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INTRODUCTION

The annual austral spring and summer algal
blooms in the Ross Sea, Antarctica contribute as
much as 28% of the total oceanic primary production
in the Southern Ocean (Arrigo et al. 1998). These pri-
mary producers support a thriving food web, and
make this polynya one of the most biologically pro-
ductive areas in the Southern Ocean (Arrigo et al.
1999, 2008b, Smith et al. 2000). Carbon fixation and
export by these algal blooms also make the coastal
Southern Ocean an important CO2 sink (Arrigo et al.
2008a).

The colonial prymnesiophyte Phaeocystis ant arc -
tica and multiple species of diatoms are the 2 domi-
nant phytoplankton taxa in the Ross Sea (DiTullio &
Smith 1996, Arrigo et al. 1999, 2000). Diatom assem-
blages are usually composed of Pseudo-nitzschia
sub  curvata, Fragilariopsis spp., Thalassiosira spp.,
and Chaetoceros spp., as well as various other spe-
cies (Leventer & Dunbar 1996, Arrigo et al. 1999,
Goffart et al. 2000, Rose et al. 2009). P. antarctica typ-
ically initiates the bloom in austral spring when the
mixed layer is deep, and continues to dominate until
mid-summer, especially in the southeast polynya of
the Ross Sea (DiTullio & Smith 1996, Arrigo et al.
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1999). In contrast, diatoms normally bloom after
P. antarctica during the late austral summer, and are
particularly dominant in the northwest Ross Sea
along the coast of Victoria Land and in Terra Nova
Bay (DiTullio & Smith 1996, Arrigo et al. 1999).
Mixed layer depth and water column temperature
have been suggested as the main factors that deter-
mine the spatial and temporal distributions of P.
antarctica and diatoms in the Ross Sea (Arrigo et al.
1999, Liu & Smith 2012).

In addition to being important contributors to the
global carbon cycle and anthropogenic CO2 draw-
down, P. antarctica plays a large role in global sulfur
biogeochemistry, and diatoms have a major influence
on the global silicon cycle (Tréguer et al. 1995, Arrigo
et al. 1999, Schoemann et al. 2005). P. antarctica has
higher N:P and C:P ratios, so it can export more N
and C per mol of PO4

3− removed relative to diatoms
(Arrigo et al. 1999, 2000). The colonial morphology of
P. antarctica may deter grazing by microzooplankton
(Caron et al. 2000), and diatoms are important in sup-
porting the krill-based food webs of the Southern
Ocean (Knox 1994). Thus, any shift in Ross Sea phy -
to  plankton community structure has the potential to
affect the global biogeochemical cycles of carbon,
sulfur, silicon, and other major nutrients (Arrigo et al.
1999, DiTullio et al. 2000).

The Southern Ocean is predicted to experience sig-
nificant warming caused by increasing atmospheric
CO2 (Manabe & Stouffer 1993, Sarmiento et al. 1998),
and the West Antarctic Peninsula (WAP) has been
notable as one of the most rapidly warming areas on
the planet (Vaughan et al. 2003). Decreased ice cover
and increased stratification caused by ongoing cli-
mate change has already influenced the marine bio-
logical community along the WAP (Montes-Hugo et
al. 2009). In contrast, the Ross Sea has experienced
cooling and increases in sea ice duration and extent
in recent years (Comiso et al. 2011, Smith et al. 2012,
Stammerjohn et al. 2012). Nevertheless, given cur-
rent climate trends, the Ross Sea is also expected to
experience significant warming and loss of sea ice by
the end of this century (Ainley et al. 2010). The inten-
sified stratification caused by this projected warming
may profoundly influence the nutrient upwelling,
mixed layer depth, and light regime of the Ross Sea
(Boyd & Doney 2002, Montes-Hugo et al. 2009).

Iron (Fe) has been conclusively proven to be the
primary limiting nutrient for the high-nutrient, low-
chlorophyll (HNLC) regime in the Southern Ocean.
Many experiments have shown that Fe addition stim-
ulates the growth of phytoplankton, especially the
proliferation of diatoms (de Baar et al. 1990, Martin et

al. 1990, Takeda 1998, Boyd et al. 2000, Sedwick et
al. 2000, Hutchins et al. 2002, Coale et al. 2004). Aeo-
lian deposition, deep water upwelling, and sea ice
melting are the major Fe input pathways into the
Southern Ocean (Sedwick & DiTullio 1997, Elrod et
al. 2004, Jickells et al. 2005), however, the effects of
global change on these Fe inputs are currently unre-
solved. For instance, predictions from 2 models show
very different trends in global dust fluxes (ranging
from a 60% decrease to a 12% increase) in the next
100 yr (Mahowald & Luo 2003, Tegen et al. 2004). Lo -
cal dust inputs could also become a significant source
of iron to the coastal Southern Ocean, due to reduced
terrestrial ice and snow cover as a result of a warm-
ing climate (Cook et al. 2005, Overpeck et al. 2006,
Raiswell et al. 2006). Melting of glacial ice and ice-
bergs may increase future Fe inputs into the Ant arc tic
coastal ocean (Overpeck et al. 2006, Rais well et al.
2006, 2008). Changes to stratification and up welling
in the future may also impact Fe concentrations in the
upper water column. Fe inputs from upwelling may
decrease with increased stratification, and thus in ten -
si fy Fe limitation of the HNLC region (Boyd & Doney
2002, Montes-Hugo et al. 2009); alternately, Fe inputs
from upwelling may increase due to in creased wind
speeds in a warmer climate (Anderson et al. 2009).
Although it is currently challenging to predict the net
trends in Fe  inputs to the Ross Sea, it seems quite
likely that both  future Fe availability and sea surface
temperature may deviate substantially from current
conditions.

