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Abstract

To understand the community structure and the functional dynamics of phytoplankton over the long term, it is essential to
identify rapid changes in the properties of Antarctic phytoplankton communities in relation to ongoing changes in environ-
mental factors due to climate change. This study investigated short-term variability in the phytoplankton biomass and its
composition over the summer of 2010 when the sea surface temperature was lowest and chlorophyll-a (chl-a) concentrations
were the highest, relative to a 15-year monitoring period (1996-2011). We assessed the intraseasonal variability of the phyto-
plankton assemblage structure and its synchrony with changes in the main environmental variables in Marian Cove of King
George Island, Antarctica. Chlorophyll-a concentrations in summer 2010 (January—February) were significantly higher (up
to 24 pg L™!) when the high phytoplankton carbon biomass (603 pg C L™!) was dominated by the sympagic diatom Navicula
glaciei, the benthic diatoms Licmophora belgicae and Fragilaria striatula, the planktonic diatoms Thalassiosira antarctica
and Thalassiosira spp. (cell size < 10 pm), and the Haptophyceae nanoplanktonic cells of Phaeocystis antarctica. Intrasea-
sonal processes such as easterly winds direction on Maxwell Bay appeared to be the main factors affecting the advection of
cold, nutrient-rich waters, and water stability that enhanced phytoplankton growth in Marian Cove.

Keywords Phytoplankton blooms - Marian Cove - Sympagic diatom - Benthic diatom - 2010 summer bloom

Introduction Smith et al. 2007; Riickamp et al. 2011; Lee et al. 2015).

Ongoing climate change is causing major changes to all

The coastal ecosystem of Antarctica is vulnerable to the
main drivers of climate change such as warming, ozone
depletion, and anthropogenic pollution (Kang et al. 1997;
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levels of the Antarctic ecosystem, encompassing microbial
communities (Piquet et al. 2011) and including phytoplank-
ton function and structure (Deppeler and Davidson 2017,
van Leeuwe et al. 2018). Particularly, the coastal areas of
the Western Antarctic Peninsula (WAP) are among the
most rapidly warming regions on Earth (Hansen et al. 1999;
Vaughan et al. 2003). For example, during the past 50 years,
the mean global atmospheric temperature has increased by
0.6 °C, whereas the atmospheric temperature of the WAP
has risen by 1.5 °C during the same period (Cook et al.
2005, 2014, 2016; Clarke et al. 2007), which has resulted
in substantial reduction of ice sheet and marine-terminating
glaciers (Turner et al. 2013; Rignot et al. 2019), an increase
in precipitation, and an increase in glacial discharge into the
ocean. In addition to atmospheric warming, recent studies
revealed that ocean warming has been attributed as a major
driver to the glacier retreat in this region (Cook et al. 2016).
As these drivers change the chemical properties and physical
processes in Antarctic coastal water bays, it is likely that the
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prolonged and constant environmental changes at the WAP
will change the structure and function of the phytoplankton
communities and affect the complexity of the food web in
this ecosystem (Massom et al. 2006; Meredith et al. 2017).
Melting glaciers in the Antarctic Peninsula have increased
the biomass of nanophytoplankton (<20 pm; Moline et al.
2004; Montes-Hugo et al. 2009; Mendes et al. 2013, 2018).
As micro-phytoplankton (> 20 pm cell size and chain-form-
ing diatoms) are the main taxonomical contributor to the
primary productivity of the Antarctic food web (Corbisier
et al. 2004; Choy et al. 2011), changes in its species compo-
sition may drastically alter the entire ecosystem (Clarke et al.
2007). Thus, whole-community algal analyses (e.g., using
size-class groups) are needed.

