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Diatoms and other phytoplankton groups are exposed to abrupt changes in pCO2, in waters in upwelling areas,
near CO2 seeps, or during their blooms; or tomore gradual pCO2 rise through anthropogenic CO2 emissions. Grad-
ual CO2 rises have, however, rarely been included in ocean acidification (OA) studies. We therefore compared
how small (Thalassiosira pseudonana) and larger (Thalassiosira weissflogii) diatom cell isolates respond to gradual
pCO2 rises from 180 to 1000 μatm in steps of ~40 μatmwith 5–10 generations at each step, and whether their re-
sponses to gradual pCO2 rise differ when compared to an abrupt pCO2 rise imposed from ambient 400 directly to
1000 μatm. Cell volume increased in T. pseudonana but decreased in T. weissflogii with an increase from low to
moderate CO2 levels, and then remained steady under yet higher CO2 levels. Growth rates were stimulated,
but Chl a, particulate organic carbon (POC) and cellular biogenic silica (BSi) decreased from low to moderate
CO2 levels, and then remained steady with further CO2 rise in both species. Decreased saturation light intensity
(Ik) and light use efficiency (α) with CO2 rise in T. pseudonana indicate that the smaller diatom becomes more
susceptible to photoinhibition. Decreased BSi/POC (Si/C) in T. weissflogii indicates the biogeochemical cycles of
both silicon and carbon may be more affected by elevated pCO2 in the larger diatom. The different CO2 modula-
tion methods resulted in different responses of some key physiological parameters. Increasing pCO2 from 180 to
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400 μatm decreased cellular POC and BSi contents, implying that ocean acidification to date has already altered
diatom contributions to carbon and silicon biogeochemical processes.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The oceans are taking up over 1 million tons of CO2 per hour derived
from fossil fuel burning and changed land usage, leading to declining pH
of seawater known as ocean acidification (OA) (Caldeira and Wickett,
2003; Doney et al., 2009; Sabine et al., 2004). OA threatensmarine organ-
isms and ecosystems due to altered carbonate chemistry, with increased
H+ and HCO3

−, but decreased CO3
2− and calcium carbonate saturation

(Boyd, 2011; Brennan and Collins, 2015; Doney, 2006; Kroeker et al.,
2013; Riebesell and Gattuso, 2015). At the same time, effects of OA
under multiple environmental stressors are gaining increasing attention
(Boyd et al., 2018; Xu et al., 2014). Nevertheless, inconsistent responses
to OA are observed across different species and different experiment
setups or at different regions (Cornwall and Hurd, 2015). Organisms
maybe able to acclimate to changed carbonate chemistrywithin short pe-
riods through plastic phenotypic changes (Sunday et al., 2014), but also
through genotypic variation for long term adaptation (Collins et al.,
2014; Hutchins et al., 2015; Tong et al., 2018).

While the contemporary ocean acidification rate is the fastest experi-
enced over the last 300million years (Hönisch et al., 2012), global average
pH decline is still only about 0.002 unit per year (Solomon et al., 2007),
which is much slower than abrupt pH drops applied duringmost OAma-
nipulation experiments. Regionally CO2 can indeed drop or increase rap-
idly due to biological production or upwelling events (Cai et al., 2011;
Feely et al., 2008). To date, most OA studies abruptly shift cells to a target
CO2 level and then follow responses over shortwindows of 8–20 cell gen-
erations (Hennon et al., 2014; LaRoche et al., 2010) or longer windows of
100–2000 generations at the target CO2 level (Collins et al., 2014; Hennon
et al., 2014; Li et al., 2017; Lohbeck et al., 2012; Tong et al., 2018). Directly
exposing organisms to a target concentration of high CO2 without any
transitional acclimation may impose an initial shock. Thus, different or-
ganismsmay exhibit differential positive, balanced or negative responses
during more gradually rising CO2 and decreasing pH. The diatom
Phaeodactylum tricornutum acclimated to short (20 generations) and lon-
ger term (1800 generations) OA showed different responses (Li et al.,
2017), with smaller cell size and lower photosynthetic performance
after the long termadaptation, indicating the acclimationhistory is critical
for cells. Therefore, it is of general concern to understand how marine
phytoplankton will respond to gradually rising atmosphere CO2.

Technically, it is impracticable to truly simulate natural OA rates
driven by the current CO2 emission increase rate, evenwith a theoretical
maximumof ca. 7 μatm increase per year, if we extrapolate frompresent
400 μatm to 1000 μatm by the end of this century based on the business
as usual scenario (Gattuso et al., 2015). However, we can approximate
natural change by gradually raising CO2 to a target value, while tracking
the progress of organism acclimation to increasing CO2 concentrations
over generational time scales. In particular we can segment change
into stages from historical 180 μatm to predicted century-end 1000
μatm.

