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Marine phytoplankton production and their elemental compositions play a crucial role
in driving ocean biogeochemical cycling of nutrients (Redfield et al., 1963). The elemental composition of phytoplankton is affected by changing ambient conditions such
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Little is known concerning the effect of CO2 on phytoplankton ecophysiological processes under nutrient and trace element-limited conditions, because most of the CO2
manipulation experiments have been conducted under these element-replete conditions. To investigate the effects of CO2 and iron availability on phytoplankton ecophysiology, we conducted an experiment using a phytoplankton community in the ironlimited, high-nutrient, low-chlorophyll (HNLC) region of the Bering Sea basin in September 2009. Carbonate chemistry was controlled by the bubbling of the several levels of
CO2 concentration (180, 380, 600, and 1000 ppm) controlled air, and two iron conditions were established with or without the addition of inorganic iron. We demonstrated
that in the iron-limited control conditions, the specific growth rate and the maximum
photochemical quantum efficiency (Fv /Fm ) of photosystem (PS) II decreased with increasing CO2 levels, suggesting a further decrease in iron bioavailability under the high
CO2 conditions. In addition, biogenic silica to particulate nitrogen and biogenic silica
to particulate organic carbon ratios increased from 2.65 to 3.75 and 0.39 to 0.50, respectively with an increase in CO2 level in the iron-limited controls. In contrast, in the
iron-added treatments, specific growth rate, Fv /Fm values and elemental compositions
did not change in response to the CO2 variations, indicating that the addition of iron
cancelled out the effect of the modulation of iron bioavailability due to the change in carbonate chemistry. Our results suggest that high CO2 conditions can alter the biogeochemical cycling of nutrients through decreasing iron bioavailability in the iron-limited
HNLC regions in the future.
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as nutrient concentrations and partial pressure of CO2 (pCO2 ) (e.g., Takeda, 1998;
Burkhardt et al., 1999; Kudo, 2003), and difference in community compositions (Arrigo
et al., 1999; Sugie et al., 2010a). This evidence suggests that the biogeochemical cycling of nutrients can change in response to future global climate change (Hutchins
et al., 2009). Therefore, the factors modulating nutrient biogeochemistry are important
issues to understand and to better prediction future environment under climate change.
Anthropogenic CO2 emission through burning fossil fuels and land use change
causes an increase in atmospheric CO2 concentrations, which leads to an increase
in the seawater CO2 level in the global surface ocean (Caldeira and Wickett, 2005).
As more anthropogenic CO2 dissolves into the seawater, the surface ocean acidity will
concomitantly increase further, which causes ocean acidification (Raven et al., 2005).
It has been reported that the ocean acidification affects the elemental composition of
phytoplankton, suggesting that oceanic nutrient biogeochemistry will alter according to
future high-CO2 conditions (Hutchins et al., 2009). However, most of the previous studies concerning the effect of CO2 on phytoplankton ecophysiological processes were
conducted under nutrient and trace element-replete conditions. There is a distinct lack
of knowledge regarding the effect of CO2 on phytoplankton ecophysiology under nutrient or trace element-limited conditions, despite the fact that the phytoplankton production in oceanic environments is often limited to at least one element such as nitrogen
and iron (Saito et al., 2008).
Iron availability also affects the elemental composition of phytoplankton (Takeda,
1998; Sugie et al., 2010a), because iron plays key roles in their metabolic processes
such as photosynthesis, respiration, and nitrate and nitrite assimilations (Raven et al.,
1999). Phytoplankton productivity, specifically that of diatoms with a relatively largecell size, is limited by iron availability in a large area of the oceans, which is called high
nutrient, low chlorophyll (HNLC) region (e.g., de Baar et al., 2005). Recent studies reported that iron availability will change through increasing the contribution of ferrous to
ferric iron (Millero et al., 2009) and conditional stability constant of iron-ligand complex
(Shi et al., 2010) in response to the increase in the acidity of seawater. Other human
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perturbations such as land use and SO2 and NOx emissions will also alter the iron distribution and bioavailability in the open oceans (Mahowald et al., 2009). Therefore, the
interactive effects of the ocean acidification and the iron availability will be expected to
play crucial roles in the biogeochemical cycling of nutrients in the HNLC regions. Previous CO2 manipulation studies using Southern Ocean and western subarctic Pacific
phytoplankton communities suggest that the elemental composition or nutrient drawdown ratio was not affected by CO2 variations under iron-limited conditions (Feng et al.,
2010; Endo et al., 2013). In contrast, the elemental composition of unialgal culture of
Pseudo-nitzschia pseudodelicatissima changed in response to the change in both CO2
levels and bioavailable dissolved inorganic iron concentrations (Sugie and Yoshimura,
2013). Further information is still required concerning the interactive effects of iron and
ocean acidification on the elemental composition of phytoplankton to better understand
the future biogeochemistry of nutrients in high CO2 oceans.
In the present study, we conducted a CO2 and iron manipulation study using Bering
Sea phytoplankton community. The central Bering Sea basin is one of the precise
ecosystems for investigating the effects of CO2 and iron, because the region is characterized as an iron-limited HNLC region (Leblanc et al., 2005). However, to date,
no bioassays for either CO2 or iron manipulation experiment have been conducted
in the region. Here, we demonstrate the effects of CO2 and iron on the net growth rate,
the photochemistry of photosystem (PS) II, the species composition and the elemental composition of phytoplankton. Specifically, we examined these effects on diatoms,
which is a key component of carbon and nutrient biogeochemistry especially for silicon.

