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Abstract

Rising ocean temperatures will likely increase stratification of the water column and
reduce nutrient input into the photic zone. This will increase the likelihood of nutrient
limitation in marine microalgae, leading to changes in the abundance and composi-
tion of phytoplankton communities, which in turn will affect global biogeochemical cy-
cles. Calcifying algae, such as coccolithophores, influence the carbon cycle by fixing
CO, into particulate organic carbon (POC) through photosynthesis and into particulate
inorganic carbon (PIC) through calcification. As calcification produces a net release
of CO,, the ratio of PIC/POC determines whether coccolithophores act as a source
(PIC/POC > 1) or a sink (PIC/POC < 1) of atmospheric CO,. We studied the effect of
phosphorus (P-) limitation and temperature stress on the physiology and PIC/POC
ratios of two subspecies of Coccolithus pelagicus. This large and heavily calcified
species (PIC/POC generally > 1.5) is a major contributor to calcite export from the
photic zone into deep-sea reservoirs. Phosphorus limitation did not influence exponen-
tial growth rates in either subspecies, but P-limited cells had significantly lower cellular
P-content. A 5°C temperature increase did not affect exponential growth rates either,
but nearly doubled cellular P-content under both high and low phosphate availability.
The PIC/POC ratios did not differ between P-limited and nutrient-replete cultures, but
at elevated temperature (from 10 to 15°C) PIC/POC ratios decreased by 40-60 %.
Our results suggest that elevated temperature may intensify P-limitation due to a higher
P-requirement to maintain growth and POC production rates, possibly reducing abun-
dances in a warmer ocean. Under such a scenario C. pelagicus may decrease its cal-
cification rate relative to photosynthesis, resulting in PIC/POC ratios < 1 and favouring
CO,-sequestration over release. Phosphorus limitation by itself is unlikely to cause
changes in the PIC/POC ratio in this species.
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1 Introduction

Coccolithophores represent a prominent functional group of marine phytoplankton and
are major contributors to the carbon cycle. These eukaryotic microalgae fix CO, into
particulate organic carbon (POC) through photosynthesis and into particulate inorganic
carbon (PIC) through calcification. Although removing carbon from seawater, the pro-
duction of calcite scales (coccoliths) is a net source of CO, to the environment (Gattuso
et al., 1995; Rost and Riebsell, 2004). Therefore, the ratio of calcification to photosyn-
thesis (PIC/POC ratio) determines whether coccolithophores act as a source or sink
of atmospheric CO, (Balch et al., 1991; Holligan et al., 1993; Buitenhuis et al., 1996).
The ballasting of organic matter (POC) by coccoliths (PIC) is believed to be an efficient
way of transporting carbon out of the photic zone (Armstrong et al., 2002; Klaas and
Archer, 2002), contributing to the drawdown of atmospheric CO, on longer time scales.
In carbon cycle models, the PIC/POC ratio is therefore used as a measure for carbon
export into sedimentary reservoirs (Archer, 1991; Ridgwell et al., 2009).

Various environmental factors affect POC and PIC production in coccolithophores.
Elevated CO, may increase photosynthesis (Beardall and Raven, 2004) whereas calci-
fication is generally reduced at higher CO,-concentrations (Riebesell et al., 2000; Feng
et al., 2008; Findlay et al., 2011; Krug et al., 2011). Rising ocean temperatures may
directly impact POC and PIC production in coccolithophores (Paasche, 2002) and in-
crease the likelihood of nutrient limitation via a more stratified water column (Sarmiento
etal., 2004). To accurately model the effect of a changing climate on ocean-atmosphere
CO,-exchange, it is important to constrain the PIC/POC ratio of coccolithophores. In
the cosmopolitan species Emiliania huxleyi, nutrient limitation has been shown to in-
crease PIC/POC ratios (e.g. Paasche and Brubak, 1994; Paasche, 1998; Riegman
et al., 2000), whereas a recent study by Langer et al. (2012) showed PIC/POC ratios
in Calcidiscus leptoporus to be insensitive to nutrient limitation. Given the species-
specific response to ocean acidification (Langer et al., 2006; Krug et al., 2011), it is
necessary to examine more species and lineages of coccolithophores to gain a more
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general view of the possible responses of coccolithophores to changing nutrient avail-
ability.