The biological consequences of potential inter -
actions between Fe supply changes and temperature
in creases are poorly understood. In a shipboard ex-
periment, Rose et al. (2009) found that Fe addition
and temperature increase synergistically promoted
the growth of a natural phytoplankton community ob-
tained from the Ross Sea, with diatoms dominating
the final assemblages rather than P. antarctica. Xu et
al. (2014) examined the effects of ‘clustered’ global
change factors including warming, light, ocean acidi-
fication, and Fe availability on P. antarctica and the
dia tom Fragilariopsis cylindrus. Their results sug-
gested that diatoms may outcompete P. antarctica un-
der a combined suite of simulated future conditions.

Research on the interactive effects of temperature
and Fe on representative individual phytoplankton
species from Ross Sea is scarce; therefore, this study
aimed to explore the effects of temperature increase
and Fe addition on P. antarctica and several ecologi-
cally important diatom species. The results are
intended to help us predict the potential effects of
global change on the phytoplankton community,
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food webs, and biogeochemical cycles of carbon, Fe,
and nutrients in the coastal polynyas of Antarctica.

MATERIALS AND METHODS

Strains and growth conditions

Unialgal cultures of Pseudo-nitzschia subcurvata,
Chaetoceros sp., Fragilariopsis cylindrus, and Phaeo-
cystis antarctica were isolated from the ice edge in
McMurdo Sound (77.62° S, 165.47° E) in the Ross Sea,
Antarctica during January and February 2013.
P. antarctica grew in the non-colonial form, as single
flagellated cells. All stock cultures were maintained
in 0.2 µM-filtered seawater that was collected using
trace metal clean techniques from the same locale as
the culture isolates (Hare et al. 2007, King et al.
2012). Cultures were grown at 0°C in a walk-in in -
cubator under 24 h cold white fluorescence light
(80 µmol photons m−2 s−1).

Experiments examined interactions between tem-
perature and Fe availability under 4 conditions: 0°C
and Fe-limited (+1 nM Fe; abbreviated 0C−Fe), 0°C
and Fe-replete (+500 nM Fe; 0C+Fe), 4°C and Fe-
limited (+1 nM Fe; 4C−Fe), 4°C and Fe-replete
(+500 nM Fe; 4C+Fe). Fe concentration was amen -
ded by adding EDTA-chelated FeCl3 (100:1) to
0.2 µM-filtered trace metal clean Ross Sea seawater.
The seawater was collected late in the Antarctic sum-
mer, so the concentrations of NO3

− and PO4
3− were

relatively low for this region at 6.95 and 0.66 µmol l−1,
respectively. Si(OH)4 and dissolved Fe concentra-
tions were 52.91 µmol l−1 and 0.2 nmol l−1, respec-
tively (Feng et al. 2010). Chaetoceros sp. and one
strain of Pseudo-nitzschia subcurvata (P. subcurvata)
were grown in this seawater medium without any
added nutrients. Another isolate of P. subcurvata,
F. cylindrus, and P. antarctica were maintained under
the same 4 conditions, but the seawater was enriched
with chelexed nutrient stocks to 50 µmol l−1 NO3

− and
10 µmol l−1 PO4

3− to examine growth effects of these
2 variables at higher nutrient levels. Cultures grown
at high and low major nutrient levels are hereafter
identified as HN and LN treatments, respectively.

Experimental cultures were grown in triplicate
500 ml acid-washed polycarbonate bottles under the
same light condition as stock cultures. Semi-continu-
ous culturing methods were used, whereby the cul-
tures were diluted every 2 d with medium pre-
 acclimated to their respective temperatures. Dilution
rates were based on the individually calculated
growth rate of each replicate bottle (see ‘Growth

rates’ section below), allowing each bottle to reach its
own steady-state exponential growth rate. All cul-
tures were acclimated to their respective environ-
mental conditions for 8 wk before the commence-
ment of the experiment. After the growth rates
re  mained stable for at least 3 to 5 consecutive trans-
fers (indicating steady-state growth had been at -
tained), the cultures were sampled 48 h after dilution.

Growth rates 

A 10 ml aliquot of culture samples was taken for
 visual cell counts directly before and after each treat-
ment was diluted. Cell count samples were preserved
with 0.5% glutaraldehyde (final conc.) and stored at
4°C for subsequent counting on a hemo cyto meter or
Sedgwick Rafter Grid using an Olympus BX51 micro-
scope. Due to poor preservation, cell count samples of
P. antarctica at 4°C for phosphorus cell quotas and
chlorophyll a (chl a) per cell calculations were lost.
Specific growth rates (expressed as d−1) were calcu-
lated as μ = (ln N1 − ln N0)/t, where N0 and N1 are the
cell densities at the beginning and end of a dilution
period, respectively, and t is the duration of the dilu-
tion period. Q10 for growth rates of all phytoplankton
was calculated as Q10 = (μ2/μ1)10/(T1 − T2) (Chaui-
Berlinck et al. 2002), where μ1 and μ2 are the specific
growth rates of the phytoplankton at temperatures T1

(°C) and T2, respectively.

Elemental and chl a analysis 

Culture samples (20 and 50 ml) from each treatment
were filtered onto pre-combusted Whatman GF/F fil-
ters (500°C for 2 h) and dried in a 60°C oven overnight
for particulate organic carbon/nitrogen (POC/ PON)
and particulate organic phosphorus (POP) analyses,
respectively. POC/PON samples were analyzed using
a 440 Elemental Analyzer (Costech) following Fu et
al. (2007) and Garcia et al. (2015). POP was analyzed
 using a molybdate colorimetric method according to
Fu et al. (2007). A 20 ml aliquot of the Chaetoceros
sp. and P. subcurvata LN sample from each treat-
ment was filtered onto 2 µm polycarbonate filters and
dried in a 60°C oven overnight for biogenic silica
(BSi) ana lysis (Hutchins et al. 1998).

