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Abstract. Effects of ocean acidification and warming on ma-
rine primary producers can be modulated by other environ-
mental factors, such as levels of nutrients and light. Here,
we investigated the interactive effects of five oceanic envi-
ronmental drivers (CO2, temperature, light, dissolved inor-
ganic nitrogen and phosphate) on the growth rate, particu-
late organic carbon (POC) and particulate inorganic carbon
(PIC) quotas of the cosmopolitan coccolithophore Emilia-
nia huxleyi. The population growth rate increased with in-
creasing temperature (16 to 20 ◦C) and light intensities (60
to 240 µmolphotonsm−2 s−1) but decreased with elevated
pCO2 concentrations (370 to 960 µatm) and reduced avail-
ability of nitrate (24.3 to 7.8 µmolL−1) and phosphate (1.5 to
0.5 µmolL−1). POC quotas were predominantly enhanced by
the combined effects of increased pCO2 and decreased avail-
ability of phosphate. PIC quotas increased with decreased
availability of nitrate and phosphate. Our results show that
concurrent changes in nutrient concentrations and pCO2 lev-
els predominantly affected the growth, photosynthetic carbon
fixation and calcification of E. huxleyi and imply that plastic
responses to progressive ocean acidification, warming, and
decreasing availability of nitrate and phosphate reduce the
population growth rate while increasing cellular quotas of
particulate organic and inorganic carbon of E. huxleyi, ulti-
mately affecting coccolithophore-related ecological and bio-
geochemical processes.

1 Introduction

Ocean acidification (OA), due to continuous oceanic absorp-
tion of anthropogenic CO2, is occurring alongside ocean
warming. This, in turn, leads to shoaling in the upper mixed
layer (UML) and a consequent reduction in the upward trans-
port of nutrients into the UML. These ocean changes expose
phytoplankton cells within the UML to multiple simultane-
ous stressors or drivers, and organismal responses to these
drivers can affect both the trophic and the biogeochemical
roles of phytoplankton (see reviews by Boyd et al., 2015;
Gao et al., 2019; and literatures referenced therein). While
most studies on the effects of ocean global climate changes
on marine primary producers have focused on organismal re-
sponses to one, two or three environmental drivers, there is
an increasing awareness of the need to measure the com-
bined effects of multiple drivers (see reviews by Riebesell
and Gattuso, 2015; Boyd et al., 2018; Gao et al., 2019;
Kwiatkowski et al., 2019). For this purpose, several ma-
nipulative experimental approaches have been recommended
(Boyd et al., 2018). One approach using many unique com-
binations of different numbers of drivers showed that both
short- and long-term growth responses were, on average, ex-
plained by the dominant single driver in a multi-driver envi-
ronment, but this result relies on having many (> 5) drivers
with known or measured large-effect single drivers (Brennan
and Collins, 2015; Brennan et al., 2017). For experiments
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with multiple drivers where interactions are likely to pre-
clude making predictions from single drivers, where average
responses are not the most informative ones or where logis-
tics preclude using a very large number of multi-driver en-
vironments, Boyd et al. (2010) suggested an “environmental
cluster” method where key drivers (such as temperature, light
intensity, nutrient concentration, CO2 and Fe) are covaried
within experiments, allowing the investigation of physiolog-
ical responses of phytoplankton to concurrent changes in the
clustered drivers. This approach examines responses to pro-
jected overall environmental shifts rather than pulling apart
the biological or statistical interactions between responses to
individual drivers. To our knowledge, studies to date have
employed such a driver clustering approach to investigate re-
sponses of diatoms Fragilariopsis cylindrus, Thalassiosira
pseudonana and Skeletonema costatum and the prymnesio-
phyte Phaeocystis antarctica to combinations of drivers pro-
jected for 2100 (K. Xu et al., 2014; J. Xu et al., 2014; Boyd
et al., 2016).

An environmental-cluster approach is especially useful
when drivers are known to interact in terms of the organismal
responses they elicit, as is the case for OA, light levels and
key nutrients acting on the population growth rate and carbon
fixation (Boyd et al., 2016). For example, in the cosmopoli-
tan coccolithophore Emiliania huxleyi, interactive effects of
OA and light have shown that OA increased the population
growth rate and photosynthetic carbon fixation under low
light, whereas it slightly lowered the population growth rate
and photosynthetic carbon fixation under high light (Zonder-
van et al., 2002; Kottmeier et al., 2016). In addition, pho-
tosynthetic carbon fixation was further enhanced by longer
light exposure at high pCO2 levels (Zondervan et al., 2002).
On the other hand, OA can exacerbate the negative impact of
solar UV radiation on photosynthetic carbon fixation and cal-
cification in E. huxleyi under nutrient-replete conditions (Gao
et al., 2009) but can increase calcification (coccolith vol-
ume) and the particulate organic carbon (POC) quota under
phosphate-limited conditions (Leonardos and Geider, 2005;
Müller et al., 2017), demonstrating that the effects of OA
on calcification are likely nutrient dependent. On the other
hand, ocean warming, which occurs alongside OA, is known
to increase coccolith length, POC, particulate organic nitro-
gen (PON) and particulate inorganic carbon (PIC) production
rates of several E. huxleyi strains (Rosas-Navarro et al., 2016;
Feng et al., 2017). Warming has also been shown to increase
the optimal pCO2 levels for growth, POC and PIC produc-
tion rates (Sett et al., 2014). In one case warming was found
to compensate for the negative impact of OA on the growth
rate under low light intensity (Feng et al., 2008). Neverthe-
less, decreased photosynthetic carbon fixation and calcifica-
tion at a reduced carbonate saturation state (lowered Ca2+

concentrations) were exacerbated by warming treatment (Xu
et al., 2011). Overall, there is strong evidence that under-
standing the plastic responses of this key calcifier to ocean
changes requires investigating responses to the overall ex-

pected shift in the environment, in addition to the detailed
studies to date on individual drivers, due to the sheer number
of interactions between individual drivers on traits that affect
the trophic and biogeochemical roles of E. huxleyi.

Despite known interactions among two- and three-way
combinations of OA, temperature, light, phosphate levels and
nitrogen levels, there have been few empirical studies in-
vestigating effects of the larger cluster projected for future
surface ocean changes. The data to date show that interac-
tions among drivers can affect both the direction and mag-
nitude of trait changes in biogeochemically important taxa.
In addition, based on single- or two-driver studies, changes
in temperature, pCO2, light, dissolved inorganic nitrogen
(DIN) and dissolved inorganic phosphate (DIP) in combina-
tion are predicted to affect primary productions (Barton et al.,
2016; Monteiro et al., 2016; Boyd et al., 2018; Gao et al.,
2019; Kwiatkowski et al., 2019). Understanding the trait-
based responses of coccolithophores to future ocean changes
is important for projections of changes in the biogeochemi-
cal roles of phytoplankton, such as biological carbon pump
efficiency (Rost and Riebesell, 2004).

In order to understand the combined effects of pCO2, tem-
perature, light, DIN and DIP on functional traits, we incu-
bated Emiliania huxleyi (Lohmann) under different combi-
nations of environmental conditions that represented subsets
of, and eventually the complete set of environments for, this
environmental driver cluster. We recently examined the in-
teractive effects of light intensity and the CO2 level on the
growth rate and POC and PIC quotas of E. huxleyi under
nutrient-replete, low DIN or low DIP concentrations (Zhang
et al., 2019). Light, CO2, DIN and DIP levels usually change
simultaneously with temperature and temperature-modulated
responses of E. huxleyi to other environmental drivers (Gafar
and Schulz, 2018; Tong et al., 2019). In addition, warming or
cooling can directly influence the activity of enzymes, thus
directly modulating metabolic rates (Sett et al., 2014). Be-
cause of the overwhelming evidence that temperature can act
as a general modulator of organismal responses, we use the
present study to examine how the addition of temperature as
a key driver in the environmental change cluster can mod-
ulate the combined effects of CO2, light and nutrients. We
found that future ocean scenario treatments with OA, warm-
ing, increased light and reduced availability of nutrients led
to a lower growth rate and larger POC and PIC quotas of
E. huxleyi.

