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Abstract The ongoing rise in atmospheric CO2 concen-

tration is causing rapid increases in seawater pCO2 levels.

However, little is known about the potential impacts of

elevated CO2 availability on the phytoplankton assem-

blages in the Southern Ocean’s oceanic regions. Therefore,

we conducted four incubation experiments using surface

seawater collected from the subantarctic zone (SAZ) and

the subpolar zone (SPZ) in the Australian sector of the

Southern Ocean during the austral summer of 2011–2012.

For incubations, FeCl3 solutions were added to reduce iron

(Fe) limitation for phytoplankton growth. Ambient and

high (*750 latm) CO2 treatments were then prepared

with and without addition of CO2-saturated seawater,

respectively. Non-Fe-added (control) treatments were also

prepared to assess the effects of Fe enrichment (overall,

control, Fe-added, and Fe-and-CO2-added treatments). In

the initial samples, the dominant phytoplankton taxa shif-

ted with latitude from haptophytes to diatoms, likely

reflecting silicate availability in the water. Under Fe-en-

riched conditions, increased CO2 level significantly

reduced the accumulation of biomarker pigments in hap-

tophytes in the SAZ and AZ, whereas a significant decrease

in diatom markers was only detected in the SAZ. The CO2-

related changes in phytoplankton community composition

were greater in the SAZ, most likely due to the decrease in

coccolithophore biomass. Our results suggest that an

increase in CO2, if it coincides with Fe enrichment, could

differentially affect the phytoplankton community com-

position in different geographical regions of the Southern

Ocean, depending on the locally dominant taxa and envi-

ronmental conditions.
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Introduction

The atmospheric CO2 concentration has increased from

approximately 270 ppm in preindustrial times to

[400 ppm in 2016 (NOAA 2016) as a result of human

activity. Absorption of anthropogenic CO2 is causing an

increase in seawater pCO2 levels and a decrease in pH

(i.e., ocean acidification, OA) (Caldeira and Wickett

2003). It is widely accepted that OA can both positively
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and negatively affect marine organisms; For example,

previous studies have demonstrated that OA can reduce

calcium carbonate (CaCO3) skeleton formation in a wide

variety of organisms because of decreased carbonate

saturation (Riebesell et al. 2000; Comeau et al. 2009; Moy

et al. 2009). Because the reduction in CaCO3 saturation is

more pronounced in cold, high-latitude areas such as the

Southern Ocean (Orr et al. 2005), calcifying organisms

such as pteropods (Bednaršek et al. 2012) and coccol-

ithophores (Freeman and Lovenduski 2015) may be par-

ticularly affected in these areas.

The Southern Ocean comprises approximately 20% of

the world’s ocean and is responsible for nearly half of

global anthropogenic CO2 uptake (Khatiwala et al. 2009;

Takahashi et al. 2012). Although phytoplankton play piv-

otal roles in sustaining biogeochemical cycles and marine

ecosystems in the Southern Ocean (Marx and Uhen 2010),

the contribution of primary productivity to atmospheric

CO2 sequestration is thought to be relatively low in oceanic

regions (Huntley et al. 1991; Arrigo et al. 2008). A main

cause of this low productivity is the relatively low avail-

ability of iron (Fe) in surface seawater; the Southern Ocean

oceanic region is generally classified as a high-nitrate, low-

chlorophyll (HNLC) region (Martin et al. 1990; de Baar

et al. 1995; Coale et al. 2004). Atmospheric dust deposition

is a major Fe source in the Southern Ocean, and potentially

drives phytoplankton blooms in this region (Bowie et al.

2009). A previous climate modeling study suggested that

dust supply to the surface of the Southern Ocean could

increase more than tenfold from 2000 to 2100, as a result of

desiccation and changes in vegetation on the Australian

continent (Woodward et al. 2005). Additionally, Fe input

from icebergs and sea-ice to the surface water will likely

increase in the future as a result of climate change (Boyd

et al. 2012; Hutchins and Boyd 2016). Therefore, Fe lim-

itation in the Southern Ocean may be mitigated to some

extent in the future.

Another remarkable characteristic of the Southern

Ocean is the presence of several oceanic fronts (Fig. 1),

which separate distinct water masses (Orsi et al. 1995;

Longhurst 2007). These divide the Southern Ocean into

distinct oceanic regions with different physical and chem-

ical properties (Longhurst 2007). Additionally, because

surface water flows northward across the polar and sub-

arctic fronts (Speer et al. 2000), a large latitudinal gradient

of nutrients in the euphotic layer occurs from south to north

of these fronts (Coale et al. 2004; Takao et al. 2014).

Consequently, there are clear gradients in phytoplankton

community composition from siliceous diatoms in the

southern to nonsiliceous phytoplankton groups (e.g., hap-

tophytes and dinoflagellates) in the northern Southern

Ocean (Ishikawa et al. 2002; Takao et al. 2014; Malinverno

et al. 2016).

Laboratory incubation experiments have suggested that

the sensitivity of Antarctic phytoplankton to increased CO2

levels varies among species and with environmental con-

ditions (Trimborn et al. 2013, 2014; Xu et al. 2014).

Moreover, high CO2 conditions might change the com-

petitive relationships between phytoplankton species

(Trimborn et al. 2013). Therefore, the impact of OA would

differ among geographical regions in the Southern Ocean,

reflecting the phytoplankton community characteristics and

the limiting nutrients. In fact, some experiments have

demonstrated that changes in phytoplankton community

composition and/or primary productivity under elevated

CO2 treatments in the Southern Ocean are possible (Tortell

et al. 2008; Feng et al. 2010; Hoppe et al. 2013; Maas et al.

2013). However, these studies have only been conducted in

high-latitude areas (e.g., the Ross and Weddell Seas). At

present, there are no reports on the potential impact of OA

on phytoplankton assemblages in middle- and low-latitude

regions of the Southern Ocean.

Therefore, we conducted CO2-manipulated bottle incu-

bation experiments in four distinct Southern Ocean oceanic

regions to assess the responses of marine phytoplankton

assemblages to high CO2 levels under Fe-replete condi-

tions. We primarily focused on geographical differences in

CO2-induced community composition changes, as esti-

mated from pigment signatures and microscopic analysis.
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Fig. 1 Incubation experiment sampling sites. Each line indicates the

climatological location of four fronts defined by Orsi et al. (1995):

STF subtropical front, SAF subarctic front, PF polar front, SB

southern boundary of the Antarctic Circumpolar Current. The frontal

data were obtained from the World Ocean Circulation Experiment

(WOCE) Southern Ocean Atlas Database
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Phytoplankton photosynthetic physiology was also asses-

sed using the maximum photochemical quantum efficiency

(Fv/Fm) of photosystem II, diatom-specific rbcL gene

transcriptional activity, and photosynthesis–irradiance (P–

E) parameters.

