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Abstract
Southern Ocean phytoplankton are especially subjected to pronounced seasonal and interannual changes in light availability. 
Although previous studies have examined the role of light in these environments, very few combined pigment-based tax-
onomy with flow cytometry to better discriminate the light response of various phytoplankton groups. In particular the dif-
ferent populations within the diverse and important taxonomic group of diatoms require further investigation. Six incubation 
experiments (9–10 days) were performed during the main productive period with natural seawater collected at the Western 
Antarctic Peninsula. Standing stock of Phaeocystis spp. cells displayed relatively fast accumulation under all levels of light 
(low, medium, high; 4–7, 30–50 and 150–200 µmol quanta m−2 s−1), whilst the small- and larger-sized diatom populations 
(4.5 and 20 µm diameter) exhibited faster accumulation in medium and high light. In contrast, intermediate-sized diatoms 
(11.5 µm diameter) displayed fastest net growth under low light, subsequently dominating the phytoplankton community. Low 
light was a key factor limiting accumulation and peak phytoplankton biomass, except one incubation displaying relatively 
high accumulation rates under low light. The 3-week low-light period prior to experimentation likely allowed adaptation to 
maximize achievable growth and seems a strong determinant of whether the different natural Antarctic phytoplankton popu-
lations sustain, thrive or decline. Our study provides improved insight into how light intensity modulates the net response 
of key Antarctic phytoplankton, both between and within taxonomic groups.
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Introduction

The highly productive Antarctic coastal marine ecosys-
tems are subjected to pronounced seasonality in the light 
environment. Phytoplankton accumulation begins as the 
light returns after mid-winter when phytoplankton cells are 
still subjected to deep mixing and low average light levels 
(~ 1 µmol quanta m−2 s−1; Venables et al. 2013). Although 
gross growth (µgross) at this time may be relatively low, a 
decoupling between phytoplankton µgross and losses during 
winter (due to the deepening of the mixed layer that reduces 
encounter rates between predator and prey) promotes net 
accumulation in the water column (the Dilution-Recoupling 
Hypothesis; Behrenfeld 2010). With the seasonal reduction 
in wind speed promoting a shallowing of the mixed layer 
after (mid-) winter, a re-coupling of phytoplankton growth 
and loss processes is offset by concurrent increases in µgross 
(mainly due to increasing light availability) until phyto-
plankton accumulation ceases due to factors limiting growth 
(e.g. low nutrients, low light or over-predation) (Taylor et al. 
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2013; Llort et al. 2015; Park et al. 2017; Oliver et al. 2019). 
Whilst zooplankton grazing is traditionally viewed as the 
dominant loss factor of phytoplankton cells, more recent 
studies measuring specific viral lysis rates under natural con-
ditions indicate viral lysis is just as important (Mojica et al. 
2016; Biggs et al. 2021). As the response time to seasonal 
changes in phytoplankton availability could potentially differ 
between viruses and grazers, another layer of complexity is 
added when explaining the balance between predator, prey 
and the observed phytoplankton standing stock.

Rates of accumulation may also be influenced by sea-
sonality in the growth response of phytoplankton (Slough-
ter et al. 2019). Reduced growth in overwintered popula-
tions (after long periods of low PAR) has been related to 
physiological changes that balance maintenance respiration 
against photosynthetic efficiency and energy expenditure. 
If light intensity remains below a certain threshold level, it 
may be beneficial to decrease maintenance losses, result-
ing in a reduced ability of phytoplankton growth to respond 
to increased levels of light. When average light exposure 
rises above this threshold level, where respiration and gross 
growth balance (and hence net growth is zero), the net effect 
can be a shift from a slow to a fast growth response at higher 
light. Such adaptive variability has been suggested as a 
response to low light over the winter period, yet, low-light 
levels may also occur during the productive season (Clarke 
et al. 2008; Venables and Moore 2010; Venables et al. 2013). 
Such a response could be beneficial depending on the length 
of the low-light period and the time taken for phytoplank-
ton to adapt. Variability in ice cover, cloudiness, water col-
umn stratification, the frequency, duration and intensity of 
wind driven mixing, suspended sediments and the degree of 
self-shading largely determines the light climate during the 
Southern Ocean productive season (Clarke et al. 2008; Vena-
bles and Moore 2010; Ducklow et al. 2012; Venables et al. 
2013). A previous study at the Western Antarctic Peninsula 
(WAP), based in the same area as this study, indicated that 
light attenuation due to phytoplankton biomass (Biggs et al. 
2019) is a major determinant controlling light intensity in 
the water column (Biggs 2020).

Overall, the response of phytoplankton to light may be at 
the community level, such as changes in specific dominating 
species, cell size and/or taxonomic groups, as well as intra-
specific variation, such as changes in genotypes or pigment 
concentrations (Timmermans et al. 2001; Moore et al. 2006; 
Arrigo et al. 2010; Alderkamp et al. 2012). The growth capa-
bility of the community in response to light may have sig-
nificant impacts on the timing, magnitude and composition 
of phytoplankton blooms, ultimately influencing top-level 
consumers (Winder and Sommer 2012). The high biomass 
phytoplankton blooms that typically develop in polar regions 
(Thomalla et al. 2011; Llort et al. 2015) limit the penetra-
tion of light into the water column (Vernet et al. 2008; Park 

et al. 2017) and can span considerable time periods during 
the growth season (Arrigo et al. 2015). As such, acclimation 
to low-light levels is likely of critical importance in relation 
to potential growth. The response of natural communities 
to light is argued to have important implications for marine 
productivity models, especially for predictions in rapidly 
changing environments (Sloughter et al. 2019). Yet, the role 
of light in controlling peak biomass and seasonal dynamics 
in Antarctic waters is less clear (Arrigo et al. 2015).

Whilst many Southern Ocean studies have used pigment 
analysis to describe the phytoplankton community (e.g. 
Wright et al. 2010; Kozlowski et al. 2011; Mendes et al. 
2012), very few have combined this with flow cytometry to 
discriminate different populations in more detail (García-
Muñoz et al. 2013). Although phytoplankton pigment analy-
sis via high-performance liquid chromatography (HPLC), 
followed by chemical taxonomy (CHEMTAX; Mackey 
et al. 1996) provides a taxonomic classification of the phy-
toplankton community (Wright and Van den Enden 2000; 
Wright et al. 2010), acclimation due to changing cellular 
pigment concentrations (Dubinsky and Stambler 2009) 
could potentially skew estimates of biomass concentrations 
and taxonomic contributions based on pigments. Further-
more, a relatively few large cells can dominate total Chl-
a, obscuring the changes within smaller-sized populations. 
Flow cytometry is based on single-cell analysis (of pigment 
autofluorescence and scatter signals) and offers a greater 
level of differentiation of the phytoplankton community. In 
addition, combining these techniques with size fractionation 
can provide a rapid and more detailed assessment of multiple 
phytoplankton populations within a single taxonomic group 
(Biggs et al. 2019).

Understanding the ecological and physiological mecha-
nisms driving Antarctic phytoplankton community struc-
ture is vital to assess the response of marine systems to 
global climate change. Shifts in size class distribution have 
the potential to drastically alter the Southern Ocean food 
web (Atkinson et al. 2004). Global warming is expected to 
indirectly affect light availability as a result of prolonged 
and intensified vertical stratification or increased mixing, 
depending on regional differences (Meredith et al. 2022). 
Such changes could cause shifts in Antarctic phytoplankton 
community composition (Garibotti et al. 2005; Mendes et al. 
2017; Biggs et al. 2019) which will alter trophic transfer effi-
ciency and elemental cycling (Petrou et al. 2016; Rembau-
ville et al. 2016). In addition, reductions in sea ice duration 
and extent will also lengthen the productive season, primar-
ily due to increased light availability in the water column in 
spring and autumn (Montes-Hugo et al. 2009; Arrigo and 
van Dijken 2015).