Coccolithus pelagicus (Wallich) Schiller, 1930 is one of the largest and most heavily
calcified extant coccolithophores with PIC/POC ratios generally > 1.5 (Langer et al.,
2006; Krug et al., 2011) and calcite weights of individual coccoliths at least two or-
ders of magnitude larger than those of coccoliths produced by the smaller E. huxleyi
(Beaufort and Heussner, 1999; Young and Ziveri, 2000; Cubillos et al., 2012). Hence,
this species is an important contributor to calcite export into the sediments (Broerse
et al., 2000). As C. pelagicus calcifies above unity (PIC/POC ratio > 1), CO,-release
to the environment should be favoured over CO,-sequestration and blooms of this
species may be a potential source of CO, to the atmosphere. We investigated the
combined effect of phosphorus (P-) limitation and elevated temperature on the phys-
iology, elemental quotas, and PIC/POC ratio of this species. Coccolithus pelagicus
is divided into two morphotypes on the basis of heterococcolith size (Geisen et al.,
2002; Saez et al., 2003). We here use the division of the two morphotypes into sub-
species, Coccolithus pelagicus ssp. braarudii (Gaarder) Geisen et al., 2002 and Coc-
colithus pelagicus ssp. pelagicus, according to Geisen et al. (2002), but genetic info-
mation suggests that they are separated at the species level (Saez et al., 2003). The
subarctic morphotype C. pelagicus ssp. pelagicus can form substantial blooms in the
North Atlantic and North Pacific regions (e.g. Winter et al., 1994; Ziveri et al., 2004),
while the temperate morphotype C. pelagicus ssp. braarudii is common in coastal up-
welling regions of the Northeast and Southeast Atlantic (e.g. Cachdo and Moita, 2000;
Henderiks et al., 2012). One strain of each subspecies was grown in batch culture un-
der phosphate-limited and nutrient-replete conditions and at two temperatures for ssp.
pelagicus to test for physiological differences between the two subspecies. Calcification
was evaluated by PIC quota of cells, individual coccolith volumes and the occurrence
of coccolith malformations. Growth rate and POC quota of cells were determined to
monitor POC production.
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2 Methods
2.1 Experimental design

Two strains of C. pelagicus were obtained from the Roscoff Culture Collection. Strain
RCC1200 is a clone of C. pelagicus ssp. braarudii and was isolated from the South
Atlantic offshore Namibia. Strain J23 is a clone of C. pelagicus ssp. pelagicus and was
isolated from the North Atlantic near Scotland. Clonal batch cultures were grown in
triplicate in sterile-filtered K/2 (Tris, —Si) medium (Keller et al., 1987; with modifica-
tions recommended by |. Probert) at two initial phosphate concentrations. Aged natural
sea water from the Oslofjord was enriched with 160 uM nitrate and phosphate concen-
trations of either 10 uM (high-P treatment) or 1 uM (low-P treatment). Low-P cultures
were expected to become P-limited, whereas the high-P control treatment ensured ex-
ponential nutrient-replete growth throughout the experiment. Trace metal and chelator
enrichments corresponded to K/2 medium with the following modifications: omission
of Tris and Si, addition of NiCl, ¢6H,0O (3.14 nM), and increase of EDTA-concentrations
(5.85 uM). Vitamins were added according to /2 medium (Guillard, 1975). Each sub-
species was cultured near its respective isolation temperature, ssp. braarudii at 15°C
and spp. pelagicus at 10°C. The latter was also subjected to high-P and low-P treat-
ments at elevated temperature (15 °C).

Cells were acclimated to culture conditions for at least 10 generations before starting
the experiment. Cultures were kept in culture flasks (350 mL, BD Biosciences, USA) in
an environmental test chamber (MLR-350, Panasonic, Japan) on a 12:12h light:dark
cycle at an irradiance of ~ 100 umol photons m~2s~'. Culture flasks were agitated
manually on a daily basis. Two paired experiments (high-P and low-P treatments) of
three replicate cultures each were carried out for ssp. braarudii (15°C) and ssp. pelag-
icus (10°C). Additionally, one paired high-P and low-P experiment was performed in
triplicate with ssp. pelagicus at 15°C. Low-P cultures were sampled upon reaching
stationary phase, here defined as zero growth rate, and high-P cultures were sampled
at similar cell densities while still in exponential phase. This sampling method ensured
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similar carbonate chemistry between the treatments. Cell densities were determined
daily on an electronic particle counter (CASY, Roche Diagnostics, Switzerland) two
hours after the onset of the light phase. Exponential growth rates (u,,.x) were calcu-
lated by linear regression of cell densities in exponential phase over time.

High-P and low-P culture media were sampled for initial chemistry (7,, Table 1). Upon
sampling the cultures, growth media were again sampled to analyse carbonate chem-
istry parameters and residual phosphate concentrations at time of sampling (Tsamples
Table 1). Culture samples were collected for elemental analysis (particulate organic
phosphorus (POP), particulate nitrogen (PN), particulate organic carbon (POC), and
total particulate carbon (TPC)), for morphological analysis of coccoliths by polarized
light (POL), and for measuring coccosphere diameters, coccolith coverage, and coc-
colith malformations by scanning electron microscopy (SEM).

