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A B S T R A C T   

The climate around the Western Antarctic Peninsula (WAP) is rapidly changing and dramatically affecting 
marine coastal waters. Increases in air and seawater temperatures, not matter how small, can alter coastal 
biological communities due to both temperature increases as well as salinity reduction from glacier melting. The 
aim of this study was to evaluate the individual and combined effects of elevated sea surface temperature 
(+4 °C) and decreased salinity (−4) on growth and assemblage composition of natural summer phytoplankton 
from Potter Cove (King George Island, South Shetlands, northern WAP), using an outdoor microcosm experi-
ment. Pigment composition was analyzed by high performance liquid chromatography (HPLC/Chemtax) and 
species composition by light and electron microscopy. Increases in phytoplankton biomass during the first 3 days 
at elevated-temperatures coincided with an increase in the abundance and the specific growth rate of small 
centric diatoms (Chaetoceros socialis and Shionodiscus gaarderae, mostly observed in temperate waters) and 
unidentified small phytoflagellates < 5 μm. In contrast, pennate diatoms significantly decreased. At the end of 
the experiment on day 7, under nitrate and phosphate limitation, chlorophytes abundances increased under low 
salinity whereas prasinophytes decreased in all treatments. This study suggests that climate change could no-
tably affect Antarctic phytoplankton composition by favouring temperate-water species previously undetected in 
Antarctic waters, such us S. gaarderae. Moreover, the observed changes in phytoplankton structure, associated 
with an increase of nano- over micro-size taxa, could have important implications for future Antarctic food webs.   

1. Introduction 

Over the last five decades, the West Antarctic Peninsula (WAP) has 
experienced strong atmospheric warming, with the highest heating 
rates recorded worldwide (Vaughan et al., 2003; Turner et al., 2005, 
2014; Gutt et al., 2015). The consequent increases in air and surface 
seawater temperatures are responsible for the melting of glaciers that 
drain large amounts of freshwater and terrestrial particulate materials 
to coastal waters. The resulting lowering of surface seawater salinity 
strengthens the stratification of the water column while increased 

turbidity decreases light availability in surface waters (Schloss et al., 
2012; Meredith et al., 2018). Since the mid-1950's, the glacial area of 
King George Island (KGI) in the South Shetland Archipelago (WAP) has 
lost 89 km2, a 7% reduction of the total area (Simões et al., 1999). This 
makes KGI an ideal region for the study of climate change and its im-
pact on marine ecosystem (Meredith et al., 2017). Planktonic organisms 
living in extreme environments, such as Antarctica, tend to be more 
sensitive to changes in environmental stressors than their temperate 
counterparts (Clarke et al., 2007). Because marine phytoplankton 
contribute ~50% to total global primary production and CO2 fixation 
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(Falkowski et al., 1998), they provide critical energy to the different 
components of the marine food web and ultimately to the top con-
sumers (Waite et al., 1997). Therefore, it is critical to understand the 
responses of phytoplankton to temperature and salinity stress since 
variations in these abiotic factors can have profound consequences for 
marine food webs (Gleitz et al., 1995; Trathan et al., 2007;  
Lewandowska et al., 2014a) and biogeochemical cycles in the Southern 
Ocean (Nelson et al., 1991; Smetacek et al., 2004; Tagliabue et al., 
2009). 

Variations in seawater salinity and temperature have been shown to 
cause changes in Antarctic phytoplankton physiology under experi-
mental conditions (Ralph et al., 2005; Hernando et al., 2015, 2018) as 
well as in the taxonomic structure of natural phytoplankton assem-
blages (Moline et al., 2001; Montes Hugo et al., 2009; Schofield et al., 
2017). Previous studies demonstrated that reduced salinity, associated 
with meltwater input, was responsible for the increase in the relative 
abundance of cryptophytes (Moline et al., 2001; Garibotti et al., 2003;  
Mendes et al., 2013). However, little is known about the expected 
changes on Antarctic phytoplankton biomass and composition to the 
combined effect of these two stressors. 

Located in KGI, Potter Cove (PC) (Fig. 1) was historically considered 
a low chlorophyll-a (Chl-a) area compared to other regions of the WAP, 
with a mean value below 1 mg Chl-a m−3 during 25-years (Kim et al., 
2018). Previous to this study, Chemtax analyses of PC plankton samples 
showed a dominance of diatoms during the growing season, with a 
relatively low contributions of other taxonomic groups such as hapto-
phytes and chlorophytes (van de Poll et al., 2011). More recently, 
anomalously large phytoplankton blooms were observed in the summer 
of 2010 (up to 20 mg Chl-a m−3) and it was associated with the 
common large diatom species from PC, such as Porosira glacialis and 
Thalassiosira antarctica (Schloss et al., 2014). 

After this unusual bloom, two microcosm experiments were carried 
out at PC in order to study the effect of decreased salinity (Hernando 
et al., 2015) and the combined effects of decreased salinity and in-
creased temperature (Hernando et al., 2018) on phytoplankton stress 
responses, changes in assemblage composition and fatty acid profiles. 
These studies conducted in the summers of 2011 and 2014, respec-
tively, exposed assemblages dominated by large diatoms (Hernando 
et al., 2015, 2018) to changes in these stressors. In contrast, the PC 
phytoplankton assemblage from the summer of 2016 used in this study 
was characterized by the dominance of nano-size diatoms. This is the 
first report of the responses of a coastal Antarctic phytoplankton as-
semblage dominated by small diatoms to increased temperature and 

decreased salinity in PC using microcosm experiments. Moreover, 
dominant species found at the beginning of the present experiment are 
mostly known to occur in subpolar waters and therefore it is relevant to 
analyse their potential response to increased temperature and reduced 
salinity conditions induced by climate change in coastal waters of the 
WAP. We expect their response to forecast their ability to colonize other 
Antarctic environments. 

2. Materials and methods 

2.1. Sampling site and experimental design 

Microcosm experiments were conducted at the Carlini Research 
Station, located on the shores of PC at KGI, South Shetland Archipelago, 
Antarctica (62° 14′S, 58° 38′W), from January 23 to 31, 2016. The in-
itial phytoplankton community was collected from the entrance of the 
cove (“outer Potter Cove” in Fig. 1) at 5 m depth with Niskin bottles. 
Seawater was prefiltered with a 300 μm Nitex mesh, to eliminate me-
sozooplankton, and used to fill 12,100-l plastic tanks, which were 
previously washed with 10% HCl and thoroughly rinsed with distilled 
water. 