Materials and methods

Experimental setup

This study was carried out aboard the RT/V Umitaka-Maru

(Tokyo University of Marine Science and Technology)

during the UM-11-7 cruise in the austral summer of

December 2011 to January 2012. Four incubation experi-

ments were conducted using seawater collected from dif-

ferent stations located in the subantarctic zone (SAZ,

station C02), the Antarctic zone (AZ, stations C07 and

D13), and the subpolar zone (SPZ, station D07) in the

Australian sector of the Southern Ocean (Fig. 1; Table 1).

Trace-metal-clean seawater samples were collected at

approximately 15 m depth at stations C02 (45�000S,

110�000E, 30 December, 2011), C07 (60�000S, 110�000E, 3

January, 2012), D07 (64�210S, 138�050E, 22 January,

2012), and D13 (59�000S, 140�030E, 27 January, 2012)

(Fig. 1) using an acid-clean Teflon� pump system (model

PFD, Asti Co.). Average daytime photosynthetic active

radiation (PAR) in the air ranged from 211 to 857 lmol

photons m-2 s-1; these values largely depended on the

weather conditions on each sampling date (Online

Resource 1).

Trace-metal-clean methods were employed for sam-

pling, and all of the plastic implements for the incubation

study were acid cleaned according to Takeda and Obata

(1995). In each experiment, eight 9-L polycarbonate bottles

(Nalgene) were filled with seawater through silicon tubing

with a 250-lm-mesh Teflon� net to remove large plankton.

Two bottles were used to obtain samples for the initial

conditions. Another two bottles were unchanged and were

used as control treatments. FeCl3 solutions (5 nM final

concentration) were added to the remaining four bottles to

reduce Fe limitation for microbial assemblages. The high-

CO2 treatment (i.e., 750 latm) was created by addition of

CO2-saturated seawater, which was prepared by pumping

pure CO2 gas into ambient seawater, in two of the four Fe-

added bottles. The non-Fe-added (control), Fe-added (Fe),

and Fe-and-CO2-added (Fe?C) treatments were prepared

in duplicate. We did not add any macronutrients to the

treatments. The experiments conducted at stations C02,

D13, C07, and D07 are named Expt 1, Expt 2, Expt 3, and

Expt 4, respectively. After adjusting the Fe and pCO2

levels, all of the bottles were incubated for 2.9–4.0 days in

a laboratory incubator (MIR-554, Sanyo) adjusted to

ambient temperature. The irradiance level was set at

100 lmol photons m-2 s-1 using fluorescent lamps

(Plantlux, Toshiba). Light–dark cycles in the incubator

were also adjusted to the in situ conditions at the sampling

stations. A detailed description of the incubation conditions

is given in Table 2. The samples for all treatments were

collected between 5:00 and 6:00 a.m. local time at the end

of the incubations.

Carbonate chemistry, nutrients, and iron analysis

The total alkalinity (TA) and dissolved inorganic carbon

(DIC) samples were collected in gastight glass vials, and

HgCl2 was added prior to storage at 4 �C to await analysis.

The nutrient samples were collected in plastic tubes and

stored at -20 �C until analysis. The samples taken for

measurement of total dissolvable Fe (TDFe, unfiltered) at

the beginning of the experiment were collected directly

from the clean pump system, adjusted to pH \1.8 by

adding 20% HCl (Tamapure AA-10, Tama Chemicals), and

stored at room temperature until analysis.

The TA and DIC samples were measured according to

the method of Edmond (1970). Titration analysis stability

was verified using DIC reference material (KANSO), for

which the DIC value was traceable to the certified refer-

ence material supplied by Andrew Dickson at the Univer-

sity of California, San Diego. Seawater pCO2 and pH levels

were calculated using CO2SYS Excel Macro (Pierrot et al.

2006). Nitrate ? nitrite (NO3 ? NO2), nitrite (NO2),

Table 1 Locations and hydrographical conditions at each sampling site

Expt Lat

(S)

Long

(E)

Temp

(�C)

Sal NO3

(lmol L-1)

NO2

(lmol L-1)

PO4

(lmol L-1)

Si(OH)4

(lmol L-1)

TDFe

(lmol L-1)

1 45�000 110�000 10.5 34.42 10.75 0.22 0.76 0.74 0.851

2 59�000 140�030 3.62 33.81 24.96 0.21 1.59 11.11 0.043

3 60�000 110�000 2.38 33.62 25.82 0.25 1.61 29.54 0.052

4 64�210 138�050 0.89 33.72 25.70 0.30 1.65 39.75 0.024

Lat latitude, Long longitude, Temp temperature, Sal salinity, NO3 nitrate, NO2 nitrite, PO4 phosphate; Si(OH)4 silicate, TDFe total dissolvable

iron
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phosphate (PO4), and silicate [Si(OH)4] concentrations

were determined using a segmented continuous flow ana-

lyzer (QuAAtro-2, BL-Tec). Total TDFe concentrations

were measured by flow-injection method with chemilumi-

nescence detection (Obata et al. 1997).

HPLC and CHEMTAX analysis

High-performance liquid chromatography (HPLC) was

used to determine phytoplankton pigment concentrations

following Endo et al. (2013). HPLC pigment analysis

samples (600–1000 mL) were filtered through GF/F filters

under gentle vacuum (\0.013 MPa) and stored in either

liquid nitrogen or a deep freezer (-80 �C) until analysis.

To estimate the class-level phytoplankton community

composition, the CHEMTAX program based on the HPLC

pigment analysis was used according to Endo et al. (2013).

The program obtained the optimal initial ratios according

to the method of Latasa (2007). In this study, the initial

pigment ratios were obtained from Wright and van den

Enden (2000), who investigated phytoplankton community

compositions in the Southern Ocean. The initial and final

(optimal) pigment matrices are shown in Online Resources

2 and 3, respectively.

SEM analysis

Scanning electron microscopy (SEM) samples were fixed

with 20% neutral buffered formalin solution (1% final

concentration) adjusted to pH 8.1 using 0.1 M NaOH and

then stored at 4 �C until analysis. The samples (30–50 mL)

were then filtered onto a polycarbonate filter (Nuclepore,

2.0 lm pore size) using a 5-mm-diameter glass funnel,

dried at 60 �C for 24 h, and sputter-coated with plat-

inum:palladium (80:20) using an ion sputtering coater

(JFC-1100E, JEOL). SEM images were obtained using a

JMS-840A scanning microscope (JEOL). Phytoplankton

cell identification (particularly diatoms and haptophytes)

was conducted following Thomas (1997), Young et al.