2.2 Medium chemistry
2.2.1 Residual phosphate

Culture medium was sterile filtered (0.2 um, Filtropur) into plastic scintillation vials
(Kartell, Germany) and stored at —20 °C until analysis. Orthophosphate concentrations
were determined colorimetrically on a spectrophotometer (UV 2550, Shimadzu, Japan)
as molybdate reactive phosphate following Murphy and Riley (1962) with a precision of
+4 %. Residual phosphate concentrations near or below the detection limit (~ 0.05 uM)
confirmed that low-P cultures were P-limited upon sampling (7szmpie, Table 1), whereas
phosphate concentrations of high-P cultures remained > 6 pM.

2.2.2 Carbonate chemistry

Samples for total alkalinity (A7) and pH were filtered through GF/F-filters (Whatman,
GE Healthcare, UK), stored airtight at 4°C and analysed within 24 h. A; was calcu-
lated from Gran plots (Gran, 1952) after duplicate potentiometric titration using an
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automatic titrator (TTA 80 Titration assembly, Radiometer, Denmark) or manual titra-
tion with a precision of +5%. The pH was measured by a combined electrode (Red
Rod, Radiometer, Denmark) which was two-point calibrated to NBS scale (precision
+0.4 %). The carbonate system was calculated using the program CO2sys (version
2.1 developed for MS Excel by D. Pierrot from E. Lewis and D. W. R. Wallace) using
the dissociation constants for carbonic acid of Roy et al. (1993).

The initial carbonate chemistry of the medium (7, Table 1) was modified by culture
growth in both P-treatments with a drawdown of alkalinity by 31-36 % in ssp. braarudii
and of 22-35 % in ssp. pelagicus (Tsampie; Table 1). The availability of dissolved inor-
ganic carbon (DIC) was reduced by up to 37 % and there was a shift towards lower
pH-values in all cultures from an initial pH = 8.09 + 0.07 to a minimum pH = 7.79. One
high-P treatment (three replicate cultures) of ssp. pelagicus grown at 10°C showed
a strong shift in the system towards pH = 7.23. This resulted in an omega-value below
one whereas all other treatments were saturated in carbonate (omega > 1, Table 1).
This low pH-value likely represents a technical error (no other samples were measured
on that same day) rather than an actual shift in the system because the culture param-
eters of this high-P treatment were otherwise very similar to the other high-P treatment
of ssp. pelagicus at 10°C. The carbonate system parameters measured in these three
replicates are therefore not included in Table 1.

2.3 Elemental quotas and ratios
2.3.1 Particulate organic phosphorus

Samples for POP were filtered onto precombusted (500 °C, ~ 2 h) GF/C-filters (What-
man) and stored at —20°C. They were converted to orthophosphate by oxidative hy-
drolysis with potassium persulfate under high pressure and temperature in an autoclave
(3150EL, Tuttnauer, Netherlands) according to Menzel and Corwin (1965). They were
then quantified as molybdate reactive phosphate as described in Sect. 2.2.1.
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2.3.2 Particulate total and organic carbon

Samples for TPC, POC and PN were filtered onto precombusted GF/C-filters and dried
at 60 °C overnight in a drying oven and stored in a desiccator until analysis on an ele-
mental analyser (Flash 1112, Thermo Finnegan, USA, detection limit 2 pg) with a pre-
cision of £8 %. For POC filters PIC was removed by pipetting 230 uL 2M HCI onto the
filters before analysis (Langer et al., 2009) and PIC was calculated as the difference
between TPC and POC. Data was only available for one paired experiment of high-P
and low-P cultures of each subspecies (n=3). Elemental quotas were compared using
a t test and one-way ANOVA with GraphPad Prism version 6 for Windows (GraphPad
Software, USA).

For high-P cultures (sampled in exponential phase), cellular production rates were
calculated from exponential growth rates (u,,,,) and their respective cellular quota.
This was not done for low-P cultures as cells were sampled in stationary phase (zero
growth rate). Growth rate (u,4x), measured in exponential phase, can therefore not be
directly coupled with cellular quota, measured in stationary phase (see Langer et al.,
2012 for a deeper discussion). Cellular quotas and ratios were therefore used in our
comparisons between high-P and low-P cultures.

