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Phytoplankton cells living in the surface waters of oceans are experiencing alterations in environmental conditions associated with global change.
Given their importance in global primary productivity, it is of considerable concern to know how these organisms will perform physiologically
under the changing levels of pH, temperatures, and nutrients predicted for future oceanic ecosystems. Here we show that the model diatom,
Thalassiosira pseudonana, when grown at different temperatures (20 or 24 �C), pCO2 (400 or 1000 matm), and nitrate concentrations (2.5 or
102.5mmol l�1), displayed contrasting performance in its physiology. Elevated pCO2 (and hence seawater acidification) under the nitrate-limited
conditions led to decreases in specific growth rate, cell size, pigment content, photochemical quantum yield of PSII, and photosynthetic carbon
fixation. Furthermore, increasing the temperature exacerbated the negative effects of the seawater acidification associated with elevated pCO2

on specific growth rate and chlorophyll content under the N-limited conditions. These results imply that a reduced upward transport of
nutrients due to enhanced stratification associated with ocean warming might act synergistically to reduce growth and carbon fixation by dia-
toms under progressive ocean acidification, with important ramifications for ocean productivity and the strength of the biological CO2 pump.
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Introduction
Increasing emissions of anthropogenic carbon dioxide (CO2)

result in global warming that leads to increases in sea surface tem-

peratures (ocean warming). While continuous dissolution of CO2

into oceans remediates atmospheric CO2 increases and global

warming, it also leads to ocean acidification (Gattuso et al.,

2015). Average global ocean pH has already declined by 0.1 units

since the Industrial Revolution and is predicted to further drop

by up to 0.4 units by the end of this century (Gattuso et al.,

2015). Both ocean warming and acidification affect the availabil-

ity of nitrogen and other nutrients to phytoplankton living in the

surface layers of the ocean. Intensified stratification of surface

waters caused by ocean warming decreases upward transport of

nutrients across the thermocline (Rost et al., 2008; Beardall et al.,

2009; Gao et al., 2012a) leading to reduced nutrient supply.

Moreover, ocean acidification could decrease nitrification and

thus the supply of oxidized nitrogen in the surface ocean (Beman

et al., 2011). These changes are expected to have far-reaching con-

sequences for marine primary production and ecosystem sustain-

ability and services (Gattuso et al., 2015; Boyd et al., 2016).

Seawater acidification treatment has been shown, in a range of

microalgal species, to cause down-regulation of the energy-costly

CO2 concentrating mechanisms (CCMs) (Raven and Beardall,

2014 and references therein) and to reduce the intracellular

dissolved inorganic carbon pool within phytoplankton cells (Liu

et al., 2017). It also decreases intracellular pH (Suffrian et al.,

2011) and increases the energy expenditure of the cells in main-

taining cellular pH homeostasis (Taylor et al., 2012). While the
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physiological responses of phytoplankton to seawater acidifica-

tion might vary between genera, species (Langer et al., 2006; King

et al., 2015; Li et al., 2016), and even among strains (Langer et al.,

2009), interactions with other environmental stressors can alter

the responses to acidification (Li et al., 2012a; Beardall et al.,

2014; Verspagen et al., 2014; Passow and Laws, 2015; Li et al.,

2017a). In addition, the duration of growth under seawater acidi-

fication could also affect the physiological performance of phyto-

plankton cells due to acclimation and adaptation processes

(Collins et al., 2014; Li et al., 2017b). Therefore, it is important to

examine the effects of elevated CO2 under changing environmen-

tal conditions or under multiple stressors in both the short and

the long term. Interactions between acidification and other fac-

tors, such as light intensity (Gao et al., 2012b; Li et al., 2014;

Heiden et al., 2016), light fluctuation (Hoppe et al., 2015), solar

UV radiation (Li et al., 2012a), temperature (Torstensson et al.,

2012; Torstensson et al., 2013; Coello-Camba et al., 2014), and

availability of iron (Sugie and Yoshimura, 2013, 2016; Segovia

et al., 2017) and other nutrients (King et al., 2011; Sun et al.,

2011; Li et al., 2012b) have been reported in diatoms.

Diatoms are responsible for about 40% of oceanic primary

production and account for over 50% of organic carbon burial in

marine sediments (Falkowski et al., 2004). Hence, the responses

of their growth and photosynthesis to changing marine environ-

ments are likely to influence the export of organic matter to deep

water and the biogeochemical cycling of carbon, silicon, and

other elements. For instance, diatoms dominate the open ocean

microphytoplankton community and live cells have been found

in the deep ocean (down to 4000 m), indicating their critical role

in the biological CO2 pump (Agusti et al., 2015). On the other

hand, N-limitation is usually exacerbated by higher half-

saturation constants for nitrate uptake of diatoms compared to

other algal classes (Eppley et al., 1969; Falkowski, 1975; Moore

et al., 2002a). Indeed, about 50% of surface oceans are nitrogen-

limited for diatoms, at least, during summer (Moore et al.,

2002b). Given the decreased upward transport of nutrients,

decreasing nitrification, and higher half-saturation constants for

nitrate uptake, diatoms within the upper mixed layers will

become especially exposed to increasing nutrient limitation under

the influences of ocean warming and acidification.

However, few studies have investigated combined effects

among elevated CO2, temperature, and nutrient limitation

(Taucher et al., 2015), in part because of the complexity of inter-

active effects (Boyd et al., 2016). In terms of CO2 and tempera-

ture interactions, growth rates of several diatom species freshly

isolated from coastal New Zealand waters have been shown to be

enhanced, depressed, or unaltered by elevated temperature and

CO2, with temperature showing more prominent effects than

CO2 (Tatters et al., 2013). In contrast, growth of Chaetoceros cf.

wighamii was mainly affected by elevated CO2, rather than by the

temperature levels tested (Araújo and Garcia, 2005). On the other

hand, elevated levels of temperature and CO2 synergistically

enhanced the growth of the Antarctic diatom Nitzschia lecointei

(Torstensson et al., 2013), but depressed the primary production

of Arctic phytoplankton (Coello-Camba et al., 2014), showing

that phytoplankton may show different regional responses. In

another study, however, seawater acidification treatment substan-

tially enhanced the growth of diatoms in a phytoplankton com-

munity, whereas their growth was unaltered when CO2 and

temperature were both elevated (Feng et al., 2009). Effects of ele-

vated CO2 and associated seawater acidification on diatoms have

been extensively studied under nitrogen-replete conditions (Gao

and Campbell, 2014 and references therein). However, it has been

suggested that the effects of acidification might differ under

nutrient-limited compared to replete conditions (Taucher et al.,

2015). For instance, the carbon to nitrogen ratios in

Phaeodactylum tricornutum, Thalassiosira pseudonana, and

Thalassiosira weissflogii were raised by acidification treatment

only under N-limited conditions (Li et al., 2012b; Hong et al.,

2017). Additionally, seawater acidification only increased photo-

synthetic carbon fixation and maximum relative electron trans-

port of P. tricornutum when nitrogen availability was sufficient

(Li et al., 2012b; Hong et al., 2017). There are also reports show-

ing differential responses of diatoms to temperature changes

grown at different concentrations of nutrients (Hagerthey et al.,

2002; Doyle et al., 2005). While elevated temperature decreased

the relative abundance of Nitzschia frustulum more conspicuously

under low-nutrient conditions (Hagerthey et al., 2002), it

increased the growth of two other diatom species greatly when

nutrients were added (Doyle et al., 2005).