(2003), and Scott and Thomas (2005). Cell counts were

conducted for a whole to one-quarter of the filtered area

(diameter 5 mm).

FIRe fluorometry

Fluorescence induction and relaxation (FIRe) fluorometry

seawater samples were initially incubated in a dark incu-

bator for 30 min to open the phytoplankton photosystem II

(PSII) reaction centers. Fv/Fm values were measured using

a FIRe fluorometer (Satlantic) following the method of

Takao et al. (2014).

qPCR and qRT-PCR

DNA samples (600–1000 mL) were collected on 0.2-lm

pore size polycarbonate NucleporeTM filters (Whatman)

with gentle vacuum and stored in either liquid nitrogen or a

deep freezer at -80 �C until analysis. For RNA analysis,

seawater samples (600–1000 mL) were also filtered onto

0.2-lm pore size polycarbonate NucleporeTM filters

(Whatman). The filters were stored in 1.5-mL cryotubes

filled with 0.2 g muffled 0.1-mm glass beads and 600-lL

RLT buffer (Qiagen) with 10 lL mL-1 b-mercaptoethanol

(Sigma, USA). The RNA samples were stored in either

liquid nitrogen or a deep freezer at -80 �C until analysis.

The diatom-specific rbcL gene, which encodes the large

subunit of the CO2-fixing enzyme ribulose 1,5-bisphos-

phate carboxylase/oxygenase (RuBisCO), and its transcript

were quantified by quantitative polymerase chain reaction

(qPCR) and quantitative reverse-transcription polymerase

chain reaction (qRT-PCR), respectively, following Endo

et al. (2015). Diatom-specific rbcL transcriptional activity

was then calculated as transcript abundance normalized to

gene abundance (cDNA/DNA).

Photosynthesis–irradiance (P–E) curve experiments

P–E curve experiments were performed before and after

the incubation experiments. At the end of the incubation

experiments, P–E curves were obtained in the following

sequence: control (5:00–7:00 a.m.), Fe (7:00–9:00 a.m.),

and Fe?C treatments (9:00–11:00 a.m.). The P–E curve

experiment was conducted on a single sample for each

treatment. First, seawater samples were immediately dis-

pensed into 275-mL acid-clean polystyrene bottles and

Table 2 Incubation conditions in each experiment

Expt Time

(days)

(�C) Photon flux

(lmol m-1 s-1)

L:D cycle

(h:h)

Light on (local

time)

Light off (local

time)

Injection of CO2-

saturated seawater

(mL L-1)

1 2.9 10.5 100 15.5:8.5 5:00 20:30 2.5

2 3.3 3.6 100 17.0:7.0 4:30 21:30 1.8

3 3.7 2.5 100 18.5:5.5 3:30 22:00 1.6

4 4.0 1.0 100 19.25:4.75 3:15 22:30 1.4
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inoculated with NaH13CO3 solution (99 atm.% 13C,

Shoko), which was equivalent to *10% DIC in the sea-

water. Duplicate water samples were filtered onto pre-

combusted Whatman GF/F filters (25 mm diameter) under

gentle vacuum (\100 mmHg) immediately after adding the

NaH13CO3. The samples were then incubated for 2 h at

ambient temperature (Isada et al. 2009) with a 150-W

metal halide lamp (HQI-T 150 W/WDL/UVS, Mitsubishi/

Osram) as light source. Irradiance levels in the incubation

bottles ranged between 7 and 1774 lmol photons m-2 s-1.

After incubation, the samples were filtered in the same

manner. The filters were then immediately stored in either

liquid nitrogen or a deep freezer (-80 �C) until analysis.

Once thawed, the filters were exposed to HCl fumes to

remove inorganic carbon and then completely dried in a

desiccator under vacuum for[24 h. The particulate organic

carbon (POC) and 13C abundance in the samples were

determined using a mass spectrometer (Delta V plus,

Thermo Fisher Scientific Inc.) with inline elemental analyzer

(Flash EA1112, Thermo Fisher Scientific Inc.). Photosyn-

thetic rates based on the 13C tracer technique were deter-

mined following the method of Hama et al. (1983). The P–

E curve parameters were obtained using the photoinhibition

model of Platt et al. (1980). Detailed procedures for the P–

E curve experiment are described in Takao et al. (2014).

Statistical analysis

One-way analysis of variance (ANOVA) was used to

examine the differences among the three treatments.

Tukey’s post hoc test was also used to identify paired

differences between mean values. The effects of Fe

enrichment were assessed by comparisons between the

control and Fe-added treatments. Similarly, the effects of

CO2 enrichment were assessed by comparisons between

the Fe-added and Fe-and-CO2-added treatments. Values of

p\ 0.05 were considered statistically significant.

The characteristics of the phytoplankton community

composition based on CHEMTAX were evaluated by prin-

cipal component analysis (PCA) in R (https://www.r-project.

org/). To compare the magnitude of the effects of Fe and CO2

enrichment on the CHEMTAX-based taxonomic composi-

tion among the experiments, we used Euclidean distance as a

dissimilarity measure between the control versus Fe and Fe

versus Fe?CO2 treatments for each experiment.

Results

Carbonate chemistry, nutrients, and iron

The initial seawater TA concentrations were 2313.9,

2278.1, 2292.6, and 2244.6 lmol kg-1 in Expts 1, 2, 3, and

4, respectively (Table 3). These values did not change

substantially during incubation. The initial DIC concen-

trations were 2110.4, 2139.4, 2156.6, and 2126.4

lmol kg-1 in Expts 1, 2, 3, and 4, respectively. Addition of

CO2-saturated seawater to each sample led to significant

changes in seawater DIC, pCO2, and pH levels, which

remained until the end of the experiments (Table 3). The

method used to control seawater pCO2 in this study suc-

ceeded in creating the intended values (i.e., * 750 latm)

without significant variations between duplicate bottles.

The macronutrient concentrations were consistently

high in Expts 2, 3, and 4 but relatively low in Expt 1

(Table 1). However, the TDFe concentrations in Expts 2, 3,

and 4 were relatively low, but those in Expt 1 were rela-

tively high (Table 1). Because our incubation periods were

consistently short, the macronutrient concentrations

remained largely unchanged during all of the incubations

(Online Resource 4).

Phytoplankton pigments

The initial Chl-a concentrations in Expts 1, 2, 3, and 4 were

0.26 ± 0.01, 0.34 ± 0.03, 0.62 ± 0.00, and 0.29 ±

0.01 lg L-1, respectively. In Expts 1, 2, and 3, the Chl-

a concentration increased significantly in the Fe compared

with the control treatments (ANOVA and Tukey’s test,

p\ 0.05), while no significant effect was observed in Expt

4 (Fig. 2; Table 4). After incubation, the Chl-a concentra-

tion was significantly lower in the high-CO2 treatment than

that in the ambient CO2 treatment in the Fe samples in Expt

3 (ANOVA and Tukey’s test, p\ 0.05), while no signifi-

cant CO2 effect was detected in the other experiments

(Fig. 2).

