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Abstract Continuous accumulation of fossil CO, in
the atmosphere and increasingly dissolved CO, in
seawater leads to ocean acidification (OA), which is
known to affect phytoplankton physiology directly
and/or indirectly. Since increasing attention has been
paid to the effects of OA under the influences of
multiple drivers, in this study, we investigated effects
of elevated CO, concentration under different levels
of light and nutrients on growth rate, particulate
organic (POC) and inorganic (PIC) carbon quotas of
the coccolithophorid Emiliania huxleyi. We found that
OA treatment (pH 7.84, CO, = 920 patm) reduced the
maximum growth rate at all levels of the nutrients
tested, and exacerbated photo-inhibition of growth
rate under reduced availability of phosphate (from
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10.5 to 0.4 pmol 17"). Low nutrient levels, especially
lower nitrate concentration (8.8 umol 17! compared
with 101 pmol 17]), decreased maximum growth
rates. Nevertheless, the reduced levels of nutrients
increased the maximum PIC production rate.
Decreased availability of nutrients influenced growth,
POC and PIC quotas more than changes in CO,
concentrations. Our results suggest that reduced
nutrient availability due to reduced upward advective
supply because of ocean warming may partially
counteract the negative effects of OA on calcification
of the coccolithophorid.
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Introduction

Rising atmospheric CO, level leads to increasing
seawater CO, concentration and decreasing pH, which
is known as ocean acidification (OA) (Caldeira &
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Wickett, 2003). On the other hand, accumulating atmo-
spheric CO, also leads to global and ocean warming,
which enhances water column stratification and reduces
the thickness of the upper mixed layer (UML) in the open
ocean (Wang et al., 2015). This increases light exposures
to phytoplankton cells dwelling therein (Steinacher et al.,
2010). In addition, enhanced stratification reduces
upward transport of nutrients from the deep ocean to
the UML (Behrenfeld et al., 2006), limiting the nutrient
concentrations in this layer.

Coccolithophores take up CO, and/or HCO5 from
seawater for photosynthetic carbon fixation, and use
HCO; for calcification. Calcification processes gen-
erate CO, due to production of protons, influencing
CO;, influx into the oceans (Rost & Riebesell, 2004).
Growth rate, particulate organic (POC) and inorganic
carbon (PIC) production rates of Emiliania huxleyi
(Lohmann) W. W. Hay & H. P. Mohler, the most
abundant calcifying coccolithophore species, display
optimum responses to a broad range of CO, levels
(Bach et al., 2011; Zhang et al., 2018). Growth, POC
and PIC production rates could increase, decrease, or
be unaffected by rising CO, concentrations based on
climate change scenarios (400—1000 patm) (Langer
et al., 2009; Richier et al., 2011; Bach et al., 2015; Jin
et al, 2017). Differences in sampling locations,
experimental setups, deviations in the measuring
methods, and intraspecific differences can generally
be responsible for the differential responses of growth,
POC and PIC productions to rising CO, in E. huxleyi
(Langer et al., 2009; Meyer & Riebesell, 2015;
Hutchins & Fu, 2017).

Coccolithophore POC production as well as growth
rates usually increase with increased light intensity,
level off at saturated light intensity and decline at
inhibiting high light intensity (Zhang et al., 2015; Jin
et al., 2017). Light availability modulates energy
budgets in photosynthetic organisms, and algae have
developed strategies to acclimate to changing light
intensities (Geideretal., 1997; Gaoetal.,2012a). Atlow
light intensities, the ratio of light-harvesting protein to
photosystem II (PSII) reaction center proteins is large,
which allows E. huxleyi to absorb more energy. At high
light intensity, the ratio of photo-protection proteins to
PSII reaction center proteins is large, displaying photo-
acclimation strategies (McKew et al., 2013).

Nitrogen is required for the biosynthesis of proteins
and other macromolecules, including chlorophyll

@ Springer

(Riegman et al., 2000). Phosphorus is required for
the synthesis of nucleic acids, ATP, and phospholipids
in cell membranes (Shemi et al., 2016). Suboptimal
nutrient concentrations usually reduce growth and
photosynthetic carbon fixation rates (Cloern 1999;
Kim et al., 2007; Harrison & Li, 2008). Nevertheless,
low nutrient concentrations often enhance the PIC
quotas of E. huxleyi because it can arrest cell cycling
and lengthen the G1 phase where calcification occurs
(Miiller et al., 2008; McKew et al., 2015), and thus
increases in PIC quotas are smaller at high CO, than at
low CO, levels (Matthiessen et al., 2012; Rouco et al.,
2013). In addition, rising CO, levels can decrease
growth rates at high phosphate concentration, but did
not affect growth rates at low phosphate concentration
(Matthiessen et al., 2012). These studies imply that
fitness-relevant traits of E. huxleyi may be altered in
future high-CO, and low-nutrient oceans.

Changes in light or solar radiation are known to
regulate growth, photosynthesis, calcification, and
photoprotective strategies in coccolithophores (Feng
et al., 2008; Gao et al., 2012b). At low light levels,
coccolithophores tend to increase CO, uptake effi-
ciency, while under non-limiting light levels such a
mechanism disappears (Kottmeier et al., 2016). Under
OA conditions, Gephyrocapsa oceanica decreased its
growth rate, POC and PIC production rates within a
wide range of light intensities (50-800 pmol photons
m~2s~ ') (Zhang et al., 2015). Feng et al. (2008) found
that a Sargasso Sea isolate of E. huxleyi decreased
PIC:POC ratios under OA only at elevated irradiances.
Under fluctuating higher levels of natural solar
radiation, however, OA treatment increased the
growth and POC production rates of E. huxleyi (Jin
et al., 2017). It appears that growth under different
light environments could result in differential
responses to rising CO, concentrations in growth and
POC production of E. huxleyi and G. oceanica.

