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1.  INTRODUCTION

The Southern Ocean plays a crucial role in regulat-
ing atmospheric carbon dioxide (CO2) concentrations
due to the austral summer algal blooms and physical
overturning that account for approximately 40% of
the oceanic uptake of CO2 (Fung et al. 2000). Multi-
ple environmental variables, such as temperature,
are predicted to change concurrently by the end of
the century, leading to changes in the physical and
chemical properties of the ocean (Doney et al. 2009,
Boyd et al. 2015). Quantifying the responses of
Southern Ocean phytoplankton to the predicted
changes in light availability, temperature, CO2 and

nutrient supply is necessary to refine the biogeo-
chemical models that inform global atmospheric cli-
mate simulations (e.g. PISCES; Aumont et al. 2015).

Global temperature is predicted to increase by 2−
5°C by 2100 (Stocker 2014), with an increase of 2°C
predicted for the Southern Ocean based on the Rep-
resentative Concentration Pathway (RCP) 8.5 sce-
nario (Ito et al. 2015). This increase in temperature
may exceed the upper bounds of the thermal toler-
ance for many polar species (Boyd 2019) and may,
therefore, have significant implications for Southern
Ocean primary production. Regionally, warming
may increase surface ocean stratification, reduce ver-
tical mixing and increase irradiance in the mixed
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layer by ~1.2−18% for the Southern Ocean (Boyd et
al. 2015) despite strengthening westerly winds and
decreasing irradiance predicted for the ice-free open
ocean (Deppeler & Davidson 2017). Changes in light
availability in the Southern Ocean are regionally
dependent (Boyd et al. 2015), but it is still unclear
how phytoplankton productivity will respond to pre-
dicted climate changes (Deppeler & Davidson 2017).

The modern Southern Ocean is a high-nitrate low-
chlorophyll region, where productivity is limited by a
lack of iron (Fe). Fe plays an essential role in many
metabolic pathways within phytoplankton associated
with light harvesting and CO2 assimilation (Sunda &
Huntsman 1997); thus, Southern Ocean phytoplank-
ton species have been forced to adapt to the low Fe
in this region using a variety of photophysiological
and molecular strategies to both increase cellular
Fe supply and storage and reduce cellular Fe
demand (Moreno et al. 2018, Strzepek et al. 2019). As
the majority of Fe in the Southern Ocean is sup-
plied by upwelling (Boyd & Ellwood 2010, Tagliabue
et al. 2014), vertical mixing changes may decrease
the Fe supply rate from the deep ocean (Fung et al.
2000). Due to the complexity of the marine Fe cycle,
there are conflicting reports on the directionality of
how Fe supply will change in the Southern Ocean
into the future (Leung et al. 2015). One study predicts
that Fe availability will decrease by ~1% south of the
Polar Front, but increase by ~11% in the northern
region of the Southern Ocean (including the Sub-
antarctic zone; Boyd et al. 2015). Furthermore, under
RCP 8.5, increased CO2 within the atmosphere will
invade the ocean, lowering oceanic surface pH by
about 0.3− 0.4 pH units (Bopp et al. 2013), decreasing
the concentration of biologically available dissolved
inorganic ferric species (Fe’) and reducing the bio-
logical uptake of Fe (Shi et al. 2010, McQuaid et
al. 2018).

Observations of the natural Southern Ocean phyto-
plankton community suggest that diatoms may have
a higher tolerance to very high CO2 than the hapto-
phyte Phaeocystis antarctica (Hancock et al. 2018).
As a result, Chaetoceros species are often observed
to respond positively to ocean acidification scenarios
(Tortell et al. 2008, Hoppe et al. 2013). An organism’s
response to ocean acidification is shaped by its abil-
ity to take up the increasingly available carbon sub-
strate (CO2 aq) and balance the increasing stressful
declines in seawater pH that occur alongside in -
creasing CO2 (Paul & Bach 2020). Phytoplankton
may cope with pH stress in a variety of ways: by redi-
recting cellular energy expenditure through the
down-regulation of carbon concentrating mecha-

nisms (CCMs) as CO2 increases, changing intracellu-
lar pH or increasing respiration (Shi et al. 2019).
Increases in CO2 alone up to a certain threshold may
either stimulate or not change the growth of many
phytoplankton species (Hancock et al. 2018), but it is
clear that concurrent changes in CO2 with other
environmental variables, such as temperature, light
and Fe, will alter the tolerance of a species to high
CO2−low pH (Hoppe et al. 2015, Passow & Laws
2015, Trimborn et al. 2019).

Our study measured the physiological effects of
multiple stressors (light, Fe, temperature and CO2)
on 2 ecologically relevant Southern Ocean phyto-
plankton: the haptophyte P. antarctica and the dia tom
Chaetoceros flexuosus. A trace-metal clean ocean
acidification system utilising a light−Fe− temperature−
CO2 matrix was used to examine the interactive
effects between the variables. An important aim of
this study was to contribute a greater understanding
of how Southern Ocean phytoplankton may respond
to climate change and explore the effects of environ-
mental variables on cellular processes. Increased light,
temperature and CO2 are predicted to stimulate dif-
ferent photosynthetic mechanisms through (1) the
increase of light energy available to drive Photosys-
tem II; (2) the increase of temperature-dependent reac-
tion rates of ribulose-1,5-bisphosphate carboxylase-
oxygenase (rubisco); and (3) the down-regulation of
CCMs expected due to high CO2 (Falkowski & Raven
2013, Young et al. 2015). Therefore, we hypothesized
that while the combination of high light, temperature
and CO2 would stimulate growth in Fe-replete cul-
tures, it would also exacerbate Fe limitation, leading
to reduced growth rates as organisms are unable to
meet the cellular Fe requirements to support the in -
creased photosynthetic electron transport and enzyme
reaction rates at high light and temperature.

