I ( ES International Council for

the Exploration of the Sea

I E M Conseil International pour
c I'Exploration de la Mer

ICES Journal of Marine Science (2016), 73(3), 680—692. d0i:10.1093 /icesjms /fsv259

Contribution to Special Issue: ‘Towards a Broader Perspective on Ocean Acidification Research’

Original Article

Effects of high CO, levels on the ecophysiology of the diatom
Thalassiosira weissflogii differ depending on the iron
nutritional status

Koji Sugie** and Takeshi Yoshimura
Central Research Institute of Electric Power Industry, 1646 Abiko, Abiko, Chiba 270-1194, Japan

*Corresponding author. tel: +81 46 867 9449; fax: +81 46 867 9455; e-mail: sugie@jamstec.go.jp
*Present address: Research and Development Center for Global Change, Japan Agency for Marine-Earth Science and Technology, 2-15,
Natsushima-cho, Yokosuka, Kanagawa 233-0061, Japan.

Sugie, K, and Yoshimura, T. Effects of high CO, levels on the ecophysiology of the diatom Thalassiosira weissflogii differ depending
on the iron nutritional status. — ICES Journal of Marine Science, 73: 680 —-692.

Received 23 April 2015; revised 7 December 2015; accepted 8 December 2015; advance access publication 6 January 2016.

Iron availability in seawater, namely the concentration of dissolved inorganiciron ([Fe']), is affected by changes in pH. Such changes in the availability of
iron should be taken into account when investigating the effects of ocean acidification on phytoplankton ecophysiology because iron plays a key role in
phytoplankton metabolism. However, changes in iron availability in response to changes in ocean acidity are difficult to quantify specifically using
natural seawater because these factors change simultaneously. In the present study, the availability of iron and carbonate chemistry were manipulated
individually and simultaneously in the laboratory to examine the effect of each factor on phytoplankton ecophysiology. The effects of various pCO,
conditions (~390, ~600,and ~800 patm) on the growth, cell size,and elemental stoichiometry (carbon [C], nitrogen [N], phosphorus [P], and silicon
[Si]) of the diatom Thalassiosira weissflogii under high iron ([Fe'] = ~240 pmol I~ ") and low iron ([Fe'] = ~24 pmol | ") conditions were investi-
gated. Cell volume decreased with increasing pCO,, whereas intracellular C, N, and P concentrations increased with increasing pCO, only under high
iron conditions. Si:C, Si:N, and Si:P ratios decreased with increasing pCO,. It reflects higher production of net C, N, and P with no corresponding change
in net Si production under high pCO, and high iron conditions. In contrast, significant linear relationships between measured parameters and pCO,
were rarely detected under low iron conditions. We conclude that the increasing CO, levels could affect on the biogeochemical cycling of bioelements
selectively under the iron-replete conditions in the coastal ecosystems.
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Introduction

Ongoing increases in CO, in seawater resulting from anthropogenic
activities affect carbonate chemistry and resultin a decrease in pH and
an increase in the partial pressure of CO, (pCOy; i.e. ocean acidifica-
tion; Doney et al., 2009). The effect of changing carbonate chemistry
on phytoplankton has attracted much research attention over the last
decade. Because phytoplankton is a crucial component of the marine
ecosystem, understanding the effects of ocean acidification on phyto-
plankton processes is important to predict the future health of the
marine ecosystem (Doney et al., 2009; IGBP, IOC, and SCOR, 2013).
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The bioavailability of trace metals is affected by changing carbon-
ate chemistry, which in turn affects the relationship between trace
metals and pH-sensitive inorganic/organic coordination chemistry
(Millero et al., 2009). Shi et al. (2010) reported that the conditional
stability constant of iron—organic ligand complexes increased as pH
decreased when the ligand was an acidic binding group. Previous
CO, perturbation studies have indicated that iron availability can
decrease in low pH—high CO, conditions (Shi et al., 2010; Sugie
et al., 2013), but the results may largely depend on the sensitivity
of each phytoplankton community to changes in iron availability
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(Sugie et al., 2013; Yoshimura et al., 2013, 2014). In addition, the
chemical nature of iron-binding ligands in natural seawater is
largely uncertain. Such uncertainty implies that simultaneous
changes in carbonate chemistry and iron availability in natural sea-
water make it difficult to discriminate the effect of each factor on
phytoplankton ecophysiology. To properly interpret the results of
ocean acidification studies in the natural environment, it is neces-
sary to understand the individual effects of changes in carbonate
chemistry and iron availability on phytoplankton ecophysiology.

Iron hasimportant roles in the metabolism of phytoplankton such
as photosynthesis, nitrogen (N) assimilations, and respiration (Raven
etal., 1999). One of the most bioavailable form of iron for eukaryotic
phytoplankton is dissolved inorganic iron (Fe’) species mainly com-
posed of Fe(OH)3', Fe(OH)j , and Fe(OH)J in seawater (Morel et al.,
2008). In contrast, iron uptake from iron—organic ligand complex is
often a very slow process for eukaryotes, indicating that such complex
shows low iron bioavailability. Therefore, to investigate the effect
of iron availability on phytoplankton processes, Fe' rather than
total iron in seawater must be considered. The binding affinities of
iron with ethylene diamine tetraacetic acid (EDTA) and with bacterial
hydroxamate siderophore desferrioxamine B are sensitive to changes
in seawater pH (Shi et al., 2010). For example, 100 pmol 1" EDTA
bound with 100 nmol1™" ferric iron under 20°C and 100 wmol
photon m ™% 5™, 12:12 h light:dark conditions was used to demon-
strate that a decrease in pH from 8.0 to 7.8 potentially decreased
the concentration of Fe’ ([Fe]) from 90 to 26 pmol 1" (Sunda and
Huntsman, 2003). Recently, Sugie and Yoshimura (2013) demon-
strated that a combination of iron, EDTA, and CO, concentration-
controlled air can be used to manipulate [Fe'] and carbonate
chemistry separately and simultaneously. However, most previous
studies did not discriminate the effects of changes in iron availability
from changes in carbonate chemistry.