The carotenoid 190-hexanoyloxyfucoxanthin (190-Hex),

a haptophyte biomarker (Jeffrey and Wright 1994), was an

abundant component of the pigment array in the initial

sample in Expt 1 (Fig. 2). In contrast, fucoxanthin (Fuco),

which is mainly derived from oceanic diatoms (Ondrusek

et al. 1991), was the most abundant pigment in the initial

samples in Expts 2, 3, and 4 (Fig. 2). Although Fuco is also

a major haptophyte pigment (Jeffrey and Vesk. 1997), a

significant positive correlation was detected between dia-

tom-derived Chl-a estimated by CHEMTAX analysis and

Fuco concentration estimated by HPLC in our experiments

(r2 = 0.972, p\ 0.01; Online Resource 5). Thus, we used

the Fuco pigment as an indicator of diatom biomass.

After incubation, the Fuco concentration was signifi-

cantly higher in the Fe treatments than in the controls in

Expt 2 and 3 (ANOVA and Tukey’s test, p\ 0.05;

Table 4). Additionally, the Fuco concentration in the Fe?C

treatment was significantly lower than that in the Fe

treatment in Expt 3 (ANOVA and Tukey’s test, p\ 0.05).

Significant differences among treatments were also
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detected with respect to 190-Hex concentrations (ANOVA,

p\ 0.05). The values were significantly higher in the Fe

treatments than in the controls in Expts 1, 2, and 3, while

the reverse effect was observed in Expt 4 (Tukey’s test,

p\ 0.05, Table 4). The 190-Hex concentration values were

significantly lower in the Fe?C than in the Fe treatments in

Expts 1 and 2 (Tukey’s test, p\ 0.05).

CHEMTAX outputs

In our experiments, the initial phytoplankton assemblages

were dominated by either diatoms or haptophytes (Fig. 3).

Haptophyte type 4, which mainly consists of noncalcifying

groups, such as Phaeocystis spp. (Jeffrey and Wright

1994), was the prevailing group in Expt 1 with a mean Chl-

a biomass contribution of 56%, the proportions of which

decreased with latitude (40, 21, and 6% in Expts 2, 3, and

4, respectively). Haptophyte type 3, which comprises cal-

cifying coccolithophores (Jeffrey and Wright 1994), also

made an important contribution to the initial phytoplankton

assemblage in Expt 1 (14%). Diatoms were a minor com-

ponent of the initial phytoplankton community in Expt 1

(5%), but their contribution increased southward (56, 71,

and 76% in Expts 2, 3, and 4, respectively).

After incubation, diatom contributions were signifi-

cantly higher in the Fe than in the control treatments in

Expts 2–4 (ANOVA and Tukey’s test, p\ 0.05), whereas

no significant difference was detected in Expt 1 (Fig. 3;

Table 4). No significant difference was observed in the

contribution of diatoms to the Chl-a biomass between the

ambient- and high-CO2 treatments under the Fe-added

conditions. The contributions of haptophyte type 3 to the

Chl-a biomass were significantly higher in the Fe than in

the control treatments in Expt 1 (ANOVA and Tukey’s test,

p\ 0.05), while the reverse effect was observed in Expt 4

(control[ Fe, Tukey’s test, p\ 0.05). A significant dif-

ference was also detected between the Fe and Fe?C

treatments in Expt 1, and the value was higher under

ambient than under high CO2 levels (Tukey’s test,

p\ 0.05). The relative contributions of haptophyte type 4

were lower in the Fe than in the control treatments in Expts

1, 2, and 3 (ANOVA and Tukey’s test, p\ 0.05), whereas

a small and insignificant difference was observed in Expt 4.

The contributions of haptophyte type 4 did not differ sig-

nificantly between the Fe and Fe?C treatments, except in

Expt 1, where they were higher in the high CO2 compared

with the ambient CO2 treatment (ANOVA and Tukey’s

test, p\ 0.05).

In the PCA ordination, the CHEMTAX-based phyto-

plankton communities were clearly separated from each

other in the four experiments (Fig. 4a). The first and sec-

ond axes explained 80.1 and 9.6% of the total community

Table 3 Carbonate chemistry

(value ± 1SD, n = 2, except

for initial, n = 1) at the

beginning and end of each

incubation experiment

Expt TA (lmol kg-1) DIC (lmol kg-1) pCO2 (latm) pH (total)

1 Int 2313.9 2110.4 376.7 8.08

Int?C 2289.2 2194.7 749.5 7.81

Control 2301.1 ± 16.7 2100.0 ± 13.4 377.3 ± 2.3 8.08 ± 0.01

Fe 2304.8 ± 5.5 2094.9 ± 2.7 361.0 ± 4.1 8.09 ± 0.01

Fe?C 2341.8 ± 25.7 2226.4 ± 24.7 667.7 ± 6.2 7.86 ± 0.00

2 Int 2278.1 2139.4 395.9 8.04

Int?C 2281.6 2227.5 748.9 7.79

Control 2278.2 ± 0.4 2137.6 ± 1.2 390.8 ± 4.3 8.05 ± 0.00

Fe 2280.8 ± 2.1 2139.0 ± 2.4 388.5 ± 1.1 8.05 ± 0.00

Fe?C 2276.5 ± 1.4 2215.4 ± 0.7 708.3 ± 4.1 7.81 ± 0.00

3 Int 2292.6 2156.6 379.4 8.06

Int?C 2289.8 2243.9 753.4 7.78

Control 2315.8 ± 9.3 2175.2 ± 7.5 376.1 ± 2.2 8.07 ± 0.00

Fe 2320.0 ± 6.9 2171.8 ± 6.8 359.0 ± 1.4 8.08 ± 0.00

Fe?C 2327.9 ± 6.1 2262.3 ± 11.4 658.3 ± 30.2 7.85 ± 0.02

4 Int 2244.6 2126.4 403.4 8.02

Int?C 2251.2 2201.8 695.4 7.80

Control 2245.3 ± 3.1 2119.6 ± 2.8 384.4 ± 0.1 8.04 ± 0.00

Fe 2248.2 ± 1.8 2119.2 ± 2.5 376.0 ± 2.3 8.05 ± 0.00

Fe?C 2247.2 ± 3.1 2190.6 ± 2.5 656.5 ± 2.8 7.83 ± 0.00

Int initial, Int?C initial with added CO2-saturated seawater, Fe Fe-added, Fe?C Fe-and-CO2-added
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composition variability, respectively. Based on the

CHEMTAX-based community composition Euclidean

distances, the difference between the control and Fe-added

treatments was the highest in Expt 1, followed by Expts 2,

3, and 4 (Fig. 4b). The differences in community compo-

sition between the ambient- and high-CO2 treatments were

also the highest in Expt 1, whereas the differences were

relatively low in Expts 2, 3, and 4 (Fig. 4c).