As a much studied model diatom species, growth and photo-

synthesis of T. pseudonana have been shown to benefit from, or

be unaltered by, seawater acidification (Sobrino et al., 2008;

Trimborn et al., 2009; Crawfurd et al., 2011; Gao et al., 2012b;

McCarthy et al., 2012; Yang and Gao, 2012; Shi et al., 2015; Hong

et al., 2017). However, acidification showed negative effects on

photosynthesis when T. pseudonana was cultured in a nitrate-

limited chemostat (similar growth rates of ambient and elevated

CO2 acclimated cells were controlled by the dilution rate and

acidification effects were only studied under nitrate-limited con-

ditions) (Hennon et al., 2014). Changes in temperature and the

availability of nitrate may alter the response of diatoms to ele-

vated CO2, as these changes would impact carbon and nitrogen

metabolism and cellular energy budgets. We hypothesize that

nitrate limitation may aggravate impacts of seawater acidification

and superimposition of a warming treatment may further com-

plicate the effects due to increased respiratory carbon loss under

acidification and warming. In the present work, we tested this

hypothesis by growing the diatom, T. pseudonana, under different

levels of nitrate in combination with pCO2 and temperature

treatments.

Material and methods
Culture conditions and experimental design
The diatom T. pseudonana (CCMP 1335), originally isolated

from coastal waters of Long Island (USA), was grown in 500 ml

polycarbonate (PC) bottles maintained at 20 (LT) or 24 �C (HT)

with a 12:12 h light–dark cycle. The temperatures were set accord-

ing to the isolation temperature (20 �C), and the temperature rise

of 4 �C was based on the RCP8.5 scenario that predicts the sea

surface temperature will increase by this extent at the end of the

21st century (Bopp et al., 2013). In addition, the two temperature

regimes are near or in the optimal temperature range of this

strain (Boyd et al., 2013). The PC bottles were acid-cleaned and

rinsed thoroughly with ultrapure water and autoclaved before

being used for cell cultures. Photosynthetically active radiation

(PAR) was set at 105 6 6 lmol photons m�2 s�1 (measured by a

US-SQS/WB spherical micro quantum sensor; Walz), with no dif-

ferences among positions where bottles were placed. The culture

media were prepared with autoclaved artificial seawater with

nutrients added according to the Aquil medium recipe (Sunda
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et al., 2005), except for nitrate. The maximum cell concentration

was controlled below 6� 104 cells ml�1 by dilution with target-

CO2 equilibrated media every 24 h in order to maintain constant

seawater carbonate chemistry without aeration. All the cultures

were grown in one growth chamber to prevent any potential

influence of factors besides the ones under test from biasing the

results.

The nitrate concentration of the medium was set as

102.5mmol l�1 for the high nitrogen (HN) treatment. It was set at

2.5mmol l�1 for the low nitrogen (LN) treatment, a concentration

that is limiting to the diatom’s growth (Li et al., 2012b; Hennon

et al., 2014). The culture media were pre-aerated with low

(�400 matm, LC) or high pCO2 (�1000matm, HC) air for about

24 h to ensure equilibration with the target pCO2 levels. The

CO2-enriched air was achieved with a CO2 plant growth chamber

(HP1000G-D; Ruihua), in which the target pCO2 levels were

obtained by mixing air and pure CO2 gas. Thus, eight treatments

were achieved, and each treatment had three independent repli-

cate cultures. All the culture bottles were placed randomly in the

growth chamber to avoid artefacts related to inappropriate repli-

cation. Nitrate concentrations were determined by a nutrient

autoanalyzer (AA3; Bran-Luebbe) in which nitrate was reduced

to nitrite by cadmium. The lower detection limit of nitrate was

0.1mmol l�1. Nitrate concentrations dropped from 117.1 (60.9)

to 108.3 (61.1) mmol l�1 in the HN cultures and from 2.4 (60.1)

to 0 mmol l�1 (under the limit of detection) in the LN cultures

over the 24 h period, respectively. Cultures were run for at least

15 generations before physiological parameters were measured

during the photoperiod (5–7 h after the onset of light).

Seawater carbonate chemistry
The pHNBS was measured by a pH meter (Orion 2 STAR;

Thermo Scientific) calibrated using standard National Bureau of

Standards (NBS) buffers. Samples for total alkalinity (TA) meas-

urement were poisoned by a saturated solution of mercuric chlor-

ide after filtering through cellulose acetate membranes (0.45mm).

TA was determined by Gran acidimetric titration on a 25-ml

sample with a TA analyzer (AS-ALK1þ; Apollo SciTech).

Certified reference materials supplied by A. G. Dickson at the

Scripps Institution of Oceanography were used to assure the

accuracy of the TA measurement. Carbonate chemistry parame-

ters were calculated based on the TA and pH values using the

CO2SYS software, and are shown in Table 1.

Specific growth rate, cell size, and chlorophyll a content
Cell concentration and mean cell size were determined with 20 ml

samples by a Coulter Particle Count and Size Analyzer (Z2; Beckman

Coulter). Specific growth rate was calculated according to the equa-

tion: m¼ (lnN1 � lnN0)/(t1 � t0), where N1 and N0 represent cell

concentrations at t1 (before dilution) and t0 (initial or after dilution),

(t1 � t0)¼ 24 h. Samples (150 ml) for chlorophyll measurement were

filtered onto GF/F filters (25 mm; Whatman) and extracted in 5 ml of

absolute methanol at 4 �C in darkness for 24 h. The supernatants

obtained after centrifugation (5000 g for 10 min) were analysed by a

UV-VIS Spectrophotometer (DU800; Beckman Coulter). The absorp-

tion values at 632, 665, and 750 nm were measured, and chlorophyll a

concentrations were determined according to Ritchie (2006).

Biogenic silica and particulate organic carbon and
nitrogen
Samples (120 ml) were gently filtered onto 1.2 mm PC filters

(25 mm; Millipore) for determination of biogenic silica (BSi)

according to Brzezinski and Nelson (1995). BSi on filters was

digested by 4 ml of 0.2 mol l�1 NaOH for 45 min and neutralized

with 1 ml of 1 mol l�1 HCl to terminate the extraction. The super-

natants (1 ml) were then transferred to clean PE centrifuge plastic

tubes (15 ml) and diluted with 4 ml of Milli-Q water.

Ammonium molybdate (2 ml) and the reducing agent (3 ml)

were added to the tubes and the absorption was measured at

810 nm by a UV-VIS Spectrophotometer (DU800; Beckman

Coulter) within 2–3 h of extraction. Samples (100 ml) for measur-

ing particulate organic carbon (POC) and nitrogen (PON) were

harvested by gentle vacuum filtration (< 0.02 MPa) on pre-

combusted (450 �C for 6 h) GF/F filters (25 mm; Whatman). HCl

fumes were applied to remove any inorganic carbon on filters

(12 h) before they were dried at 60 �C and analysed using a

CHNS/O Analyzer (2400 SeriesII; PerkinElmer). Acetanilide of a

known ratio of carbon to nitrogen and weight (range from 0.2 to

1 mg) was run every 6 samples to monitor instrument drift.