The experiment consisted of four treatments in triplicate (12 mi-
crocosms in total): low salinity (~30) and high temperature (+4 °C 
higher than ambient) (S-T+), ambient salinity (~34) and high tem-
perature (S0T+), low salinity and ambient temperature (S-T0), and 
ambient salinity and temperature (S0T0, control). The values chosen for 
temperature increase respond to scenarios foreseen by the IPCC (2007) 
for sea surface temperature (see scenarios in their SPM1 table), and to a 
trend observed in Potter Cove from the early 1990's to 2009 (Schloss 
et al., 2012). Regarding the low salinity values, they are frequently 
observed in Potter Cove after massive glacial meltwater inflow into the 
coves in King George Island (Schloss, 1997; Park et al., 2020). These 
events are likely to be more frequent in the future (IPCC, 2019). Al-
though by the moment of the experiment temperatures as the ones si-
mulated in the present study had not been observed in Potter Cove, 
recent observations from February 2020 (Antoni, personal observation) 
show that such high temperatures were a realistic scenario. Therefore, 
temperatures 4 °C higher than the climatic anomaly were actually ob-
served before the end of the century, as simulated in the present study. 
To avoid nutrient limitation during the experimental period, dissolved 
inorganic nutrients were added to all 4 microcosms on day 0, reaching 
concentrations of 8.15  ±  1.1 μmol l−1 NO3, 0.81  ±  0.1 μmol l−1 PO4, 
and 26.4  ±  4.8 μmol l−1 Si(OH)4. No iron was added to the 

Fig. 1. Location of the sampling site in Potter Cove (62°14′S, 58°38′W), King George (25 de Mayo) Island, South Shetland Archipelago, Antarctica.  
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microcosms since it is not considered a limiting micronutrient in the 
South Shetlands coastal waters (De Jong et al., 2012). To further avoid 
iron contamination via dust deposition, microcosms were covered with 
a transparent acrylic lid, further preventing stress by UV radiation, 
contamination by particles and snow or rainwater during storms. An 
automatic mixing system was used to maintain homogeneity in the 
tanks and to prevent cells from settling. To avoid cell decantation, a 
constant agitation system was designed using a motorized stainless- 
steel rod coupled to a plastic propeller. Agitation, on the other hand, 
was gentle enough to prevent cells breakage. 

For the ambient temperature treatments, the tanks were placed in-
side a 200-l thermal bath, connected to a stainless steel pump (Lowara, 
Italy) that circulated seawater extracted from coastal surface waters. 
For the high-temperature treatments, an automatic heating system 
(Recal Industry, Argentina) maintained a constant temperature increase 
of +4 °C with respect to ambient seawater values of ~1 °C. The heating 
system software allowed for temperature adjustments every 5 min. The 
low salinity treatments were obtained by adding 10 l of distilled water 
to each microcosm. To maintain constant volumes of water in all mi-
crocosms and the same cellular concentrations, the ambient salinity 
microcosms also received 10 l of 0.7 μm glass-fiber filtered seawater of 
the same salinity. 

Salinity and temperature were measured in all microcosms every 
12 h using a Horiba U-10 conductimeter. Salinity remained constant in 
all microcosms within their respective values throughout the experi-
mental period. 

2.2. Microscopic identification and quantification of phytoplankton 

Samples (200 ml) from each microcosm were collected in 250 ml 
plastic bottles on days 0, 1, 3, 5 and 7. Water samples were treated with 
4% acidic Lugol solution and kept in cold and dark conditions until 
analysis. Cell counts were performed by light microscopy with an in-
verted microscope (Leica DMIL LED phase contrast) according to the 
procedures described by Utermöhl (1958). Aliquots of 50 or 100 ml 
were allowed to settle for 24 or 48 h, respectively. At least 100 cells of 
the dominant taxa were counted in randomized fields at 40× and the 
rest of the taxa were counted in transects or in the whole camera 
bottom at 10–20× magnification according to their concentration and 
size. Phytoplankton taxa were identified to the lowest possible taxo-
nomic level. However, some small phytoflagellates which lost their 
flagella during fixation were included in a single group as “unidentified 
phytoflagellates < 5 μm”. In addition to taxonomic identification, cells 
of the different taxa were assigned to two groups: nano- (2–20 μm) or 
micro- (20–200 μm) phytoplankton. 

Qualitative samples were taken with a phytoplankton net at the 
beginning of the experiment from the sampling location, and at the end 
of the experiment from each microcosm. In both cases, water samples 
were fixed with 4% acidic Lugol for further taxonomic identification. 
For diatom identification, an aliquot of each net sample was washed 
with distilled water several times for desalting, treated with hydrogen 
peroxide and heated to remove organic material following the method 
of Prygiel and Coste (2000). Clean diatom frustules were mounted on 
glass stubs, on 0.2 μm polyamide and on 2 μm polycarbonate filters, and 
in each case they were sputter coated with gold for scanning electron 
microscopy (SEM). SEM observations were performed with a JEOL 
JSM-6360 LV (JEOL Ltd., Tokyo, Japan) at the Universidad Nacional de 
La Plata and with a Gemini Zeiss DSM 982 microscope (Jena, Germany) 
at the Universidad de Buenos Aires. For light microscopy (LM), the 
clean diatom material was mounted on permanent slides using 
Naphrax® as in Ferrario et al. (1995). Frustules were examined with 
phase contrast and differential interference contrast (DIC) using two 
Leica DM2500 microscopes (Leica Microsystems GmbH, Wetzlar, Ger-
many) equipped with a camera. 

2.3. Pigment composition 

Samples for Chl-a (300 ml) were collected from each microcosm on 
days 0, 1, 3, 5 and 7, and filtered onto 25 mm 0.7 μm (nominal por-
osity) glass fiber filters. Chl-a was extracted in 7 ml absolute methanol 
(Holm-Hansen and Riemann, 1978) during 24 h in cold (4 °C) and dark 
conditions. After the extraction period, the fluorescence of the samples 
were measured with a Shimadzu RF-1501 spectrofluorometer (cali-
brated with a pure Chl-a standard) and used for the calculation of Chl-a 
after correction for phaeopigments (Holm-Hansen et al., 1965). 

Samples for HPLC (1000 ml) were collected from each microcosm 
on days 0, 5 and 7 and filtered onto 47 mm 0.7 μm (nominal porosity) 
glass fiber filters. Filters were flash-frozen in liquid nitrogen before 
storage at −80 °C until analysis at the University of Groningen, The 
Netherlands. Filter samples were freeze dried for 48 h prior to pigment 
extraction in 3 ml of 90% acetone (v/v) at 4 °C in the dark. Pigments 
were separated using a Waters 2695 HPLC system equipped with a 
Zorbax Eclipse XDB-C8 column (3.5 μm particle size) as described by  
VanHeukelem and Thomas (2001) and modified by Perl (2009). Pig-
ments were manually identified using retention times and diode array 
spectroscopy (type 996, Waters, US) before quantification. Calibration 
of the system was performed using standards (DHI LAB PRODUCTS, 
Denmark) for chlorophyll c3, peridinin, 19′-butanoyloxyfucoxanthin, 
fucoxanthin, neoxanthin, prasinoxanthin, 19′-hexanoyloxyfucoxanthin, 
alloxanthin, lutein, chlorophyll b and chlorophyll a. 

CHEMTAX (v1.95) software was used to estimate the abundance of 
various phytoplankton groups by running 60 iterations, all having ±  
35% randomized variability in the initial pigment ratios (Mackey et al., 
1996). This program employs a factor analysis and steepest descent 
algorithm to find the best fit using known initial pigment ratios for the 
following six different phytoplankton classes: prasinophytes, chlor-
ophytes, dinoflagellates, cryptophytes, haptophytes and diatoms 
(Wright et al., 2009, 2010; Higgins et al., 2012; Rozema et al., 2017). 

2.4. Dissolved nutrients 

Samples for nutrients (50 ml) were collected from each microcosm 
every day from 0 to 7, filtered through precombusted glass fiber filters 
(0.7 μm nominal porosity) and kept frozen at −20 °C for further ana-
lyses. NO3, PO4 and Si(OH)4 concentrations were determined using a 
Skalar San Plus autoanalyzer (Skalar Analytical® V·B, 2005a, b, c). 