SEM observation

Microscopic observation identified 24 diatom and 13 hap-

tophyte species (Hattori et al. in prep.). Haptophyte abun-

dance exceeded that of diatoms in the initial samples in all

of the experiments (Table 5). The initial diatom cell

abundances were higher at the stations in the AZ (Expts 2

and 3; 2.3–10.2 9 103 cells L-1) than those in the SPZ

(a)

(b)

(c)

Fig. 2 a Chl a, b Fuco, and

c 190-hex concentrations on

initial and final sampling days.

Int, Ctrl, Fe, and Fe?C indicate

initial, control, Fe-added, and

Fe-and-CO2-added treatments,

respectively. All data are the

average of duplicate samples,

and error bars represent ±1SD

between replicates

Table 4 List of p values obtained from ANOVA with Tukey’s multiple comparison tests. Values of p[ 0.05 are not shown

Expt Chl a Fuco 190-Hex Diatoms Hapto3 Hapto4 Fv/Fm rbcL copy

1 Ctrl versus Fe 0.043 0.013 0.012 0.003 \0.001

Fe versus Fe?C 0.030 0.009 0.032

2 Ctrl versus Fe \0.001 0.002 \0.001 0.030 0.022 \0.001

Fe versus Fe?C 0.012

3 Ctrl versus Fe \0.001 \0.001 0.034 0.002 0.006 \0.001

Fe versus Fe?C 0.011 0.018 0.036

4 Ctrl versus Fe 0.038 0.095 0.019 0.025

Fe versus Fe?C

Abbreviations: as in Figs. 2 and 3
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(Expt 4; 1.1 9 103 cells L-1). Among the diatom com-

munity, the pennate diatom Fragilariopsis kerguelensis

was the most abundant in Expts 2 and 3, whereas the

centric diatom Chaetoceros sp. dominated in Expt 4. Dia-

tom abundance was very low in the experiment conducted

in the SAZ (Expt 1; 40.0 cells L-1). The noncalcifying

Phaeocystis antarctica was dominant in the haptophyte

community (1.0–2.6 9 105 cells L-1) in all of the initial

samples, while the coccolithophore Emiliania huxleyi

morphotype B/C was also abundant (2.5 9 104 cells L-1)

in Expt 2. After incubation, both diatom and haptophyte

cell abundances were higher in the Fe than those in the

control treatments. Furthermore, both diatom and hapto-

phyte cell abundances were higher in the Fe than in the

Fe?C treatment.

Maximum quantum efficiency of PSII

The Fv/Fm values in the initial samples were 0.21 ± 0.02,

0.15 ± 0.01, 0.19 ± 0.01, and 0.28 ± 0.02 in Expts 1, 2,

3, and 4, respectively (Fig. 5a). After incubation, the Fv/Fm

values in the Fe treatments were significantly higher than

those in the control treatments in all of the experiments

(ANOVA and Tukey’s test, p\ 0.05). However, a CO2-

related change in Fv/Fm was only detected in Expt 3

(Fe?C\ Fe, Tukey’s test, p\ 0.05).

Diatom-specific rbcL transcription

The initial transcript abundance values of the diatom-

specific rbcL normalized to gene abundance (rbcL cDNA/

Fig. 4 a Principal component

analysis (PCA) ordination

incorporating phytoplankton

taxa relative contributions

(estimated from CHEMTAX

analysis). Dissimilarity

(Euclidean distance) of

CHEMTAX-based community

composition (%) between

b control and Fe treatments and

c between Fe and Fe?CO2

treatments. Int, Ctrl, Fe, and

Fe?C indicate initial, control,

Fe-added, and Fe-and-CO2-

added treatments, respectively.

Note that the distances in b and

c are not derived from the PCA

ordination, but from the overall

community composition

Int Ctrl Fe Fe+C Int Ctrl Fe Fe+C Int Ctrl Fe Fe+C Int Ctrl Fe Fe+C
0

20

40
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Fig. 3 Mean contributions of each phytoplankton group to total Chl-

a biomass as estimated by CHEMTAX analysis. Int, Ctrl, Fe, and

Fe?C indicate initial, control, Fe-added, and Fe-and-CO2-added

treatments, respectively. Data are the average of duplicate samples.

Hapto3 haptophytes type 3, Hapto4 haptophytes type 4, Crypto

cryptophytes, Prasino prasinophytes, Chloro chlorophytes, Dino

dinoflagellates, Cyano cyanobacteria. Haptophytes types 3 and 4

mainly consist of coccolithophores and Phaeocystis spp., respectively
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Table 5 Diatom and

haptophyte cell abundances

(9103 cells L-1) estimated by

SEM analysis

Expt Diatom total Coccolithophore total Phaeocystis antarctica

1 Initial 0.04 3.67 104.52

Control 0.02 40.53 93.59

Fe 0.07 98.24 161.45

Fe?C 0.00 20.74 81.99

2 Initial 2.32 25.52 110.16

Control 2.90 27.68 184.48

Fe 7.63 86.32 505.42

Fe?C 4.50 18.33 126.79

3 Initial 10.22 0.20 145.88

Control 14.08 3.36 159.52

Fe 49.90 36.00 303.44

Fe?C 26.73 25.66 202.25

4 Initial 1.10 0.00 225.28

Control 2.30 0.00 230.92

Fe 3.67 0.00 496.15

Fe?C 2.73 0.00 325.30

(a)

(b)

(c)

Fig. 5 a Maximum

photochemical quantum

efficiency (Fv/Fm), b rbcL

cDNA abundance normalized to

its gene copy number (cDNA/

DNA), and c Chl-a normalized

maximum photosynthetic rate

(PB
max). Int, Ctrl, Fe, and Fe?C

indicate initial, control, Fe-

added, and Fe-and-CO2-added

treatments, respectively. Data

are the average of duplicate

samples, except for PB
max, which

was estimated from a single

sample. Error bars represent ±1

SD
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DNA) were higher in Expts 3 and 4 than in Expts 1 and 2

(Fig. 5b). After incubation, the rbcL cDNA/DNA values

did not differ significantly among the treatments in any of

the experiments (ANOVA, p[ 0.05).

P–E parameters

In Expts 1, 2, and 3, the Chl-a normalized light-saturated

maximum photosynthetic rates (PB
max) were remarkably

higher in the Fe-added treatment than in the control treat-

ment, but the minimal difference was found in Expt 4

(Fig. 5c; Table 6). CO2 enrichment did not affect PB
max.