Several processes drive the temporal (intraseasonal, sea-
sonal, and interannual) succession of phytoplankton assem-
blages. The main one is the development of phytoplankton
blooms, and their interactions are complex. In coastal Ant-
arctic waters, growth-limiting micronutrients (e.g., Fe) and
wind-driven water stability have been suggested as the main
drivers of phytoplankton blooms during the summer season
(Brandini and Rebello 1994; Schloss et al. 2014; Hofer et al.
2019). During summer, coastal waters are characterized by
the occurrence of large phytoplankton blooms (chlorophyll-
a>10 g L~!; Schloss et al. 2014; Wasilowska et al. 2015;
Egas et al. 2017; Hofer et al. 2019) mainly consisting of
micro-phytoplankton taxa such as the chain-forming dia-
toms Thalassiosira, Fragilariopsis, Chaetoceros, and
Pseudo-nitzschia (Kopczynska 2008). Nano- (Cryptophy-
ceae, Prasinophyceae, and Prymnesiophyceae) and pico-
phytoplankton may also bloom during the summer seasons
(Kopczynska 2008; Schofield et al. 2017). These blooms
cover a wide coastal region of Antarctica and may have eco-
logical implications, including influencing biomass/nutrient
ratios and impacting water primary and secondary produc-
tion coupling. Phytoplankton composition in nearshore habi-
tats (coves and, bays) are characterized by a dominance of
benthic assemblages, whereas planktonic diatoms and flagel-
lates are frequently occurring in open ocean areas of WAP
(Lange et al. 2018). In Marian Cove, benthic diatoms appear
to make a significant contribution to the biomass and diver-
sity, playing a main role transferring energy to the upper
trophic levels of benthic communities (Ahn et al. 2016; Ha
et al. 2019; Bae et al. 2021). Blooms events of benthic dia-
toms in this rapidly deglaciated fjord (Ahn et al. 2016; Ha
et al. 2019) may act as the major food source to the benthic
food web and possible fueling adjacent nearshore Antarctic
waters (Ha et al. 2019).
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Marian Cove is a tributary inlet of Maxwell Bay at King
George Island and its entrance is open to the southwest,
allowing the water mass in the bay to be influenced by the
Bransfield Strait (Chang et al. 1990). King George Island, on
which the Korea Antarctic Research Program is stationed,
belongs to the WAP where warming and glacier melting
are proceeding fast over the several decades (Ducklow et al.
2006; Cook et al. 2014, 2016; Turner et al. 2016; Rignot
et al. 2019). King Sejong Station is located in the nearshore
area of Marian Cove and has been used as a base for moni-
toring the population dynamics of plankton over the long
term (Kang et al. 1997; Lee et al. 2015). Kang et al. (2002)
and Ahn et al. (1997) evaluated the relationship between
environmental factors and phytoplankton assemblages and
observed an increase in benthic diatoms due to the wind and
tidal currents in the nearshore waters of Maxwell Bay during
the summer months. Recently, Lee et al. (2015) reported that
seawater temperature dynamics were positively related to
monthly chl-a variability from 1996 to 2008 in Marian Cove,
where small-cell phytoplankton were a significant contribu-
tor to the phytoplankton community.

Many studies have been conducted on phytoplankton
composition in the coastal waters of the WAP during the
summer season to evaluate the role of environmental vari-
ables on phytoplankton structure (Dayton et al. 1986; Perrin
et al. 1987; Brandini and Rebello 1994; Ahn et al. 1997,
Schloss et al. 2002, 2014; Kim et al. 2018; Lange et al. 2018;
Van Leeuwe et al. 2020), and several have included year-
round monitoring in the Antarctic coastal stations (Krebs
1983; Kang et al. 1997, 2002; Lee et al. 2015). Intrasea-
sonal temporal variation in phytoplankton community struc-
ture can be used to identify and monitor marine ecosystem
responses to unusual environmental changes. We investi-
gated the dynamics of phytoplankton composition and bio-
mass through the summer of 2010 in Marian Cove, an Ant-
arctic nearshore area.

Materials and methods
Study area

Maxwell Bay (MB) is surrounded by King George Island and
Nelson Island, which belong to the South Shetland Islands
(Fig. 1). Marian Cove (MC) is a typical glacial embayment
(~4.5 km long and ~ 1.5 km wide) of MB and consists of
3 basins with maximum water depths of 100—130 m. The
MC is sheltered and its water exchange with the main bay
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Fig. 1 Location of the sampling area (%) in Marian Cove, King George Island, Antarctica
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is likely limited due to shallow submarine sill at a depth
of 70 m at the entrance (Lee et al. 2015). Sea ice forms for
2 to 3 months during the winter time, but not every year.
The inner cove is fringed with tidewater glaciers which have
retreated about 1.9 km over the last six decades (Ha et al.
2019). During most of the summer months, these glaciers
break up, bringing a substantial amount of glacier-melt water
into the cove. Snow-melt water is also introduced from the
snowfields (Moon et al. 2015 and literature therein). Water
from melt-snow forms on the surface layer and floating
ice is often observed as it flows into the bay, driven by the
wind over the Maxwell Bay (Llanillo et al. 2019). The data
presented in this article were obtained from fixed sampling
points at the mouth of Marian Cove (62° 13" S-58° 47" W)
from January 1 to February 29, 2010, as a part of the long-
term monitoring program framework from 1996 to 2011.
The distance from the entrance to the Marian Cove mouth
at the sampling point is about 1 km, and the distance from
the sampling point to the glacial wall inside the Marian Cove
is about 4 km. The water depth of this sampling point was
within an average of 2 m (and less < 3 m) and the water at the
sampling point is well mixed by the wind and tidal currents
(Llanillo et al. 2019).

Sampling and analyses of physical and chemical
factors

Surface water was sampled from the pier at the station from
0.5 m depth with a PVC bottle (Nalgene). Water temperature
and salinity were measured in situ using a conductivity sen-
sor (YSI 30) to the first decimal unit (Lee et al. 2015). More-
over, the salinometer and temperature sensor were calibrated
once every two weeks with a dedicated calibrator solution
and double-checked with two identical machines (YSI 30).
The seawater was filtered using a GF/F filter (47 mm, glass
fiber filters, Whatman) and was kept in a bottle for nutrient
analyses and stored at — 80 °C until further analyses. The
samples were analyzed for SiO,, NO, +NQO;, and PO, using
an automatic nutrient analyzer (QUATRO-4ch, SEAL).
Meteorological data were obtained from the automatic
meteorological observation system (AMOS-1) at King
Sejong Station. The AMOS-1 comprises a wind vane and an
anemometer installed at 10 m, a thermo-hygrometer at 2 m,
and a rain gauge and a barometer at about 1.5 m (Park et al.
2013). The measurements were averaged over every 10 min.
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Phytoplankton biomass and species composition