BGD
10, 4331–4365, 2013

Effects of pCO2 and
iron availability on
nutrient consumption
ratio
K. Sugie et al.

Title Page
Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

|

Abstract

2.1 Sampling location
25

◦

0

Seawater for the incubation experiment was collected in the Bering Sea (53 05 N,
◦
0
177 00 W) on 9 September 2009, aboard the R/V Hakuho-Maru (JAMSTEC), during
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Approximately 300 L of seawater were collected at 10 m depth using acid-cleaned
Teflon-coated 10 L Niskin-X sampling bottles (General Oceanics) attached to a CTDCMS. Seawater for the experiment was sieved by 197 µm acid-cleaned Teflon-mesh to
eliminate mesozooplankton, and the prescreened seawater was poured into six acidwashed 50 L polypropylene tanks to homogenize seawater samples. The two tanks
were used for iron-limited conditions (controls). Inorganic iron stock solution was added
−1
to four tanks to make the final concentration of 5 nmol L (Fe-added treatments), and
then the seawater samples were mixed thoroughly but gently. Then, the seawater was
dispensed into triplicate 12 L polycarbonate incubation bottles per 50 L tank. Carbonate
chemistry was manipulated by injecting CO2 concentration (xCO2 ) controlled dry-air
(Nissan Tanaka Corp., Saitama, Japan) directly into the incubation bottles at a flow rate
of 100 mL per minute for the first 24 h and, thereafter, maintained at 50 mL per minute
during the culture experiment (Yoshimura et al., 2010). The xCO2 of the injected air
was set at 380 and 600 ppm for controls (hereafter C-380 and C-600, respectively) and
180, 380, 600, and 1000 ppm for Fe-added treatments (hereafter Fe-180, Fe-380, Fe600, and Fe-1000, respectively). The injected air was passed through a 0.2 µm in-line
filter to avoid trace element contaminations from gas cylinders and lines for all bottles.
The dissolved inorganic carbon (DIC) and total alkalinity (TA) were measured periodically to calculate carbonate chemistry (see below). Incubations lasted for 7 days in
an on-deck incubator. Temperature of the incubator was maintained at near-ambient
sea surface temperature (∼ 8 ◦ C) by a constant temperature water circulator (Yamato
Scientific Co., Ltd.). The incubator was covered with neutral density mesh to decrease
surface irradiance to 50 %. Photon flux was measured using a 4π quantum sensor in
combination with a data logger (JFE Advantech Co., Ltd.).
4336
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the KH09-4 cruise (Fig. 1). At the sampling station, surface temperature, salinity, and
◦
mixed layer depth were 8.2 C, 33.10, and ∼ 40 m, respectively. The mixed layer depth
−1
was estimated from the first downward increase in σt ≥ 0.02 m .
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Samples for size fractionated (10 µm and GF/F) Chl a and nutrients were collected
daily. Similarly, samples for particulate organic carbon (POC), particulate nitrogen (PN),
biogenic silica (BSi), DIC, TA, microscopic observation, and the maximum photochemical quantum yield (Fv /Fm ) of PS II for phytoplankton were collected at days 1.9, 3.6,
and 5.7 for the iron-limited controls (hereafter day 2, 4, and 6, respectively) and at
days 1.9, 2.6, 4.7, and 6.6 for the iron-added treatments (hereafter day 2, 3, 5, and 7,
respectively). Samples for total dissolvable Fe (TD-Fe, unfiltered) and dissolved Fe (DFe, < 0.22 m) at the beginning of the experiment were collected directly from the spigot
of the Niskin-X sampling bottles, using 0.22 µm cartridge filter (Merck Millipore) with
gravity filtration for D-Fe. At the end of the experiment, TD-Fe samples were collected
from the incubation bottles. Size fractionated Chl a samples were collected sequentially on the 10 µm pore size of polycarbonate filter (Whatman) without vacuum and on
GF/F filter (Whatman) under gentle vacuum at < 100 mm Hg. Filter samples for Chl a
were extracted with N, N-dimethylformamide immediately after the filtration and stored
at −20 ◦ C in the dark at least 24 h until aboard analysis (Suzuki and Ishimaru, 1990).
Samples for POC and PN were collected on a pre-combusted (450 ◦ C, 4 h) GF/F filter.
Samples for BSi were collected on the 0.4 µm pore size of polycarbonate membrane
filter under gentle vacuum. Samples for POC, PN, BSi, and nutrients were stored at
◦
−20 C until analysis on a land laboratory. The DIC and TA samples were collected into
gas-tight glass vials and poisoned with HgCl2 prior to the storage at 4 ◦ C for on-land
analysis. For microscopic analysis, Lugol’s acidic iodine solution was added to seawater (4 % final volume). For iron analysis, seawater samples were acidified at pH 3.2
−1
−1
with 10 mol L formic acid and 2.4 mol L ammonium formate buffer after the sample
collection and stored for several months at room temperature until analysis.
To examine the silicification of the diatom cells, we conducted incubations using
2-(4-pyridyl)-5-((4-(2-dimethylaminoethyl-aminocarbamoyl)-methoxy)phenyl)oxazole
(PDMPO) fluorescence probe (Life Technologies Corp.), which incorporates and stains