2.4 Coccosphere and coccolith morphology
2.4.1 Coccolith dimensions

Samples for POL were filtered onto cellulose nitrate filters (0.8 um, Whatman) after
dispersing coccoliths by a Triton-NaOCI treatment (Paasche et al., 1996). Filters were
dried at 60°C in a drying oven, mounted with Canada Balsam (Merck, USA) on micro-
scope slides and viewed under crossed polarizers with a DM6000B Leica microscope,
which had a modified turret accommodating polarizing filters at different angles (Beau-
fort et al., 2014). Individual coccoliths were randomly selected and captured at 1000 x
magnification with a SPOT Flex colour digital camera (Diagnostic Instruments Inc.,
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fort et al., 2014). A custom-made macro in Imaged freeware measured coccolith length
through an ellipse approximation, as well as mean grey level (MGL) of the selected
area measured in intensity values of 0 (black) to 255 (white). MGL was used as a proxy
for a change in coccolith thickness based on the birefringence of calcite (Beaufort,
2005). Coccolith length measured by this method considers the proximal shield only as
the larger distal shield is non-birefringent under crossed polarizers (e.g. Cubillos et al.,
2012).

2.4.2 Coccolith malformations and coccosphere dimensions

Samples for SEM were filtered onto polycarbonate filters (0.8 um, Cyclopore, What-
man), air-dried and sputter-coated with gold-palladium. Imaging was performed with an
S-4800 field emission scanning electron microscope (Hitachi, Japan) at 2500x magni-
fication. Coccolith morphology was classified into four categories: normal, incomplete
(normal, but incomplete distal shield elements), malformed (more than one malformed
distal shield element), and very malformed (blocky structures or holes). Coccosphere
diameter and the number of coccoliths covering one sphere were estimated from the
same calibrated SEM images.

3 Results

3.1 Phosphorus limited growth

Division rates during exponential growth were comparable between high-P and low-
P treatments for both subspecies (Table 2). The temperate morphotype ssp. braarudii
had higher maximum growth rates (0.44 +0.06 d'1) than the subarctic morphotype ssp.
pelagicus (0.32+0.05 d! )- In low-P medium ssp. braarudii (RCC1200) grew to final cell
concentrations of 1.3+0.2x 10* cells mL™" (Table 2). Subspecies pelagicus (J23) grew
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to similar final cell concentrations of 1.3+ 0.1 x 10% cells mL™" at 10°C. At 15°C, how-
ever, stationary phase was reached at lower cell densities (1.0 £ 0.1 x 10* ceIIsmL'1)
even though exponential growth rates were the same between the two temperatures.
All low-P cultures were P-limited at the time of sampling as demonstrated by lower par-
ticulate organic phosphorus (POP) quotas and higher C/P and N/P ratios compared
to high-P treatments (Table 2, Fig. 1a). The two subspecies had the same POP quotas
when comparing low-P and high-P cultures, respectively. POP production, however,
was lower in ssp. pelagicus than in ssp. braarudii because of lower growth rates (Ta-
ble 2, Fig. 1b). Most striking is the high POP quota of ssp. pelagicus cultures grown at
high temperature (15°C). POP quotas almost doubled in both low-P and high-P treat-
ments and POP production rates in high-P cultures were more than doubled at 15°C,
indicating a higher requirement for phosphorus at elevated temperature.

3.2 Cellular carbon quotas and ratios

Particulate organic carbon (POC) quotas of cells were similar between low-P and high-
P treatments for both subspecies (¢ test: p > 0.05, Table 2, Fig. 2a). In ssp. pelagicus,
temperature did not have a significant effect on POC quota either (¢ test: p > 0.05).
Interestingly, ssp. pelagicus cells contained ca. 25% more POC than cells of ssp.
braarudii which were larger in terms of coccosphere size (Fig. 4). Particulate inor-
ganic carbon (PIC) quotas were not affected either by P-limitation (¢ test: p > 0.05).
However, there was a significant reduction in PIC quota in ssp. pelagicus at high tem-
perature under both P-treatments (¢ test: p < 0.001, Fig. 2b) and in consequence,
PIC/POC ratios were below unity (PIC/POC < 1) at 10°C compared to PIC/POC ra-
tios of 1.4 +0.2 at 15°C (Fig. 2c). The decrease was strongest (¢ test, p = 0.009) in
exponentially growing high-P cultures which had a reduced PIC/POC ratio of 0.5+ 0.2
compared to a PIC/POC ratio of 0.9 £ 0.1 in P-limited cultures (¢ test, p = 0.003). Re-
duced PIC/POC ratios at high temperature were due to a decrease in PIC production
rates whereas POC production rates were unaffected (Fig. 3).
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3.3 Coccosphere and coccolith dimensions

The average coccosphere diameter of ssp. pelagicus was smaller (18.1 £ 1.9 um) than
that of ssp. braarudii (19.9 £ 2.0 um) (Fig. 4). Phosphorus limitation led to an increase
in coccosphere size in ssp. pelagicus, but not ssp. braarudii. Temperature, on the other
hand, decreased coccosphere size in ssp. pelagicus. These smaller spheres were
composed of fewer coccoliths (12 + 3 liths s:phere'1 in high-P cultures) compared to
spheres of cultures grown at 10°C (15 + 3 liths sphere‘1 in high-P cultures).