Recently, researchers have paid increasing atten-
tion to the effects of ocean acidification or warming
under multiple stressors on marine phytoplankton
(Brennan & Collins, 2015; Boyd et al., 2016; Hutchins
& Fu, 2017; Boyd et al., 2018). In addition, physio-
logical responses of phytoplankton to one environ-
mental factor may be synergistically, antagonistically,
or neutrally affected by others (Tong et al., 2016;
Miiller et al., 2017). Optimal CO, levels and maximal
values for growth rate, photosynthetic carbon fixation,
and calcification rates are modulated by temperature
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and light intensity (Feng et al. 2008, Sett et al., 2014;
Zhang et al., 2015).

Under chemostat cultures, rising CO, levels were
found to increase the POC quotas of a non-calcifying
strain of E. huxleyi (PML 92A) and a calcifying strain
of E. huxleyi (PML B92/11) at low nutrient concen-
tration and high light intensity (Leonardos & Geider,
2005; Borchard et al., 2011). However, relatively few
studies have observed the combined effects of nutri-
ents, CO,, and light intensity on physiological perfor-
mances of coccolithophores (Feng et al., 2017; Boyd
et al., 2018). To investigate responses of E. huxleyi to
multiple environmental drivers, we employed dilute
batch cultures, and investigated growth rates and POC
and PIC quotas at different levels of CO,, light,
dissolved inorganic nitrogen (DIN) and phosphate
concentrations (DIP).

Materials and methods
Experimental design

Emiliania huxleyi strain PML B92/11, one of the most
commonly studied strains of E. huxleyi, was isolated
from Norwegian coastal waters and obtained from the
culture collection at Plymouth Marine Laboratory.
Nitrate and phosphate concentrations, daily irradi-
ances, and CO, levels in Norwegian coastal waters
under present-day conditions and projected conditions
for 2100 are shown in Table S1 (Larsen et al., 2004;
Omar et al., 2010; Boyd et al., 2015). The alga was
cultured in dilute batch cultures in Aquil medium
(final cell concentrations were 20,000 to 170,000 cells
ml~') at 20°C in a light chamber (GXZ, Dongnan
Instrument Company) under a 12:12-h light:dark cycle
(light period: 8:00 a.m. to 8:00 p.m.). The Aquil
medium was prepared according to Sunda et al. (2005)
with the addition of 2200 pmol 1! bicarbonate,
resulting in initial total alkalinity (TA) of
2200 pmol 17!, close to that of surface seawater in
the South China Seas (Chou et al., 2005). Initial
dissolved inorganic nitrogen (DIN) and phosphate
(DIP) concentrations in Aquil were 100 pmol 17! and
10 pmol 17", respectively (HNHP). For Aquil med-
ium with low DIN concentration (LN) and low DIP
concentration (LP), the nitrate and phosphate concen-
trations were reduced to 8 pmol 1~" and 0.4 umol 17",
respectively (Table S2). The experiment was

performed in three parts. The first part (Part I) was
conducted at HNHP treatment, the second one (Part IT)
was at LN treatment, and the third one (Part III) was at
LP treatment (Fig. S1).

First, we grew the algae in high nitrate and high
phosphate  concentrations (HNHP, Part I) at
80 £ 5 umol photons m~* s~ of photosynthetically
active radiation (PAR) for 8 generations (6 days,
acclimation culture) (Fig. S1). Then, the cells were
grown under the same conditions for another 8
generations (6 days, experimental culture). On the
6th day, we took samples and measured growth rates
and POC and PIC quotas. Then, the HNHP-grown
cells were transferred to 120 + 8 pmol photons m™>
s~!. and were acclimated for 8 generations followed
by another 8 generations for experimental sampling,
respectively. Samples were taken as above for mea-
surements of growth rate, POC and PIC quotas. After
that, the «cells were transferred stepwise to
200 & 17 pmol  photons m~> s~', then to
320 & 16 umol photons m™> s7', and to
480 + 30 pumol photons m~2 s~ and acclimated for
8 generations followed by experimental culturing for
4 days under each light intensity. On the 4th day,
growth rates and POC and PIC quotas were measured.
Light intensities were measured using a PAR sensor
(PMA 2132, Solar Light Company, Glenside). Sec-
ond, we incubated the cells in low nitrate and high
phosphate concentrations (LN, Part IT), and transferred
them from low to high light intensities in the same way
as described above. Third, we incubated the algae in
high nitrate and low phosphate concentrations (LP,
Part III), and transferred them from low to high light
intensities, and measured growth rate, POC and PIC
quotas on the 4th, 5th or 6th days.

Under each nutrient treatment, the Aquil medium
was aerated for 24 h at 20 °C (PVDF 0.22 um pore
size, Simplepure, Haining) with air containing
400 patm or 1000 patm pCO, (4 replicates at each
CO, level). The dry air/CO, mixture was humidified
with deionization water prior to the aeration to
minimize evaporation. Then, the Aquil medium was
filtered (0.22 pum pore size, Polycap 75 AS, Whatman)
and carefully pumped into autoclaved 500-ml poly-
carbonate bottles (Nalgene). The bottles were filled
with the culture medium with no headspace to
minimize gas exchange after the cells were inoculated.
Carbonate chemistry parameters (TA and pH) were
measured at the beginning and end of the experiment.
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For the dilute batch cultures, initial cell concentration
was 200 cells ml~" and cells were acclimated to the
experimental treatments for at least 8 generations
before starting the experiment (Table S3). Culture
bottles were rotated twice at 10:00 a.m. and 6:00 p.m.
To minimize changes in carbonate chemistry, final cell
concentrations were lower than 170,000 cells ml™",
and changes in dissolved inorganic carbon (DIC)
concentrations were less than 10% (0.5-9.1%).