Chlorophyll a fluorescence
Samples were dark-adapted for 10 min before the maximum

quantum yields of PSII (UPSII max) were measured with a multi-

colour pulse amplitude modulated fluorometer (MULTI-

COLOR-PAM; Walz). Preliminary experiments showed there was

no difference between 10 and 15 min dark-adaptation times.

Following dark-adaptation an actinic light of 94 lmol photons

m�2 s�1, being similar to the growth light level, was applied for

3 min to determine the effective quantum yield of PSII (UPSII eff).

Table 1. Experimental treatments and carbonate chemistry parameters of culture media.

Treatments
Temperature
(
�
C)

Nitrate concentration
(mmol l�1)

pCO2

(matm) pHNBS

TA (mmol
kg�1)

DIC (mmol
kg�1)

HCO�3 (mmol
kg�1)

CO2 (mmol
kg�1)

LTHNLC 20 102.5 400 8.11 6 0.03 2274 6 20 2024 6 6 1836 6 8 15 6 1
LTHNHC 20 102.5 1000 7.81 6 0.03* 2272 6 28 2155 6 17* 2026 6 13* 33 6 2*
LTLNLC 20 2.5 400 8.11 6 0.02 2285 6 20 2033 6 8 1843 6 1 15 6 1
LTLNHC 20 2.5 1000 7.81 6 0.02* 2298 6 14 2181 6 21* 2050 6 22* 34 6 2*
HTHNLC 24 102.5 400 8.11 6 0.03 2269 6 32 1991 6 33 1784 6 35 14 6 1
HTHNHC 24 102.5 1000 7.79 6 0.01* 2273 6 33 2143 6 32* 2006 6 30* 32 6 1*
HTLNLC 24 2.5 400 8.10 6 0.02 2284 6 15 2008 6 10 1802 6 13 14 6 1
HTLNHC 24 2.5 1000 7.82 6 0.02* 2308 6 18 2165 6 22* 2022 6 22* 30 6 2*

Values of carbonate chemistry parameters are means 6 SD of triplicate cultures (n¼ 3). Asterisks indicate significant (p< 0.05) differences between pCO2 treat-
ments (t-test).

Diatom performance in a future ocean 3

Downloaded from https://academic.oup.com/icesjms/advance-article-abstract/doi/10.1093/icesjms/fsx239/4788789
by Xiamen University user
on 23 May 2018

Deleted Text:  per 
Deleted Text:  
Deleted Text:  
Deleted Text: which 
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text: CO<sub>2</sub> 
Deleted Text: ,
Deleted Text: ,
Deleted Text:  
Deleted Text: &thinsp;
Deleted Text: &thinsp;
Deleted Text:  
Deleted Text: &thinsp;
Deleted Text:  
Deleted Text:  &shy; 
Deleted Text: ,
Deleted Text: &thinsp;
Deleted Text: ,
Deleted Text: [TQ1]
Deleted Text: ,
Deleted Text: &mdash;
Deleted Text: &mdash;
Deleted Text: &ndash; 
Deleted Text: ,
Deleted Text: z
Deleted Text: ,
Deleted Text: ,
Deleted Text: polycarbonate 
Deleted Text: utes
Deleted Text:  
Deleted Text: ,
Deleted Text:  to 
Deleted Text:  
Deleted Text: ,
Deleted Text: z
Deleted Text: ,
Deleted Text: color
Deleted Text: ,
Deleted Text: <sup>&thinsp;</sup>


The measuring beam and actinic light sources were blue and white

light, respectively. The intensity of the saturating pulse was set at

4819 lmol photons m�2 s�1 for 0.8 s. UPSII max and UPSII eff were

calculated according to the following equations: UPSII max ¼ (Fm �
F0)/Fm for dark-adapted (10 min) samples; UPSII eff¼ (Fm

0 � Ft)/

Fm
0 ¼DF/Fm

0 for actinic light-adapted samples, where Fm and Fm
0

indicate maximum chlorophyll fluorescence of dark- and light-

adapted samples, respectively, F0 is the minimum chlorophyll fluo-

rescence of dark-treated cells, and Ft is the steady state chlorophyll

fluorescence of the light-exposed samples. Rapid light curves

(RLCs) were measured to estimate relative maximum electron

transport rate (rETRmax), apparent photon transfer efficiency (a),

and light saturation point (Ik). Samples were incubated under

growth conditions (105 lmol photons m�2 s�1; 20 and 24 �C for

LT and HT treatments, respectively) for 10 min before RLC

measurements. Eleven progressively increasing light intensities (60,

94, 128, 215, 368, 644, 798, 1149, 1599, 2120, and 2863 lmol pho-

tons m�2 s�1), each applied for 20 s, were used in the RLC meas-

urements. Values of rETR at these light intensities were calculated

according to: rETR¼ PAR�UPSII eff� 0.5, where PAR represents

the photon flux density of actinic light (lmol photons m�2 s�1),

UPSII eff is the effective photochemical quantum yield at each PAR

level, and the factor 0.5 assumes that PSII receives half of all

absorbed quanta. PAR and rETR data obtained from RLCs were

fitted to the model: rETR¼ PAR/(a� PAR2þ b�PARþ c). The

Ik, rETRmax and a were calculated from a, b and c according to

Eilers and Peeters (1988).

Photosynthesis and dark respiration
Samples (20 ml) of cultures with a cell concentration range of

2–6� 104 cells ml�1 were inoculated with 5 mCi NaH14CO3 (ICN

Radiochemicals) for determination of photosynthetic carbon fix-

ation rates. They were incubated under growth conditions

(105 lmol photons m�2 s�1, 20 or 24 �C) for 60 min. This rela-

tively short-term incubation is usually taken to give an estimation

of gross photosynthetic carbon fixation rate (Williams et al.,

2002), though some other studies have indicated that N status

might influence the balance between gross and net carbon fixa-

tion (Halsey et al., 2011, 2013). After the incubation, cells were

gently filtered onto GF/F filters (25 mm; Whatman) and the filters

were placed into scintillation vials. Filters were exposed to HCl

fumes overnight, and dried at 50 �C for 6 h (Gao et al., 2007).

Scintillation cocktail (5 ml) was added to the vials before assimi-

lated radiocarbon was counted by a liquid scintillation counter

(Tri-Carb 2800TR; PerkinElmer).

Dark respiration was measured by a Clark-type oxygen electrode

(Oxygraph; Hansatech). About 1� 106 cells were harvested by gentle

vacuum filtration (<0.02 MPa) onto cellulose acetate membranes

(1mm) and resuspended into 5 ml of 20 mmol l�1 Tris-buffered

medium. Then they were injected into the oxygen electrode chamber

at 20 or 24 �C controlled by a refrigerated circulating bath (GDH-

0506; Shunma). UPSII max was measured to ensure physiological

stability after the influence of filtration; no differences were found in

UPSII max before and after the filtration. The pH values (8.10 and

7.80 for LC and HC conditions, respectively) of the Tris-buffered

media were adjusted to the corresponding culture values by 1 mol

l�1 HCl and NaOH. Dark respiration rates were derived from the

linear portion of the slope of oxygen consumption vs. time (within

about 10 min per measurement).