In both subspecies, the mean length of the proximal shield (PSL) was unaffected
by changes in P-availability. Temperature did not change mean PSL in ssp. pelagicus
either (¢ test: p > 0.05, Fig. 5). Yet, PSL showed a wide range of 6.4 to 14 um in ssp.
braarudii and 5.8—12 ym in ssp. pelagicus at 10°C. Mean grey level (MGL), a proxy
for coccolith thickness, did not change due to P-availability or temperature (¢ test,
p > 0.05). Coccoliths produced by ssp. pelagicus were significantly smaller than those
produced by ssp. braarudii (t test, p < 0.001).

3.4 Coccolith malformations

Scanning electron microscopy revealed a background percentage of malformed
coccoliths in high-P cultures of almost 35 % in ssp. braarudii (Fig. 6). This percent-
age increased to almost 50 % under P-limitation, mainly due to an increased presence
of coccoliths with blocky structures or holes, classified as “very malformed” (Fig. 6). In
ssp. pelagicus, the background percentage of malformed coccoliths in high-P cultures
grown at 10°C was ca. 40 % with a lower percentage of incomplete coccoliths than
ssp. braarudii (Fig. 6). Malformations increased to ca. 50 % under P-limitation and to
ca. 55% due to elevated temperature (15°C). The highest abundance of malformed
coccoliths (ca. 2/3 of all coccoliths) was observed in ssp. pelagicus cultures grown
under P-limitation and high temperature with ca. 1/3 of coccoliths classified as “very
malformed”.
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4 Discussion

Laboratory experiments are useful to systematically test the short-term physiological
(plastic) responses of coccolithophores to various environmental factors and could con-
strain how PIC/POC ratios are likely to change under future climate scenarios. In Emil-
iania huxleyi, nutrient limitation has been shown to generally increase PIC/POC ratios
(Paasche and Brubak, 1994; Riegman et al., 2000) by increasing coccolith produc-
tion (Balch et al., 1993) and inducing the formation of multiple coccolith layers around
the cell (Linschooten et al., 1991; Paasche, 1998). In the field, increased ratios of
loose coccoliths to coccospheres have been ascribed to decreasing nutrient availability
(Balch et al., 1991; Fernandez et al., 1993; van der Wal et al., 1994) and mesocosm
studies have shown that calcification continues after POC fixation ceases due to nutri-
ent exhaustion (van Bleijswijk et al., 1994). However, little is known about the effect of
nutrient limitation on other species and the present data set is the first to specifically
test P-limitation and temperature for their effect on the PIC/POC ratio of C. pelagicus.

4.1 Effect of P-limitation and temperature on culture growth and phosphorus
quota

Initial phosphate concentrations of the growth medium did not influence cell division in
exponential phase in either subspecies. The exponential growth rate of ssp. braarudii
was similar to those determined previously under similar experimental conditions (Tay-
lor et al., 2007; Buitenhuis et al., 2008). Although other studies have observed higher
exponential growth rates (up to 0.7 d'1) for the same strain (Langer et al., 2006; Krug
et al., 2011), these authors used higher irradiance and a longer light phase which
probably increased cell division rates. The subarctic subspecies (ssp. pelagicus) had
a lower exponential growth rate than the temperate ssp. braarudii, even when these
two subspecies were grown at the same temperature (15 °C). This may be due to sub-
species or strain-specific differences as have been described for different strains of E.
huxleyi (Langer et al., 2009).
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We found clear evidence for P-limitation with significantly lower POP quota and
higher C/P- and N/P-ratios in low-P cultures. The doubled POP quota of ssp.
pelagicus, grown at 15 instead of 10°C, points towards higher phosphorus require-
ments at elevated temperature. Because of this, the same phosphate supply (1 uM) in
low-P cultures supported lower final cell densities at 15 °C although exponential growth
rates were unaffected. This increased requirement for phosphorus under temperature
stress may be linked to increased energy demands and deserves further study as an
increased requirement for phosphorus at high temperature could exacerbate nutrient
limitation in a warmer ocean (Sarmiento et al., 2004).