The aim of this study was to examine in more detail, 
by combining taxonomic classification, flow cytometric 
single-cell analysis and size fractionation, to what extent 
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light influences the composition, standing stock and net 
accumulation rates of Antarctic phytoplankton. Six incu-
bation experiments were performed on seawater collected 
from a coastal site at the WAP during the main productive 
season (December to March), using 3 light intensities (low, 
medium, high; ranging from 4 to 200 µmol quanta m−2 s−1). 
We hypothesize that specific phytoplankton populations are 
able to adjust their growth potential under low-light levels 
and as such, extend periods of accumulation. Although we 
expect, from the literature, diatoms to be competitive under 
low light (Petrou et al. 2016; Rozema et al. 2017b; Strzepek 
et al. 2019), we also hypothesize that some diatoms may be 
better adapted to low-light conditions (e.g. diatom Phyto IX, 
11.5-µm cell diameter; as suggested by Biggs et al. 2019), 
whilst others are more competitive under high and medium 
light (diatom Phyto VI, 4.5 µm diameter; Biggs et al. 2019).

Methods

Physiochemical measurements

Data for this study were obtained from the Rothera time 
series site (RaTS, latitude 67.572° S; longitude 68.231° W; 
Clarke et al. 2008) located in Ryder Bay on the Western Ant-
arctic Peninsula (WAP, Fig. 1). Environmental conditions 
were recorded over two austral productive periods, season 1 
(S1) from Dec 2012 to April 2013 and season 2 (S2) between 
Nov 2013 and April 2014 (Biggs et al. 2019). Water column 
profiles were obtained using a SeaBird 19 + conductivity 
temperature depth instrument (CTD) supplemented with a 
flat LiCor sensor to measure photosynthetically available 
radiation (PAR) and an in-line fluorescence sensor (Wet-
Labs). CTD deployment was from a rigid inflatable boat, 
using a handcranked winch, with casts conducted to near-
seabed (500 m). Full details are available in Meredith et al. 

(2004) and Clarke et al. (2008). In situ density, temperature, 
salinity (as expressed on the Practical Salinity Scale used 
throughout this paper) and PAR at the sampling depth were 
obtained from the CTD. In addition, detailed time series data 
(and methologies) of other environmental conditions, such 
as sea ice coverage, mixed layer depth (MLD; defined here 
as the depth at which the density is greater than the surface 
density by 0.05 kg m−3), stratification level (potential energy 
required to homogenize the water column from the surface to 
40 m depth) and dissolved inorganic phosphate, nitrate and 
silicate concentrations are published in Biggs et al. (2019). 
Daily air-PAR (24 h average of light intensity readings) were 
recorded at a weather station on top of a hill at Rothera Sta-
tion (British Antarctic Survey).

Light experiments

Seawater for the incubation experiments was collected at 
the RaTS long-term monitoring site (at 15 m depth) by a 
12-L Niskin bottle deployed from a small boat. As MLD 
was very shallow during summer (< 4 m at the start of INC 
3–5 and 8–12 m for INC 1, 2 and 6), seawater samples for 
all experiments were collected from below the mixed layer. 
Taking care to prevent light exposure, the 24-L polycarbon-
ate Nalgene carboys (used for the incubations) were filled 
to the brim. Seawater was transported to a temperature-con-
trolled lab maintained at ~ 0.5 °C, immediately sub-sampled 
(20 L final volume) and then transferred (whilst kept dark) 
to an indoor flow-through (seawater) incubator to replicate 
in situ temperature dynamics. Three PAR intensities were 
used for each experiment of 150–200 (high light, HL), 
30–50 (medium light, ML) and 4–7 µmol quanta m−2 s−1 
(low light, LL). Photosynthesis irradiance measurements 
on seawater collected at the same sample site during S2 are 
published in Rozema et al. (2017a). These data indicate that 
during this season (Nov–Mar) EK ranged from 34 to 68 µmol 

Fig. 1   Map of the location of a 
Rothera Station on the Western 
Antarctic Peninsula and b the 
Rothera Time Series sample 
site (RaTS station) in relation to 
Rothera station
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quanta m−2 s−1, similar to medium light levels used during 
incubations. Unfortunately, photosynthesis irradiance meas-
urements were not available for S1. For each light treatment 
triplicate bottles were incubated, hence nine bottles in total. 
Light was supplied by 18 W/965 OSRAM daylight spec-
trum fluorescent tubes (München, Germany) and the light 
intensity was adjusted using neutral density screens. Incuba-
tion bottles were turned three times a day to simulate water 
column mixing.

To best mimic natural phytoplankton dynamics, we used 
untreated natural seawater for the incubation experiments. 
We aimed to study net phytoplankton community dynamics 
and constraining top-down controls (e.g. grazers and viruses) 
would skew the results. Firstly, not all grazers (different size 
classes) can be removed without also affecting the phyto-
plankton community. Secondly, removing only the larger 
grazers (e.g. > 200 μm) affects the grazing impact of the 
microzooplankton as they are also potential prey for larger 
zooplankton. Furthermore, removing viruses (by filtration 
or dilution) affects not only the phytoplankton dynamics 
but also the numerically dominant bacterial hosts. Unlike 
phytoplankton, we anticipate zooplankton not to be directly 
affected by light intensity; therefore, we expect that grazers 
and viruses are not driving the response of phytoplankton to 
light availability. Although changes in the grazer and virus 
community may occur during the incubations, these altera-
tions would likely be in response to changes in phytoplank-
ton availability and community composition. This is one of 
the reasons we limited the incubations to 9–10 days.

Six incubation experiments (INC) were performed in 
total: INC 1 and 2 lasted 10 days and were conducted dur-
ing the second half of S1 on 6 Feb and 11 Mar (2013). INC 
3–6 were performed over 9 days and conducted over S2 on 
4 and 28 Dec 2013 and 29 Jan and 25 Feb 2014 (Table 1). 
At the beginning (T0) and end (TEND) of each incubation, 
6-mL subsamples were collected for nutrients (phosphate, 
nitrate and silicate) and 1-L subsamples for phytoplankton 
pigment analysis (apart from T0 for INC 1 and 2 where only 
2 × 1-L subsamples were taken for pigment analysis, from 
the first and last bottle of seawater collected). On day 0 (T0), 
day 3 (T3), day 7 (T7) and day TEND, 55-mL subsamples were 

collected for phytoplankton enumeration and photosynthetic 
efficiency analysis.

Phytoplankton variables

Photosynthetic efficiency (Fv/Fm) was determined using 
pulse amplitude-modulated (PAM) fluorometry (Water-
PAM). Samples were dark acclimated for 15 min on ice after 
which the minimum (F0) and maximum (Fm) chlorophyll 
fluorescence were measured. The variable fluorescence (Fv) 
is calculated as Fm − F0 (Maxwell and Johnson 2000). For 
comparison of Fv/Fm between and within experiments, we 
attempted to maintain a constant Gain setting of 7. However, 
low Chl-a concentrations at the beginning of S2 required a 
Gain setting of 9 to be used throughout INC 3.