Nutrient concentrations, total alkalinity, and pHry
measurements

Samples for determination of inorganic nitrogen and
phosphate concentrations were taken during the mid-
dle of light period using a syringe filter (0.22 pm pore
size, Haining) and measured with a scanning spec-
trophotometer (Du 800, Beckman Coulter) according
to Hansen & Koroleff (1999). The nitrate was reduced
to nitrite by zinc cadmium reduction method before its
concentration was determined.

Carbonate chemistry parameters were calculated
from total alkalinity (TA), pHr (total scale), phos-
phate, temperature, and salinity using the CO2SYS
(Pierrot et al., 2006). In the final days of incubation,
25 mL samples for TA measurements were filtered
(0.22 um pore size, Syringe Filter) under moderate
pressure of 200 mbar using a pump (GM-0.5A,
JINTENG) and stored at 4 °C for a maximum of
7 days. TA was measured at 20 °C by potentiometric
titration (AS-ALK1+4, Apollo SciTech) according to
Dickson et al. (2003). Samples for pHt measurements
were syringe-filtered (0.22 pm pore size), and the
bottles were filled with overflow and closed immedi-
ately. The pHr was immediately measured at 20 °C
with a pH meter (Benchtop pH, Orion 8102BN)
calibrated with an equimolar pH buffer (Tris HCI,
Hanna) which is isosmotic with seawater (Dickson,
1993). Carbonic acid constants K; and K, were taken
from Roy et al. (1993).

Cell density measurements

In the final days of the incubations (4th, 5th or 6th
days), ~ 25 ml samples were taken from the incuba-
tion bottles at ~ 2:30 p.m. Cell concentrations and
cell diameter (D) were measured using a Z2 Coulter
Particle Count and Size Analyzer (Beckman Coulter).
The diameter of detected particles was set to 3—7 um
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in the instrument, which excluded any detached
coccoliths (Miiller et al., 2012). Cell concentrations
were also measured by microscopy (ZEISS), and
variation in measured cell concentration between two
methods was £ 7.9% (Fig. S2). Average growth rate
() was calculated according to the equation: L = (In
N; — In No)/d, where Ny is 200 cells ml ™" and NV, is the
cell concentration in the final days of experiment, and
d is the growth time span in days. E. huxleyi cells were
spherical and its cell volume with coccoliths was
calculated according to the equation: V = 3.14 x (4/
3) x (D/2)* (Miiller et al., 2012).

Particulate organic (POC) and inorganic carbon
(PIC) quota measurements

GF/F filters, pre-combusted at 450°C for 8 h, were used
to filter the samples of total particulate carbon (TPC) and
particulate organic carbon (POC). TPC and POC samples
were stored at — 20°C. For POC measurements, samples
were fumed with HCI for 12 h to remove inorganic
carbon, and samples for TPC measurements were not
treated with HCI. All samples were dried at 60°C for 12 h,
and analyzed using a Perkin Elmer Series II CHNS/O
Analyzer 2400 instrument (Perkin Elmer Waltham, MA).
Particulate inorganic carbon (PIC) quota was calculated
as the difference between TPC quota and POC quota.
POC and PIC production rates were calculated by
multiplying cellular contents with p (d™"), respectively.
Variations in measured carbon content between the four
replicates were calculated to be 1-13% in this study.

Determination of growth rate at different dissolved
inorganic phosphate (DIP) concentrations at LC

5 L Aquil media was enriched with 100 pmol 17"
DIN, aerated for 24 h at 20°C with air containing 400
patm pCO,, sterilized by filtration (0.22 pum pore size,
Polycap 75 AS, Whatman), and then pumped into
autoclaved 250 mL. PC bottles. 10 pmol 171,
3 pumol 171, 1.5 pmol 17!, 0.5 pmol 17, 0.25 pmol 17!
DIP (initial concentration) were, respectively,
achieved by adding phosphate into Aquil media with
three replicates at each DIP concentration. 200 cells
ml~" were inoculated into the Aquil media and all
samples were first cultured at 200 pmol photons m™>
s7! for 4 days. Then, 1 ml culture solution at
0.5-10 pmol 17" DIP or 2.5 ml culture solution at
0.25 pmol 17! DIP (initial cell concentrations were



Hydrobiologia (2019) 842:127-141

131

200 cells ml~! in all DIP concentrations) was inoc-
ulated into the Aquil media and cultured for another
4 days. Final cell concentration in the second incuba-
tion was measured using a Z2 Coulter Particle Count
and Size Analyzer (Beckman Coulter).

Data analysis

Responses of growth rates, POC and PIC quotas or
production rates, and PIC:POC ratio to incubation
light intensities were fitted using the model provided
by Eilers and Peeters (1988): y = PAR/(A x PAR*+
B X PAR + C), where the parameters A, B, and C are
fitted in a least square manner. The apparent light use
efficiency, the slope (alpha), for each light response curve
was estimated as alpha= 1/C. The maximum values
(Vmax) of growth, POC and PIC production rates were
calculated according to Vinax = 1/(B + 2v/A x C).

A three-way ANOVA was used to determine the
main effect of dissolved inorganic nitrogen or phos-
phate concentrations, CO,, light intensity, and their
interactions for these variables. A two-way ANOVA
was performed to test the main effect of nitrate or
phosphate concentrations, CO,, and their interactions
on fitted o and V,x of growth, POC and PIC
production rates. When necessary, a Tukey Post hoc
(Tukey HSD) test was used to identify the differences
between two CO, levels, nitrate or phosphate concen-
trations, or light intensities. A Shapiro—Wilk’s test was
conducted to test residual normality and a Levene test
was used to test for variance homogeneity of signif-
icant data. Statistical analysis was conducted by using
R and the significance level was set at P < 0.05.

