering all data (25.9%)
but also when considering data for only B92/11 (58%) or
NZEH (48%) (Table 3). Additionally, T was consistently identi-
fied as another important variable in explaining the variance
in PIC : POCrt.a. While the decline in PIC : POC with elevated
pCO, from our experiments varied substantially between
E. huxleyi isolates (Fig. 3), the regression slope of PIC : POCr.»
vs. [COgz]t.a for B11/92 was not significantly different from
that for NZEH (see Fig. 3 legend). However, overall, and in
contrast to our experimental data, photoperiod was not identi-
fied as a significant moderating variable in the response of
PIC : POC to pCO; in this wider data set.

Discussion

Both photoperiod and Ci availability are well recognized to
influence the productivity and growth of microalgae, including
coccolithophores (Nielsen 1997; Rost et al. 2006). However,
previous studies investigating an interactive role of photoperiod
with pCO, on a single isolate (E. huxleyi stain B92/11) did not

report any significant responses in terms of productivity or
growth (Rost et al. 2002, 2006; Zondervan et al. 2002). In con-
trast, our multifactorial experiment demonstrated a clear mod-
erating role for photoperiod upon elevated pCO, exposure for
several isolates/species. However, while some patterns were evi-
dent (i.e., decreased growth rates with elevated pCO, under the
shorter photoperiod), the interaction of pCO, and photoperiod
ultimately yielded a more complex set of responses among the
isolates. For E. huxleyi, such a trend is consistent with previous
evidence for substantial intraspecific variation (Langer
et al. 2006, 2009), whereas few studies have considered the iso-
lates included in our study. Together, our data indicated general
functional responses for Ci assimilation among isolates:

i. E. huxleyi stain RCC962 and G. oceanica: POC per cell (photo-
synthesis) increased and cells became larger, whereas PIC per
cell (calcification) decreased and coccospheres thinned under
elevated pCO, for the 14 : 10 h photoperiod. pCO,-driven
increases of photosynthesis and reductions of calcification
were exacerbated and dampened, respectively, under continu-
ous light. This was accompanied by larger cells and thicker
coccospheres for E. huxleyi stain RCC962 relative to smaller
cells and thinner coccospheres for G. oceanica.

ii. E. huxleyi stains 70-3, 124-3, and NZEH: photosynthesis and
calcification increased, cells became larger, and coccospheres
thickened with elevated pCO, for the 14 : 10 photoperiod.
pCO,-driven increases to photosynthesis and calcification
were lessened under continuous light, with cells becoming
smaller while coccospheres remained thickened.

iii. C. braarudii: photosynthesis and calcification increased but
cells became smaller with a thinner coccospheres under
elevated pCO, for the 14 : 10 h photoperiod. The same
response, except for unchanged calcification (PIC per cell),
was observed under elevated pCO, with continuous light.
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Fig. 3. Changes in growth rate (1) and calcification (PIC : POC) of strains of E. huxleyi (B11/92, NZEH, and all other strains) with changing pCO,
(A and B) and calcite saturation state (C and D). Data are from previously published works (see Supporting Information Table S3) and normalized to

control values (T = “treatment” values, A = “ambient” values).

In agreement with our original hypothesis, these functional
responses always led to an overall decrease in PIC : POC with
elevated pCO,, which was notably lessened when day length
was longer. We observed differences in the extent of this
response between isolates/taxa, which presumably reflects dif-
ferences in the strength of the CCM (Rost et al. 2002, 2006)
and/or mechanism of Ci acquisition for photosynthesis
and/or calcification (Rickaby et al. 2010; Meyer and Riebesell
2015). It is typically accepted that coccolithophores have an
inefficient Ci pump (Rost et al. 2003), but the vast majority of
this data comes from only examining E. huxleyi. This species
has a low affinity for external CO, and has been shown to uti-
lize bicarbonate (Zondervan et al. 2001; Rost et al. 2002;

Trimborn et al. 2007). E. huxleyi also has low or undetectable
carbonic anhydrase (CA) activity (Nimer et al. 1997). As such,
calcification has previously been proposed as a means of driv-
ing photosynthesis by directly providing CO, (Nimer and
Merrett 1996; Sikes et al. 2009).

Previous work has demonstrated that G. oceanica relies mostly
on simple diffusion of CO,, but sometimes utilizes external CAs
in a manner similar to E. huxleyi (see Rickaby et al. 2010). Our
observations of G. oceanica showing a generally (but not exclu-
sively) similar response to E. huxleyi stain RCC962 vs. the other
E. huxleyi isolates could indicate that these taxa fall across a spec-
trum of reliance upon external CAs and/or simple diffusion. In
contrast, carbon for both photosynthesis and calcification by

Table 3. Multivariate output between environmental variables and (i) growth rate or (i) PIC : POC. Environmental variables were tem-
perature (T), salinity (S), light intensity (E), photoperiod (L : D), nitrogen-to-phosphate ratio (N : P), total alkalinity (Ar), as well as E. hux-
leyi isolate (see Supporting Information Table S3). Values for pCO,, as well as the independent variables, were values normalized as the
pCO, treatment relative to pCO, control (ambient, T : A; see main text) and with all values = 1 removed to avoid weighting by ambient
data. The BEST match permutation test shown is that resulting in the highest correlation coefficient (p) from the resemblance matrices
of the environmental data; the variables identified were subsequently included in the MSR.