Samples for Chl-a concentration and phytoplankton taxo-
nomic composition (based on pigment ratios) were obtained 
by filtering 1 L through GF/F glass fibre filters (47 mm, 
Whatman, the Netherlands). Filters were wrapped in alumin-
ium foil, snap-frozen in liquid nitrogen and stored at − 80 °C 
until analysis. Phytoplankton pigments were analysed by 
high-performance liquid chromatography (HPLC) accord-
ing to Brussaard et al. (2016) and pigment quantification 
was performed using reference standards (DHI, Hørsholm, 
Denmark). Peaks identified were manually checked for qual-
ity assessment. Phytoplankton class abundances were calcu-
lated using pigment data from HPLC by CHEMTAX v1.95 
(Mackey et al. 1996). This programme uses a factor analysis 
and steepest decent algorithm to find the best fit based on a 
pigment ratio matrix. Six taxonomic classes were chosen to 
classify the WAP phytoplankton, in line with those used pre-
viously for RaTS site data (Biggs et al. 2019) and confirmed 
by microscopy observations (unpublished data): Prasinophy-
ceae, Chlorophyceae, Dinophyceae, Cryptophyceae, Prym-
nesiophyceae and Bacillariophyceae (diatoms). CHEMTAX 
was run 60 times using all pigment concentration data with 
randomized (± 35%) pigment ratios to minimize the root 
mean square error (RMSE) using settings recommended in 
Kozlowski et al. (2011). The run with the lowest RMSE was 
deemed final with initial and final ratios shown in Online 
Resource 1. Chl-a concentrations were converted to cel-
lular carbon (Chl-C) using taxon-specific conversion fac-
tors according to Garibotti et al. (2003), with the exception 
of Dinophyceae for which we used an average of ratios by 
Llewellyn et al. (2005) and Agirbas et al. (2015). Specific 
accumulation (net growth) rates (day−1) were determined 
for the different phytoplankton taxonomic groups, as well as 
for total Chl-a and Chl-C over the entire incubation period, 
i.e. T0 to TEND. Significant differences between light treat-
ments and experiments were tested using a one-way analysis 
of variance (ANOVA or ANOVA on Ranks when unequal 
variance was detected; SigmaPlot v14, from Systat Software, 
Inc., San Jose California, USA), a two-tailed Student’s t test 

Table 1   List of Incubation experiments (INC) detailing season (Sea-
son 1 or 2; S1 or S2, respectively) and start date

Incubation experiment Season Date

INC 1 S1 6 Feb 2013
INC 2 S1 11 Mar 2013
INC 3 S2 4 Dec 2013
INC 4 S2 28 Dec 2013
INC 5 S2 29 Jan 2014
INC 6 S2 25 Feb 2014
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or Wilcoxon Signed Rank Test for non-normal data (Sig-
maPlot v14).

For flow cytometric phytoplankton enumeration, 3.5-mL 
subsamples were fixed with 100-µL formaldehyde–hex-
amine (18% v/v:10% w/v) at 4 °C, after which they were 
snap-frozen in liquid nitrogen and stored at − 80 °C until 
analysis. Samples were analysed according to Marie et al. 
(1999) using a Becton Dickinson FACSCalibur flow cytom-
eter (BD Biosciences) equipped with an air-cooled Argon 
laser with an excitation wavelength of 488 nm (15 mW). The 
trigger was set on red fluorescence channel and phytoplank-
ton populations were distinguished using bivariate scatter 
plots of red chlorophyll-a (Chl-a) autofluorescence versus 
side scatter. Cryptophytes were discriminated based on their 
orange phycoerythrin autofluorescence. Furthermore, sea-
water samples were size fractionated by gentle (largely by 
gravity) serial filtration of a small volume of sample. Ten 
phytoplankton groups were discriminated, coded Phyto I to 
X, with average cell diameters of 0.9, 1.8, 3.1, 4.0, 4.5, 4.5, 
7.4, 8.1, 11.5 and 20.4 µm, respectively (Biggs et al. 2019). 
Based on the flow cytometry data in combination with pub-
lished < 20-µm Chl-a concentrations and chemical taxonomy 
results by Biggs et al. (2019), the larger algal groups Phyto 
V–X were classified as diatoms, Phyto IV as cryptophytes 
(Cryptophyceae; based on orange autofluorescence and 
microscopy) and Phyto III as Phaeocystis spp. (based on 
microscopy and resembling temporal dynamics with Prym-
nesiophyceae). Light microscopy of Lugol’s fixed seawater 
samples in S1 (unpublished data) shows that two days after 
the start of INC 2 (corresponding to peak abundance of 
Phyto IX), nano-sized centric diatoms (9–17 µm) dominated 
the phytoplankton community. Although we did not specifi-
cally quantify or identify the diatoms via microscopy, van 
Leeuwe et al. (2020) observed at the same location in Janu-
ary/February 2013 relatively high numbers of Thalassiosira 
spp. (5–20-µm cell length) and Chaetoceros spp. (10–15-µm 
cell length). The authors also show relatively high numbers 
of Chaetoceros spp. (10–15 µm) and various Fragilariopsis 
species between November 2013 and February 2014.

Cellular carbon contents for the phytoplankton popula-
tions identified by flow cytometry (FCM-C) were derived 
using their average cell diameter (assuming cells to be spher-
ical) and conversion factors of 196.5 and 237 fg C µm−3 for 
nano- and pico-sized phytoplankton populations, respec-
tively (Garrison et al. 2000; Worden et al. 2004).

Specific accumulation (net growth) rates (day−1) were 
calculated from the abundance dynamics for the different 
phytoplankton groups as well as for total phytoplankton (the 
latter both based on cell count and cellular carbon) over the 
entire incubation period, i.e. T0 to TEND (10 days for INC 
1 and 2 and 9 days for INC 3–6). Additionally, we calcu-
lated the accumulation (net growth) rates specifically for 

the start (T0–3 days), mid (T3–7 days) and end (T0–END) of the 
incubations.

Results

Incubation starting conditions

The environmental conditions at the time of sampling for 
the incubation experiments are listed in Table 2. In short, 
the seawater temperature at the start of the experiments was 
above 0 °C for INC 1, 2 and 5 (i.e. 1.2, 0.7 and 0.5 °C, 
respectively) and below 0 °C for INC 3, 4 and 6 (− 0.8, 
− 1.0 and − 0.5 °C). Note that during the 21 days prior to the 
start of the incubations, the average temperature was ≥ 1 °C 
for INC 1 and 2 and ≤ 0 °C for INC 3–6. INC 5 showed 
the largest difference in temperature (0.7 °C), ranging from 
below to above 0 °C. Although there was more ice cover in 
the latter half of productive season S1 (INC 1 and 2) when 
compared with the same period in S2 (INC 5 and 6), ice 
melt was most visible in the relatively low salinity of the 
seawater used to setup INC 5. Dissolved inorganic phos-
phate and nitrate concentrations were lowest at the start of 
INC 2 and 5 (< 0.3 and < 7.9 µM, respectively), whilst sili-
cate concentrations were > 25 µM for all experiments. Mean 
daily air-PAR is largely determined by day length and was 
consequently lowest at the end of the productive season, 
both for S1 and S2 (6 and 16 µmol quanta m−2 s−1 for INC 
2 and 6, respectively; Table 2). Similar to air-PAR, the PAR 
intensities at the 15-m sampling depth were low for INC 2 
and highest at the beginning of INC 3 (0.3 and 310 µmol 
quanta m−2 s−1, respectively). Whilst PAR levels were low 
in the water column at the time of sampling for INC 4 and 
5, they had been considerably higher in the preceding period 
(i.e. average PAR 26 and 23 µmol quanta m−2 s−1; Table 1).