Results

Dissolved inorganic nitrogen and phosphate
concentrations, and carbonate chemistry
parameters

At the HNHP treatment, the dissolved inorganic nitrogen
(DIN) and phosphate (DIP) concentrations, being
101 & 1.1 pmol 17" and 10.5 & 0.2 pmol 17, respec-
tively, at the beginning of the experiments, declined to
92.8 + 1.6 pmol 1! and 9.7 & 0.2 pmol 177, respec-
tively, at the end of incubations (Table S2). In the LN
treatment, DIN concentrations were 8.8 + 0.1 pmol 1!
at the beginning of the experiment and were

1.0 + 0.4 pmol 17" at the end of the experiment. In
the LP treatment, DIP concentrations were
0.4 4 0.1 pmol 17" at the beginning of the experiment,
and were below the detection limit (< 0.04 pmol 171) at
the end of the experiment.

Under the low CO, (LC) treatment, pCO, levels of
the seawater declined by 16% at HNHP, 19% at LN,
and 8% at LP, and pH values increased by 0.07 at
HNHP, 0.06 at LN, and 0.02 at LP treatments during
the incubations, respectively (all P < 0.05) (Table 1).
At the high CO, (HC) treatment, pCO, levels of the
seawater declined by 23% at HNHP, 21% at LN, and
32% at LP, and pH values increased by 0.1 at HNHP,
0.09 at LN, and 0.15 at LP treatments during the
incubations (all P < 0.05). Average pCO, levels were
410 patm for all LC treatments, and were 920 patm for
all HC treatments.

Growth rate

Growth rates of E. huxleyi increased with elevated
light intensity up to 200 pmol photons m~* s~' and
significantly declined thereafter (all P < 0.001)
(Fig. 1, Table 2). Compared to the LC treatment,
growth rates at HC were 2%—-7% lower at HNHP
(P < 0.05), 5%—-9% lower at LN (P < 0.01), and 3%—
24% lower at LP (P < 0.01), respectively (Table S4).
Under the LP treatment, HC-induced reduction of
growth rate was greatest at 480 pmol photons m > s~
(Fig. 1c¢).

AtLC, growth rate at LN was similar to that at HNHP
under 80 pmol photons m s (P =0.82), and was
significantly lower than at HNHP under optimal and
supra-optimal light intensities (P < 0.01 for 200 pmol
photons m 2 s~ '; P = 0.005 for 480 pmol photons m~>2
s7"). At HC, growth rates at LN were significantly lower
than those at HNHP under limited, optimal, and supra-
optimal light intensities (P < 0.01 for 80, 200, 480 pumol
photons m 2 s_l) (Fig. 1a, b).

AtLC and 80 pmol photons m~>s~ ", growth rate at
LP was lower than at HNHP (P < 0.001); while at
120-480 pmol photons m™2 s~ !, growth rates were
not significantly different between LP and HNHP
treatments (all P > 0.1) (Fig. 1, Table S4). At HC and
at 80, 120, and 480 pmol photons m 2 s_l, growth
rates were significantly lower at LP than at HNHP; at
200 and 320 pmol photons m™ s ™', growth rates were
not significantly different between LP and HNHP
treatments (both P > 0.05). At the low phosphate
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Table 1 Carbonate chemistry parameters of the seawater at the beginning and end of the incubations at different nutrient conditions

and pCO, levels

pCO, (patm) pH (total TA DIC HCO3 CO%* CO, Q calcite
scale) (nmol 1=hH (umol 1Y (pumol 1*1) (umol 1*1) (pmol 1=
HNHP
LC Before 5104 17° 8.04 £ 0.01° 2228 4+ 17° 2004 + 20* 1829 + 21* 159 + 2° 16 £ 1° 3.8 £0.1°
End 428 £ 57°  8.11 +0.05° 2225 + 24 1967 4+ 22° 1773 £ 34> 180 £ 18* 14 +2° 43 4+ 0.5
HC Before 1210 4 53* 7.71 £0.02° 2219 4 19% 2131 +22* 2010 4+ 22° 81 £2* 39 4 2° 1.9 £+ 0.1°
End 935 4+ 139° 7.81 & 0.06° 2225 +24% 2098 + 12° 1966 + 17° 102 + 14° 30 + 4° 244 03°
LN
LC Before 483 +23* 8.06 4 0.02* 2204 4+ 10* 1973 + 10° 1796 &+ 13* 162 + 6° 16 + 1° 3.9+ 0.1°
End 391 4 39°  8.12 £ 0.03° 2123 & 38" 1866 + 45" 1679 & 48" 175 + 9° 13+£1° 42 4+ 0.2°
HC Before 1126 4+ 66 7.73 £ 0.02° 2201 &+ 3* 2105+ 7* 1983 + 9° 85 +4%  36+2° 2.02 +0.1°
End 888 & 114° 7.82 £ 0.05° 2142 4+ 38" 2016 + 47° 1890 + 49> 98 +8° 29 4 4° 24402°
LP
LC Before 397 & 16  8.14 £ 0.02° 2248 4+ 30° 1982 +22* 1777 £ 17° 192 + §* 13+ 1° 46+ 0.2°
End 365 4+ 24°  8.16 £ 0.02° 2219 4+ 20° 1942 +22° 1731 +£25° 199 + §* 2+1° 48 +0.2°
HC Before 1140 & 110° 7.73 £ 0.04® 2215 & 41* 2128 + 46° 2005 + 46 86 +7° 37 &+ 4° 2.1 4 0.2°
End 780 + 43°  7.88 £ 0.02° 2228 4+ 14* 2084 + 11° 1941 £ 12° 117 £ 6° 25+ 1° 2.8 +0.1°