2 Materials and methods

2.1 Experimental setup

The Emiliania huxleyi strain PML B92/11 was originally iso-
lated from coastal waters off Bergen, Norway, and obtained
from the Plymouth algal culture collection, UK. The aver-
age levels of pCO2, temperature, light, dissolved inorganic
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nitrate (DIN) and dissolved inorganic phosphate (DIP) were
set up according to recorded data in Norwegian coastal wa-
ters during 2000 to 2007 and projected for 2100 in high
latitudes (Larsen et al., 2004; Locarnini et al., 2006; Omar
et al., 2010; Boyd et al., 2015) (Table S1 in the Supplement).
Emiliania huxleyi was cultured with a 12 h/12 h light/dark cy-
cle in thermo-controlled incubators in Aquil medium, which
was prepared according to Sunda et al. (2005) with the ad-
dition of 2200 µmolL−1 of bicarbonate to achieve the to-
tal alkalinity (TA) of 2200 µmolL−1. Initial DIN and DIP
concentrations were 24 and 1.5 µmolL−1, respectively, and
initial light intensity was 60 µmolphotonsm−2 s−1. The ex-
periment was conducted in five steps (Fig. 1). Considering
ocean acidification and warming as the key drivers for ocean
climate changes, we first established four “baseline” treat-
ments where the pCO2 and temperature drivers were com-
bined in a fully factorial way: low pCO2+ low tempera-
ture (LCLT), high pCO2+ low temperature (HCLT), low
pCO2+ high temperature (LCHT) and high pCO2+ high
temperature (HCHT). Since reduced availability of nutri-
ents and increased light exposures are triggered by warming-
enhanced stratification, we then added additional single
or pairs of drivers to each of these baseline treatments
(Fig. S1 in the Supplement). In step 1, low light (LL;
60 µmolphotonsm−2 s−1) was supplied; in step 2, high light
(HL; 240 µmolphotonsm−2 s−1) was exposed. HL was then
maintained for the rest of the experiment. In step 3, low ni-
trogen was supplied and high phosphate levels were main-
tained (LNHP). In step 4, low phosphate was used and high
nitrogen levels were restored (HNLP). In step 5, both nitro-
gen and phosphate were low (LNLP) (Figs. 1 and S1). In
all cases, the cells were acclimated to each unique stressor
cluster for at least 14–16 generations before physiological
and biochemical parameters were measured. Although this
stepwise design introduces a historical effect, physiological
traits are generally reported after 10 to 20 generations’ ac-
climation to OA treatment (Perrin et al., 2016; Tong et al.,
2016; Li et al., 2017), so the historical effects here are sim-
ilar to those that would be introduced with standard meth-
ods in other physiology studies (Tong et al., 2016; Zhang
et al., 2019). Since individually reduced availability of ni-
trate or phosphate decreased growth, did not change the POC
quota, and enhanced the PIC quota under optimal light inten-
sity (HL in this study) in the same E. huxleyi strain (Zhang
et al., 2019), we hypothesized that the combination of DIN
and DIP limitation would result in a similar trend under the
pCO2 and/or temperature combined treatments. Therefore,
we added stepwise nitrate and/or phosphate drivers (Fig. 1).
Such a stepwise reduction in nutrients levels would be useful
for us to analyze the effects of nitrate and phosphate sep-
arately and would be expected to have implications for the
cells episodically exposed to different levels of nutrients in
the sea.

For step 1, NO−3 and PO3−
4 were modified to 24 and

1.5 µmolL−1, respectively, which is the HNHP treatment in

the synthetic seawater (Sunda et al., 2005) (Fig. S1). The
seawater was dispensed into four glass bottles, and two bot-
tles of seawater were placed at 16 ◦C (LT) in an incubator
(HP400G-XZ, Ruihua, Wuhan) and aerated for 24 h with
filtered (PVDF, 0.22 µm pore size, Haining) air containing
400 µatm (LC) or 1000 µatm of pCO2 (HC). Another two
bottles of seawater were maintained at 20 ◦C (HT) in the
other chamber and also aerated with LC or HC air as de-
scribed above. The dry air–CO2 mixture was humidified with
deionized water prior to the aeration to minimize evapora-
tion. The LCLT, HCLT, LCHT and HCHT seawater samples
(Figs. 1a and S1) were then filtered (0.22 µm pore size, Poly-
cap 75 AS, Whatman) and carefully pumped into autoclaved
250 mL polycarbonate bottles (Nalgene, four replicate flasks
each for LCLT, HCLT, LCHT and HCHT, a total of 16 flasks
at the beginning of the experiment) with no headspace to
minimize gas exchange. The flasks were inoculated at a cell
density of about 150 cellsmL−1. The volume of the inoculum
was calculated (see below), and the same volume of seawater
was taken out from the bottles before inoculation. The sam-
ples were initially cultured at 60 µmolphotonsm−2 s−1 (LL)
of photosynthetically active radiation (PAR) (measured us-
ing a PAR detector, PMA 2132 from Solar Light Company)
under LCLT, HCLT, LCHT and HCHT conditions for eight
generations (6 d), and then the samples were diluted to their
initial concentrations and grown for another eight genera-
tions (6 d) (Fig. 1a). Samples in culture bottles were mixed
twice a day at 09:00 and 17:00 (Beijing Time). At the end of
the incubation, sub-samples were taken for measurements of
cell concentration, POC and total particulate carbon (TPC)
quotas, TA, pH, and nutrient concentrations.

In step 2, samples grown under the previous conditions
were transferred at the end of the cultures from 60 (LL) to
240 µmolphotonsm−2 s−1 (HL) of PAR with initial cell con-
centrations of 150 cellsmL−1 and acclimated to the HL for
eight generations (5 d in 16 ◦C environment, 4 d in 20 ◦C
environment) (Fig. 1b). The cultures were then diluted to
achieve the initial cell concentration and incubated under the
HL for another eight generations (the fifth day in 16 ◦C en-
vironment and the fourth day in 20 ◦C environment) before
sub-samples were taken for measurements.

In step 3, step 4 and step 5, NO−3 and PO3−
4 concen-

trations were set to be 8 and 1.5 µmolL−1 for the LNHP
treatment, and 24 and 0.5 µmolL−1 for the HNLP treatment,
and 8 and 0.5 µmolL−1 for the LNLP treatment, respectively
(Fig. 1c–e). The LCLT, HCLT, LCHT and HCHT conditions
were step 1 conditions; now we are into steps 3–5. Under
240 µmolphotonsm−2 s−1 (HL) of PAR, cell samples with an
initial concentration of 150 cellsmL−1 were transferred from
HNHP conditions (step 2) to LNHP conditions (step 3) and
acclimated to LNHP conditions for eight generations (5 d in
16 ◦C environment, 4 d in 20 ◦C environment) (Fig. 1c). The
cultures were then diluted back to the initial cell concentra-
tions and incubated in the LNHP conditions (step 3) for a fur-
ther eight generations. On the last day of the incubation (the
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Figure 1. Four baseline environments were used where pCO2 and temperature (temp) were combined in all pairwise combinations:
low pCO2+ low temp (LCLT,4), high pCO2+ low temp (HCLT, ∗), low pCO2+ high temp (LCHT,�) and high pCO2+ high temp
(HCHT,©). Additional stressors were then added to each of the four baseline environments. In step 1, low light (LL) was supplied. In step 2,
high light (HL) was supplied. HL was then maintained for the rest of the experiment. In step 3, low nitrogen was supplied and high phos-
phate levels were restored (LNHP). In step 4, low phosphate was supplied and high nitrogen levels were restored (HNLP). In step 5, both
nitrogen and phosphate were low (LNLP). Experimental steps were carried out in a consecutive manner. At each step, we measured the cell
concentration (a–e), medium pHT value (f–j), medium pCO2 level (k–o), dissolved inorganic nitrogen (DIN) (p–t) and dissolved inorganic
phosphate (DIP) (u–y) concentrations in the media in the beginning and at the end of the incubations. Respectively, LC and HC represent
pCO2 levels of about 370 and 960 µatm, LT and HT 16 and 20 ◦C, LL and HL 60 and 240 µmolphotonsm−2 s−1 of photosynthetically active
radiation (PAR), HN and LN 24.3 and 7.8 µmolL−1 NO−3 at the beginning of the incubation, and HP and LP 1.5 and 0.5 µmolL−1 PO3−

4 at
the beginning of the incubations. The samples were taken on the last day of the cultures in each treatment. The values were indicated as the
means ±SD of four replicate populations for each treatment.

fifth day in 16 ◦C environment and the fourth day in 20 ◦C
environment), sub-samples were taken for measurements of
the parameters.

After that, cell samples were transferred stepwise from
HNHP conditions (step 2, Fig. 1b) to HNLP conditions
(step 4, Fig. 1d) and then from HNLP conditions to LNLP
conditions (step 5, Fig. 1e). Cell samples were acclimated

for eight generations at HNLP and LNLP conditions, respec-
tively, and followed by another eight generations of incu-
bations for 4 d at HT and 5 d at LT. On the fourth day (for
populations in high-temperature environments) or the fifth
day (for populations in low-temperature environments), sub-
samples were taken for measurements (Fig. 1d and e). At low
nutrient concentrations, maximal cell concentrations were
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limited by nutrients (Rouco et al., 2013; Rokitta et al., 2016).
To check whether cells sampled were in the exponential-
growth phase at each nutrient level, we examined cell con-
centrations every day at LCHT or LCLT and high-light con-
ditions (Fig. S2 in the Supplement). We found that cell con-
centrations were in the exponential growth phase during the
first and fifth days in HT conditions and during the first and
seventh days in LT conditions. In this study, we took samples
on the fourth day in HT conditions and on the fifth day in LT
conditions, and thus cells sampled were in the exponential-
growth phase of E. huxleyi.