For chl a analysis, 20 to 50 ml culture samples were
filtered onto GF/F filters and extracted with 90%
aqueous acetone for 24 h at −20°C, and measured
using the non-acidification method on a 10-AU™
fluoro meter (Turner Designs) (Fu et al. 2007).
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Cell volume and surface area 

A minimum of 50 cells (fresh samples for P. antarc-
tica and preserved samples for diatoms) from each
treatment were measured using an Olympus BX51
microscope with a coupled Excelis HD camera
(ACCU-SCOPE). The length, height, or diameter of
all cells were measured using ImageJ (National Insti-
tutes of Health), and the volume and surface area of
each cell was calculated following Hillebrand et al.
(1999).

Active fluorescence characteristics 

A 6 ml aliquot of culture sample of P. subcurvata
LN and Chaetoceros sp. LN from each treatment was
dark-adapted for ~15 min, and minimum fluores-
cence (F0) was measured using a 10-AUTM fluorome-
ter. Next, maximum fluorescence (Fm) was recorded
by adding 6 µl dichloromethylurea (DCMU) to each
sample followed by shaking for 30 s. The quantum
efficiency of photosystem II (Fv/Fm) was calculated
according to the equation Fv/Fm = (Fm − F0)/Fm (Kol-
ber & Falkowski 1993).

Carbon fixation and Fe uptake rates 

To measure carbon fixation and Fe uptake rates, a
30 ml aliquot of culture sample from each treatment
was incubated with 37 kBq 14C-bicarbonate (MP Bio-
medicals), or ~2 kBq 55FeCl3 (PerkinElmer; 0.33 nM
55FeCl3 complexed to 120 µmol l

−1
EDTA) under their

respective treatment conditions. Samples were fil-
tered onto GF/F filters after 24 h incubation. For Fe
uptake rate samples, the filters were washed in
oxalate rea gent for 5 min followed by a trace metal
clean seawater rinse to remove surface-adsorbed Fe
(Tovar-Sanchez et al. 2003, Tang & Morel 2006). To
correct for filter absorption of both radiotracers, the
same amount of stock solution was added to a 30 ml
aliquot of sample and immediately filtered; these fil-
ter absorption count values were subtracted from
reported activities. The radioactivities of 14C and 55Fe
in each sample were counted in a Tri-Carb 2500TR
(Packard, now Perkin Elmer). Carbon fixation rates
and Fe uptake rates were calculated using the initial
dissolved inorganic carbon (DIC) concentrations and
initial total Fe concentrations of each bottle (1 nM Fe
and 500 nM for Fe-limited and Fe-replete cultures,
respectively), and were normalized to cell density
(Garcia et al. 2015). Since 55Fe additions were a large

fraction of the total Fe present in the Fe-limited sam-
ples and were calculated using initial concentrations,
these uptake values represent an upper rate estimate
for this treatment.

Statistical analysis 

All statistical analyses, including Student’s t-tests,
ANOVA, Tukey’s HSD test, and 2-way ANOVA were
conducted using the open source statistical software
R v.3.1.2 from Systat Software.

RESULTS

Growth rates and Q10 values 

Fe addition significantly increased the growth rates
of all phytoplankton tested (p < 0.05) (Fig. 1A,
Table S1 in the Supplement at www.int-res.com/
articles/ suppl/ m550p039_supp.pdf) at both 0 and 4°C,
confirming that Fe-limitation had been successfully
achieved for all low-Fe treatments. While the effect
of temperature varied between species, the growth
rates of both Fe-limited and Fe-replete cultures of
Pseudo-nitzschia subcurvata HN and Fragilariopsis
cylindrus HN significantly increased at 4°C (p <
0.05), but only the Fe-replete cultures of P. subcur-
vata LN and Chaetoceros sp. LN were stimulated by
the temperature increase (p < 0.05) (Fig. 1A). The 4°C
temperature increase did not influence the growth
rates of the prymnesiophyte Phaeocystis ant arc tica
HN (Fig. 1A). Additionally, the growth rates of P. sub-
curvata LN and P. subcurvata HN were  significantly
stimulated by the interactive effects of concurrent
temperature and Fe increase; these re sponses were
significantly greater than the additive effects of indi-
vidual temperature increase and Fe addition (p <
0.05). The growth rates of Fe-limited P.  subcurvata
HN significantly increased relative to Fe-limited P.
subcurvata LN by 63% at 0°C and by 81% at 4°C
(p < 0.05), while the growth rates of Fe-replete P. sub-
curvata HN significantly in creased by 30% rela -
tive to Fe-replete P. subcurvata LN at 4°C (p < 0.05)
(Fig. 1A).

The Q10 values of Fe-limited P. subcurvata LN,
P.  subcurvata HN, and Chaetoceros sp. LN were
approximately 2.0 to 2.8. The Q10 value of Fe-replete
P. subcurvata LN was 3.07, which was lower than Fe-
replete P. subcurvata HN (4.24) (Fig. 1B). The Q10

values of F. cylindrus HN (6.56 and 5.06 for  Fe-
limited and Fe-replete cultures, respectively) were
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highest amongst all phytoplankton tested (Fig. 1B).
In contrast, Q10 values of P. antarctica HN (0.63 and
0.80 for Fe-limited and Fe-replete cultures, respec-
tively) were much lower than those of all diatoms
(Fig. 1B).

