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The biogeochemical dynamics of fjords around Antarctica are strongly influenced by
cryospheric, climatic, and oceanographic processes that occur on a seasonal scale.
Furthermore, as global climate change continues, there is a growing awareness of
the impact of ocean warming on glacier melting, which is expected to affect the
composition of phytoplankton community structure in West Antarctica’s nearshore
marine areas. In this study, we describe the role of hydrographic forcing on the
short-term summer variability of the phytoplankton community in Marian Cove, an
Antarctic glacial fijord (62°S). Phytoplankton and hydrographic variables were
measured at five stations along the Marian Cove during summer 2019 (January—
February). The highest concentrations of microphytoplankton biomass were found
in the outer area of the fjord, whereas nanophytoplankton biomass displayed
continued dominance during most of the summer period in Marian Cove.
Hydrographic assessment showed that freshwater inputs from the glacier
influenced the surface layer of the fjord, modulating phytoplankton biomass,
which was dominated by nanodiatoms (Minidiscus sp., Thalassiosira spp.) and
nanophytoflagellates (Cryptomonas spp., Phaeocystis sp.). Concurrent
measurement of phytoplankton biomass and environmental conditions during
December 2018-January 2019 indicated that a period of weak southeastern
winds generated vertical stability, which led to the development of a major peak
of microphytoplankton biomass in the outer cove, driven by warm, allochthonous,
oceanic, nutrient-rich waters. High carbon biomass dominated by nanodiatoms and
nanophytoflagellates was observed in cold, fresh, and low-light subsurface waters
of the cove. Our results highlight the effects of a warming ocean, which may favor
the summer resurgence of nanodiatom and nanophytoflagellate communities in
Antarctic fjords due to increased glacial meltwater inputs.
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glacial freshwater, cell carbon biomass, Antarctic shallow fjords, diatoms,
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1 Introduction

The Southern Ocean (SO, south of 30°S) plays an important role
in regulating climate by absorbing significant amounts of
anthropogenic carbon dioxide (CO,, 40%) from the atmosphere
(Khatiwala et al., 2013). One of the regions where the effects of rapid
warming over the last five decades has been observed is the West
Antarctic Peninsula (WAP) with an increase of ~ 0.5°C/decade
(Turner et al., 2014). In WAP the interaction between both ocean-
atmosphere anomalies have triggered diverse environmental
perturbations such as increase in sea surface temperature, mass
loss from melting glaciers and increased snowfall (Arrigo et al,
2017), which may have effects on the dynamics of coastal
phytoplankton communities.

Assuming global climate change will cause further glacial retreat
and freshening of adjacent coastal waters, elucidating the impacts of
glacial meltwater processes on phytoplankton dynamics in
Antarctic glacier-fjord systems is an important research goal.
Seasonal ice-melting events alter the physicochemical and optical
properties of the water column, increasing the stratification and
turbidity of coastal and oceanic Antarctic waters (Dierssen et al.,
2002; Stammerjohn et al., 2008). Under these conditions, suspended
material decreases light availability for phytoplankton growth,
causing a nonlinear response of primary production (Hopwood
etal,, 2020) and potential feedback in the inorganic carbon cycle. In
addition, melting glacial ice creates low-temperature and low-
salinity surface water, generating large vertical and horizontal
gradients in density. An increase in glacial meltwater may affect
spatial variation in benthic communities (Bae et al., 2021), enhance
bacterial production (Min et al., 2022), and cause ecological shifts
between planktonic groups (Lange et al., 2014; Garcia et al., 2019).
Fjord-glacier systems have diverse characteristics and dynamics,
affected by factors including the hydrographic characteristics of the
watershed, glacial dynamics, wind-induced mixing, and light
penetration, which may be critical to elucidating the response of
Antarctic fjords to climate forcing. These features are important to
understand how they influence the taxonomic composition of
phytoplankton communities inhabiting sea/glacial ice, benthic
substrates, and planktonic habitats in shallow marine areas
around the West Antarctic Peninsula (WAP). Phytoplankton
communities, which include diverse life forms and niches, are
key players in producing high carbon biomass and primary
production during the spring-summer season, and thus their
temporal variability will have significant impact on Antarctic
nearshore zones.