2.  MATERIALS AND METHODS

2.1.  Study organisms and culturing medium

The haptophyte Phaeocystis antarctica (Clone
SX9) was isolated from water collected in the Aus-
tralasian sector of the Southern Ocean (62° 08.72’ S,
174° 08.94’ E) in December 2004 (Strzepek et al.
2012). The Southern Ocean diatom Chaetoceros flex-
uosus was isolated from seawater collected in No -
vember 2001 from 57° 51.10’ S, 139° 50.70’ E (Strze -
pek et al. 2011).

The artificial seawater medium Aquil (Price et al.
1989) was used for culturing. The Aquil medium was
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microwave-sterilized by microwaving for 3 cycles of
3 min and mixing in between heating cycles (Keller
et al. 1988). Aquil was enriched with filter-sterilized
(0.2 μm, Gelman Acrodisc PF) trace metals and vita-
mins and chelexed macronutrients (nitrate: 300 μmol
l−1, silicate: 100 μmol l−1, phosphate: 10 μmol l−1). Pre-
viously reported methods were used to select Fe-
replete versus Fe-limiting conditions (Strzepek et al.
2011); experimental conditions are listed in Table 1.
In Fe-replete treatments, the synthetic ligand EDTA
was used to buffer Fe and other added trace metals
(cobalt, copper, manganese, zinc) in solution. Fe-
replete cultures were grown in Aquil medium con-
taining 10 μmol l−1 EDTA and 58 nmol l−1 Fe, which
was added as a filter-sterilized Fe−EDTA complex
(1:1). Values for [Fe’] were calculated using Visual
MINTEQ (version 3.0; default thermodynamic data-
base) and corrected for light and pH using the calcu-
lations of Sunda & Huntsman (2003) as described in
Strzepek et al. (2011).

In order to induce steady-state Fe limitation, the
siderophore desferrioxamine B mesylate (DFB) was
added to culture media because of its ability to
strongly complex Fe. Fe-limited media were pre-
pared using a premixed solution containing 3.5 nmol
l−1 FeCl3 complexed with 40 or 400 nmol l−1 of DFB
and added to Aquil medium containing 10 μmol l−1 of
EDTA to buffer the other trace metals as described in
Strzepek et al. (2011). The Fe-limiting media were
designed to reduce phytoplankton growth rates by
~50% at growth saturating irradiance (Strzepek et al.

2011). Therefore, the Fe:DFB ratios (nmol:nmol) of
the Aquil media differed between species: for P.
antarctica, the Fe:DFB ratio was 3.5:400; for C. flexu-
osus, Fe:DFB was 3.5:40.

2.2.  Light, temperature and 
pH manipulation experiments

All experimental cultures were grown in triplicate
1 l polycarbonate bottles (Nalgene) and allowed to
acclimate to experimental conditions for at least 2
transfers (approximately 20 cell divisions) before
starting the experiment. Initial experiments were
conducted to determine the point at which biomass
altered the pH of the growth medium, and cultures
were maintained in exponential phase by dilution
before this point to maintain stable medium pH.
Experimental cultures were grown under each ex -
perimental treatment for at least 3 transfers (30 gen-
erations) before experiments were terminated. Cul-
tures were grown under continuous light at 2 pho ton
flux densities (20 and 200 μmol photons m−2 s−1;
Philips Alto II fluorescent tubes) and 2 temperatures:
3.0 ± 0.1°C (temperature at which species were iso-
lated; Andrew et al. 2019) and 5.0 ± 0.1°C (predicted
warming of 2°C in the Southern Ocean). Continuous
light was chosen instead of a light−dark cycle to
remove any sampling artefacts associated with the
cyclic behaviour in the growth rates and other physi-
ological rates that is imposed by a light−dark regime

(Strzepek et al. 2011, Hoppe et
al. 2015). The low irradiance used
(20 μmol photons m−2 s−1) is repre-
sentative of a deep spring mixed
layer, while the high irradiance
(200 μmol photons m−2 s−1) is above
the average values ob served in a
typical summer mixed layer (Hop-
kinson et al. 2013). Ex perimental
cultures of P. antarctica and C.
flexuosus were also grown under
2 CO2 levels: a low-CO2 treatment
and a high-CO2 treatment. The first
was an ambient laboratory CO2

treatment, using a closed system
and with no manipulation of the
carbonate system (>400 μatm at
room temperature, calculated to
equal 202−211 μatm at the experi-
mental temperature; Table 2). This
treatment is directly comparable to
other Southern Ocean culturing
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Experimental Irradiance Species and free iron concentrations [Fe’]
treatment (μmol  (pmol l−1)

photons Phaeocystis P. antarctica C. flexuosus
m−2 s−1) antarctica and Fe:DFB 4:400 Fe:DFB 4:40 