newly deposited diatom frustules during their growth (Leblanc and Hutchins, 2005;
Ichinomiya et al., 2010). We used the fluorescence intensity of the PDMPO within the
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Chl a concentration was measured with the Turner Design 10-AU fluorometer
(Welschmeyer, 1994). The net specific growth rate of phytoplankton was calculated
from the linear regression between the time (day) and the natural log of Chl a concentrations using the data before nutrient depletions. The nutrients and iron concentrations were measured using a QuAAtro-2 continuous flow analyzer (Bran + Luebbe,
SPX Corp.) and by flow-injection method with chemiluminescence detection (Obata
et al., 1993), respectively. Our Fe measurement method was carefully assessed using SAFe (Sampling and Analysis of Fe) cruise reference standard seawater for
an inter-comparison study distributed by the Moss Landing Marine Laboratory and
4338
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frustule as an index of silicification of the diatom cells under different CO2 and iron
conditions. Seawater samples for PDMPO labeling incubation were collected from
the 12 L polycarbonate incubation bottles by siphon and dispensed into acid-cleaned
170 mL polycarbonate bottles without head space. Triplicate 170 mL incubation bottles
were prepared for each treatment. The PDMPO incubation was started on day 3.3
of the iron-limited control treatments and day 2.3 of the Fe-added treatments, when
−1
macronutrients were not exhausted. The PDMPO stock solution (1 mmol L ) was
−1
added to the 170 mL incubation bottles to make 0.25 µmol L (Leblanc and Hutchins,
2005). The bottles were incubated for 24 h in the onboard incubator. After the incubation, seawater samples were filtered onto black-stained 0.4 µm polycarbonate filters
and mounted on glass slide with immersion oil. The glass slide was stored at −20 ◦ C
until on-land microscopic observation and digital image analysis. Chl a samples were
collected on GF/F filter at the end of the PDMPO incubations to compare the growth
of phytoplankton between the 170 mL and 12 L incubation bottles. Unfortunately, we
were not able to measure carbonate chemistry during the PDMPO experiment due to
a water volume limitation. However, relatively low biomass with short incubation time
allows us to assume that the change in the carbonate chemistry of the bottles during
the incubation period is small.
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University of California Santa Cruz. We measured 0.10 ± 0.010 nmol L (n = 3) and
0.99 ± 0.023 nmol L−1 (n = 3) D-Fe by our method, respectively for concentrations of
0.094 ± 0.008 nmol L−1 (S) and 0.923 ± 0.029 nmol L−1 (D2) D-Fe (www.geotraces.org)
for the reference standard seawater. Filter samples for POC and PN were freeze-dried
followed by exposing HCl fumes overnight to remove inorganic carbon, and these concentrations were measured by CHN analyzer (Perkin Elmer Inc.). For BSi analysis, filter
sample was digested by heating to 85 ◦ C for 2 h in a 0.5 % Na2 CO3 solution (Paasche,
1980). After being neutralized with 0.5 mol L−1 HCl, the silicic acid concentration was
measured using a QuAAtro-2 continuous flow analyzer. All data for POC, PN, and BSi
concentrations were corrected by subtracting appropriate filter blanks. The elemental
compositions (POC : PN (hereafter C : N), BSi : PN (Si : N), BSi : POC (Si : C)) of phytoplankton produced during the experiment were calculated by subtracting the value
of the beginning of the experiment from the value of the day before nutrient depletions. DIC and TA were measured by the potentiometric Gran plot method with dilute
−1
HCl (0.1000 mol L ; Wako Co. Ltd.) using total alkalinity analyzer (Kimoto Electric Co.,
Ltd.) according to the method of Edmond (1970). The stability of the titration analysis
was checked by DIC reference material (KANSO Co., Ltd., Osaka, Japan), whereby
the DIC value was traceable to the certified reference material supplied by Andrew
Dickson at University of California, San Diego. The analytical errors were < 0.1 % for
−1
−1
both DIC (∼ 1.1 µmol kg ) and TA (∼ 1.4 µmol kg ). pH (total scale) and pCO2 values
were calculated from DIC and TA data using CO2SYS program (Lewis and Wallance,
1998). For microscopic analysis, an adequate volume of fixed seawater was poured
into a settling chamber and was allowed to settle for at least 24 h before identification
using a phase contrast inverted microscope (Hasle, 1978). Diatom species were identified according to Hasle and Syvertsen (1997). Cell volume of the dominant diatom
species was measured as described by Hillebrand et al. (1999), and the cell volume
was converted to carbon biomass as reported by Menden-Deuer and Lessard (2000).
For Fv /Fm measurement, seawater samples were stored for 15 min in a bench-top
incubator at 8 ◦ C in the dark. Fv /Fm values were measured with the Fluorescence
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Induction and Relaxation (FIRe) system (Satlantic Inc.), in which a blue (455 nm with