Phytoplankton size structure and taxonomic composition are
critical community properties that determine the efficiency of the
biological pump that exports carbon to the deep ocean (Hewes et al.,
2009). Although chain-forming diatoms are the main group
contributing to phytoplankton biomass during summer in coastal
regions of the Southern Ocean, blooms of haptophytes and
cryptophytes have frequently been observed in coastal and
oceanic regions in recent years (Costa et al, 2021). Specifically,
the classic phytoplanktonic trophic web dominated by large chain-
forming diatom blooms has been modified in its taxonomic
composition and cell size, with nano- and picophytoplankton
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groups becoming dominant along the WAP (Moline et al., 2004;
Lee et al., 2015; Schofield et al., 2017; Mendes et al., 2018; Mascioni
et al, 2019). Recent studies have shown that physical processes
around the Antarctic Peninsula are the dominant drivers of the shift
in phytoplankton structure (from diatoms to cryptophytes) during
summer (Montes-Hugo et al., 2009; Lee et al.,, 2015; Kim et al,,
2018) and that primary production may have decreased
significantly (12%) along the WAP (Montes-Hugo et al., 2009).
Specifically, major nanoflagellate groups such as cryptophytes,
haptophytes and chlorophytes have been found to contribute
significantly to total biomass (> 80%) in low-salinity waters (<
34) of marginal ice zones (Kang and Lee, 1995; Moline and Prezelin,
2000) and Antarctic fjords during summer, when glacial meltwater
input increases (Kang et al,, 1997; Kang et al., 2001). As glacial
meltwater inputs continue to alter phytoplankton taxonomic
composition in nearshore areas, this shift may have significant
implications for carbon flux through the biological carbon pump
and for energy transfer to higher trophic levels.

In this study, the main objective was to examine summer
phytoplankton community structure and the influence of glacial
meltwater on the upper surface layer in Marian Cove. We
specifically present the summer hydrography and phytoplankton
size biomass and taxonomic composition in the Marian Cove glacial
fjord from January to February 2019.

2 Materials and methods

2.1 Study area

King George Island, Antarctica, is strongly influenced by a
massive permanent snowfield and glaciers that cover more than
90% of the island (Simoes et al., 1999; Lee et al., 2008; Riickamp
et al, 2011). Marian Cove, with a length of 4.5 km, a width of 1.5
km, and a maximum depth of 110 m, is one of the largest gorges in
Maxwell Bay, King George Island (Figure 1). The glacial wall is
located at the eastern end of the bay, and has a rapid retreat rate of
approximately 1.7 km along the flow line over the past 50 years
(Park et al., 1998; Lee et al., 2008; Riickamp et al., 2011). Over recent
decades (1956/1957-2020/2021), the glacial retreat rate in Marian
Cove has been approximately 27.2 m y™' (Kim et al,, 2022). As a
consequence of glacial retreat and increased freshwater influence,
the marine environment has become relatively stable in terms of
physical and chemical condition, providing favorable habitats for
benthic assemblages (Bae et al., 2021). In summer, glacial meltwater
from the glacial wall collects on the surface layer, and the wind
occasionally introduces floating ice into the bay (Kang et al., 2002;
Llanillo et al.,, 2019). Freshwater discharge also occurs from land
and submerged glaciers during summer (Chang et al., 1990).

2.2 Hydrographic and
meteorological measurements

For this study, samples were collected four times during the
summer months of 2019 (January 14, January 31, February 8, and
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February 25) at five stations along a transect (MC3, MC7, MC13,
MC16, MC19) in Marian Cove to elucidate the spatial dynamics of
phytoplankton. Station MC 19 is located at the entrance to the cove
(outer), adjacent to Maxwell Bay, and station MC 16 is located near
the tidewater glacier (inner). The water temperature and salinity
throughout the water column at each station were measured using a
conductivity-temperature-depth (CTD) profiler (SBE 10 plus). The
meteorological data (wind) used in this study were obtained from
the automatic weather system (AMOS-3) at King Sejong Station.
The anemoscope, thermometer, and rain gauge were located 10, 2,
and 1.5 m above the ground, respectively (Park et al., 2013).