Diatoms contributed nearly one fifth of earth's primary production,
playing key roles in aquatic ecosystems (Granum et al., 2005). Cell di-
ameters of diatoms range from several μm to hundreds of μm (Finkel
et al., 2010) and the responses of growth, photosynthesis, sinking rate,
and affinity for nutrients under changed environmental conditions are
all size-dependent (Finkel et al., 2010; Key et al., 2010; Richier et al.,
2018; Sarthou et al., 2005; Wu et al., 2014a). Although numerous stud-
ies have detailed positive, negative or neutral responses to OA in
growth, photosynthetic and biogeochemical properties, the effects of
OA on diatoms are still uncertain (Gao and Campbell, 2014). The aim
of this study is to compare and clarify the CO2 effects of gradually vs.
directly increasing CO2, by gradually increasing CO2 from a glacial
level of 180 μatm to the 1000 μatm that is expected for the year of
2100; or by directly exposing cells from the current CO2 level of 400
μm to 1000 μm, using both a small diatom Thalassiosira pseudonana
(CCMP1335) and a larger diatom Thalassiosira weissflogii (CCMA 102),
which have both been used in OA ecophysiological studies (Gao et al.,
2012a; Hennon et al., 2014; Hopkinson et al., 2011). Their morphologi-
cal, physiological and biogeochemical properties were then tracked
over multiple generations. Our study provides new insights into ocean
acidification simulation methods and the differential responses of dia-
tom specieswith different cell sizes to amore realistically approximated
CO2 change scenario.
2. Materials and methods

2.1. Algae culture and pCO2 treatments

Thalassiosira pseudonana (CCMA 102) and Thalassiosira weissflogii
(CCMP1336) were obtained from microalgal collections of the State
Key Laboratory of Marine Environmental Science at Xiamen University.
Both strains were cultured under 20 °C at a light intensity of 220
μmol m−2 s−1 with light dark cycle of 12:12. Artificial seawater was
used and enriched with modified Aquil medium (Morel et al., 1979)
with NO3

−, PO4
3− and SiO3

2− adjusted to 20 μmol L−1, 2 μmol L−1 and
20 μmol L−1, respectively. Cells were grown under ambient CO2 before
subsequent transfer. The seawater carbonate chemistry in cultures
was manipulated through additions of HCO3

− (NaHCO3) or HCl in a
closed system according to Gattuso et al. (2010), and concentrations
of dissolved inorganic carbon (DIC) at different pCO2 levels were esti-
mated using CO2SYS (Pelletier et al., 2007) (Supplementary Table S1).
The increase of pCO2 level from 180 μatm to 1000 μatm was divided
into 22 steps with an interval of 40 μatm, except for an interval of 20
μatm from 380 to 400 μatm (Fig. 1a). The initiating 180 μatm grown
cells were transferred from ambient 400 μatm and acclimated for ca.
10–20 generations before being used in the gradually rising CO2 study.
Cellswere inoculated at an initial concentration of ca. 50–150 cellsmL−1

under each pCO2 level for both species and were then grown for
4–5 days allowing the cultures to attain ca. 5 ∗ 104 cells mL−1 for
T. pseudonana and ca. 0.9 ∗ 104 cells mL−1 for T. weissflogii. These fairly
low cell densities allowed us tomaintain the pHwithinminor variations
(ca. b0.05 units) compared with set pH values (Supplementary
Table S2). Cells were thus acclimated for ca. 8–10 generations in
T. pseudonana or ca. 5–7 generations in T. weissflogii under each CO2

level. Cells incubated under a CO2 level for 4–5 days were then diluted
into a higher CO2 concentration, with each treatment given 3 biological
replicate cultures. The cultures thus went through cumulatively ca. 195
generations in T. pseudonana and ca. 145 generations in T. weissflogii be-
fore reaching 1000 μatm (Fig. 1b). During the whole experiment, paral-
lel cell cultures were concurrently semi-continuously cultured at 400
μatm as a control treatment. After the gradually rising CO2 study, cells
grown at 400 μatm (control treatment) were inoculated directly into
high CO2 of 1000 μatm and then acclimated for ca. 20 generations in
T. pseudonana or ca. 12 generations in T. weissflogii (Fig. 1c, d), to com-
pare effects of the high CO2 (1000 μatm vs. 400 μatm) and the modula-
tionmethods of gradual vs. direct. The ambient control of direct increase
CO2 continued from the ambient control of gradualmodulationmethod.
The pH of cultures wasmeasured at the end of each CO2 level with a pH
probe (Mettler Toledo DL15 Titrator, Sweden) which was calibrated
with NBS buffer solutions each time before using.
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Fig. 2. The specific growth rate ratio (a) and cell volume ratio (b) in Thalassiosira pseudonana (T.p.) and Thalassiosira weissflogii (T.w.) of gradually rising CO2 to ambient control
(continuously grown under 400 μatm), and the specific growth rates (c) and cell volume (d) under 400 μatm and 1000 μatm with gradually rising (indicated as Gradual-T.p. or
Gradual-T.w.) or directly rising (indicated as Direct-T.p. or Direct-T.w.) CO2. The growth rate and cell volume were measured in the middle of the light phase. The growth rate ratio
from 180 μatm to 1000 μatm of T. pseudonana (open square, solid curve fit) and T. weissflogii (open circle, dashed curve fit) were fit with an equation from Platt et al. (1980): μgradual/
μambient=(μgradual/μambient)max∗(1−e(−α∗CO2/(μgradual/μambient)max))∗e(−β∗CO2/(μgradual/μambient)max). Cell volume ratio from 180 μatm to 1000 μatm of T. pseudonana (open square, solid curve fit) and
T. weissflogii (open circle, dashed curve fit) were fit with a centered second order polynomial (quadratic) model, the dotted lines show 95% confidence intervals. Different letters
indicate significant difference between CO2 treatments at p b 0.05 level; bars without labeling indicate no significant difference between CO2 treatments.
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Fig. 1. The experimental design for the CO2 treatments with gradually rising CO2 from 180 μatm to 1000 μatm at intervals of ca. 40 μatm (except an interval of 20 μatm from 380 to 400
μatm) with 4–5 days culture at each step (a). Cells grew through ca.195 generations for Thalassiosira pseudonana and ca.145 generations for Thalassiosira weissflogii (b) before reaching
1000 μatm. The experimental design for a direct increase in CO2 from 400 μatm to 1000 μatm (c) with cells acclimated ca.20 generations under 1000 μatm for T. pseudonana and ca.12
generations for T. weissflogii (d).
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2.2. Growth rate and cell volume measurements