60 nm bandwidth) light-emitted diode was incorporated for excitation. The FIRe protocol involved single-turnover flashes within 80 µs duration. Triplicate samples were measured with 10 iterations per sample. The background fluorescence was also measured
and subtracted from the sample values using 0.2 µm filtered seawater (Gorbunov and
Falkowski, 2004). Raw data were collected following the manufacture’s protocol and
processed using the Fireworx program for MATLAB software, developed by Audrey B.
Barnett (Dalhousie University) for obtaining Fv /Fm values. The PDMPO-stained samples were observed by epifluorescence microscope (Olympus Corp.), and the picture
was taken by digital camera (Olympus Corp.). The fluorescence intensity of PDMPOstained diatom frustule was measured using digital image with Image-Pro Plus software
(Media Cybernetics Inc.). During the epifluorescence microscope observation, we used
6 % ND filter to minimize the decay of fluorescence, and the ND filter was removed only
when taking pictures.
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At the beginning the experiment, the nutrient concentrations were 18.1 ± 0.1 µmol L
−
−1
−1
−1
NO−
NH+
PO3−
4 , 1.47±0.01 µmol L
3 +NO2 , 0.64±0.2 µmol L
4 , and 17.0±0.1 µmol L
Si(OH)4 (mean ± 1 SD, n = 6). D- and TD-Fe concentrations of the seawater sample
were 0.17 and 1.35 nmol L−1 , respectively. The TA, DIC, pH, and pCO2 of the seawater sample at the beginning of the experiment were 2249 ± 3.5 µmol kg−1 , 2086 ±
1.6 µmol L−1 , 8.06 ± 0.01, and 386 ± 11 µatm, respectively (mean ± 1 SD, n = 4). Mean
−2
−1
daily photon flux density in the on-deck incubator was 8.7 ± 3.2 mol photon m day
−2
−1
during the 7 days of the experiment ranging from 4.9 to 13.0 mol photon m day .
During the course of the experiment, manipulation of carbonate chemistry was successfully archived within the first 2 days by the xCO2 -controlled air bubbling, but the
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conditions were gradually changed with incubation time in the Fe-added treatments
(Fig. 2). The mean pH and pCO2 during 2 to 6 day period in the C-380 and C-600
treatments were 8.09 ± 0.03 and 356 ± 28 µatm, and 7.88 ± 0.02 and 602 ± 25 µatm,
respectively. In the Fe-added treatment, the increase in pH and the decrease in pCO2
were observed at all CO2 manipulation treatments due to the intensive phytoplankton production in the bottles (Fig. 2b, d). At the end of the incubations, TD-Fe concentrations in the C-380, C-600, Fe-180, Fe-380, Fe-600, and Fe-1000 media were
0.27 ± 0.02, 0.29 ± 0.04, 4.60 ± 0.16, 4.48 ± 0.10, 4.34 ± 0.06, and 4.18 ± 0.20, respectively (mean ± 1 SD of triplicate incubation bottles), and the concentrations did not differ
significantly between C-380 and C-600 treatments, and among the Fe-added treatments. Therefore, we successfully conducted the experiments without inadvertent iron
contaminations in the control treatments and Fe-added treatments.
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In the control conditions, net specific growth rate of both size fractions was significantly
higher in the C-380 treatment (> 10 µm: 0.31±0.02 d−1 (mean ± 95 % CL of regression),
GF/F-10 µm: 0.13 ± 0.03 d−1 ) compared to that in the C-600 treatment (> 10 µm: 0.28 ±
−1
−1
0.03 d , GF/F-10 µm: 0.06 ± 0.01 d ) (> 10 µm: p = 0.011, GF/F-10 µm: p = 0.047;
ANOVA) (Fig. 3a, c). In the Fe-added treatments, net specific growth rate was higher
than that in the controls without statistically significant difference among CO2 levels,
−1
ranging 0.82±0.05 to 0.92±0.04 d for the > 10 µm fraction and 0.43 ± 0.03 to 0.52±
0.03 d−1 for the GF/F-10 µm fraction (Fig. 3b, d). The total Chl a concentrations in the
Fe-600 and Fe-1000 treatments on day 5 were lower relative to the Fe-180 and Fe380 treatment (Fig. 3f), although the difference was not affected significantly on the net
specific growth rate. These trends in total Chl a concentrations were almost identical
to that of the large fraction of Chl a because of the high dominance (>∼ 90 %) of the
large-sized Chl a (Fig. 3e, f).
The Fv /Fm in the controls decreased with incubation time, and the values on days
2 and 4 in the C-600 treatment were significantly small compared to that of C-380
4341
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In the controls, nutrients remained at the end of incubations except for Si(OH)4 in the
−
−
3−
C-380 treatment on day 7 (Fig. 6a, c, e, g). The NO3 + NO2 , PO4 , and Si(OH)4
drawdowns were smaller in the C-600 treatment than that in the C-380 treatment,
which reflects the Chl a dynamics (Fig. 3). In the Fe-added treatments, nutrients were
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treatment (day 2: p < 0.01; day 4: p = 0.012, ANOVA) (Fig. 4a). In the Fe-added treatments, the Fv /Fm values increased from 0.35 (day 0) to ∼ 0.55 during the first 3 days followed by the slight decrease with time without statistically significant variations among
CO2 treatments (Fig. 4b).
At the beginning of the incubation, a microscopically identifiable phytoplankton community in the bottles was dominated by diatoms followed by dinoflagellates (Fig. 5).