Chaetoceros (nmol:nmol); (nmol:nmol);
flexuosus low iron low iron

58 nmol l−1 Fe; 
10 μmol l−1 EDTA; 

high iron

3˚C 200 4375 0.02 0.19
20 784 0.02 0.19

3˚C + CO2 200 1456 0.02 0.19
20 177 0.02 0.19

5˚C 200 3539 0.02 0.19
20 700 0.02 0.19

5˚C + CO2 200 1223 0.02 0.19
20 155 0.02 0.19

Table 1. Environmental conditions used in this study and calculated values for
free iron concentrations [Fe’]. Note that in the final 2 columns, Fe’ values for des-
ferrioxamine B mesylate (DFB) treatments are estimates, as no information is
available to calculate how Fe’ may change with pH, light or temperature when Fe 

is bound to DFB
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studies (e.g. Andrew et al. 2019, Strzepek et al. 2019)
and is within the lower range of in situ values for par-
tial pressure of (pCO2) (Takao et al. 2020). This low-
CO2 treatment can be considered growth-saturating
for P. antarctica and probably close to saturating
for C. flexuosus (Zhu et al. 2017). The elevated CO2

treatment of ~1000 μatm was obtained using a trace-
metal clean, CO2-controlled incubator system adap -
ted from Hoffmann et al. (2013). Mass flow controllers
(Omega FMA5502A and FMA 5518A) were used to
create a CO2−air mixture of the desired CO2 concen-
tration that was monitored daily with a CO2 probe
(K30 10 000 ppm Sensor Module; www. CO2Meter.
com) to validate the calculated seawater chemistry
parameters described be low. Early to mid-exponen-
tial phase cultures from the corresponding low-CO2

treatment were acclimated to high-CO2 conditions
by increasing CO2 to 1000 μatm over 10 ge nerations
using the CO2-controlled incubator system. After pre -
acclimation, seawater was equilibrated to the target
CO2 level at the experimental temperature be fore
being inoculated with the desired species. In addi-
tion to continuously logging pCO2 by a CO2 sensor,
carbonate systems measurements were taken from
the culture medium before the addition of cells at
the beginning of the experiment and periodically
throughout the experiment (Table 2).

2.3.  Seawater chemistry

Total alkalinity (TA) and pH (total scale) measure-
ments were determined spectrophotometrically (Dick -
son et al. 2007, Nand & Ellwood 2018) using puri -
fied bromophenol blue indicator dye and purified
m-cresol purple, respectively. UV-vis (Cary WinUV)

measurements were made at 25°C.
Measurements for TA and pH were
replicated 3 times to determine preci-
sion. A filtered sea water medium was
used to blank the instrument at each
wavelength before readings were
recorded. Instrument drift was ac-
counted for by subtracting a reading at
a reference wavelength (730 nm) from
the measurements. Samples were kept
in a sealed flask to ensure no de -
gassing (Riebesell et al. 2011) while be-
ing brought up to room temperature
(3°C + CO2, 5°C + CO2; 5°C treatments
measured at 15°C, 3°C treatments
measured at 25°C). These measure-
ments were then ad justed to calculate

pCO2 at either 3 or 5°C using CO2SYS (Pierrot et al.
2006; Table 2). In this study, we report the range of
carbonate system measurements taken from the
entire duration of the experiment, thus considering
variation in the basal medium whilst also capturing
the increase in atmospheric pCO2 over time, similar to
Cavalcanti et al. (2018) and Clark et al. (2020).

2.4.  Growth rate measurements

Triplicate cultures were maintained in exponential
growth by a 1:100 dilution by transfer into fresh
medium as required. Growth data were collected for
each culture acclimated to experimental tempera-
ture, irradiance, Fe or CO2 treatments for a minimum
of 30 generations (3 continuous transfers, n ≥ 9 for
each experimental treatment). In vivo chlorophyll a
(chl a) fluorescence of acclimated cultures was meas-
ured using a Turner Designs model 10-AU fluoro -
meter. Specific growth rates (μ, d−1) were determined
from least-squares regressions of the natural loga-
rithmic increase in in vivo fluorescence versus time
during the exponential phase of growth (Brand et al.
1981).

2.5.  Cellular carbon, nitrogen and chl a
concentrations and fast repetition rate fluorometry

Measurements of cell density and volumes, in vitro
chl a, carbon and nitrogen content (C:N) and fast
repetition rate fluorometry (LIFT FRR fluorometer;
Soliense) were made on mid-exponential phase
cultures as previously described (Andrew et al.
2019). Triplicate samples (1 ml) for mean cell volume
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Experimental Biological Measured pH Measured TA Calculated  
treatment replicates (total scale) (μmol kg−1) pCO2

(n) (μatm)