TA and pH samples were collected and measured before and in the final days of the experiment

Superscript letters (a and b) indicate statistical difference between the beginning and end of the incubations under low or high pCO,
level (Tukey Post hoc, P < 0.01). The values are expressed as mean + SD calculated from all light intensities

HNHP
1.5 T T : : 1.5
14+ 14+
13t 13}
=
% 1.2+ 1.2 +
=
=
L 1.1+
‘; 1.1
o
5 ) 1.0
1.0 i 0+
A Lc
09 | v HC i 0'9 L
0.8 L L L L 0.8 L L L L 0.8 L L L L
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500

Light intensity (umol photons m™s™)

Fig. 1 Growth rate of Emiliania huxleyi as a function of light
intensities at low pCO, (LC, hollow) and high pCO, levels (HC,
solid) under a high dissolved inorganic nitrogen (DIN) and
phosphate (DIP) concentrations (HNHP), b low DIN and high

concentration, growth rate of E. huxleyi was more

sensitive to changes in light intensity and CO,
concentration.
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DIP concentrations (LN), and ¢ high DIN and low DIP
concentrations (LP). The lines in each panel were fitted using
the model provided by Eilers and Peeters (1988). The values
represent the mean =+ standard deviation for four replicates

POC quotas

In HNHP or LP treatments at LC, POC quotas were not
significantly different at 80-200 pmol photons m™2
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Table 2 Results of three- Factor F value P value Factor F value P value

way ANOVAs of the

impacts of dissolved Growth rate (d_l)

fnorganic nitrogen or N 215.9 <0.001 P 1015.5 < 0.001

phosphate concentrations,

pCO,, light intensity, and C 547.8 < 0.001 C 213.3 < 0.001

their interaction on growth L 1330.4 < 0.001 L 1863.8 < 0.001

ratg’Pf;(C)% g‘éd PIC quotas, N x C 9.1 = 0.004 PxC 147.6 < 0.001

: t

o rato N x L 118 < 0.001 PxL 274.4 <0001
CxL 18.3 < 0.001 CxL 11.1 < 0.001
NxCxL 4.1 = 0.006 PxCxL 19.7 < 0.001

POC quota (pg C cell™")
N 27.1 < 0.001 P 13.7 < 0.001
C 0.6 = 0.435 C 0.1 = 0.731
L 34.7 < 0.001 L 103.2 < 0.001
N x C 13.2 < 0.001 P xC 14.5 < 0.001
N x L 17.9 < 0.001 PxL 0.4 = 0.780
CxL 1.0 =0.432 CxL 21.6 < 0.001
NxCxL 1.9 =0.125 PxCxL 73 < 0.001
PIC quota (pg C cell™")

N 544.0 < 0.001 P 619.1 < 0.001
C 70.5 < 0.001 C 105.8 < 0.001
L 71.2 < 0.001 L 55.3 < 0.001
N x C 2.8 = 0.098 PxC 6.3 = 0.015
N x L 7.0 < 0.001 P x L 9.7 < 0.001

N represents dissolved CxL 114 < 0.001 CxL 22 = 0.078

inorganic nitrogen (DIN, NxCxL 0.6 = 0.639 PxCxL 7.0 < 0.001

pmol 171); P represents PIC:POC ratio

dissolved inorganic '

phosphate (DIP, pmol 171); N 934.6 < 0.001 P 395.0 < 0.001

C represents pCO, (patm); C 81.8 < 0.001 C 9.1 = 0.004

L represents light intensity L 30.9 < 0.001 L 47.6 < 0.001

(pmol photons m2s7h; -

POC and PIC quotas N x C 6.6 =0.013 PxC 134 < 0.001

represent particulate N x L 9.8 < 0.001 P x L 144 < 0.001

organic and inorganic CxL 6.8 < 0.001 CxL 1.5 = 0.202

carbon contents per cell, NxCxL 0.7 = 0567 PxCxL 47 = 0.002

respectively

st (P > 0.05) (Fig. 2a, c; Table 2), and they were
higher at 480 pmol photons m 2 s~ than at 320 pmol
photons m—> s~! (P < 0.01). At HC, POC quotas
increased significantly up to 480 pmol photons m >
s™' (P <0.01). At LN, POC quotas increased when
light intensity increased from 80 to 320 umol photons
m 2 s~ (P < 0.01) and significantly declined there-
after (Fig. 2b).

In HNHP or LN treatments, at all light intensities,
POC quotas did not show significant differences
between HC and LC treatments (P > 0.05) (Fig. 2a,
b). At LP, at 80 pmol photons m~2 sfl, POC quotas

were significantly higher at LC than at HC (P < 0.01),
while at 480 pmol photons m 2 s~' POC quotas were
lower at LC than at HC (P < 0.01) (Fig. 2¢).