2.5. Growth rates 

The specific growth rates (r, d−1) were measured based on cell 
number during the exponential phase following equation: 

=r Nt No
t

(ln( ) ln( ))
( )

where No is the initial cell density (cell −1) and Nt is the final cell 
density during the exponential phase and t is the difference in time 
(day) between both points. This parameter was calculated for the 
community and most abundant taxonomic groups (> 10% of the total 
abundance), as well as for nano- and micro-phytoplankton size classes. 

2.6. Statistical analyses 

Repeated measures analyses of variance (RMANOVA, Statistica, 
version 9.0) were used to determine the significance of the differences 
in the measured parameters: phytoplankton biomass (Chl-a) (a), total 
phytoplankton abundance (b), Chl-a per cells (c), nitrate (d), phosphate 
(e), silicate (f) and HPLC pigments (g) among the four treatments (S- 
T+, S0T+, S-T0 and S0T0) throughout the incubation time. Changes in 
phytoplankton abundance through time were also evaluated with 
RMANOVA analysis (Statistica, version 9). The main groups and the 
taxa with high abundances were considered (i.e. micro-phytoplankton, 
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nano-phytoplankton, chlorophytes, unidentified phytoflagellates < 5, 
prasinophytes, centric and pennate diatoms, Chaetoceros spp., 
Shionodiscus gaarderae, Pseudo-nitzschia aff. prolongatoides and 
Fragilariopsis cylindrus/nana). In all cases, normality was verified using 
a one-sample Kolmogorov–Smirnov test (p  >  0.05), whereas the 
sphericity assumption that concerns variance homogeneity was checked 
using the Mauchley's test. The four experimental treatments were the 
fixed factors and exposure time (i.e. day of incubation) was the random 
factor. The interaction between factors (treatment * time) was also 
analyzed. 

The parameters (a, b, d, e and g) showed significant interactions 
(p  <  0.05) and as a result, the differences between treatments at dif-
ferent days were analyzed using one-way ANOVA followed by Tukey 
test (with Bonferroni correction) (Scheiner, 2001). 

For phytoplankton abundance, the interaction between factors was 
significant for chlorophytes, unidentified phytoflagellates < 5, prasi-
nophytes, pennate and centric diatoms, Chaetoceros spp., Shionodiscus 
gaarderae, Pseudo-nitzschia aff. prolongatoides and Fragilariopsis cylin-
drus/nana. In this case, the differences between treatments at different 
days were statistically analyzed as was done for parameters a, b, d, e 
and g. 

However, for micro-phytoplankton, nano-phytoplankton and total 
diatoms, the interaction between factors (treatment * time) was not 
significant (p  >  0.05), and we used a Tukey post hoc test to evaluate 
the significant differences among treatments and days. 

To determine differences in specific growth rate (r, d−1) among the 
four treatments, a one-way ANOVA was used followed by Tukey test. 

3. Results 

3.1. Phytoplankton biomass, cell abundance and dissolved nutrients 

At the beginning of the experiment (Day 0), Chl-a values averaged 
7.8  ±  0.8 μg l−1 and showed no significant differences between 
treatments (p = 0.16) (Fig. 2A). In the control (S0T0) and low salinity 
(S-T0) treatments, Chl-a increased significantly until day 5 reaching a 
maximum value of 16.9  ±  0.8 μg l−1 and 17.4  ±  1.7 μg l−1, re-
spectively (p  <  0.05) (Fig. 2A). In the S0T+ treatment, Chl-a in-
creased significantly until day 3, when it reached a maximum of 
28.2  ±  4.5 μg l−1, doubling the values in S0T0 and S-T0 (p  <  0.05). 
Finally, in S-T+ Chl-a increase significantly until day 3 
(22.4  ±  2.3 μg l−1) and remained constant from day 3 to 7 
(p  <  0.05). Both high-temperature treatments (S0T+ and S-T+) 
presented significantly higher Chl-a values with respect to the S0T0 and 
S-T0 on day 3 (p  <  0.05). On day 7, Chl-a of the S-T+ treatment was 
significantly higher as compared to the other treatments (p  <  0.05) 
(Fig. 2A). 

Changes in total phytoplankton cell abundance differed only slightly 
from those for Chl-a (Fig. 2B). On day 0, total phytoplankton averaged 
1.7  ±  0.3 × 106 cells l- 1 and there were no significant differences 
between treatments (p = 0.99). In both high-temperature treatments, 
phytoplankton abundance increased significantly until day 3, when it 
reached concentrations of 8.2  ±  0.8 × 106 cells l- 1 and 
9.5  ±  1.3 × 106 cells l−1 for S-T+ and S0T+, respectively 
(p  <  0.05). Both treatments presented significantly higher values 
(more than double) than those in S0T0 and S-T0 on day 3 (p  <  0.05). 
In S0T0 and S-T0, abundance maxima were observed on day 5, reaching 
5.8  ±  0.1 × 106 cells l−1 and 7.0  ±  0.8 × 106 cells l−1, respectively. 
There were no significant differences among treatments on day 5 
(p = 0.23) (Fig. 2B). At the end of the experiment, phytoplankton 
abundance decreased significantly and did not show significant differ-
ences among treatments and the S0T0 (p  <  0.05). 

The mean Chl-a content per cell (i.e. Chl-a concentration divided by 
total phytoplankton cell abundance) decreased in all treatments in-
cluding the S0T0 until day 5 without significant differences among 
them (p = 0.93), and then increased significantly at the end of the 

experiment (p  <  0.05) (Fig. 2C). On day 7, Chl-a per cell was sig-
nificantly higher at S-T0 and S-T+ treatments with respect to the S0T0 
and S0T+ (p  <  0.05). 

Mean nutrient concentrations at day 0 in all microcosms were 
8.15  ±  1.65, 0.81  ±  0.16, and 26.39  ±  4.84 μM for NO3, PO4 and Si 
(OH)4, respectively (Fig. 3), without significant differences among 
treatments (p = 0.99). On day 3, the NO3 concentration decreased 
significantly (p  <  0.05) in both high temperature treatments and these 
values were significantly lower than those in S-T0 and S0T0 (p  <  0.05) 
(Fig. 3A). On day 4 to 7, the NO3 concentrations were below 0.3 μM and 
did not show significant differences among treatments (p = 0.99). PO4 

concentration decreased significantly at the beginning of the experi-
ment (p  <  0.05) and did not show differences among treatments 
(p = 0.98) (Fig. 3B). No significant differences were found for Si(OH)4 

concentrations among treatments (p = 0.97) (Fig. 3C). 

3.2. Initial community composition 

According to HPLC/Chemtax analyses, the initial phytoplankton 

Fig. 2. Temporal evolution of (A) Chl–a (μg l−1), (B) total phytoplankton 
abundance (106 cells l−1) and (C) Chl–a per cell (pg cell−1) in the experimental 
microcosms. S–T+ = low salinity+ high temperature, S0T+ = ambient 
salinity+ high temperature, S–T0 = low salinity+ ambient temperature and 
S0T0 = ambient salinity and temperature. Each point represents the mean of 
triplicate microcosms ± SD. 

