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A natural marine phytoplankton assemblage from a coastal environment of Antarctica was experimentally ex-
posed to low salinity sea water (30 vs 34 in the control) during 8 days in order to study their physiological and
community responses to hypoosmotic stress conditions. Hypoosmotic conditions favour water influx into the
cells, which results in increased turgor pressure and increased oxidative stress. This stress is linked to a number
of other cellular toxic processes, including damages to proteins, enzyme inactivation and DNA breakage. Inhibi-
tion of the instantaneous growth rate started after 48 h exposure to low salinity, but at the end of experiment,
growth was significantly higher in the low than in the normal (control) salinity treatment. Hypoosmotic condi-
tions prevented phytoplankton biomass accumulation, as evidenced by reduced Chlorophyll-a concentrations as
compared to the control treatment. However, in terms of cell numbers and species composition, we observed a
gradual replacement of big centric by small pennate diatoms, which became dominant by the end of the exper-
iment. In addition, the content of reactive oxygen species (ROS) and 2-thiobarbituric acid-reactive substances
(TBARS),which are indicative of oxidative stress,were studied. In the low salinity treatments, ROS concentrations
were significantly higher than control values on days 4 and 6, decreasing thereafter to nearly initial values. TBARS
content increased during the first 48 h and then decreased until around day 0 values. This coincided with signif-
icant increased values of the antioxidants α-tocopherol and β-carotene in low salinity treatments over the
control. These results suggest the existence of protection mechanisms against lipid peroxidation, and lead to
the conclusion that the response to stress is species-specific, so that at the community level a change in the
relative abundance of phytoplankton taxa appears as a response to hypoosmotic conditions. This could have im-
portant consequences for the trophic food web dynamics in areas influenced by high fresh water inputs.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Phytoplankton are currently responsible for about 50% of global
planetary primary production (Falkowski and Raven, 2007) and their
change contributes as a substantial sink for CO2 in marine ecosystems.
Size structure is an important characteristic of phytoplankton commu-
nities, and relates to the magnitude of carbon fixed and exported into
the deep sea (Armstrong et al., 2002; Schloss et al., 2007), as well as to
the transfer of carbon to higher trophic levels (Waite et al., 1997). At
the cellular level, phytoplankton size relates to physiological features
such as growth, photosynthesis, respiration rates, light absorption
(Finkel, 2001), as well as nutrient uptake and requirements (Hein
et al., 1995).
o).
Mean air temperatures along the Western Antarctic Peninsula have
increased significantly (1–2 °C) over the past 50 years (Steig et al.,
2009). This has long-term consequences on sea ice and ice shelf dynam-
ics (Smith and Stammerjohn, 2001), as well as on glacial melting
(Dierssen et al., 2002). Melting ice masses contribute to the globally
rising sea level (Vaughan, 2006), promotingwater column stratification,
especially in shallow coastal environments, where freshwater is
likely impacting on the structure and function of coastal food webs
(Dierssen et al., 2002). In particular, Moline et al. (2004) have demon-
strated an association between decreased salinities attributed to warm-
er environmental conditions and the dominance of cryptophytes rather
than diatoms during austral summer. However, under low field surface
salinity conditions in the Western Antarctic Peninsula Piquet et al.
(2011) found changes to diatoms dominating the assemblages as well
as in bacteria. Much of our current understanding on the effects of low
salinity on marine phytoplankton is based on cultured algae under

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jembe.2015.02.012&domain=pdf
http://dx.doi.org/10.1016/j.jembe.2015.02.012
mailto:mhernando@cnea.gov.ar
http://dx.doi.org/10.1016/j.jembe.2015.02.012
http://www.sciencedirect.com/science/journal/00220981
www.elsevier.com/locate/jembe


111M. Hernando et al. / Journal of Experimental Marine Biology and Ecology 466 (2015) 110–119
laboratory conditions (Fujii et al., 1999; Thessen et al., 2005; Petrou
et al., 2011) and on limited observations from field studies (Vernet
et al., 2011; Knox, 2007). To our knowledge, no experimental results
are available on the response of Antarctic naturalmarine phytoplankton
assemblages to changes in salinity. The variation in phytoplankton
composition along salinity gradients has generally been ascribed to
the fact that most phytoplankton species are stenohaline (i.e., having
very narrow salinity tolerance range) and suffer osmotic stress upon
exposure to salinity changes (Bisson and Kirst, 1995; Lionard et al.,
2005). Any drastic change in salinity that is strong enough, could change
local phytoplankton assemblages and establish a new stable community
(Chakraborty et al., 2011). Low salinity stress in algae as well as in other
plants severely disturbs the cellular homeostasis brought about by dif-
ferences between the internal and exogenous concentration of inorgan-
ic ions (predominantly Na+ and Cl−), causing water influx, i.e., an
increase in cell volume and ion efflux (Guillard, 1962). Thus, salt stress
has effects on a variety of metabolic pathways, ranging from photosyn-
thesis (Allakhverdiev et al., 2002), membrane lipid biosynthesis
(Sakamoto and Murata, 2002; Singh et al., 2002), to an increase in
cells' respiratory activity to maintain osmotic balance (Qasim et al.,
1972). Some of the effects are mediated by the liberation of reactive ox-
ygen species (ROS), causing additional oxidative stress (Mittler, 2002).
Due to the inherent instability and reactivity of most ROS and their
very low steady-state levels, their analysis is a much more difficult
task than the determination of concentration of antioxidants and
activities of antioxidant enzymes (Jakubowski and Bartosz, 2000).
Oxidative stress has been linked to a number of cellular toxic processes,
including damages to proteins (Prasad et al., 1995), membrane lipid
peroxidation, enzyme inactivation and DNA breakage (Halliwell and
Gutteridge, 2007). The membrane-permeable non-fluorescent 2-7-
dichlorodihydrofluorescein diacetate (DCFH-DA) oxidation has been
used for detecting several ROS in biological media (McDowell et al.,
2013). DCFH-DAwas initially thought to be useful as a specific indicator
for hydrogen peroxide. However, it was already demonstrated that
DCFH is oxidized by other ROS, including superoxide anion radical, hy-
droxyl radical, peroxyl, alkoxyl, hydroperoxyl and peroxynitrite which
are products of normal metabolism (Halliwell and Gutteridge, 2007).
The increased DCFH-DA oxidation will be referred to as an index of ox-
idative stress. It has been shown that ROS are responsible for the degra-
dation of chlorophyll a and the decrease in the activity of photosystem II
(PSII) in phytoplankton photosynthetic antenna (Saison et al., 2010),
and cause inhibition of diatom growth (Hernando et al., 2011). Howev-
er, it was also described that ROS might act as secondary messengers in
the activation of stress-response signal transduction pathways and
defence mechanisms (Mittler, 2002).