BEST MSR
Independent variable  Taxa (n=) P p Variables Model F ? p
HTA All (155) 0.182  <0.01 L:D,N:P (=0.0113 - L: D)+1.177 15.8 0.095  <0.001
B92 (55) 0.342  <0.05 L:D,T,N:P (0.0394-T) + 0.389 32.2 0.378  <0.001
NZEH (14) 0.425 0.103 T,E L:D (0.0259 - L : D)+0.557 14.0 0.539 0.003
PIC : POCr.p All (159) 0.200  <0.01 S, T, [COzlra  (=0.107 - [CO3}.A)+(0.017 - T)+0.768 27.1 0.259  <0.001
B92 (55) 0311 <0.05 T, [COzlra (=0.106 - [CO,}1.A)+(0.0595 - T)+1.991 354  0.576  <0.001
NZEH (20)  0.505  <0.01 T, [COz}ra (=0.041 - [CO,}r.a)+(0.0301 - T)+0.454 7.92  0.482 0.004
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C. braarudii is derived from one shared internal pool of DIC
actively transported into the cell, unless Cr concentrations are
high enough in the surrounding seawater for cells to rely on sim-
ple CO, diffusion (Rickaby et al. 2010). This perhaps explains
why this species responded differently to the other taxa tested
here. Unfortunately, without a full mechanistic analysis of the
carbon assimilation pathways amongst the different isolates,
resolving the underlying basis for these differences is not cur-
rently possible.

Light availability is known to affect Ci acquisition in
E. huxleyi, with both continuous light (Zondervan et al. 2001)
and high irradiances (Kottmeier et al. 2014; Zhang et al. 2015)
inhibiting HCO3™ uptake and resulting in a greater dependence
on CO, diffusion. Both CO, and high light have been reported
to interactively cause a H* driven inhibition of HCO3;™ uptake
(Kottmeier et al. 2016), which may explain why continuous
light appears to dampen the CO,-driven enhancement of POC
per cell (at least for the temperate isolates). Cells generally grew
more rapidly under continuous light (Supporting Information
Table S2), leading to a higher Ci requirement. However, the
reliance on CO, diffusion imposed by both continuous light
and elevated pCO, presumably does not allow an adequate Ci
supply to be maintained, since photosynthesis is not as
enhanced despite external Ci concentrations being high. At the
same time, PIC per cell either increased with CO, (E. huxleyi
stains NZEH, 70-3, and 124-3) or was at least not as impaired
by CO, as it was under the 14 : 10 h photoperiod (E. huxleyi
stain RCC962 and G. oceanica). This is possibly in order to use
H* generated by calcification to drive external CAs, a mecha-
nism previously observed in G. oceanica (Rickaby et al. 2010), as
a means of “overcoming” the imposed reliance on CO, diffu-
sion and keeping up with Ci demand.

The functional groupings we observed for the interactive
photoperiod-pCO, responses at face value appear to corre-
spond with biogeographic origin, i.e., “temperate” (E. huxleyi
stains NZEH, 70-3, and 124-3 and C. braarudii) vs. “tropical”
(E. huxleyi stain RCC962 and G. oceanica) isolated species (see
Table 1). Considerable phenotypic variability is known to exist
between isolates of E. huxleyi (Iglesias-Rodriguez et al. 2006;
Miiller et al. 2015), although past efforts have failed to fully
reconcile differences in isolate environmental history with OA
responses (Langer et al. 2009; Findlay et al. 2011; Blanco-
Ameijeiras et al. 2016). Furthermore, the previous pCO,
responses under both 14 : 10 h and continuous light regimes
for the temperate E. huxleyi strain B92/11 (Rost et al. 2002,
2006; Zondervan et al. 2002) are arguably more similar to
those for our “tropical” then “temperate” isolates.

A major potential source of variability underpinning our
observations is whether the experimental conditions (e.g.,
growth temperature and instantaneous irradiance) we exam-
ined confound direct comparisons of our observations across
taxa. While we see consistencies in trends across taxa with
two apparent functional groupings, we cannot determine
whether these reflect exposure to suboptimum or optimum
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growth conditions equally across all isolates. For example,
20°C is below the growth optimum (25°C) for G. oceanica
(Rhodes et al. 1995; Buitenhuis et al. 2008). Elevated tempera-
tures have also been reported to decrease PIC per cell in cocco-
lithophores (Langer et al. 2007; Feng et al. 2009) and
sometimes cause malformation in coccoliths (Gerecht et al.
2018), although this is not consistent across studies (Feng
et al. 2008; Sett et al. 2014). High irradiances may cause
greater sensitivity to CO, (e.g., G. oceanica), and can shift the
CO, optima for growth, calcification, and photosynthesis to
lower concentrations (Zhang et al. 2015). CO, sensitivity in
E. huxleyi has been shown to be dependent on photon flux
density, with CO, effects observable above 150 ymol m=2s7!
(Rost et al. 2002; Zondervan et al. 2002). In the current study,
cultures were maintained in ~ 150 ymol m~2 s}, and while
this is within the limits of typical saturating light levels for
E. huxleyi under ambient CO, conditions (Nimer and Merrett
1993), growth does not become inhibited until much higher
irradiances under high CO, conditions (Zhang et al. 2015).
Tong et al. (2016) demonstrated that G. oceanica PIC per cell is
highest in low light conditions (50 yumol m~2 s'), but daily
PIC production between 50 and 190 ymol m~2 s~! is not sig-
nificantly different. As such, the distinct response observed in
our two tropical isolates may in fact be driven by very differ-
ent suboptimal growth conditions compared to the temperate
isolates; i.e., the low growth temperature used generally induc-
ing higher sensitivity to CO,, which is then coupled with a
high light dose to induce the more inhibited growth observed
under continuous light.