4.2 Effect of P-limitation and temperature on PIC/POC ratios

Temperature had a stronger effect on PIC/POC ratios than P-availability. Whereas P-
limitation did not affect PIC/POC ratios in either subspecies, elevated temperature de-
creased PIC/POC ratios by almost 2/3 in ssp. pelagicus. PIC/POC ratios were below
unity (< 1) in both high-P and low-P treatments at high temperature (15°C). This de-
crease in PIC/POC ratios was driven by the 40-60 % decrease in PIC quota whereas
POC quotas were similar between the two temperatures. In high-P cultures, POC pro-
duction was sustained at elevated temperature whereas PIC production declined by ca.
50 %. This sharp reduction in PIC quota and production at elevated temperature in ssp.
pelagicus points towards either a lower production of coccoliths or a decreased calcite
content of individual coccoliths. Although the variation in coccolith calcite content was
high within one strain, the mean calcite content was not affected by the tested envi-
ronmental parameters (see also Sect. 4.3) and can therefore not explain the reduced
PIC quota. Light microscope images showed that high-P cultures from ssp. pelagicus
at elevated temperature contained ca. 12 % naked cells whereas no naked cells where
observed at 10 °C. The coccolith coverage estimated by scanning electron microscopy
was 12 coccoliths sphere‘1 at 15°C compared to 15 coccoliths sphere'1 at 10°C, in-
dicating reduced coccolith coverage in the high temperature treatment. Total coccolith
counts from POL samples confirmed that cultures at 15°C contained ca. 40 % fewer
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coccoliths than cultures at 10°C which explains at least partly the ca. 60 % reduction
in PIC quotas at high temperature. It therefore seems that reduced PIC production at
elevated temperature led to cells being covered by fewer coccoliths with an increased
percentage of naked cells.

Within the temperature-stress treatment, PIC/POC ratios, although still below unity
(< 1), were significantly higher under P-limitation due to higher PIC quota. This seems
counterintuitive considering that at 10°C there was no effect of P-limitation on PIC
quota in ssp. pelagicus. However, the offset between high-P and low-P cultures may
be due to these treatments being sampled in different growth phases. High-P cultures
were sampled in exponential phase when resources were unlimited and likely rele-
gated to both POC production and, albeit to a reduced extent at this temperature, to
PIC production. Low-P cultures on the other hand were sampled in stationary phase
when cell division and POC production had stopped due to the depletion of phosphate
from the medium. Assuming a stronger constraint on POC production by phospho-
rus than on PIC production, cells probably continued producing coccoliths in stationary
phase increasing coccolith coverage of the cells and increasing PIC quota. Accordingly,
Riegman et al. (2000) showed that increased PIC/POC ratios of E. huxleyi growing in
P-limited continuous culture were not due to a positive enhancement of calcification,
but rather due to a decrease in POC production. Calculating POC and PIC produc-
tion rates requires a continuous or semi-continuous culturing setup as production rates
cannot be calculated in batch culture due to the changing division rates as the cultures
go through different growth phases (Langer et al., 2012).

Phosphorus limitation did not affect PIC/POC ratios in C. pelagicus. This is in
sharp contrast to the described increase in PIC/POC ratios in E. huxleyi under nu-
trient limitation (e.g. Paasche and Brubak, 1994; Riegman et al., 2000). The maximum
PIC/POC ratios reported in this study are close to the maximum values (~ 1.7) re-
ported in the literature for this species (Langer et al., 2006; Krug et al., 2011) and
are well below maximum values described for E. huxleyi (up to 2.3, van Bleijswijk
et al., 1994). However, C. pelagicus has so far not been described to produce multiple
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coccolith layers (this study; Gibbs et al., 2013), whereas E. huxleyi can more than dou-
ble its PIC/POC ratio by forming multiple coccolith layers (Linschooten et al., 1991;
Paasche, 1998). There may therefore be an upper constraint on PIC/POC ratios in
species such as C. pelagicus dictated by cell geometry. This species cannot increase
PIC quota without increasing the surface area necessary to accommodate new coc-
coliths. However, increasing surface area would entail an increase in cell volume and
POC quota, likely stabilizing maximum PIC/POC ratios. It is interesting to note that
under ocean acidification scenarios, PIC/POC ratios in C. pelagicus also remained
unaffected (Langer et al., 2006), unless very high CO,-concentrations (~ 1800 patm)
were applied which led to a decrease in PIC/POC ratios driven by decreased PIC
quota (Krug et al., 2011), similar to the effect of elevated temperature observed in this
study.