The aB values were consistently higher in the Fe than in the

control treatments in all of the experiments, whereas no

consistent trend was observed between the Fe and Fe?C

treatments (Table 6). The Ek values did not differ signifi-

cantly among treatments, except for Expt 2, where they

were significantly higher in the Fe?C than in the Fe

treatment.

The Pmax values, which were not normalized with Chl-

a biomass, were positively correlated with the diatom-

specific rbcL cDNA concentrations in all of the

Table 6 Photosynthesis–irradiance (P–E) parameters at the beginning and end of each incubation experiment

Expt aB ([mg C (mg Chl-a)-1 h-1] (lmol photons m-2

s-1)-1)
PB

max (mg C (mg Chl-

a)-1 h-1)

Pmax

(mg C m-3 h-1)

Ek

(lmol photons m-2 s-1)

1 Initial 0.030 2.95 0.78 97.2

Control 0.030 2.26 1.04 75.2

Fe 0.064 5.59 4.08 87.3

Fe?C 0.085 6.92 5.05 81.6

2 Initial 0.025 1.31 0.44 52.3

Control 0.024 1.90 0.84 78.2

Fe 0.089 5.55 5.70 62.7

Fe?C 0.033 5.24 4.85 157.4

3 Initial 0.028 2.25 1.39 79.8

Control 0.026 2.04 1.75 77.3

Fe 0.120 6.33 16.87 52.6

Fe?C 0.133 7.12 17.73 53.4

4 Initial 0.029 2.35 0.69 80.4

Control 0.036 1.77 3.28 49.6

Fe 0.046 2.73 5.36 59.0

Fe?C 0.053 2.66 4.90 50.3

aB initial slope of the P–E curve; PB
max light-saturated maximum photosynthetic rate normalized to Chl-a, Pmax light-saturated maximum

photosynthetic rate, Ek light saturation index defined by PB
max and aB (i.e., PB

max /aB)

(a) (b)
Fig. 6 Relationships between

maximum photosynthetic rate

(Pmax) and diatom-specific rbcL

gene transcript abundance

during a Expts 1, 2, and 3

(n = 12), and b Expt 4 (n = 4)

2152 Polar Biol (2017) 40:2143–2159

123



experiments. The slopes of the regression lines were sim-

ilar in Expts 1, 2, and 3, and the overall regression of these

experiments exhibited a high determination coefficient

(r2 = 0.929, p\ 0.01) (Fig. 6a). The slope of the regres-

sion line in Expt 4 was lower than that in the other

experiments, although the correlation coefficient was the

highest among the experiments (r2 = 0.977, p\ 0.01)

(Fig. 6b).

Discussion

Hydrographic features and initial phytoplankton

community composition

At all of the sampling stations, the surface seawater Chl-

a concentrations were relatively low (0.26–0.62 lg L-1),

while nitrate remained [10 lmol L-1 (Table 1). The ini-

tial TDFe concentrations were also well below the values

required for diatom growth (\0.35 nM; Sarthou et al.

2005), except in Expt 1. These results suggest that the

initial seawater used in Expts 2, 3, and 4 represented

HNLC conditions. However, the initial silicate concentra-

tion was depleted to below the half-saturation constants for

diatom uptake (\3.9 lM; Sarthou et al. 2005) in Expt 1.

The Expt 1 sampling site was located in the SAZ, where

diatom biomass is thought to be limited by both Fe and

silicate availability (i.e., an HNLSiLC regime; Boyd et al.

1999; Hutchins et al. 2001). In our observations, however,

the TDFe concentration was relatively high compared with

that of silicate (Table 1), suggesting that silicate was the

more important limiting nutrient for diatom growth at that

sampling site. Additionally, the Fe concentration

(0.851 nM) value was nearly consistent with that reported

in previous studies in the SAZ (Sedwick et al. 2008; Bowie

et al. 2009). These studies suggested that the high Fe

concentration in the SAZ is mainly caused by atmospheric

dust deposition and advection of subtropical waters from

the north. Although we did not evaluate other factors that

could influence phytoplankton growth and primary pro-

ductivity, such as grazing pressure, these results strongly

indicate that phytoplankton biomass was controlled by

micro- and/or macronutrient availability (i.e., bottom-up

control) at the study sites.

Surface Chl-a concentrations and community composi-

tions in the initial phytoplankton assemblages at each

location were close to values previously observed in the

same region in the summers of 1999–2000 (Ishikawa et al.

2002) and 2010–2011 (Takao et al. 2014). Based on the

CHEMTAX analysis, we found a clear latitudinal gradient

in the dominant phytoplankton taxa from haptophytes to

diatoms (Fig. 3), which is likely related to the differences

in silicate availability at each location; That is, the initial

silicate concentration decreased northward and was almost

depleted in the northernmost station (Table 1). Addition-

ally, as discussed above, there were severe Fe limitations in

the initial Expt 2–4 samples. Our results suggest that Si

availability can be an important factor controlling phyto-

plankton community composition, while Fe availability

was the primary determinant of phytoplankton biomass.

Takao et al. (2014) showed that phytoplankton photo-

synthetic physiology, such as PB
max and aB, differs among

Southern Ocean regions, with the values being higher in

diatom-dominated than other areas. However, the PB
max and

aB values observed in this study were insensitive to the

dominant phytoplankton groups (Table 6).

Microscopic observation provided more detailed taxo-

nomic information about the phytoplankton assemblages

(Table 5; Hattori et al. in prep.). The major diatom species

differed among geographical locations; F. kerguelensis and

Chaetoceros sp. were predominant at the AZ and SPZ

stations, respectively. F. kerguelensis makes significant

contributions to the food web and carbon export to the deep

sea in the study area (Perissinotto et al. 1997; Rigual-

Hernández et al. 2016). Thalassiosira oestrupii initially

dominated the diatom community at the SAZ station,

where the silicate concentration was extremely low. Sim-

ilarly, De Salas et al. (2011) also reported that weakly

silicified Thalassiosira sp. dominated among diatoms in the

Australian sector of the SAZ, suggesting that such centric

diatom taxa may be favored by the low silicate concen-

tration in the SAZ during the austral summer.

In terms of cell abundance, P. antarctica was the pre-

dominant haptophyte species in the initial samples in all of

the experiments, although the calcifying haptophyte spe-

cies E. huxleyi was also present at all of the locations,

except at station D07. Previous field observations reported

north–south (43–65�S) shifts in the E. huxleyi morphotype

from the heavily calcified type A to the weakly calcified

type B/C in the Australian sector of the Southern Ocean

during 2002–2006; this shift was possibly related to a

decline in the calcite saturation state (Cubillos et al. 2007).