Although we observed a significant interactive effect of photo-
period upon the pCO, response of y and PIC : POC (Fig. 1;
Table 2) across all isolates we examined, a strong moderating role
for photoperiod across our broader analysis of past studies was
not observed (Table 3; with the exception of NZEH growth rate).
Consistent with previous analyses, we also observed a general
negative trend of CO, on PIC : POC (Hendriks et al. 2010; Find-
lay et al. 2011), although with much heterogeneity between stud-
ies (Meyer and Riebesell 2015). This may reflect differences in
carbonate manipulation method across studies, which can signif-
icant impact on POC per cell (and hence PIC : POC) but not PIC
per cell (Meyer and Riebesell 2015), as well as differences in the
way pCO, is calculated (Hoppe et al. 2012). However, the lack of
covariance most likely highlights that different aspects of cocco-
lithophore physiology are sensitive to different characteristics of
the carbonate system (Bach et al. 2011, 2015; Meyer and Riebesell
2015), as observed in our controlled experiments across isolates.
The lack of evidence for a moderating role of photoperiod pre-
sumably reflects the extent with which it has varied (compared
to other factors regulating growth) across prior studies.

Our statistical models indicated that salinity and tempera-
ture appear to be significant factors driving the sensitivity of
PIC : POC (and light influencing growth rate) to elevated
pCO, (Table 3) across past studies. This could further support
the notion that the “tropical” vs. “temperate” responses



Bretherton et al.

observed during the culture experiments reflect different prox-
imities to environmental optima. Previous meta-analyses
showed that differences in nutrient regime and Ar (Findlay
et al. 2011), as well as the method of carbonate manipulation
(Meyer and Riebesell 2015), have a strong regulatory effect on
PIC : POC response to elevated CO,. These studies used smal-
ler data sets than the analysis presented here, which means
the range of variance for the factors included will be different
between studies. Photoperiod may not return as a significant
variable simply because it is modified to a much smaller
extent across experiments. Additionally, these analyses are
likely further confounded by differences in achieved growth
rates across studies, which can have a significant effect on
PIC : POC (Daniels et al. 2014).

In summary, our results demonstrate how differences in
photoperiod can alter the observed physiological responses to
pCO, in coccolithophores. Differences in functional response
between the tropical and temperate isolates may reflect subop-
timal growth conditions for E. huxleyi stain RCC962 and
G. oceanica, and thus further highlight how light and pCO,
availability interact to influence growth and productivity
depending on physiological optima to which cells are poised
to utilize resources. This underlines the need to further resolve
the complex nature of environmental optima such as light
(including L : D cycle; Zondervan et al. 2001), temperature
(Sett et al. 2014) and nutrient availability (Lefebvre et al. 2011;
Miiller et al. 2017) that different species and isolates are accli-
mated to and how these interact with CO, availability.

Our results have significant implications for predictions of the
response of coccolithophores to OA in the global ocean.
Although we have shown that coccolithophores will continue to
grow in future oceans, the way in which OA changes this growth
will be dependent on location, since natural L : D cycles are dic-
tated by latitude. The nature in which elevated CO, changed the
cellular organic and inorganic carbon content was dependent on
L : D cycle in our culture experiments, thus changes to biogeo-
chemical cycles (and in particular carbon cycling) as climate
change and OA progress will possibly be dependent on latitude.
Longer photoperiods dampened the overall impacts of elevated
CO,, which means that OA could have more negative impacts
closer to the equator, where L : D cycles do not fluctuate much
around 12 : 12 h. However, as sea surface temperatures increase,
phytoplankton have been migrating to higher latitudes (Thomas
et al. 2012), and tropical plankton species have been reported as
far north as the North Sea (Barnard et al. 2004) and the Arctic Cir-
cle (Bjerklund et al. 2012). Changes in day length as these popu-
lations move away from the equator may also provide some
refuge from the impacts of increasing pCO,, but it is important
to note that OA will progress much more rapidly at higher lati-
tudes (McNeil and Matear 2008). Our results further demonstrate
that a better understanding how other environmental variables
interact with elevated pCO, is needed to better predict how dif-
ferent areas of the global ocean will change over the coming
century.

10

Day length and coccolithophores

References

Bach, L. T., U. Riebesell, and K. G. Schulz. 2011. Distinguishing
between the effects of ocean acidification and ocean carbon-
ation in the coccolithophore Emiliania huxleyi. Limnol. Ocea-
nogr. 56: 2040-2050. doi:10.4319/10.2011.56.6.2040

Bach, L. T., L. C. M. Mackinder, K. G. Schulz, G. Wheeler, D. C.
Schroeder, C. Brownlee, and U. Riebesell. 2013. Dissecting the
impact of CO; and pH on the mechanisms of photosynthesis
and calcification in the coccolithophore Emiliania huxleyi.
New Phytol. 199: 121-134. doi:10.1111/nph.12225

Bach, L. T., U. Riebesell, M. A. Gutowska, L. Federwisch, and
K. G. Schulz. 2015. A unifying concept of coccolithophore
sensitivity to changing carbonate chemistry embedded in
an ecological framework. Prog. Oceanogr. 135: 125-138.
doi:10.1016/j.pocean.2015.04.012

Bach, L. T., T. Boxhammer, A. Larsen, N. Hildebrandt, K. G.
Schulz, and U. Riebesell. 2016. Influence of plankton com-
munity structure on the sinking velocity of marine aggre-
gates. Global Biogeochem. Cycles 30: 1145-1165. doi:
10.1002/2016GB005372

Barnard, R. T., S. Batten, G. Beaugrand, and others. 2004. Con-
tinuous plankton records: Plankton atlas of the North
Atlantic Ocean (1958-1999). II. Biogeographical charts.
Mar. Ecol. Prog. Ser. (Suppl.) 11-75.