In the previous work (Zhang et al., 2019), we
transferred E. huxleyi cells stepwise from 80 to
120 µmolphotonsm−2 s−1, then to 200, to 320 and to
480 µmolphotonsm−2 s−1, at both LC and HC levels under
HNHP, LNHP or HNLP conditions, respectively. In this
study, we transferred the same strain from LL to HL under
HNHP conditions, then from HNHP to LNHP or HNLP,
and from HNLP to LNLP under HL conditions under four
baseline CO2 and temperature treatments, in an effort to
elucidate the interactive and combined effects of tempera-
ture, CO2, DIN and DIP (Table S2 in the Supplement), in
contrast to the previous work carried out under a constant
temperature (Zhang et al., 2019).

2.2 Nutrient concentrations and carbonate-chemistry
measurements

On the first and last days of the incubations, 20 mL samples
for the determination of inorganic nitrogen and phosphate
concentrations were taken at the same time using a filtered
syringe (0.22 µm pore size, Haining) and measured by us-
ing a scanning spectrophotometer (DU 800, Beckman Coul-
ter) according to Hansen and Koroleff (1999). The nitrate
was reduced to nitrite by zinc cadmium reduction, and then
total nitrite concentration was measured. In parallel, 25 mL
samples were taken for the determination of total alkalin-
ity (TA) after being filtered (0.22 µm pore size, syringe fil-
ter) under moderate pressure using a pump (GM-0.5A, Jin-
teng) and stored in the dark at 4 ◦C for less than 7 d. TA was
measured at 20 ◦C by potentiometric titration (AS-ALK1+,
Apollo SciTech) according to Dickson et al. (2003). Samples
for pHT (total scale) determinations were syringe-filtered
(0.22 µm pore size), and the bottles were filled from bot-
tom to top with overflow and closed immediately without
headspace. The pHT was immediately measured at 20 ◦C by
using a pH meter (benchtop pH, Orion 8102BN) which was
calibrated with buffers (Tris-HCl, Hanna) at pH 4.01, 7.00
and 10.00. Carbonate-chemistry parameters were calculated
from TA, pHT, phosphate (at 1.5 or 0.5 µmolL−1), tempera-
ture (at 16 or 20 ◦C) and salinity using the CO2 system calcu-
lation in Microsoft Excel software (Pierrot et al., 2006). K1
and K2, the first and second carbonic acid constants, were
taken from Roy et al. (1993).

2.3 Cell concentration measurements

On the last day of the incubation, ∼ 25 mL samples (eight
samples) were taken at the same time (about 13:00). Cell
concentration and cell diameter (D) were measured using
a Z2 Coulter particle counter and size analyzer (Beckman
Coulter). The diameter of detected particles was set to be 3 to
7 µm in the instrument, which excluded detached coccoliths
(Müller et al., 2012). Cell concentration was also measured
by microscopy (Zeiss), and the variation in the measured cell
concentration between the two methods was ±7.9 % (Zhang
et al., 2019). The average growth rate (µ) was calculated
for each replicate according to the equation µ= (lnN1−

lnN0)/d , where N0 was 150 cellsmL−1 and N1 was the cell
concentration in the last day of the incubation; d was the
growth period in days. Emiliania huxleyi cells were spheri-
cal, and their cell volumes with coccoliths were calculated
according to the equation V = 3.14 · (4/3) · (D/2)3.

2.4 Total particulate carbon (TPC) and particulate
organic carbon (POC) measurements

For the determination of TPC and POC quotas, 100 mL sam-
ples were filtered onto GF/F filters (pre-combusted at 450 ◦C
for 6 h) at the same time in each treatment. TPC and POC
samples were stored in the dark at −20 ◦C. For POC mea-
surements, samples were fumed with HCl for 12 h to re-
move inorganic carbon, and samples for TPC measurements
were not treated with HCl. All samples were dried at 60 ◦C
for 12 h and analyzed using a Thermo Scientific FLASH
2000 CHNS/O elemental analyzer (Thermo Fisher, Waltham,
MA). The particulate inorganic carbon (PIC) quota was cal-
culated as the difference between the TPC quota and the
POC quota. POC and PIC production rates were calculated
by multiplying cellular contents with µ (d−1). Variations in
measured carbon content between the four replicates were
calculated to be 1 %–24 % in this study.

2.5 Data analysis

Firstly, we examined the interactions of temperature, pCO2
and light under nutrient-replete (HNHP) conditions. Here,
the effects of temperature, pCO2, light intensity and their in-
teraction on growth rate and POC and PIC quotas were tested
using a three-way analysis of variance (ANOVA). Secondly,
we examined the effects of nutrient limitation in the differ-
ent pCO2 and temperature environments under the high light
intensity (HL). Here, the effects of temperature, pCO2, dis-
solved inorganic nitrogen (DIN), dissolved inorganic phos-
phate (DIP) and their interaction on the growth rate and POC
and PIC quotas were tested using a four-way ANOVA. Fi-
nally, a one-way ANOVA was used to test the differences in
the growth rate and POC and PIC quotas between present
(defined as low levels of pCO2, temperature and light along
with high levels of DIN and DIP (LC LT LL HN HP)) and
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future (defined as higher levels of pCO2, temperature and
light along with low levels of DIN and DIP (HC HT HL
LN LP)) ocean scenarios. A Tukey post hoc test was per-
formed to identify the differences between two temperatures,
two pCO2 levels, and two DIN or two DIP treatments. The
normality of residuals was conducted with a Shapiro–Wilk
test, and a Levene test was conducted graphically to test
for homogeneity of variances. A generalized least-squares
(GLS) model was used to stabilize heterogeneity if variances
were non-homogeneous. All statistical calculations were per-
formed using R Core Team (2018).

In order to quantify the individual effect of nitrate
concentration or phosphate concentration on the physi-
ological and biochemical parameters, we calculated the
change ratio (R) of physiological rates according to the
equation R =|MLNHP or HNLP−MHNHP | /MHNHP, where
MLNHP or HNLP or HNHP represents measured trait values in
LNHP or HNLP or HNHP conditions and “|” denotes the ab-
solute value (Schaum et al., 2013). We then calculated the
expected growth rate, POC quota and PIC quota in LNLP
conditions based on the measured trait values in HNHP con-
ditions and the change ratios in LNHP and HNLP conditions
according to a linear model: ELNLP = (1−RLNHP−RHNLP)·

MHNHP for the growth rate and POC quota; ELNLP = (1+
RLNHP+RHNLP) ·MHNHP for the PIC quota (Brennan and
Collins, 2015). We tested the significant differences between
the expected trait values (ELNLP) and the measured trait val-
ues (MLNLP) in LNLP conditions by a one-way ANOVA
(Fig. S3 in the Supplement). We also calculated the ex-
tent of synergy between LNHP and HNLP on the growth
rate, POC quota and PIC quota according to the equation
S =| ELNLP−MHNHP | /MHNHP. Please see the “Discussion”
section for more information.

3 Results

3.1 Carbonate-chemistry parameters and nutrient
concentrations

During the incubations, pHT values increased due to or-
ganismal activity by, on average, 0.03± 0.01 in LCLT, by
0.01± 0.01 in HCLT, by 0.02± 0.01 in LCHT and by
0.02± 0.01 in HCHT conditions (Fig. 1f–j; Table 1). Cor-
respondingly, seawater pCO2 concentrations decreased by
8.8 %± 1.1 % in LCLT, by 6.1 %± 4.4 % in HCLT, by
6.6 %± 1.7 % in LCHT, and by 5.4 %± 3.6 % in HCHT con-
ditions (Fig. 1k–o; Table 1).

During the incubations, dissolved inorganic nitro-
gen (DIN) concentrations decreased by 28.7 %± 6.7 %
in HNHP and LL (Fig. 1p), by 26.8 %± 5.9 % in
HNHP and HL (Fig. 1q), by 71.1 %± 3.3 % in LNHP
(Fig. 1r), by 32.9 %± 5.6 % in HNLP (Fig. 1s), and
by 69.8 %± 3.2 % in LNLP conditions (Fig. 1t; Ta-
ble 2). Dissolved inorganic phosphate (DIP) concentra-

tions decreased by 62.2 %± 16.5 % in HNHP and LL
(Fig. 1u), by 71.3 %± 6.7 % in HNHP and HL (Fig. 1v), by
61.0 %± 5.2 % in LNHP (Fig. 1w), by 83.8 %± 5.4 % in
HNLP (Fig. 1x), and by 86.3 %± 1.4 % in LNLP conditions
(Fig. 1y; Table 2).