Growth rates of both T. pseudonana and T. weissflogiiwere calculated
according to:

μ ¼ ln Cell Tfinalð Þ− ln Cell T0ð Þð Þ=t

where Cell Tfinal is the cell suspension density at the end of each incuba-
tion and Cell T0 is the initial cell concentration, while “t” is the time
elapsed during the culture step or between two consecutive dilutions.
Cell suspension density and cell volume were determined with a Z2™
Coulter Counter (Beckman, Buckinghamshire, UK). The growth rate
ratio of gradually rising CO2 growth rate (μgradual) divided by ambient
control growth rate (μambient) was fit as a function of CO2 levels using
an equation from Platt et al. (1980):

μgradual=μambient ¼ μgradual=μambient

� �
max

� 1−e −α�CO2= μgradual=μambientð Þmaxð Þ� �

� e −β�CO2= μgradual=μambientð Þmaxð Þ

where μgradual / μambient is the instantaneous growth rate ratio; (μgradual /
μambient)max is the maximum growth rate ratio; α is the initial slope of
growth rate ratio; and β is the inhibition parameter of growth rate ratio.

2.3. Pigment measurement

To determine chlorophyll a (Chl a) and carotenoid content, cells
were filtered onto GF/F filters and extracted with absolute methanol
at 4 °C over night. The extracts were centrifuged at 5000g for 10 min
under 4 °C (Universal 320R, Hettich, Germany) and then scanned with
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Fig. 3. The Chl a (a) and carotenoid (b) ratio of gradually rising CO2 to ambient control (continu
μatm and 1000 μatm with gradually rising (indicated as Gradual-T.p. or Gradual-T.w.) and di
Thalassiosira weissflogii. Samples for pigment measurement were collected in the middle of
square, solid curve fit) and T. weissflogii (open circle, dashed curve fit) and carotenoid ratio a
with an exponential decay model: Y = (Y0 − plateau) ∗ e(−k∗x) + plateau, the dotted lines sh
treatments at p b 0.05 level; bars without labeling indicate no significant difference between C
a spectrophotometer (DU800, Beckman, Fullerton, California, USA).
Chl a and carotenoid were then estimated according following
Ryckebosch et al. (2011) which was modified from Wellburn (1994).

2.4. Photosynthetic performance measurement

To determine photosynthetic performance time inductions and
rapid light curves (RLC) of chlorophyll fluorescence parameters were
determined with a Xe-PAM (Walz, Germany) for all CO2 levels except
560, 680 and 960 μatm which were omitted because of technical prob-
lems. For the induction curves the actinic lightwas set at 156 μmolm−2-

s−1 and each saturation pulsewas set at 5000 μmol photonsm−2 s−1 for
0.8 s. RLC were measured at 8 actinic light levels of 0, 76 or 156, 226,
337, 533, 781, 1077, 1593 and 2130 or 2854 μmol m−2 s−1 with satura-
tion pulses of 5000 μmol photonsm−2 s−1 for 0.8 s, at an interval of 10 s
between each actinic light. The maximum quantum yield (FV/FM) and
effective quantum yield of PSII (ΦPSII) were calculated following Genty
et al. (1990):

FV=FM ¼ FM−F0ð Þ=FM;

ΦPSII ¼ FM0−Ftð Þ=FM0;

Non-photochemical quenching (NPQ) was calculated using:

NPQ ¼ FM−FM0ð Þ=FM0

where FM and F0 indicate the maximum and minimum fluorescence
yield after 15min dark adaptation, FM′ indicates the light-adaptedmax-
imal chlorophyll fluorescence yield, and Ft is the steady fluorescence
level during the exposures.
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Relative electron transport rate (rETR) was calculated according to
equation:

rETR ¼ ΦPSII � 0:5� PFD

where PFD indicates the intensity of actinic light level. Relative maxi-
mum electron transport rate (rETRmax), light use efficiency (α) and sat-
uration light intensity (Ik) were acquired from RLC of rETR, fit according
to Webb et al. (1974).