Beaufort, L., M. Couapel, N. Buchet, H. Claustre, and C.
Goyet. 2007. Calcite production by coccolithophores in the
south East Pacific Ocean: From desert to jungle. Biogeos-
ciences 4: 3267-3299. doi:10.5194/bgd-4-3267-2007

Bjerklund, K. R., S. B. Kruglikova, and O. R. Anderson. 2012.
Modern incursions of tropical Radiolaria into the Arctic
Ocean. J. Micropalaeontol. 31: 139-158. doi:10.1144/
0262-821x11-030

Blanco-Ameijeiras, S., M. Lebrato, H. M. Stoll, D. Iglesias-
Rodriguez, M. N. Miiller, A. Méndez-Vicente, and A.
Oschlies. 2016. Phenotypic variability in the coccolitho-
phore Emiliania huxleyi. PLoS One 11: e0157697. doi:
10.1371/journal.pone.0157697

Bolton, C. T., and H. M. Stoll. 2013. Late Miocene threshold
response of marine algae to carbon dioxide limitation.
Nature 500: 558-562. doi:10.1038/nature12448

Brand, L. E. 1982. Genetic variability and spatial patterns of
genetic differentiation in the reproductive rates of the
marine coccolithophores Emiliania huxleyi and Gephyro-
capsa oceanica. Limnol. Oceanogr. 27: 236-245. doi:
10.4319/10.1982.27.2.0236

Buitenhuis, E. T., T. Pangerc, D. J. Franklin, C. Le Quéré, and
G. Malin. 2008. Growth rates of six coccolithophorid
strains as a function of temperature. Limnol. Oceanogr. §3:
1181-1185. doi:10.4319/10.2008.53.3.1181

Carmen Alvarez, M., F. Ornella Amore, L. L. Cros, and others.
2010. Coccolithophore biogeography in the Mediterranean
Iberian margin. Rev. Espafiola Micropaleontol. 42:
359-371.


info:doi/10.4319/lo.2011.56.6.2040
info:doi/10.1111/nph.12225
info:doi/10.1016/j.pocean.2015.04.012
info:doi/10.1002/2016GB005372
info:doi/10.5194/bgd-4-3267-2007
info:doi/10.1144/0262-821x11-030
info:doi/10.1144/0262-821x11-030
info:doi/10.1371/journal.pone.0157697
info:doi/10.1038/nature12448
info:doi/10.4319/lo.1982.27.2.0236
info:doi/10.4319/lo.2008.53.3.1181

Bretherton et al.

Daniels, C. J., R. M. Sheward, and A. ]J. Poulton. 2014. Biogeo-
chemical implications of comparative growth rates of Emi-
liania huxleyi and Coccolithus species. Biogeosciences 11:
6915-6925. doi:10.5194/bg-11-6915-2014

Daniels, C. J., A. Poulton, ]J. Young, M. Esposito, M.
Humphreys, M. Ribas-Ribas, E. Tynan, and T. Tyrrell. 2016.
Species-specific calcite production reveals Coccolithus pelagi-
cus as the key calcifier in the Arctic Ocean. Mar. Ecol. Prog.
Ser. 555: 29-47. doi:10.3354/meps11820

Diner, R. E., I. Benner, U. Passow, T. Komada, E. ]J. Carpenter,
and J. H. Stillman. 2015. Negative effects of ocean acidifica-
tion on calcification vary within the coccolithophore genus
Calcidiscus. Mar. Biol. 162: 1287-1305. doi:10.1007/
$00227-015-2669-x

Feng, Y., M. E. Warner, Y. Zhang, J. Sun, F. X. Fu, ]J. M. Rose,
and D. A. Hutchins. 2008. Interactive effects of increased
pCO,, temperature and irradiance on the marine cocco-
lithophore Emiliania huxleyi (Prymnesiophyceae). Eur.
J. Phycol. 43: 87-98. do0i:10.1080/09670260701664674

Feng, Y., C. E. Hare, K. Leblanc, and others. 2009. Effects of
increased pCO, and temperature on the North Atlantic
spring bloom. I. The phytoplankton community and bio-
geochemical response. Mar. Ecol. Prog. Ser. 388: 13-25.
doi:10.3354/meps08133

Feng, Y., M. Y. Roleda, E. Armstrong, P. W. Boyd, and C. L.
Hurd. 2017. Environmental controls on the growth, photo-
synthetic and calcification rates of a southern hemisphere
strain of the coccolithophore Emiliania huxleyi. Limnol.
Oceanogr. 62: 519-540. doi:10.1002/Ino0.10442

Findlay, H. S., P. Calosi, and K. Crawfurd. 2011. Determi-
nants of the PIC : POC response in the coccolithophore
Emiliania huxleyi under future ocean acidification scenar-
ios. Limnol. Oceanogr. 56: 1168-1178. doi:10.4319/
10.2011.56.3.1168