The phytoplankton community in the natural seawater 
used for INC 1 (0.7 ± 0.1 µg Chl-a L−1, n = 2, Fig. 2a) seeded 
a high biomass bloom under natural conditions (Biggs et al. 
2019) composed of equal proportions of diatoms, crypto-
phytes and prymnesiophytes (32 ± 2, 33 ± 5 and 31 ± 5%, 
n = 2; Online Resource 2 and 3). Specifically, diatom Phyto 
VI and Phyto III (i.e. Phaeocystis spp.) dominated total phy-
toplankton abundance (56 ± 5 and 19 ± 4%, n = 8, respec-
tively; Fig. 2b and Online Resource 4 and 5). Cellular carbon 
was largely composed of Phyto VI (44 ± 5%, n = 8), but also 
the larger-sized Phyto IX (26 ± 2% of total, n = 8; Online 
Resource 6). INC 2 had the highest Chl-a starting concen-
tration (16.9 ± 1 ug L−1, n = 2; Fig. 2a) and phytoplankton 
abundances (5.1 ± 1.1 × 103 cells mL−1, n = 9; Fig. 2b), 
representing a diatom-dominated bloom climax (Chl-a 
99 ± 0.1%, Chl-C 100 ± 0%, n = 2; Online Resource 2, 3 
and 7). Phyto IX comprised 66 ± 5% of total counts (n = 9; 
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Online Resource 4) and 94 ± 5% (n = 9) of cellular carbon 
(533 ± 143 µg L−1, n = 9; Online Resource 6).

During S2, INC 3 was setup with seawater containing 
the start community of the initial phytoplankton bloom 
(0.6 ± 0.1 µg Chl-a L−1, n = 9), consisting mostly of dia-
toms (89 ± 1% n = 9) and to a lesser extent prymnesiophytes 
(10%, Online Resource 2). Phaeocystis spp. Phyto III rep-
resented the majority (59 ± 1% n = 9; Online Resource 4) of 
the initial total phytoplankton cell abundance (3.3 ± 0.1 × 103 
cells mL−1, n = 9; Online Resource 8), with diatom Phyto 

V being the second most abundant (26 ± 2% n = 9; Fig. 2b 
and Online Resource 4). Cellular carbon was dominated 
by the larger-sized Phyto X (51 ± 6%, n = 9) and to a lesser 
extent by Phyto III (15 ± 2%, n = 9) and Phyto V (17 ± 3%, 
n = 9; Online resource 9). At the time of INC 4, the dia-
tom-dominated (97 ± 1%, n = 9; Online Resource 3) Chl-a 
concentrations were relatively high (2.5 ± 0.5 µg L−1 n = 9, 
Fig. 2a). In particular, Phyto IX and Phyto X (484 ± 140 
and 106 ± 43 cells mL−1, n = 9; Online resource 4) made up 
41 ± 7 and 48 ± 7% (n = 9) of cellular carbon, respectively 

Table 2   Environmental conditions at the sample site (on the day of 
sampling) for incubations 1–6 (INC 1–6) at T0 (6 Feb and 11 Mar 
2013, 4 and 28 Dec 2013 and 29 Jan and 25 Feb 2014, respectively) 
and as average of 3 weeks prior to the start of the incubations (21 day 
mean): Temperature (Temp.), ice cover, salinity, photosynthetically 

active radiation (PAR) in air, PAR at sampling depth, level of stratifi-
cation over the top 40 m of the water column (Strat.), dissolved inor-
ganic nitrate (NO3) and phosphate (PO4) concentrations, nitrate-to-
phosphate ratio (NO3:PO4), and silicate (Si) concentrations

Temp (°C) Ice cover (%) Salinity Air PAR 
day−1

(µmol quanta 
m−2 s−1)

PAR
(µmol quanta 
m−2 s−1)

Strat
(J m−2)

NO3
(µM)

PO4
(µM)

NO3:PO4 Si
(µM)

At T0

INC 1 1.2 20 33.2 30 40 433 14 1.1 13 58
INC 2 0.7 40 33.2 6 0.3 231 7.9 0.3 28 58
INC 3 − 0.8 40 33.7 69 310 365 27 1.9 14 79
INC 4 − 1.0 30 33.6 44 3.0 911 25 1.8 14 74
INC 5 0.5 10 32.8 49 7.0 997 3.9 0.2 18 25
INC 6 − 0.5 10 33.3 16 32 684 18 1.4 13 55
21-day mean
INC 1 1.3 24 33.3 33 24 573 13 0.9 14 57
INC 2 1.0 31 33.2 21 2.0 424 11 0.4 27 57
INC 3 − 1.2 25 33.8 43 139 193 28 1.8 16 81
INC 4 − 0.5 63 33.6 47 26 887 22 1.5 15 68
INC 5 − 0.2 23 33.0 42 23 955 9.2 0.5 18 34
INC 6 0.0 16 33.0 26 39 617 12 0.9 13 40

Fig. 2   The phytoplankton community at the start of the six incubation experiments in terms of a total chlorophyll-a and b community composi-
tion as determined by flow cytometric identification of the ten distinct groups designated Phyto I–X (respectively)
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(Online Resource 9). Chl-a concentrations were still high 
at the start of INC 5 (4.6 ± 0.3 µg L−1, n = 9; Fig. 2a), again 
primarily due to diatoms (87 ± 3%, n = 9) but with increased 
contributions of Prymnesiophyceae (11 ± 2%, n = 9; Online 
Resource 2). The share of Phaeocystis spp. Phyto III was 
similar to the start community for INC 3 but its abundance 
was a factor of 1.3 higher (2.6 × 103 cells mL−1, n = 9; 
Fig. 2b). Diatoms Phyto IX and Phyto X remained the pri-
mary contributor to the phytoplankton cellular carbon pool 
(21 ± 3 and 41 ± 8%, respectively, n = 9; Online Resource 9). 
Seawater for INC 6 was collected after the decline of the ini-
tial S2 phytoplankton bloom (Chl-a reduced to 1.2 ± 0.1 µg 
L−1, n = 9; Fig. 2a). The contributions of cryptophytes and 
prymnesiophytes had increased (18 ± 3 and 22 ± 5%, respec-
tively, n = 9) but diatoms still dominated the phytoplankton 
community (56 ± 6% of total Chl-a, n = 9; Online Resource 
2). Total phytoplankton abundance was 2 ± 0.1 × 103 cells 
mL−1 (n = 9; Fig. 2b) and largely represented by Phaeocystis 
spp. Phyto III (69 ± 2%, n = 9) and picoeukaryote Phyto II 
(11 ± 1%, n = 9; Online Resource 4). Despite their low abun-
dance (< 11 cells mL−1, Fig. 2b), the larger-sized Phyto IX 
and X comprised 41 ± 10% (n = 9) of total cellular carbon 
(Online Resource 9).

Photosynthetic efficiency and chlorophyll‑a

The photosynthetic efficiency (Fv/Fm) at the start of all 
experiments indicated that phytoplanktons were not pho-
tosynthetically stressed, i.e. values between 0.54 and 0.71 
(Fig. 3). For the LL and ML treatments Fv/Fm stayed high 
during the 9- or 10-day incubations. The Fv/Fm ratios ini-
tially dropped slightly in all the HL experiments, with some 
recovery in INC 3 and 5 (Day 3 to 7). Unlike for the other 
experiments, ambient light levels preceding the setup of INC 
2 were very low (Table 1), which may explain the steady 
drop in Fv/Fm under HL over the ten days of INC 2 (mini-
mum 0.26; Fig. 3).