Overall, while organismal activity affected nutrient levels
during growth cycles as expected, the high- and low-nutrient
treatments remained different at all times (Table 2). Organis-
mal activity had minimal effects on carbonate chemistry (see
Fig. 1).

3.2 Population growth rate

The growth rate was significantly lower under the future sce-
nario (HCHT HL LNLP – high levels of pCO2, tempera-
ture and light as well as low levels of nutrients) than un-
der the present scenario (LCLT LL HNHP – low levels of
pCO2, temperature and light alongside high levels of nu-
trients) (one-way ANOVA, F = 52.6, p < 0.01) (Figs. 2a
and 3a and d; Table 2). The effect of increasing pCO2 on
growth rate is negative at low light or low nutrient levels,
which can be seen by comparing population growth in all
of the HC regimes with their paired LC regimes (Figs. 3a,
b and e and S4 in the Supplement). The extent of reduc-
tion in population growth rate depends on which other stres-
sors are present. Compared to present atmospheric pCO2
levels (LC, Fig. 3a), growth rates under ocean acidification
(HC, Fig. 3b) decreased by an average of 17.4 %± 1.3 % in
HNHP and LL, by an average of 4.4 %± 1.1 % in HNHP and
HL (three-way ANOVA, both p < 0.01; Tukey post hoc test,
both p < 0.01) (Fig. 3e; Tables 2 and 3), by 7.6 %± 2.6 % in
LNHP, by 21.4 %± 0.2 % in HNLP, and by 32.1 %± 0.5 %
in LNLP conditions under the HL (four-way ANOVA, all val-
ues of p < 0.01; Tukey post hoc test, all values of p < 0.01)
(Fig. 3a, b and e; Tables 2 and 4).

Across all HT–LT (high temperature–low temperature)
regime pairs, the population growth rate is faster in the HT
regimes, indicating that increasing the temperature from 16
to 20 ◦C increases the population growth rate in E. hux-
leyi (Figs. 3a, c and f and S4). Compared to the low tem-
perature (LT, Fig. 3a), growth rates at the high temperature
(HT, Fig. 3c) increased by 7.7 %± 0.7 % in HNHP and LL,
by 34.0 %± 0.4 % in HNHP and HL (three-way ANOVA,
bothp< 0.01; Tukey post hoc test, both p < 0.01) (Fig. 3a,
c and f; Tables 2 and 3), by 42.4 %± 0.4 % in LNHP, by
33.5 %± 0.5 % in HNLP, and by 40.4 %± 3.1 % in LNLP
conditions under HL (four-way ANOVA, all values of p <
0.01; Tukey post hoc test, all values of p < 0.01) (Fig. 3a,
c and f; Tables 2 and 4). Compared to low pCO2 and low
temperature (LCLT, Fig. 3a), growth rates in high-pCO2 and
high-temperature environments (HCHT, Fig. 3d) increased
by 3.9 %± 0.9 % in HNHP and LL, by 31.1 %± 0.1 % in
HNHP and HL (three-way ANOVA, bothp< 0.01; Tukey
post hoc test, both p < 0.01) (Fig. 3a, d and g; Tables 2
and 3), by 38.6 %± 0.1 % in LNHP, and by 17.1 %± 1.7 %
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Table 1. Carbonate-chemistry parameters at the end of the incubation. The values are means ±SD of four replicate populations. LL and
HL represent 60 and 240 µmolphotonsm−2 s−1 of photosynthetically active radiation (PAR), respectively; HN and LN represent 24.3 and
7.8 µmolL−1 of DIN at the beginning of the incubation; HP and LP represent 1.5 and 0.5 µmolL−1 of DIP at the beginning of the incubation,
respectively.

pCO2 pH TA DIC HCO−3 CO2−
3 CO2

(µatm) (total scale) (µmolL−1) (µmolL−1) (µmolL−1) (µmolL−1) (µmolL−1)

16 LL HNHP LC 371± 17 8.07± 0.02 2266± 19 2017± 9 1823± 6 180± 8 13.4± 0.6
HC 918± 21 7.73± 0.02 2248± 45 2149± 39 2027± 35 90± 5 33.3± 0.7

HL HNHP LC 387± 22 8.06± 0.02 2297± 12 2050± 17 1857± 20 179± 6 14.0± 0.8
HC 972± 11 7.71± 0.01 2283± 34 2189± 31 2066± 29 88± 3 35.2± 0.4

HL LNHP LC 393± 20 8.05± 0.02 2273± 9 2033± 3 1845± 9 174± 7 14.3± 0.7
HC 1012± 13 7.69± 0.01 2263± 28 2177± 25 2057± 24 84± 2 36.7± 0.5

HL HNLP LC 395± 19 8.06± 0.02 2318± 5 2073± 12 1879± 16 179± 6 14.3± 0.7
HC 958± 63 7.70± 0.01 2205± 69 2117± 71 1999± 69 84± 1 34.7± 2.3

HL LNLP LC 375± 24 8.06± 0.01 2181± 78 1947± 77 1767± 73 167± 3 13.6± 0.9
HC 1014± 46 7.68± 0.01 2198± 73 2118± 73 2002± 69 79± 2 36.7± 1.7

20 LL HNHP LC 349± 16 8.09± 0.02 2257± 14 1963± 4 1741± 6 210± 8 11.3± 0.5
HC 899± 40 7.74± 0.02 2257± 53 2130± 45 1994± 40 107± 7 29.0± 1.3

HL HNHP LC 363± 11 8.08± 0.01 2281± 16 1990± 18 1770± 19 208± 2 11.7± 0.3
HC 947± 24 7.72± 0.01 2248± 21 2130± 19 1998± 18 102± 3 30.6± 0.8

HL LNHP LC 362± 18 8.08± 0.02 2262± 12 1973± 13 1756± 16 206± 7 11.7± 0.6
HC 970± 10 7.71± 0.01 2271± 31 2155± 28 2021± 25 102± 3 31.4± 0.3

HL HNLP LC 370± 14 8.08± 0.01 2314± 3 2023± 10 1800± 14 211± 4 12.0± 0.4
HC 946± 47 7.71± 0.01 2200± 72 2088± 72 1960± 68 98± 2 30.6± 1.5

HL LNLP LC 350± 18 8.08± 0.01 2193± 71 1912± 68 1701± 63 200± 5 11.3± 0.6
HC 977± 59 7.70± 0.01 2192± 78 2086± 79 1959± 76 95± 2 31.6± 1.9

in HNLP conditions, whereas the growth rate decreased by
12.1 %± 2.2 % in LNLP conditions under HL, respectively
(four-way ANOVA, all values of p < 0.01; Tukey post hoc
test, all values of p < 0.01) (Fig. 3a, d and g; Tables 2 and 4).
These results show that high pCO2, low nitrate and low
phosphate concentrations collectively reduced the population
growth rate in E. huxleyi, though elevated temperature could
counteract this response.

The effects of reduced availability of nutrients on growth
are nutrient-specific (Fig. 3). Compared to HNHP and HL
conditions, growth rates in LNHP conditions decreased by
3.0 %–12.1 % (all values of p< 0.05 in LCLT, HCLT, LCHT
and HCHT conditions) (Fig. 3h; Tables 2 and 4). In contrast,
HNLP conditions did not significantly affect growth in LC
conditions (p> 0.1 in LCLT and LCHT conditions) (Fig. 3a,
c and i) but did lower the population growth rate by 11.3 %–
19.2 % in HC conditions (both p < 0.01 at HCLT and HCHT
conditions) (Fig. 3b, d and i). Unsurprisingly, when both
nitrate and phosphate levels were reduced, growth rates al-
ways decreased by a larger extent compared to environments
where they were reduced individually (Fig. 3h, i and j). Com-
pared to growth rates in HNHP and HL conditions, growth

rates in LNLP conditions were 4.8 %–10.2 % lower in LC
environments and 34.7 %–40.3 % lower in HC environments
(Tukey post hoc test, all values of p < 0.01 in LCLT, HCLT,
LCHT and HCHT conditions) (Fig. 3a–d,j; Tables 2 and 4).
In summary, nitrate and phosphate limitation exacerbated the
impacts of OA and warming on the population growth rate.