Statistical analyses
All data in the present study are reported as the mean 6 SD

(n¼ 3). Data were analysed by the general linear model (GLM) in

SPSS statistics 18.0, with temperature, nitrate concentration,

and pCO2 level as three factors in the model. Two levels were

set in each factor: 20 and 24 �C for temperature; 2.5 and

102.5mmol l�1for nitrate concentration; 400 and 1000 matm for

pCO2 level. Interactions among three factors were included in the

model. The independent-samples t-test was applied to determine

differences between two levels of a factor when p < 0.05 was

found in the model.

Results
Specific growth rate and mean cell size
While elevated pCO2 showed no significant impact on growth in

HN-grown cells, it significantly decreased the specific growth rate of

LN-grown cultures (31%, t-test, t¼ 4.1, df¼ 4, p¼ 0.014 for low

temperature; 68%, t¼ 24.7, df¼ 4, p < 0.001 for high temperature;

Figure 1a). Specific growth rates were 11–79% lower under N-lim-

ited conditions than replete conditions (t-test, t¼ 4.9, df¼ 4,

p¼ 0.008 for low temperature plus ambient pCO2 treatment; t¼ 5.1,

df¼ 4, p¼ 0.007 for low temperature plus elevated pCO2 treatment;

t¼ 10.1, df¼ 4, p¼ 0.001 for high temperature plus ambient pCO2

treatment; t¼ 32.6, df¼ 4, p < 0.001 for high temperature plus

Figure 1. Specific growth rates (d�1) (a) and cell size (mm) (b) of
Thalassiosira pseudonana acclimated to ambient (LC, filled bars) and
elevated pCO2 (HC, open bars) at different temperature and nitrate
levels. The data are mean 6 SD values of triplicate cultures (n¼ 3).
Asterisks indicate significant (p< 0.05) differences between pCO2

treatments (t-test).
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elevated pCO2 treatment). Elevated temperature decreased cell

growth under the reduced nitrate condition by 22 and 65% at the

ambient and elevated pCO2 levels, respectively (t-test, t¼ 11.5,

df¼ 4, p < 0.001 for ambient pCO2 level; t¼ 5.9, df¼ 4, p¼ 0.004

for elevated pCO2 level). A significant interaction was found between

nitrate and pCO2 levels effects on specific growth rate (GLM,

F1,16¼ 78.1, p < 0.001; Table 3).

Elevated pCO2 decreased the cell size under N-limited condi-

tions (6%, t-test, t¼ 8.1, df¼ 4, p¼ 0.001 for low temperature;

5%, t¼ 4.8, df¼ 4, p¼ 0.008 for high temperature; Figure 1b),

but had no significant effect on the HN-grown cells. Nitrate limi-

tation decreased cell size by 3–7% compared to the corresponding

HN treatments, with the exception of the low temperature plus

ambient pCO2 treatment. Cells grown at the higher temperature

had 1–5% smaller mean cell sizes than in the corresponding LT

treatments (t-test, t¼ 4.3, df¼ 4, p¼ 0.012 for N-replete plus

ambient pCO2 treatment; t¼ 3.5, df¼ 4, p¼ 0.024 for N-replete

plus elevated pCO2 treatment; t¼ 5.0, df¼ 4, p¼ 0.007 for N-lim-

ited plus ambient pCO2 treatment; t¼ 3.6, df¼ 4, p¼ 0.021 for

N-limited plus elevated pCO2 treatment). A significant interac-

tion between nitrate and pCO2 levels on cell size was detected

(GLM, F1,16¼ 53.0, p < 0.001).

Chlorophyll a, BSi, POC, and PON
Differential responses of chlorophyll a content to elevated pCO2

were detected under N-limited compared to N-replete conditions:

elevated pCO2 showed no significant effect under HN conditions

but resulted in decreased chlorophyll a under LN conditions

(56%, t-test, t¼ 10.3, df¼ 4, p < 0.001 for low temperature; 70%,

t¼ 11.2, df¼ 4, p < 0.001 for high temperature; Figure 2a). LN

treatments resulted in 22–89% lower chlorophyll a content com-

pared to HN treatments (t-test, t¼ 4.3, df¼ 4, p¼ 0.012 for low

temperature plus ambient pCO2 treatment; t¼ 4.9, df¼ 4,

p¼ 0.008 for low temperature plus elevated pCO2 treatment;

t¼ 24.4, df¼ 4, p < 0.001 for high temperature plus ambient

pCO2 treatment; t¼ 28.9, df¼ 4, p < 0.001 for high temperature

plus elevated pCO2 treatment), and elevated temperature

increased the difference between LN and HN treatments. While

elevated temperature decreased chlorophyll a content under LN

conditions, it enhanced the content under HN conditions (t-test,

t¼�4.1, df¼ 4, p¼ 0.015 for N-replete plus ambient pCO2 treat-

ment; t¼�3.1, df¼ 4, p¼ 0.036 for N-replete plus elevated pCO2

treatment; t¼ 11.3, df¼ 4, p < 0.001 for N-limited plus ambient

pCO2 treatment; t¼ 6.5, df¼ 4, p¼ 0.003 for N-limited plus ele-

vated pCO2 treatment). A significant interaction between nitrate

and pCO2 levels on chlorophyll a content was detected (GLM,

F1,16¼ 20.3, p < 0.001). No significant effects of the three factors

on BSi content were found (Table 3), and cell quotas ranged from

0.09 to 0.13 pmol cell�1 (Figure 2b).

Differential effects of elevated pCO2 on POC content under

LN and HN conditions were detected: pCO2 had no significant

impact under HN conditions, but increased POC content by 78–

167% under LN conditions (t-test, t¼�4.2, df¼ 4, p¼ 0.013 for

low temperature; t¼�29.2, df¼ 4, p < 0.001 for high tempera-

ture; Figure 2c). POC contents of LN cells were 24–28% lower

than in the corresponding HN treatments at ambient pCO2

Table 3. Significance test results for temperature (T), nitrate (N), pCO2 (C), and their interactions based on the GLM.