At the end of all incubation experiments, diatoms domi-
nated total Chl-a concentrations, independent of the light 
levels (Online Resource 3). Also for INC 1, starting with 
a relatively low share of diatoms (32 ± 2%, n = 2), diatoms 
contributed most to total Chl-a towards the end of the experi-
ment (87 ± 8, 81 ± 4, and 60 ± 5%, n = 3, for HL, ML and 
LL, respectively). Chl-a concentrations (similar to Chl-C) 
at the end of INC 1 and 6 were significantly lower under 
LL compared to ML and HL (Fig. 4a, b; ANOVA: F2,5 
(INC 1) F2,6 (INC 6) = 352, 40, respectively, p < 0.001). 
Prasinophyte Chl-a concentrations were greatest at the 
end of INC 1 and 6 under HL and ML (compared to LL; 
Online Resource 3), the only experiments where prasino-
phyte Chl-a was significantly different between light treat-
ments (ANOVA: F2,5 and F2,6 = 58.9 and 42.7, respectively, 
p < 0.001; Online Resource 3). In contrast to INC 1 and 6, 

Chl-a concentrations (and also Chl-C) at the end of INC 2, 
3, 4 and 5 (Online Resource 3) were significantly higher 
under LL compared to HL and ML (Fig. 4a, b; ANOVA: 
F2,6 (INC 2, 3 and 5) F2,5 (INC 4) = 20.2, 7.5, 37.8 and 11.9 
p = 0.002, 0.023, < 0.001 and 0.012, respectively). Chl-a and 
Chl-C accumulation rates were also lowest under LL in INC 
1 and 6 and highest under LL in INC 2–5 (Fig. 5a, b).

Flow cytometry

At the end of the incubations, total phytoplankton abun-
dances as determined by flow cytometry (FCM-ab) were 
significantly lower under LL (compared to HL or ML) 
in all experiments apart from INC 2 (ANOVA on ranks: 
H2 = 6.3, p = 0.011, 0.011, (INC 1, 4); ANOVA: F2,5 = 23, 
p = 0.003 (INC 3); F2,6 = 145, 239, p < 0.001, < 0.001 (INC 
5, 6, respectively); Fig. 4 c and Online Resource 5 and 8). 
Similarly, flow cytometry-based abundance (and carbon) 
accumulation rates were significantly lower under LL (com-
pared to HL or ML) in all experiments apart from INC 2 
(ANOVA: F2,5 (INC 1 and 4) F2,6 (INC 3, 5 and 6) = 35, 
25, 9.9, 346, 108, p = 0.001, 0.002, 0.013, < 0.001, < 0.001, 
respectively; Fig. 5c, d and Tables 3 and 4). For INC 1, 3, 
4, 5 and 6 under LL, phytoplankton numbers were merely 

Fig. 3   The influence of light on the photosynthetic efficiency (Fv/Fm) 
of the phytoplankton community under the light regimes 150–200 
(high light, HL), 30–50 (medium light, ML) and 4–7  µmol quanta 
m−2 s−1 (low light, LL) during incubation experiments (INC) 1–6 (a 
to f, respectively). Error bars represent ± 1 standard deviation
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Fig. 4   Phytoplankton a chloro-
phyll-a (Chl-a) concentrations, 
b chlorophyll-based carbon 
(Chl-C), c flow cytometry 
abundances (FCM-ab) and d 
abundance-based carbon (FCM-
C) at the termination of incuba-
tion experiments (INC) 1 to 6. 
Error bars are calculated from 
triplicates and represent + 1 
standard deviation

Fig. 5   Phytoplankton net 
growth rates (µNET) calculated 
over the full duration of the 
incubations according to a chlo-
rophyll-a (Chl-a), b estimated 
chlorophyll carbon (Chl-C), c 
total phytoplankton abundance 
(FCM-ab) and d estimated 
phytoplankton carbon (FCM-C). 
Error bars are calculated from 
triplicates and represent + 1 
standard deviation
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maintained, both at the start (T0–3) and overall (T0–9; Online 
Resource 5 and 8), with average total abundance-based accu-
mulation rates ranging from − 0.06 to 0.06 day−1 (Tables 3 
and 4). This coincided with essentially unchanged silicate, 
nitrate and phosphate concentrations under LL (Fig. 6a–c). 
In contrast, the accumulation rate under LL in INC 2 was 
0.26 ± 0.05 day−1 at the start (n = 3) and 0.10 ± 0.02 day−1 
overall (n = 3) (Table 3), coinciding with nutrient drawdown 
under LL (Fig. 6). Concentrations of nitrate and phosphate 
were low at the start of INC 2 (Fig. 6b, c) which may have 
reduced the accumulation rates after the first 3 days, espe-
cially the relatively large-sized Phyto IX which dominated 
both flow cytometry abundance and carbon accumulation 
rates (0.32 ± 0.08  day−1, n = 3; Table 3). Phosphate and 
nitrate concentrations were also low at the start of INC 5, 
yet no large reduction in total abundance-based accumu-
lation rates was observed (Table 4), which may be due to 
low numbers of the larger-sized phytoplankton populations 
(Online Resource 8). Low nutrient concentrations could also 
have reduced accumulation rates towards the end of INC 3 
and 4 (T7–9) under HL and ML (Table 4).

The phytoplankton community at the end of INC 1 under 
ML (the light intensity most similar to the ambient light 
level at the start of the experiment) was highly compara-
ble to that of the natural community sampled around that 
time (30–50 µmol quanta m−2 s−1), i.e. the dominant pop-
ulations Phyto III, VI and IX made up 19 ± 5, 58 ± 9 and 
10 ± 1% (n = 3) at ML in INC1 (Online Resource 5) ver-
sus 20, 55 and 9% under natural conditions (Biggs et al. 
2019). This suggests that the incubations successfully rep-
licated natural conditions. Diatoms Phyto VI were the most 
abundant phytoplankton group in INC 1 (initial concentra-
tions of 1.1 ± 0.2 × 103 cells mL−1, n = 8; Fig. 2b) and grew 
well throughout the experiment (0.27 ± 0.03 day−1, n = 2; 
Table 3). Phyto VI subsequently contributed the dominant 
portion of total abundance-based accumulation rates in the 
ML incubations (Fig. 5c). During the other experiments 
(INC 2–6) relatively high Phyto VI abundance accumula-
tion rates were observed under ML as well as HL. High-
est Phyto VI carbon concentrations (> 12 µg C L−1) were 
observed during INC 1, 2 and 5 (Online Resource 6 and 
9), the only incubations where temperature was > 0 °C. 
This is compared to INC 3, 4 and 6 where concentrations 
remained ≤ 7 µg C L−1 (Online Resource 6 and 9). This is 
unlike the similar sized diatom Phyto V where highest abun-
dances were observed under HL and ML at the end of INC 
3, where temperatures were lowest and in situ PAR highest 
(Table 2). Comparing accumulation rates of Phyto V during 
the first three days of all experiments, highest rates were also 
observed under HL and ML at the start of INC 3, with Phyto 
V and X displaying the largest rates of all Phyto groups (0.31 
to 0.35 day−1; Tables 3 and 4). Highest concentrations of the 
largest diatom Phyto X were observed during INC 2, 3 and A
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4 under HL and ML (peak abundance ≥ 680 cells mL−1), 
compared to INC 1, 5 and 6 where numbers under HL and 
ML remained low throughout (< 50 cells mL−1).