J.S. Antoni, et al.   Journal of Experimental Marine Biology and Ecology 532 (2020) 151444

4



assemblage was largely dominated by diatoms that represented 
≈85.6% of the total assemblage (Fig. 4A), while the other components 
in descending contribution were chlorophytes (8.9%), prasinophytes 
(3.5%), haptophytes (1.0%), dinoflagellates (0.8%) and cryptophytes 
(0.1%). 

Microscopic analysis revealed similar results (Fig. 4B) to those ob-
tained with HPLC, except for lower diatom relative abundance (67.7%), 
probably an effect of different pigment content and size of cell. The 
other groups and their contributions in decreasing order were: small 
unidentified phytoflagellates < 5 μm (26.9%), prasinophytes (2.9%), 
dinoflagellates (1.4%) and cryptophytes (1.1%). Based on HPLC results 
(Table S1 A and B), the group of small unidentified phyto-
flagellates < 5 μm may be composed of chlorophytes, prasinophytes 
and haptophytes species that could not be clearly differentiated with 
light microscopy. 

3.3. Temporal evolution of the main phytoplankton groups 

The initial (day 0) relative abundance of micro-phytoplankton re-
presented ≈4–25% of total phytoplankton (data not shown), with an 
average abundance of 1.1  ±  0.2 × 105 cells l−1 (Fig. 5A). In high- 
temperature treatments and S0T0, the abundance increased sig-
nificantly towards day 7, with maximum values of 7.3  ±  3.5 × 105 

cells l−1 (S-T+), 4.5  ±  1.4 × 105 cells l−1 (S0T+) and 
12.6  ±  1.4 × 105 cells l−1 (S0T0). In contrast, the maximum abun-
dance in S-T0 was observed on day 5, reaching 2.9  ±  0.2 × 105 cells 
l−1. On day 7, micro-phytoplankton abundance in S0T0 was sig-
nificantly higher compared to all treatments, and that observed in the S- 
T0 was significantly lower than in high-temperature treatments. 

On day 0, the relative abundance of nano-phytoplankton re-
presented ≈75–86% of total phytoplankton, with an average abun-
dance of 14.9  ±  0.1 × 105 cells l−1 (Fig. 5B). In high-temperature 
treatments, the abundance increased significantly by day 3 with max-
imum values of 67  ±  7 × 105 cells l−1 (S-T+) and 77  ±  11 × 105 

cells l−1 (S0T+). These values were significantly higher compared to 
S0T0 and S-T0 (p  <  0.05). In the S0T0 and S-T0, maximum abun-
dances were observed on day 5, reaching 49  ±  6 × 105 and 
65  ±  5 × 105 cells l−1 respectively. On day 7, nano-phytoplankton 
abundance decreased significantly in all treatments and S0T0 
(p  <  0.05). 

3.3.1. Chlorophytes 
On day 0, the relative abundance of chlorophytes estimated by 

HPLC analysis represented ≈8.8–9.0% of total phytoplankton in all 
treatments. No significant changes were observed at day 5 among 
treatments (p = 0.56) (Fig. 6). On day 7, there was a significant in-
crease in their relative abundance under low salinity conditions (S-T0), 
with a range of ≈8.8–11% (p  <  0.05). 

3.3.2. Unidentified small phytoflagellates 
The relative contribution of unidentified phytoflagellates (< 5 μm) 

to total phytoplankton cell abundance ranged from ≈20 to 40% 
throughout the experiment. On day 0, the abundance of unidentified 
phytoflagellates (< 5 μm) estimated by microscopy averaged 
0.4  ±  0.1 × 106 cells l−1 in all treatments (Fig. 7A). In the high- 
temperature treatments, they increased significantly until day 3 with a 
maximum abundance of 2.2  ±  0.5 × 106 cells l−1 (S0T+) and 
1.7  ±  0.4 × 106 cells l−1 (S-T+) (p  <  0.05), and their abundances 

Fig. 3. Dissolved nutrient concentration of (A) NO3 (μM), (B) PO4 (μM) and (C) 
Si(OH)4 (μM) in the experimental microcosms. S–T+ = low salinity+ high 
temperature, S0T+ = ambient salinity+ high temperature, S–T0 = low sali-
nity+ ambient temperature and S0T0 = ambient salinity and temperature. 
Each point represents the mean of triplicate microcosms ± SD. 

Fig. 4. Relative contribution of the different phytoplankton groups in the initial 
assemblage on day 0 derived from (A) HPLC and (B) microscopic analyses. 

Fig. 5. Abundance estimated by microscopic analysis of (A) micro-
phytoplankton (20–200 μm) and (B) nanophytoplankton (2–20 μm). S–T+ = 
low salinity+ high temperature, S0T+ = ambient salinity+ high temperature, 
S–T0 = low salinity+ ambient temperature and S0T0 = ambient salinity and 
temperature. Each bar represents the mean of triplicate microcosms ± SD. 
Significant (Tukey Test) differences between treatments on the same day are 
denoted with different letters for p < 0.05. 
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were significantly higher compared to S0T0 and S-T0. In the S0T0 and 
S-T0, maximum abundances were observed on day 5, reaching 
1.2  ±  0.1 × 106 and 1.6  ±  0.4 × 106 cells l−1 respectively. After 
these maximum values, abundances decreased significantly in all 
treatments until the end of the experiment (p  <  0.05). 

3.3.3. Prasinophytes 
The relative contribution of prasinophytes to total phytoplankton 

estimated by microscopy and HPLC analyses ranged from ≈0.05–2.74 
and 1.35–3.53% respectively throughout the experiment. On day 0, the 
abundance of prasinophytes averaged 0.055  ±  0.003 × 106 cells l−1 

and showed no significant differences between treatments (p = 0.99). 
In the high-temperature treatments, the maximum values were ob-
served on day 3, reaching 0.07  ±  0.03 × 106 cells l−1 (S0T+) and 
0.12  ±  0.02 × 106 cells l−1 (S-T+) (Fig. 7B). In S-T0, a maximum of 
0.10  ±  0.04 × 106 cells l−1 was observed on day 5. Until the last day 
of the experiment, their abundance remained constant at S0T0 
(0.06  ±  0.01 × 106 cells l−1) but decreased significantly in all other 
treatments on day 7, reaching values close to 0 (p  <  0.05). 

3.3.4. Diatoms 
The relative contribution of diatoms to total phytoplankton esti-

mated by microscopy and HPLC analyses ranged from ≈49–84 and 
85–92% respectively throughout the experiment but showed no 

significant differences between treatments (p = 0.36) (Table S2). By 
contrast, differences were evident when diatoms were classified ac-
cording to their symmetry (i.e. pennate vs. centric) and species com-
position (see next section). 

The abundance of total diatoms (both centric and pennate diatoms) 
from microscopic analysis averaged 1.3  ±  0.4 × 106 cells l−1 in all 
treatments on day 0 (Fig. S1). In the high-temperature treatments, 
diatoms presented a maximum on day 5 with an abundance of 
6.5  ±  0.8 × 106 cells l−1 (S0T+) and 5.5  ±  0.7 × 106 cells l−1 (S- 
T+). The maximum abundances in S0T0 and S-T0 were observed on 
day 5, reaching 4.5  ±  0.6 × 106 cells l−1 and 5.1  ±  0.3 × 106 cells 
l−1, respectively. After these maxima, the abundance of diatoms de-
creased significantly in all treatments (p  <  0.05). 