Chaetoceros subgenus Hyalochaete spp. prominently increased during the first 2–3
days and dominated ∼ 70 % in terms of carbon biomass of the phytoplankton community in all treatments (Fig. 5). Among the Hyalochaete spp., C. compressus/contortus
complex and C. constrictus were the dominant species followed by C. diadema, C.
brevis/laciniosus complex, C. debilis, C. radicans, C. teres, C. curvisetus and C. socialis. After the peak of the Hyalochaete spp., Pseudo-nitzschia spp. and other centric
diatoms such as Eucampia groenlandica increased in the controls (Fig. 5a, b). In the
Fe-added conditions, Pseudo-nitzschia spp., Chaetoceros subgenus Phaeoceros spp.
and Rhizosoleniaceae such as Rhizosolenia spp., Proboscia alata, and Dactyliosolen
fragilissimus increased in the lower two CO2 treatments after day 4 (Fig. 5c, d). In
contrast, Rhizosoleniaceae did not show the increase in the dominancy after day 4 in
the higher two CO2 treatments (Fig. 5e, f). Note that most Hyalochaete spp. can form
resting spores and are considered as coastal species (Hasle and Syvertsen, 1997;
Sugie et al., 2010a), although the resting spores were not observed throughout the
experiment.
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exhausted between days 4 and 6 in all CO2 conditions (Fig. 6b, d, f) except for NH4 ,
−1
which was detectable (∼ 0.1 µmol L ) at the end of the incubations (Fig. 6h).
We calculated nutrient drawdown per unit Chl a increase before nutrient depletions as an index of nutrient requirement per unit phytoplankton biomass (Fig. 7). The
−
(NO−
3 + NO2 )/Chl a in the C-380 treatment was significantly higher than that in the C600 treatment, whereas no significant change was observed among CO2 variations
in the Fe-added treatments (p < 0.01, Dunnett’s t test). In the Fe-added treatment,
−
−
PO3−
4 /Chl a and Si(OH)4 /Chl a showed a similar trend with that of (NO3 + NO2 )/Chl a
that no significant change was detected due to CO2 variations. The nutrient drawdown per unit Chl a values in the controls was higher than that of Fe-added treatments
(p < 0.01, Dunnett’s t test) probably due to an increase in Chl a quota of phytoplankton
in the Fe-added treatments (Raven, et al., 1999; Sugie et al., 2011).
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The Chl a concentrations at the end of the PDMPO incubation closely followed those
in the 12 L incubation bottles, suggesting the environmental conditions, especially iron
availability, were unaltered after dispensed into the 170 mL of PDMPO incubation bottles (Fig. 3e, f). In the control conditions, the fluorescence intensity of the PDMPO
in the frustule did not change between C-380 and C-600 treatment except for Fragilariopsis spp., which showed 14 % decrease of the fluorescence with increasing CO2
levels (Fig. 8, Supplement tables). In the Fe-added treatments, we did not measure
consistent CO2 -dependent trends in the PDMPO fluorescence, but the values in C.
brevis/laciniosus complex, C. debilis, Pseudo-nitzschia spp., and Fragilariopsis spp.
showed decreasing trends with increasing CO2 concentrations (Fig. 8). The fluorescence values of Neodenticula seminae were about two times higher than those of the
other species, but no consistent trends against CO2 variations and iron additions were
detected. In general, change in the fluorescence intensities among all treated conditions for the dominant species was small (several percent), but the value of a few minor
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To calculate elemental composition, we subtracted the values of particulate matter concentrations from day 5 to day 0 for Fe-limited controls and from day 4 to day 0 for
Fe-added treatments, when the nutrients were not exhausted (Fig. 6). The C : N did
not change significantly due to the CO2 variations and iron additions (Fig. 9a). The
Si : N in the Fe-limited controls increased 40 % in response to an increase in CO2
level, whereas the ratio did not change due to the CO2 variations in the Fe-added
treatments (Fig. 9b). Similarly, the Si : C increased significantly in the C-600 treatment
compared to that in the C-380 treatment, and did not show a significant variation in the
Fe-added treatments (Fig. 9c). The Si : N and Si : C ratios decreased due to the addi−
−
tion of iron (Fig. 9b, c). Nutrient drawdown ratio of Si(OH)4 : (NO3 + NO2 ) showed the
same trend as observed in the elemental composition of particulate matter (data not
−
3−
shown). The (NO−
3 + NO2 ) : PO4 drawdown ratio showed a significant increase in the
−
3−
Fe-added treatments compared to the controls. In the controls, the (NO−
3 +NO2 ) : PO4
drawdown ratio in the C-600 treatment (12.0 ± 0.3 mol : mol) was smaller than that in
the C-380 treatment (13.5 ± 0.2 mol : mol), whereas the values did not change due to
CO2 variations in the Fe-added treatments (16.3–16.8 mol : mol).
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dominant species changed by 16 % (C. brevis/laciniosus complex and C. debilis) and
∼ 25 % (Pseudo-nitzschia spp. and Fragilariopsis spp.) (Fig. 5).