Our microscopic data showed that the E. huxleyi morpho-

type B/C dominated even at the northernmost experimental

site (i.e., station C02, 45�S) in 2011–2012, implying that

type A had been replaced by type A/B during the previous

decade.

In Expts 2–4, the CHEMTAX analysis indicated that

diatoms dominated the phytoplankton assemblage in the

initial samples, although the haptophyte P. antarctica

outcompeted diatoms in terms of cell abundance. These

results are not mutually exclusive because cell abundance

does not necessarily correlate with Chl-a biomass; For

example, Garibotti et al. (2003) reported that a change in

phytoplankton pigment concentration was consistent with

Polar Biol (2017) 40:2143–2159 2153

123



that in phytoplankton carbon biomass, but not with that in

cell abundance on the Western Antarctic Peninsula coast.

Moreover, phytoplankton cell pigment composition varies

widely among species (Zapata et al. 2004), and can change

under different environmental conditions, such as light and

nutrient availability (DiTullio et al. 2007; Laviale and

Neveux 2011). Another possible cause of the difference in

the relative contribution of diatoms and haptophytes might

be underestimation of diatom cells; That is, weakly silici-

fied diatoms might have been lost during the sputtering

process in our experiment.

Effects of Fe and CO2 enrichment on phytoplankton

assemblage

Increased Fe availability stimulated increases in Chl-a,

Fuco, and 190-Hex in Expts 1, 2, and 3, suggesting that both

diatom and haptophyte growth are limited by Fe avail-

ability over a large area of the Southern Ocean (Fig. 2).

This result was supported by the SEM observations, which

revealed a substantial increase in diatom and haptophyte

cell abundances in the Fe treatments compared with the

control treatments (Table 5). Many studies have examined

the effects of Fe enrichment on Southern Ocean phyto-

plankton assemblages, consistently demonstrating a sig-

nificant increase in phytoplankton biomass with Fe

enrichment (e.g., Boyd and Abraham 2001; Coale et al.

2004; Lance et al. 2007). Coale et al. (2004) have shown

that the increase in phytoplankton biomass was greater in

high- than in low-silicate water in the Southern Ocean,

likely the result of preferential increase in diatoms with

increased Fe availability. In our study, Fe-induced phyto-

plankton growth was also enhanced at the diatom-domi-

nated locations in the AZ, where silicate availability was

relatively high (Fig. 2b; Table 1).

The Fe-mediated shift in phytoplankton community

composition was most pronounced at the northernmost

station in the SAZ, where the noncalcifying haptophyte P.

antarctica dominated the total phytoplankton population

(Fig. 4b; Table 5). This was most likely because of the

increases in the relative contributions of diatoms and cal-

cifying haptophytes. The results of a metatranscriptomic

study suggested that Fe enrichment could increase tran-

scriptional activity in diatom genes related to silica trans-

port and precipitation (Marchetti et al. 2012). Hence, one

possible cause of the increase in diatom contribution in

Expt 1 is that the Fe enrichment enabled diatoms to

increase their silicate utilization efficiency by altering sil-

icate metabolism.

The initial Fv/Fm values were consistently low at all of

the sampling locations, and increased significantly with Fe

enrichment in all of the experiments. This result suggests

that PSII function was partly inhibited by low Fe avail-

ability in the study area. Our results are consistent with

those previously reported by Boyd and Abraham (2001),

who demonstrated a significant increase in Fv/Fm from

*0.2 to *0.4 in response to Fe enrichment during an

in situ Fe fertilization experiment in the Southern Ocean.

Substantial increases in PB
max and aB were also observed

under Fe-enriched conditions in the experiments conducted

in the SAZ and AZ. These results strongly indicate that Fe

availability was an important factor influencing the phy-

toplankton photosynthesis efficiency in both light and dark

reactions in the study area. Moreover, these increases in

photosynthetic performance were likely associated with the

increases in Chl-a biomass in the Fe treatments.

Despite the large variations in PB
max and aB, the Ek

values remained relatively constant between the Fe-limited

and Fe-replete conditions in all of the experiments

(Table 6). This phenomenon is referred to as Ek-indepen-

dent variability (Behrenfeld et al. 2004), and our result is

consistent with that previously reported from an in situ Fe

fertilization experiment (Gervais et al. 2002) and a labo-

ratory experiment (Davey and Geider 2001). Ek-indepen-

dent variability can be driven by shifts in cellular energy

allocation (Behrenfeld et al. 2008; Halsey and Jones 2015).

Furthermore, the increase in Pmax was accompanied by an

increase in diatom-specific rbcL gene transcript abundance,

and consequently, significant correlations were found

between these photosynthetic parameters (Fig. 6). Similar

results have been obtained in North America (Corredor

et al. 2004; John et al. 2007).

Notably, Fe had no significant effect on either Chl-a or

Fuco in Expt 4, despite the low ambient TDFe concentra-

tion. This result indicates that Fe availability was not a

primary factor affecting phytoplankton growth at that

sampling site. However, the Fv/Fm response suggests that

the photosynthetic capacity in the community would be

limited by low Fe concentration, at least in terms of the

photochemical quantum efficiency of PSII. After incuba-

tion, the Chl-a concentration in the control treatment

increased compared with the Fe treatment in Expt 4,

indicating that some unknown factor triggered abrupt

phytoplankton growth, primarily in diatoms. One of our

study sites was located in the Antarctic marginal ice zone

(MIZ), where phytoplankton blooms can occur in spring

and early summer (Arrigo et al. 1999; Smetacek et al.

2004; Davidson et al. 2010). However, taxonomic com-

position varies among locations, possibly because of dif-

ferences in environmental conditions; For example,

diatoms tend to dominate in highly stratified water col-

umns, whereas the colonial haptophyte P. antarctica can

dominate in deeply mixed water columns in the Southern

Ocean (Arrigo et al. 1999; Mills et al. 2010), although
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contrasting results have also been reported (Kang et al.

2001). Moreover, diatoms would have a competitive

advantage over P. antarctica under constant and high light

conditions (Arrigo et al. 2010). In our experiments, the so-

called bottle effect (i.e., artifacts produced by bottle incu-

bation) might have affected phytoplankton assemblage

growth dynamics. Furthermore, bottle incubation alters the

physical seawater conditions, such as light intensity and

mixing, which may have made them more favorable for

diatom than haptophyte growth. Although other factors,

such as selective grazing, have also been proposed to

explain phytoplankton community formation, the mecha-

nisms governing the onset and taxonomic composition of

phytoplankton blooms in the study area remain unknown

(Lancelot et al. 1993; van Hilst and Smith 2002; Smetacek

et al. 2004). Further study is needed to gain a better

understanding of the particular biological responses to Fe

enrichment in Expt 4.