Centric diatoms represented ≈45–57% of total phytoplankton and 
the ≈83–84% of the total diatoms at day 0 (data not shown), with an 
initial average abundance of 0.9  ±  0.1 × 106 cells l−1. In high-tem-
perature treatments, abundances increased significantly towards day 5, 
with a maximum abundance of 5.7  ±  0.7 × 106 cells l−1 (S0T+) and 
4.6  ±  0.6 × 106 cells l−1 (S-T+), that were significantly higher than 
in S0T0 and S-T0 on days 3 and 5. In S0T0 and S-T0, the maximum 
values were observed on day 5 with an abundance of 2.8  ±  0.5 × 106 

cells l−1 and 3.5  ±  0.3 × 106 cells l−1 respectively. From day 5 to 7, 
their abundance remained constant in S0T0, but decreased significantly 
in all other treatments (p  <  0.05), and showed significant differences 
between all treatments and S0T0 (p  <  0.05) (Fig. 7C). Centric diatoms 
were mostly represented by Chaetoceros socialis (Fig. 9 A-D) and other 
small sized (< 20 μm) solitary unidentified specimens of Chaetoceros, 
followed by Shionodiscus gaarderae (Fig. 9E), Porosira glacialis (Fig. 9F), 
Thalassiosira antarctica (Fig. 9G) and other less abundant species from 
the microplankton such as Odontella weisfloggi, Minidiscus chilensis, Eu-
campia antarctica and Actinocyclus actinochilus. 

On day 0, the genus Chaetoceros represented ≈65–68% of total 
centric diatoms and ≈28–44% of total phytoplankton (data not 
shown), with an initial average abundance of 0.62  ±  0.16 × 106 cells 
l−1 (Fig. 8A). In high-temperature treatments and S0T0 they increased 
significantly by day 3 with a maximum abundance of 3.5  ±  0.6 × 106 

cells l−1 (S0T+), 2.8  ±  0.1 × 106 cells l−1 (S-T+) and 
2.1  ±  0.1 × 106 cells l−1 (S0T0), with significantly higher abun-
dances at both high-temperature treatments than in S0T0 and S-T0 
(p  <  0.05) (Fig. 8A). In contrast, the maximum abundance in S-T0 was 
observed on day 5, reaching 2.4  ±  0.4 × 106 cells l−1. After their 
maxima, Chaetoceros abundance decreased significantly in all treat-
ments (p  <  0.05) (Fig. 8A). 

The next most abundant diatom species, S. gaarderae, represented 

Fig. 6. Relative abundance (%) of chlorophytes based on HPLC data. S–T+ = 
low salinity+ high temperature, S0T+ = ambient salinity+ high temperature, 
S–T0 = low salinity+ ambient temperature and S0T0 = ambient salinity and 
temperature. Each bar represents the mean of triplicate microcosms ± SD. 
Significant (Tukey Test) differences between treatments on the same day are 
denoted with different letters for p < 0.05. 

Fig. 7. Abundance estimated by microscopic ana-
lysis of (A) unidentified phytoflagellates (< 5 μm), 
(B) prasinophytes, (C) centric diatoms and (D) pen-
nate diatoms. S–T+ = low salinity+ high tem-
perature, S0T+ = ambient salinity+ high tem-
perature, S–T0 = low salinity+ ambient 
temperature and S0T0 = ambient salinity and tem-
perature. Each bar represents the mean of triplicate 
microcosms ± SD. Significant (Tukey Test) differ-
ences between treatments on the same day are de-
noted with different letters for p < 0.05. 
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≈8–9% of total phytoplankton throughout the experiment and its 
average abundance on day 0 was 0.13  ±  0.04 × 106 cells l−1 

(Fig. 8B). In high-temperature treatments, abundances increased sig-
nificantly towards day 5, with a maximum abundance of 
1.7  ±  0.1 × 106 cells l−1 (S0T+) and 2.2  ±  0.3 × 106 cells l−1 (S- 
T+), that were significantly higher than in S0T0 and S-T0 on days 3 
and 5. In S0T0 and S-T0, the maximum values were observed on day 5 
with an abundance of 0.7  ±  0.1 × 106 cells l−1 and 0.8  ±  0.2 × 106 

cells l−1 respectively. From days 5 to 7, their abundances remained 
constant at S0T0 but decreased significantly in all other treatments 
(p  <  0.05). 

Pennate diatoms represented ≈8–9% of total phytoplankton and 
the ≈15–16% of the total diatoms at day 0 (data not shown). The 
abundance of pennate diatoms increased significantly in all treatments 
towards day 3 (p  <  0.05) (Fig. 7D), with maximum values of 
1.7  ±  0.3 × 106 cells l−1 (S0T0) and 1.5  ±  0.1 × 106 cells l−1 (S- 
T0), which were significantly higher than those observed in the high- 
temperature treatments. These differences remained on day 5, while 
from day 5 to 7, pennate diatom abundance decreased significantly in 
all treatments (p  <  0.05). However, in S0T0 the abundance of pennate 
diatoms decreased more gradually in comparison to S-T+, S0T+ and S- 
T0, which showed significantly lower values at day 7 (p  <  0.05) 
(Fig. 7D). Pennate diatoms were mostly represented by the small spe-
cies Fragilariopsis cylindrus/nana (< 10 μm) (Fig. 9H), which accounted 
for 61% of total pennate diatoms throughout the experiment, followed 
by Pseudo-nitzschia aff. prolongatoides (35%) (Fig. 9I). Other species 
observed in minor relative abundance (< 2%), included other Pseudo- 
nitzschia (mainly represented by Pseudo-nitzschia sp. as shown in  
Fig. 9J) and Fragilariopsis species (> 15 μm), such as F. curta, F. ob-
liquecostata, and F. ritscheri, as well as Cocconeis spp., Navicula permi-
nuta, Licmophora belgicae, and Pseudogomphonema kamchaticum. 

The abundance of F. cylindrus/nana increased significantly until day 
3 in S0T0 and S-T0 (p  <  0.05) (Fig. 8C), with maximum values of 
1.5  ±  0.2 × 106 cells l−1 and 1.4  ±  0.1 × 106 cells l−1 respectively, 
which were significantly higher than those observed in the high-tem-
perature treatments (p  <  0.05). In the high-temperature treatments, 
their abundance increased significantly until day 5 (p  <  0.05), with an 
abundance of 0.7  ±  0.2 × 106 cells l−1 (S0T+) and 0.8  ±  0.1 × 106 

cells l−1 (S-T+). On day 7, the abundance decreased significantly in all 
treatments, and showed significantly higher values in S0T0 than in the 
others treatments (p  <  0.05). 

The contribution of P. aff. prolongatoides to total phytoplankton was 
lower than 5% throughout the experiment and showed no significant 

differences among treatments until day 5 (p = 0.99). On day 7, its 
abundance decreased significantly in all treatments but increased in 
S0T0 (p  <  0.05) (Fig. 8D). 