Dissolved iron (<<0.2 wm) concentrations in coastal waters
(>~1nmol 17") are generally higher and more spatio-temporally
dynamic than that of oceanic waters (<~0.5 nmol "% Kuma
et al., 2000; Nishioka et al., 2013). The dynamic nature of dissolved
iron concentrations in coastal environment reflects the iron sources,
and physical and chemical properties of seawater. For example,
riverine inputs and vertical mixing involving sediments could
increase iron concentrations, whereas intrusion of oceanic waters
and the low solubility of Fe’ in seawater could decrease the
concentrations (Kuma et al., 2000). Furthermore, one of the most
important factors determining dissolved iron concentrations is
the concentration and binding affinity (Log KFCC"L‘jge,) of organic
ligands (Kuma et al., 2000; Bundy et al., 2015). Therefore, iron bio-
availability, namely the [Fe'], could dynamically change depending
on the organic and inorganic chemistry of seawater.

Iron requirement is generally higher in coastal phytoplankton
species than in oceanic species, probably reflecting the environmen-
tal conditions of their habitats (e.g. Sunda and Huntsman, 1995). As
a result, the effects of changes in iron availability with changes in
CO; conditions could differ depending on the nature of the iron re-
quirement of each phytoplankton species. One of the notable effects
of iron availability on phytoplankton is change in the elemental
composition of diatoms (e.g. Takeda, 1998). Changes in CO, con-
centrations can also alter the cellular elemental composition of
diatoms (e.g. Sun et al., 2011; Sugie and Yoshimura, 2013), indicat-
ing that changes in either iron availability or CO, concentration
could affect marine biogeochemical cycling of bioelements.
However, other than the study by Sugie and Yoshimura (2013),
no studies have demonstrated the individual effects of iron
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availability and CO, conditions on the elemental composition of
phytoplankton. Because the response to the changes in iron avail-
ability and CO, variations differ among species (Burkhardt et al.,
1999; Doney et al., 2009; Bucciarelli et al., 2010), more studies on
the elemental composition of phytoplankton are needed to better
understand the biogeochemistry of the ocean.

To date, prediction of future environments has relied on in silico
simulations. One of the major problems in estimating biogeochem-
ical cycling of bioelements in modelling studies is the behaviour of
the elemental composition of phytoplankton, which is usually fixed
as the canonical Redfield ratio (Passow and Carlson, 2012). In fore-
casts on global and long-time-scales, Redfield ratio-based simula-
tion is assumed to be representative of the nutrient budget in the
ocean. However, models simulating changes on regional, and
short-time-scales should consider the flexible elemental compos-
ition of phytoplankton to represent the ecological stoichiometry
in dynamic environments (Smith et al., 2011; Passow and Carlson,
2012). Quigg et al. (2003) reported that individual phytoplankton
taxa have unique elemental stoichiometry. The regional characteris-
tics of elemental composition of marine particulate matter therefore
reflect the elemental stoichiometry of dominant phytoplankton taxa
(Weber and Deutsch, 2010). Similarly, changes in the elemental
composition of phytoplankton communities in response to envir-
onmental changes differ among reports, probably as a result of dif-
ferences in the community composition (Sugie et al., 2013; Eggers
et al., 2014; Richier et al., 2014; Yoshimura et al., 2014). Therefore,
more information is needed on species-specific differences in the
effects of environmental disturbances on the ecophysiology of
phytoplankton.

Here, we examine the individual effects of carbonate chemistry
and iron availability on the elemental composition (carbon [C], [N],
phosphorus [P], and silicon [Si]) of estuarine and coastal diatom
Thalassiosira weissflogii. In addition to the dynamics of iron, coastal
and estuarine systems are also more dynamic in terms of carbonate
chemistry than oceanic systems (Wootton et al., 2008; Dore et al.,
2009). This study can provide useful information about first-order
biogeochemical processes of nutrients in neritic ecosystems.

Material and methods

Experimental set-up

Seawater used for the experiment (salinity 34.2) was collected from a
coastal region in the North Pacific, near Onjuku, Chiba, Japan
(35°18'N, 140°38'E). About 50 | of seawater was filtered through a
0.22-pm cartridge filter (Advantech Co. Ltd, Tokyo, Japan). Stock
solutions of macronutrients were passed through a Chelex 100
resin (Bio-Rad, CA, USA) to eliminate trace metals (Price et al.,
1988/1989), and then added to the filtered seawater to make final
concentrations of ~100 pmol 17' NO3, ~6 wmol1~! POy, and
~150 wmol 17! Si(OH),. The seawater with added nutrients was
aged for more than 1 month in an acid-washed 50-1 polypropylene
carboy, to precipitate dissolved iron excess to its solubility (Sugie
et al., 2010; Sugie and Yoshimura, 2013). The aged seawater was
passed through a 0.1-pm cartridge filter (Merck Millipore, MA,
USA) to sterilize it and to eliminate particulate iron before use.
The background iron concentration of the filtered seawater was
0.4 nmol 17%, as measured by flow-injection with chemilumines-
cence detection (Obata et al., 1993). The culture medium used in
this study was modified Aquil medium (Price er al., 1988/1989),
which was composed of nutrient-enhanced 0.1 pm filtered seawater
and Aquil metals chelated with 100 wmol 1~ of EDTA. Only iron
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concentrations were modified during the culture experiment. An
algal strain of T. weissflogii (Grunow) G. Fryxell and Hasle [currently
accepted as Conticribra weissflogii (Grunow) K. Stachura-Suchoples
and D.M. Williams; CCMP1336] was maintained in modified
Aquil medium at 20°C under cool fluorescent light at 150 pwmol
photons m 2s ! (measured using QSL radiometer; Biospherical
Instrument Inc., CA, USA), and a 12:12 hlight:dark cycle. All equip-
ment used in the culture experiment was acid-washed (soaked for at
least 24 h in either 1 or 4 mol 1" HCI solution) followed by thor-
ough rinsing with Milli-Q water (>18.0 M} cm !, Merck KGaA,
Darmstadt, Germany). Preparation and sampling were conducted
inaclass 1000 clean room and ata class 100 clean bench, respectively,
to avoid inadvertent trace metal contamination.