Carbon fixation and Fe uptake responses 

The effects of Fe addition on carbon fixation rates
were similar to growth rates. Carbon fixation rates of
all Fe-replete diatom cultures significantly increased
relative to Fe-limited cultures at both 0 and 4°C (p <
0.05) (Fig. 2A, Table S1) while the carbon fixation
rates of Fe-replete P. antarctica HN significantly in -
creased relative to Fe-limited rates only at 0°C (p <
0.05) (Fig. 2A). Temperature increase led to signifi-
cantly higher carbon fixation rates of Fe-replete P.
sub curvata HN, F. cylindrus HN, and Chaetoceros sp.
LN (p < 0.05), but significantly decreased the carbon

fixation rates of P. antarctica HN in Fe-replete cul -
tures by 72% (p < 0.05) (Fig. 2A). In addition, temper-
ature increase and Fe addition interactively stimulated
a 6.6-fold increase in carbon fixation rates of P. sub-
curvata HN and a 1.9-fold increase of Chaetoceros sp.
LN (p < 0.05). The carbon fixation rates of Fe-replete
P. subcurvata HN significantly increased 1.7-fold
 relative to P. subcurvata LN at 4°C (p < 0.05) (Fig. 2A).

Similar to growth and carbon uptake rates, Fe fer-
tilization significantly increased the Fe uptake rates
of all 5 phytoplankton species at both 0 and 4°C (p <
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Fig. 1. (A) Specific growth rates and (B) Q10 of Pseudo-
nitzschia subcurvata, Pseudo-nitzschia subcurvata, Chaeto-
ceros sp., Fragilariopsis cylindrus, and Phaeocystis antarc-
tica cultures grown in either in high (HN) or low (LN)
nutrient levels, at either 0 or 4°C, under iron-limited (−Fe) or 

iron-replete (+Fe) conditions

Fig. 2. (A) Carbon fixation rates, (B) iron uptake rates, and
(C) Fe:C uptake ratios of Pseudo-nitzschia subcurvata,
Chaetoceros sp., Fragilariopsis cylindrus, and Phaeocystis
antarctica cultures grown in either in high (HN) or low (LN)
nutrient levels, at either 0 or 4°C, under iron-limited (−Fe) or 

iron-replete (+Fe) conditions
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0.05) (Fig. 2B). Temperature increase significantly
elevated the Fe uptake rates of Fe-replete cultures of
P. subcurvata LN, P. subcurvata HN, and F. cylindrus
HN (p < 0.05) (Fig. 2B). Additionally, temperature in -
crease and Fe fertilization interactively increased the
Fe uptake rates of these same 3 strains (p < 0.05). The
Fe uptake rates of Fe-replete P. antarctica HN cul-
tures were significantly decreased by 86% at 4°C rel-
ative to 0°C (p < 0.05) (Fig. 2B). The Fe uptake rates
of P. subcurvata LN were 41% higher than P. subcur-
vata HN in 4°C Fe-replete cultures (p < 0.05)
(Fig. 2B), suggesting that nutrient concentrations
may affect Fe uptake rates in this species.

The molar Fe:C uptake ratios of all 4 diatoms were
significantly higher with Fe addition at both 0 and
4°C (p < 0.05) (Fig. 2C). Fe addition significantly ele-
vated the Fe:C uptake ratio of P. antarctica HN (2.4-
fold) at 0°C (p < 0.05), but not at 4°C. Furthermore,
temperature increase significantly increased the
Fe:C uptake ratios of Fe-replete P. subcurvata LN by
1.8-fold, and Fe addition and warming interactively
affected the Fe:C uptake ratio of P. antarctica HN
(p < 0.05) (Fig. 2C).

Cellular elemental quotas and stoichiometry 

The effects of Fe addition and temperature in -
crease on cellular carbon quotas varied among the 5
strains tested. Fe addition significantly increased the
carbon quota of P. subcurvata LN and P. subcurvata
HN at both temperatures (p < 0.05) (Fig. 3A, Table
S1). P. antarctica HN carbon quotas increased 42%
with Fe addition at 0°C (p < 0.05) (Fig. 3A). Warming
decreased the carbon quota of F. cylindrus HN by
30%, regardless of Fe concentration (p < 0.05) (Fig.
3A). There was no significant effect of either warm-
ing or Fe availability on the carbon quota of Chaeto-
ceros sp. LN (p > 0.05) (Fig. 2C).

The phosphorus quota of P. subcurvata LN was sig-
nificantly lower than that of P. subcurvata HN in all 4
treatments (p < 0.05) (Fig. 3C), but the low nutrient
condition did not affect the cellular carbon quota
(Fig. 3A). Nitrogen quotas of P. subcurvata LN and P.
subcurvata HN increased significantly with Fe addi-
tion at both 0 and 4°C (p < 0.05) (Fig. 3B). Tempera-
ture increase significantly decreased the nitrogen
quota of Fe-limited (37%) and Fe-replete (32%)
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Fig. 3. Particulate organic (A) carbon (POC), (B) nitrogen (PON), and phosphorus (POP), and (D) biogenic silica (BSi) content of
Pseudo-nitzschia subcurvata, Chaetoceros sp., Fragilariopsis cylindrus, and Phaeocystis antarctica cultures grown in either in
high (HN) or low (LN) nutrient levels, at either 0 or 4°C, under iron-limited (−Fe) or iron-replete (+Fe) conditions. BSi was 

measured only for Pseudo-nitzschia subcurvata LN and Chaetoceros sp. LN
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F. cylindrus HN (p < 0.05) (Fig. 3B). Fe addition sig-
nificantly increased the phosphorus quota of P. sub-
curvata HN at 0 and 4°C, but temperature increase
significantly decreased that of Fe-replete P. subcur-
vata HN by 32% and Fe-replete F. cylindrus HN by
39% (p < 0.05) (Fig. 3C). Temperature increase sig-
nificantly decreased the phosphorus quota of both
Fe-limited (58%) and Fe-replete (30%) P. subcurvata
LN (p < 0.05) (Fig. 3C). Fe addition significantly in -
creased the phosphorus quota of Chaetoceros sp. LN
at 0°C (p < 0.05), and temperature increase signifi-
cantly increased the phosphorus quota of Fe-limited
Chaetoceros sp. LN (p < 0.05) (Fig. 3C). Fe addition
significantly increased the cellular Si quota of P. sub-
curvata LN and Chaetoceros sp. LN at both 0 and 4°C
(p < 0.05) (Fig. 3D). Temperature increase decreased
the Si quota of Fe-replete P. subcurvata LN by 19%
(p < 0.05) (Fig. 3D).