Parameter
T N C T�N T�C N�C T�N�C

F p F p F p F p F p F p F p

Specific growth rate 28.8 <0.001 406.3 <0.001 93.0 <0.001 85.5 <0.001 2.9 0.107 78.1 <0.001 10.2 0.006
Cell size 66.1 <0.001 166.2 <0.001 71.3 <0.001 8.0 0.012 4.4 0.052 53.0 <0.001 0.2 0.636
Chlorophyll a 0.3 0.559 432.6 <0.001 50.6 <0.001 82.3 <0.001 3.5 0.079 20.3 <0.001 0.01 0.907
BSi 3.0 0.100 0.5 0.492 0.4 0.504 0.01 0.898 0.4 0.520 7.2 0.016 2.8 0.109
POC 2.8 0.113 11.3 0.004 74.6 <0.001 6.3 0.023 9.7 0.007 77.1 <0.001 1.4 0.252
PON 58.5 <0.001 20.4 <0.001 85.4 <0.001 0.01 0.903 1.7 0.203 34.8 <0.001 5.1 0.037
C: N 70.1 <0.001 181.9 <0.001 0.1 0.688 32.0 <0.001 34.7 <0.001 13.9 0.002 23.7 <0.001
Si: C 5.2 0.035 0.1 0.706 94.8 <0.001 1.1 0.290 17.9 0.001 40.4 <0.001 6.4 0.022
Photosynthesis 7.4 0.015 780.6 <0.001 98.7 <0.001 61.2 <0.001 7.8 0.013 53.7 <0.001 10.6 0.005
Dark respiration 94.3 <0.001 73.1 <0.001 33.7 <0.001 31.8 <0.001 11.8 0.003 33.7 <0.001 16.2 0.001

Bold and underlined values show where there are significant effects.

Table 2. UPSII max and UPSII eff, a, rETRmax, and Ik (lmol photons m�2 s�1) of Thalassiosira pseudonana cells under different treatments.

UPSII max UPSII eff a rETRmax Ik

LT (20 �C) HNLC 0.671 6 0.008 0.582 6 0.008 0.268 6 0.005 119 6 1 444 6 13
HNHC 0.668 6 0.003 0.575 6 0.004 0.266 6 0.002 117 6 4 439 6 15
LNLC 0.635 6 0.016 0.549 6 0.018 0.273 6 0.010 97 6 5 355 6 32
LNHC 0.538 6 0.036* 0.488 6 0.028* 0.239 6 0.021 77 6 5* 322 6 8

HT (24 �C) HNLC 0.678 6 0.001 0.565 6 0.005 0.277 6 0.001 127 6 1 458 6 1
HNHC 0.672 6 0.003* 0.557 6 0.006 0.273 6 0.002* 117 6 4* 430 6 15
LNLC 0.673 6 0.004 0.593 6 0.030 0.292 6 0.002 109 6 6 376 6 21
LNHC 0.505 6 0.038* 0.472 6 0.012* 0.221 6 0.008* 75 6 9* 341 6 53

The data are means 6 SD of triplicate cultures (n¼ 3). Asterisks indicate significant (p< 0.05) differences between pCO2 treatments (t-test).
HNLC, high nitrate low pCO2 treatment; HNHC, high nitrate high pCO2 treatment; LNLC, low nitrate low pCO2 treatment; LNHC, low nitrate high pCO2

treatment.
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(t-test, t¼ 3.3, df¼ 4, p¼ 0.029 for low temperature; t¼ 4.5,

df¼ 4, p¼ 0.010 for high temperature), but POC was enhanced

by nitrate limitation at elevated pCO2. Temperature showed no

significant effects on cellular POC content (GLM, F1,16¼ 2.8,

p¼ 0.113). Interactions between temperature or nitrate and

pCO2 levels on POC content were detected (Table 3).

Elevated pCO2 significantly enhanced PON contents by

23–131% (t-test, t¼�3.4, df¼ 4, p¼ 0.026 for low temperature

plus N-limited treatment; t¼�5.3, df¼ 4, p¼ 0.006 for

high temperature plus N-replete treatment; t¼�20.0, df¼ 4,

p < 0.001 for high temperature plus N-limited treatment;

Figure 2d), with the exception of the low temperature plus N-

replete treatment. LN-grown cells showed 41–48% lower PON

content relative to HN-grown cells under ambient pCO2 condi-

tions (t-test, t¼ 6.3, df¼ 4, p¼ 0.003 for low temperature;

t¼ 12.1, df¼ 4, p < 0.001 for high temperature), but there was

no difference between LN and HN cells when pCO2 was ele-

vated. Elevated temperature decreased cellular PON content

(t-test, t¼ 6.1, df¼ 4, p¼ 0.004 for N-replete plus ambient

pCO2 treatment; t¼ 5.3, df¼ 4, p¼ 0.006 for N-replete plus ele-

vated pCO2 treatment; t¼ 3.5, df¼ 4, p¼ 0.023 for N-limited

plus elevated pCO2 treatment), with the exception of the

N-limited plus ambient pCO2 treatment. A significant interac-

tion between nitrate and pCO2 levels on PON content was

detected (GLM, F1,16¼ 34.8, p < 0.001).

While no effects of pCO2 on C:N were detected under HN

conditions, under LN conditions the ratio was decreased or raised

by elevated pCO2 at low or high temperature, respectively

(Figure 3a). LN-grown cells showed higher C:N relative to HN-

grown cells (t-test, t¼�7.1, df¼ 4, p¼ 0.002 for low temperature

plus ambient pCO2 treatment; t¼�5.6, df¼ 4, p¼ 0.005 for

high temperature plus ambient pCO2 treatment; t¼�13.8, df¼ 4,

p < 0.001 for high temperature plus elevated pCO2 treatment),

with the exception of the low temperature plus elevated pCO2

treatment. The higher temperature treatment resulted in 76%

higher C:N for cells in the N-limited plus elevated pCO2 treat-

ment (t-test, t¼�9.3, df¼ 4, p¼ 0.001) but had no significant

impact on the cells under other treatments. Interactions of the

three factors on C:N were detected (Table 3).

Elevated pCO2 decreased the ratio of cellular BSi to POC

(Si:C) by 18–67% (t-test, t¼ 3.9, df¼ 4, p¼ 0.018 for low temper-

ature plus N-limited treatment; t¼ 3.9, df¼ 4, p¼ 0.017 for high

temperature plus N-replete treatment; t¼ 11.6, df¼ 4, p < 0.001

for high temperature plus N-limited treatment; Figure 3b), with

the exception of the low temperature plus N-replete treatment.

Nitrate limitation increased the Si:C ratio of LC cells and reduced

that of HC cells at the elevated temperature (t-test, t¼�3.9,

df¼ 4, p¼ 0.017 for LC cells; t¼ 8.8, df¼ 4, p¼ 0.001 for HC

cells). The ratio was raised or decreased by elevated temperature

at ambient or elevated pCO2 level under N-limited condition,

respectively (t-test, t¼�3.2, df¼ 4, p¼ 0.033 for ambient pCO2

level; t¼ 3.0, df¼ 4, p¼ 0.038 for elevated pCO2 level).

Interactions between temperature or nitrate and pCO2 levels on

Si:C were detected (Table 3).