Culture design

Iron, other trace metals, and EDTA stock solutions were mixed and
left for ~1 h in 4-1 polycarbonate culture bottles before pouring 3-1
of nutrient-enhanced 0.1-m filtered seawater. Next, CO, concen-
tration (xCO,)-controlled air (Nissan Tanaka Corp., Saitama,
Japan) was injected to manipulate the carbonate chemistry of the
culture medium. The xCO, of the injected air was set at 386, 614,
or 795 ppm, corresponding to the present and two possible future
CO, conditions, respectively, and these high CO, conditions
could also be found in the present coastal region during winter
(Wootton et al., 2008). The injected air was humidified by passing
through Milli-Q water and it was also passed through a 0.2 pm
inline filter to avoid contaminations from the gas cylinder or
lines. The flow rate of xCO,-controlled air was set at 40 ml min ™'
for 4 d before the start of the experiment to ensure steady state of
carbonate chemistry and to equilibrate [iron—EDTA], [EDTA],
and [Fe'] conditions. The [Fe'] was set at 30 or 250 pmol 17" for
low iron (LFe) and high iron (HFe) treatments, respectively. The
values for [Fe'] were determined based on a presurvey of the
relationship between specific growth rates and [Fe'] (Figure 1).
Non-linear fitting of the growth rate and [Fe'] data to the Monod
equation, resulted in a maximum specific growth rate (Wpax) =
1.24 4+ 0.04 (dfl) and a half saturation constant for growth
(k,) =28.1 + 3.2 (pmol 1" ') (R* = 0.98, p < 0.001). The [Fe'] of
30 and 250 pmol 1™" were selected to produce ~50 and >90%
of the pmay of T. weissflogii, respectively. In coastal seawater, given
the dissolved iron and iron-binding ligand concentrations of
1-150 and 10-500 nmol 1™, respectively, with (Log K§3"d.) of
ligands ranging 8.7—12 (Kuma et al., 2000; Laglera and van den
Berg, 2009; Hassler et al., 2011; Bundy et al., 2015), the [Fe'] could
range from 0.1 to 297 pmol 17", Given these iron conditions and
the dynamics of carbonate chemistry in the coastal region, this
study could partially simulates the present coastal environment as
well as future high CO, conditions. Six treatments based on different
xCO, and [Fe'] were established as follows: LFe386, LFe614, LFe795,
HFe386, HFe614, and HFe795. When estimating [Fe'] according to
the method of Sunda and Huntsman (2003), the background con-
centration of iron was included in the added iron concentrations.
Defined [Fe'] were obtained using total iron and EDTA concentra-
tions, pH, light intensity and duration, and temperature. The
pH values were calculated from measurements of total alkalinity
(TA) and dissolved inorganic C (DIC) concentrations (Table 1).
Cultures were set in duplicate bottles for each treatment.

The dilute batch culture technique was used in this study
(LaRoche et al., 2011); the diatom cells were harvested <20% of
the carrying capacity of the culture medium to avoid large
changes in carbonate chemistry and iron availability. To acclimate
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Figure 1. Change in the specific growth rate of T. weissflogii against the
change in dissolved inorganic iron (Fe’) concentration. The hatched
area represents where solid iron hydroxides are precipitating (e.g.
Stumm and Morgan, 1996), and therefore [Fe’] may not be correct. The
dotted hyperbolic line was obtained by non-linear fitting of the data on
the relationship between the specific growth rate of T. weissflogii and
[Fe'] to the Monod equation.

and to reduce intracellularly stored iron of the T. weissflogii cells
to experimental conditions, cells in stock culture (exponential
growth phase) were transferred to each xCO, with 1/100 Aquil
trace metals medium and grown in the exponential growth phase
corresponding to ~10 cell divisions. The xCO,-acclimated cells
were then transferred to the experimental media to give an initial
cell density of 100 and 50 cells ml~" in the LFe- and HFe-treated
bottles, respectively. Cultures were continued for 10 and 6 d in the
LFe and HFe treatments, respectively, representing 6—7 cell divi-
sions under the experimental conditions. Geider et al. (1993)
reported that iron-limited diatom cell could acclimate under high-
iron conditions within 24 h, and thus, T. weissflogii should acclimate
each iron conditions during the experiment. After inoculation of
the diatoms into the experimental media, the flow rate of xCO,-

controlled air was reduced to 10 ml min ™.