2.3 Sampling and analysis

All water samples were collected using a rosette sampler
equipped with 5-L Niskin bottles. Samples for inorganic nutrient
analysis were stored in polyethylene bottles after filtration through
GF/F filters (0.7 um pore size, 47 mm diameter, glass fiber,
Whatman) and frozen at -65°C until analysis. Orthophoshate
(PO,), Nitrate (NO3), and Silicic acid (SiO,) were analyzed in two
replicates using an automated nutritional analyzer (QuAAtro, SEAL
Analytical, Southampton, United Kingdom) following Parsons et al.
(1984). The transparency of the water column at each sampling site
and time was determined using a Secchi disk, and the euphotic layer
depth and extinction coefficient were estimated from Secchi disk
measurements (Kim et al., 2021).
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2.4 Phytoplankton analysis
2.4.1 Chlorophyll-a

In the study area, seawater was filtered using GF/F filters
(0.7 pm pore size, 47 mm diameter, glass fiber, Whatman) to
analyze the concentration of chlorophyll-a (Chl-a). The sample
was passed through a 20-pum pore-size filter (Nucleopore), a 2-um
pore-size filter (Nucleopore), and a GF/F filter (0.7 um) to analyze
size-fractionated Chl-a concentrations. Additionally, we analyzed
Chl-a concentration at the monitoring station in Marian Cove from
December 2018 to February 2019 (Jeon et al,, 2021). Filters were
analyzed using a fluorometer (Trilogy) after the addition of 90%
acetone and extraction for 12 h at 4°C in a dark room.

2.4.2 Cell abundance and composition

Slides were prepared to analyze phytoplankton communities
according to the N-(2-hydroxypropyl) methacrylamide (HPMA)
method (Crumpto, 1987; Kang et al, 1993; Kang et al, 2002). At
least 10 fields or at least 300 cells were counted using and optical
microscope equipped with epifluorescence (Zeiss Axiophot). Micro
phytoplankton were counted at 200x and 400%, and nano- and pico-
phytoplankton were counted at 1000x. Samples were collected and
processed according to the method of Simonsen (1974) with the
modification described by Hasle and Fryxell (1970). Diatoms were
identified at the species or genus level, while flagellates around 20 um in
size were classified into the taxonomic groups Haptophyceae,
Prasinophyceae, and Cryptophyceae.
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2.4.3 Cell carbon biomass

The carbon biomass of phytoplankton was estimated by
measuring cell dimensions for each taxon (at least 20 cells per
taxon) using an optical microscope (Axiophot, Zeiss). The mean cell
biovolume was calculated using appropriate geometric shapes. The
carbon biomass of algae was estimated from cell volume using the
modified Strathmann equation (equations 7 and 8 in Smayda,
1978): for diatoms, log;y C = 0.76 (log;, cell volume)-0.352; and
for autotrophic nanoflagellates and dinoflagellates, log;, C = 0.94
(log;o cell volume)-0.60. The following conversion factor was used
for the picophytoplankton group to transform the cell volume into
carbon biomass: 220 fg C um™ (Borsheim and Bratbak, 1987).

2.5 Statistical analysis

Principal Component analysis (PCA) was used to identify
environmental gradients of temperature, salinity, NO3;, POy, SiO,,
total Chl-a, and the three Chl-a fractions (i.e., pico-, nano-, and
microphytoplankton) (N = 60). All variables were centered and scaled
through subtraction of the mean and division by the standard
deviation prior to analysis, and PCA was performed using the rda
function in the ‘vegan’ package (Oksanen et al., 2007) for R Software
(https://cran.r-project.org/). Differences in these variables between
the two areas (inner glacial and outer glacial) and three depths of the
water column (surface, middle, bottom) were assessed using the
Kruskal-Wallis test based on log-transformed data using
the kruskal.test function in the ‘stats’ package of R followed by the
post hoc Dunn test conducted using the dunnTest function in the
‘FSA’ package (Ogle et al., 2017).