3°Ca 96 8.07 ± 0.09 2334 ± 72.4 202 ± 59
3°C + CO2 144 7.46 ± 0.32 2468 ± 156 1278 ± 384
5°Ca 96 8.13 ± 0.18 2359 ± 153 211 ± 54
5°C + CO2 168 7.64 ± 0.16 2542 ± 122 1149 ± 273

aClosed system, carbonate chemistry not altered

Table 2. Measured pH (total scale) and total alkalinity (TA) (both measured at
room temperature) and the calculated pCO2 (calculated at in situ temp) for
each experimental treatment over the total duration of the experiment (>3 yr).
Data are presented as averages ± SD for all biological replicates; n = the
 combined number of biological replicates for Phaeocystis antarctica and
Chaetoceros flexuosus measured at the beginning and end of each experi-

mental treatment
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and culture cell density for P. antarctica were deter-
mined by Coulter Counter® (Model MS4), and cell
diameters were  calculated assuming a spherical geo -
metry. To determine the percentage of cells occur-
ring within colo nies, 400 μl of glutaraldehyde was
added to the analysed sample and remeasured, and
the number of cells in colonies was calculated by dif-
ference (Luxem et al. 2017). Cell counting and sizing
of the diatoms was done by light microscopy using a
1 ml Sedwick Rafter counting chamber. Diatoms
were preserved in 2% glutaraldehyde and counted
within 7 d of harvest. To estimate the cell volume and
surface area of C. flexuosus, at least 50 individual
cells for each biological replicate from each treat-
ment were measured to obtain average frustule
dimensions. Cell volume was estimated using a cylin-
drical geometry for C. flexuosus (Hillebrand et al.
1999).

2.6.  Statistical analyses

The experimental design of this work required 4 en-
vironmental variables to be manipulated: tempera-
ture, CO2, light and Fe availability. These are our in -
dependent variables. Each independent variable has
2 states, yielding a total of 24 = 16 experimental condi-
tions. In each experimental condition, 6 de pen dent
variables were measured: mean cell volume, chl a,
C:N ratio, the photochemical efficiency and functional
absorption cross-section of photosystem II (Fv/Fm and
σPSII, respectively) and μ. Because of the nature of the
experimental design and time required to undertake
each treatment, we were not able to generate the
number of replicates needed to apply common fre-
quentist statistical approaches (e.g. ANOVA). In -
stead, we adopted a ‘model selection’ approach simi-
lar to that of Boyd et al. (2016) to identify patterns
in the data. Model evaluation was conducted in Py -
thon using the ‘brutefit’ module (https:// github. com/
oscarbranson/brutefit, doi:10.5281/zenodo. 3364898),
which compares candidate models using their Bayes
factors relative to a null model using the method of
Liang et al. (2008). Brutefit also makes ex tensive use
of the ‘numpy’ (Harris et al. 2020), ‘pandas’ (McKinney
2011, doi:10.5281/zenodo. 3509134) and ‘scikit-learn’
(Pedregosa et al. 2011) libraries. The python code
is provided in Supplement 1 at www. int-res.com/
articles/suppl/m682p051_supp/.

Boyd et al. (2016) explored the relative importance
of independent variables in their data by comparing
5 arbitrary models, which included or excluded inde-
pendent variables. The relative skill of these models

to predict patterns in their data was used to measure
the importance of each independent variable in their
analysis. Our approach expands on this process to
compare the skill of all possible linear models to
explain the data. With 4 independent variables, this
yielded 112 candidate models which encompassed
all permutations of linear and interactive terms
(Figs. S1 & S2 in Supplement 2). Before analysis, data
were normalised to a mean of zero and a standard
deviation of one. This approach allows interpretation
of the relative importance of each parameter in the
data across their range in our experiments, which is
calculated by combining the effect size of each
covariate in every candidate model weighted by
their Bayes factors. This calculation produces a prob-
ability density distribution that describes the effect
size of each covariate in all candidate models, where
better fitting models contribute more strongly to the
distribution. This approach evaluates relationships
present in the data while making no assumptions
about the form of the underlying model or the nor-
mality of model residuals.

3.  RESULTS

3.1.  Individual and interactive effects of light, 
Fe, temperature and CO2

Specific growth rates of Chaetoceros flexuosus were
highest in cultures grown in the 5°C high-light, high-
Fe (HL Fe+), low-CO2 treatment (0.57 ± 0.11 d−1) while
the lowest growth rates of C. flexuosus were observed
in the 5°C low-light, low-Fe (LL Fe−), low-CO2 treat-
ment (0.15 ± 0.05 d−1). Growth rates of Phaeocystis
antarctica ranged from 0.64 ± 0.05 in the 5°C HL Fe+,
low-CO2 treatment to 0.14 ± 0.06 in the 5°C LL Fe−,
high-CO2 treatment (Fig. 1, Table S1 in Supplement 3).

The highest Fv/Fm was observed in cultures grown
under HL Fe+ and low-CO2 treatments for both spe-
cies (C. flexuosus: 0.55 ± 0.02 at 5°C; P. antarctica:
0.58 ± 0.02 at 3°C; Fig. 2). The lowest Fv/Fm values
(0.20 ± 0.04) were observed in cultures of C. flexuo-
sus grown at 3°C HL Fe− at high CO2, while the low-
est Fv/Fm in cultures of P. antarctica (0.18 ± 0.05) were
measured at 5°C HL Fe− and high CO2.