Figure 2. Cellular quotas of chlorophyll a (pg cell�1) (a), BSi (pmol cell�1) (b), POC (pmol cell�1) (c), and PON (pmol cell�1) (d) of
Thalassiosira pseudonana acclimated to ambient (LC, filled bars) and elevated pCO2 (HC, open bars) at different temperature and nitrate
levels. The data are mean 6 SD values of triplicate cultures (n¼ 3). Asterisks indicate significant (p< 0.05) differences between pCO2

treatments (t-test).
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Chlorophyll a fluorescence
Nitrate limitation decreased maximal (UPSII max) and effective

(UPSII eff) photochemical efficiency of PSII (t-test, t¼ 3.3, df¼ 4,

p¼ 0.028 for UPSII max in the low temperature plus ambient pCO2

treatment; t¼ 6.2, df¼ 4, p¼ 0.003 for UPSII max in the low tem-

perature plus elevated pCO2 treatment; t¼ 7.5, df¼ 4, p¼ 0.002

for UPSII max in the high temperature plus ambient pCO2 treat-

ment; t-test, t¼ 2.9, df¼ 4, p¼ 0.041 for UPSII eff in the low tem-

perature plus ambient pCO2 treatment; t¼ 5.4, df¼ 4, p¼ 0.006

for UPSII eff in the low temperature plus elevated pCO2 treatment;

t¼ 11.1, df¼ 4, p < 0.001 for UPSII eff in the high temperature

plus ambient pCO2 treatment; Table 2), with the exception of the

high temperature plus ambient pCO2 treatment. Under N-limited

conditions, cells grown at elevated pCO2 always showed lower

UPSII max and UPSII eff relative to LC cells (t-test, t¼ 4.2, df¼ 4,

p¼ 0.013 for UPSII max at low temperature; t¼ 7.5, df¼ 4,

p¼ 0.002 for UPSII max at high temperature; t-test, t¼ 3.2, df¼ 4,

p¼ 0.033 for UPSII eff at low temperature; t¼ 6.5, df¼ 4, p¼ 0.003

for UPSII eff at high temperature). While elevated pCO2 did not

show effects on the RLCs under HN conditions, it significantly

depressed the rETR when nitrate was limiting, especially at high

light intensities (Figure 4). Significantly negative effects of ele-

vated pCO2 on rETRmax were detected under N-limited condi-

tions (t-test, t¼ 4.5, df¼ 4, p¼ 0.011 for low temperature;

t¼ 5.2, df¼ 4, p¼ 0.006 for high temperature). Nitrate limitation

significantly decreased rETRmax by 14–36% (t-test, t¼ 6.9, df¼ 4,

p¼ 0.002 for low temperature plus ambient pCO2 treatment;

t¼ 10.7, df¼ 4, p < 0.001 for low temperature plus elevated

pCO2 treatment; t¼ 4.8, df¼ 4, p¼ 0.009 for high temperature

plus ambient pCO2 treatment; t¼ 7.0, df¼ 4, p¼ 0.002 for high

temperature plus elevated pCO2 treatment), with a greater

decrease at elevated pCO2 (Table 2). Elevated temperature

increased rETRmax by 7% in the N-replete plus ambient pCO2

treatment (t-test, t¼�10.7, df¼ 4, p < 0.001), but did not signifi-

cantly impact the value of this parameter in other treatments.

Elevated pCO2 decreased the apparent light harvesting efficiency

(a) at elevated temperature, with a greater decrease under N-limi-

tation (24%, t-test, t¼ 14.5, df¼ 4, p < 0.001). Elevated tempera-

ture significantly enhanced a (t-test, t¼�3.0, df¼ 4, p¼ 0.039

for N-replete plus ambient pCO2 treatment; t¼�4.0, df¼ 4,

p¼ 0.016 for N-replete plus elevated pCO2 treatment; t¼�3.4,

df¼ 4, p¼ 0.028 for N-limited plus ambient pCO2 treatment),

with the exception of the N-limited plus elevated pCO2 treat-

ment. Elevated pCO2 or temperature showed no effects on the

light saturation point (Ik). Ik was 18–27% lower under N-limited

conditions compared to HN treatments (t-test, t¼ 4.4, df¼ 4,

p¼ 0.011 for low temperature plus ambient pCO2 treatment;

t¼ 11.8, df¼ 4, p < 0.001 for low temperature plus elevated

pCO2 treatment; t¼ 6.9, df¼ 4, p¼ 0.002 for high temperature

plus ambient pCO2 treatment; t¼ 2.8, df¼ 4, p¼ 0.049 for high

temperature plus elevated pCO2 treatment).

Photosynthetic C fixation and dark respiration
The rate of photosynthetic carbon assimilation was decreased by

elevated pCO2 in LN-grown cells (71%, t-test, t¼ 29.2, df¼ 4,

p < 0.001 for low temperature; 69%, t¼ 5.9, df¼ 4, p¼ 0.004 for

high temperature; Figure 5a), but it was unaltered in HN-grown

cells. The C fixation rates were 22–89% lower under N-limited

conditions compared to N-replete treatments, especially at ele-

vated pCO2 (t-test, t¼ 10.4, df¼ 4, p < 0.001 for low temperature

plus ambient pCO2 treatment; t¼ 19.2, df¼ 4, p < 0.001 for

low temperature plus elevated pCO2 treatment; t¼ 16.3, df¼ 4,

p < 0.001 for high temperature plus ambient pCO2 treatment;

t¼ 13.4, df¼ 4, p < 0.001 for high temperature plus elevated

pCO2 treatment). An effect of elevated temperature on the carbon

fixation rate was only detected in cells at ambient pCO2: it

reduced the rate when nitrate was limiting (t-test, t¼ 16.1, df¼ 4,

p < 0.001), but enhanced the rate under the HN condition (t-test,

t¼�2.9, df¼ 4, p¼ 0.042). Interactions between the three factors

were detected (Table 3).

While no effects of elevated pCO2 on respiration were detected

in HN treatments, it significantly enhanced the rate under N-lim-

ited conditions (Figure 5b). Nitrate limitation increased respira-

tion by 104–303% relative to corresponding HN treatments at

elevated pCO2 level (t-test, t¼�9.6, df¼ 4, p < 0.001 for low

temperature; t¼�13.1, df¼ 4, p < 0.001 for high temperature).

Cells showed enhanced dark respiration rates at higher tempera-

ture (GLM, F1,16¼ 94.3, p < 0.001), especially under the N-lim-

ited plus elevated pCO2 treatment where respiration was

increased by 249% (t-test, t¼�17.4, df¼ 4, p < 0.001).

Interactions between the three factors were detected (Table 3).

Figure 3. Elemental ratios of POC and PON C:N (pmol:pmol) (a)
and ratios of BSi and POC Si:C (pmol:pmol) (b) of Thalassiosira
pseudonana acclimated to ambient (LC, filled bars) and elevated
pCO2 (HC, open bars) at different temperature and nitrate levels.
The data are mean 6 SD values of triplicate cultures (n¼ 3).
Asterisks indicate significant (p< 0.05) differences between pCO2

treatments (t-test).
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Discussion
In the present work, T. pseudonana showed decreased specific

growth rates, cell size, pigment content, photochemical quan-

tum yield of PSII, and photosynthetic carbon fixation under

multiple drivers (elevated levels of pCO2 and temperature and

reduced availability of nitrate). Nitrate limitation appeared to

act synergistically with elevated pCO2 and temperature to

impact growth and photosynthesis of the diatom. The results

imply that a reduction in upward transport of nutrients due to

enhanced stratification as a consequence of sea surface warming

might reduce growth and carbon fixation by diatoms as ocean

acidification progresses.