Elemental ratios of the phytoplankton in all experi-
mental treatments are shown in Table 1. Fe addition
significantly increased the C:N ratio of P. subcurvata
LN and Chaetoceros sp. LN at both temperatures (p <
0.05) and the C:N ratio of F. cylindrus HN at 0°C (p <
0.05). Temperature increase significantly elevated
the C:N ratio of Fe-limited F. cylindrus HN (p < 0.05)
(Table 1). The C:N ratios of Fe-limited P. subcurvata
LN at 0°C and Fe-replete P. subcurvata LN at 4°C
were significantly lower than those of the same spe-
cies in the HN treatment (p < 0.05) (Table 1).

The N:P ratio of F. cylindrus HN was significantly
increased by Fe addition at both 0 and 4°C (p < 0.05),
as was the N:P ratio of P. subcurvata LN at 4°C (p <

0.05) (Table 1). In contrast, Fe addition significantly
decreased the N:P ratio of P. subcurvata HN and
Chaeto ceros sp. LN at 4°C (p < 0.05) (Table 1). In
addition, higher temperature significantly increased
the N:P ratio of both Fe-limited and Fe-replete P. sub-
curvata LN (p < 0.05) and the N:P ratio of Fe-replete
P. antarctica HN (p < 0.05) (Table 1). The N:P ratios of
both Fe-limited and Fe-replete P. subcurvata LN at
4°C were significantly higher than those of P. subcur-
vata HN (p < 0.05) (Table 1).

Fe addition significantly increased the C:P ratio of
P. subcurvata LN at both 0 and 4°C (p < 0.05), and the
C:P ratio of F. cylindrus HN at 4°C (p < 0.05) (Table
1). Warmer temperatures significantly increased the
C:P ratio of both Fe-limited and Fe-replete P. subcur-
vata LN (p < 0.05), and the C:P ratio of Fe-replete
P.  antarctica HN (p < 0.05) (Table 1). Temperature
increase and Fe addition had no significant effect on
the stoichiometry of P. subcurvata HN or Chaeto-
ceros sp. LN (Table 1). However, the C:P ratio of Fe-
replete P. subcurvata LN at 0°C was significantly
higher than that of P. subcurvata HN (p < 0.05)
(Table 1).

Cell morphology 

Fe addition significantly enlarged the cell volume
of P. subcurvata HN, P. subcurvata LN, and Chaeto-
ceros sp. LN at both temperatures (p < 0.05) (Fig. 4A,
Table S1), and cell volume of F. cylindrus HN was
significantly enlarged with Fe addition at 4°C (p <

45

                          P. subcurvata LN           P. subcurvata HN       Chaetoceros sp. LN        F. cylindrus HN      P. antarctica HN

C:N                                                                                                                                                                                        
0C−Fe                      5.1 ± 0.5a                         6.5 ± 0.5a                       6.5 ± 0.5a                      6.3 ± 0.3a                  6.5 ± 0.4a

0C+Fe                      6.9 ± 0.4b                        6.9 ± 0.2a                       7.9 ± 0.6b                      7.0 ± 0.0b                  7.2 ± 0.8a

4C−Fe                      4.9 ± 0.8a                         6.6 ± 0.3a                       6.6 ± 0.0a                     7.0 ± 0.4ab                  6.6 ± 0.5a

4C+Fe                      6.3 ± 0.2b                        6.8 ± 0.1a                       7.3 ± 0.3b                     6.9 ± 0.1ab                  6.6 ± 0.5a

N:P                                                                                                                                                                                         
0C−Fe                     18.1 ± 2.7a                       15.3 ± 0.5a                     23.0 ± 5.0a                    11.6 ± 0.6a                18.5 ± 3.8a

0C+Fe                     21.3 ± 1.4a                     15.7 ± 3.7abc                   18.9 ± 1.6ab                   15.4 ± 0.8b                16.7 ± 0.5a

4C−Fe                     28.6 ± 5.4b                      13.5 ± 0.4b                     19.6 ± 0.5a                    11.3 ± 1.4a                25.6 ± 5.2a

4C+Fe                     38.1 ± 1.5c                       12.5 ± 0.4c                     16.3 ± 0.3b                    15.1 ± 0.3b                32.5 ± 2.0b

C:P                                                                                                                                                                                         
0C−Fe                    92.4 ± 17.9a                      90.6 ± 6.5a                  151.5 ± 43.9abc                75.9 ± 2.7ab              134.5 ± 27.5a

0C+Fe                    147.0 ± 6.4b                    80.1 ± 17.6a                   147.5 ± 6.0c                   85.0 ± 6.7a               100.4 ± 5.5a

4C−Fe                    136.4 ± 4.3b                    102.1 ± 4.5a                   128.4 ± 3.5a                   63.2 ± 6.5b              187.8 ± 37.7a

4C+Fe                   241.6 ± 13.7c                     80.9 ± 2.5a                    118.3 ± 6.8b                   82.0 ± 3.5a              214.9 ± 20.4b