The diatoms Phyto IX (11.5 µm) dominated FCM-C under 
both ML and HL in INC 1 (439 ± 27 and 754 ± 251 µg C L−1 
at the end of the experiment; 89 ± 0.1 and 70 ± 2% of total, 
n = 2 and 3, respectively) and were responsible for the rela-
tively high carbon-based accumulation rates (Fig. 5d). The 
dynamics of diatom Chl-C under HL and ML (accumulation 
rates of 0.41 ± 0.01 and 0.43 ± 0.01 day−1 n = 2 and 3, respec-
tively; Online Resource 10) were indeed similar to Phyto 
IX (0.48 ± 0.04 and 0.42 ± 0.02 day−1 n = 2; Table 3). Simi-
larly, the Chl-C net growth rates of prymnesiophytes and 
cryptophytes under LL (0.01 ± 0.04 and − 0.04 ± 0.2 day−1, 
n = 3, respectively; Online Resource 10) resembled FCM-
C-based rates of Phaeocystis spp. Phyto III and the crypto-
phyte Phyto IV (− 0.08 ± 0.12 and − 0.05 ± 0.04 day−1, n = 3, 
respectively; Table 3). Although abundances of Phaeocystis 
spp. Phyto III were relatively high at the end of all experi-
ments except INC 2, highest abundances were observed in 
INC 5 and 6 under all light treatments (Online Resource 5 
and 8). The natural dynamics of this phytoplankton group 
were associated with reduced salinities (Biggs et al. 2019), 
coinciding with lowest average salinity during the 21 days 
prior to T0 of INC 5 and 6 (Table 2).

INC 2 was different to the other experiments as it was 
the only incubation where initial (T0–3) accumulation rates 
were comparable under all light regimes (abundance-based 
0.22–0.26  day−1 and FCM-C-based 0.31–0.36  day−1, 
Tables 3 and 4). INC 2 was also the only incubation where 

the natural light intensity was less than low light, both at 
the start and during the 21 days prior (Table 2). At the start 
of this experiment, total FCM-C was dominated by Phyto 
IX (94 ± 2% n = 9), with significantly higher concentrations 
of Phyto IX observed at the end under LL (1670 ± 108 µg 
C L−1 n = 3) compared to ML and HL (1210 ± 30 and 
1203 ± 166 µg C L−1, respectively, n = 3, ANOVA: F2,6 = 16, 
p = 0.004; Online Resource 6 and 9). The accumulation 
rates of Phyto IX, as well as for Phyto II, III, V, VII and 
VIII, were higher under LL compared to HL or ML (t test: 
T14 =  − 5.1 and − 4.2, p < 0.001 and < 0.001, respectively; 
Table 3). Only for Phyto VI and Phyto X the accumulation 
rates were significantly lower under LL compared to HL or 
ML (t test: T5 = 3.1 and 2.6, p = 0.014 and 0.026, respec-
tively; Table 3). The large-sized diatom Phyto X (20 µm) 
was hardly present under LL in INC 2 but thrived under ML 
and HL (Online Resource 6 and 9). Phyto X together with 
Phyto IX (roughly equal share) drove overall accumulation 
rates based on FCM-C under ML and HL (Fig. 5d, Table 3). 
Despite the similarly high biomass of the dominant Phyto 
IX and Phyto X under ML and HL, total Chl-a concentra-
tions under HL were lower (Fig. 4a, b; Online Resource 3) 
and Chl-a-based accumulation rates were negative (Fig. 5a, 
b). This suggests that the cellular Chl-a concentrations 
decreased under HL. Similarly, the lower biomass (Phyto X 
hardly present; Online Resource 6) but higher Chl-a under 
LL (Fig. 4), compared to ML and HL, implies photoaccli-
mation (Online Resource 3 and 5). Indeed, when pigment 
concentrations were normalized to cell volume (fg μm−3; 
based on flow cytometry size estimations), significantly 

Fig. 6   Average dissolved inor-
ganic nutrient concentrations in 
water used for the experimental 
setup (grey bar; T0) and at ter-
mination of the experiment, for 
light treatments high light (HL, 
magenta bars), medium light 
(ML, green bars) and low light 
(LL, blue bars) for a silicate, b 
nitrate, c phosphate and d the 
average nitrate-to-phosphate 
ratios. Error bars represent ± 1 
standard deviation whereby 
all time zero replicates are 
combined (INC 1 and 2 n = 2, 
INC 3–6 n = 9) and shown at the 
beginning of each INC and at 
the end under HL, ML and LL 
treatments
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higher concentrations of chlorophyll-c2, fucoxanthin and 
chlorophyll-a were observed at TEND under LL (Table 5). 
This also holds for the other experiments apart from INC 6 
(i.e. INC 1–5, compared to HL and ML; Wilcoxon Signed 
Rank Test: Z = 3.4, 3.4, 3.4, 3.3, 3.4, 3.4, respectively, all 
p < 0.001; Table 5). Chlorophyll-based carbon concentra-
tions at the end of INC 6 were considerably higher than 
FCM-C under all light levels (Fig. 4b, d), potentially indicat-
ing a greater contribution of larger phytoplankton cells that 
are not analysed by flow cytometry.

Discussion

The Chl-a accumulation rates recorded in this study (up to 
0.32 day−1) accord with those previously reported for Ant-
arctic waters (up to 0.29 day−1; Hutchins et al. 2001), as are 
the FCM-C accumulation rates (average 0.73 day−1) when 
compared to results from 14C uptake methods (1.0 day−1; 
Smith 1999). The combined use of flow cytometry, size 

fractionation and chemical taxonomy allows for improved 
interpretation of light-regulated phytoplankton accumula-
tion from incubation experiments. Not only does it aid in the 
differentiation and identification of phytoplankton groups 
(Biggs et al. 2019), it also clarifies which groups were con-
tributing most to the offset in Chl-a accumulation in relation 
to light level observed in INC 2–5 (Fig. 5).

Phytoplankton community response to light 
intensity

This study supports the general observation that light exerts 
a major control on the seasonal development of net primary 
productivity in highly productive Antarctic marine ecosys-
tems (Vernet et al. 2008; Petrou and Ralph 2011; Park et al. 
2017). Due to acclimation of phytoplankton pigments, the 
combination of flow cytometry and chemical taxonomy 
allowed us to more accurately assess the response of the 
phytoplankton community to light.

Table 5   Pigment concentrations 
corrected for cell volume (fg 
µm−3) for INC 1–6

All time zero replicates were combined (ALL; INC 1 and 2 n = 2, INC 3–6 n = 9) as well as replicates 
for each light level at the end (n = 3). Abbreviations stand for chlorophyll-c2 (Chl-c2), fucoxanthin (Fuco), 
diadinoxanthin + diatoxanthin (Dd + Dt), chlorophyll-a (Chl-a) and all pigments quantified (Total), i.e. 
including additional pigments chlorophyll-c3, peridinine, butanoyloxyfucoxanthin, neoxanthin, prasinoxan-
thin, violaxanthin, hexa fucoxanthin, alloxanthin, zeaxanthin, lutein, chlorophyll-b, divinyl chlorophyll-a, 
α-caroteen and ß-caroteen