2.5. Carbon fixation rate measurement

A 14C method was used for carbon fixation rate measurements
(Nielsen, 1952) for all CO2 levels except 260 μatm and 960 μatm which
were omitted because of technical problems. Briefly, T. pseudonana and
T. weissflogii grown under different treatments were sampled to 20 mL
glass scintillation tubes (Perkin Elmer) and injected with 100 μL-5 μCi
(0.185 MBq) NaH14CO3 solution (ICN Radiochemicals), with another
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Fig. 4. The FV/FM (a),ΦPSII (b) and NPQ (c) ratios of gradually rising CO2 to ambient control (con
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two tubes wrapped with aluminum foil as a dark control. Cells incu-
bated under culture light intensity of 220 μmol m−2 s−1 for 1 h were
then filtered onto Whatman GF/F glass filters. Then, filters were trans-
ferred into 20 mL scintillation vials, fumed with HCl (12 mol L−1) for
12 h to expel the non-fixed inorganic carbon as CO2 and then dried in
an oven for 6 h at 45 °C. 5 ml of scintillation cocktail (Tri-Carb
2800TR, Perkin Elmer®) was added to the vials, which were then
counted with a liquid scintillation counter (LS 6500, Beckman Coulter,
USA). Calculation of carbon fixation rates normalized to per cell was
as detailed in Li et al. (2015).

2.6. Particulate organic carbon (POC) and particulate organic nitrogen
(PON) measurements

To determine the POC and PON contents of T. pseudonana and
T. weissflogii cultured at different pCO2 levels, cells were collected at
mid light period and filtered onto Whatman GF/F filters that were pre-
combusted at 450 °C for 6 h before use. Collections were fumed with
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HCl (12mol L−1) for 12 h and then dried in an oven at 60 °C for another
12h. A PerkinElmer Series II CHNS/OAnalyzer 2400was used for carbon
and nitrogen measurements.

2.7. Cellular biogenic silica (BSi) measurement

Cells cultured under different conditions were collected onto Poly-
carbonate Membrane Filters (Millipore, 0.22 μm), dried in an oven for
12 h and then measured with a spectrophotometric method according
to Brzezinski and Nelson (1995).

2.8. Statistical analysis

The relationship between gradually rising CO2 levels and the corre-
sponding parameters were determined with a curve fit of either an
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Fig. 5. The rETRmax (a), α (b) and Ik (c) ratios of gradually rising CO2 to ambient control (contin
1000 μatm with gradually rising (indicated as Gradual-T.p. or Gradual-T.w.) and directly rising
weissflogii. The rapid light curve was measured in the middle of light phase. rETRmax ratio
T. weissflogii (open circle, dashed curve fit) were fit with a linear regression model; α ratio a
with an exponential decay model; Ik ratio as a function of CO2 concentration in T. pseudonan
with linear regression model and centered second order polynomial (quadratic) models,
significant difference between CO2 treatments at p b 0.05 level; bars without labeling indicate
exponential decay model or a polynomial curve, using the ratio of ex-
perimental CO2 treatment to the ambient control (400 μatm) as “Y”
axis, and with CO2 concentration as “X” axis. An unpaired t-test was
used to establish differences between 400 μatm and 1000 μatm in grad-
ually and directly rising CO2 methods at a confidence level of 95%, using
Prism 7.0 software.

3. Results

3.1. Growth rate and cell volume

The growth rates of both T. pseudonana and T. weissflogiiwere stim-
ulated by a CO2 rise from low tomoderate levels but then stabilizedwith
further CO2 rise (Fig. 2a), at a maximum fitted growth rate ratio of
gradually rising to ambient control (μgradual / μambient)max of 1.07 for
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uously grown under 400 μatm), and the rETRmax (d), α (e) and Ik (f) under 400 μatm and
CO2 (indicated as Direct-T.p. or Direct-T.w.) in Thalassiosira pseudonana and Thalassiosira
as a function of CO2 concentration in T. pseudonana (open square, solid curve fit) and
s a function of CO2 concentration in T. pseudonana (open square, solid curve fit) was fit
a (open square, solid curve fit) and T. weissflogii (open circle, dashed curve fit) were fit
respectively. Dotted lines showed 95% confidence intervals. Different letters indicate
no significant difference between CO2 treatments.
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T. pseudonana and 1.11 for T. weissflogii. The cell volume showed an in-
creasing trend in the small cells of T. pseudonana, but showed a decreas-
ing trend in the larger cells of T. weissflogii from low to moderate CO2

levels, and was then steady under yet higher CO2 levels (Fig. 2b).
There were no significant effects of high CO2 (1000 μatm) upon the
growth rate and cell volume when compared to the ambient control
under the two modulation methods (unpaired t-test, df = 4, all p N

0.05) (Fig. 2c, d), except that directly rising CO2 to 1000 μatm stimulated
the growth rate by 5.8% in T. weissflogii compared to the ambient control
(unpaired t-test, t = 3.778, df = 4, p = 0.02).
3.2. Pigmentation