Table 1. Effects of temperature and Fe addition on the C:N, N:P, and C:P ratios of Pseudo-nitzschia subcurvata, Chaetoceros
sp., Fragilariopsis cylindrus, and Phaeocystis antarctica cultures grown in high (HN) and low (LN) nutrient levels. Values are 

means ± SD of triplicate bottles. Different superscript letters indicate significant difference at α < 0.05
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0.05) (Fig. 4A). Warming significantly enlarged the
cell volume of Fe-replete P. subcurvata LN by 17%
(p < 0.05) (Fig. 4A). Corresponding to the effects on
cell volume, Fe addition significantly decreased the
surface area to volume ratios of P. subcurvata HN,
P.  subcurvata LN, and Chaetoceros sp. LN at both

temperatures (p < 0.05) (Fig. 4B), but only at 4°C for
F. cylindrus HN (p < 0.05) (Fig. 4B). Temperature
increase diminished the surface area to volume ratio
of Fe-replete P. subcurvata LN by 5% (p < 0.05)
(Fig. 4B). The cell volume of P. subcurvata LN was
significantly smaller than P. subcurvata HN in all 4
treatments (p < 0.05; Fig. 4A), and the surface area to
volume ratio of Fe-limited P. subcurvata LN was sig-
nificantly higher than P. subcurvata HN at both tem-
peratures (p < 0.05; Fig. 4B). Cell volume increased in
parallel with carbon quota increases for all 5 strains
tested (Fig 4C).

Chl a and photosynthetic characteristics 

The carbon to chl a ratio of Fe-replete Chaetoceros
sp. LN and F. cylindrus HN significantly decreased
relative to Fe-limited cultures at both 0 and 4°C (p <
0.05) (Fig. 5A, Table S1). In addition, warmer temper-
ature decreased the carbon to chl a ratio of Fe-limited
Chaetoceros sp. LN by 30% and that of F. cylindrus
HN by 49% (p < 0.05) (Fig. 5A). The amount of chl a
cell−1 was significantly elevated in Fe-replete cul-
tures of all 4 strains of diatom relative to Fe-limited
cultures at both 0 and 4°C (p < 0.05) (Fig. 5B). The chl
a cell−1 of Fe-replete P. antarctica HN significantly
increased by 50% relative to Fe-limited cultures at
0°C (p < 0.05) (Fig. 5B). Temperature increase signif-
icantly decreased the chl a cell−1 of Fe-replete F.
cylindrus HN by 36% (p < 0.05) (Fig. 5B). The carbon
to chl a ratio of Fe-replete P. subcurvata LN was sig-
nificantly higher than Fe-replete P. subcurvata HN at
both 0 and 4°C, and the carbon to chl a ratio of Fe-
limited P. subcurvata LN was significantly higher
than Fe-limited P. subcurvata HN at 0°C (p < 0.05)
(Fig. 5A). In addition, the chl a cell−1 of Fe-replete P.
subcurvata LN was significantly lower than Fe-
replete P. subcurvata HN at both 0 and 4°C, and the
chl a cell−1 of Fe-limited P. subcurvata LN was signif-
icantly smaller than Fe-limited P. subcurvata HN at
0°C (p < 0.05) (Fig. 5B).

Higher Fe availability significantly increased the
Fv/Fm of P. subcurvata LN and Chaetoceros sp. LN
(p < 0.05) (Fig. 6, Table S1). With Fe addition, Fv/Fm of
both P. subcurvata LN and Chaetoceros sp. LN
increased significantly from 0.18 ± 0.05 and 0.15 ±
0.04 to 0.58 ± 0.03 and 0.56 ± 0.01 (p < 0.05) at 0°C,
respectively; and from 0.22 ± 0.04 and 0.19 ± 0.02 to
0.49 ± 0.03 and 0.50 ± 0.03 (p < 0.05) at 4°C, respec-
tively. The Fv/Fm of both species slightly decreased in
response to warming, but this was only significant for
P. subcurvata LN (p < 0.05) (Fig. 6).
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Fig. 4. (A) Cell volume, (B) surface area to cell volume ratios,
and (C) relationship of particulate organic carbon (POC) and
volume of Pseudo-nitzschia subcurvata, Chaetoceros sp.,
Fragilariopsis cylindrus, and Phaeocystis antarctica cultures
grown in either in high (HN) or low (LN) nutrient levels, at
either 0 or 4°C, under iron-limited (−Fe) or iron-replete (+Fe) 

conditions
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DISCUSSION

Studies have shown that individual Fe addition
or temperature increase can promote the growth of
Antarctic phytoplankton (Neori & Holm-Hansen
1982, Martin et al. 1990, Boyd et al. 2000, Hoffmann
et al. 2006); however, the interactive effects of Fe and
temperature increase on representative phytoplank-
ton species from the Ross Sea have seldom been
reported. In our study, as expected, Fe addition alone
significantly promoted the growth rates of all diatoms
and of Phaeocystis antarctica HN. However, while
higher temperatures also increased the growth rates
of Fe-limited and Fe-replete diatoms by 60 and 61%,
respectively, it did not significantly affect the growth
rate of the prymnesiophyte. The Q10 for growth rates
of P. antarctica HN ranged from 0.62 to 0.79, which is
lower than 2.0 (the typical Q10 value for phytoplank-
ton as suggested by Eppley 1972), and also much
lower than the Q10 values of the diatom species tested
in our study (2.02 to 6.56). This indicates that Ross
Sea diatoms may be better adapted to higher tem -
peratures than P. antarctica.