3.3 POC quota

Cellular POC quotas were 2-fold larger under the future sce-
nario (HCHT HL LNLP) than under the current scenario
(LCLT LL HNHP) (one-way ANOVA, F = 96.1, p < 0.01,
Figs. 2b and 4a and d). The effect of increasing pCO2
on the POC quota is positive, regardless of other drivers
present, which can be seen by comparing POC quotas in all
of the HC regimes with their paired LC regimes (Figs. 4a,
b and e and S4), though the extent of increase in the POC
quota depends on which other stressors are present. Com-
pared to current atmospheric pCO2 levels (LC, Fig. 4a),
POC quotas under ocean acidification (Fig. 4b) increased
by 40.3 %± 10.1 % in HNHP and LL (Tukey post hoc test,
p < 0.01), by 13.8 %± 10.1 % in HNHP and HL (p = 0.47),
by 33.2 %± 11.1 % in LNHP, by 109.4 %± 14.0 % in HNLP,
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Table 2. Final nitrate and phosphate concentrations (N : P, µmolL−1), growth rate (d−1), POC and PIC quotas (pgCcell−1), and PIC/POC
value. Values in the parentheses represent final DIN and DIP concentrations and standard deviation of four replicate populations for the
growth rate, POC and PIC quotas, and PIC/POC value. Detailed information is shown in Table 1.

pCO2 T Light Final N : P Growth rate POC quota PIC quota PIC/POC

LC LT LL HNHP (17.1 : 0.7) 0.96 (0.012) 1.80 (0.14) 0.38 (0.09) 0.21 (0.07)
HL HNHP (17.3 : 0.5) 1.09 (0.006) 2.50 (0.28) 0.62 (0.05) 0.25 (0.05)
HL LNHP (2.5 : 0.6) 1.00 (0.013) 2.07 (0.25) 0.90 (0.02) 0.44 (0.05)
HL HNLP (15.4 : 0.1) 1.08 (0.006) 2.42 (0.08) 0.83 (0.04) 0.34 (0.01)
HL LNLP (2.4 : 0.1) 0.99 (0.003) 2.62 (0.25) 1.62 (0.14) 0.63 (0.11)

HC LT LL HNHP (18.6 : 0.9) 0.79 (0.012) 2.52 (0.33) 0.26 (0.06) 0.10 (0.04)
HL HNHP (18.2 : 0.5) 1.04 (0.012) 2.85 (0.36) 0.41 (0.06) 0.15 (0.04)
HL LNHP (2.0 : 0.6) 0.92 (0.026) 2.75 (0.23) 0.68 (0.03) 0.25 (0.03)
HL HNLP (15.5 : 0.1) 0.85 (0.002) 5.06 (0.34) 0.64 (0.05) 0.13 (0.01)
HL LNLP (2.7 : 0.1) 0.67 (0.005) 4.91 (0.28) 0.90 (0.01) 0.18 (0.01)

LC HT LL HNHP (16.6 : 0.3) 1.03 (0.006) 1.58 (0.11) 0.43 (0.02) 0.27 (0.01)
HL HNHP (17.3 : 0.3) 1.46 (0.004) 2.15 (0.28) 0.52 (0.07) 0.25 (0.06)
HL LNHP (2.1 : 0.5) 1.42 (0.004) 1.68 (0.05) 0.79 (0.04) 0.47 (0.03)
HL HNLP (17.0 : 0.1) 1.44 (0.004) 2.09 (0.03) 1.00 (0.05) 0.48 (0.03)
HL LNLP (2.1 : 0.1) 1.39 (0.038) 2.02 (0.05) 1.17 (0.13) 0.58 (0.07)

HC HT LL HNHP (16.7 : 0.4) 0.99 (0.008) 1.54 (0.12) 0.34 (0.05) 0.22 (0.04)
HL HNHP (17.9 : 0.5) 1.43 (0.001) 2.57 (0.06) 0.42 (0.02) 0.16 (0.01)
HL LNHP (2.4 : 0.6) 1.38 (0.009) 1.97 (0.03) 0.52 (0.03) 0.27 (0.01)
HL HNLP (17.1 : 0.1) 1.27 (0.018) 3.68 (0.50) 0.74 (0.06) 0.20 (0.02)
HL LNLP (2.2 : 0.1) 0.87 (0.022) 3.81 (0.39) 0.89 (0.10) 0.20 (0.04)

Table 3. Results of three-way ANOVAs of the effects of temperature (T ), pCO2 (C) and light intensity (L) and their interaction on the
growth rate, POC and PIC quotas, and PIC/POC value. Significant values are marked in bold.

T C L T ×C T ×L C×L T ×C×L

Growth rate F 20037.5 477.4 23625.8 120.0 1550.9 34.0 86.4
p < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01

POC quota F 27.1 54.4 62.0 7.4 1.9 < 0.1 6.1
p < 0.01 < 0.01 < 0.01 0.01 0.18 0.83 0.02

PIC quota F 0.4 38.6 47.6 2.3 6.6 1.6 1.1
p 0.56 < 0.01 < 0.01 0.14 0.02 0.22 0.31

PIC/POC value F 9.9 443.6 2.0 0.8 10.0 0.6 0.3
p < 0.01 < 0.01 0.17 0.38 < 0.01 0.46 0.60

and by 87.3 %± 10.8 % in LNLP conditions under HL (four-
way ANOVA, all values of p < 0.01; Tukey post hoc test, all
values of p < 0.01) (Fig. 4a, b and e; Tables 2 and 4).

The effect of elevated temperature on the POC quota can
be seen by comparing the POC quota in all of the HT regimes
with their paired LT regimes (Figs. 4a, c and f and S4).
Across all HT–LT regime pairs, POC quotas did not show
significant differences between the HT and LT regimes un-
der HNHP and LL, HNHP and HL, LNHP, and HNLP and
LNLP conditions under HL (Tukey post hoc test, all values
of p> 0.1) (Fig. 4a, c and f). This demonstrated that increas-
ing the temperature within the test range had no significant

effect on the POC quota. The combined effects of increasing
pCO2 and the temperature on POC quotas were nutrient de-
pendent. Compared to low-pCO2 and low-temperature con-
ditions (LCLT, Fig. 4a), POC quotas at high-pCO2 and high-
temperature conditions (HCHT, Fig. 4d) did not show sig-
nificant differences in HNHP and LL (p = 0.79), in HNHP
and HL (p = 0.99), and in LNHP and HL (p = 0.99) con-
ditions but increased by 52.2 %± 20.6 % in HNLP and by
45.6 %± 14.8 % in LNLP conditions under HL (Tukey post
hoc test, both p < 0.01) (Fig. 4a, d and g; Tables 2 and 4).
These data showed that high pCO2 and low phosphate con-
centrations enhanced POC quotas of E. huxleyi and that their
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Table 4. Results of four-way ANOVAs of the effects of temperature (T ), pCO2 (C), dissolved inorganic nitrate (N ) and phosphate (P )
concentrations and their interaction on the growth rate, POC and PIC quotas, and PIC/POC value. Significant values are marked in bold.

Growth rate POC quota PIC quota PIC/POC value

F p F p F p F p

T 500 026.0 < 0.01 297.4 < 0.01 30.2 < 0.01 82.8 < 0.01
C 5798.0 < 0.01 162.8 < 0.01 376.2 < 0.01 787.3 < 0.01
N 4542.0 < 0.01 157.0 < 0.01 84.4 < 0.01 127.6 < 0.01
P 5347.0 < 0.01 206.5 < 0.01 474.6 < 0.01 0.1 0.74
T ×C 6899.0 < 0.01 52.2 < 0.01 0.2 0.68 7.2 < 0.01
T ×N 510.0 < 0.01 5.6 0.02 60.0 < 0.01 7.9 < 0.01
T ×P 39.0 < 0.01 5.2 0.03 9.4 < 0.01 16.2 < 0.01
C×N 1265.0 < 0.01 107.2 < 0.01 9.5 < 0.01 3.1 0.09
C×P 1718.0 < 0.01 174.1 < 0.01 14.7 < 0.01 88.0 < 0.01
N ×P 179.0 < 0.01 19.7 < 0.01 10.7 < 0.01 14.3 < 0.01
T ×C×N 35.0 < 0.01 < 0.1 0.81 0.2 0.67 1.9 0.17
T ×C×P 27.0 < 0.01 5.5 0.02 0.1 0.71 1.0 0.31
T ×N ×P 96.0 < 0.01 < 0.1 0.80 15.7 < 0.01 3.3 0.08
C×N ×P 241.0 < 0.01 0.4 0.56 8.2 < 0.01 1.2 0.28
T ×C×N ×P 105.0 < 0.01 3.9 0.05 22.4 < 0.01 4.5 0.04

combined effects were partly reduced by a rising tempera-
ture.

The effects of nutrient reduction on the POC quota are nu-
trient specific (Fig. 4). Compared to HNHP and HL condi-
tions, POC quotas in LNHP conditions did not show a signif-
icant difference (all values of p> 0.1 in LCLT, HCLT, LCHT
and HCHT conditions) (Fig. 4a–d and h; Tables 2 and 4). In
LC conditions, POC quotas did not significantly differ be-
tween HNHP, HNLP and LNLP conditions (Tukey post hoc
test, all values of p> 0.1) (Fig. 4a, c, i and j). In contrast,
in HC conditions, they were 43.3 %–78.2 % larger in HNLP
or LNLP conditions than in HNHP conditions (all values of
p < 0.01) (Fig. 4b, d, i and j; Table 2).