Diatoms present high activities of antioxidant enzymes, such as cat-
alase, glutathione peroxidase and glutathione reductase and of non-
enzymatic antioxidants such as the lipophilic alpha-tocopherol (αT),
and beta-carotene (βC) allowing the cells to copewith potentially dam-
aging conditions (Rijstenbil, 2001; Hernando et al., 2011).

Within this context, themain goal of the present studywas to exper-
imentally characterize the responses of a natural phytoplankton assem-
blage from a coastal Antarctic environment that is increasingly subject
to changes in salinity by seasonal and long-term influx of freshwater
from glaciermelting (Rückamp et al., 2011). To reach this goal, we stud-
ied the phytoplankton assemblage's biomass, composition, growth and
physiology (photosynthesis, respiration and oxidative stress). We
hypothesize that low salinity stress induces significant changes in
these parameters.

2. Materials and methods

2.1. Experimental set-up

The experiments were performed at Potter Cove (King George
Island/25 de mayo, South Shetland Islands, Antarctica, 62°14′S, 58°38′
W) in the Carlini (former Jubany) station facility from February 25th
(Day 0) toMarch 5th 2011 (Day 8) using a natural plankton assemblage
(Fig. 1). Before the experiment (on February 24th), six 100 l polyethyl-
ene tanks (microcosms) were thoroughly cleaned with diluted HCl and
rinsedwith distilledwater. Seawater was collected at ~5m depth in the
outer Potter Cove (Fig. 1). The water was filtered through a 300 μm
Nitex net placed inside a water distributor to avoid the passage of
mesozooplankton and larger organisms. No nutrients were added to
the water. Each microcosm was covered with plastic sheets between
23 h and 7 h of the following day and during storms in order to avoid
contamination by particles, snow or freshwater from rain. Temperature
and salinity were measured every 8 h using a Horiba U-10 con-
ductimeter (Kyoto, Japan). Temperature was kept around 1 ± 0.7 °C,
during the whole experiment, similar to the average in situ water tem-
perature at the moment of sampling. To attain this, the microcosms
were placed within a larger water tank connected to a stainless steel
sea-water pump (Lowara, Italy), pumping coastal water from 4 to 6 m
depth (varying with the tides) and ~25 m from the coastline. The
water in each microcosmwas mixed manually in order to maintain ho-
mogeneity in the water column and preventing cells from settling. The
effectiveness of such procedure was previously confirmed (Hernando,
2011). The experimental design included two different salinity treat-
ments (three replicates per treatment): a control with natural ambient
salinity (34; Normal Salinity Treatment, NST), and low salinity condi-
tions (30; Low Salinity Treatment, LST). The low value was chosen ac-
cording to the average measurements, taken before the experiment,
from the upper 5 m of Potter Cove in an area close to the Fourcade
glacier during high fresh water run-off. In order to lower the salinity
in the microcosms, 10 l of distilled water was added to each LST repli-
cate. The same volume of GF/F filtered sea water was added to each
replicate in NST, in order to keep the same dilution factor than for LST.

200 ml of water samples from each microcosm was taken at the be-
ginning of the experiment and at days 1, 2, 4, 6 and 8 at 9 a.m. and
filtered upon GF/F filters as follows: determination of chlorophyll-a
(Chl a) content, DCFH-DA (Molecular Probes Inc, Eugene, OR, USA) ox-
idation rate, 2-thiobarbituric acid reactive substances (TBARS) content,
αT and βC content assays. In addition, 150mlwere taken for cell counts.
All these samples, except those taken for assessing DCFH-DA oxidation
rate, which were analyzed few minutes after sampling, were stored
during two months at−80 °C until analyses.