The growth rates of P. antarctica HN (0.17 d−1 at
0°C and 0.14 d−1 at 4°C in Fe-limited cultures, and
0.40 d−1 at 0°C and 0.37 d−1 at 4°C in Fe-replete cul-
tures) in our study are similar to those observed by
Alderkamp et al. (2012). In their study, P. antarctica
(strain CCMP1871) was incubated with a 2 h dyna mic
light cycle at 2°C. They observed that the average
growth rate was 0.2 and 0.38 d−1 in in Fe-limited and
Fe-replete cultures, respectively. Either lack of
growth stimulation or decreased growth has also
been reported for other cultured P. antarctica isolates
under higher temperatures. Wang et al. (2010) incu-
bated their strain of P. antarctica (CCMP1871) at 0, 2,
4, and 6°C, and found that growth rates increased
from 0.16 d−1 at 0°C to a maximum of 0.35 d−1 at 4°C,
but then sharply decreased to 0.12 d−1 at 6°C. Xu et al.
(2014) incubated P. antarctica (CCMP3314) in 3 clus-
tered matrices of environment factors, and found that
growth rates were similar (~0.6 d−1) under ‘current
conditions’ (2°C, 39 Pa CO2, and 50 µmol photons m−2

s−1) and ‘year 2060 conditions’ (4°C, 61 Pa CO2, and
100 µmol photons m−2 s−1), but significantly de -
creased to ~0.2 d−1 under simulated ‘year 2100 condi-
tions’ (6°C, 81 Pa CO2, 150 µmol photons m−2 s−1). The
slight differences between maximum growth rates
and optimum temperatures in these studies and ours
may be due to different strains, and/or different incu-
bation conditions.

There is also a limited amount of research on cul-
tured diatom isolates from the Ross Sea. Alderkamp
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Fig. 5. (A) Particulate organic carbon (POC) to chl a ratio (g
g−1) and (B) chl a per cell (pg cell−1) of Pseudo-nitzschia sub-
curvata, Chaetoceros sp., Fragilariopsis cylindrus, and
Phaeocystis antarctica cultures grown in either in high (HN)
or low (LN) nutrient levels, at either 0 or 4°C, under iron-

limited (−Fe) or iron-replete (+Fe) conditions

Fig. 6. Quantum efficiency of photosystem II (Fv/Fm) for
Pseudo-nitzschia subcurvata and Chaetoceros sp. cultures
grown in low nutrient (LN) levels, at either 0 or 4°C, under 

iron-limited (−Fe) or iron-replete (+Fe) conditions
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et al. (2012) observed that the growth rates of Fragi -
lari opsis cylindrus (strain CCMP1102) were 0.05 d−1

in Fe-limited and 0.16 d−1 in Fe-replete media at 2°C.
Xu et al. (2014) found the growth rates of Fe-replete
F. cylindrus (CCMP3323) increased from ~0.3 d−1 un-
der ‘current conditions’ to ~ 0.6 d−1 in ‘year 2060 con-
ditions’ (see above), and those of Fe-limited F. cylin-
drus (CCMP3323) increased from ~0.16 d−1 under
‘current conditions’ to ~ 0.22 d−1 in ‘year 2060 condi-
tions’. The growth rates of F. cylindrus we ob served
are similar to those reported by Xu et al. (2014), and
higher than those of Alderkamp et al. (2012), perhaps
because our light cycle differed from that used by
Alderkamp et al. (2012).

Carbon fixation and Fe uptake rates of Fe-replete
P. antarctica HN both responded to a 4°C tempera-
ture rise with decreasing trends. Warming-mediated
decreases in carbon fixation rates may lead to a
reduced demand for Fe to support synthesis of chl a
and the associated photosystem and electron carrier
components. In contrast, like growth and carbon fix-
ation rates, in our Antarctic diatoms Fe uptake rates
generally increased with temperature. Xu et al.
(2014) found that the Fe uptake rates of Fe-limited P.
antarctica (CCMP3314) decreased from the ‘current
conditions’ to the ‘year 2100 conditions’ clusters,
which included warming as well as increasing CO2

concentration and light intensity. However, they
found that Fe uptake rates of Fe-replete P. antarctica
actually increased slightly under clustered future
conditions. The interactive effects of all these envi-
ronmental factors on Fe uptake rates in P. antarctica
and diatoms requires further research.

Our results indicate that Ross Sea diatoms may be
better adapted to higher temperatures than P. ant -
arc tica — which corresponds to Ross Sea field sur-
veys, suggesting that the temporal and spatial distri-
butions of this species are negatively correlated with
elevated temperatures (Liu & Smith 2012). Phyto-
plankton community dominance shifts caused by
experimental warming have also been observed in
other high altitude regions. Feng et al. (2009) ob -
served that the dominant algal groups of the North
Atlantic spring bloom changed from diatoms to coc-
colithophores following incubation under high tem-
perature and high CO2 conditions for 14 d. Likewise,
in experiments in the subarctic Pacific Noiri et al.
(2005) documented that unidentified prymnesio-
phytes became dominant at 18°C, while diatoms
dominated the phytoplankton community at temper-
atures below 13°C. Interestingly, both of these other
high latitude studies showed that warming shifted
the community towards prymnesiophytes, not away

from them as our results suggest for the prymnesio-
phyte P. antarctica.

Fe addition and temperature increase interactively
promoted the growth rates of P. subcurvata LN and
P. subcurvata HN in a synergistic manner; that is, the
cumulative effects of Fe addition and temperature
increase far exceeded the magnitude of the additive
effects of these 2 factors. Rose et al. (2009) docu-
mented synergistic effects of temperature increase
and Fe addition on total phytoplankton biomass and
on the abundance of specific groups (including dia -
toms and nanoplankton) in a Ross Sea shipboard
experiment. In addition, temperature increase in
combination with Fe addition in the Rose et al. (2009)
study shifted diatom community structure towards
the centric Chaetoceros sp., and away from pennate
diatoms. Such a shift would not be predicted by the
results of our laboratory culture study, in which both
a centric diatom (Chaetoceros) and a pennate diatom
(Pseudo-nitzschia) benefited from a synergistic inter-
action between Fe and warming. In multifactor (tem-
perature, light, CO2, and Fe) cluster competition
experiments between F. cylindrus and P. antarctica,
Xu et al. (2014) showed that the diatom outcompeted
P. antarctica under simulated future conditions.