Measurements

Growth was monitored daily at a fixed time (mid of the light phase)
using a Multisizer 4 Coulter Counter (Beckman Coulter Inc.,
CA, USA) to calculate specific growth rates and to measure cell
volume and surface area (SA). Specific growth rates (., d ') were
determined from the slope of a plot of the natural log density of
biovolume (i.e. abundance x cell volume) against time during the
exponential growth phase. At the end of the experiment, cells were
harvested on precombusted GF/F filters for particulate organic C
(POCQ), particulate N (PN), and particulate P (PP) analysis. For bio-
genic Si (BSi) analysis, samples were collected on a 0.8-pm polycar-
bonate filter. The methods for POC, PN, PP, and BSi measurements
have been described elsewhere (Sugie and Yoshimura, 2013). In
brief, for POC and PN analysis, filters were freeze-dried, and the
concentrations were measured using a CHN analyser. Filters for
PP analysis were combusted in high temperature followed by acid
hydrolysis and measured using a spectrophotometer as described
by Solérzano and Sharp (1980). For BSi analysis, the filter was
digested in 0.5% Na,COj solution (Paasche, 1980) and measured
with a QuAAtro-2 continuous flow analyser. For chlorophyll a
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Table 1. Measured TA (in wmol kg™ ") and DIC (in wmol kg™ "), and calculated dissolved inorganic iron species (Fe’ in pmol 1™ ') conditions

during the experiment.

Initial Day 2 (HFe) or day 3 (LFe) Day 6 (HFe) or day 9 (LFe)

Treatment TA DIC Fe' TA DIC Fe' TA DIC Fe/

LFe-386 2344 2087 23.0 2349 2076 26.1 2356 2063 30.7
LFe-614 2353 2161 24.6 2359 2160 259 2364 2162 26.8
LFe-795 2350 2196 249 2359 2197 268 2368 2199 285
HFe-386 2351 2113 168* 2352 2081 220* 2365 2047 322*
HFe-614 2357 2164 222% 2355 2157 233* 2364 2145 280"
HFe-795 2353 2200 220" 2354 2193 237* 2363 2185 276"

Data represents mean of the duplicate bottles. Note that the Fe’ concentrations in the HFe treatments with asterisks show an approximate values because the
concentrations were over-saturated with respect to the solubility of dissolved inorganic Fe(lll) hydroxide (e.g. Stcumm and Morgan, 1996).

(Chl a) measurements, seawater samples were filtered on GF/F
filters, soaked in N,N-dimethylformamide (Suzuki and Ishimaru,
1990) and quantified by fluorometry (Welschmeyer, 1994). All
data for POC, PN, PP, BSi, and Chl a concentrations were corrected
by subtracting values obtained from filter blanks. The cell quota of
each element (Qg) was calculated by dividing the concentration of
each element by abundance. To estimate intracellular concentra-
tions of each element (In.[E]), POC, PN, PP, and Chl a concentra-
tions were divided by abundance and cell volume, to obtain
Il’lceu[c], Inceu[N], Il’lceu[P], and Inceu[Chl a], respectively. The BSi
concentration was normalized by abundance and SA ([Si]/SA)
because most BSi localizes outwards as siliceous frustules. Net elem-
ental production (NEP) was calculated as follows: NEP = Qg x .

The DIC and TA samples were collected and measured at days 0, 2,
and 6 for HFe conditionsand days 0, 3, and 10 for LFe conditions. Both
parameters were measured using a potentiometric Gran plot method
with 0.1 mol 1~ HCl (Wako Co. Ltd, Osaka, Japan) and a TA analyser
(Kimoto Electric Co. Ltd, Osaka, Japan), according to the method of
Edmond (1970). Titration data below pH 4 were eliminated because
EDTA began absorbing protons below pH ~4. The stability of the
DIC and TA analyses was checked using DIC reference material
(KANSO Co. Ltd, Osaka, Japan) and the analytical errors in this
study were <0.1% for both DIC (~1.1 pmolkg™") and TA
(~1.4 wmol kg "). The DIC and TA values of the reference material
were traceable to the certified reference materials supplied by
Professor Andrew Dickson, University of California, San Diego,
USA. Carbonate chemistry was calculated using the CO2SYS
program and DIC and TA data (Lewis and Wallance, 1998). Samples
for macronutrient analysis were collected at the end of the experiment
and measured using a QuAAtro-2 continuous flow analyser.

Statistics

Linear regression was used to test the relationship between mea-
sured parameters and pCO,. When significant linearity was found
(p < 0.05), the regression line was described in the figure. When
the hypothesis of linearity was rejected, differences among the
different xCO, treatments were tested with Tukey’s HSD ANOVA
test. To test the effect of the different [Fe'] of each of three xCO,
treatments, two-tailed, paired-sample t-tests were performed. All
statistics were carried out using PASW statistical software (version
17.0 SPSS Inc., Chicago, IL, USA). Significant differences are
reported at the 95% confidence level.

Results
The pH and pCO, were clearly different among the xCO, tested
throughout the experiment with a slight increase in pH and a

decrease in pCO, during incubations (Figure 2, Table 1). The
[Fe'] was not statistically different among the three xCO, treatments
under both LFe and HFe conditions (Figure 3, Table 1). The specific
growth rate differed significantly between the HFe614 and HFe795
treatments, but there was no significant difference in specific
growth rate between the HFe386 and HFe614 treatment or
between the HFe386 and HFe795 treatment (Figure 4a). Under
LFe conditions, the specific growth rate was slightly increased by
the change in carbonate chemistry, but the difference was not stat-
istically significant (p = 0.13, ANOVA; Figure 4a, Table 2). The
cell volume decreased linearly with increasing pCO, under HFe con-
ditions (Table 2), whereas no linearity was found under LFe condi-
tions (Figure 4b). Under LFe conditions, there was a significant
decrease in the cell volume for the LFe614 treatment compared
with the LFe386 and LFe795 treatments (Figure 4b).