To analyze chl-a concentrations, seawater samples were col-
lected at the site [avoiding low tide and sampling at high
tide (ranged from — 21 to 223 cm)] and transferred to a
laboratory; finally, a 500 mL aliquot sample was filtered
through a GF/F filter (25 mm, glass fiber filters, Whatman).
Then, 10 mL 90% acetone was added and each sample was
stored in the dark for 12 h prior to analysis. Chl-a concen-
tration was measured with a fluorometer (TD 700, Turner
Design, USA). The fluorometer was calibrated twice a year.
Moreover, the salinometer and temperature sensor were
calibrated once every two weeks with a dedicated calibrator
solution and double-checked with two identical machines
(YSI 30). Size-fractionated chl-a procedure was conducted
with 20 pm nylon mesh: cells that passed through the net
were considered the pico- and nano-phytoplankton chl-a
fraction (<20 pm), and samples that were retained in the
net were considered the micro-phytoplankton chl-a fraction
(>20 pm).

For microscopic examinations, HPMA (N-(2-hydroxy-
propyl methacrylamide)) slides were prepared using optical
and fluorescence microscopes (Crumpto 1987; Kang et al.
2002). The HPMA slide is similar to the Utermohl method
(Utermohl 1958). The number of phytoplanktons cells that
are not precipitated is small, and sample observation is not
restricted by the magnification of a microscope. Seawater
samples (125 mL) were fixed and glutaraldehyde was added
to a final concentration of 1%. Next, 100 mL was filtered
through Gelman GN6 metrical filters (0.45 pm pore size,
25 mm diameter) and the filter was washed with 50-100 mL
deionized water to remove any remained salt. The cleaned
filter was placed upside down on a cover class and 3-5 drops
of HPMA were applied, after which it was dried in a dry-
ing oven at 60 °C for 1 day. Subsequently, 3 to 4 drops of
Norland optical adhesive (61, LOT 311) were applied to
the dried cover class and it was hardened with Spectroline
(15Watt Long Wave UV Lamp, XX15A) for 5 min. The
HPMA slide was used for quantitative analyses of cell con-
centrations and biomass for a specific phytoplankton species.
At least 10 fields or 300 cells were counted with a Zeiss
Axiophot microscope through either a fluorescence or opti-
cal microscope. Micro-sized phytoplankton were counted at
%200 and X400 magnification and nano- and pico-size phy-
toplankton were counted at X1000 magnification. Diatoms
were identified to the species or genus level when possible.
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Flagellates of size classes both larger than and less than
20 pm were counted to the level of Haptophyceae, Prasino-
phyceae, and Cryptophyceae. The following phytoplankton
guides were used for the Phytoplankton of algae: Priddle and
Fryxell (1985), Tomas (1997), Scott and Marchant (2005).
To identify the taxonomical features, the phytoplankton
specimens were observed using a scanning electron micro-
scope (SEM; JIMS6610LV, JEOL). The organic matter in
the cells was removed to enable identification by SEM and
the samples were treated according to the method of Kang
et al. (2002).

The carbon biomass of phytoplankton (pg C L™!) was
estimated by measuring the cell lengths of each taxon (at
least 20 individuals per taxa) using an optical microscope
(Axiophot, Zeiss). The mean cell bio-volumes were calcu-
lated using appropriate geometrical shapes (Sun and Liu
2003). The carbon biomass (pg C) of algae was estimated
from the cell volume using modified Strathmann equations
(Egs. 7 and 8 in Smayda 1978): for diatoms, log,, C=0.76
(log cell volume) — 0.352; and for autotrophic nanoflagel-
lates and dinoflagellates, log,, C=0.94 (log,, cell volume)
— 0.60. The following conversion factor was used for the
picophytoplankton group to transform the cell volume to car-
bon biomass: 220 fg C pm~> (Borsheim and Bratbak 1987).

Statistical analyses

Principal component analysis (PCA) was used to detect
environmental gradients in temperature, salinity, AT,
NO3 +NO2, PO4, SiO,, and wind speed (n=58) throughout
the study area. All variables were previously centered and
scaled by subtracting the mean and dividing by the standard
deviation. The PCA was performed using the ‘vegan’ pack-
age (Oksanen et al. 2007) for R Software (R Core Team
2013). Non-metric multidimensional scaling (nMDS) was
used to characterize associations of microphytoplankton
species using the metaMDS function in the ‘vegan’ pack-
age based on the log-transformed [logl0 (x+ 1)] species
abundance (n=19). This analysis showed distinct phyto-
plankton assemblages between samples obtained in Janu-
ary and February (see “Results” section). We performed
IndVal analysis (Dufréne and Legendre 1997) to identify
indicator species for both months based on log-transformed
abundances (indval function in the labdsv R package). We
applied this analysis to a set of 29 phytoplankton taxa car-
bon content: Gymnodinium spp. (>20 um), Gymnodinium
spp- (<20 um), Coscinodiscus oculoides, Licmophora
antarctica, Licmophora belgicae, Pleurosigma directum,