Maximum cellular concentrations of chl a normal-
ized to cell volume (mmol l−1) were observed for both
C. flexuosus (14.2 ± 2.27 mmol l−1) and P. antarctica
(14.7 ± 1.21 mmol l−1) cultures grown at 3°C under LL
Fe+ and high CO2 (Fig. 3). The lowest chl a concen-
trations (C. flexuosus: 1.57 ± 0.10 mmol l−1; P. antarc-
tica: 1.01 ± 0.10 mmol l−1) were observed in cultures
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grown at 3°C under HL Fe− and low
CO2.

The molar ratio of C:N differed be -
tween species in response to changing
experimental variables (Fig. 4). C:N
ratios ranged from 4.27 ± 0.30 mol:mol
(3°C, LL Fe− and high CO2) to 8.48 ±
0.22 mol:mol (5°C, LL Fe+ and low
CO2) for C. flexuosus. In cultures of
P. antarctica, the C:N ratio was lowest
in the 3°C, LL Fe− and low-CO2 treat-
ment (4.19 ± 0.28) and highest in the
5°C, LL Fe+ and high-CO2 treatment
(9.90 ± 0.75).

P. antarctica can form colonies as
part of its life cycle, which may play a
significant role in C export during
blooms (DiTullio et al. 2000). Similar to
prior work, at 3°C and low CO2 few
colonies were ob served, with close to
100% of cells occurring as solita ry
cells under Fe− conditions (Table S1)
and approximately 60−80% occurring
as single cells under Fe+ (Becquevort
et al. 2007). In contrast, for cells grown
at high CO2, approximately 34−86%
of the cells occurred as single cells,
with no obvious influence of light,
temperature or Fe.

3.2.  Comparison of growth and
physiological responses in a

 modelled future scenario

To interpret the results from our
modelling approach, we purposefully
steered clear of using p-values and
‘significance’ terminology because the
small sample sizes in our study invali-
dates the use of standard statistical
methods (e.g. ANOVA). Rather, we
appraised the relative importance of
our dependent variables graphically
(Figs. 5 & S3 in Supplement 2). In
Fig. 5, we present the size of the effect
attributable to each experimental co -
variate determined by our linear mod-
elling approach, with distributions
that overlap with zero (by more than
5%, or p = 0.05 cutoff) removed. For
each probability distribution, the loca-
tion (−1 to +1) represents the relative
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Fig. 1. Specific growth rates versus treatment for Chaetoceros flexuosus and
Phaeocystis antarctica cultures grown under high (1000 μatm) and low
(~200 μatm) CO2, high (5°C) and low (3°C) temperature, high (HL) and low
(LL) light and high (Fe+) and low (Fe−) Fe availability. Bar: median; box:
interquartile range (IQR); whiskers: max./min. values <1.5× IQR above/below 

box. Experimental treatments are described in Table 1; n > 9

Fig. 2. As in Fig. 1, but for photochemical efficiency of PSII (Fv/Fm) versus 
treatment for Chaetoceros flexuosus and Phaeocystis antarctica; n = 12
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strength of the effect observed in our
data, and the shape represents how
variable the effect size was across our
ensemble of 112 linear models. The
contribution of models to these covari-
ate distributions was weighted ac cor -
ding to the ‘skill’ of each model using
the Bayes factors. If a distribution was
‘sharp’, the effect size of this co variate
was relatively consistent across all
high-skill models; i.e. its value is rela-
tively constant despite the inclusion or
exclusion of other covariates in the
model. For example, the influence of
Fe on growth rate is reflected as a
sharp, well-defined probability den-
sity peak for these 2 physiological
parameters (Fig. 5A,G). This is consis-
tent with the classical bar graph pres-
entation approach, where cell growth
is higher for Fe-replete cells versus
Fe-limited cells (Fig. 1). For probabil-
ity densities with broader distribution,
the importance of this covariate in the
high-skill models varies with the addi-
tion or removal of other covariates,
and we can be less confident in this
effect. This can be interpreted as
higher Fe availability having a posi-
tive influence on growth (Fig. 5A,G)
but higher CO2 having a negative
influence on growth (Fig. 5A,G). If the
distribution overlaps with zero, this
may be interpreted as having no (or
little) effect on the dependent vari-
able — or being ‘non-significant’ in
fre quentist terminology (Fig. S3, p = 1).

To present the results of the study in
a meaningful way and to move away
from the classical bar graph presenta-
tion of the data, we divided the results
into 2 groups: ambient, low-CO2 cul-
turing conditions and a future high-CO2

ocean scenario (Fig. 6). We defined
ambient, low-CO2 culturing conditions
with respect to temperature and CO2

(temperature: 3°C; pCO2: ~200 μatm);
however, light and Fe were varied. For
the future ocean scenario, temperature
and CO2  conditions were set to values
expected near the end of the 21st cen-
tury based on the RCP 8.5 pathway
for CO2 emissions (temperature: 5°C;
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Fig. 3. As in Fig. 1, but for chlorophyll a normalized to cell volume versus treat-
ment for Chaetoceros flexuosus and Phaeocystis antarctica; n = 3

Fig. 4. As in Fig. 1, but for carbon to nitrogen molar ratio (C:N) versus treat-
ment for Chaetoceros flexuosus and Phaeocystis antarctica; n = 3
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pCO2: ~1000 μatm). Again, Fe and light were varied
for these future scenarios. Dependent variables (growth
rate, Fv/Fm, σPSII, cell volume, chl a, C:N ratio) are pre-
sented with the best model fit for each treatment, in
addition to the measured result for each treatment
(Fig. 6, Table S1).