Chl a declined as CO2 rose from low tomoderate levels andwas then
steady under yet higher CO2 levels in both species (Fig. 3a). For caroten-
oids this trend was observed only in T. weissflogii (Fig. 3b). There were
no significant effects of high CO2 (1000 μatm) on Chl a and carotenoid
contents when compared to the ambient control under the two
modulation methods (unpaired t-test, df = 4, all p N 0.05) (Fig. 3c, d),
except that in T. pseudonana gradually rising CO2 under 1000 μatm de-
crease the Chl a and carotenoid by 16.39% (unpaired t-test, t = 3.231,
df = 4, p = 0.03) and 17.35% (unpaired t-test, t = 3.136, df = 4, p =
0.04) (Fig. 3c, d).
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3.3. Photosynthetic performance

Gradually rising CO2 did not affect the FV/FM of T. pseudonana (linear
regression, p = 0.83) (Fig. 4a), but FV/FM decreased with gradually ris-
ing CO2 in T. weissflogii (linear regression, R2 = 0.07, p = 0.046)
(Fig. 4a). Gradually rising CO2 did not affect the effective quantum
yield (ΦPSII) (linear regression, p = 0.31, T. pseudonana or 0.54,
T. weissflogii) nor NPQ (linear regression, p = 0.50, T. pseudonana or
0.11, T. weissflogii) (Fig. 4b, c). There were no significant effects of high
CO2 (1000 μatm) on FV/FM,ΦPSII and NPQ compared to the ambient con-
trol (400 μatm) under the twomodulation methods (unpaired t-test, df
= 4, all p N 0.05) (Fig. 4d, e, f), except that NPQwas increased by 106.5%
at 1000 μatm in T. pseudonanawith gradually rising of CO2 (unpaired t-
test, t = 3.44, df = 4, p = 0.03) (Fig. 4f).

rETRmax showed a negative relationship with gradually rising CO2 in
both species (linear regression, p b 0.0001 in T. pseudonana; p= 0.04 in
T. weissflogii) (Fig. 5a). Light use efficiency (α) declined from low to
moderate CO2 levels and was then steady under higher CO2 levels in
T. pseudonana (Fig. 5b). Saturation light intensity (Ik) declined with ris-
ing CO2 in T. pseudonana (linear regression, p = 0.001), but showed an
increase in T. weissflogii from low to high CO2 levels (Fig. 5c). There was
no significant effects of high CO2 (1000 μatm) on rETRmax when com-
pared to the ambient control (400 μatm) under the two modulation
methods (unpaired t-test, df = 4, all p N 0.05) (Fig. 5d), however the
α in T. pseudonana decreased by 3.8% in cells grown under directly in-
creased CO2 (unpaired t-test, t = 3.539, df = 4, p = 0.02) (Fig. 5e),
and Ik increased by 18.6% was in gradually rising CO2 treatment in
T. weissflogii at 1000 μatm (unpaired t-test, t = 2.975 df = 4, p =
0.04) (Fig. 5f).
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Fig. 6. The carbon fixation rate (a) ratio of gradually rising CO2 to ambient control
(continuously grown under 400 μatm), and the carbon fixation rate per cell (b) under
400 μatm and 1000 μatm with gradually rising (indicated as Gradual-T.p. or Gradual-T.
w.) and directly rising CO2 (indicated as Direct-T.p. or Direct-T.w.) in Thalassiosira
pseudonana and Thalassiosira weissflogii. Carbon fixation rates were measured in the
middle of light phase. Carbon fixation rate ratio as a function of CO2 concentration in
T. weissflogii (open circle, dashed curve fit) was fit with an exponential decay model, the
dotted lines showed 95% confidence intervals. Different letters indicate significant
difference between CO2 treatments at p b 0.05 level; bars without labeling indicate no
significant difference between CO2 treatments.
3.4. Carbon fixation rate

Neither gradually rising CO2 (linear regression, p = 0.07) nor the
comparison of the ambient control to 1000 μatm in the two CO2 modu-
lation methods significantly affected the carbon fixation rate in
T. pseudonana (unpaired t-test, df=4, all p N 0.05) (Fig. 6a, b). However,
carbon fixation rate showed a negative relationship with gradually ris-
ing CO2 in T. weissflogii (Fig. 6a), where it also decreased by 34.6%
under 1000 μatm compared with the ambient control (400 μatm) (un-
paired t-test, t = 3.071, df = 4, p = 0.04) (Fig. 6b).
3.5. Particulate organic carbon and nitrogen

Particulate organic carbon (POC) declined from low tomoderate CO2

levels and was then steady under higher CO2 levels in both
T. pseudonana and T. weissflogii (Fig. 7a), with no significant patterns
of particulate organic nitrogen (PON) in either species (Fig. 7b). C/N
thus showed a negative relationship in T. pseudonana from low to
moderate CO2 levels and then kept steady under higher CO2 levels,
and declined with CO2 levels in T. weissflogii (linear regression, R2 =
0.11, p = 0.008) (Fig. 7c). POC and PON were significantly decreased
by 20.8% (unpaired t-test, t = 3.649, df = 4, p = 0.02) and 17.2% (un-
paired t-test, t = 4.708, df = 4, p = 0.009) respectively in
T. weissflogii cells under a direct rise in CO2 to 1000 μatm (Fig. 7d, e),
but not in cells under the gradually rising CO2 treatment (unpaired t-
test, df = 4, all p N 0.05). There was no significant difference of C/N be-
tween 400 μatm and 1000 μatm in the two modulation methods (un-
paired t-test, df = 4, all p N 0.05) (Fig. 7f).