Under Fe-replete conditions, we discovered that CO2

availability led to a decrease in the diatom marker in Expt 3

(Fig. 2b). Additionally, the haptophyte marker decreased in

Expts 1 and 2 (Fig. 2c). SEM also detected decreases in

both diatom and haptophyte markers, although the mag-

nitude differed between pigment concentration and cell

abundance (Table 5). Our results are consistent with pre-

vious laboratory culture experiments, which demonstrated

significant decreases in growth rate and/or Chl-a content in

two major Antarctic phytoplankton taxa, the diatom F.

cylindrus and the haptophyte P. antarctica, in response to

increased CO2 levels under Fe-replete conditions (Xu et al.

2014). From a field incubation experiment conducted in the

Ross Sea, Feng et al. (2010) were first to demonstrate that

elevated CO2 levels lead to a decrease in P. antarctica

growth in the Southern Ocean, specifically in low-light

conditions. There is also some evidence that high CO2

levels can alter the abundance and community composition

of the natural Southern Ocean diatom community, although

responses have not been consistent among experiments

(Tortell et al. 2008; Feng et al. 2010; Hoppe et al. 2013;

Maas et al. 2013).

Our study also revealed a strong geographical difference

in phytoplankton responses to changes in CO2 availability

under Fe-enriched conditions, and this was probably rela-

ted to the community composition (Figs. 4a, c). Despite

significant changes in phytoplankton pigment signature, the

impacts of elevated CO2 levels on the shift in overall

phytoplankton community were small in Expts 2, 3, and 4

(Fig. 4c). Contrastingly, the phytoplankton community

shifted significantly under high-CO2 conditions in Expt 1,

likely because of the selective decrease in calcifying hap-

tophytes (Figs. 3, 4c). According to the microscopy data,

dominant coccolithophore (Calcidiscus leptopus and

E. huxleyi) cell abundance decreased in the high-CO2

treatments (Hattori et al. in prep). This was most likely

caused by a decrease in the seawater calcium carbonate

(CaCO3) saturation state, which likely has adverse impact

on coccolithophore calcification (Riebesell et al. 2000;

Müller et al. 2010). According to Cubillos et al. (2007), the

seawater CaCO3 saturation state can control E. huxleyi

calcification and distribution in the Southern Ocean. A

decrease in coccolithophore abundance may provide a

negative feedback to OA, because the calcification process

increases seawater CO2 concentrations by reducing TA

(Gehlen et al. 2011). However, it is difficult to explore a

single feedback process to predict future OA impacts

because of the complex role that coccolithophores play in

marine biogeochemical cycles; For example, because

CaCO3 can increase settling aggregate sinking velocity, E.

huxleyi might contribute to the biological carbon pump in

the study area (Iversen and Ploug 2010).

Increased CO2 availability rarely affected the photo-

synthetic parameters in any of the experiments (Fig. 5). In

terms of Fv/Fm, our results were similar to those in the

western North Pacific (Endo et al. 2013, 2016), the Bering

Sea (Sugie et al. 2013), and the Southern Ocean (Hoppe

et al. 2013; Coad et al. 2016). These studies all reported

that increased CO2 levels had no effect on the maximum

quantum efficiency of PSII photochemistry. In contrast, the

light-independent cycle of photosynthesis (i.e., the Calvin

cycle) might be more sensitive to changes in CO2 avail-

ability. Some field studies have reported downregulation of

either the key carbon fixation enzyme RuBisCO or its

encoding gene rbcL in response to increased CO2 levels

(Losh et al. 2013; Endo et al. 2015). However, the present

study did not find any evidence of reduced diatom-specific

rbcL transcriptional activity in response to elevated CO2

concentrations. Because the sensitivity of rbcL transcrip-

tion to changing CO2 conditions can differ greatly among

diatom taxa (Endo et al. 2016), the discrepancy in photo-

synthetic physiological responses among experiments

might have been the result of differences in phytoplankton

species composition. Additionally, other environmental

factors, such as micro- and/or macronutrient concentra-

tions, can modulate the CO2-related changes in RuBisCO

activity (John et al. 2010).

As with the other photosynthetic parameters, the phy-

toplankton assemblage Chl-a normalized maximum pho-

tosynthetic rate (PB
max) did not change significantly among

different CO2 levels, although it increased slightly in Expts

1 and 3 (Fig. 5c). Elevated CO2 levels tend to increase the

algal carbon fixation rate at the single culture level,

although the extent varies widely among phytoplankton

species depending on their physiological mechanisms

(Burkhardt et al. 2001; Trimborn et al. 2009). However,
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significant increases in maximum carbon fixation rate and/

or cell growth have rarely been observed at community

level (Delille et al. 2005; Hare et al. 2007; Feng et al.

2009). Possible explanations for this discrepancy are spe-

cies interactions, such as competitive exclusion and

allelopathic effects (Trimborn et al. 2013). Because biotic

interactions are difficult to predict from theoretical studies

and laboratory culture experiments, further field observa-

tions are necessary to interpret the differences observed.

The present study is the first to investigate the impacts

of CO2 enrichment on a phytoplankton community in four

different geographical locations in the Australian sector of

the Southern Ocean. Increased CO2 levels had little effect

on phytoplankton biomass, community composition, and

photosynthetic capacity in the AZ and SPZ, although they

significantly altered community composition in the SAZ.

The geographical dependence of phytoplankton responses

to increased CO2 levels was likely caused by the negative

effect observed on coccolithophores. Our results suggest

that the impacts of OA on the Southern Ocean phyto-

plankton community would be most pronounced in the

haptophyte-dominated SAZ. This region may be particu-

larly important in the Southern Ocean within the context of

the carbon cycle and ecosystem functioning because the

SAZ accounts for *50% of the open Southern Ocean

(Boyd et al. 1999) and is a major contributor to global

primary productivity (Banse 1996; McNeil et al. 2007;

Takahashi et al. 2009). Therefore, a future increase in CO2

might alter the food web structure and biogeochemical

cycles in this region.

Because we did not assess the effects of elevated CO2

under ambient Fe conditions, our results need to be verified

when OA coincides with Fe enrichment in the study area.

Moreover, because of the small number of treatment

replicates and the short incubation times, our study might

have failed to capture some significant responses. Addi-

tionally, other climate-mediated changes, such as ocean

warming and increased iceberg fluxes, may alter the

magnitude and timing of nutrient pulses in the AZ and SPZ

(Timmermann and Hellmer 2013; Duprat et al. 2016).

Further work on the combined effects of OA and other

stressors is required to better understand the potential

impact of OA in the Southern Ocean.
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