2.2. Chl a analyses and cell counts

Chl a filtrates were extracted in 7 ml absolute methanol (Holm-
Hansen and Riemann, 1978). Fluorescence readings of the extracts
(24 h later) were used for the calculation of Chl a concentration, after
correction for phaeopigments (Holm-Hansen et al., 1965) and calibra-
tion with standard Chl a with a Shimadzu RF-1501 spectrofluorometer.
Subsamples for the identification and enumeration of phytoplankton
were fixed with an acidic lugol solution and kept it in cold, dark condi-
tions until their analysis. In addition, qualitative phytoplankton samples
were taken at the beginning and at the end of the experiment, concen-
trating the cells using a 20 μm mesh net. For quantitative estimations,
cells were enumerated with a phase contrast Leica DMIL LED inverted
microscope according to the procedures described by Utermöhl
(1958). Subsamples were settled in a composite sedimentation cham-
ber. At least 100 cells of the dominant taxa were counted in one or
more strips of the chamber or random fields at 250 or 400×, depending
on their concentration and size. The whole chamber bottom was also
scanned at 100× to count large and sparse species. Cell biovolumes
were calculated by approximation to the nearest geometric shapes pro-
posed by Hillebrand et al. (1999). Cell carbon content was estimated
with two different carbon-to-volume ratios, one for diatoms and one
for all the other algae groups (Menden-Deuer and Lessard, 2000). Qual-
itative samples were examined using phase-contrast microscopy under
a Leica DM 2500 microscope. For diatom frustules observation in order



Fig. 1. Map showing the location of Potter Cove (62°14′S, 58°38′W) in King George/25 de mayo Island and the Antarctic Peninsula. White squares indicate both in situ sampling sites.
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only to reveal the identity of the main species enumerated by inverted
microscopy, organic material was removed from net subsamples using
sodium hypochlorite as described in Almandoz et al. (2011). Clean ma-
terial was then mounted in permanent slides using Naphrax® (The Bi-
ology Shop, Australia) following Ferrario et al. (1995). Further scanning
electron microscopy observations were made with a Jeol JSM-6360 LV.

2.3. Growth measurements

Instantaneous growth rate (μ, ind−1) was determined after the
following equation:

μ ¼ ln Ni=Ni−1ð Þ= ti−ti−1ð Þ

where ti is the time of measurement and ti − 1 is the previous day, Ni is
the cell concentration at time ti, and Ni-1 is the cell concentration at the
previous day.

2.4. Nutrient concentrations

Three replicate 50 ml samples were taken daily at 8 am from each
microcosm for nutrients analyses (nitrate, phosphate and silicate). Sam-
ples were filtered onto precombusted Whatman GF/F filters, stored in
acid-cleaned polypropylene bottles, and kept at −20 °C until analysis
(within two months after the end of the experiment). Analyses were
performed at the Centro Nacional Patagónico, Chubut, Argentina using
an Auto Analyzer Technicon according to Treguer and Le Corre (1975),
Eberlein and Kattner (1987) and Grasshoff et al. (1983).

2.5. DCFH-DA oxidation rate

Cellular generation of oxidants was determined by measuring the
oxidation of DCFH-DA in vivo. DCFH-DA is a fluorogenic probe which
passes through cell walls and membranes. During incubation, DCFH-
DA is hydrolyzed, by intracellular hydrolytic deacetylation, to 2′, 7-
dichlorofluorescin (DCFH) which is trapped inside the cell due to its
polarity. This substance is then rapidly oxidized to the highly fluores-
cent compound 2′,7′-dichlorofluorescem (DCF) that allows the evalua-
tion of cellular radical generation. According to the standard methods
described by Bass et al. (1983), modified by Malanga et al. (2001),
algae cells were incubated in the dark for 30 min in 2 ml of 40 mM
Tris–HCl buffer (pH 7.0) in the presence of 5 μM DCFH-DA at 37 °C.
Tris–HCl buffer (pH 7) is an appropriate medium for stabilizing several
radical species and the used temperature assures the release of the ox-
idized dye to the incubation medium were fluorescence was assessed.
The cellswere removed after 30min by centrifugation, and fluorescence
in the supernatant (without cells) was monitored in a Shimadzu RF-
1501 spectrofluorometer with excitation (λex) at 498 nm and emission
(λem) at 525 nm. In all cases, parallel blank controls with the reaction
mixtures but laking the plankton community were included.

2.6. Content of TBARS

TBARS allow a rough estimate of the presence of aldehydes, yetmost
reactivity originates from malondialdehyde (MDA), a product of lipid
peroxidation, wich can react with thiobarbituric acid under acidic and
boiling conditions to allow a colorimetric assay (Janknegt et al., 2008).
In consequence, cellular TBARS were used as an indicator of ROS-
induced lipid peroxidation. The GF/F filters with cells were suspended
in 2 ml of 120 mM KCl and 50 mM potassium phosphate buffer
(pH 7.0), sonicated and centrifuged 10 min at 600 g. An aliquot
(0.8 ml) of the supernatant was treated with 0.7 ml 30% (w/v) TCA
and 50 mM potassium phosphate buffer (pH 7.0) and brought to a
final volume of 2 ml before centrifugation. An aliquot of 0.2 ml of
3% (w/v) sodium dodecyl sulfate (SDS) and 0.05 ml of 4% (w/v) bu-
tylated hydroxytoluene (BHT) in ethanol were added to 1 ml of the
supernatant. After mixing, 2 ml of 0.1 N HCl, 0.3 ml of 10% (w/v) phos-
photungstic acid and 1 ml of 0.7% (w/v) 2-thiobarbituric acid were
added. The mixture was heated at 95 °C in a water bath for 45 min
and 5 ml of n-butanol were added and then the samples were vortexed
and centrifuged at 600 g during 10 min. The fluorescence of the organic
layer (upper layer) wasmeasured at λex= 515 nm and λem= 555 nm.