A significant increase in the N cell quota under HFe conditions
and a significant decrease in the P cell quota under LFe conditions
were measured with increasing pCO, (Figure 5). The cell quota of
G, Si, and Chl a did not differ significantly with changes in pCO,
under LFe or HFe conditions (Figure 5). The In.y[C], In.n[N],
In.q[P], and In [Chl a] under HFe conditions increased signifi-
cantly with increasing pCO, (Supplementary Figure Sla—c and e,
Table 2). Only In.y[P] decreased significantly with increasing
pCO, under LFe conditions (Supplementary Figure Slc, Table 2).
The [Si]/SA did not differ significantly because of a difference
in carbonate chemistry under both LFe and HFe conditions
(Supplementary Figure S1d). The NCP, NSiP, and NChlaP did
not differ significantly among the three xCO, treatment in both
iron conditions (Supplementary Figure S2a, d, and e). The NNP
and NPP under HFe conditions increased significantly with
increasing pCO, (Table 2), but those trends were not seen under
LFe conditions (Supplementary Figure S2b and c). The C:N, C:P,
and N:P ratios did not show any significant trends or differences
among the three xCO, conditions under HFe and LFe conditions
(Figure 6a—c). The Si:N, Si:C, and Si:P ratios under HFe conditions
decreased significantly with increasing pCO,, but the ratios did not
differ significantly under LFe conditions (Figure 6d—f, Table 2).

Different Fe’ conditions produced significant differences in most
of the parameters measured in this study, except for In ¢ [P], C:N, and
Si:P ratios (Table 3). Lower iron availability decreases the cell quota of
C and N synchronously. The different iron conditions affected the Si
cell quotaand Si/SA, but the degree of the change was small compared
with the change for C and N, resulting in increasing Si:C and Si:N
ratios with increasing iron availability (Table 3). The Chl a cell
quota, In.y[Chl a], and NChlaP decreased dramatically with a
decrease in iron availability (Supplementary Figure S2, Table 3).
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Figure 2. Temporal changes in (a and b) pH (total scale), and (c and d) pCO, under LFe (a and c) and HFe (b and d) conditions.

Discussion

This study shows that the cell size and elemental composition of the
diatom T. weissflogii changed with both separate and simultaneous
changes in iron availability and carbonate chemistry. The proper
control of bioavailable [Fe'] in seawater under different pCO,
conditions enables the investigation of individual effects of iron
availability and carbonate chemistry on the cellular elemental dy-
namics of phytoplankton species (Sugie and Yoshimura, 2013).
The present study demonstrates that the ecophysiological properties
of the coastal and estuary diatom T. weissflogii changed in response
to the change in CO, levels, mainly under iron-replete condition.

Effects of different CO, levels on cellular

elemental dynamics

Under HFe conditions, In..[C], Ineei [N], Ineei [P], and In gy [Chl a]
increased significantly with increasing pCO, (Supplementary
Figure S1), suggesting the increasing concentration of intracellular
constituents. However, the cell quota of C, P, and Chl a did not

change (Table 2), because cell size decreased with increasing pCO,
under HFe conditions. A decrease in cell size in response to high
pCO; conditions has been reported for micro- and nano-sized
phytoplankton such as the diatom Pseudo-nitzschia pseudodelicatis-
sima (Sugie and Yoshimura, 2013) and the coccolithophore
Emiliania huxleyi (Lohbeck et al., 2012). Previous studies have
demonstrated that the increase in temperature also decrease cell
size of marine phytoplankton ~2.5-4% °C~' (Montagnes and
Franklin, 2001; Atkinson et al., 2003). According to the IPCC AR5
(IPCC, 2013), temperature increase in the range 1-3°C (RCP2.6)
or 3—-10°C (RCP8.5) has been predicted with atmospheric CO,
concentrations ranging from 421 to 936 ppm by 2100. Such tem-
perature rises could decrease phytoplankton cell size by 2.5 to
>40%. Our study estimated the decrease in cell volume to be
1.4 x 107%% per pCO, increases (Table 2), suggesting that the
increase in CO, levels in 2100 from the present conditions
(~400 patm) could decrease cell volume by 0.3-7.5% under
RCP2.6 and RCP8.6 scenarios, respectively. These estimations
suggest that the effect of temperature on cell volume is stronger
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Figure 3. The mean Fe’ concentration under (a) LFe and (b) HFe
conditions during the course of the experiment. Error bars represent
the range of the values in duplicate incubation bottles. The hatched
area indicates where solid iron hydroxides are precipitating.

than pCO,, but pCO, increase could contribute substantially (12—
19% under RCP2.6 and RCP8.6 scenarios, respectively) to the de-
crease in cell volume of T. weissflogii in the forecasted future condi-
tions, given the decrease in cell size emerge due to the additive effects
of hightemperature and pCO, under iron-replete conditions.
Seebah et al. (2014) reported that the aggregate size and sinking vel-
ocity of T. weissflogii decreased under high pCO,, which can increase
the remineralization of organic matters in the water column. The re-
duction in cell size found in the present study may partly explain the
sinking behaviour of T. weissflogii reported by Seebah et al. (2014).
Inaddition to the slower sinking rate of T. weissflogii under high CO,
conditions (Seebah et al., 2014), the relatively stable cell quota of C,
N, P, and Chl a suggest that increasing pCO, could have negative
impact on the export flux of these bioelements in the high CO,
conditions.