3.2.1.  Modelled responses of C. flexuosus
to multiple stressors

Overall, when comparing growth rates in an
ambient, low-CO2 (3°C, low CO2; referred to as
‘ambient scenario’ in all further instances) and
future scenario (5°C, high CO2), the highest growth
rates for C. flexuosus were observed for the HL and
Fe+ treatments for present-day (0.41 ± 0.08 d−1) and
future (0.47 ± 0.08 d−1) scenarios (Figs. 1 & 6A).
Increased Fe under HL increased growth for C. flex-
uosus under future condition scenarios, but Fe− and
LL decreased growth for C. flexuosus under future
conditions relative to ambient conditions (Fig. 6). In
all cases, the measured values were similar to the
predicted mo del. Similarly, Fv/Fm was negatively
affected by HL but positively influenced by Fe+
(Fig. 5B) and modelled to increase in all future con-
ditions (Fig. 6B).

Future values of σPSII for C. flexuosus were mod-
elled to decrease under LL and increase under HL;
however, the measured values sometimes fell outside
of the model confidence interval (Fig. 6C) due to the
conflicting influences of individual and combined
stressors (Fig. 5C). Cellular chl a concentrations were
modelled to increase under all future conditions
(Fig. 6D) and were influenced mainly by Fe+ fol-
lowed by warming (Fig. 5D). Changes in cell volume
for C. flexuosus varied between ambient and future
conditions with patterns depending on specific treat-
ments; however, all modelled confidence intervals
were large (Fig. 6E). For instance, under HL and Fe−
conditions, cells decreased in volume, whereas the
opposite occurred under LL Fe+ conditions (Fig. 6E).

3.2.2.  Modelled responses of P. antarctica
to multiple stressors

Like C. flexuosus, when comparing modelled growth
rate responses of P. antarctica for an ambient sce-
nario (3°C, low CO2) and future scenario (5°C, high
CO2), the highest growth rates were observed for
the HL and Fe+ treatments for the ambient (0.41 ±
0.08 d−1) and future (0.41 ± 0.13 d−1) scenarios (Figs. 1

& 6G). When Fe and light were reduced, either in
combination or individually, growth for P. antarctica
declined (Fig. 5G). Under all modelled future condi-
tion scenarios, this decline under future conditions
was greater under HL (Fig. 6G). Analysis of the prob-
ability density function results suggested that ele-
vated CO2 was the main factor responsible for the
reduction of growth rates under future condition sce-
narios (Fig. 5G). Fv/Fm declined under future condi-
tions in all Fe and light treatments (Fig. 6H). Analysis
of the probability density function results for P. an -
tarctica indicated that high Fe exerts the strongest
positive influence on Fv/Fm, with high CO2 exerting
the strongest negative influence (Fig. 5H).

Measured values of σPSII for P. antarctica some-
times fell outside of the model confidence intervals
(Fig. 6I), influenced by conflicting interactive and
combined effects of treatments (Fig. 5I). Chl a con-
centrations for P. antarctica were modelled to in -
crease under all future conditions, regardless of light
or Fe (Fig. 6J). Changes in cell volume for P. antarc-
tica were variable with no obvious influence of treat-
ment (Table S1), as the model fits for cell volume
were generally poor (Fig. 6K), which is reflected by
the broad probability densities (Fig. 5A).

The C:N ratio of both species was positively influ-
enced by temperature (Fig. 5F,L) but negatively
influenced by high CO2 for cultures of C. flexuosus
(Fig. 5F) or the combinations of light and Fe, and
temperature and CO2 for cultures of P. antarctica
(Fig. 5L). For C. flexuosus, there were no obvious
trends between observed changes in the C:N ratios
and model fits for change in C:N (Fig. 6F), but C:N
ratios were modelled to increase under all future sce-
narios for P. antarctica (Fig. 6L).

4.  DISCUSSION

The experiments described here manipulated key
environmental variables that influence phytoplank-
ton growth rate and cellular properties, which are
predicted to change in the future as global CO2 con-
centrations and temperature increase. As expected,
we observed that Fe and light limitation reduced
growth rates and led to changes in chlorophyll syn-
thesis and cell volume in both species due to a lack of
available energy for cellular function (Moreno et al.
2018). Similar to previous observations, at low tem-
perature (3°C), the growth of both Phaeocystis ant -
arctica and Chaetoceros flexuous remains relatively
unchanged at low and high CO2 (Fig. 1; Trimborn et
al. 2017, Zhu et al. 2017).
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Differences in the life stage of P. antarctica (single
cells vs. colonial cells) may play a role in physiological
responses to environmental changes (see Bear dall et
al. 2009). For example, the lower surface area:volume
ratio of colonial cells may be important to limit the dif-
fusive flux of dissolved CO2 relative to cellular de-
mand (Table S1; Beardall et al. 2009). Although cul-
tures of P. antarctica were not observed to increase in
size to the same extent as C. flexuosus, cellular chl a
concentration (i.e. mmol cell−1, rather than mmol l−1)
was observed to increase ~2-fold regardless of light
and Fe treatments when grown at 3°C and high CO2.
Thus, it seems that increasing CO2 at low temperature
stimulates chl a synthesis in both species.