Fig. 2. Temporal evolution of (A) Ln Chl a (μg l−1), (B) Ln Total phytoplankton assemblage
(Cells l−1) and (C) carbon biomass (μgC l−1) of total diatom groups. Each point represents
the mean ± SD. Significant (Tukey Test) differences between treatments at the same day
are denoted with an * for p b 0.05 and ** for p b 0.01.
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The values were expressed as nmol TBARS (malondialdehyde equiva-
lents) per carbon units. Malondialdehyde standards were prepared
from 1,1,3,3-tetramethoxypropane (Malanga and Puntarulo, 1995).

2.7. Content of lipid soluble antioxidants

The content of αT and βC in the sonicated cell homogenates were
quantified filtering 5 ml samples by reverse-phase HPLC with electro-
chemical detection using a Bioanalytical Systems LC-4C amperometric
detector with a glassy carbon working electrode at an applied oxidation
potential of +0.6 V (Malanga and Puntarulo, 1995). Extraction from the
samples was performed with 1 ml methanol and 4 ml hexane. After
centrifugation at 600 g for 10 min, the hexane phase was removed
and evaporated to dryness under N2. Extracts were dissolved in
methanol:ethanol (1:1 v/v) and injected for HPLC analysis. HPLC
conditions were: isocratic reversed phase; column: Supelcosil LC-8;
3.3 cm × 4.6 cm × 3 μm; mobile phase: 20 mM lithium perclorate
in methanol/water 99/1 (v/v), flow rate: 1 ml/min, retention time:
αT = 0.8 min and βC = 1.6 min. D,L-αT from synthetic phytol
(Sigma) and βC were used as standards.

2.8. Photosynthesis and respiration

Net oxygen production and respiration of the assemblages were
measured according to Cole (1974). Water for these analyses was col-
lected simultaneously with the rest of the samples. Dissolved oxygen
concentrationswere determined following theModifiedWinklerMeth-
od (Labasque et al., 2004) using 250 ml BOD bottles, on a Pharmacia
Ultrospec 3.000 photometer. Three-replicates for control (initial), clear
and dark bottleswere used for each of the treatments. The experimental
bottles (i.e., the 3 clear and 3 dark) were suspended at 0.3 m depth in a
water bath (opent-top, plastic tank) during 6–8 h around midday.

2.9. Statistical analyses

Repeated measurements ANOVA (RMANOVA) was performed
(Statistica, version 9) to determine the significance of the differences
observed in Chl a, DCFH-DA, TBARS, αT and βC concentrations as well
as specific composition and abundance among treatments. Normality
was verified using a one-sample Kolmogorov–Smirnov test, whereas
the sphericity assumption that concerns variance homogeneity was
checked usingMauchley's test. Themain factors considered in the anal-
ysis were the number of days of exposure and the type of treatment.
Tukey test was additionally performed to determine the differences
between treatments. When interaction was significant or the assump-
tions of sphericity were not satisfied, a one factor ANOVA was per-
formed evaluating the effect of treatment at different days of exposure
(Scheiner, 2001). Arcsin transformation was applied in order to evalu-
ate differences between percentages.

3. Results

3.1. Phytoplankton biomass and abundance

Chl a concentrations increased all along the experiment in NST,
while a slight decrease until day 4 and a posterior increase until the
end of the experiment were observed in LST. Here, concentrations
were significantly lower than in NST for each day of the study
(p b 0.01; Fig. 2A). Initial values were 5± 0.9 μg l−1 in both treatments.
The maximum values reached during the study were 8 ± 2 μg l−1 and
35 ± 1 μg l−1 for LST and NST, respectively. Chl a and cell density
showed a significant correlation for both treatments (not shown). In
NST, the total cell number increased from day 1 up to the end of the
experiment from an average of (44 ± 0.06) × 104 to (530 ± 1) × 104

cell l−1, respectively. In contrast, in LST a significant increase was only
observed from day 6 on, reaching (319 ± 19) × 104 cells l−1 at day 8
(Fig. 2B). RMANOVA analyses for total phytoplankton abundance
(cells l−1) showed a significant interaction between treatments and
exposure time (p b 0.05). Significantly lower cell numbers were evident
in LST compared to NST only on days 4 ((9 ± 2) × 104 and (120 ±
40) × 104 cells l−1 respectively; p b 0.05) and 6 ((140 ± 1) × 104 and
(400 ± 1) × 104 cells l−1 respectively; p b 0.01). Total diatoms abun-
dance showed a similar pattern to that described for total phytoplank-
ton (Table 1). Estimated total phytoplankton carbon biomass was
significantly higher in NST during all the experiment, with maximum
values at day 8 (857 ± 207 μg C l−1) compared with LST (76 ± 14 μg
C l−1) (p b 0.01) (Fig. 2C).

3.2. Phytoplankton composition

The main phytoplankton groups in the microcosms' assem-
blages were diatoms, cryptophytes, dinoflagellates, prasinophytes,
silicoflagellates and other small unidentified phytoflagellates.
Diatoms were the most abundant organisms, accounting on average



Table 1
Average± standarddeviation of cell density (×104 cell l−1) of phytoflagellates, large centric and small pennate diatomsobserved at experimental days. The asterisks indicate thedegree of
significance (** p b 0.01 and * p b 0.05) comparing density between treatments.