In contrast, the [Si] /SA and NSiP were not affected significantly
by changes in pCO, (Table 2). Sugie and Yoshimura (2013) reported
that the [Si] /SA and NSiP of P. pseudodelicatissima decreased with
increasing pCO, under various [Fe'] conditions, suggesting that
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Figure 4. Change in (a) specific growth rate and (b) cell volume of

T. weissflogii grown under different pCO, and iron conditions. The solid
line in (b) represents the regression between pCO, and cell volume.
Statistics are shown in Tables 2 and 3. Labels above the symbols
represent the results of Tukey’s group test (p < 0.05), which did not
show a linear trend.

the effect of increasing CO, levels is species-specific or differs
between centric and pennate diatoms. Milligan et al. (2004) exam-
ined the Si metabolism of T. weissflogii under iron-replete condi-
tions and found that the rates of intracellular Si efflux and frustule
dissolution increased in 750 ppm CO, compared with 100 ppm
CO,. During that experiment, the Si cell quota did not differ signifi-
cantly between 380 and 750 ppm CO, because of the high Si uptake
rate under the high CO, conditions. The small but insignificant
decrease in [Si]/SA with increasing pCO, under LFe conditions
may result from the pH-dependent change in Si metabolism as pre-
viously reported (Milligan et al., 2004; Hervé et al., 2012). Muggli
et al. (1996) found that phytoplankton cells suffered from energy
limitation under iron-limited conditions. Because Si uptake and
mineralization are associated with energy from respiration
(Martin-Jézéquel et al., 2000), the [Si]/SA may be slightly affected
by changing pCO, under conditions of low iron availability.

Effects of different CO, levels on elemental compositions
The present study confirms that the cellular C:N, C:P, and N:P ratios
do not change with changes in pCO, under iron-replete or
iron-limited conditions (Figure 6). Previous studies also observed
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Table 2. Statistical results of the relationships between partial pressure of CO, (pCO,, patm) and specific growth rate (p, d '), cell volume
(CV, wm?), intracellular organic carbon (In.e; [C], mol I ), intracellular nitrogen (Ince [N], mol 177), intracellular phosphorus (Ince; [P],

mol I71), silicon concentration per unit surface area ([Si]/SA, mmol mfz), intracellular chlorophyll a (In.e[Chl-a], mg I71), Net C, N, P, Si, and
chlorophyll a productions (NCP, NNP, NPP, NSiP, and NChl-aP; pmol cell ™" d " for C, N, and Si, and fmol cell =" d™" for P, pg cell "' d™" for

chlorophyll a), and elemental compositions.

LFe HFe
a b Significance a b Significance

[\ n.s. n.s. n.s. n.s. n.s. n.s.

Cell volume n.s. ns. n.s. 871** —0.12* Fi4 = 158,p = 0.016, R?=075
C quota n.s. ns. n.s. ns. ns. n.s.

N quota ns. ns. ns. 1.2 24 x 107 Fis = 104, p = 0032, R> = 0.65
P quota 75 —0.22** Fi4=529,p = 0002, R*> = 091 ns. ns. ns.

Si quota ns. ns. ns. ns. ns. ns.

Chl a quota ns. ns. ns. ns. ns. ns.

Incen[C] n.s. ns. ns. 7.8%* 2.1 x 107 Fis=157,p=0017,R*> =075
Incen[N] n.s. ns. n.s. 13 55 x 107 “* Fis = 23.4, p = 0.008, R> = 0.82
Incen[P] 0.12 —37 x 107 % Fi4= 47.8,p = 0.002, R> = 0.90 0.072** 47 x 10>* Fi4=128p=0023,R*> =070
[Si]/SA ns. ns. ns. ns. ns. ns.

Incen[Chl-a] n.s. ns. n.s. 6.0* 9.5 x 10”4 Fis = 89,p = 0.040,R* = 0.6
NCP n.s. ns. n.s. ns. ns. ns.

NNP n.s. ns. n.s. 1.0%* 27 x 10 % Fis =127, p = 0.024,R*> = 0.70
NPP ns. ns. ns. 58** 0.026* Fis=89,p=0.041,R* = 061
NSiP ns. ns. ns. ns. ns. n.s.

NChl aP n.s. ns. n.s. ns. ns. n.s.

CN n.s. ns. n.s. ns. ns. ns.

CP ns. ns. ns. n.s. ns. n.s.

N:P ns. ns. ns. ns. ns. ns.

SiN n.s. ns. n.s. 0.62** —12 x 10 %= Fis =297, p = 0.006, R> = 0.85
Si:C ns. n.s. ns. 0.11* —11x 10> Fis = 110, p = 0.030, R> = 0.66
Si:P ns. ns. n.s. 11.0%* —33x 107 Fi4 = 140,p = 0.020,R*> = 0.72
CChla ns. ns. ns. ns. ns. ns.

Listed are the constant (a) and the coefficients (b) of regression equation of y = a + b x pCO,. Asterisks represent the significance level of the constant and

coefficients (*p < 0.05; **p < 0.01; t-test, d.f. = 5). n.s,, not significant.

that these ratios of T. weissflogii were not affected by changes in pCO,
under both macronutrient-replete and -depleted conditions
(Burkhardt et al., 1999; Clark et al., 2014). In the studies by
Burkhardt et al. (1999) and Clark ef al. (2014), carbonate chemistry
was manipulated by adding acid or base, whereas in the present
study, it was manipulated by injecting xCO,-controlled air. The
method of carbonate chemistry manipulation is reported to be one
of the most important factors affecting biological responses
to ocean acidification (Shi et al., 2009; Hoppe et al., 2011). The
major difference between these manipulation methods is DIC con-
centrations: the bubbling of high CO, air increases DIC, whereas
the acid/base addition did not change DIC (Burkhardt ef al., 2001;
Shiet al., 2009). Taken together, the present and previous findings in-
dicate that increasing CO, levels have no effect on the C:N, C:P, and
N:P ratios of T. weissflogii, irrespective of the different manipulation
methods.