3.6. Cellular biogenic silica (BSi) and ratio of BSi to POC(Si/C)

Gradually rising CO2 decreased the cellular biogenic silica (BSi) con-
tents of both T. pseudonana and T. weissflogii from low to moderate CO2

levels, which were then steady with higher CO2 (Fig. 8a). The Si/C only
decreased from low to moderate CO2 levels and was then steady with
higher CO2 levels in the larger T. weissflogii (Fig. 8b). No significant dif-
ference of BSi was detected when comparing the ambient control
(400 μatm) with their 1000 μatm treatments under either modulation
method (unpaired t-test, df= 4, all p N 0.05) (Fig. 8c). The BSi/Cwas in-
creased by 20.7% in T. weissflogii in cells under a direct increase of CO2 to
1000 μatm (unpaired t-test, t = 14.33, df = 4, p = 0.0001) (Fig. 8d).



86 W. Li et al. / Science of the Total Environment 680 (2019) 79–90
The decrease in the BSi/C ratio between gradually rising CO2 to am-
bient control is explicable as a secondary effect of the response of
growth rate to gradually rising CO2 to ambient control in both
Thalassiosira pseudonana and Thalassiosira weissflogii (Fig. 9).

4. Discussion

Marine phytoplankton have shown varied responses to OA effects
across studies using a direct shift to the target CO2 concentrations. In
this study we tested how organisms respond to gradually rising CO2

and compared whether cell responses differ under gradual vs. direct in-
creases in CO2. The differential effects of gradually rising CO2 vs. directly
rising CO2 were more pronounced from low to moderate CO2 levels. OA
effects then differed a lot whether achieved by gradual or direct modu-
lation from the ambient control (400 μatm) tomeasures under high CO2

of 1000 μatm.
Short-term and longer-term acclimation periods induce different re-

sponses in physiological traits under OA (Jin et al., 2013; Li et al., 2017).
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Fig. 7. The POC (a), PON (b) and C/N (c) ratio of gradually rising CO2 to ambient control (continu
μatm and 1000 μatm with gradually rising (indicated as Gradual-T.p. or Gradual-T.w.) and di
Thalassiosira weissflogii. Samples for POC, PON measurement were collected in the middle of
solid curve fit) and T. weissflogii (open circle, dashed curve fit) were fit with an exponential d
solid curve fit) and T. weissflogii (open circle, dashed curve fit) were fit with an exponential d
intervals. Different letters indicate significant difference between CO2 treatments at p b 0.05 le
Genetic adaptation to OA may happen within a few hundred genera-
tions (Lohbeck et al., 2012; Schaum et al., 2013). In the present study,
growth rates of both small (T. pseudonana) and larger (T. weissflogii) di-
atoms increased under long term acclimation to gradually rising CO2

over the pCO2 range from low to moderate levels (Fig. 2a), but then
kept steady as CO2 rose further to yet higher future levels. This indicates
that any growth promotion of OA upon field populations of these dia-
toms has likely already saturated. Cell growth can benefit from in-
creased CO2 supply, especially when starting from the lower level of
glacial CO2 concentration (180 μatm), through down regulation of the
energy cost of carbon concentrating mechanisms (CCMs) (Reinfelder,
2011). However, the simultaneous increase in H+ also increases the en-
ergy cost for the intra-cellular acid base balance modulation (Gao and
Campbell, 2014), and energy flux may re-allocate between CCMs and
photorespiration (Gao et al., 2012b; Hennon et al., 2017).

Rising CO2 andH+concentrations thus affect the physiological perfor-
mances of phytoplankton differentially (Goldman et al., 2017; Wu et al.,
2017). Leaving aside other co-varying factors of light, temperature and
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ously grown under 400 μatm), and the contents of POC (d), PON (e) and C/N (f) under 400
rectly rising CO2 (indicated as Direct-T.p. or Direct-T.w.) in Thalassiosira pseudonana and
light phase. POC ratio as a function of CO2 concentration in T. pseudonana (open square,
ecay model; C/N ratio as a function of CO2 concentration in T. pseudonana (open square,
ecay model or linear regression model, respectively. Dotted lines showed 95% confidence
vel; bars without labeling indicate no significant difference between CO2 treatments.
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nutrient regimes (Gao et al., 2017; Li et al., 2017), the balance between in-
creased dissolved CO2 and HCO3

− with increased H+ concentration is
likely key to determine net primary production responses to OA. Based
on our present results, we hypothesize that rising CO2 will lead to a com-
pensation range or tipping point between the positive effects of increased
CO2, which have been largely realized already, and the negative effects of
enhanced H+ concentration, which will dominate the effects of OA at fu-
ture pCO2 levels (Fig. 10). The positive, neutral and negative effects of CO2

concentration range or tipping point may be species-specific or even
population-specific (Zhang et al., 2018), and they also may be mediated
by other co-variants (Listmann et al., 2016; Sett et al., 2014). Therefore,
to predict the growth-related responses to increased CO2 and decreased
H+, more taxa or source niches should be considered.