At both LC and HC, within the light range of
80320 pmol photons m~2 s, POC quotas were not
significantly different between LN and HNHP, and
between LP and HNHP (P > 0.05), while at 480 pumol
photons m > s, they were lower at LN than at HNHP
treatments (P < 0.05) (Fig. 2a, b). At LC and
480 pmol photons m™2 s™', POC quotas were signif-
icantly higher at HNHP than at LP (P < 0.05)
(Fig. 2a, ¢).
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Fig. 2 At both LC (open symbols) and HC (solid symbols),
POC quota of E. huxleyi as a function of light intensity under
a HNHP, b LN, and ¢ LP conditions. At both LC and HC, light
response of PIC quota of E. huxleyi under d HNHP, e LN, and
f LP conditions. At both LC and HC, light response of PIC:POC

PIC quotas

In HNHP or LN treatments, PIC quotas increased
significantly when light intensity increased from 80 to
320 pmol photons m—> s~! (P < 0.05) (Fig. 2d, e,
Tables 2, S4), and declined thereafter (both P > 0.1 at
LC and HC). At LP treatments and LC, PIC quotas
increased significantly until 200 pmol photons m ™2
s! (P < 0.05) (Fig. 2f), and declined with further
increases in light intensity (P < 0.05) (Fig. 2f). At LP
and HC, PIC quotas did not show significant differ-
ences at all light intensities (P > 0.05).

At HNHP or LN conditions, at 320 and 480 umol
photons m~2s™", PIC quotas were larger at LC than at
HC (P <0.05) (Fig.2d, e). At LP, at all light
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ratio of E. huxleyi under g HNHP, h LN, and i LP conditions.
The lines in each panel were fitted using the model provided by
Eilers and Peeters (1988). The values represent the mean =+ s-
tandard deviation for four replicates

intensities, PIC quotas showed no significant differ-
ences between LC and HC treatments (P > 0.05)
(Fig. 2f). Effects of CO, treatment on PIC quota were
only significant at the optimum light intensity.

At both LC and HC, at all light intensities, PIC
quotas were larger at LN than in HNHP treatments
(P > 0.05 at 80 pmol photons m 2 s~ all P < 0.05
at 120-480 pmol photons m s~ ") (Fig. 2d, e). AtLC
and HC, at 80—200 pmol photons m > s~ ', PIC quotas
were significantly larger at LP than at HNHP
(P < 0.05). At LC and 480 pmol photons m™= s~ ',
PIC quotas were significantly lower at LP than at
HNHP (P < 0.05) (Fig. 2d, 1).
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PIC:POC ratio

At LC, in comparison to 80 pmol photons m 2 sfl,
PIC:POC ratio were significantly larger at 320 pmol
photons m~2 s~' under HNHP treatment, and at
200 pmol photons m~2 s~ ' under LP treatment (both
P < 0.05) (Fig. 2g, i, Tables 2, S4), while at HC, they
were not significantly different between light treat-
ments (P > 0.05). At LN, PIC:POC ratio increased
significantly when light intensity increased from 80 to
200 pmol photons m > s~' (P < 0.01) and did not
show significant differences at 200—480 pmol photons
m~2s~' (P> 0.1) (Fig. 2h).

PIC:POC ratios were not significantly different
between LC and HC treatments regardless of the light
treatments under HNHP or LP (all P > 0.05) (Fig. 2g,
i). However, they were larger in LC than in HC
treatments (both P < 0.05) at LN and 320 and
480 pmol photons m~> s~ ' (Fig. 2h).

At both LC and HC, at 80-480 pmol photons m >
s~!, PIC:POC ratios were larger at LN than at HNHP
(P > 0.05 at 80 pmol photons m~2 s P < 0.05 at
120-480 pmol photons m~2 s~ ') (Fig. 2g, h), and low
nitrate concentration was the most important factor
regulating PIC:POC ratio. At both LC and HC, at
80—200 pmol photons m~2 s~', PIC:POC ratios were
larger at LP than at HNHP (all P < 0.05) (Fig. 2g, 1),
while at 320 and 480 umol photons m~2 s™', they
were not significantly different between LP and HNHP
treatments (both P > 0.05) (Fig. 2g, 1).

Apparent light use efficiency and maximum value
of growth, POC and PIC production rates

At each nutrient treatment, alpha values of fitted
curves of growth, POC and PIC production rates were
not significantly different between LC and HC, with
the exception of alpha of PIC production rate at LP
(P < 0.05) (Fig. 3; Table S5). At both LC and HC,
alpha values of fitted curves of growth and POC
production rates did not show significant differences
between HNHP, LN, and LP treatments, with the
exception of alpha of POC production rate between
HNHP-LC and LP-HC treatments (P < 0.05)
(Fig. 3c). At LN under both LC and HC, and at LP
under LC, alpha values of PIC production rates were
larger than those of POC production rates, which were
larger than those of growth rates (all P < 0.01)
(Fig. 3a, c, e).

At HNHP, LN, or LP treatment, maximum growth
rates were significantly larger at LC than at HC (all
P < 0.05) (Fig. 3b). At both LC and HC, maximum
growth rates were larger at HNHP than at LN (both
P < 0.05), and they were similar between HNHP and
LP (both P > 0.05) (Fig. 3b).

At each nutrient treatment, maximum POC pro-
duction rates were slightly larger at LC than at HC (all
P > 0.05) (Fig. 3d). At LC, maximum POC produc-
tion rate was lower at LN than at HNHP and LP
treatments (P < 0.05 between LN and HNHP;
P > 0.05 between LN and LP). At HC, they did not
show significant differences between HNHP, LN, and
LP treatments (P > 0.05) (Fig. 3d).

At HNHP, LN, or LP treatment, maximum PIC
production rates were significantly larger at LC than at
HC (all P <0.05) (Fig. 3f). At both LC and HC,
maximum PIC production rates were larger at LN than
at HNHP or LP treatment (P < 0.05) (Fig. 3f).
Overall, low nitrate concentrations significantly
affected maximum growth rate, POC and PIC quotas.