Thalassiosira spp., Achnanthes bongrainii, Achnanthes
brevipes, Cocconeis costata, Fragilaria striatula, Fragilari-
opsis kerguelensis, Fragilariopsis spp. (20—40 um, single
cell), Fragilariopsis spp. (20 um, single cell), Licmophora
gracilis, Navicula glaciei, Navicula perminuta, Pseudogom-
phonema sp., Thalassiosira spp. (20-40 pm), Thalassiosira
spp. (<20 um), Thalassiosira spp. (>40 um), Fragilariopsis
cylindrus (< 10 um), Fragilariopsis pseudonana (< 10 pm),
Fragilariopsis spp. (< 10 um), Minidiscus spp., Thalassio-
sira spp. (< 10 um), Cryptomonas spp., Phaeocystis antarc-
tica, Pyramimonas spp..

Results
Hydrography, meteorology, and inorganic nutrients

From 1996 to 2011, the mean annual surface water tempera-
ture at Marian Cove Station ranged from — 0.40 to 1.50 °C.
The mean summer (January—February) surface water tem-
perature in 2010 was the lowest recorded during this period
(= 0.57 °C) (Fig. 2a). The mean annual surface salinity
was 33.61 (SD= +0.96, n=320), where the mean monthly
value (Fig. 2b) was lowest in summer (January =33.00) and
highest in winter (July =33.90). During the peak of summer
(January), the low-salinity (30.1-34.8) surface water was
likely due to the inflow of glacial and snow-melt runoff from
the surrounding glaciers and snow field of Marian Cove
(Fig. 2d). On the other hand, the high salinity value in winter
peak (July) was mainly due to formation of sea ice. Mete-
orology data for the summer 2010 season showed that the
prevailing wind was from the southeast (SE), with a mean
velocity of 7.06 m s~! (1.84-15.72 m s~), which drove the
surface water toward the inlet of Marian Cove (Fig. 3a). The
area was ice-free during summer and in general, cold and
saline water associated with the high-velocity SE winds were
observed during the first 2 weeks of February.

During the 2 months period (Jan 1st to Feb 28th,
2010), nitrate, orthophosphate, and silicic acid concentra-
tions averaged 19.97, 1.51, and 115.60 pM, respectively
(Fig. 4). Although concentrations of inorganic nitro-
gen (nitrate + nitrite) and silicic acid varied greatly on a
weekly basis during summer, their concentrations gradu-
ally decreased by the end of January and before starting to
increase and then were maintained throughout February.
Inorganic nitrogen decreased from 25 pM to 19 uM, while
silicic acid decreased from 120 pM to 80 uM at the end of
January.
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«Fig.2 Long-term 1996-2011 period variability of environmental
factors of sea surface water temperature (a), salinity (b), total chlo-
rophyll-a (¢), summer dynamics (January—February) of surface water
temperature versus salinity during 2010 (d) at Marian Cove, Antarc-
tica

Dynamics of carbon biomass and phytoplankton
composition

The annual chl-a concentrations in 2010 ranged from 0.13
to 23.78 pug L™' (mean=2.01+3.32 ug L"), where the
monthly mean was the highest in summer (January =8.25 pg
L1 and the lowest in winter (July=0.27 pg LY (Fig. 5a).
During the 2 months period of summer of 2010, four major
phytoplankton biomass pulses with high chl-a peak were
detected in the surface waters of Marian Cove (Fig. 5b).
The major contributors to the blooms were microphyto-
plankton (>20 pm) (50-87%; Fig. 5a). The highest peak
(23.78 pg LY occurred in the first week of February
(Fig. 5a). The carbon biomass followed the temporal pattern
of the chl-a concentration, ranging from 42.30 to 608.52 pg
C L' (Fig. 5b). Centric and pennate diatoms comprised

the majority of the phytoplankton biomass (Figs. 5b, 6, 7).
During the first peak (second week of January), the major
contributors to the carbon biomass were the diatoms Navic-
ula glaciei, Licmophora belgicae, and Odontella litigiosa,
while Thalassiosira antarctica and N. glaciei dominated in
the third week (Fig. 6). In February, two additional carbon
biomass pulses were observed when the sympagic pennate
diatom N. glaciei and the benthic diatoms L. belgicae and
Fragilaria striatula dominated. Phytoflagellate (<20 pm)
carbon biomass was also significant and showed a peak in
January with values up to 59.12 pg C L™! (mean=35.92 pg
C L") decreasing slightly in February (mean=27.41 pg
C L7!; Fig. 5¢). Most of the carbon from nanoflagellates
during this period was due to Cryptomonas spp., Pyrami-
monas spp., and Phaeocystis antarctica, which contributed
on average 38% of the total phytoplankton carbon. Small
athecate dinoflagellates cells belonging to Gymnodinium
spp. (cell size ~20 pm) were also important contributors to
the total carbon biomass during January 2010. Short peaks
of picophytoplankton cells frequently occurred through-
out the study period (Fig. 5c). In terms of carbon biomass,
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picophytoplankton increased before the main diatom blooms
with values ranging between 0.013 and 0.300 pg C L.