Fiorini, S., J. J. Middelburg, and J. P. Gattuso. 2011. Effects of
elevated CO, partial pressure and temperature on the coc-
colithophore Syracosphaera pulchra. Aquat. Microb. Ecol.
64: 221-232. doi:10.3354/ame01520

Franklin, D. J., M. Steinke, J. Young, 1. Probert, and G. Malin.
2010. Dimethylsulphoniopropionate (DMSP), DMSP-lyase
activity (DLA) and dimethylsulphide (DMS) in 10 species of
coccolithophore. Mar. Ecol. Prog. Ser. 410: 13-23. doi:
10.3354/meps08596

Fukuda, S., Y. Suzuki, and Y. Shiraiwa. 2014. Difference in
physiological responses of growth, photosynthesis and cal-
cification of the coccolithophore Emiliania huxleyi to acidi-
fication by acid and CO, enrichment. Photosynth. Res.
121: 299-309. doi:10.1007/s11120-014-9976-9

Gao, K., J. Xu, G. Gao, and others. 2012. Rising CO, and
increased light exposure synergistically reduce marine primary
productivity. Nat. Clim. Change 2: 519-523. doi:10.1038/
nclimate1507

Gattuso, J.-P.,, and H. Lavigne. 2009. Technical note:
Approaches and software tools to investigate the impact of

11

Day length and coccolithophores

ocean acidification. Biogeosciences 6: 2121-2133. doi:
10.5194/bg-6-2121-2009

Gerecht, A. C,, L. §upraha, G. Langer, and J. Henderiks. 2018.
Phosphorus limitation and heat stress decrease calcification
in Emiliania huxleyi. Biogeosciences 15: 833-845. doi:
10.5194/bg-15-833-2018

Guillard, R. R. 1975. Culture of phytoplankton for feeding
marine invertebrates. In Culture of marine invertebrate ani-
mals (pp. 29-60). Springer, Boston, MA.

Hendriks, I. E., C. M. Duarte, and M. Alvarez. 2010. Vulnera-
bility of marine biodiversity to ocean acidification: A meta-
analysis. Estuar. Coast. Shelf Sci. 86: 157-164. doi:10.1016/
j.ecss.2009.11.022

Hoppe, C. J. M., G. Langer, and B. Rost. 2011. Emiliania huxleyi
shows identical responses to elevated pCO, in TA and DIC
manipulations. ]J. Exp. Mar. Biol. Ecol. 406: 54-116. doi:
10.1016/j.jembe.2011.06.008

Hoppe, C. ]J. M., G. Langer, S. D. Rokitta, D. A. Wolf-Gladrow,
and B. Rost. 2012. Implications of observed inconsistencies
in carbonate chemistry measurements for ocean acidifica-
tion studies. Biogeosciences 9: 2401-2405. doi:10.5194/bg-
9-2401-2012

Iglesias-Rodriguez, M. D., and others. 2006. Intraspecific
genetic diversity in the marine coccolithophore Emiliania
huxleyi (Prymnesiophyceae): The use of microsatellite anal-
ysis in marine phytoplankton population studies. J. Phycol.
42: 526-536. doi:10.1111/j.1529-8817.2006.00231.x

IPCC, 2014. Climate Change 2014: Synthesis Report. Contri-
bution of Working Groups I, II and III to the Fifth Assess-
ment Report of the Intergovernmental Panel on Climate
Change [Core Writing Team, R.K. Pachauri and L.A. Meyer
(eds.)]. IPCC, Geneva, Switzerland, 151 pp.

Jin, P, K. S. Gao, Y. P. Wu, G. Li, H. Y. Wu, V. E. Villafane,
and E. W. Helbling. 2013. Solar UV radiation drives CO,
fixation in marine phytoplankton: A double-edged sword.
Plant Physiol. 144: 54-59. doi:10.1104/pp.107.098491

Jin, P, J. Ding, T. Xing, U. Riebesell, and K. Gao. 2017. High
levels of solar radiation offset impacts of ocean acidification
on calcifying and non-calcifying strains of Emiliania huxleyi.
Mar. Ecol. Prog. Ser. 5§68: 47-58. doi:10.3354/meps12042

Klaas, C., and D. E. Archer. 2002. Association of sinking organic
matter with various types of mineral ballast in the deep sea:
Implications for the rain ratio. Global Biogeochem. Cycles
16: 63-1-63-14. doi:10.1029/2001GB001765

Kottmeier, D. M., S. D. Rokitta, P. D. Tortell, and B. Rost.
2014. Strong shift from HCO3;~ to CO, uptake in Emiliania
huxleyi with acidification: New approach unravels acclima-
tion versus short-term pH effects. Photosynth. Res. 121:
265-275. doi:10.1007/s11120-014-9984-9