3.4 PIC quota

Cellular PIC quotas were significantly larger in the future
scenario with high levels of pCO2, temperature and light
along with low nutrient concentrations than PIC quotas in the
present scenario with low levels of pCO2, temperature and
light along with relatively high nutrient concentrations (one-
way ANOVA, F = 63.6, p < 0.01) (Figs. 2c and 5a and d).
However, the opposite results were found under the elevated-
CO2 treatment alone. The effect of increasing pCO2 on the
PIC quota is negative, regardless of the presence of other
drivers. By comparing the PIC quota in all of the HC regimes
with their paired LC regimes (Figs. 5a, b and e and S4), the
effects of elevated pCO2 level are clear, though the extent
of reduction in the PIC quota depends on which other stres-
sors are present. Compared to present atmospheric pCO2
levels (LC, Fig. 5a), PIC quotas under ocean acidification
(Fig. 5b) are reduced by 31.8 %± 17.1 % in HNHP and LL,
by 34.3 %± 10.0 % in HNHP and HL, by 25.0 %± 3.8 % in

LNHP, by 22.8 %± 6.3 % in HNLP, and by 44.6 %± 0.9 %
in LNLP conditions under HL, respectively (Tukey post hoc
test, all values of p< 0.05) (Fig. 5a, b and e; Tables 2–4). The
extent of reduction in the PIC quota is larger under LNLP
conditions.

The effects of a rising temperature on the PIC quota were
nutrient dependent and can be seen by comparing PIC quo-
tas in the HT regimes with those in their paired LT regimes
(Figs. 5a, c and f and S4). Compared to low temperature
(LT, Fig. 5a), PIC quotas at high temperature (HT, Fig. 5c)
did not show significant differences in HNHP and LL, in
HNHP and HL, in LNHP, and in HNLP conditions (Tukey
post hoc test, all values of p> 0.05), whereas they de-
creased by 27.9 %± 8.4 % in LNLP conditions under HL
(Tukey post hoc test, p < 0.01) (Fig. 5a, c and f; Tables 2–
4). The combined effects of rising pCO2 and temperature
on the PIC quota are negative, regardless of which other
drivers are present (Fig. 5a, d and g). Compared to low-pCO2
and low-temperature conditions (LCLT, Fig. 5a), PIC quo-
tas in high-pCO2 and high-temperature conditions (HCHT,
Fig. 5d) declined by 11.1 %± 10.9 % in HNHP and LL (p =
0.96), by 32.5 %± 2.4 % in HNHP and HL (p < 0.01), by
42.2 %± 3.2 % in LNHP (p < 0.01), by 10.2 %± 7.7 % in
HNLP (p = 0.92), and by 45.3 %± 5.9 % in LNLP condi-
tions under HL, respectively (p < 0.01) (Fig. 5a, d and g;
Table 2).

The effects of both nitrate and phosphate reduction on
PIC quota are positive, regardless of levels of pCO2 and
temperature for the range used here (Fig. 5h–j). Compared
to HNHP and HL, PIC quotas were larger in LNHP con-
ditions (Tukey post hoc test, p < 0.01 in LCLT, HCLT and
LCHT conditions; p = 0.73 in HCHT conditions) (Fig. 5h),
in HNLP and in LNLP conditions (all values of p < 0.01
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Figure 2. Growth rate (a), particulate organic carbon (POC; b) and
particulate inorganic carbon (PIC; c) quotas, PIC/POC value (d)
and cell volume (e) of Emiliania huxleyi grown under the present
(defined as low levels of pCO2, temperature and light along with
high levels of nutrients) and the future (defined as higher levels of
pCO2, temperature and light along with low levels of nutrients due
to ocean acidification, warming and shoaling of upper mixing layer)
scenarios. Data were obtained after cells were acclimated to exper-
imental conditions for 14–16 generations and means ±SD of four
replicate populations. The different letters (a, b) in each panel rep-
resent significant differences between future and present ocean con-
ditions (Tukey post hoc, p< 0.05).

in LCLT, HCLT, LCHT and HCHT conditions) (Fig. 5a–d, i
and j; Table 2). In addition, PIC quotas were larger in LNLP
than in HNLP conditions (Tukey post hoc test, p < 0.01 in
LCLT and HCLT conditions; p = 0.06 in LCHT conditions;
p = 0.21 in HCHT conditions) (Fig. 5a–d, i and j). These
data showed that low nitrate and phosphate concentrations
act synergistically to increase PIC quotas, which were mod-
erated under the high pCO2 levels.

3.5 PIC/POC value

The ratio of PIC to POC (PIC/POC value) was not sig-
nificantly different between the future scenario (HCHT HL
LNLP) and the current scenario (LCLT LL HNHP) (one-
way ANOVA, F = 0.3, p = 0.60) (Figs. 2d and 6a and d).
The PIC/POC value followed the same trend as that for PIC
quotas described above. The effect of increasing pCO2 on
the PIC/POC value was negative, regardless of which other
drivers were present (Figs. 6a, b and e and S4), but the ex-
tent of reduction in the PIC/POC value depended on the
presence of other drivers. Compared to current atmospheric
pCO2 levels (LC, Fig. 6a), PIC/POC values under ocean
acidification (HC, Fig. 6b) decreased by 50.7 %± 18.2 % in
HNHP and LL, by 41.8 %± 15.4 % in HNHP and HL, by
43.9 %± 5.8 % in LNHP, by 63.0 %± 4.2 % in HNLP, and
by 70.7 %± 2.0 % in LNLP conditions under HL (Tukey post
hoc test, all values of p< 0.05) (Fig. 6a, b and e; Table 2).

The effect of rising temperature on the PIC/POC value
was nutrient dependent (Figs. 6a, c and f and S4). Com-
pared to at a low temperature (LT, Fig. 6a), PIC/POC val-
ues at a high temperature (HT, Fig. 6c) did not show sig-
nificant differences in HNHP and LL, in HNHP and HL, in
LNHP, and in LNLP conditions (Tukey post hoc test, all val-
ues of p> 0.1), whereas they increased by 39.0 %± 8.9 % in
HNLP conditions (Tukey post hoc test, p = 0.006) (Fig. 6a,
c and f; Table 2). The combined effects of elevated pCO2
and temperature on PIC/POC values were negative (Fig. 6a,
d and g). Relative to low-pCO2 and low-temperature condi-
tions (LCLT, Fig. 6a), PIC/POC values in high-pCO2 and
high-temperature conditions (HCHT, Fig. 6d) did not show
significant differences in HNHP and LL and in HNHP and
HL conditions (Tukey post hoc test, both p > 0.1), but they
decreased by 39.9 %± 3.0 % in LNHP, by 40.6 %± 5.8 % in
HNLP, and by 67.8 %± 3.1 % in LNLP conditions under HL
(Tukey post hoc test, all values of p < 0.01) (Fig. 6a, d and g;
Table 2).

Across all LNHP–HNHP (low nitrate–high nitrate) regime
pairs, PIC/POC values were higher in the LNHP regime
(Fig. 6h), though the extent of increase in PIC/POC val-
ues depended on pCO2 or temperature levels. Compared
to HNHP and HL, PIC/POC values in LNHP were about
106.0 %± 13.0 % larger (Tukey post hoc test, p< 0.05 in
LCLT and LCHT conditions; p> 0.05 in HCLT and HCHT
conditions) (Fig. 6a–d and h; Table 2). The effect of phos-
phate on PIC/POC values also depended on pCO2 levels
(Fig. 6i). In LC conditions, PIC/POC values were larger
in HNLP conditions than in HNHP conditions (p = 0.22
in LCLT conditions; p< 0.05 in LCHT conditions), and in
LNLP conditions than in LP conditions (p < 0.01 in LCLT
conditions; p = 0.09 in LCHT conditions) (Fig. 6a and c). In
HC conditions, PIC/POC values did not show significant dif-
ferences among HNHP, HNLP and LNLP conditions (Tukey
post hoc test, all values of p> 0.05 in HCLT and HCHT con-
ditions) (Fig. 6b and d; Table 2).
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Figure 3. Growth rates of E. huxleyi grown in LCLT (a), HCLT (b), LCHT (c) and HCHT (d) conditions and the ratio of growth rate
in HC to LC (e), HT to LT (f), HCHT to LCLT (g), LNHP to HNHP (h), HNLP to HNHP (i) and LNLP to HNHP (j) conditions. Data
were obtained after cells were acclimated to experimental conditions for 14–16 generations and means ±SD of four replicate populations.
Horizontal lines in (e)–(j) show the value of 1. Different letters (a, b, c, d) in (a)–(d) represent significant differences between different
nutrient treatments (Tukey post hoc, p< 0.05). The results shown in the black columns were used for the ambient-future comparison in
Fig. 2. Detailed experimental conditions are shown in Fig. 1.