3.3.5. Other minor phytoplankton groups 
Throughout the experiment, in both HPLC and microscopic ana-

lyses, there were no significant differences in the abundances of cryp-
tophytes, dinoflagellates (mostly represented by the nanoplanktonic 
species Prorocentrum aff. balticum and Katodinium aff. glaucum) (Fig. 
S2), and haptophytes (p = 0.95). These groups represented less than 
1% of total phytoplankton throughout the experiment. In general, mi-
crozooplankton were extremely scarce, mostly represented by hetero-
trophic dinoflagellates and small ciliates; mesozooplankton were ab-
sent, which indicates that they were effectively removed with the 
300 μm net when filling the tanks. 

3.4. Specific growth rate of the community and main phytoplankton groups 

Phytoplankton community growth rate was significantly higher in 
the high temperature treatments compared with S0T0 and S-T0 
(p  <  0.05) (Fig. 10A). Microphytoplankton specific growth rate did 
not show significant differences between treatments (p = 0.76). By 
contrast, nanophytoplankton growth rates in both high-temperature 
treatments (S0T+ and S-T+) were significantly higher than in S-T0 
and S0T0 (p  <  0.05) (Fig. 10A). 

In regards to the main taxonomic groups, unidentified phyto-
flagellates < 5 μm and centric diatoms both showed significantly 
higher growth rates in S0T+ than in S0T0 and S-T0 (p  <  0.05) 
(Fig. 10B). In contrast, pennate diatoms showed significantly lower 
values in S0T+ treatment than in S-T0 and S0T0 (p  <  0.05). 

The genus Chaetoceros and Shionodiscus showed similar responses, 
with significantly higher growth rates in both high-temperature treat-
ments (p  <  0.05) (Fig. 10C). In contrast, F. nana/cylindrus growth 
rates for S-T+ and S0T+ were significantly lower than those for S-T0 
and S0T0 (p  <  0.05), whereas no significant differences in growth 
rates were observed for P. aff. prolongatoides among treatments 
(p = 0.79). 

4. Discussion 

Abrupt temperature changes such as heatwaves and such as those 
simulated in the present study have doubled in frequency and have 
become longer-lasting, more intense and more extensive (IPCC, 2019). 

Fig. 8. Abundance of (A) Chaetoceros spp., (B) 
Shionodiscus gaarderae, (C) F. cylindrus/nana and (D) 
P. aff. prolongatoides with respect to total phyto-
plankton, estimated by microscopic analysis. 
S–T + = low salinity+ high temperature, S0T + = 
ambient salinity+ high temperature, S–T0 = low 
salinity+ ambient temperature and S0T0 = ambient 
salinity and temperature. Each bar represents the 
mean of triplicate microcosms ± SD. Significant 
(Tukey Test) differences between treatments on the 
same day are denoted with different letters for 
p < 0.05. 
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Moreover, there are very likely (i.e., there is very high confidence) for 
these events to further happen in the future (IPCC, 2019). Natural 
communities in these short-term warming scenarios will probably not 
have the time to acclimate to higher temperatures, a process that needs 
over 6–7 days (Gao et al., 2017). Given the current changes in Antarctic 
environments (Convey et al., 2009; Turner et al., 2014; Chown et al., 
2015), it is important to consider both the responses of phytoplankton 
assemblages and of individual species to environmental stressors be-
cause of their impacts on marine food webs. At both population and 
community levels, phytoplankton use different strategies in response to 
environmental stress, such as changes in the composition of the as-
semblages (Alves-de-Souza et al., 2008), growth rates (Berges et al., 
2002), morphological and physiological characteristics at the cellular 
level, and enzymatic activity (Arrigo and Sullivan, 1992; Gao et al., 
2000; Petrou et al., 2011). In this study, we evaluated the effects of 
seawater salinity and temperature on Antarctic phytoplankton species 
composition and growth rates, and showed that phytoplankton taxo-
nomic groups respond differently to variations in these stressors. 

In previous microcosm studies in PC during 2011 and 2014, the 
initial phytoplankton assemblages were characterized by high numbers 
of micro-sized (> 20 μm) diatoms such as Porosira glacialis, 
Thalassiosira antarctica and Odontella weissflogii (Hernando et al., 2015, 

2018). The dominance of these micro-sized diatoms during summer 
blooms was recurrently observed in PC and surrounding areas of King 
George Island since 1991 (Schloss and Ferreyra, 2002; Schloss et al., 
2014; Lange et al., 2007; Kopczyńska, 2008). In contrast, in our 2016 
experiment, the initial phytoplankton assemblage was dominated by 
nano-size (< 20 μm) diatoms such as species from the genera Chaeto-
ceros and Shionodiscus. The initial composition of the phytoplankton 
assemblage as well as total biomass are the result of the interaction of a 
series of environmental conditions (see Schloss et al., 2014). It should 
be noted, however, that summer sea surface temperature was sig-
nificantly higher and salinity significantly lower than in the previous 
year (p  <  0.05 for both variables as contrasted to 2015 by means of a 
Kruskal–Wallis one-way analysis of variance), therefore explaining in 
part the presence of the described assemblage. Blooms of nano-size 
species such as small Chaetoceros are rarely observed in open or coastal 
waters of Antarctica (McMinn and Hodgson, 1993; Moisan and Fryxell, 
1993; Kang et al., 2001; Kopczyńska, 2008). Therefore, this 2016 study 
provides a new look at the effect of salinity and temperature on Ant-
arctic coastal phytoplankton due to the exposure of an ambient phy-
toplankton assemblage which composition was radically different from 
that present in previous studies (Hernando et al., 2015, 2018). More-
over, initial Chl-a levels were 8 μg l−1 (Fig. 2A), which are markedly 

Fig. 9. EM micrographs of diatom species observed in the experiment. (A–D) Chaetoceros socialis; E) Shionodiscus gaarderae; F) Porosira glacialis; G) Thalassiosira scotia; 
H) Fragilariopsis cylindrus/nana; I) Pseudo–nitzschia aff. prolongatoides (LM) and J) Pseudo–nitzschia sp. 
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higher than those observed in the previous experiments by Hernando 
et al. (2015, 2018), and historically they are exceptionally high for this 
location during summer blooms (Schloss, 1997). Because of the high 
initial biomass, nutrients were added at the beginning of the experi-
ment in all microcosms with the intention of avoiding nutrient ex-
haustion throughout the course of the experiment. However, the ex-
ceptionally high initial phytoplankton biomass led to unexpected NO3 

and PO4 drawdown and exhaustion by day 4 (Fig. 3A, B), but without 
significant differences among treatments, and thus equally affecting 
phytoplankton assemblages. Consequently, we assume phytoplankton 
composition changes observed after day 4 are the result of the experi-
mental salinity and temperature treatments, under the exhaustion of 
NO3 and PO4. 

4.1. Effects of increased temperature 

Under elevated temperatures, phytoplankton biomass (Fig. 2A), cell 
abundances (Fig. 2B), and the specific growth rate (Fig. 10A) increased 
two-fold in comparison to those in control conditions (S0T0) by day 3. 
Early studies (e.g. Neori, 1982) already indicated that Antarctic phy-
toplankton achieve their maximum growth rate at a few degrees higher 
than ambient temperatures, and that both photosynthesis and growth 
rate decreased exponentially at above 7 °C. Despite the increase in 
seawater temperature in PC in the last 20 years (Schloss et al., 2012), 
water temperature is still less than that 7 °C threshold. But more im-
portantly, this responses cannot be generalized as different species re-
spond differently to an increase in seawater temperature (Eppley, 1972;  
Berges et al., 2002; Kremp et al., 2012), mostly associated with cell 
biochemistry (Gao et al., 2000; Teoh et al., 2004). 