In terms of nano- and micro-phytoplankton abundance,
Phaeocystis antarctica (up to 3.93 x 10° cells L™!) was the
dominant species throughout the summer period. Both sin-
gle-cell and colonial forms were observed and the motile
cell of P. antarctica ranged in diameter from 3 to 9 pm.
Despite picophytoplankton being numerically dominant,
micro-phytoplankton diatoms and nano-phytoplankton con-
stituted a significant portion of the total carbon biomass.
During the summer blooms, diatoms comprised approxi-
mately 58% of the total micro-phytoplankton abundance,
fluctuating between 1 and 2 orders of magnitude during this
period. With the exception of Thalassiosira spp. (< 10 pm),
the sympagic diatom N. glaciei, Minidiscus spp., Fragilari-
opsis spp. (<10 pm), Fragilariopsis cylindrus (<10 pm),
and Fragilariopsis pseudonana (< 10 pm) were the main
species at Marian Cove.

The first two components of the PCA analysis explained
37.3% (PC1) and 20.8% (PC2) of the total variance (Fig. 8a),
indicating that all inorganic nutrients and salinity were nega-
tively correlated with time and decreased from January to
February (Fig. 8a, PC1). The associations between salinity
and nutrients were consistent with the observed temporal
gradients of high salinity (>33.0) and wind direction change
(to SE), coinciding with the post-melt month (February).
The NMDS analysis based on the most frequent phytoplank-
ton taxa indicated that some diatom species are indicators of
this environmental gradient (Fig. 8b). The IndVal analysis
identified a group characterized by the biomass dominance
of diatoms species, classified by month (p <0.05). In Janu-
ary, the most important biomass contributors were centric
diatoms such as Thalassiosira spp. and Minidiscus spp., and
the flagellate Pyramimonas spp., while in February, they
were the pennate diatoms Pseudogomphonema sp., Lic-
mophora antarctica, and Fragilaria striatula.

Discussion
The importance of wind

In the summer of 2010, high chl-a concentrations
(mean=6.80 ug L™ and up to 23.78 ug L™!) were observed
in the nearshore waters of Marian Cove; these were much
higher than the mean value of 1.55 pg L™ from 1996 to
2011. During the study, the phytoplankton community var-
ied markedly in terms of carbon biomass, cell abundance,
and taxonomic composition. Solitary and colonial P. ant-
arctica cells dominated small diatoms (sympagic, benthic,
and planktonic) (30.28% of total cell abundance). In the
last decade, P. antarctica events have been more frequent,
especially during the early stages of spring phytoplankton

blooms, when haptophyte populations dominated the phy-
toplankton assemblages in both shelf and non-shelf waters
of the WAP region (Arrigo et al. 2017).The mean chl-a peak
during the summer 2010 season (January—February) was
higher than during the summers in other years (1996-2011),
and some environmental factors were associated with this
particular bloom event. Phytoplankton biomass changes dra-
matically depending on water temperature (Kang et al. 2002;
Behrenfeld 2005) and the prevailing wind direction (Schloss
et al. 2014; Hofer et al. 2019). The summer blooms of 2010
occurred due to changes in the dominant wind direction
(easterly) and speed, and its effect on water column stabil-
ity, accounting for the increased phytoplankton biomass near
the surface (Brandini and Rebello 1994; Schloss et al. 2014).

Specifically, in Marian Cove, additional frequent changes
in wind direction were observed during 2010 compared to
the entire study period. Here, the dominant wind direc-
tion is usually westerly, but in the summer of 2010, dia-
tom blooms were concomitant with long-lasting prevail-
ing (> 6 m s™') easterly wind, which may have caused an
inflow of deep, nutrient-rich waters from Maxwell Bay. The
bloom in 2010 was triggered by wind and consequently
induced upwelling in Marian Cove (Brandini and Rebello
1994); this fits the mechanistic explanation given for the
diatom bloom observed in Maxwell Bay in summer 2017
(Hofer et al. 2019). In this study, a large phytoplankton
bloom (chl-a> 15 pg L™!) was observed at Maxwell Bay
and South Bay, which consisted almost exclusively of ben-
thic (Fragilaria and Licmophora) and planktonic diatoms
(Pseudo-nitzschia, Thalassiosira, and Chaetoceros). Dur-
ing the summer diatom peak (January), the relatively high
contribution of a few heterotrophic Gymnodiniales species to
the total carbon biomass during the study period was associ-
ated with low-salinity (30-33) surface water, supporting the
idea of a mixed assemblage of centric and pennate diatoms
and flagellates under the influence of meltwater and low
salinity (Lima et al. 2019).