BGD
10, 4331–4365, 2013

Effects of pCO2 and
iron availability on
nutrient consumption
ratio
K. Sugie et al.

Title Page
Introduction

Conclusions

References

Tables

Figures

J

I

J

I

Back

Close

|

Abstract

4 Discussion

25

We observed relatively high Chl a (∼ 2 µg L ) with the dominance of coastal, resting spore-forming diatom species throughout the course of the experiment. Temperature, mixed layer depth, and macronutrient concentrations we measured were similar
to those reported previously (Fujishima et al., 2001; Leblanc et al., 2005; Onodera and
Takahashi, 2009). Karohji (1972) and Martin and Tortell (2006) found coastal centric
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diatom species as a dominant diatom group in the eastern Bering Sea shelf, whereas
pennate diatoms and oceanic centric diatoms such as Phaeoceros spp. were found
around the central Bering Sea basin. D-Fe concentrations in the present study were
intermediate among previous studies that measured in the Bering Sea basin (0.3–
0.78 nmol L−1 : Fujishima et al., 2001; 0.04–0.10 nmol L−1 : Leblanc et al., 2005; 0.1–
−1
−1
0.3 nmol L : Takata et al., 2005; 0.01 nmol L : Buck and Bruland, 2007). In contrast,
−1
TD-Fe concentrations at the beginning of this study (1.35 nmol L ) were higher than
−1
previously reported values (≤ 0.4 nmol L : Suzuki et al., 2002; Takata et al., 2005).
In general, TD-Fe concentrations were higher in the coastal region compared to the
oceanic region (e.g., Johnson et al., 1999). The presence of coastal diatom species
with high TD-Fe concentrations indicates recent intrusion of the coastal seawater mass
before the experiment probably coming from the Aleutian trenches (Mordy et al., 2005;
Stabeno et al., 2005). Such a Fe-limited ecosystem with coastal phytoplankton species
can often be seen around the coastal to oceanic boundaries such as in the subarctic
North Pacific (Sugie et al., 2010a,b). In the Bering Sea basin, the resting spores of
the Hyalochaete spp. were frequently observed as dominant phytoplankton groups in
◦
◦
the mooring sediment trap, close to our experimental site (53.5 N, 177 W; Takahashi
et al., 2002). However, there have been no reports concerning the effects of CO2 and
iron on a Fe-limited phytoplankton community with the dominance of coastal diatom
species.
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The addition of iron stimulates the net specific growth rate and increases Fv /Fm values
indicating that the phytoplankton community in the control conditions was Fe-limited.
Suzuki et al. (2002) also observed low Fv /Fm values with low TD-Fe concentrations
in the Bering Sea basin during early summer 1999. It is known that iron or nitrogen
limitations lead to a decrease in Fv /Fm (e.g., Greene et al., 1992; Suzuki et al., 2002).
Further, in the Fe-limited control conditions, significantly high specific growth rate and
Fv /Fm values of phytoplankton in the C-380 compared to those in the C-600 treatment
4345
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indicate that the phytoplankton community in the C-600 treatment was more severely
iron-limited than that in the C-380 treatment. Note that the TD-Fe concentrations did
not show a significant change between the two control treatments at the end of the
incubations. A recent study reported that the iron bioavailability decreases with decreasing pH in seawater through increasing the conditional stability constant of natural
iron-ligand complex (Shi et al., 2010), which strongly supports our observations in the
control treatments. In addition, the changes in the net specific growth rate and Fv /Fm
values in the controls were observed soon after the change in carbonate chemistry in
the media. Such a rapid response to the environmental conditions suggests that the
principal effect is caused by the change in iron bioavailability of the seawater medium
rather than by physiological acclimation of phytoplankton (Xu et al., 2012).
In the Fe-added treatments, we found insignificant difference in net specific growth
rate in terms of Chl a and Fv /Fm values among the different CO2 levels. Previous studies have reported that the net growth rates of some phytoplankton species were influenced by the change in CO2 levels, whereas the net growth rate of the phytoplankton
community in terms of Chl a was rarely affected due to CO2 variations under ironreplete conditions (Kim et al., 2006; Feng et al., 2009, 2010). In addition, Hopkinson
et al. (2010) and Endo et al. (2013) reported that Fv /Fm values did not show a significant difference due to variations in CO2 levels under iron-replete conditions as observed in the present study. This indicates that the photochemistry of PS II is little