4.3 Effect of P-limitation and temperature on coccolith morphology

The two subspecies overlapped in their size distribution, both in regard to coccosphere
diameters and coccolith length. Overlapping coccolith size ranges have been previ-
ously described for these two subspecies, and our results confirm that ssp. pelagicus
is the smaller morphotype of the two (Baumann et al., 2000; Geisen et al., 2002; Cubil-
los et al., 2012). There was no effect of either temperature or P-limitation on the mean
coccolith volume and the same amount of calcite was fixed into individual coccoliths
independent of the tested abiotic factors. Gibbs et al. (2013) have shown that mean
coccolith size in C. pelagicus ssp. braarudii does not change during different growth
phases and in E. huxleyi, coccolith dimensions have been described as remaining
constant among different dilution rates in N-limited cyclostats (Fritz, 1999). It therefore
seems that within one strain, mean coccolith volume is not a plastic trait.

Using a conversion factor for mean grey level (MGL) to coccolith thickness (Beaufort,
2014), we estimated mean coccolith calcite weight for the two subspecies. Subspecies
braarudii produced coccoliths with an average weight of 117 + 34 pg calcite whereas
ssp. pelagicus coccoliths were lighter at 100 £ 27 pg calcite. These estimates are lower
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than the estimates obtained when using the shape factor of Young and Ziveri (2000). By
means of a species-specific shape factor (0.06 for C. pelagicus), mean coccolith weight
is estimated from the proximal shield length (PSL), rendering values of 159 + 54 pg
calcite for ssp. braarudii and 120+ 44 pg calcite for ssp. pelagicus. The main reason for
this offset is that Coccolithus coccoliths are not entirely birefringent (Beaufort, 2005;
Cubillos et al., 2012). Therefore calculations based on birefringence will underestimate
absolute weight but are useful for comparative purposes.

Malformation of coccoliths was generally high in all cultures (~ 40 % in high-P cul-
tures) and incomplete coccoliths also occurred frequently, especially in ssp. braarudii
(~30% in high-P cultures). The presence of malformations in control cultures can
probably be ascribed to as yet unknown culture artefacts (Langer and Benner, 2009).
These authors described a high degree of malformation in control cultures for E. hux-
leyi while Langer et al. (2012) reported up to 53 % malformed coccoliths in control
cultures of Calcidiscus leptoporus. Although Rickaby et al. (2010) observed low levels
of background malformation (~ 20 %) in the same ssp. braarudii strain as used in this
study (RCC1200), Langer et al. (2006) described only 50 % of coccoliths to be normal
in this strain, similar to our findings. Phosphorus limitation increased the percentage
of malformed coccoliths further which has also been described for E. huxleyi (Batvik
et al., 1997; Paasche, 1998). In ssp. pelagicus, elevated temperature had a stronger
effect than P-limitation on coccolith morphology. The percentage of normal coccoliths
in high-P cultures of ssp. pelagicus went down to ca. 30 % at 15°C. This temperature
was probably outside of the optimal temperature range for this subarctic strain and
increased malformations could have been related to a stress response to high tem-
perature. The highest degree of malformation was observed in ssp. pelagicus cultures
faced with both P-limitation and temperature stress indicating that several environmen-
tal stressors can add up to compromise coccolith morphology.
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5 Conclusions

The two strains of C. pelagicus, representing the two recognized subspecies, re-
sponded in the same manner to P-limitation, although exponential growth rates differed.
Phosphorus limited cells of C. pelagicus had consistently lower phosphorus quota, but
showed no change in PIC/POC ratios when grown near the subspecies’ respective
isolation temperature. This is in contrast to E. huxleyi in which nutrient limitation in-
creases PIC/POC ratios. Experimental conditions did not affect mean coccolith cal-
cite content and as C. pelagicus does not produce multiple coccolith layers, there is
an upper constraint to the PIC/POC ratio. Coccoliths exhibited increased malforma-
tions under both P-limitation and elevated temperature, with the highest percentage of
malformed coccoliths observed under combined P-limitation and temperature stress.
Temperature stress had a strong impact on PIC/POC ratios which decreased by 40—
60 %, most likely due to a reduced production of coccoliths. Elevated temperature also
doubled phosphorus quota indicating an increased P-requirement to maintain simi-
lar growth and POC production rates. Thus, warmer ocean temperatures may re-
inforce P-limitation in natural populations, potentially leading to lower cell densities
as species- and even strain-specific sensitivities to climate change will contribute to
changes in the abundance and composition of phytoplankton communities (Thomas
et al., 2012; Barnard et al., 2004), affecting global biogeochemical cycles. Species-
specific differences, as those described here for the PIC/POC ratios in C. pelagicus
and E. huxleyi need to be taken into consideration when predicting general responses
of coccolithophores to changing environmental parameters and possible changes in
CO,-feedback to the atmosphere. It is unlikely that a more nutrient poor ocean will
increase CO,-release by C. pelagicus as this species does not increase calcification
over POC production when faced by nutrient limitation. However, as PIC production
and CO,-release are already favoured in this species (PIC/POC > 1), changes in the
abundance of this species may be of greater importance to feedback mechanisms of
ocean-atmosphere CO,-exchange than changes in the PIC/POC ratio.
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Table 1. Initial (7,, n = 4) and residual (Tgampe, 17 = 6) medium chemistry: phosphate concen-
trations and carbonate chemistry parameters (mean + SD) in high-P and low-P media batch
cultures of Coccolithus pelagicus ssp. braarudii (RCC1200) grown at 15°C, and ssp. pelagicus
(J23) grown at 10 and 15 °C. For C. pelagicus ssp. pelagicus at 15°C only mean presented (7,
n=2; Tsample= n=3).