Studies have indicated that climate change will lead
to anomalous climatological events including changes in
the dominant wind direction (Vaughan et al. 2003; Mas-
som and Stammerjohn 2010). In the eastern coastal bays of
King George Island, low wind speeds and easterly winds
have favored phytoplankton blooms, where benthic diatoms
appear to dominate the summer community (Lange et al.
2018). Schloss et al. (2002, 2014) reported that the domi-
nant easterly wind promoted the surface water circulation in
the Bransfield Strait, which resulted in inflowing seawater
from the open sea remaining in the photic zone for a longer
period of time. The fact that similar climatological processes
have occurred at Admiralty Bay and Potter Cove since 2010
suggests that remote climatic signals are now more applica-
ble to oceanographic—cryospheric dynamics. According to
Costa and Agosta (2012), an anomalous stationary cyclone
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«Fig.5 Summer 2010 progression of total chlorophyll-a (a), total
biomass (b), carbon biomass by main phytoplankton groups (c¢), and
wind direction versus chlorophyll-a (d) at Marian Cove, Antarctica

to the northwest of the Antarctic Peninsula and an anticy-
clone over the Southeast Pacific Ocean persisted throughout
the summer of 2010. This can be related to positive surface
temperature anomalies in the South Pacific, over the source
region of the cyclone, through the generation of local con-
sistent mean-flow baroclinicity. For example, strong north-
erly winds have been reported to create unusually compact
coastal ice and snow cover during summer, which contrib-
utes to the formation of major phytoplankton blooms in
WAP (Massom et al. 2006). However, according to Costa
and Agosta (2012), an anomalous stationary cyclone to the
northwest of the Antarctic Peninsula and an anticyclone over
the Southeast Pacific Ocean persisted throughout the sum-
mer of 2010. Costa and Agosta (2012) also described an
anomalous easterly wind component during the winter sea-
son, which could further favor cold temperature anomalies
over the study area on a regional scale. In addition, changes
in chl-a may reflect the dynamics of the nutrient supply
induced by the Antarctic seawater circulation (Pollard et al.
2002; Sokolov and Rintoul 2007; Thompson and Youngs
2013). Therefore, the synergetic regional climatological
anomalies (e.g., wind field and air temperature) occurring
during 2010 may have decreased the sea surface temperature
and weakened the stratification, creating the physical condi-
tions that could advect nutrients to the upper layer, enhanc-
ing native phytoplankton assemblages (Schloss et al. 2014).

Importance of melting of ice

To understand the influence of the melting of sea ice/glaciers
on the observed blooms, qualitative analyses of some phy-
toplankton and environmental variables were conducted in
the bloom study area. Seasonal melting of sea ice is consid-
ered a significant environmental driver that modulates phy-
toplankton production (Smith and Comiso 2009; Sabu et al.
2014). A previous study documented high chl-a concentra-
tions (> 15 ug L™") in Maxwell Bay during summer 2017,
suggesting that Fe release from glacier runoff could be an
important factor driving intense primary production in Ant-
arctic bays (Hofer et al. 2019). Other studies have shown that
the prolonged winter ice season results in high chl-a concen-
trations in the following summer in the WAP (Rozema et al.
2017), and sea-ice dynamics are a significant factor govern-
ing both photosynthetic biomass and phytoplankton commu-
nity composition (Rozema et al. 2017; Mangoni et al. 2017).
Marian Cove was frozen for 102 days in the winter of 2009
(Fig. 3c). There is marked interannual variability in fast ice
due to changes in the direction, persistence, and strength of
the prevailing winds, with more easterly winds leading to

less frequent fast-ice breakout (Massom and Stammerjohn
2010). The main indicator of the influence of ice melt dur-
ing the following summer of 2010 was the high abundance
and dominance of Navicula glaciei at the sea surface in the
bloom area.

Sea ice/glacier melting has both positive and nega-
tive effects on phytoplankton photosynthesis and biomass
accumulation. First, the freshwater released during sea ice
melting forms a buoyant barrier layer that limits vertical
advection of new inorganic nutrients and decreases light
penetration due to the accumulation of particles through-
out the shallow mixed layer. Second, wind speeds and tidal
cycles associated with water stability (low-speed haline
stratification) and mixing (high speed) of the water column
in Marian Cove (Llanillo et al. 2019) would explain the high
(cell accumulation) and low (cell dispersal) chl-a concentra-
tions, respectively. Third, the melting sea ice/glacier could
also be a significant source of additional inorganic nutrients
and Fe (Kim et al. 2015) fueling phytoplankton growth.
Thus, it is plausible that the extended period of ice recorded
previously could also be an extra source of macro- and
micro-nutrients during the melting period in the following
summer of 2010. Despite a significant reduction in macro-
and micro-nutrients at the end of January, phytoplankton
growth in Marian Cove was unlikely affected by nutrient
availability (“non-limiting factor”) given their high concen-
trations throughout the year (Marian Cove: Fe =38 nM; Kim
et al. 2015). Here, we suggest that high abundance and car-
bon biomass of the sympagic diatom Navicula glaciei dur-
ing the summer of 2010 may be considered the signature of
its fate following the 2009-2010 ice-melting events (mostly
low salinity values due to sea-ice melt and glacial runoff),
and that environmental conditions were favorable for growth
throughout the water column. Sympagic diatoms may con-
tribute to pelagic blooms in eastern Antarctica (Riaux-Gobin
et al. 2011; van Leeuwe et al. 2018). Hence, we hypothesize
that the spring—summer melting process preceded by a previ-
ous winter with a long freeze might also play a significant
role in shaping the phytoplankton composition (sympagic
versus ice-free or planktonic species), more than typical air-
ocean dynamics alone (i.e., wind-driven, tides, water stabil-
ity, and bloom development).