INC Light level Time (days) Chl-c2 Fuco Dd + Dt Chl-a Total

1 ALL 0 0.74 2.09 0.49 6.16 11.36
1 HL 10 0.30 1.61 0.44 3.10 5.71
1 ML 10 0.52 2.76 0.30 4.91 8.94
1 LL 10 0.80 3.38 0.33 5.66 11.50
2 ALL 0 0.51 4.00 0.25 6.06 11.14
2 HL 10 0.06 0.77 0.72 1.23 2.83
2 ML 10 0.10 0.90 0.32 1.43 2.80
2 LL 10 0.32 2.31 0.23 3.58 6.57
3 ALL 0 0.34 1.01 1.04 2.40 5.22
3 HL 9 0.89 0.78 2.81 0.11 4.74
3 ML 9 1.36 0.76 1.14 0.20 3.65
3 LL 9 2.98 7.35 1.15 10.70 23.36
4 ALL 0 1.03 2.43 0.76 2.77 7.47
4 HL 9 1.27 1.45 5.76 0.41 9.12
4 ML 9 1.01 1.57 1.32 0.60 4.65
4 LL 9 2.69 6.73 1.13 6.89 18.79
5 ALL 0 2.93 8.71 0.76 12.27 28.22
5 HL 9 0.71 1.96 2.54 2.77 8.58
5 ML 9 2.01 4.45 1.31 5.65 14.70
5 LL 9 6.43 20.12 1.75 28.13 63.67
6 ALL 0 2.68 10.13 1.89 16.24 36.60
6 HL 9 2.73 5.68 6.53 8.03 24.44
6 ML 9 8.45 22.17 5.89 19.01 61.91
6 LL 9 3.76 11.11 1.16 18.15 39.62
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Dynamic Chl-a concentrations in response to different 
light regimes (i.e. decline under HL and strongly increase 
under LL) were indicative of cellular remodelling in 
response to shifting environmental conditions. Specifically, 
light-harvesting pigments were decreased when light was 
plentiful, whereas they were synthesized to optimize rates 
of photosynthesis under low-light conditions (Eppley and 
Sloan 1966; MacIntyre et al. 2002; Álvarez et al. 2017). 
Indeed, when corrected for cell volume the concentrations of 
Chl-a (as well Chl-c2 and fucoxanthin) were for all experi-
ments (apart from INC 6) lowest under HL and highest under 
LL. Accumulation rates derived from Chl-a were thus not 
representative of the phytoplankton community response 
as indicated by shifts in FCM-C biomass. Large contribu-
tions by the large Phyto X (4413 μm3) in INC 2–4 coincided 
with extremely low concentrations of Chl-a (cell volume−1) 
at HL, implying this diatom population is able to rapidly 
adjust Chl-a concentrations in relation to light level (Fin-
kel 2001; Álvarez et al. 2017) to optimize growth. Whilst 
Chl-a per cell volume increased under LL in INC 3–5, con-
centrations remained relatively unchanged in INC 1 and 6 
(Table 5), coinciding with peak prasinophyte contributions 
and positive net growth rates for prasinophytes at all light 
levels (only in INC 1 and 6; Online Resource 7 and 10). 
Large-sized (> 20 µm diameter, Bird and Karl 1991) and 
mixotrophic prasinophytes, such as Pyramimonas spp. (Bell 
and Laybourn-Parry 2003), could partially explain the lack 
of a pigment response to light level as they would not need 
to adjust their photosynthetic pigment content under low-
light intensity.

With the exception of INC 2, exposure to low light did 
not result in noteworthy accumulation, suggesting that the 
low-light intensity used was close to a threshold where 
(reduced) phytoplankton growth is equal to naturally occur-
ring losses (Behrenfeld and Boss 2018). The slight decrease 
in nutrient concentrations in these incubations indicates that 
phytoplankton gross growth rates were likely to be positive 
(Biggs et al. 2020). An interesting exception to this trend 
was observed in INC 2 where biomass accumulation was 
observed under low light. Equivalent phytoplankton abun-
dance and FCM-C-based accumulation were recorded for 
all three light treatments (especially during the first 3 days), 
implying the growth potential of the phytoplankton com-
munity used to set up INC 2 was different compared with 
the other experiments. For the three weeks prior to INC 2, 
natural PAR was very low (average 1.7 µmol quanta m−2 s−1) 
which likely instigated physiological changes that allowed 
higher growth rates under LL but with reduced growth poten-
tial under ML and HL conditions (Dubinsky and Stambler 
2009). Sloughter et al. (2019) estimated compensation inten-
sities from the literature at 5–25 µE m−2 s−1 (Langdon 1988; 
Boyd et al. 1995; Quigg and Beardall 2003) with the lower 
end of this range similar to low-light intensity employed in 

our study. Venables et al. (2013) showed that phytoplankton 
biomass accumulation in Antarctic waters begins when aver-
age PAR rises above a threshold of ~ 1 µmol quanta m−2 s−1. 
Our study suggests that at these lower light levels (1–7 µmol 
quanta m−2 s−1) phytoplankton start to adjust their (light 
regulated) growth potential. Sloughter et al. (2019) proposed 
a trade-off between the initial slope (α) of the photosynthe-
sis–irradiance (PE) curve and respiration such that below 
a compensation light intensity it becomes advantageous to 
decrease α to offset the costs of respiration. During pro-
longed periods of low light, such as after the winter period 
but also before INC 2, having a low growth potential would 
allow higher growth rates under low light (as compared to 
summer periods with increased light availability, such as 
INC 1 and 3–6, that allow a high growth potential to achieve 
maximum rates of realizable growth). These results indicate 
that it becomes advantageous to adjust growth potential over 
relatively short time periods to best utilize available light 
during the austral summer.

Prolonged periods of low light may also occur during 
natural phytoplankton blooms in this coastal environment 
(where Chl-a concentrations regularly exceed 15 µg L−1; 
Clarke et al. 2008; Venables et al. 2013; Park et al. 2017). 
The extremely low-light level coinciding with the setup of 
INC 2 (0.3 µM quanta m−2 s−1) likely resulted from light 
attenuation owing to peak density of a phytoplankton bloom. 
The low-light levels used in this study could thus, in addi-
tion, represent a tipping point around which growth poten-
tial is maximized, and the length of time spent above or 
below this threshold determines if blooms either develop 
or decline. The length of the photoperiod follows a sea-
sonal pattern and shorter day length would also affect the 
phytoplankton community sampled later in the season. 
Accumulation rates for INC 6 in late February (S2) were 
positive under LL (0.05 ± 0.02 and 0.07 ± 0.02 day−1 for 
phytoplankton abundance and FCM-C, n = 3); however, light 
intensity was still relatively high (average 39 µmol quanta 
m−2 s−1). The community may have been acclimating to 
lower daily PAR (Dubinsky and Stambler 2009) but still in 
a high growth state (Sloughter et al. 2019) due to exposure 
to sufficiently high-intensity PAR at mid-day, especially if 
coinciding with deeper vertical mixing (Alderkamp et al. 
2010). Ambient light levels were low for at least six days 
prior to INC 4 (average of 1.2 µmol quanta m−2 s−1) and this 
period probably extended to 14 days due to 90–100% ice 
cover (and high biomass); however, accumulation of FCM-
ab and FCM-C under LL was zero. Therefore, adjustments 
to optimize growth potential under low light (Sloughter et al. 
2019) seem to be forced by low-light exposure over a period 
as little as three weeks. Temperature could also be a factor 
as relatively high temperatures were observed prior to INC 
2 (1 ± 0.2 °C, n = 7) compared to INC 4 and 6 (− 0.5 ± 0.3 
and 0 ± 0.6 °C, n = 8 and 7, respectively; Table 2). Relatively 
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higher respiration costs compared to photosynthesis at 
higher temperatures (Boscolo-Galazzo et al. 2018) could 
potentially increase the compensation light level that trig-
gers more long-term adjustments to growth potential.