In the present study, centric diatoms, mainly represented by small 
species such as Chaetoceros socialis and Shionodiscus gaarderae, in-
creased their abundance (Fig. 8A, B) and specific growth rate (Fig. 10C) 
in response to enhanced temperature. Until recently, C. socialis was 
considered a cosmopolitan species (Ostenfeld, 1913; Rines and 
Hargraves, 1988), particularly common in Arctic and Antarctic marine 
waters, where it forms extensive blooms (Booth et al., 2002;  
Kopczyńska, 2008). However, a detailed molecular and morphological 

examination of C. socialis strains from different parts of the world (ex-
cluding Antarctica) indicated the presence of two main clades or species 
(Chamnansinp et al., 2013), one from cold waters (C. gelidus sp. nov.) 
and the other one from warmer waters (C. socialis). Surprisingly, the 
specimens observed in our study corresponded to the species C. socialis 
(sensu Chamnansinp et al., 2013), characterized by setae extending 
from the valve at some distance from the margin and all setae covered 
by spines (Fig. 9A-D). Further molecular analyses are needed to confirm 
their identity, yet our results suggest that warm-waters C. socialis sensu  
Chamnansinp et al. (2013) can be favoured by temperature increases in 
Antarctic waters. 

Alverson et al. (2006) transferred several Thalassiosira species to a 
new genus called Shionodiscus, which is characterized by the labiate 
process placed on the valve face, a strutted process with longer exten-
sions inwards and reduced or absent outward extensions. Several small 
Shionodiscus species are known to occur in Antarctic waters, such as S. 
gracilis, S. gracilis var. expecta, S. perpusilla, S. oestrupii, S. frenguelli, S. 
frenguelliopsis, S. poroseriata, S. ritscheri, and S. trifulta (Scott and 
Marchant, 2005, all of them previously described as Thalassiosira spe-
cies). However, the valve morphology of the specimens observed in our 
study does not coincide with any of these species, but corresponds to S. 
gaarderae described by Ferrario et al. (2018). This small species is 
known to occur in the Norwegian and North Seas, with peak abundance 
(5 × 105 cells l−1) during spring in sea water temperature ~ 9 °C, and 
also in sub-Antarctic waters from the Argentine Sea (Ferrario et al., 
2018). In the latter, extensive blooms of S. gaarderae (up to 4.5 × 106 

cells l−1) were recorded during spring in shelf-break waters from 39°S 
to 48°S at temperatures ranging from 5 to 9 °C (Ferrario et al., 2018). In 
our experiments, S. gaarderae continued to grow in high-temperature 
treatments until day 5, when NO3 concentrations were on average 
0.2 μM (Fig. 3A), and thus theoretically limiting phytoplankton growth 
(Ogilvie et al., 2003; Carter et al., 2005; Millero, 2016). As it is known, 
diatoms have the ability to store nitrogen when available, to use it for 
growth during periods when it is limiting (Lomas and Glibert, 2000). 
This strategy, in addition to its preference for warmer temperatures, 
could allow S. gaarderae to outcompete native diatoms species under 
high temperature/low nutrient conditions, thus changing the 

Fig. 10. Specific growth rate (r, day−1) of (A) community, microphytoplankton and nanophytoplankton, (B) Phytoflagellates, pennate diatoms and centric diatoms, 
(C) Chaetoceros spp., Shionodiscus gaarderae, P. aff. prolongatoides and F. cylindrus/nana. S–T+ = low salinity+ high temperature, S0T+ = ambient salinity+ high 
temperature, S–T0 = low salinity+ ambient temperature and S0T0 = ambient salinity and temperature. Each bar represents the mean of triplicate 
microcosms ± SD. Significant (Tukey Test) differences between treatments on the same day are denoted with different letters for p < 0.05. 
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composition of the phytoplankton assemblage. To the best of our 
knowledge, our study is the first to find S. gaarderae in Antarctic waters 
and to show an association between elevated temperatures (4 °C above 
ambient) and the high abundance of the genus Shionodiscus in Antarctic 
waters. 

In contrast to the increase in the abundance of some centric dia-
toms, the abundance of pennate diatoms such as F. cylindrus/nana and 
P. aff. prolongatoides significantly decreased (Fig. 8C, D) (and the spe-
cific growth rate of F. cylindrus/nana showed in Fig. 10C) under en-
hanced temperatures during this study. Both Fragilariopsis species are 
considered endemic to polar and subpolar regions in the Arctic and the 
Antarctic (Lundholm and Hasle, 2008), and are common members of 
summer diatom blooms (Scott et al., 1994; Fiala et al., 2006;  
Kopczyńska, 2008; Lundholm and Hasle, 2008; Cefarelli et al., 2010). 
Particularly, F. cylindrus is known to dominate within brine channels 
and pockets in polar sea ice (Günther and Dieckmann, 2001; Lizotte, 
2001), where temperatures can reach values as low as −20 °C (Maykut, 
1986; Eicken, 1992). This adaptation to extremely low temperatures 
has been related to the presence of a multigene family of antifreeze 
proteins (Baardsnes et al., 2001). Instead, P. prolongatoides has been 
described as endemic to Antarctica (Hasle and Syvertsen, 1997), and 
was observed to bloom (i.e. 7.2 × 105 cells l−1) in the Southern 
Weddell Sea during summer at 0.31 °C and salinity of 33.59 (Almandoz 
et al., 2008). The fact that natural populations of these pennate diatoms 
seem to be better adapted to cold temperatures could explain the ob-
served negative response under high temperature treatments. 

Unidentified phytoflagellates < 5 μm increased their abundance 
and specific growth rate in response to enhanced temperature (Fig. 7A). 
This trend towards an increase of smaller flagellates under elevated 
temperature conditions has been previously reported in experimental 
studies with Antarctic marine species, such as Phaeocystis antarctica that 
showed optimum growth at temperatures around 4 to 5 °C (Wang et al., 
2010; Zhu et al., 2017). 

In addition to the observed changes in the taxonomic composition of 
phytoplankton assemblage, higher temperature also resulted in overall 
changes in the size structure of phytoplankton assemblages, with an 
increase of nano- over micro-sized diatoms throughout the experiment 
(Fig. 5). This trend towards a dominance of smaller taxa under warmer 
conditions has been previously reported for both marine and freshwater 
environments (Atkinson et al., 2003; Daufresne et al., 2009; Li et al., 
2009; Finkel et al., 2010). 