Occurrence of nearshore phytoplankton blooms

Microscopic analyses of the species composition were con-
ducted every 3 days and the results provided high temporal
resolution of the data. During the main 2010 phytoplankton
bloom, N. glaciei was the dominant sympagic species. Kang
et al. (2002) reported that N. glaciei and N. perminuta, two
sympagic diatoms, were abundant as the water temperature
decreased and the amount of sea ice increased, even during
the winter. Moreover, Kang et al. (2002) argued that the
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«Fig.6 Temporal variability of carbon biomass (ug C L7!) dur
ing summer 2010 of dominant phytoplankton species in surface
waters of Marian Cove: Thalassiosira spp. (<160 um) (a), Fragi-
laria striatula (40 um—60 pm) (b), Navicula glaciei (25 pm—40 pm)
(¢), Achnanthes bongrainii (40 pm-80 um) (d), Licmophora belgi-
cae (80 um—130 pm) (e), Pseudogomphonema sp. (18 pm—69 pm)
(f), Odontella litigiosa (60 pm-130 pm) (g), Pyramimonas spp.
(<10 pm) (h), Minidiscus spp. (< 10 um) (i), Licmophora antarctica
(80 um-100 pm) (§)

formation of frazil ice and the inflow of colder water formed
near the glacier cliffs were main factors in the autumn,
whereas wind-driven resuspension was the major mecha-
nism increasing diatom biomass in the water column dur-
ing the austral summer (Ahn et al. 1997). N. glaciei grows
better when salinity is lower, increasing its abundance in
low-salinity coastal water (Kang et al. 1999; Hernando et al.
2015). Moreover, it is mainly found on pack and permanent
ice (Fernandes and Procopiak 2003). Our results reflect this
and suggest that N. glaciei and other pennate diatom species
(Pseudogomphonema sp., L. antarctica, and F. striatula)
could be indicator species (as carbon biomass) to indicate
the inflow of colder water and meltwater from glaciers dur-
ing the spring and summer. We also saw that the increase
in diatom cell abundance and the decrease in the summer
water temperature were caused by the influx of colder water
from glacier cliffs, and this influx was affected by strong
southeasterly winds to the inner cove. Associated with the
lower water temperature in 2010, N. glaciei was one of the
most abundant species during summer and it accounted for
the major portion of the total phytoplankton biomass. Smith
and Nelson (1985) reported that a lower water temperature
increased phytoplankton biomass in King George Island,
which is in agreement with the general notion that coastal
Antarctic phytoplankton can grow maximally in low in situ
temperatures (Mura and Agusti 1996).

Although solitary cells and colonial forms of P. ant-
arctica did not contribute significantly to the total carbon
biomass (7.40%), they were important in terms of abun-
dance (30.28%) and formed a constant biomass background
accompanied by early diatom blooms during the summer of

2010. Our results are consistent with those of other studies
that have indicated that P. antarctica is a dominant species
in Antarctic coastal waters (Gibson et al. 1997; Rodriguez
et al. 2002; Mendes et al. 2012). The mass proliferation and
frequent occurrence of P. antarctica have been reported in
many ecosystems, including areas high in nutrients and with
good mixing near glaciers (Davidson and Marchant 1992).
It was interesting to observe the co-occurrence of benthic,
planktonic, and sympagic diatoms, Pyramimonas spp. and
P. antarctica, suggesting good adaptation to low light con-
ditions and the ability to uptake nutrients in the study area.
In the middle of the study period (beginning of February),
the advection of cold waters (close to 0 °C) caused by the
wind dynamics (southeasterly wind direction) and/or by the
adjacent sea-ice/glacier melting process might have facili-
tated the episodic injection of nutrient-rich waters to the top
layer. The presence of sporadic mixing/stability events and
their effects on phytoplankton can be seen in the reduced
phytoplankton growth rates (based on changes in chl-a) at
Marian Cove (Fig. 5d). It was noted that the high biomass
of phytoplankton and growth of the dominant species were
positively affected by the cold, nutrient-rich water conditions
in Marian Cove. Although all nutrient concentrations were
higher this season, the concentrations of inorganic nitrogen,
silicic acid, and orthophosphate decreased rapidly due to the
higher uptake of phytoplankton in the summer of 2010 (end
of January) (Fig. 8a). Considering the geographical loca-
tion of the study area, the abundant nutrients originating
from the penguin colony at Narevsky Point could have also
been a source of nutrients to the study area, brought there
by the wind, as has been suggested for other coastal areas
(Nedzarek 2008). Summer blooms differ from year to year,
with glacial melting and wind-driven advection of nutrients
favoring the dominance of benthic—sympagic diatoms (N.
glaciei, Licmophora) and planktonic diatoms (Thalassiosira,
Pseudo-nitzschia, Chaetoceros) prevailing in lighter coastal
conditions. We are not discounting the potential role of tides
(including the tidal cycle and internal tides), which can be
a significant factor in changes of the hydrographic structure
(and therefore physical-chemical properties) in Maxwell
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«Fig. 7 Microphotographs of A External girdle view of Achnanthes
bongrainii (A.Mann, 1937). B External view of Cocconeis costata
(Gregory, 1855). C External girdle view of Licmophora belgicae
(Peragallo, 1921). D Internal view of basal pole with rimoportulae.
E External valve view of Navicula glaciei (Van Heurck). F Girdle
view of Odontella litigiosa (Van Heurck, 1909) Haban. G Fluorescent
image of Phaeocystis antarctica (Karsten, 1905). H Valve view of
Thalassiosira antarctica (Comber, 1896). (Scale bars: A-D=10 um,
E=2pm, F=10 um, G=5 um, H=10 pm)