4 Discussion

Understanding the effects of multiple drivers is helpful for
improving how coccolithophores are represented in models
(Krumhardt et al., 2017). Responses of growth and POC and
PIC quotas to ocean acidification have been shown to be
modulated by the temperature (Gafar and Schulz, 2018; Tong
et al., 2019), light intensity or light period (light–dark cycle)
(Jin et al., 2017; Bretherton et al., 2019), DIN or DIP concen-
trations (Müller et al., 2017), and combinations of light inten-
sity and nutrient availability (Zhang et al., 2019) (Table 5).
Following up on our previous study (Zhang et al., 2019), we
added temperature as a key driver of five drivers (Table S2)
and explored how temperature changes would modulate the
combined effects of CO2, light, DIN and DIP that we previ-
ously reported. Our data showed that a future ocean climate
change cluster (increasing CO2, temperature and light lev-
els along with decreasing DIN and DIP levels) can lower the
growth rate with an increased POC and PIC quota per cell
(Fig. 2) as a result of plastic responses to the drivers. In con-
trast, observations of coccolithophore Chl a increased from

1990 to 2014 in the North Atlantic, and rising CO2 and tem-
perature has been associated with accelerated growth of coc-
colithophores since 1965 in the North Atlantic (Rivero-Calle
et al., 2015; Krumhardt et al., 2016). Our results from labo-
ratory experiments with multiple drivers instead predicted a
different trend with progressive ocean climate changes. We
have to admit that results from laboratory experiments can
hardly be extrapolated to natural conditions. Nevertheless,
our data provide a mechanistic understanding of the com-
bined effects of ocean climate change drivers, which can be
useful in analyzing field observations.

It should also be noted that regional responses to ocean
global changes could differ due to chemical and physical
environmental differences and species and strain variabil-
ity among different oceans or regions (Blanco-Ameijeiras
et al., 2016; Gao et al., 2019) and that this could also ex-
plain discrepancies between experiments and observations.
Different E. huxleyi strains displayed optimal responses to a
broad range of temperatures or CO2 levels, and E. huxleyi
strains isolated from different regions showed local adapta-
tion to temperature or CO2 level (Zhang et al., 2014, 2018).
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Figure 4. POC quota of E. huxleyi grown in LCLT (a), HCLT (b), LCHT (c) and HCHT (d) conditions and the ratio of POC quota in HC to
LC (e), HT to LT (f), HCHT to LCLT (g), LNHP to HNHP (h), HNLP to HNHP (i) and LNLP to HNHP (j) conditions. Data were obtained
after cells were acclimated to experimental conditions for 14–16 generations and means ±SD of four replicate populations. Horizontal lines
in (e)–(j) show the value of 1. Different letters (a, b) in (a)–(d) represent significant differences between different nutrient treatments (Tukey
post hoc, p< 0.05). The results shown in the black columns were used for the ambient-future comparison in Fig. 2. Detailed experimental
conditions are shown in Fig. 1.

Strain-specific responses of growth and POC and PIC pro-
duction rates in E. huxleyi isolated from different regions to
changing seawater carbonate chemistry have also been doc-
umented (Langer et al., 2009). It has been suggested that
inter-strain genetic variability has greater potential to induce
larger phenotypic differences than the phenotypic plasticity
of a single strain cultured under a broad range of variable en-
vironmental conditions (Blanco-Ameijeiras et al., 2016). On
the other hand, the genetic adaptation to culture experimen-
tal conditions over time may no longer accurately represent
the cells in the sea, as reflected in a diatom (Guan and Gao,
2008). Phytoplankton species that had been maintained un-
der laboratory conditions might have lost original traits and
display different responses to environmental changes (Lake-
man et al., 2009). The strain used in this study has been kept
in the laboratory for about 30 years, and the data obtained
in this work can hardly reflect a relation to its biogeographic
origin.

The decreased availability of nitrate or phosphate individ-
ually reduced the growth rate and increased the PIC quota,

respectively, in this experiment. Furthermore, under LNLP
conditions and high pCO2 levels, measured growth rates
were significantly lower than the expected values estimated
on the basis of the values in LNHP and HNLP conditions
(Fig. S3a). This indicates synergistic negative effects of LN
and LP on growth rate, evidence that colimitation of N and
P is more severe than that by N or P alone. Here, the ex-
tent of synergy between LN and LP on the growth rate was
calculated to be 8.6 %± 2.8 % at a low temperature and to
be 40.6 %± 3.8 % at high temperature (Fig. S3a), suggest-
ing a modulating effect of temperature on the response of
the growth rate to nutrient limitations (Thomas et al., 2017).
Similarly, in LNLP conditions and at a low pCO2 level, the
measured PIC quota was significantly larger than the ex-
pected value (Fig. S3c), indicating synergistic positive effects
of LN and LP on the PIC quota, with the extent of synergy
being 31.4 %± 3.9 % at a low temperature. LN and LP did
not synergistically act to reduce the POC quota.

While there were always interactions among stressors, in-
creased temperature itself sped up population growth to a rel-
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Figure 5. PIC quota of E. huxleyi grown in LCLT (a), HCLT (b), LCHT (c) and HCHT (d) conditions and the ratio of the PIC quota in HC to
LC (e), HT to LT (f), HCHT to LCLT (g), LNHP to HNHP (h), HNLP to HNHP (i) and LNLP to HNHP (j) conditions. Data were obtained
after cells were acclimated to experimental conditions for 14–16 generations and means ±SD of four replicate populations. Horizontal lines
in (e)–(j) show the value of 1. Different letters (a, b, c) in (a)–(d) represent significant differences between different nutrient treatments (Tukey
post hoc, p< 0.05). The results shown in the black columns were used for the ambient-future comparison in Fig. 2. Detailed experimental
conditions are shown in Fig. 1.

atively consistent value in high light, regardless of nutrient
limitation, with statistically significant but small differences
over the different nutrient regimes (Fig. 3f). A rising pCO2
level not only decreased the absolute values of the growth
rate but also reduced the positive effect of a high tempera-
ture on growth. In addition, elevated pCO2 levels also altered
patterns of growth responses to changes in light and nutrient
levels (Fig. 3e–g). In ocean acidification conditions, the neg-
ative effect of a low pH on the growth rate of the same E. hux-
leyi strain PML B92/11 was larger than the positive effect of
a high CO2 concentration (Bach et al., 2011). Our data fur-
ther showed that a low pH inhibited growth to a lesser extent
under the high light than under low light (Fig. 3e; Table 2).
One possible explanation for this could be that photosynthe-
sis under the high-light regime could generate more energy-
conserving compounds (Fernández et al., 1996). This results
in faster pCO2 removal and counteracts the negative effects
of a low pH. This interaction between a low pH and high light
was also observed when E. huxleyi strains PML B92/11 and
CCMP 2090 were grown under incident sunlight (Jin et al.,
2017).

Increases in temperature reduced PIC quotas under some
conditions (high light (HL), HL LNHP and HL LNLP)
(Fig. 5f), suggesting that the ratio of N : P is important in
modulating calcification under warming. One striking re-
sult is the consistent negative effect of high pCO2 levels
on growth and the PIC quota, regardless of other stressors.
While pCO2 levels affected the absolute PIC values, the
combination of high pCO2 levels and warming did not affect
the responses to light and nutrients once the direct reduction
in the PIC quota due to increased pCO2 was taken into ac-
count (Fig. 5g). It has been documented that PIC quotas of
E. huxleyi strain PML B92/11 were reduced at high pCO2
levels due to suppressed calcification (Riebesell and Tortell,
2011). This knowledge has been based on experiments under
nutrient-replete or constant conditions without consideration
of multiple drivers. In this work, the PIC quota of E. huxleyi
under OA was raised with increased light intensity and de-
creased availability of nutrients (Figs. 2 and 5). These results
are consistent with other studies (Perrin et al., 2016; Jin et al.,
2017), which reported that nutrient limitations enhanced cal-
cification, and high light intensity could cause cells to re-
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Figure 6. PIC/POC value of E. huxleyi grown in LCLT (a), HCLT (b), LCHT (c) and HCHT (d) conditions and the ratio of (PIC/POC
value) in HC to LC (e), HT to LT (f), HCHT to LCLT (g), LNHP to HNHP (h), HNLP to HNHP (i) and LNLP to HNHP (j) conditions. Data
were obtained after cells were acclimated to experimental conditions for 14–16 generations and means ±SD of four replicate populations.
Horizontal lines in (e)–(j) show the value of 1. Different letters (a, b, c) in (a)–(d) represent significant differences between different nutrient
treatments (Tukey post hoc, p< 0.05). The results shown in the black columns were used for the ambient-future comparison in Fig. 2.
Detailed experimental conditions are shown in Fig. 1.

move H+ faster and then reduce the negative effect of a low
pH on the calcification of E. huxleyi (Jin et al., 2017). Our
data also indicate that effects of ocean climate change on the
calcification of E. huxleyi are more complex than previously
thought (Meyer and Riebesell, 2015). It is worth noting that
the observed higher POC and PIC quotas under future ocean
climate change scenarios could be attributed to the cell cycle
arrest of a portion of the community (Vaulot et al., 1987). De-
creased availabilities of nitrate and phosphate can extend the
G1 phase where photosynthetic carbon fixation and calcifica-
tion occur and lead to lower dark respiration which reduces
carbon consumption (Vaulot et al., 1987; Müller et al., 2008;
Gao et al., 2018).