Kottmeier, D. M., S. D. Rokitta, and B. Rost. 2016. H"-driven
increase in CO, uptake and decrease in HCOj3;~ uptake
explain coccolithophores’ acclimation responses to ocean
acidification. Limnol. Oceanogr. 61: 2045-2057. doi:
10.1002/In0.10352


info:doi/10.5194/bg-11-6915-2014
info:doi/10.3354/meps11820
info:doi/10.1007/s00227-015-2669-x
info:doi/10.1007/s00227-015-2669-x
info:doi/10.1080/09670260701664674
info:doi/10.3354/meps08133
info:doi/10.1002/lno.10442
info:doi/10.4319/lo.2011.56.3.1168
info:doi/10.4319/lo.2011.56.3.1168
info:doi/10.3354/ame01520
info:doi/10.3354/meps08596
info:doi/10.1007/s11120-014-9976-9
info:doi/10.1038/nclimate1507
info:doi/10.1038/nclimate1507
info:doi/10.5194/bg-6-2121-2009
info:doi/10.5194/bg-15-833-2018
info:doi/10.1016/j.ecss.2009.11.022
info:doi/10.1016/j.ecss.2009.11.022
info:doi/10.1016/j.jembe.2011.06.008
info:doi/10.5194/bg-9-2401-2012
info:doi/10.5194/bg-9-2401-2012
info:doi/10.1111/j.1529-8817.2006.00231.x
info:doi/10.1104/pp.107.098491
info:doi/10.3354/meps12042
info:doi/10.1029/2001GB001765
info:doi/10.1007/s11120-014-9984-9
info:doi/10.1002/lno.10352

Bretherton et al.

Langer, G., M. Geisen, K.-H. Baumann, ]. Klas, U. Riebesell, S.
Thoms, and J. Young. 2006. Species-specific responses of
calcifying algae to changing seawater carbonate chemistry.
Geochem. Geophys. Geosys. 7: Q09006. doi:10.1029/
2005GC001227

Langer, G., N. Gussone, G. Nehrke, U. Riebesell, A.
Eisenhauer, and S. Thoms. 2007. Calcium isotope fraction-
ation during coccolith formation in Emiliania huxleyi: Inde-
pendence of growth and calcification rate. Geochem.
Geophys. Geosyst. 8: Q05007. doi:10.1029/2006GC001422

Langer, G., G. Nehrke, 1. Probert, J. Ly, and P. Ziveri. 2009.
Strain-specific responses of Emiliania huxleyi to changing
seawater carbonate chemistry. Biogeosci. Discuss. 6:
4361-4383. doi:10.5194/bgd-6-4361-2009

Lefebvre, S. C., I. Benner, J. H. Stillman, and others. 2011.
Nitrogen source and pCO, synergistically affect carbon allo-
cation, growth and morphology of the coccolithophore
Emiliania huxleyi: Potential implications of ocean acidifica-
tion for the carbon cycle. Glob. Chang. Biol. 18: 493-503.
do0i:10.1111/j.1365-2486.2011.02575.x

Lohbeck, K. T., U. Riebesell, and T. B. H. Reusch. 2012. Adaptive
evolution of a key phytoplankton species to ocean acidifica-
tion. Nat. Geosci. 5: 346-351. d0i:10.1038/ngeo1441

Longhurst, A., S. Sathyendranath, T. Platt, and C. Caverhill.
1995. An estimate of global primary production in the
ocean from satellite radiometer data. J. Plankton Res. 17:
1245-1271. doi:10.1093/plankt/17.6.1245

McCarthy, A., S. P. Rogers, S. J. Duffy, and D. A. Campbell. 2012.
Elevated carbon dioxide differentially alters the photophysiol-
ogy of Thalassiosira pseudonana (Bacillariophyceae) and Emi-
liania huxleyi (Haptophyta). J. Phycol. 48: 635-646. doi:
10.1111/j.1529-8817.2012.01171.x

McNeil, B. I., and R. Matear. 2008. Southern Ocean acidifica-
tion: A tipping point at 450-ppm atmospheric CO2. Proc.
Natl. Acad. Sci. USA 105: 18860-18864. doi:10.1073/
pnas.0806318105

Meyer, J., and U. Riebesell. 2015. Reviews and syntheses:
Responses of coccolithophores to ocean acidification: A
meta-analysis. Biogeosciences 12: 1671-1682. doi:10.5194/
bg-12-1671-2015

Miiller, M. N., T. W. Trull, and G. M. Hallegraeff. 2015. Differ-
ing responses of three Southern Ocean Emiliania huxleyi
ecotypes to changing seawater carbonate chemistry. Mar.
Ecol. Prog. Ser. §31: 81-90. doi:10.3354/meps11309

Miiller, M. N., T. W. Trull, and G. M. Hallegraeff. 2017. Inde-
pendence of nutrient limitation and carbon dioxide
impacts on the Southern Ocean coccolithophore Emilia-
nia huxleyi. ISME ]J. 11: 1777-1787. doi:10.1038/
ismej.2017.53

Nielsen, M. V. 1997. Growth, dark respiration and photosyn-
thetic parameters of the coccolithophorid Emiliania huxleyi
(Prymnesiophyceae) acclimated to different day length-
irradiance combinations. J. Phycol. 33: 818-822. doi:
10.1111/j.0022-3646.1997.00818.x

12

Day length and coccolithophores

Nimer, N. A., and M. J. Merrett. 1993. Calcification rate in
Emiliania huxleyi (Lohmann) in response to light, nitrate
and availability of inorganic carbon. New Phytol. 123:
673-677.doi:10.1111/j.1469-8137.1993.tb03776.x

Nimer, N. A, and M. J. Merrett. 1996. The development of a
CO,-concentrating mechanism in Emiliania huxleyi. New Phy-
tol. 133: 383-389. doi:10.1111/j.1469-8137.1996.tb01905.x

Nimer, N. A., M. D. Iglesias-Rodriguez, and M. J. Merrett.
1997. Bicarbonate utilization by marine phytoplankton
species. J. Phycol. 33: 625-631. doi:10.1111/j.0022-
3646.1997.00625.x