Discussion

CO, modulated responses of growth and POC
quota to availability of nitrate and light

Effects of rising CO; on light responses of growth rate,
POC and PIC quotas or production rates of coccol-
ithophores were reported by a number of studies (Feng
et al., 2008; Zhang et al., 2015; Jin et al., 2017; Gafar
et al., 2018). However, few studies investigate mod-
ulation of CO, on light response curves of physiolog-
ical rates of coccolithophores at different nutrient
concentrations. By fitting the light response curves,
our data showed that low nitrate concentration and
high CO, level synergistically reduced maximum
growth and POC production rates of E. huxleyi.
Furthermore, POC quotas and production rates were
more affected by low nitrate concentration and light
intensity than by CO, levels (Figs. 2, 3, S4).

While 1 pmol 17! dissolved inorganic nitrogen
(DIN) was measured at the end of incubation at LN
treatments (Table S2), limiting DIN levels during the
incubation could play more inhibitive roles for the
limited growth and POC quota (Harrison & Li, 2008).
Unfortunately, we did not measure the cell abundance
every day, and cells sampled were expected to be in
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b), POC production rate (¢, d), and PIC production rate (e,
f) under HNHP, LN, and LP conditions. alpha was the slope of

exponential phase on the basis of final cell concentra-
tions (Table S3) (Langer et al., 2013). Based on
measured particulate organic nitrogen (PON) quota
and cell concentration in this study (Fig. S3, Table S3),
PON concentrations at the end of incubations were
estimated to be 7.8-9.3 umol 1! at different nutrient
treatments. These data were closely correlated with
molar drawdown of DIN during the incubation at LN
treatments (Table S2). Furthermore, POC quotas and
PON quotas were lower in the nutrient-limited cells
than in the control under all treatments, suggesting that
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POC and PON production rates were not caused by a
methodological artifact in the batch cultures in this
study (Langer et al., 2013).

Another possible reason for low growth and POC
quota at LN treatment may be that synthesis of amino
acids, activity of nitrate reductase, and nitrogen
metabolism may be reduced in E. huxleyi (Bruhn
et al., 2010; Rouco et al., 2013; Rokitta et al., 2014).
This could indicate lower overall biosynthetic activity,
and thus decreases in the growth and POC quota
(Figs. 1, 2). Reduced availability of nitrate limited the



Hydrobiologia (2019) 842:127-141

137

synthesis of pigments, which may reduce energy
availability absorbed by light-absorbing pigments and
thus reduce growth and carbon fixation. Synergistic
effects of LN and HC treatments on growth and POC
production rates indicate that these treatments may
inhibit cellular metabolic activity simultaneously
(Figs. 1, 3) (Sciandra et al., 2003). In fact, intracellular
[H*] has been reported to be higher in HC-grown than
in LC-grown E. huxleyi cells (Suffrian et al., 2011). To
transport extra H™ out of cells, E. huxleyi at HC needs
more transporters and energy, but LN is unlikely to
provide necessary nitrogen supplies for the synthesis
of these transporters and energy supply (Fig. S3).
Therefore, reduced nitrate availability exacerbated the
negative effects of OA on growth of E. huxleyi,
supporting previous findings (Bruhn et al., 2010).

CO, and light modulated responses of growth
and POC quota to phosphate concentration

E. huxleyi possesses an exceptional phosphorus
acquisition capacity, which could allow it to dominate
in phosphate-limiting environments (Dyhrman &
Palenik, 2003). In this study, low light intensity not
only limited cell growth but could also limit phosphate
uptake rates (Nalewajko & Lee, 1983). In this case,
compared to the HNHP treatment, growth rates of E.
huxleyi were more likely to be limited by low
phosphate concentration at low light intensity
(Fig. 1a, c). High light intensity provided energy for
cells to take up P, and cells at LP treatments need to
consume more energy to up-regulate P uptake (Nale-
wajko & Lee, 1983) which may lead to decreased
high-light inhibition of growth rate at LP than at
HNHP treatments under LC. Furthermore, growth rate
of E. huxleyi was saturated at 0.5 pM DIP and above
(Fig. 4). This demonstrated that E. huxleyi possesses a
high affinity for DIP and could take up POZ‘
efficiently. In addition, E. huxleyi could store phos-
phorus within cells or scavenge bioavailable phos-
phate from membrane structure of cells at P-limitation
(Rokitta et al., 2016; Shemi et al., 2016). Conse-
quently, high energy consumption, efficient uptake,
storage capacity, or re-allocation of phosphorus in E.
huxleyi may account for the insignificant differences
observed in growth rates between LP and HNHP
treatments under LC and high light intensity (Fig. 1a,

).

Rising CO, increased cell volume under the highest
light intensity (Table S3). Large cell volume can
directly lead to lower growth rates or reduce nutrient
uptake by cells, thereby limiting growth (Finkel,
2001). Another possible reason for low tolerance to
high light intensity in growth rate at LP and HC
treatments might be a combined effect of LP and HC
on the carbon concentrating mechanism (CCM) of E.
huxleyi. LP and/or HC is hypothesized to down-
regulate the activity of CCMs in the green alga
Chlorella emersonii and in other typical phytoplank-
ton species (Chen & Gao, 2003; Rost & Riebesell,
2004; Beardall et al., 2005). When grown at HC, LP
may minimize the activity of CCM of E. huxleyi,
which could lead to less energetic cost for sustaining
the operation of CCM. The energy saved in the HC-
and LP-grown cells might have exacerbated photo-
inhibition (Borchard et al., 2011). Thus, large cell
volume and less energy consumption at LP and HC
treatments may lead to increased high-light inhibition
of growth rates of E. huxleyi (Fig. 1).