Treatment Phytoflagellate b 5 μm

Day 0 Day 1 Day 2 Day 4 Day 6 Day 8

NST (21 ± 0.7) (6 ± 1) (4 ± 2) (10 ± 3) (13 ± 9) (29 ± 12)
LST (19 ± 0.3) (6 ± 2) (4 ± 2) (5 ± 4) (7 ± 4) (16 ± 5)

Large Centric Diatoms

NST (17 ± 2) (16 ± 6)** (25 ± 9)* (94 ± 11)** (250 ± 51)** (400 ± 7)**
LST (14 ± 1) (4 ± 1) (10 ± 8) (3 ± 1) (7 ± 1) (3 ± 2)

Small Pennate Diatoms

NST (4 ± 3) (0.8 ± 0.2)* (0.7 ± 0.4)* (14 ± 9)** (98 ± 8)** (100 ± 5)**
LST (0.6 ± 0.3) (0.5 ± 0.2) (0.3 ± 0.2) (0.6 ± 0.5) (8 ± 5) (280 ± 20)

Fig. 3.Temporal evolution of (A) Relative abundance (%) of large diatoms (number of large
in relation to total diatoms) under LST (30) or NST (34), (B) relative carbon biomass (%) of
small pennate diatomwhen exposed to LST (30) or NST (34) treatments. Each point rep-
resents the mean ± SD. Significant (Tukey Test) differences between treatments at the
same day are denoted with an * for p b 0.05 and ** for p b 0.01.
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for 46 (day 0) to 94% (day 8) of total phytoplankton cells along the ex-
periment, and representing more than 90% of total carbon biomass
along the study. In fact, the evolution of diatoms' abundance showed a
similar pattern to that of Chl a, total phytoplankton abundance and
carbon biomass (not shown). Relatively large centric diatom species, in-
cludingOdontella weissflogii, Porosira glacialis and chains of Thalassiosira
antarctica, Chaetoceros tortissimus and C. socialis dominated the assem-
blages in both treatments during the first two days of the experiment.
From day 4 up to day 8, the specific composition observed in both treat-
ments diverged. The abundance of large centric diatoms continued in-
creasing in the NST, reaching 78% of total diatoms at day 8 (Fig. 3A,
Table 1). By contrast, their abundance decreased in the LST and they
were further replaced by small pennate diatoms mainly represented
by Navicula glaciei, N. perminuta, Nitzschia cf. lecointei and Fragilariopsis
cylindrus/nana. Significant differences in the relative abundance of large
centric and small pennate diatoms (%) betweenNST and LST treatments
were observed at days 6 and 8 (p b 0.01) (Fig. 3A). In synthesis, in LST
the relative abundance of large centric diatoms at the beginning of the
exponential phase was ~ 75% and the small pennate diatoms represent-
ed 25% of total diatoms. This changed to relative abundances of 1 and
99%, for large and small diatoms respectively on day 8. In contrast, no
differences in the relative abundance of phytoplankton groups were
found between the beginning and the end of the experiment in NST.
In terms of carbon biomass, total diatoms increased around 13 times
at the end of the experiment in NST, varying from (60 ± 20) μC l−1

at the beginning to (800 ± 200) μC l−1 at the last exposure day
(p b 0.01). Contrastingly, there was only a small increase in carbon bio-
mass of total diatoms at the end of the experiment in LST (60 ± 20 μC
l−1 vs 75 ± 14 μC l−1, beginning and end of experiment respectively,
p = 0.23). Small pennate diatoms accounted for ~ 95% of total carbon
biomass at the end of the experiments in LST but represented only 6%
in NST (Fig. 3B). Their absolute value in terms of carbon biomass was
significantly higher in LST compared with NST the end of the experi-
ment (71 ± 15 μC l−1 vs 37 ± 21 μC l−1 for LST and NST respectively,
p b 0.05). Finally, the abundance of phytoflagellates b 5 μm did not
change between the beginning and the end of the experiment (p =
0.89, Table 1).

3.3. Phytoplankton growth rate

A decrease in phytoplankton assemblages' instantaneous growth
rates (day−1) was observed in both treatments during the first 24 h
(adaptation period). Subsequently, in NST instantaneous growth rates
increased continuously until day 4 (maximum average growth rate:
1.5 ± 0.6 d−1), then gradually declined until the end of the experiment
(average growth rate: 0.3 ± 0.2 d−1) (Fig. 4). In LST, the instantaneous
growth rates were significantly lower than in NST on day 4 (−0.5± 0.3
d−1 and 0.8±0.3 d−1, respectively) (p b 0.05) and day 6 (0.3±0.2 d−1

and 1.3± 0.1, respectively) (p b 0.01). However, from day 4 on, growth
rates increased exponentially until day 8, reaching significantly higher
values in LST than in NST (3.0 ± 0.5 d−1 and 0.5 ± 0.2 d−1, for days 6
and 8 respectively) (p b 0.01) (Fig. 4). RMANOVA showed a significant
interaction between treatments and exposure time.

3.4. Nutrients

Initial nutrients' concentrations in both treatments averaged
11 ± 4, 1.3 ± 0.2 and 48 ± 3 μM for nitrate phosphate and silicate



Fig. 4. Instantaneous growth rate of total phytoplankton using cell number,when exposed
to LST (30) orNST (34). Each point represents themean±SD. Significant (Tukey Test) dif-
ferences between treatments at the same day are denotedwith an * for p b 0.05 and ** for
p b 0.01.