Pierrot, D., E. Lewis, and D. W. R. Wallace. 2006. MS excel
program developed for CO, system calculations. ORNL/C-
DIAC-105a. Carbon Dioxide Information Analysis Center,
Oak Ridge National Laboratory, US Department of Energy.
doi:10.1074/jbc.M606015200

Poulton, A.]., S. C. Painter, J. R. Young, N. R. Bates, B. Bowler,
D. Drapeau, E. Lyczsckowski, and W. M. Balch. 2013.
The 2008 Emiliania huxleyi bloom along the Patagonian
shelf: Ecology, biogeochemistry, and cellular calcification.
Global Biogeochem. Cycles 27: 1023-1033. doi:10.1002/
2013GB004641

Rhodes, L. L., B. M. Peake, A. L. MacKenzie, and S. Marwick.
1995. Coccolithophores Gephyrocapsa oceanica and Emilia-
nia huxleyi (Prymnesiophyceae Haptophyceae) in
New Zealand'’s coastal waters: Characteristics of blooms and
growth in laboratory culture. N. Z. J. Mar. Freshw. Res. 29:
345-357. doi:10.1080/00288330.1995.9516669

Richier, S., E. P. Achterberg, C. Dumousseaud, A. J. Poulton,
D. J. Suggett, T. Tyrrell, M. V. Zubkov, and C. M. Moore.
2014. Carbon cycling and phytoplankton responses within
highly-replicated shipboard carbonate chemistry manipula-
tion experiments conducted around northwest European
shelf seas. Biogeosci. Discuss. 11: 3489-3534. doi:10.5194/
bgd-11-3489-2014

Rickaby, R. E. M., J. Henderiks, and J. N. Young. 2010. Perturb-
ing phytoplankton: Response and isotopic fractionation
with changing carbonate chemistry in two coccolithophore
species. Clim. Past 6: 771-785. d0i:10.5194/cp-6-771-2010

Ridgwell, A., D. N. Schmidt, C. Turley, C. Brownlee, M. T.
Maldonado, P. D. Tortell, and J. Young. 2009. From labora-
tory manipulations to earth system models: Scaling calcifi-
cation impacts of ocean acidification. Biogeosciences 6:
2611-2623. doi:10.5194/bg-6-2611-2009

Riebesell, U. 2004. Effects of CO, enrichment on marine phy-
toplankton. J. Oceanogr. 60: 719-729. doi:10.1007/
s10872-004-5764-z

Rokitta, S. D., and B. Rost. 2012. Effects of CO, and their mod-
ulation by light in the life-cycle stages of the coccolitho-
phore Emiliania huxleyi. Limnol. Oceanogr. 2012: 607-618.
doi:10.4319/10.2012.57.2.0607

Rost, B., U. Riebesell, S. Burkhardt, and D. Sultemeyer. 2003. Car-
bon acquisition of bloom-forming marine phytoplankton.
Limnol. Oceanogr. 48: 55-67. doi:10.4319/10.2003.48.1.0055


info:doi/10.1029/2005GC001227
info:doi/10.1029/2005GC001227
info:doi/10.1029/2006GC001422
info:doi/10.5194/bgd-6-4361-2009
info:doi/10.1111/j.1365-2486.2011.02575.x
info:doi/10.1038/ngeo1441
info:doi/10.1093/plankt/17.6.1245
info:doi/10.1111/j.1529-8817.2012.01171.x
info:doi/10.1073/pnas.0806318105
info:doi/10.1073/pnas.0806318105
info:doi/10.5194/bg-12-1671-2015
info:doi/10.5194/bg-12-1671-2015
info:doi/10.3354/meps11309
info:doi/10.1038/ismej.2017.53
info:doi/10.1038/ismej.2017.53
info:doi/10.1111/j.0022-3646.1997.00818.x
info:doi/10.1111/j.1469-8137.1993.tb03776.x
info:doi/10.1111/j.1469-8137.1996.tb01905.x
info:doi/10.1111/j.0022-3646.1997.00625.x
info:doi/10.1111/j.0022-3646.1997.00625.x
info:doi/10.1074/jbc.M606015200
info:doi/10.1002/2013GB004641
info:doi/10.1002/2013GB004641
info:doi/10.1080/00288330.1995.9516669
info:doi/10.5194/bgd-11-3489-2014
info:doi/10.5194/bgd-11-3489-2014
info:doi/10.5194/cp-6-771-2010
info:doi/10.5194/bg-6-2611-2009
info:doi/10.1007/s10872-004-5764-z
info:doi/10.1007/s10872-004-5764-z
info:doi/10.4319/lo.2012.57.2.0607
info:doi/10.4319/lo.2003.48.1.0055

Bretherton et al.