4.1.  Divergent responses to warming, 
acidification and higher irradiance

It is likely that all variables used in this study have
the potential to cause a positive growth response or a
stress response, which is dependent on interactions
with other environmental variables (Passow & Laws
2015). The greater impact of high CO2 on the growth
rate of P. antarctica compared with the growth rate of
C. flexuosus could be attributed to a critical CO2

threshold that differs between taxa. For example,
diatoms have a higher tolerance of extreme acidifica-
tion than other taxa (Zhu et al. 2017, Hancock et al.
2018, Paul & Bach 2020). Our modelled probability
densities can attribute phytoplankton responses to
particular variables, ultimately predicting the contri-
bution of each environmental variable to specific
physiological effects (Fig. 5). This approach also
allowed us to tease apart the influence of CO2 and
temperature in future climate scenarios.

A 2°C increase in temperature from 3−5°C under
low-CO2 conditions increased the growth rate of both
P. antarctica and C. flexuosus under HL Fe+, consis-
tent with the observed optimum growth temperature
of 5.2°C reported for Southern Ocean phytoplankton
(Coello-Camba & Agustí 2017). The increase in
growth rate with temperature can be explained by an
increase in enzymatic rates, such as those of rubisco,
induced by higher temperature (Falkowski & Raven
2013, Boyd et al. 2016). But the stimulatory effect of
temperature on growth rate was suppressed at a high
CO2 concentration (Fig. 1). The negative interactive
effect of CO2 and warming on growth rate was
greater for P. antarctica than for C. flexuosus (Figs. 1
& 5). The antagonistic relationship between warming
and CO2 concentration ob served in our study was not
observed for P. antarctica grown at various CO2 con-

centrations in filtered Southern Ocean seawater at
8°C compared to 2°C (Zhu et al. 2017). The high tem-
perature (8°C) used is near the maximum tempera-
ture for growth of P. ant arctica (10−12°C; Zhu et al.
2017, Andrew et al. 2019); thus, it is likely that high
CO2 becomes a more substantial stressor when cul-
tures are grown at  temperatures above their optimal
temperature for growth (Passow & Laws 2015). Simi-
lar to our results, Xu et al. (2014) found that growth
was suppressed in P. antarctica when temperature
and CO2 were in creased concurrently (800 μatm
CO2, 6°C) with no difference between the high- and
low-Fe conditions. Irradiance was also increased in
concert with temperature and CO2 in that study (Xu
et al. 2014), making it unclear how important each
individual stressor was in controlling the response of
each species.

Our finding that increased irradiance and CO2

exerts a strong negative effect on growth in P. ant -
arctica (Fig. 5) is consistent with the observation that
simultaneous increases in CO2 and irradiance in -
crease photoinhibition in Phaeocystis (Chen & Gao
2011). The down-regulation of CCMs under high
CO2 is also predicted to increase photoinhibition, as
CCMs generally act as an energy sink for electrons
(Raven & Johnston 1991). Increased photosensitivity
under ocean acidification and high light conditions
has been observed in other studies of Southern
Ocean phytoplankton (Beszteri et al. 2018, Trimborn
et al. 2019) and would contribute to the reduced
Fv/Fm and growth observed at high light and high
CO2 in our study (Figs. 1 & 2). Warming, individually
and combined with high CO2, increased Fv/Fm in cul-
tures of C. flexuous under high light, suggesting that
temperature plays a key role in the alleviation of the
combined light and Fe stress in Chaetoceros species
(Fig. 2). Similarly, P. antarctica does not cope well
with prolonged high light stress (Trimborn et al.
2017), and our modelling suggests that the concur-
rent increase in light and CO2 has a negative effect
on the growth of P. antarctica (Figs. 5 & 6). Although
P. antarctica and Southern Ocean diatoms have been
shown to share some photophysiological adaptations
to low light and Fe (Strzepek et al. 2019), our data
may suggest divergent responses to cope with in -
creased temperature and CO2.

4.2.  Mechanisms for carbonation and acidification
effects on phytoplankton cultures

Most phytoplankton avoid CO2 limitation of Ru -
bisco by employing CCMs (Raven & Geider 1988),
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which act to increase the concentration of CO2

around the active site of rubisco in the pyrenoid. It is
commonly shown that CCMs are down-regulated
when cells are exposed to high CO2 (Campbell &
Tyystjärvi 2012), but phytoplankton do not always
translate this resultant energy saving into increased
growth rates (Kranz et al. 2015, Young et al. 2015).
Ultimately, it is suggested that most phytoplankton
do not up-regulate C uptake when CO2 increases
(Kim et al. 2018), probably because the energy sav-
ings from down-regulating a CCM in cold water
phytoplankton are minimal (Young et al. 2015). In -
creasing CO2 and temperature has been reported to
result in a 137% increase in cellular C quotas for
P. ant arctica (Zhu et al. 2017), but no changes in C
allocation have been observed at low temperatures
(Trimborn et al. 2017, Zhu et al. 2017). In our study,
temperature was observed to positively influence the
C:N ratio of both P. antarctica and C. flexuosus, but
the individual or interactive effect of CO2 exerted a
negative influence on both species (Fig. 5C,I). We
observed an increase in the cellular C quota (mol C
l−1) for C. flexuosus in the 5°C temperature treatment
(Table S1), probably due to an increase in the cat-
alytic rate of the rubisco enzyme. No increase in C
quotas was observed in the high CO2 treatment. The
temperature effect on C:N ratios differed for differ-
ent light or Fe treatments; thus, our model aligned
poorly with measured values in this species (Fig. 6).
Similar to Passow & Laws (2015), elevated CO2