The effects of temperature increase and changes in
Fe input on phytoplankton community succession
and species composition may also affect the biogeo-
chemical cycle of carbon and nitrogen in the South-
ern Ocean (DiTullio et al. 2000, Smetacek et al. 2012).
P. antarctica has higher C:N and C:P ratios than
diatoms (Arrigo et al. 1999, Xu et al. 2014). Indeed,
our results indicate that the N:P ratio of Fe-replete P.
antarctica HN was higher than Fe-replete P. subcur-
vata HN and Fe-replete F. cylindrus HN at 4°C, and
the N:P ratio of Fe-limited P. antarctica HN was
higher than Fe-limited F. cylindrus HN at 4°C (p <
0.05) (Table 1). In addition, the C:P ratios of Fe-
replete P. antarctica HN were higher than Fe-replete
P. subcurvata HN at 4°C and Fe-replete F. cylindrus
HN at both temperatures, and the C:P ratio of Fe-
 limited P. antarctica HN was higher than that of Fe-
limited F. cylindrus HN at 4°C (p < 0.05) (Table 1).
Thus, if warming or interactions between changing
Fe and temperature conditions cause shifts away
from P. antarctica and towards diatoms, carbon
export per mole of phosphorus utilized and the N:P
ratio of exported organic matter may also decrease in
the future Ross Sea (Arrigo et al. 1999, DiTullio et al.
2000, Smetacek et al. 2012).

Our results suggest that decreasing cell sizes and
consequent increases in surface area to cell volume
quotients is a common response to Fe limitation by
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Ross Sea phytoplankton. The cell size of all the
diatoms and P. antarctica decreased in Fe-limited
culture relative to Fe-replete cultures. This was parti -
cularly evident for P. subcurvata grown at both nutri-
ent levels; for this species, cell size decreased by half
in Fe-limited cultures. Increased surface area to cell
volume quotients may facilitate Fe uptake under Fe-
limited conditions (Sunda & Huntsman 1997, Sunda
& Hardison 2010). Decreased cell size also means
that less Fe, carbon, and nutrients has to be accumu-
lated before cell division can occur, allowing the
maintenance of higher cell-specific growth rates
(Garcia et al. 2015). Decreases in cell size under Fe
limitation have been recorded in marine cyanobac-
teria, diatoms, and dinoflagellates, suggesting that
this is a common response to a lack of this essential
micronutrient (Sunda & Huntsman 1997, Hutchins et
al. 1998, Timmermans et al. 2001, Garcia et al. 2015).

Our results indicate that Fe addition increased the
efficiency of photosystem II in P. subcurvata LN and
Chaetoceros sp. LN at both 0 and 4°C, consistent
with many studies in the Southern Ocean, including
mesoscale Fe-enrichment and shipboard incubation
experiments (Boyd et al. 2000, Coale et al. 2004, Rose
et al. 2009). Since Fv/Fm measures electron transfer
efficiency rather than enzyme-based biochemical
reactions, it is usually assumed to be relatively insen-
sitive to temperature. In our experiments, P. subcur-
vata LN exhibited a small but significant decrease in
Fv/Fm under Fe-replete conditions with increasing
temperature. Negative effects of temperature in -
crease on photosystem II electron flow have occa-
sionally been reported in other phytoplankton and
plants (Warner et al. 1996, Geel et al. 1997, Zobayed
et al. 2005), but the reason for this warming effect is
unclear.

Our results also suggest that P. subcurvata may
have the potential to become Fe- and nutrient co-lim-
ited at the end of the austral summer under future
conditions, especially in nearshore areas such as Mc-
Murdo Sound where nutrients are often largely
drawn down by the end of the growing season. The
growth rates of Fe-limited P. subcurvata LN were
lower than those of Fe-limited P. subcurvata HN at
both experimental temperatures, and the growth
rates of Fe-replete P. subcurvata LN were lower than
those of replete HN cultures at 4°C. Furthermore, in
both the Fe-limited and Fe-replete warmed treat-
ments, the C:P ratio of P. subcurvata LN was higher
than that of P. subcurvata HN, and higher than the
Redfield ratio (Falkowski 2000, Geider & LaRoche
2002). The C:P ratio of Fe-replete P. subcurvata LN
was also significantly higher than that of the HN

treatment and the Redfield ratio at 0°C. In addition,
the cell size and phosphorus quota of P. subcurvata
LN were significantly smaller than P. subcurvata HN
in all 4 treatments. Smaller cell size (and thus lower
cellular nutrient quotas) may be a potential strategy
for P. subcurvata to maintain a competitive advantage
during periods of lower seasonal nutrient availability,
as seen in some phytoplankton from other environ-
ments (Garcia et al. 2015). We did not test our other 3
isolates (Chaetoceros, Fragilariopsis, and Phaeo -
 cystis) under both nutrient conditions. However, fu-
ture investigations may find that there are significant
Fe and major nutrient co-limitation effects for them as
well, interactions that could be important in coastal
portions of the Southern Ocean where nutrients can
be seasonally drawn down to relatively low levels.

Our results may support suggestions that global
warming and potential changes in Fe supplies may
alter phytoplankton community structure in the
future Ross Sea. In general, our study suggests that
warming, either with or without concurrent Fe fertil-
ization, may cause the spatial and temporal distribu-
tions of diatoms to expand while the distribution of
P. antarctica may shrink. It is important to consider,
however, that the competitive balance between dia -
toms and P. antarctica will also likely be affected by
other factors that are changing along with global
warming, such as ocean acidification, irradiance and
salinity changes, shifts in the grazing community
(Boyd & Hutchins 2012), and the availability of other
micronutrients and organic cofactors such as vita-
mins to the phytoplankton community in the coastal
Southern Ocean (Bertrand et al. 2015). Additionally,
the responses of diatoms and P. antarctica to a wider
temperature range will be important to determine, as
response curves that include a range of temperatures
may provide deeper insights into the competitive
interplay between these 2 groups of phytoplankton
in a rapidly changing Southern Ocean.
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