Rost, B., I. Zondervan, and U. Riebesell. 2002. Light-dependent
carbon isotope fractionation in the coccolithophorid Emi-
liania huxleyi. Limnol. Oceanogr. 47: 120-128. doi:
10.4319/10.2002.47.1.0120

Rost, B., U. Riebesell, D. Sultemeyer, and D. Siiltemeyer. 2006.
Carbon acquisition of marine phytoplankton: Effect of
photoperiod length. Limnol. Oceanogr. §1: 12-20. doi:
10.4319/10.2006.51.1.0012

Rouco, M. M., O. Branson, M. Lebrato, and M. D. Iglesias-
Rodriguez. 2013. The effect of nitrate and phosphate
availability on Emiliania huxleyi (NZEH) physiology under
different CO, scenarios. Front. Microbiol. 4: 155. doi:155
10.3389/fmicb.2013.00155

Sett, S., L. T. Bach, K. G. Schulz, S. Koch-Klavsen, M. Lebrato,
and U. Riebesell. 2014. Temperature modulates coccolitho-
phorid sensitivity of growth, photosynthesis and calcifica-
tion to increasing seawater pCO,. PLoS One 9: e88308. doi:
10.1371/journal.pone.0088308

Shadwick, E. H., T. W. Trull, H. Thomas, and J. A. E. Gibson.
2013. Vulnerability of polar oceans to anthropogenic acidi-
fication: Comparison of Arctic and Antarctic seasonal
cycles. Sci. Rep. 3: 2339. doi:10.1038/srep02339

Sikes, C. S., R. D. Roer, and K. M. Wilbur. 2009. Photosynthe-
sis and coccolith formation: Inorganic carbon sources and
net inorganic reaction of deposition. Limnology 25:
248-261. doi:10.4319/10.1980.25.2.0248

Suggett, D. J., L. F. Dong, T. Lawson, E. Lawrenz, L. Torres,
and D. J. Smith. 2013. Light availability determines suscep-
tibility of reef building corals to ocean acidification. Coral
Reefs 32: 327-337. doi:10.1007/s00338-012-0996-7

Taylor, A. R., C. Brownlee, and G. Wheeler. 2017. Coccolitho-
phore cell biology: Chalking up Progress. Ann. Rev. Mar. Sci.
9: 283-310. doi:10.1146/annurev-marine-122414-034032

Thomas, M. K., C. T. Kremer, C. A. Klausmeier, and E.
Litchman. 2012. A global pattern of thermal adaptation in
marine phytoplankton. Science 338: 1085-1088. doi:
10.1126/science.1224836

Tong, S., D. A. Hutchins, F. Fu, and K. Gao. 2016. Effects of
varying growth irradiance and nitrogen sources on calcifica-
tion and physiological performance of the coccolithophore

13

Day length and coccolithophores

Gephyrocapsa oceanica grown under nitrogen limitation.
Limnol. Oceanogr. 61: 2234-2242. doi:10.1002/In0.10371
Trimborn, S., G. Langer, and B. Rost. 2007. Effect of varying
calcium concentrations and light intensities on calcifica-
tion and photosynthesis in Emiliania huxleyi. Limnol. Ocea-
nogr. 52: 2285-2293. doi:10.4319/10.2007.52.5.2285
Young, J. R. 1994. Variation in Emiliania huxleyi coccolith
morphology in samples from the Norwegian EHUX
experiment, 1992. Sarsia 79: 417-425. doi:10.1080/
00364827.1994.10413573
Zhang, Y., L. T. Bach, K. G. Schulz, and U. Riebesell. 2015. The
modulating effect of light intensity on the response of the
coccolithophore Gephyrocapsa oceanica to ocean acidification.
Limnol. Oceanogr. 60: 2145-2157. doi:10.1002/Ino.10161
Zondervan, 1., R. E. Zeebe, B. Rost, and U. Riebesell. 2001.
Decreasing marine biogenic calcification: A negative feed-
back on rising atmospheric pCO,. Global Biogeochem.
Cycles 15: 507-516. doi:10.1029/2000GB001321
Zondervan, I., B. Rost, and U. Riebesell. 2002. Effect of CO,
concentration on the PIC/POC ratio in the coccolithophore
Emiliania huxleyi grown under light-limiting conditions
and different daylengths. J. Exp. Mar. Biol. Ecol. 272:
55-70. doi:10.1016/S0022-0981(02)00037-0

Acknowledgments

We thank Tania Cresswell-Maynard and Phillip Davey at the University
of Essex for their technical support throughout this study. Funding was
provided by the National Environmental Research Council (NERC grant
NE/HO017062/1 to T.L. and D.).S., including an “ocean acidification” HDR
scholarship to L.B.), with addition support to D.].S. through an Australian
Research Council (ARC) Future Fellowship FT130100202 in preparation of
the manuscript.

Conflict of Interest

None declared.

Submitted 27 March 2018
Revised 27 July 2018
Accepted 11 December 2018

Associate editor: Heidi Sosik


info:doi/10.4319/lo.2002.47.1.0120
info:doi/10.4319/lo.2006.51.1.0012
info:doi/10.3389/fmicb.2013.00155
info:doi/10.1371/journal.pone.0088308
info:doi/10.1038/srep02339
info:doi/10.4319/lo.1980.25.2.0248
info:doi/10.1007/s00338-012-0996-7
info:doi/10.1146/annurev-marine-122414-034032
info:doi/10.1126/science.1224836
info:doi/10.1002/lno.10371
info:doi/10.4319/lo.2007.52.5.2285
info:doi/10.1080/00364827.1994.10413573
info:doi/10.1080/00364827.1994.10413573
info:doi/10.1002/lno.10161
info:doi/10.1029/2000GB001321
info:doi/10.1016/S0022-0981(02)00037-0

	 Day length as a key factor moderating the response of coccolithophore growth to elevated pCO2
	Methods
	Strain selection and culture conditions
	Controlling and monitoring the carbonate system
	Data treatment and analysis
	E. huxleyi database

	Results
	Experimental conditions
	Growth and carbon assimilation
	Broader data analysis for E. huxleyi

	Discussion
	References
	Acknowledgments

	Conflict of Interest