Synthesis of RNA is a large biochemical sink for phos-
phate in E. huxleyi and other primary producers (Dyhrman,
2016). In this study, RNA content per cell was verified by
a SYBR Green method (Berdalet et al., 2005). Compared
to HNHP conditions, HNLP-grown cells had only 7.8 % of
the total RNA (Fig. S11 in the Supplement). This indicates
that decreased availability of phosphate strongly decreased

RNA synthesis, which would consequently extend the inter-
phase of the cell cycle where calcification occurs (Müller
et al., 2008). This could explain why PIC quotas were en-
hanced by decreased phosphate availability (Fig. 5). Simi-
larly, decreased availability of nitrate decreased protein (or
PON) synthesis (Fig. S10 in the Supplement), which can also
block cells in the interphase of the cell cycle and increase the
time available for calcification in E. huxleyi (Vaulot et al.,
1987). Consistently with this, lower rates of assimilation or
organic matter production in E. huxleyi in LNHP treatments
compared to in HNHP treatments are consistent with more
energy being reallocated to use for calcification (Nimer and
Merrett, 1993; Xu and Gao, 2012).

Low phosphate concentrations can induce high-affinity
phosphate uptake in E. huxleyi (Riegman et al., 2000;
Dyhrman and Palenik, 2003; McKew et al., 2015). This
mechanism enables E. huxleyi to take up phosphate effi-
ciently at low pCO2 concentrations, so no significant differ-
ence in growth rate was observed between HNLP and HNHP
treatments (Fig. 3a and c). However, at high pCO2 levels, a
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Table 5. List of the physiological responses of E. huxleyi to the concurrent changes in multiple drivers investigated by the laboratory incu-
bations in the published studies. “↑” represents increase, “↓” represents decrease, and “n” represents no significant change regarding simul-
taneous changes in multiple drivers. C, T , L, N , P and µ represent CO2 (µatm), temperature (◦C), light intensity (µmolphotonsm−2 s−1),
dissolved inorganic nitrogen and phosphate (µmolL−1), and growth rate, respectively. Simultaneous changes in multiple drivers are marked
in bold.

Strain C T L N P µ POC PIC PIC : POC Cite

AC481 380 to 750 13 to 18 150 32 1 n ↑ ↓ ↓ (1)
PML B92/11 300 to 900 14 to 18 300 29 1 ↑ n ↓ ↓ (2)
PML B92/11 400 to 1000 10 to 20 150 64 4 ↑ ↑ ↓ ↓ (3)
PML B92/11 400 to 1000 10 to 20 150 64 4 ↑ ↓ ↓ (4)
PML B92/11 400 to 1000 15 to 24 190 100 10 ↑ ↑ ↓ ↓ (5)
CCMP 2090 395 to 1000 20 57 to 567 110 10 ↑ ↑ (6)
NZEH 390 to 1000 20 175 to 300 100 10 ↓ ↑ ↑ ↑ (7)
PCC124-3 390 to 1000 20 175 to 300 100 10 ↑ n ↑ ↑ (7)
PCC70-3 390 to 1000 20 175 to 300 100 10 ↑ n ↑ ↑ (7)
PML B92/11 140 to 880 15 80 to 150 100 6 ↑ ↑ ↓ ↓ (8)
PML B92/11 395 to 1000 20 54 to 457 110 10 ↑ ↑ ↓ ↓ (6)
PML B92/11 400 to 1000 20 50 to 1200 64 4 ↑ ↑ ↑ (4)
RCC962 390 to 1000 20 175 to 300 100 10 ↓ ↑ n ↓ (7)
CCMP 371 375 to 750 20 to 24 50 to 400 100 10 ↑ n ↓ ↓ (9)
B62 280 to 1000 20 300 88 to 9 4 ↑ ↓ ↓ (10)
RCC911 400 20 30 to 140 100 to 5 6 ↑ ↑ ↑ ↑ (11)
RCC911 400 20 30 to 140 100 6 to 0.6 ↑ ↑ ↑ ↑ (11)
PML 92A 360 to 2000 18 80 to 500 200 6.7 to 40 n ↑ (12)
A 460 to 1280 16 130 17 to 9 0.2 to 0.5 ↓ ↓ (13)
PML B92/11 410 to 920 20 80 to 480 100 to 8 10 ↓ ↓ ↑ ↑ (14)
PML B92/11 410 to 920 20 80 to 480 100 10 to 0.4 ↓ ↑ n ↓ (14)
PML B92/11 370 to 960 16 to 20 60 to 240 24 to 8 1.5 to 0.5 ↓ ↑ ↑ n (15)

(1) represents De Bodt et al. (2010), (2) Borchard et al. (2011), (3) Sett et al. (2014), (4) Gafar and Schulz (2018), (5) Tong et al. (2019), (6) Jin et al. (2017),
(7) Bretherton et al. (2019), (8) Rost et al. (2002), (9) Feng et al. (2008), (10) Müller et al. (2012), (11) Perrin et al. (2016), (12) Leonardos and Geider (2005),
(13) Matthiessen et al. (2012), (14) Zhang et al. (2019), and (15) this study.

low phosphate concentration (HNLP) lowered the growth of
E. huxleyi relative to HNHP conditions (Fig. 3a–d; Table 2).
While the affinity of E. huxleyi for phosphate under different
pCO2 levels has not been studied, the extra energetic cost of
coping with stress from high pCO2 levels could limit the en-
ergy available for the active uptake of phosphate. In addition,
the activity of alkaline phosphatase, which might work to
reuse released organic P, decreases at a low pH (Rouco et al.,
2013). Finally, the enlarged cell volume in HC and HNLP
(or LNLP) conditions may further reduce nutrient uptake by
cells due to reduced surface-to-volume ratios and lower cell
division rates (Fig. S5 in the Supplement) (Finkel, 2001).
While substantial evolutionary responses to multiple drivers
may help further, our results imply that decreased phosphate
availability along with progressive ocean acidification and
warming in the surface ocean may reduce the competitive
capability of E. huxleyi in oligotrophic waters. Meanwhile,
HNLP conditions also affected expressions of genes related
to nitrogen metabolism due to the tight stoichiometric cou-
pling of the nitrogen and phosphate metabolism (Rokitta
et al., 2016). Decreased availability of nitrate further limited
the nitrogen metabolism of E. huxleyi (Rokitta et al., 2014),
which lowered the overall biosynthetic activity and reduced

cellular PON quotas (Fig. S10). This explains the synergistic
inhibitions of a low pH, low phosphate and low nitrate on the
growth of E. huxleyi (Fig. 3).

POC quotas and the cell-volume-normalized POC quotas
were larger at high pCO2 levels than at low pCO2 levels un-
der all treatments (Figs. 4 and S6 in the Supplement; Table 2),
which could be a combined outcome of increased photosyn-
thetic carbon fixation (Zondervan et al., 2002; Hoppe et al.,
2011; Tong et al., 2019) and reduced cell division (present
work), leading to a pronounced increase in POC quotas in the
cells grown under low-phosphate (HNLP) and high-pCO2
conditions (Fig. 4). In HNLP conditions and at high pCO2
levels, photosynthetic carbon fixation proceeds whereas the
cell division rate decreases (Figs. 3 and 4), so reallocation of
newly produced particulate organic carbon (POC) could be
slowed down (Vaulot et al., 1987). In this case, over-synthesis
of cellular organic carbon might be released as dissolved or-
ganic carbon (DOC), which can coagulate to transparent ex-
opolymer particles (TEPs) and attach to cells (Biermann and
Engel, 2010; Engel et al., 2015). When cells were filtered on
GF/F filters, any TEPs would not have been separated from
the cells and would have contributed to the measured POC
quota in this study.
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Large PIC quotas of coccolithophores may facilitate the
accumulation of calcium carbonate in the deep ocean and
increase the contribution of CaCO3 produced by coccol-
ithophores to calcareous ooze in the pelagic ocean (Hay,
2004). Due to CaCO3 being more dense than organic car-
bon, larger PIC quotas may facilitate the effective transport
of POC to deep oceans, leading to vertical DIC or CO2 gradi-
ents of seawater (Milliman, 1993; Ziveri et al., 2007). While
the effects of global ocean climate changes on physiologi-
cal processes of phytoplankton can be complex, our results
promote our understanding of how a cosmopolitan coccol-
ithophore responds to future ocean environmental changes
through plastic trait change.
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