Effects of elevated temperature and its interaction with
nitrate limitation
Elevated temperature, in the present work, decreased the cell size

of T. pseudonana, which has been suggested to be a general trend

in diatoms (Montagnes and Franklin, 2001). Furthermore, higher

temperature decreased cellular PON content in T. pseudonana,

which may be partly correlated with smaller cell size, as indicated

by positive relationship between cell size and PON content. The

decreased content could also be caused by lowered activity (Gao

et al., 2000) and reduced gene expression (Parker and Armbrust,

2005) of nitrate reductase (NR) in diatoms with warming treat-

ments. Down-regulation of nitrogen metabolism by elevated tem-

perature is also supported by observations of declining nitrate

uptake rate with increasing temperature in a diatom-dominated

phytoplankton community (Lomas and Glibert, 1999). Therefore,

negatively affected nitrogen metabolism and enhanced respiration

with rising temperature could lead to declining PON and shrink-

ing cell size. This implies a possible slower sinking rate and lower

export efficiency of diatoms with ocean warming.

As the major component of photosynthetic architecture, nitro-

gen could impact the effects of elevated temperature on photo-

synthesis and growth due to the reduced contents of pigments (Li

et al., 2012b) and PSII centres (Berges et al., 1996) and enhanced

respiration (Li et al., 2012b) under N-limited conditions. While

positive or neutral effects of elevated temperature on specific

growth rate, chlorophyll a content and photosynthetic carbon fix-

ation rate of T. pseudonana cells were detected under N-replete

conditions, the warming treatment significantly decreased these

parameters under N-limited conditions in the present study.

Consistently, the positive effects of elevated temperature on net

primary production and phytoplankton biomass were overcom-

pensated by the negative effects of lower nutrient supply due to

enhanced stratification associated with ocean warming

(Behrenfeld et al., 2006; Lewandowska et al., 2014). Thus, warm-

ing could show differential effects on primary production of

waters with distinct nutrient conditions.

Figure 4. RLCs determined by variations of rETR under a series of
light intensities in Thalassiosira pseudonana cells at HN (a) and LN
(b) levels. The data are means 6 SD of triplicate cultures (n¼ 3).
LTLC, low temperature low pCO2 treatment; LTHC, low temperature
high pCO2 treatment; HTLC, high temperature low pCO2 treatment;
HTHC, high temperature high pCO2 treatment.

Figure 5. Photosynthetic carbon fixation rates (pg C cell�1 h�1) (a)
and dark respiration rates (fmol O2 cell�1 h�1) (b) of Thalassiosira
pseudonana acclimated to ambient (LC, filled bars) and elevated
pCO2 (HC, open bars) at different temperature and nitrate levels.
The data are mean 6 SD values of triplicate cultures (n¼ 3).
Asterisks indicate significant (p< 0.05) differences between pCO2

treatments (t-test).
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Effects of elevated CO2 under nitrate limitation
Higher respiration observed in T. pseudonana cells in the N-lim-

ited plus elevated CO2 treatment might be attributed to enhanced

glycolytic and tricarboxylic acid cycle pathways under nitrate lim-

itation (Mock et al., 2008; Hockin et al., 2012) and elevated CO2

conditions (Jin et al., 2015). Enhanced mitochondrial respiration

could theoretically lead to increased growth (Geider and

Osborne, 1989), as it provides ATP and carbon skeletons for

growth (Raven and Beardall, 2005). However, in T. pseudonana,

the specific growth rate decreased in the nitrogen-limited cells

but increased in cells grown under N-replete levels with increased

mitochondrial respiration (Figure 6). In other words, negative

and positive correlations of specific growth rate and respiration

were evident under N-limited and replete conditions, respec-

tively. The photosynthetic light reactions and mitochondrial res-

piration are two main processes generating ATP in

photosynthetic organisms. When the light reactions were

repressed under elevated CO2 and N-limited conditions, mito-

chondrial respiration could be enhanced to fulfil the cellular

energy demand. Although the carbon utilized by mitochondrial

respiration must have been initially fixed by photosynthesis, the

proportion of fixed carbon for respiration might vary under dif-

ferent conditions. The higher respiration under elevated CO2 plus

N-limited conditions did not, however, result in higher specific

growth rate in T. pseudonana, which might indicate that the gen-

erated energy was allocated more to maintain intracellular

homeostasis, rather than growth and biosynthesis. Enhanced (Wu

et al., 2010; Yang and Gao, 2012) or unaltered (Trimborn et al.,

2014) mitochondrial respiration under seawater acidification

conditions have been reported previously in diatoms when nitro-

gen was replete. In the present work, mitochondrial respiration

was substantially enhanced by acidification under N-limited con-

ditions. However, a decreased oxygen uptake rate, determined by

the 18 O method (Hennon et al., 2014), and reduced expression of

the corresponding respiratory gene clusters (Hennon et al., 2015)

were reported in T. pseudonana grown under seawater acidifica-

tion (pHT¼ 7.71) conditions for about 15 generations in a N-

limited chemostat. The lack of conformity of effects of acidifica-

tion on respiration might be caused by differing levels of supplied

light energy or light regimes. Continuous light exposure without

a dark period, as used in Hennon et al. (2014), could have differ-

ential effects on mitochondrial respiration relative to a light–dark

cycle regime, as shown in Skeletonema costatum (Gilstad et al.,

1993). Moreover, the inclusion of photorespiration and the

Mehler reaction in the oxygen uptake determination in Hennon

et al. (2014) might also affect the observed changes of mitochon-

drial respiration to elevated CO2.

It is worth noting that the decreased chlorophyll content was not

the only reason behind the depressed photosynthetic rate per cell at

elevated pCO2 when nitrate was limiting. For instance, under low

temperature plus N-limited condition, chlorophyll normalized pho-

tosynthesis rates were 0.26 6 0.02 and 0.11 6 0.02mg C (mg chl

a)�1 h�1 for cells at ambient and elevated pCO2, respectively. While

differing effects of nitrogen limitation on the affinity of cells for

inorganic carbon and CCMs were observed among species (Raven

and Beardall, 2014), nitrogen limitation (Alipanah et al., 2015), and

elevated CO2 (Nakajima et al., 2013; Hennon et al., 2015) could

suppress the expression of genes encoding carbonic anhydrases and

inorganic carbon transporters, which are essential for uptake and

transport of bicarbonate, the predominant dissolved inorganic

carbon (DIC) species in seawater, in T. pseudonana (Tsuji et al.,

2017). Although elevated CO2 would partly compensate for the

decreased bicarbonate uptake, these changes would significantly

suppress the DIC uptake and assimilation, as shown by the lowest

photosynthetic carbon fixation when nitrate limitation and sea-

water acidification coexisted (Figure 5a). A decreased number and

percentage of active PSII centres of phytoplankton cells were

observed under N-limited condition (Berges et al., 1996).

Additionally, elevated CO2 was shown to increase the cost of main-

taining functional PSII (McCarthy et al., 2012). However, the

demand of nitrogen for repairing inactive PSII could not be fulfilled

under N-limited conditions. Thus, lower effective quantum yield of

PSII and apparent light harvesting efficiency were observed, which

could also contribute to the lowest carbon fixation rate being found

under N-limited and elevated CO2 conditions.