affected by CO2 availability under iron-replete conditions. We suggest that the large
input of dissolved inorganic iron may cancel out the effect of the modification of iron
bioavailability due to the CO2 variations in the Fe-added treatments. Therefore, the effect of CO2 on the phytoplankton dynamics was small during their exponential growth
phase under iron-replete conditions.
However, we found that the phytoplankton community of the minor dominant species
changed slightly with the change in the CO2 levels in the Fe-added treatments after day 4 when the nutrients were exhausted (Fig. 5). In contrast, in the Fe-limited
control conditions, phytoplankton community composition did not change due to the
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This study demonstrated for the first time that the Si : N and S : C ratio of the Fe-limited
phytoplankton community increased significantly with an increase in CO2 level. Possible mechanisms underlying the increase in Si : N and Si : C ratios of the diatoms
are the increase in silicification, the decrease in cellular N and C content of the diatoms due to decreasing iron, nitrate and light availability (Takeda, 1998; Saito and
Tsuda, 2003; Marchetti and Harrison, 2007; Sugie et al., 2010a), and ambient high
−
Si(OH)4 concentration or high Si(OH)4 to NO3 ratio (Kudo, 2003; Finkel et al., 2010).
In the present study, light conditions were the same among all treatments. Ambient
−
Si(OH)4 to NO3 ratio was lower in the C-600 treatment compared to that in the C380 treatment because of the higher Si : N ratio of the particles in the C-600 treatment
than that in the C-380 treatment. According to the result of PDMPO incubations and
Si(OH)4 /Chl a values, the silicon content of the diatom frustules of the dominant species
was not changed markedly in response to different experimental conditions. The data
−
−
of (NO3 + NO2 )/Chl a in the Fe-limited controls indicate that the high Si : N ratio under
4347
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CO2 variations. Martin and Tortell (2006) and Hopkinson et al. (2010) reported that
the phytoplankton community composition did not change due to CO2 variations under nutrient-replete conditions. The possible difference of the results among the studies may be derived from nutrient conditions. In the present study, the phytoplankton
community in the Fe-added treatments also did not change in response to the CO2
variations before nutrient depletions as reported previously (Martin and Tortell, 2006;
Hopkinson et al., 2010). Although the effect of increasing CO2 levels on the growth
rate of phytoplankton is beneficial for some phytoplankton species (e.g., Kim et al.,
2006; Hutchins et al., 2009), the net specific growth rate of the diatoms observed in the
present study may not be influenced in response to the change in CO2 levels. Therefore, we conclude that the increase in CO2 level affects the species composition of
phytoplankton under Fe-replete but nutrient-depleted conditions.
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the high-CO2 conditions was mainly caused by the decrease in cellular N concentrations of the phytoplankton. Furthermore, the phytoplankton community in the C-600
treatment would be more severely Fe-limited compared to that in the C-380 treatment
as described above. This leads the phytoplankton in the C-600 conditions to the de−
crease in Chl a quota (e.g., Sugie et al., 2011); then the difference in the NO−
3 + NO2
consumption per unit phytoplankton biomass may be large compared to the measured
−
−
difference in (NO3 + NO2 )/Chl a values between C-380 and C-600 treatments. Previous studies reported that the C : N ratio of the diatoms rarely affected the variations in
CO2 levels (Burkhardt et al., 1997, 1999; King et al., 2011; Sun et al., 2011; Sugie and
Yoshimura, 2013). It suggests that the C content of the phytoplankton also decreased
with increasing CO2 under Fe-limited conditions, leading to an increase in Si : C ratio in the C-600 treatment. Because N and C assimilations were strongly suppressed
against the decrease in iron availability (e.g., Raven et al., 1999), we concluded that
the high Si : N and Si : C values in high CO2 under Fe-limited conditions were derived
from the decrease in iron bioavailability, similarly to the difference observed between
the Fe-limited controls and the Fe-added treatments.
The nutrient consumption ratio in the previous field CO2 manipulation studies did not
show a significant change in response to the CO2 variations, most of which were conducted with the addition of dissolved inorganic iron (Bering Sea: Martin and Tortell,
2006; North Atlantic: Feng et al., 2009). Therefore, it is important to note that the