Potential losses

As untreated natural seawater was used to set up the experi-
ments, the phytoplankton responses observed are the result 
of gross growth (controlled by the bottom-up growth factors 
such as light in our study) minus top-down loss processes 
(such as zooplankton grazing and viral lysis). Cell mortality 
due to lytic virus infection has been shown as a substantial 
loss factor for phytoplankton in general (Brussaard and Mar-
tínez 2008; Mojica et al. 2016). More specifically, viruses 
were important mortality agents for all ecologically rele-
vant Antarctic phytoplankton groups (average of 0.29 day−1 
in S1 and 0.22 day−1 in S2; Biggs et al. 2021 and unpub-
lished data). The appearance of an algal virus-like group 
in INC 6 (Online Resource 11) also hints to the potential 
influence of viruses in our incubations. The staining char-
acteristics of the virus we observed implies it comprised 
a larger genome virus akin to non-silicified phytoplankton 
viruses, such as those that infect Phaeocystis spp. (Brussaard 
et al. 1999; Baudoux and Brussaard 2005). The abundance 
of this virus cluster increased during the experiment under 
the ML and HL but not under the LL treatment. Phaeo-
cystis spp. Phyto III was very abundant in INC 6 and net 
growth was on average 0.2 ± 0.01 day−1 (n = 6) at ML and 
HL and 0.05 ± 0.02 day−1 (n = 3) at LL. These virus and 
phytoplankton dynamics could imply coupling of lytic infec-
tion rates and host growth rates (Maat et al. 2017; Piedade 
et al. 2018; Gann et al. 2020). Such a strategy is ecologi-
cally sound as it supports persistence of the virus popula-
tion throughout the growth season without decimating the 
host population and allowing the persistence of cells over 
the winter period. Hypothesizing it to be a Phaeocystis spp. 
virus and assuming no loss of viruses and the burst size to 
be 300 viruses per lysed host cell (Brussaard et al. 2007), 
about 570 cells would be lysed over the incubation period (at 
ML and HL). This equals ~ 10% of the standing stock of the 
host and relates well to the specific viral lysis rates around 
the starting date of INC 6 (0.16 and 0.10 day−1 on 17 and 
27 February; unpublished data). Delayed and reduced virus 
production under low-light conditions have been reported for 
several phytoplankton species including temperate Phaeo-
cystis globosa (Baudoux and Brussaard 2008; Maat et al. 
2016; Piedade et al. 2018; Gann et al. 2020) as a result of 
photolimitation, which could explain the lack of virus pro-
duction under the LL intensities employed in our study.

Besides viral lysis and microzooplankton grazing on 
the various phytoplankton populations (Biggs et al. 2021), 
larger-sized zooplankton grazing may have occurred. These 

larger zooplankton graze selectively on diatoms (rather than 
cryptophytes and prymnesiophytes, even when diatoms are 
rare; Nejstgaard et al. 1994; Haberman et al. 2003; Mitra 
et al. 2014) and larger-sized diatoms are preferred prey 
(Sommer and Stibor 2002; Gonçalves et al. 2014; Djeghri 
et al. 2018). The large diatom Phyto X was found in high 
abundance during INC 2–4 but at low abundances in INC 1, 
5 and 6. Based on the dataset in Biggs et al. (2020), larger 
zooplankton were predicted to number 5–11 ind. bottle−1 
at the start of these incubations and selective zooplankton 
grazing may have restricted the accumulation of Phyto X in 
INC 1, 5 and 6. In contrast, INC 2–4 were likely subject to 
far less larger zooplankton-induced mortality owing to their 
lower predicted abundance at 2–4 ind. bottle−1.

Phytoplankton group‑specific differences

Phaeocystis spp. Phyto III typically grew best under ML 
and HL, but the relatively high accumulation rates under 
LL in INC 2 and INC 6 suggest this phytoplankton group 
can compete under all ecologically relevant light conditions. 
Light intensities during Phaeocystis antarctica-dominated 
blooms can be low (Schofield et al. 2015; Park et al. 2017; 
Oliver et al. 2019) and P. antarctica seems better suited, 
compared to diatoms, to a more dynamic light regime asso-
ciated with deeper mixed layers (Alderkamp et al. 2010; 
Arrigo et al. 2010; Mills et al. 2010). Photoacclimation has 
been shown to effectively minimize photoinhibition in natu-
ral populations of P. antarctica (Alderkamp et al. 2013). Our 
study supports a modelling study of P. antarctica blooms 
(Amundsen Sea Polynya; Oliver et al. 2019) which sug-
gested a high degree of photophysiological control (relative 
to nutrient processes) and the importance of shifts in α that 
dictate bloom progression under low light. The capability to 
adjust growth potential over relatively short time scales may 
contribute to its ecological success.

Studies into photoacclimation of Antarctic phyto-
plankton reveal that diatoms show a variable response to 
changes in light intensity, resulting in a high degree of 
specialized niche differentiation (Petrou et al. 2016). In our 
study, diatom Phyto IX acclimated best to low light with 
the highest accumulation rates of all phytoplankton groups, 
matching the strong association of Phyto IX with low and 
limiting PAR under natural conditions (Biggs et al. 2019). 
This could partly be explained by its intermediate cell vol-
ume (estimated as 792 μm3), being large enough to take 
advantage of space requirements (by cellular machinery) 
for efficient resource acquisition, but small enough so that 
intracellular distances do not severely impact assimilation 
and also to minimize the package effect (Marañón 2015). 
Low light levels during dense phytoplankton blooms are 
not uncommon (Vernet et al. 2008; Park et al. 2017) and 
the ability to efficiently adapt to such conditions represents 
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a distinct advantage, allowing specific groups to be a key 
feature of coastal Antarctic phytoplankton blooms.

In summary, the low-light levels identified in this study 
(4–7 µmol quanta m−2 s−1) could represent an important 
boundary where phytoplankton initiate more long-term 
adjustments to their growth potential, as observed in INC 
2. This acclimation of (coastal) Antarctic phytoplankton 
growth potential over time periods as little as 3 weeks may 
allow phytoplankton to reduce their light compensation 
intensity, increase growth rates under low light and extend 
periods of phytoplankton accumulation (i.e. positive net 
growth). Some diatom groups (such as Phyto IX) seem 
ideally sized to outcompete others under low-light levels 
(for example during dense phytoplankton blooms or due to 
increased concentrations of suspended sediment), whilst 
others (such as Phyto VI and X) are more competitive 
under higher levels of light.

Phyto X needed longer to acclimate to LL, potentially 
due to its larger cell size (Marañón 2015) and related 
higher maintenance respiration costs (Langdon 1988; 
Quigg and Beardall 2003). The low Chl-a concentra-
tions of Phyto X (cell volume−1) could be a mechanism to 
reduce the package effect (Finkel 2001) and allow Phyto 
X to co-dominate phytoplankton biomass (together with 
Phyto IX). The earlier discussed enhanced losses of larger-
sized diatom cells (such as Phyto X) during peak abun-
dance of larger zooplankton may limit the accumulation 
of these diatoms, especially when combined with low-light 
conditions (i.e. < 8–30 µmol quanta m−2 s−1).

The smaller-sized diatoms Phyto V and Phyto VI have 
both been associated with high light and temperature 
(Phyto VI more with temperature and Phyto V with light; 
Biggs et al. 2019). This would explain the strong growth 
of Phyto V when exposed to HL in the relatively warmer 
INC 1 and of Phyto VI at HL in the colder INC 3, 4 and 
6. Nano-sized diatoms are poorly characterized yet play 
an important role in ‘spring’ blooms and carbon export 
(Leblanc et al. 2018). Our study indicates that in the cur-
rent times of global climate change, it is highly relevant to 
study in more detail the responses of the different phyto-
plankton populations to growth-controlling factors, such 
as light. The combination of (pigment and flow cytometry 
based) analytical methods used in this study provided a 
more detailed, and hence improved, understanding of com-
munity changes in relation to light level. A better under-
standing is essential in times of global climate change as 
regionally specific differences will have regionally specific 
impacts on the flow of photosynthetically fixed carbon in 
these highly productive, light-driven ecosystems. Moreo-
ver, we recommend studying combined effects of light 
with other growth-controlling variables (such as tempera-
ture) and perform loss rate measurements on the various 
Antarctic phytoplankton groups.
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