A preliminary Detrended Correspondence Analysis (DCA) was
performed using CANOCO 5.0 software (N = 59), based on the
abundance of the main phytoplankton species (i.e., the ones occurring
in at least 30% of the samples), previously transformed to improve
normality [log (x + 1)]. This analysis resulted in a gradient length of 1.4
standard deviations (SD), indicating that a linear method is more
appropriate for the analysis of this dataset (ter Braak and Smilauer,
2012). Thus, a Redundancy Analysis (RDA) was performed to assess the
relevance of the environmental variables (i.e., temperature, salinity, NOs,
PO, and SiO,) to the spatio-temporal distribution of the main
phytoplankton species using CANOCO 5.0 software (N = 59). Chl-a
data was not included as it is a phytoplankton feature and therefore
should be considered as a response variable. Monte Carlo permutation
testing (999 permutations; CANOCO 5.0) was used to determine the
significance of the variables and the first two ordination axes. Interactive
forward selection was used to assess the individual contribution of the
different environmental species for the ordination of the species based on
Monte Carlo permutation testing (999 permutations; CANOCO 5.0).

3 Results
3.1 Hydrography and nutrients

The hydrography of Marian Cove is modulated mainly by the
summer input of freshwater as glacial meltwater, which occurs at the
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head of the fjord (Sta. 13, 16), leading to relatively low salinities at the
surface on the sampling dates (Figure 2). The contribution of
freshwater from meltwater discharge is found near the surface from
the head to the mouth of the fjord, and had a stronger influence on
January 31 and February 8 than earlier dates. We divided the fjord area
into two main zones: inner (Sta. 13, 16) and outer (Sta. 19, 3, 7), based
on the effects of glacial melting on haline conditions (Figure 2). In the
inner zone, the 0-15 m surface layer showed relatively low salinity,
between 33.5 and 34.1, compared to the outer stations, where it ranged
from 34.0 to 34.2. On January 31 and February 8, a plume of salinity
below 34.1 was evident along the fjord within the top 20 m. The
influence of oceanic water (from Maxwell Bay) was evident in the range
of temperatures observed in the upper 60 m in the middle and outer
portions of the fjord (median = 1-1.3°C; Sta 19, 3, 7) compared to inner
stations (median = 0.4-0.9°C; Sta. 13, 16). With the exception of
January 14, no water temperatures > 1.0°C were registered along the
system. The water column showed strong temperature variation along
the system on all sampling dates, with a decrease of 0.5-0.75°C from
the surface to the deep layer (Figure 2). Stratification was much
shallower at stations 13-16 and nearly disappeared in the outer
section, coincident with a more significant influence of oceanic water
(salinity > 34.1) and lower influence of freshwater.

Inorganic nutrient concentrations (ie., PO,, NO;, and SiO,), had
clear spatial variability from the inner to the outer portions of Marian
Cove (Figure 3). During the study period, the water column mean
concentration of nitrate (NOs) was 22.3 (SD = + 1.3 uM) in the inner
stations (Sta. 13, 16) and 20.3 (SD = + 0.5 uM) in the outer stations
(Sta. 19, 3, 7). Surface Nitrate had high concentrations (> 20 uM) all
along the system, with higher concentrations at the inner stations than
outer stations, and a major drawdown on January 14 at the inner area
(median = 14 uM). Silicic acid (SiO,) concentrations ranged from 72.2
(SD = + 2.8 uM) in the inner stations (Sta. 13, 16) to 68.1 (SD = + 8.9
UM) in the outer stations (Sta. 19, 3, 7). During the study period, SiO,
concentrations were greater than 65 uM throughout the water column.
On February 8, SiO, decreased to 37 puM, and this reduction was
greatest in the outer section (Sta. 19, 3) of the fjord (Figure 4). Low
spatial variability was observed along the system in Orthophospahte
(PO,) concentration ranged from 1.8 uM (SD = + 0.2 uM) in the inner
stations (Sta. 13, 16) to 1.6 UM (SD = + 0.5 uM) in the outer stations
(Sta. 19, 3, 7). PO, concentrations were more homogeneously
distributed throughout the water column and ranged from 1 to 2
UM, with relatively high concentrations in the inner section (Figure 4).
The PCA identified two major components that together explained
63.5% of the total variability and depicted a gradient between the inner
and outer areas (Figure 5), indicating that total Chl-a was positively
correlated with temperature and negatively correlated with nutrients.
The first component (PC1) was negatively correlated with nutrients
and positively correlated with water temperature and Chl-a (total,
nano- and microphytoplankton). The second component (PC2) was
negatively correlated with salinity. Pairwise comparisons showed some
spatial differences in the environmental variables of temperature and
salinity, as well as Chl-a (Kruskal-Wallis test; p < 0.05). Outer stations
showed slightly higher temperatures than inner stations in the upper 15
m (post hoc Dunn test; p < 0.05). Inner stations were characterized by
significantly lower levels of surface salinity compared to both outer
stations and deep waters (post hoc Dunn test; p < 0.05). The spatial
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Vertical distribution of water column Temperature (A—D) and Salinity (E-H),