Fig. 5. Nutrients concentration in the experiments exposed to low and normal salinities.
(A) nitrate (μM), (B) nitrite (μM), (C) orto-phosphate (μM), (D) silicate (μM). Each point
represents the mean +/− SD. Significant (Tukey Test) differences between treatments
at the same day are denoted with an * for p b 0.05 and ** for p b 0.01.
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concentrations, respectively (Fig. 5A, B and C). After day 2, and along
with the observed increase in Chl a in the NST treatment, all studied
nutrients showed a regular decreasing trend reaching minimal aver-
age concentrations on day 8 (5 ± 2, 0.64 ± 0.05 and 30 ± 5 μM for
nitrate, phosphate and silicate, respectively). Moreover in LST on
day 6, nitrate values increased and were significantly higher than
values on days 0, 4 and 8 (p b 0.01) but lower than those on day 1
(p b 0.01). No significant differences were evident between exposure
days 0, 1 and 2 in phosphate concentrations (p = 0.2). However, on
days 4, 6 and 8 for NST, phosphate was significantly lower as com-
pared to previous days and compared to LST (p b 0.01). In the case
of silicate, the same trend was observed although no significant dif-
ferences were found between treatments (p = 0.14) (Fig. 5 A, B
and C).

3.5. DCFH-DA oxidation and presence of TBARS

Evidences of both reactive oxidant substances as well as of damage
on cell membranes showed higher values in LST than in NST, except
on day 8. DCFH-DA oxidation rates in LST were higher than in NST on
day 1 (p b 0.01, Fig. 6A), and showed a significant increase on days 4
and 6 (p b 0.05). In contrast, TBARS content increased until day 2 and
showed higher values in LST on days 4 and 6 (p b 0.01). Finally, no sig-
nificant differenceswere foundbetween treatments on day8 neither for
DCFH-DA oxidation nor for TBARS content (p = 0.46 and 0.36, respec-
tively) (Fig. 6A, B). In LST,maximumvalues for bothDCFH-DA oxidation
and TBARS content were reached on days 6 and 2, respectively. On the
other hand, in assemblages exposed to NST their concentrations were
significantly higher on day 2 than during the rest of exposure days
(p b 0.01, Fig. 6A, B).

3.6. Lipid soluble antioxidants

The content of the antioxidants αT and βC showed similar trends
under both NST and LST (Fig. 7A, B). Cellular content of αT in LST was
higher than in NST already on day 1 (p b 0.05), rising sharply and
reaching maximum values of around 1 μmol cell−1 on day 4, which
was also significantly higher than in NST samples (p b 0.01). A signifi-
cant decrease was observed afterwards in both treatments until the
end of the experiment. Despite this, the cell content of αT on day 6
was significantly higher in LST than in NST (p b 0.01). At the end of
the experiment, the cell content of αT did not differ among treatments
(p=0.79), being significantly lower than the valuesmeasured on day 6
(Fig. 7A). The same trendwas observed for the content of βC, but in this
case concentrations were lower than those reported for αT (maximum
concentration around 0.01 μmol cell−1 on days 1 and 2). Like αT, the
content of βC increased in LST on days 1 and 2 but did not show any sig-
nificant differences between treatments or evenwith initial day concen-
trations (p=0.30 and p=0.12, respectively). Afterwards, significantly
higher concentrations were found in LST than in NST on days 6 and 8
(p b 0.01 and p b 0.05, respectively) although concentrations were sig-
nificantly lower (p b 0.05) on day 8 than on day 6 (Fig. 7B). The ratio
βC:Chl a was significantly higher in LST than in NST (p b 0.01) for days
2, 6 and 8 (3, 7 and 9 fold increase, respectively). In addition, this
index was significantly lower in the NST during days 6 and 8 as
compared to days 0, 1 and 2 (p b 0.01). No significant differences in
the βC:Chl a ratio were found among treatments on days 0 and 1
(p = 0.25 and 0.33, respectively).
3.7. Net community production and respiration

Net community production was significantly lower in LST than in
NST on days 1, 2, 4 and 6 (p b 0.01, p b 0.001, p b 0.001 and p b 0.05, re-
spectively). By contrast, no significant differences were found between
treatments during the last day of the experiment (p = 0.12) (Fig. 8A).



Fig. 6. Effect of salinity on oxidative stress parameters in plankton community as a func-
tion of exposure time. (A) DCFH-DA oxidation rate (expressed as arbitrary units in 1 h ex-
posure), (B) lipid peroxidation (TBARS cell content). Each point represents themean+/−
SD. Significant (Tukey Test) differences between treatments at the same day are denoted
with an * for p b 0.05 and ** for p b 0.01.

Fig. 7. Effect of salinity on lipid soluble antioxidants content: A)αT, B) βC, as a function of
exposure time. Eachpoint represents themean±SD. Significant (TukeyTest) differences be-
tween treatments at the same day are denoted with an * for p b 0.05 and ** for p b 0.01.
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Respiration rates were significantly higher in LST than in NST during
days 1, 2 and 4 (p b 0.05, p b 0.01 and p b 0.01, respectively). However,
during days 6 and 8 no significant differences between treatments were
evident (p = 0.13 and 0.95, respectively) (Fig. 8B).

4. Discussion

4.1. Changes in biomass and assemblages' composition

In this study, the relative decrease of phytoplankton biomass (both
in terms of Chl a and phytoplankton carbon) and the change in phyto-
plankton assemblages' composition in LST are important effects of salin-
ity diminution on marine plankton. The replacement of big centric
diatoms by small pennate ones in LST meant a reduction of 91% in the
amount of total phytoplankton carbon after 8 days of exposure. This ev-
idences that the response to salinity fluctuations is species-specific
(Karaeva and Jafarova, 1993; Aizdaicher and Markina, 2010; Piquet
et al., 2011). Differential tolerance to osmotic stress is probably at the
base of these observations. In some species, osmotic stress can modify
transcription factors, leading to the expression of early response tran-
scriptional activators, which then activate downstream stress tolerance
effectors genes (Zhu, 2002). For example, in F. cylindrus (one of the
small pennate diatom that increased in relative abundance at the end
of the experiment in LST) specific fractions of sequences were found
that might harbour genes necessary for adaptation to extreme environ-
mental conditions in polar oceans and sea ice (Mock et al., 2006). Field
studies on the distribution patterns of specific Antarctic diatoms also
showed the prevalence of the observed small species under low salinity
conditions. For example, although Fragilariopsis sp. is frequently
observed in pelagic environments (Kopczynska et al., 2007), it is partic-
ularly abundant in older sea ice floes (Lizotte, 2001) and is also found in
high numbers in meltwater (Beans et al., 2008).