Low nutrient concentrations facilitated
calcification rate

In this study, we showed that decreased availability of
the nutrients, especially of nitrate, facilitated PIC
quotas and production rates (Fig. 2), being consistent
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Fig. 4 At LC, growth rate of E. huxleyi as a function of
dissolved inorganic phosphate (DIP) concentration. DIN con-
centration was 100 pmol 1~V in all culture media, and initial DIP
concentrations were set up to 0.25 pmol 17, 0.5 pmol 17",
1.5 pmol 17!, 3 pmol 17!, and 10 pmol 17" in the culture
media. All samples were incubated at 200 pmol photons m™>
s~"and at 410 patm pCO, for 4 days, and the values represent
the mean =+ standard deviation for three replicates
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with results reported by Nimer & Merrett (1993). Due
to lower POC and PON quotas and lower growth rate,
we could expect that at LN, more energy was
reallocated to synthesize particulate inorganic carbon
(Figs. 1, 2, S3, S4). At LP, slightly larger PIC quota is
likely due to larger cell volume in comparison with the
HNHP treatment (Fig. 2). Reduced availability of
phosphate may prevent cell division, indirectly lead-
ing to higher PIC quota (Miiller et al., 2008). It should
be mentioned that cells on the sampling days were
more likely in the late exponential phase, and to be
limited by the nutrients at LN and LP treatments. On
the other hand, larger PIC:POC ratios have the
potential to accelerate sinking rate of E. huxleyi cells,
facilitating the export of carbon into deeper waters
(Hoffmann et al., 2015).

To provide organic carbon fixed by photosynthesis
to support growth and other metabolic processes, cells
need to maintain larger light use efficiency (alpha) for
POC production rates even at low light intensities
(Fig. 3c). To calcify, E. huxleyi cells need to take up
HCO;3 and Ca*" from the medium, which consumes
energy. Besides that, they also need to extrude H"
generated during calcification, which may also require
extra energy (Paasche 2002). Thus, calcification is an
energy-consuming process. To maintain high calcifi-
cation rates at low nutrient concentrations, cells
possessing high efficiencies for light can obtain more
energy to take up HCO; and Ca*", and extrude H"
(Fig. 3e). Via photosynthesis, algae convert light
energy to chemical energy (ATP and NADPH) which
can be used for carboxylation. In coccolithophores,
such chemical energy is also used for calcification.
Therefore, we suggest that energy may first be
allocated to photosynthetic carbon fixation, and then
to calcification.

Using a chemostat culture, Miiller et al. (2017)
reported that DIN or DIP limitation decreased the POC
and PIC production rates (in pg C cell ™' d™') by 50%,
and rising pCO, levels did not affect POC production
rates. However, when normalized to cell volume,
nutrient limitation did not affect POC and PIC
production rates [in pg C (cell volume)™' d~'], and
rising pCO, levels reduced POC and PIC production
rates. In our study, decreased DIN or DIP concentra-
tions reduced the normalized POC production rates [in
pg C (cell Volume)fl dfl], and increased the normal-
ized PIC production rates at both LC and HC (Figs. S5,
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S6). Differential results between this study and that of
Miiller et al. (2017) may result from different exper-
imental setups or light exposures used. Growth was
limited by N or P when cells were cultured in a 24-h
light condition without darkness, and cell growth was
in the stationary phase when POC and PIC samples
were taken in the study of Miiller et al. (2017). In
comparison, we took POC and PIC samples in the
exponential growth phase, and LN or LP also appeared
to limit growth of E. huxleyi. However, different light
sources or daytime exposure doses of different light
wavelengths may bring out different indoor experi-
mental results (Xing et al., 2015).

Nutrient availability, CO, level, and light intensity
significantly interacted to affect growth rate, POC and
PIC quotas (Table 2). Obviously, the question of how
growth, carbon fixation, and calcification rates of E.
huxleyi would respond to ocean global changes needs
to be examined under multiple stressors (Boyd et al.,
2018) and under natural environmental variations
(Feng et al., 2008, 2017). While temperature was not
included in this work, it is most likely that rising
temperature can modulate the effects we showed here,
which is worth investigating in future. Although HC
treatment reduced calcification rates of E. huxleyi, low
nutrient concentrations showed dominant positive
effects on PIC quota or calcification rate (Fig. 2d—f),
and increased solar exposure can partly counteract the
negative effects of OA (Jin et al., 2017). This suggests
that controls on calcification of E. huxleyi might be
more complex than expected. Effects of CO, and light
intensity on growth, POC and PIC quotas of E. huxleyi
were strongly modulated by nutrient concentrations,
which showed the importance of nutrient concentra-
tions on controlling physiological processes of coc-
colithophores. Obviously, complex interactive effects
of multiple environmental drivers on primary produc-
ers are likely to differ from that of single or two
factorial combinations, so it is important for us to
examine effects of multiple stressors to comprehend
how ecological and biogeochemical functions of key
phytoplankton groups may respond to ocean global
changes.

Conclusions

This study showed that rising CO, concentrations
relevant to ocean acidification modulated the
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physiological responses of E. huxleyi to nutrient
availability and changes in light intensity. With
increasing atmospheric CO, concentration and pro-
gressive ocean warming and acidification, the oceanic
upper mixed layer will shoal, therefore exposing
coccolithophores within this layer to higher levels of
daily integrated sunlight and reduced levels of nutri-
ents due to less upward advective transport. This work
showed that elevated CO, (900 patm) exacerbated
photo-inhibition of the growth rate under reduced
availability of phosphate under high light levels; and
low nitrate and high CO, levels synergistically
reduced the growth rate. These results imply that
growth of E. huxleyi may decrease in pelagic waters
with enhanced stratification associated with ocean
warming and acidification, though higher ratios of PIC
to POC at reduced nutrient concentrations may
counteract to some extent the negative effects of OA
on calcification.
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