Many experimental studies support the hypothesis that smaller 
plankton species have a greater competitive advantage than larger 
species at higher temperatures (e.g. Hare et al., 2007; Morán et al., 
2010; Peter and Sommer, 2012; Coello-Camba et al., 2015; Ward, 
2015). Likewise, a global data set on size-fractionated chlorophyll dis-
tributions collected in the open ocean, suggest that the relative con-
tribution of small cells in the community increases with increasing 
temperature, regardless of ambient nutrient availability (Mousing et al., 
2014). This is an adaptive advantage to enhanced temperatures, and 
especially when nutrients concentrations decrease, as small cells have a 
lower minimum metabolic requirement that selectively allows them to 
survive at much lower resource concentrations than larger cells (Shuter, 
1978; Grover, 1991). Regarding nutrients consumption, lower half-sa-
turation constants due to the higher surface area to volume (SA/V) 
ratios and higher rates of nutrient uptake per unit biomass (e.g. Eppley 
and Thomas, 1969; Aksnes and Egge, 1991; Hein and Pedersen, 1995;  
Irwin et al., 2006) characterize small as compared to big phytoplankton 
cells. Our results agree with these observations, in the sense that the 
smaller cells size was found along with low nutrients concentrations. 
This would also point towards the idea that it is not a single factor that 
can held responsible for the decrease in size in phytoplankton under 
high temperatures (Marañón et al., 2012; Lewandowska et al., 2014b). 

A similar trend has been observed in zooplankton communities with 
a replacement of larger species by smaller ones under higher tem-
peratures (Brucet et al., 2010); however, this finding is not universally 

accepted (Gardner et al., 2011; Rüger and Sommer, 2012). These 
changes in the structure of plankton communities could affect higher 
levels in the trophic food web because the herbivory of heterotrophic 
organisms is directly related to the abundance and size of their prey 
(Frost, 1972; Cohen et al., 2003). 

The combined effects of temperature and nutrients have been stu-
died in other environments (Skau et al., 2017). Our experimental design 
does not allow distinguishing between the effects of temperature in-
crease and nutrients decrease. This would require a factorial experi-
ment to specifically address this question, which is something that 
should be considered in future works. 

4.2. Effects of reduced salinity 

We found no significant changes in phytoplankton biomass (i.e. Chl- 
a) and total abundance in the low salinity treatments when compared to 
the S0T0, except on day 3, when there was a small decrease under S-T0 
(Fig. 2A, B). These results are similar to the previous findings of  
Hernando et al. (2018) but contrast with Hernando et al. (2015), where 
Chl-a and cell abundance showed a significant decrease at low salinity 
conditions (Fig. 2C). 

In contrast to the lack of significant changes in Chl-a and total 
abundance under lower salinity, we measured significant changes in the 
composition of the phytoplankton assemblages. The relative abundance 
of chlorophytes increased in the low salinity treatment on day 5 
(Fig. 6). As far as we know, this is the first experimental study from 
Antarctic waters evidencing an increase of small chlorophytes under 
low salinity. Unicellular chlorophytes are not well known and usually 
represent a minor component of Antarctic marine phytoplankton as-
semblages (Moline and Prézelin, 1996; Ishikawa et al., 2002; Lee et al., 
2016). Previous studies evaluated the growth of two marine chlor-
ophyte species under salinity stress. Chlamydomonas sp. from the Arctic 
was more tolerant to reduced salinity (< 33) rather than elevated 
salinity (Søgaard et al., 2011). In contrast, Dunaliella tertiolecta con-
tinued to grow under hypotonic stress with no signs of physical damage 
(Gilmour et al., 1984). As for field samples in other areas, we found that 
chlorophytes are associated with low salinity waters (Tragin and 
Vaulot, 2018). 

In contrast to the positive response of chlorophytes, the relative 
abundance of small centric diatoms of the genus Shionodiscus and the 
pennate diatoms P. aff. prolongatoides and F. cylindrus/nana decreased at 
the end of the experiment under reduced salinity (Fig. 8). Hernando 
et al. (2015) found that small pennate diatom assemblages mainly re-
presented by F. cylindrus/nana, Navicula glaciei, N. perminuta and Nitz-
schia cf. lecointei significantly increased their abundance under low 
salinity at the end of the experiment (days 6 and 8), for which the initial 
phytoplankton assemblage composition was characterized by large 
centric diatoms. However, despite this apparent difference between the 
studies about the abundance of F. cylindrus/nana, it should be noted 
that in our study they also significantly increased on day 5, compared to 
the S0T0, but then decreased at the end of the experiment (day 7). 
Another study also showed that F. cylindrus has a high tolerance to 
osmotic stress, due to the presence of genes that allow adaptation to low 
salinity conditions in polar environments (Mock et al., 2006). 

4.3. Combined effects of increased temperature and reduced salinity 

When phytoplankton assemblages were exposed to the combined 
stressors (S-T+), Chl-a significantly increased and achieved the highest 
values at the end of the experiment (Fig. 2A). In contrast, total phyto-
plankton abundance and composition did not show significant changes 
over time. Both results point to an increase in the concentration of Chl-a 
per cell. In fact, both low-salinity treatments (S-T0 and S-T+) showed 
significantly higher (almost double) Chl-a per cell than in S0T0 and 
S0T+ (Fig. 2C). Changes in the Chl-a concentration per cell have been 
previously observed as a consequence of osmotic stress on other species 
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(García Valenzuela et al., 2005). Particularly, some marine microalgae 
species such as Porphyridium sp., Amphidinium carleri and Olisthodiscus 
sp. produced higher quantity of Chl-a per cell in optimal salinity con-
ditions in culture, and this response was independent of growth rate 
(McLachlan, 1961). The high Chl-a value in the S-T+ contrasted with 
the S-T0 treatment on day 7, which could have been related to the 
combined effect of temperature and salinity. Higher temperature 
probably stimulated cell division of those species more able to grow 
under high temperature, causing the increasing of total cell number, 
whereas the salinity effect additionally increased the Chl-a per cell 
(McLachlan, 1961), leading to the observed higher Chl-a values at the 
end of the experiment. 

Despite the difference in Chl-a, phytoplankton assemblage compo-
sition, size class and growth rate under S-T+ conditions were generally 
similar to those observed under S0T+ but opposite to those in the S-T0. 
This suggests the lack of additive, antagonist or synergic effects be-
tween increased temperature and reduced salinity, at least at the 
taxonomic level. In addition, the similar compositional response ob-
served between S-T+ and S0T+ suggests that the impact of tempera-
ture increase on phytoplankton assemblages is stronger than that of 
salinity decrease. Thus, our results could be extrapolated to coastal 
areas presently subject to increasing water temperature even without 
the effect of glacial melting, or to future conditions, in which the effect 
of glacier melting might be reduced after intense glacier retreat. 

5. Conclusion 

In this study we found that the abundance of nano-sized diatoms of 
the genera Chaetoceros and Shionodiscus and small unidentified phyto-
flagellates increased in high temperature treatments, compensating the 
potential damaging effects of salinity, whereas micro-size pennate 
diatoms decreased. Moreover, an increase in the relative abundance of 
chlorophytes was observed only in the low salinity treatments, under 
nitrate depletion. Based on our results, climate change can result in a 
shift towards nanophytoplankton dominance in phytoplankton assem-
blages that could change the productivity of Antarctic ecosystems, with 
direct consequences to organisms at higher trophic levels. In addition, 
the high abundance of the temperate-water species Chaetoceros socialis 
and Shionodiscus gaarderae in this experiment suggests that they can be 
potentially dominant over cold water species in Antarctic waters. Given 
the observed taxa-specific responses to temperature and salinity 
changes in this and previous studies, monoculture studies should be 
conducted to identify the genetic, physiological and/or morphological 
characteristics that may allow the different taxa to growth under future 
oceanic conditions. 
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