 stimulated cellular C and N quotas for P. antarctica
(Table S1), corresponding to modelled increases of
C:N ratios when temperature and CO2 increase si -
mul taneously (Fig. 6C). We hypothesize that the
excess energy resulting from the down-regulation of
CCMs is allocated to fundamentally different pro-
cesses for each taxa, resulting in different growth
responses and elemental compositions between our
study species.

It has long been thought that species-specific re -
quirements for inorganic C and varying activity of
CCMs explain physiological responses of phyto-
plankton exposed to increased CO2 concentrations;
thus, species-specific growth responses to increases
in pCO2 are also influenced by the accompanying
decrease in pH (Liu et al. 2017, Shi et al. 2019). Re -
cent research has also shown that diatom species
employ different mechanisms to regulate pH homeo -
stasis due to ocean acidification. For example, Tha-
lassiosira pseudonana increased its respiration rate
to minimize changes in intracellular pH, while Phae -
o dactylum tricornutum and Chaetoceros muelleri
lowered their intracellular pH to maintain stable res-

piration rates (Shi et al. 2019). Cytosol pH is typically
maintained at ~7.0−7.5, so as external pH decreases
to a level near the internal pH, less energy may be
required to maintain pH homeostasis (Anning et al.
1996). It is possible that C. flexuosus may lower intra-
cellular pH to maintain stable respiration rates, like
C. muelleri, thus reserving resources that could be
used for cell division (Fig. 6A; Shi et al. 2019). In the
Antarctic diatom C. debilis, high CO2 reduced dark
respiration rates (Trimborn et al. 2014) and reduced
gene expression of a number of genes involved in
respiration (Beszteri et al. 2018), supporting our
hypo thesis that C. flexuosus can withstand high-CO2

treatments by lowering its intracellular pH and thus
maintain stable growth rates (Fig. 6A).

Temperature affects the ability of organisms to
cope with changes in external pH and to maintain
intracellular pH homeostasis for cellular functionality
(Smith & Raven 1979). This could partly explain the
pronounced negative effects of high CO2 at 5°C
observed in the growth rate and Fv/Fm of cultures,
especially under high light or low-Fe conditions
(Figs. 1, 2 & 5). Declines in Fv/Fm were observed in
P. antarctica under most high-CO2 conditions, sig-
nalling that CO2 interferes with the photochemical
efficiency of the cell. In addition to the reduction of
intracellular dissolved organic C and the resultant
change in intracellular pH observed under high CO2

(Liu et al. 2017), it may be possible that the reduced
ability for cells to acquire Fe may play a role in a
cell’s CO2 response. A reduction in carbonate ion
concentration associated with ocean acidification
reduces the ability of the ferric Fe-concentrating pro-
tein ISIP2A to acquire Fe (McQuaid et al. 2018).
Regardless of mechanistic effects, high CO2 may fur-
ther exacerbate Fe stress of phytoplankton under
low-Fe conditions (Shi et al. 2010, McQuaid et al.
2018).

4.3.  Future controls on Southern Ocean
 phytoplankton productivity

Although our study focused on the effect of tem-
perature and CO2 on growth under a variety of light
and Fe conditions, it is expected that in the future
CO2 will increase concurrently with light and tem-
perature (Boyd et al. 2015). The aim of culture studies
using multiple stressors is to improve our under-
standing of species responses to climate change in
the future. We used a novel experimental design and
multiple multimodel fits to identify how environmen-
tal variables, individually or combined, contributed
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to specific physiological effects observed for 2 spe-
cies of Southern Ocean phytoplankton. Our model-
ling analysis revealed that high CO2 exerts a strong
negative in fluence on the growth of both phyto-
plankton species, individually and in combination
with light or temperature (Fig. 5). In line with our
hypothesis, Fe will continue to be an important factor
for stimulating growth and will continue to play an
important role in regulating phytoplankton blooms
and Southern Ocean biogeochemical cycles.

Many studies have reported diverse, strain-specific
responses to environmental stress (Pančić et al. 2015,
Luxem et al. 2017), probably as a result of high ge -
netic diversity across isolates isolated from the same
bloom (Gäbler-Schwarz et al. 2015). The important
differences between species responses to individual
and combined variables highlight the importance of
culturing a range of species; however, our results
cannot be extrapolated to the ecosystem level. For
this, mesocosm-scale experiments could provide
 further insights. Furthermore, to improve the mecha-
nistic understanding of how key environmental vari-
ables interact to affect physiological function, pro -
teomic analyses would be helpful to understand how
multiple biochemical pathways are impacted by
complex changes to the ocean environment.
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