Cell volume can be mediated by many environmental and physio-
logical factors (Parsons and Takahashi, 1973), such as light intensity
(Thompson et al., 1991) and nutrient condition (Li et al., 2012). Differ-
ential cell volume responses of the smaller vs. larger species indicate
species- or size-specific responses in physiological adjustment and car-
bon expenditure strategies as a response to OA (Collins et al., 2014; F. Li
et al., 2017). Although the cell volume of T. pseudonana increased from
low to moderate CO2 levels the averaged cell volume ratio of gradually
rising CO2 to ambient control remained b1 (Fig. 2b).

Smaller cell volume together with attenuation of the frustule (see
below) may mitigate CO2 diffusion limitations through enhancement
of surface area to volume ratio, and thus stimulate cell growth (Flynn
et al., 2012). On the other hand, CO2 diffusion rate and pH buffer capac-
ities around the cellular diffusive boundary layer vary with cell size and
may have co-varying differences with cellular metabolic rates (Flynn
et al., 2012). While larger diatom cells may benefit from elevated CO2

(Wu et al., 2014b), larger cells may require more energy to cope with
larger pH drop around the cellular diffusive boundary layer during
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Fig. 8. The biological silicon (BSi) (a) and BSi/POC (b) ratio of gradually rising CO2 to ambient c
value (d) under 400 μatm and 1000 μatm with gradually rising (indicated as Gradually-T.p. o
Thalassiosira pseudonana and Thalassiosira weissflogii. Samples for BSi measurement were
T. pseudonana (open square, solid curve fit) and T. weissflogii (open circle, dashed curve fit) w
in T. weissflogii (open circle, dashed curve fit) was fit with an exponential decay model. Dotte
between CO2 treatments at p b 0.05 level; bars without labeling indicate no significant differen
night period, together with enhancedmitochondrial respiration or pho-
torespiration under lower pH (Gao et al., 2012a; Wu et al., 2010; Yang
and Gao, 2012) resulting in decreased carbon fixation rates in the larger
cell in the present work.

Therefore, differently sized cells have different responses to rising
dissolved pCO2 (Finkel et al., 2010; Flynn et al., 2012), that may be
modulated by other environmental drivers (Boyd et al., 2018). Light is
a key interacting factor influencing diatoms' responses to rising CO2

(Gao et al., 2012b; Ihnken et al., 2011; Li and Campbell, 2013; Li et al.,
2017). Larger diatomcells are known to have lower intrinsic susceptibil-
ity to photoinactivation of photosystem II compared with the smaller
cells (Key et al., 2010). In the present work, smaller cell volume of
T. pseudonana showed higher susceptibility to light as evidenced by
decreased pigmentation (Fig. 3a, b) and lowered rETRax (Fig. 5a), α
(Fig. 5b) and Ik (5c). Cell size scaling responses related to light may be
further amplified with predicted shoaling of the upper mixed layer in
future oceans, which increases daytime integrated solar exposures to
the cells within this layer (Capotondi et al., 2012; Gao et al., 2012a).

Diatoms are one of the largest silicifying contributors to biogeo-
chemical cycles of silicon (Si) due to their siliceous wall (Tréguer and
De La Rocha, 2013). The siliceous cell wall of diatomsmay be important
in pH buffering for the activity of carbonic anhydrase enzyme (Milligan
and Morel, 2002); and decreased biogenic silicate content in diatoms
due to OA were found in other studies (Mejía et al., 2013; Tatters
et al., 2012). Therefore, diatomsmay suffer indirectly fromOAdue to re-
duced silification, and acclimate to changed carbonate chemistry during
gradually rising CO2 (Sunday et al., 2014).

Gradually increasing CO2 from 180 to 400 μatm significantly de-
creased biogenic silicate contents of both diatoms, while further in-
crease in the CO2 partial pressure above 400 μatm had little further
impact on biogenic silicate. The decreased biogenic silicate contents
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Fig. 9. The linear regression between BSi ratio and growth rate ratio of gradually rising CO2