Bay and its tributary fjords, like Marian Cove (Llanillo et al.
2019). Specifically, we expect that a flood tide would induce
the accumulation of nutrient-enriched waters and phyto-
plankton biomass, as well as phytoplankton cell resuspen-
sion and changes in species composition (from pelagic to
benthic forms) in the upper water column toward the head
of Marian Cove.

As Deppeler and Davidson (2017) suggested, if the com-
munity structure and functions of phytoplankton change due
to climate change (e.g., decreased light and thawing), these
changes will greatly affect the biogeochemical cycle of the
Southern Ocean and this will amplify climate change. There-
fore, changes in the dominant wind direction and melting of
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(a). Vectors indicate the direction and contribution of the differ-
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water temperature (Temp; °C), salinity (Sal), Wind speed (WS; m
s™1), Silicic acid (Si, uM), Orthophosphate (PO,, uM), Nitrate (NO,
uM). All data were previously centered and scaled by subtracting the
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cate month (i.e., groups of sampling days at January and February
2010) recognized after hierachical cluster analysis performed with the
sample scores of the two first PCA axes. Dispersion NMDS ordinal
distribution displaying the logarithmically transformed cell carbon
biomass [In (x+1)] of the most frequent occurring phytoplankton
species (<10 of total samples); In bold case, significant “indicators
species” during January (Thalassiosira spp., Minidiscus spp., Pyrami-
monas spp.) and February (Pseudogomphonema sp., Licmophora

NMDS2

the sea ice/glaciers due to remote climatological forcing may
alter the dominance of the main functional phytoplankton
groups (cell size classes), biomass, and species composi-
tion of the phytoplankton community in glacier-influenced
coastal shallow areas. It is essential to detect environmental
changes and predict their potential effects by studying the
community structure and functional dynamics of phyto-
plankton on a long-term basis in coastal areas of WAP.

Conclusion

This study reports intense phytoplankton blooms occurred
during an austral summer (January and February 2010) in
an Antarctic glacial fjord as compared with those over the
15-year period in the same area. The blooms were dominated
by a mixture of several sympagic (N. glaciei), benthic (L.
belgicae), and planktonic (7. antarctica) diatoms. The analy-
sis showed that the major driving forces for the blooms were
strong/weak SE winds, high levels of inorganic nutrients
from oceanic waters, and possibly the inflow of lithogenic
elements such as Fe laden in the glacier runoff. Given the

(b)
0.5 +
0.0 - Mini
'T,c::‘ Fstr Pseu
Lant
Thal3 Tspp
-0.5 4
I I I I I
-1.0 -0.5 0.0 0.5 1.0
NMDS1

antarctica, Fragilaria striatula) (IndVal analysis and significance
p>0.05) (b). Gymnodinium spp. (>20 pm)=Gyml, Gymnodinium
spp. (<20 um)=Gym?2, Coscinodiscus oculoides=Cos, Licmophora
antarctica=Lant,  Licmophora  belgicae=Lbel,  Pleurosigma
directum=Pdir, Thalassiosira spp.=Tspp, Achnanthes bongrai-
nii=Abon, Achnanthes brevipes=Abre, Cocconeis costata=Coc,
Fragilaria striatula=Fstr, Fragilariopsis kerguelensis=Fker, Fragi-
lariopsis spp. (20 um—40 pm, single cell)=Fral, Fragilariopsis spp.
(<20 pm, single cell)=Fra2, Licmophora gracilis=1gra, Navicula
glaciei=Ngla, Navicula perminuta=Nper, Pseudogomphonema
sp.=Pseu, Thalassiosira spp.(20 pm—40 um)=Thall, Thalassiosira
spp. (<20 um)=Thal2, Thalassiosira spp. (>40 um)=Thal3, Fragi-
lariopsis cylindrus (<10 pm)=Fcyl, Fragilariopsis pseudonana
(<10 pym)=Fpse, Fragilariopsis spp. (<10 um)=Fspp, Minidiscus
spp.=Mini, Thalassiosira spp. (<10 pm)=Thal4, Cryptomonas
spp. =Cyrp, Phaeocystis antarctica=Phae, Pyramimonas spp.=Pyra
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large interannual variability of the environmental factors in
the WAP, future work on the effects of glacier retreat, sea-ice
melting, and glacier runoff on phytoplankton biomass and
species composition is crucial for ecosystem modeling to
predict the responses of marine microorganisms to climate
change.
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