The decrease in salinity caused morphological changes (observed
microscopically) in big diatoms: cell size increased, chloroplasts were
compressed, protoplasm became granular and cytoplasm retracted.
The irreparable destruction of big diatoms' cells due to hydration, as a
result of hypotonic stress may be one of the reasons of their overall
decay. Furthermore, our experimental results could be probably extrap-
olated to the environment. During 2010 in Potter Cove, a large
microphytoplankton bloom dominated by centric diatoms (i.e. Porosira
glacialis, Thalassiosira antarctica and T. ritscheri) did not survive after
a significant increase in meltwater that led to surface salinities
values b 32 (Hernando et al., unpublished results). After this, the pen-
nate diatom Pseudogomphonema kamtschaticum increased in relative
abundance, and one month later, towards the end of February, diatoms
had been replaced by small crytophytes. It had been hypothesized that a
differential sensitivity of microplanktonic diatoms to low salinity was a
possible cause of this change (Schloss et al., 2014), which can now be
confirmed with the present results. Our results are consistent with
those of Li et al. (2009), who found that small phytoplankton cells in-
creased while larger ones decreased under meltwater conditions and
episodic input of large river runoff in the Arctic Ocean.

4.2. Phytoplankton physiological responses

Osmotic stress has been shown to inhibit phytoplankton growth
rates (Aizdaicher and Markina, 2010). Diminution of instantaneous
growth rates observed in LST was probably related to the large centric
diatoms' decay (see above), that resulted from a negative balance



Fig. 8. (A) Hourly rates of net primary production, (B) Hourly rates of oxygen consump-
tion. Each point represents the mean +/− SD. Significant (Tukey Test) differences be-
tween treatments at the same day are denoted with an * for p b 0.05 and ** for p b 0.01.
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between osmotic stress and protection mechanisms. When this group
was later replaced by small pennate diatoms in LST, by the end of the
experiment, phytoplankton assemblages' growth rate (estimated on
cell numbers)was significantly higher in LST than inNST. Changes in sa-
linity can strongly influence Antarctic phytoplankton photosynthesis
(Palmisano et al., 1987; Ralph et al., 2005, 2007). Salt stress has been
shown to suppress not only the de novo synthesis of the D1 protein
but also the synthesis of almost all other proteins at both the transcrip-
tional and the translational levels (Allakhverdiev et al., 2002). The
significant decrease in net photosynthesis in our LST microcosms
could be due to a decreased efficiency of absorbed light energy utiliza-
tion by PSII under hipoosmotic conditions, as shown by Radchenko
and Il´yash (2006). These authors also described species-specific re-
sponses to hypotonic stress of different severity and the possible pres-
ence of species-specific mechanisms of osmotic acclimation. Primary
inhibition of photosynthetic activity by hypotonic stress is commonly
followed by full or partial restoration of photosynthetic parameters.
The time required for recovery differs between individual algal species
and depends on the degree of such type of stress (Radchenko and Il´
yash, 2006). One of the species dominating the phytoplankton assem-
blage at day 8 in LST, Fragilariopsis cylindrus/nana presents a relatively
constant photosynthesis response in environments submitted to vari-
able salinity (Petrou et al., 2011), which contributes to explain the
good adaptation of this species to the low saline conditions of our
treatments.

Respiration rates in plankton exposed to low salinity conditions
showed significantly higher values over control only during days 1, 2
and 4. It should be noted that overall microzooplankton only represent-
ed a small fraction of total phytoplankton abundance (0.7%) at the be-
ginning of the experiment, and that a diminishing trend in their
abundance was observed in both treatments, with no differences
among them (0.01%, p= 0.36) (data not shown). Therefore, the higher
respiration rates in LST samples, was probably not related to
microzooplankton respiration.

An early increase in phytoplankton respirationwas probably needed
to dealwith the stress induced by low salinity. ROS are generated by the
conversion of normal by-products of cell respiration, such as hydrogen
peroxide and the superoxide anion, into highly damaging radical spe-
cies. The increase in respiration that we observed in LSTmay be in addi-
tion partially due to bacterial respiration, which we did not measure.
Bacterial production is generally assumed to be equivalent to about
25–30% of phytoplankton primary production rates, based on estima-
tions from a wide range of marine Antarctic ecosystems (Ducklow
et al., 2000). Likewise, Morán et al. (2006) measured the activity of het-
erotrophic bacterioplankton, determined by [3H] leucine incorporation,
in eight stations located in the vicinity of the Antarctic Peninsula
(62–66°S) and confirmed the low activities found in previous studies,
which contrasts with findings from lower latitudes (Morán et al.,
2001; Oliver et al., 2004). Therefore, we assume that bacterial respira-
tion was both low and similar in all treatments and that the significant
differences in community respiration among treatments observed
during days 1, 2 and 4 are mainly due to phytoplankton metabolism.