to ambient control in (a) Thalassiosira pseudonana (fitted equation: y=−2.1 ∗ x+ 3.069,
R2= 0.51) and (b) Thalassiosira weissflogii (fitted equation: y=−2.656 ∗ x+3.633, R2=
0.60). BSi ratios and growth rate ratios presented in Figs. 8a and 2a.
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from low tomoderate CO2 levels in both T. pseudonana and T. weissflogii
indicate the silification process was significantly affected during the
long-term process of simulated gradual OA. Si quota increased at low
CO2 levels (Milligan et al., 2004), and a lower growth ratewill, all factors
being equal, increase silicification due to the elongated cell cycle of G2
+M (Claquin et al., 2002). Decreased cellular BSi followed increased
growth rates in both strainswith gradually rising CO2 (linear regression,
R2 = 0.51 and 0.60 in T. pseudonana and T. weissflogii, all p b 0.0001)
(Fig. 9a, b). Therefore, increased growth rate with rising CO2 may de-
crease BSi through changing the cell division cycle. Also, changes in ex-
tracellular pH could alter both the pH and carbonate chemistry in the
exterior surface (Flynn et al., 2012) and also the intracellular acid base
balance (Gao and Campbell, 2014). This changed pHhomeostasis can af-
fect silicon metabolism and therefore influence the frustule pattern for-
mation, at least in T. weissflogii (Hervé et al., 2012). However, BSi did not
further decrease from moderate to high CO2 of 1000 μatm, which
Fig. 10. A conceptual diagram of gradually rising CO2/decreased pH effect on growth ratio
of gradually rising CO2 to ambient control treatments continuously grown under 400
μatm, based on this study. “CO2 effect N H+ effect” indicates positive effect (light pink
background), “CO2 effect = H+ effect” indicates neutral effect (pink background), “CO2

effect b H+ effect” indicates negative effect (dark pink background). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)
paralleled the pattern of growth rate across the two modulation
methods.

Decreased biogenic silicate will cause silicon frustule attenuation
and therefore changed optical properties which affect excitation cap-
ture and thus dissipation requirements (Ellegaard et al., 2016;
Fuhrmann et al., 2004; Raven and Waite, 2004; Yamanaka et al.,
2008). High CO2 induced down-regulation of CCMs and the subsequent
energy saving may further affect the photosynthetic performance if
other potential stresses including light stress exist. Changing diatom sil-
icate shells would also change carbon export through sedimentation to
deep ocean (Tréguer et al., 2018). A decrease in Si/C ratio induced by
high CO2 was found in a bloom forming pennate diatom Pseudo-
nitzschia fraudulenta, mainly due to increased cellular particulate or-
ganic carbon (Tatters et al., 2012). This changed Si/C was also found in
thepresent study as BSi/POC decreased from low tomoderate CO2 levels
in the larger cell of T. weissflogii, which means the function of larger di-
atom in biogeochemical cycle of both silicon and carbon, to some extent,
may weaken, while the simultaneous decrease in cell volume may fur-
ther intensify this effect by limiting sinking rate.

The elemental stoichiometry of POC to PON (C/N) may increase or
not change under high CO2 condition (Bellerby et al., 2008; Finkel
et al., 2010; Riebesell et al., 2007; Van de Waal et al., 2010; Verschoor
et al., 2013) and can be determined by interactive effects with other
co-varied environmental factors (Gervais and Riebesell, 2001;
Leonardos and Geider, 2005; Li et al., 2012). Decreased C/Nwith gradu-
ally rising CO2 in the present study was due to the decrease of POC in
both species. A decrease of C/Nwith rising CO2 in T. weissflogii indicates
the elemental stoichiometry of larger cell-size species affected more by
high CO2 and that the effects may be species specific.

The differential effects of gradually rising CO2 vs. direct CO2 shifts
were most pronounced over low to moderate CO2` levels. In contrast
as CO2 increased above current 400 μatm the modulation methods
had limited effects on measured parameters. Ambient control showed
some differences compared to 1000 μatm CO2 whether achieved either
directly or gradually. Carbon fixation rates decreased in gradually rising
CO2, while POC and PON decreased in directly rising CO2 for
T. weissflogii. The modulation method also had significantly differential
effects on Chl a, carotenoid, NPQ and α in T. pseudonana, on growth
rate, Ik and Si/C in T. weissflogii. Therefore, the differences between the
CO2 modulation methods appear to have significant implications on re-
sults and inferred conclusions. It is worth noting that in the present
study we directly transferred the ambient culture (400 μatm) into 180
μatm, which was used as the starting point of gradual experiment
after short term acclimation. Gradual adjustment of starting CO2 level
and even gradual transfer back from 1000 μatm to ambient level after
a gradual rising CO2 from 180 μatmmay have generate further implica-
tions and to extend our understanding of acclimation and adaptation to
OA.

It may be inappropriate to infer responses to gradual OA effects from
comparisons of cell responses between ambient and a direct shift to
high CO2. The OA effects varied at different stages of acclimation time
and CO2 levels, especially from low to moderate CO2 levels. Cell size of
phytoplankton is important in the food chain, as the grazing activity
by secondary producers is mainly size dependent (Frost, 1972) while
the silicon frustule of diatoms may have significant mechanical protec-
tion against grazers (Hamm et al., 2003). OA dependent changes in cell
size and silicon frustule, together with the changed elemental stoichi-
ometrywhich determines nutrition value, maymediate grazing activity
disproportionately across taxa, which will influence niche differentia-
tion and ultimately alter the phytoplankton community structure and
biogeochemical cycles.
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