However, some previous studies have reported that cellular C:P
and N:P ratios of phytoplankton are affected by increases in pCO,
under iron-replete conditions. Many centric and pennate diatom
species showed an increase in C:P ratio in response to increases in
pCO, (Burkhardt et al., 1999; King et al., 2011; Sun et al., 2011;
Sugieand Yoshimura, 2013). Anincrease in the C:P ratio with increas-
ing pCO, has also been found in Dinophyceae, Raphidophyceae, and
Prymnesiophyceae (Feng et al., 2008; Fu et al., 2008). Some diatom
species such as Asteionellopsis glacialis and Phaeodactylum tricornu-
tum did not show changes in the C:P ratio with changing pCO,
(Burkhardt et al., 1999), similar to the finding for T. weissflogii in
the present study. Sugie and Yoshimura (2013) demonstrated using

P. pseudodelicatissima that a steeper decline in In.[P] and NPP com-
pared with those of Cand N with increasing pCO, is a key mechanism
underlying increasing C:P and N:P ratios in high CO, conditions.
They suggested that increases in C:P and N:P ratios with increasing
CO, availability were derived from decreases in the expenditure of
P-rich cellular constituents such as ATP, which is used to maintain/
operate carbon concentration mechanisms (CCMs; Hopkinson
etal.,2011). A notable characteristic of C assimilation in T. weissflogii
is the presence of both C; and C, photosynthetic pathways, where the
latter functions as a biochemical CCM. In contrast, other diatoms are
mainly C; photosynthesizers (Roberts et al., 2007). The initial pro-
ducts of DIC uptake are glycerate-P and hexose-P in C; diatoms,
and malate in C, diatoms of T. weissflogii (Roberts et al., 2007). If
C, pathway-mediated CCMs decrease with increasing CO, availabil-
ity, the contribution of sugar-P compounds such as glycerate-P
mediated from C; photosynthesis can increase with increasing CO,
availability. Such adaptive photosynthetic strategies result in an
increase in NPP (Supplementary Figure S2), which could offset
increases in C:P and N:P ratios of T. weissflogii with increasing pCO,.

In contrast to the relatively stable C:N, C:P, and N:P ratios in the
present study, we found that the ratios of Sito C, N, and P changed in
response to changes in carbonate chemistry (Figure 6). This discrep-
ancy reflected different trends in the effect of pCO, on the rates of
NEP between Si and C, N, and P (Supplementary Figure S2).
Under HFe conditions, the decrease in Si:N and Si:P with increasing
pCO, was derived from the significant increases in NNP and NPP
with increasing pCO,. The decreasing trend of Si:C with increasing
pCO, resulted from the small but insignificant (p = 0.16, ANOVA)
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Figure 5. Changes in the cell quota of (a) carbon, (b) nitrogen, (c) phosphorus, (d) silicon, and (e) chlorophyll a of T. weissflogii grown under
different pCO, and iron conditions. Solid lines in (b) and (c) represent the regression between pCO, and N and P cell quota, respectively. Statistics

are shown in Tables 2 and 3.

increase in NCP and constant NSiP with increasing pCO,.
Decreasing Si relative to C, N, and P in response to increasing
pCO; has been previously reported for diatoms (Pseudo-nitzschia
multiseries, Sun et al., 2011; P. pseudodelicatissima, Sugie and
Yoshimura, 2013). It has also been reported that cell cycle-
dependent uptake of Si and C, N, and P were uncoupled (Claquin

et al., 2002). The present results further support such uncoupling
and indicate that ratios of Si to other nutrients in diatoms can
change in response to changes in environmental conditions includ-
ing carbonate chemistry.

Under LFe conditions, elemental compositions did not differ sig-
nificantly among the three pCO, conditions because of constant
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Figure 6. Changein (a) C:N, (b) C:P, (c) N:P, (d) Si:N, (e) Si:C, and (f) Si:P ratios of T. weissflogii grown under different pCO, and iron conditions. Solid
lines in (d—f) represent the significant regressions between pCO, and Si:N, Si:C, and Si:P ratios, respectively. Statistics are shown in Tables 2 and 3.

NCP, NNP, NPP, and NSiP (Supplementary Figure S2), which are
clearly different from the results obtained in the HFe conditions
(Figure 6). This discrepancy may be caused by unexplored physio-
logical mechanisms. We assume that the processes responsible for
the increase in NEP with increasing pCO, as was found in the HFe
conditions require additional energy for nutrient uptake. Under
the energy-limited LFe conditions (Muggli et al, 1996), the
CO,-related change in NEP was regulated by the iron-limitation.
Hoppe et al. (2013) also observed that the effects of high CO,

conditions on natural phytoplankton communities in the
Southern Ocean were minimal under iron-depleted (siderophore
desferrioxamine B added) conditions compared with iron-replete
conditions. However, the rates of change in NEP of the diatom
P. pseudodelicatissima were affected by changes in pCO, under con-
ditions of low iron availability (Sugie and Yoshimura, 2013). The
notable difference between T. weissflogii and P. pseudodelicatissima
is k,, value that T. weissflogii and P. pseudodelicatissima showed
k, =28 and 1.5-5.0 pmol [Fe'] 17%, respectively. These results
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Table 3. Results of two-tailed, paired-sample t-test (n = 12) to test
the effect of iron availability on the measured parameters, comparing
the LFe (Fe’ = ~26 pmol | ') and the HFe treatments

(Fe' = ~240 pmol | ").