C. pelagicus ssp. braarudii (RCC1200) ssp. pelagicus (J23)

high-P 15°C low-P 15°C high-P 10°C low-P 10°C high-P 15°C low-P 15°C

TO Tsample TO Tsample TO 7-sample' TO Tsamp\e TO Tsample TO 7-sample

POi_ (uM) 8.9+14 7.1+0.6 1.09+0.09 0.03+0.05 89+14 85+09 1.13+0.11 0.08+0.05 9.6 6.4 1.1 0.03
At (umol kg") 2100+100 1350+100 2050+50 1400+ 100 2050+ 100 1550 2050 + 50 1350+ 50 1950 1400 2000 1600
pH, NBS 8.14+0.02 7.85+0.05 8.03+0.08 8.00+0.08 8.14+0.02 7.85 8.06+0.18 7.89+0.04 8.18 7.81 799 7.95
pCO, (patm) 294 +2 412+78 384 + 68 296+78 258 +40 410 311+£162 296+29 244 476 159 363
CO, (umolkg_1) 11.1+£0.1 15.4+£29 145+25 11.1+£29 10.4+0.8 18.1 18.7+£7.1 18.0£1.3 9.2 17.9 422 13.7
HCO; (pmolkg_1) 1660 + 80 1170+100 1670+20 1160+ 110 1620+ 80 1400 1650+ 110 1140+40 1500 1250 1680 1340
CO§_ (pumol kg_1) 175+ 16 62.6+5.3 14027 87.2+7.8 169 + 11 75.4 150 + 50 64.4+54 173 59.3 126 90.5
DIC (umolkg_1) 1840+100 1250+100 1830+10 1260+ 100 1800+90 1490 1810+ 70 1220+ 40 1680 1300 1830 1430
omega 42+0.3 1.5+0.1 3.4+06 21+0.2 41+0.2 1.8 35+1.2 1.5+0.1 4.2 1.4 3.1 22

* for carbonate system parameters, n = 3 (only mean presented)
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Table 2. Cellular quotas and elemental ratios derived from high-P and low-P media batch ex-
periments with Coccolithus pelagicus ssp. braarudii (RCC1200) grown at 15°C (n = 6), and
ssp. pelagicus (J23) grown at 10°C (n = 6) and 15°C (n = 3). Note that cell concentrations re-
flect those at time of sampling, and that maximum growth rate (u.,,c) was calculated during
exponential growth phase. Low-P cultures were in stationary phase at time of harvest.

C. pelagicus ssp. braarudii (RCC1200) ssp. pelagicus (J23)

high-P 15°C  low-P 15°C high-P 10°C  low-P 10°C  high-P 15°C low-P 15°C
Cell concentrations (cells mL™") 151692789 133971985 13211+3585 134251416 8442 9640
,umax(d") 0.45+0.05 0.43+0.07 0.29 +0.06 0.33+0.04 0.32 0.34
POP (pgcell™") 53+0.7 26+0.5 55+0.6 26+0.3 10.3 4.4
POC (pgcell™") 18130 200 + 41 308+ 70 333+115 217 212
PIC (pgcell™)" 208 199 312 334 119 189
POC/POP 91+26 208+ 67 150 £ 47 331+115 55 125
PN/POP 10£3 21+6 167 40+19 7 17
PIC/POC’ 1.3 1.2 1.3 1.5 0.5 0.9

* for PIC, n = 3 (only mean presented)
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Fig. 4. Number of coccoliths per coccosphere plotted against the diameter of that coccosphere
produced in high-P and low-P medium. Coccolithus pelagicus ssp. braarudii at 15°C (high-
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