Figure 6. Relationships between dark respiration (fmol O2

cell�1 h�1) and specific growth rates (d�1) of Thalassiosira
pseudonana cells in eight treatments (a) and the relationships at HN
(b) and LN (c) levels. The data are means 6 SD of triplicate cultures
(n¼ 3). LTLC, low temperature low pCO2 treatment; LTHC, low
temperature high pCO2 treatment; HTLC, high temperature low
pCO2 treatment; HTHC, high temperature high pCO2 treatment.
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Elevated CO2 and associated seawater chemistry changes usu-

ally enhance or do not significantly affect specific growth rate and

photosynthesis of T. pseudonana (strain CCMP 1335) under

nitrogen-replete conditions (Figure 7). However, in the present

work, under nitrate limitation, the acidification treatment mark-

edly impacted its physiological performance. As the two main

electron sinks (Giordano and Raven, 2014), carbon and nitrogen

assimilation processes compete for energy and reductant in pho-

tosynthetic organisms (Huppe and Turpin, 1994). Diatoms have

evolved vacuoles to store nutrients (Falkowski et al., 2004), which

enables cells to optimize carbon and nitrogen assimilation by

reallocating energy and reductant when light is optimal and other

resources are abundant. These characteristics could allow cells to

maintain constant or higher growth and photosynthesis under

seawater acidification. When nitrogen is limited, energy and

reductant pools markedly decreased as photosynthetic capacity

decreased. However, expressions of genes encoding nitrogen

transport and metabolism (NR and NADPH-dependent nitrite

reductase) were up-regulated under N-limited conditions, indi-

cating the up-regulation of nitrogen metabolism (Alipanah et al.,

2015). Elevated CO2 and associated seawater acidification,

although saving some of the energy used for CCMs (Hopkinson

et al., 2011), add an additional energy burden to cells to maintain

intracellular pH homeostasis through adjusting cellular periplas-

mic redox activity and/or proton pumping (Taylor et al., 2012).

Thus, elevated CO2 under N-limited conditions could impact the

physiological performance of photosynthetic cells as clearly

shown in the present study. Moreover, addition of a warming

treatment exacerbated the negative effects of acidification on spe-

cific growth rate and chlorophyll content under the N-limited

conditions (Figure 1a and 2a). The mechanism underpinning

these changes might be that elevated temperature could increase

the nitrogen to phosphate ratio of T. pseudonana (Toseland et al.,

2013), which would increase cellular demand for nitrogen

and intensify the nitrogen limitation on cells under the low N

conditions.

Interactions of elevated CO2 with other abiotic factors
The effects of elevated CO2 on phytoplankton might be closely

related to changes of other factors, as the organismal energy

budget can be altered under a range of stress conditions (Wingler

et al., 2000). Under optimal conditions, the effects of CO2 might

be overshadowed by other factors, such as light, nutrient supply,

and temperature (Boyd et al., 2010). However, the effects of ele-

vated CO2 and associated seawater acidification tend to be more

conspicuous when other factors are limiting or stressful. For

instance, negative effects of acidification on growth of diatoms

were detected under high levels of solar radiation (Gao et al.,

2012b), low light, and low temperature (Passow and Laws, 2015)

and in the presence of solar UV radiation (Li et al., 2017a).

Recently, a depressed maximum quantum yield of PSII in T. pseu-

donana under acidification was found to occur only when nitro-

gen availability was reduced (in stationary phase) (Hong et al.,

2017). Nevertheless, elevated CO2 and associated seawater acidifi-

cation might also show more prominent effects on diatoms under

nutrient-replete conditions relative to limited conditions, as

documented in studies on T. weissflogii (Sugie and Yoshimura,

2016) and P. tricornutum (Li et al., 2012b). An increasing number

of environmental factors could influence the effects of elevated

CO2 on microalgae (Brennan and Collins, 2015), which is also

shown in this study on the diatom T. pseudonana.

Effects of the three factors on elemental ratios
Changes in diatom elemental stoichiometry and macromolecular

composition can impact predation by, and reproduction of, zoo-

plankton (Elser et al., 2000; Wichard et al., 2007) and export of

particulate organic matter to deep waters. In T. pseudonana, C:N

was differentially impacted by elevated CO2 at low and high tem-

peratures under nitrogen limitation (Figure 3), which resulted

from variations in cellular POC and PON under elevated CO2

conditions at different temperatures. The higher C:N indicates a

lower nutritional quality of phytoplankton as prey for higher tro-

phic levels (Elser et al., 2000). The decreased Si:C at elevated CO2

under nitrogen limitation (Figure 3) was mainly due to increased

POC. Decreased Si:C with seawater acidification has also been

shown in other diatom species (Tatters et al., 2012; Mejia et al.,

2013; Li et al., 2016). Interactions of acidification, N-limitation,

and warming appear to give rise to reduced ratios of silicate per

carbon. BSi contents were constant among treatments; thus, the

ballasting effects by diatom frustules might not change.

Nevertheless, the decreased Si:C would modify the primary pro-

duction contributed by diatom communities and local carbon

and silicon budgets in Si-limited waters (Mejia et al., 2013).

Conclusions
The present study emphasizes the importance of investigating

effects of elevated CO2 under changes of other drivers. Until now,

effects of seawater acidification on diatoms have been extensively

studied under nitrogen-replete conditions (Gao and Campbell,

2014 and references therein). However, contrasting effects of

acidification on T. pseudonana were detected under nitrate-lim-

ited and replete conditions (Figure 7), which indicates that ele-

vated CO2 could show distinct effects on phytoplankton living in

waters with different nutritional conditions. Moreover, the

present study highlights the critical role of nitrogen availability in

influencing the effects of seawater acidification and elevated sea

surface temperatures on growth and photosynthesis in diatoms.

Positive or neutral effects of acidification and warming on growth

and photosynthesis of diatoms under nutrient replete conditions

(Montagnes and Franklin, 2001; Kroeker et al., 2013) might be

reversed to negative impacts when cells are nutrient-limited. T.

pseudonana cells showed the lowest specific growth rate and pho-

tosynthetic carbon fixation rate under the combined conditions

of elevated temperature, N-limitation, and seawater acidification,

which is the scenario predicted for future oceanic ecosystems

(Boyd et al., 2015). Thus, the negative effects of ocean warming

on net primary production and phytoplankton biomass of low-

and mid-latitude oceans (Behrenfeld et al., 2006; Boyce et al.,

2010) could be further exacerbated under future ocean condi-

tions. As the indispensable base and component of marine food

webs, diatoms might be negatively impacted by changes of oce-

anic environmental factors. Hence, the base of marine food webs

and the strength of the biological CO2 pump could be impacted

severely by future CO2-induced seawater acidification and ele-

vated temperature in a way that is also dependent on the nutri-

tional conditions of local waters. However, it should be noticed

that the responses of diatoms to seawater acidification might

depend on the timescale over which they are exposed as longer

term exposure to changed conditions leads to different
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physiological responses (Li et al., 2017b), and therefore caution

should be exercised in directly extrapolating the results obtained

from relatively short-term studies to the long-term ocean acidifi-

cation process.

Data availability
Data in the present study are available at https://doi.pangaea.de/

10.1594/PANGAEA.880576.
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