nutrient drawdown and elemental composition of the particulate matter in the natural phytoplankton communities should be examined under (iron) unamended seawater
to forecast the future nutrient biogeochemistry, because iron and nutrient addition potentially alter the community response against the ambient environment. Unfortunately,
we have very little data available concerning the effect of CO2 on the Fe-limited natural
phytoplankton community. Our recent study reported that no significant change was
observed in the Si : N drawdown ratio of the oceanic diatom-dominated phytoplankton community in the Bering Sea, central and western subarctic Pacific regions, which
were conducted during the summer in 2007 and 2008, respectively (Endo et al., 2013;
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The present study is the first demonstration that high CO2 affects nutrient dynamics on
Fe-limited phytoplankton communities. The high Si : N and Si : C values under the highCO2 conditions in the Fe-limited controls probably derived from the further Fe limitation
of coastal diatoms due to the decrease in iron bioavailability. Recent studies indicated
that the iron bioavailability and iron distribution will change in future high CO2 oceans
(Mahowald et al., 2009; Millero et al., 2009; Shi et al., 2010); however, there is very
limited information available to date on whether the iron availability will increase or not
in the future. Our results indicate that iron bioavailability will decrease under the future
high-CO2 conditions in the oceanic to coastal boundary regions. We suggest that the
modulation of the iron bioavailability under the future high-CO2 conditions is one of the
key factors controlling oceanic nutrient biogeochemistry.
The high Si : N and Si : C ratios were derived from the decrease in cellular N and
C content of the phytoplankton in the present study. This result indicates that the effect of biological carbon pump associated with diatom (Tréguer and Pondaven, 2000)
will decrease under high-CO2 conditions. In the PDMPO incubation experiment, when
the nutrient remained in conditions, the silicification of a few minor diatom species decreased with increasing CO2 levels, suggesting that the frustule thickness of some diatom species decreased with increasing CO2 levels (Fig. 8). A previous study reported
4349
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Yoshimura et al., 2013). As far as we can consider, the factors producing such discrepancies in the Si : N ratio are follows: (i) the difference of the phytoplankton communities;
(ii) non-linear response of the Si : N ratio of the diatoms, which depends on their iron
nutritional status (Bucciarelli et al., 2010); and/or (iii) difference of the iron-binding ligand, which would differ in the dissociation behavior of bioavailable iron from natural
iron-ligand complex in response to the change in CO2 levels (Shi et al., 2010). Further
study is apparently needed to clarify the synergistic effects of CO2 and iron on the nutrient stoichiometry of phytoplankton under Fe-limited ecosystems to better understand
the ocean biogeochemistry in the future high-CO2 oceans.
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that the dissolution rate of diatom frustule using Thalassiosira weissflogii was enhanced due to an increase in CO2 level (Milligan et al., 2004). The Si concentration
per unit surface area of the diatom Pseudo-nitzschia pseudodelicatissima also decreased with increasing CO2 levels from ∼ 200 to ∼ 750 µatm under various dissolved
inorganic iron hydroxide concentrations (Sugie and Yoshimura, 2013). These studies
suggest that the silicification of some diatom species can be influenced in response
to the change in ambient CO2 levels. There is increasing evidence that the responses
of the phytoplankton to the high-CO2 conditions are often species- and strain-specific
(e.g., Langer et al., 2009; Hutchins et al., 2009). In addition, the low silicon content of
diatom cells with low N and C content will be easily remineralized in the upper water
column. Because diatom frustule is considered as one of the most influential ballast
minerals, carrying organic soft tissues to the deep ocean (Passow and De La Rocha,
2006), fast dissolution of diatomaceous Si with low N and C content causes further
decrease in the effect of biological pump under the future high CO2 conditions. Therefore, the community composition of diatoms is critical when considering the effect of
CO2 on the biogeochemical cycling of nutrients in the surface ocean. The elemental
composition and particulate property of each diatom species are important parameters
for predicting the future biogeochemical cycling of nutrients in the oceans.
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