It is worth mentioning that during summer 2010 the response of
Potter Cove phytoplankton assemblages to natural variations in salinity
was similar to what we observed in our microcosms (Hernando et al.,
unpublished data; mentioned above). During an episode of intense gla-
cier melting, phytoplankton from inner Potter Cove, presented DCFH-
DA oxidation rates and respiration values significantly higher than
those from an area far from glacier influence (0.62 vs 0.3 UA h−1, and
100 vs 60 mg O2 l−1 h−1, respectively; p b 0.05) (Fig. 1). In addition,
significantly lower net phtosynthesis was observed near the glacier
area than far from it (35 vs 15 mg O2 l−1 h−1, respectively; p b 0.05).

4.3. Balance between osmotic stress and protection at the cellular level

Osmotic stress is caused by afluxofwater across the semi permeable
cell membrane that leads to a change of the cellular water potential
(Bisson and Kirst, 1995). One of the mechanisms to reduce the osmotic
pressure in diatoms is the extracellular release of amino acids and glu-
cose (Rijstenbil et al., 1989). The significant increase in nitrate concen-
tration observed in LST after day 2 might be related to both the result
of big diatoms lysis as well as the controlled release of specific sub-
stances such as aminoacids, to reduce intracellular turgor pressure
(Radchenko and Il´yash, 2006). Big diatoms contain internal vacuoles
for nutrient storage (Lomas and Glibert, 2000) that represent 30–90%
of total cell volume (Smayda, 1970) and which could have released
nigrogen-rich mollecules to the water.

Hypoosmotic conditions have been demonstrated to stimulate the
generation of ROS (Petrou et al., 2011; Häubner et al., 2014). Intracellu-
lar production of ROS does not necessarily imply cellular toxicity, but
oxidative stresswill occur when ROS formation exceeds antioxidant de-
fence capability or disrupts redox signalling, affecting cell functionality
(Häubner et al., 2014). In our experiment, DCFH-DA oxidation increased
until day 6 in LST, increasing 9-fold as compared to NST values. In addi-
tion, TBARS concentration, an indicator of lipid biological membranes
peroxidation of unsaturated fatty acids, presented a trend similar to
that of DCFH-DA oxidation, but maximum values were observed on
day 2, after which the cellular concentrations decreased until the end
of the experiment. This suggests that the effects of low salinity on cell
membranes are likely related to oxidation by free radicals. For
T. weissflogii it has been shown that a decreased abundance within the
first day of exposure to a low salinity medium is related to the loss
of membrane integrity, which did not allow a controlled release of spe-
cific substances to decrease intracellular turgor pressure (Radchenko
and Il´yash, 2006).

Organisms have protective mechanisms against harmful stress,
including a number of enzymatic and non-enzymatic defences that to-
gether constitute a complex antioxidant defence network (Häubner
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et al., 2014). In the present study we observed a significant increase in
αT concentrations in LST until day 4, in coincidence with a decrease in
TBARS content. This suggests that after the generation of ROS during
the first days of exposure to LST, ROS were compensated by means of
the consumption of antioxidants. Lipophilic molecules, such as αT, are
able to deactivate singlet oxygen (1O2), reduce O2 and terminate lipid
radical chain reactions (Häubner et al., 2014), and are regenerated by
ascorbate. Hernando et al. (2011) showed that Antarctic diatoms are
able to produceαT in response to other stress sources, such as the stress
induced byUV radiation. In this sense, our present results on the protec-
tive role of αT against hypoosmotic-induced damage, especially in cen-
tric diatoms, are in coincidence with previous findings (Häubner et al.,
2014). However, despite antioxidant protection, centric diatoms were
not able to cope with the osmotic stress in LST. Microscopic analysis
showed deformed cells and broken frustules in LST after day 4, possibly
due to the destruction of their membranes.

Although βC content showed a similar trend than αT, on day 8 its
concentration was significantly higher in LST than in NST. βC acts as
both an antenna pigment in the photosynthesis process (Hernando
et al., 2005; Häubner et al., 2014), and is (as zeaxanthin as well) a lipo-
philic antioxidant protecting cells against oxidative damage initiated by
1O2 and also quenching 1O2 preventing the formation of chlorophyll
triplet excited state (Frank and Brudvig, 2004). Furthermore, βC is a
major precursor for the carotenoids of the xanthophyll cycle in plants
(Demmig-Adams and Adams, 2002). As a part of antioxidant mecha-
nisms xanthophylls can increase their ratio in relation to light harvest-
ing pigments (Harris et al., 2005; Van De Poll et al., 2005). In our
experiment, values of βC:Chl a ratio were significantly higher in LST as
compared to NST, suggesting that βC production provided an important
antioxidant protection for small pennate diatoms. The low ROS (TBARS)
content on day 8 might be due to a protection strategy exerted by lipid
antioxidants. The dominance of small diatoms can be explained by the
high cell βC concentration observed, and therefore, their capacity to
avoid oxidative damage.

The link between physiological plasticity and longer-term ecological
niche adaptation tomeltwater displayed by small phytoplankton,which
led to a change in size structure of the phytoplankton community, may
have important consequences for the whole food web (Legendre and
Rassoulzadegan, 1996) and affect the carbon cycling in the ocean
(Finkel et al., 2010). The fact that large phytoplankton can sustain
rates of production and biomass higher than those of small cells
(Cermeño et al., 2005; Claustre et al., 2005; Marañón et al., 2007) has
also biogeochemical implications, because larger cells are responsible
for most of the export of biogenic carbon towards the deep ocean and
upper trophic levels (Legendre and Rassoulzadegan, 1996).
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