Effect of decreasing Fe’ p-value
'8 Decrease <0.001
Cell volume Decrease <0.001
C quota Decrease <0.001
N quota Decrease <0.001
P quota Decrease <<0.001
Si quota Decrease <0.001
Chl a quota Decrease <0.001
Incen[C] Decrease 0.009
Incen[N] Decrease 0.018
Incen[P] n.s.c. 0.526
Incen[Chl a] Decrease <0.001
Si/SA Decrease 0.010
NCP Decrease <0.001
NNP Decrease <<0.001
NPP Decrease <0.001
NSiP Decrease <0.001
NChl aP Decrease <0.001
CN n.s.c. 0914
CP Decrease 0.034
N:P Decrease 0.037
Si:N Increase 0.045
Si:C Increase 0.016
Si:P n.s.c. 0.354
C:Chla Increase <0.001

Three CO, treatments were pooled in LFe and HFe treatments, respectively.
n.s.c., not significant change.

indicate that responses to the interaction between changes in pCO,
and changes in iron availability vary among species depending on
the affinity for uptake of [Fe']. Previous studies have reported that
the elemental composition of diatoms is not always related linearly
to iron availability (Price, 2005; Bucciarrelli et al., 2010). More
experiments manipulating various Fe’ and pCO, conditions using
more phytoplankton species are required to better understand the
effect of different CO, conditions on biogeochemical cycling of
bioelements.

Effect of different iron availability on ecophysiology

of T. weissflogii

Decreasing iron availability affected most of the measured parameters
of T. weissflogii, indicating that iron availability is more important to
determine ecophysiological processes of diatoms than variations in
carbonate chemistry. Yoshimura et al. (2014) also suggested that
changes in pCO, do not play a major role in the dynamics of particu-
late and dissolved organic matter produced by subarctic plankton
communities during the exponential growth phase. Price (2005)
reported that the C:N:Si:P ratio of T. weissflogii changed from
97:14:4.7:1 to 70:10:5.9:1 under iron-replete and iron-limited condi-
tions, respectively. In the present study, we obtained similar results
under HFe (96:17:9.7:1) and LFe (80:15:8.8:1) conditions in the
386 ppm xCO, treatments. By calculating Qg ratios (RQg) between
LFe386 and HFe386 (RQg = Qg.rpe/Qg nr» where Qg g and
QE_nre represent cell quota of each element in LFe386 and HFe386
treatment, respectively), we obtained 0.76, 0.78, 0.90, and 0.82 for
RQc, RQn, RQp, and RQg;, respectively (Supplementary Figure S3).
This estimate suggests that Qc, Q, and Qs; are highly variable com-
pared with Qp in response to the different iron conditions. In
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addition, the changes in carbonate chemistry modulated the elemen-
tal composition of T. weissflogii possibly via uncoupling of the cell
cycle-dependent uptake of each bioelement (Claquin et al., 2002).
Specifically, the difference in the Si:N ratio between HFe and LFe con-
ditions increased with increasing pCO, (Figure 6d). Such unexplored
flexible nutrient stoichiometry may be a consequence of optimality of
nutrient uptake or assimilations (Milligan et al., 2004; Smith et al.,
2011), the mechanisms of which should be incorporated into the
model simulations to better predict the biogeochemical cycling of
nutrients.

Relevance of this study for ocean acidification study
Results of our short-term experiment contribute to better under-
standing of first-order biogeochemical processes of nutrients in
dynamic coastal environment, but the progress of ocean acidification
in nature is a slower process compared with our short-term experi-
ment. Extrapolating our results to the future acidified environment
require attention because long-term adaptive responses often differ
from short-term phenotypic plasticity (Lohbeck et al., 2012; Collins
etal.,2014). Crawfurd et al. (2011) and Tatters et al. (2013) reported
that there was no clear difference in the effect of high CO, conditions
on the ecophysiology of diatoms, when comparing the results of
short-term plastic response with acclimation/adaptation responses
for >100 cell divisions. On the other hand, Torstensson et al.
(2015) reported that the specific growth rate decreased in the high
CO, conditions only after the acclimation of ~60 cell divisions.
Because phenotypic plasticity may be important for the subsequent
adaptation or evolution of organisms (Collins et al., 2014), plastic re-
sponse found in this study could provide relevant information for the
future acidified ocean ecosystem. However, there is very limited infor-
mation available to date concerning adaptation of diatoms, and no
reports are available on the adaptive response of cell size and cellular
elemental content of diatoms. We need more information on the
long-term effect of CO, on phytoplankton ecophysiology.

Conclusions

Our study demonstrated that some ecophysiological properties of
coastal diatom T. weissflogii changed in response to changing CO,
levels under iron-replete conditions. In coastal environment, iron
concentration is generally higher than the oceanic region (Kuma
et al., 2000; Nishioka et al., 2013; Bundy et al., 2015), suggesting
the change in the ecophysiological properties of T. weissflogii
could occur with increasing CO, levels in the modern coastal seas
(Wootton et al., 2008). These changes may affect the food availabil-
ity of higher trophic levels, sinking behaviour of T. weissflogii, and
nutrient availability for other phytoplankton in the coastal
regions. However, in addition to the differences in the response of
individual phytoplankton species to changes in CO, levels (e.g.
Doney et al., 2009; Collins et al., 2014), previous studies of the
impacts of increasing CO, levels on the elemental composition of
natural plankton communities have produced conflicting results,
including no effect (Martin and Tortell, 2006; Feng et al., 2010;
Tortell et al., 2010), increased particulate Si:N and Si:C ratios
(Sugie et al., 2013), and inconsistent changes in the production of
dissolved and particulate organic matters (Yoshimura et al., 2010,
2013, 2014). To interpret these results, it is necessary to improve
knowledge of the effects of carbonate chemistry and iron availability
on phytoplankton processes using both natural phytoplankton
communities and laboratory-based unialgal cultures.
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Supplementary material is available at the ICESJMS online version
of the manuscript.
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