variability of temperature was consistent with the gradient of Chl-a
observed at outer stations and associated with relatively high surface
salinities (> 34.1).

Euphotic zone depth decreased from January 14 to February 25
at both inner and outer stations in Marian Cove (Table 1).
Extinction coefficients throughout the water column were higher
at inner stations (K; = 0.4-1.7 m™") than at outer stations (Ky'=
0.2-0.4 m™"), and this pattern was related to high turbidity in surface
waters near the glacier (Kim et al., 2021). Meteorological data for
the period of December 2018 to February 2019 (Figure 6) showed
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dominant winds from the west with velocities from 6 to 12 m s*
during most of December 2018, which decreased (2-6 m s and
changed direction to the southeast in January 2019.

3.2 Phytoplankton
chlorophyll-a concentration

From December 2018 to February 2019, the main peak of Chl-a
at monitoring station in the Marian Cove was observed during the
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Vertical distribution of Nitrate (A—D), Orthophosphate (E-H), and Silicic acid (I-L), along the Marian Cove transect during summer 2019.

first weeks of January (Figure 7), with Chl-a concentrations
remaining low and constant over the rest of the period. High
surface Chl-a was observed on January 14 in the outer section of
the fjord, with values up to 5 mg m™, whereas Chl-a concentrations
around 1.0 mg m™ (mean = 0.5 mg m™) were found in the inner
section (Figure 8). The high Chl-a was associated with relatively low
inorganic nutrient concentration at the outer stations (PO,: 1.0 uM;
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NOs3: 15 uM; SiO,: 60 uM). During the main Chl-a peak in January,
the mean contribution of microphytoplankton to total Chl-a
was 82%, whereas the nanophytoplankton (including the
picophytoplankton fraction) contributed from 35 to 85% during
the rest of the summer. The nanophytoplankton was the main size
fraction contributing 45% (+ 22.9%) of the total Chl-a during the
complete sampling period (Figure 7).
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3.3 Phytoplankton composition and stations of Marian Cove showed higher diatom carbon biomass

relationship with environmental variables than inner stations. The main taxa contributing to the total carbon
biomass were Thalassiosira spp., Pseudo-nitzschia lineola, Pseudo-

Overall, 71 phytoplankton taxa were identified in this study,  nitzschia heimii, and Minidiscus sp. Large-celled diatoms were
among which 65 (91%) were diatoms. Subsurface water at the outer ~ frequently observed at all stations and were dominated by
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FIGURE 5

Principal Component Analysis (PCA) plot showing the distribution of the samples in the multivariate ordination space. Vectors indicate the direction
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Corethron inerme, Corethron pennatum, and Plagiotropis gaussi.
While assessing the complete seasonal variability of phytoplankton
assemblages is important, particularly in coastal areas, most of these
species were observed in the second stage (January-February)
of spring-summer phytoplankton succession in Marian Cove
(Kang et al.,, 2002). The nanoflagellate taxa Phaeocystis sp. and
Cryptomonas spp., as well as dinoflagellates such as Gymnodinium
spp., were also major contributors to total carbon biomass
during the study period. All taxa observed during summer had
actively growing populations that could successfully inhabit areas
with high nutrient concentrations and low levels of near-
surface light.

Nanodiatoms and nanophytoflagellates (chlorophytes,
cryptophytes, haptophytes) were ubiquitous, and the most abundant
(10°-10° cells L") nanophytoplankton groups made large
contributions to the total abundance on all sampling dates. The most
abundant group during the study period was picophytoplankton
(52.8%, SD = * 19.2%), followed by nanophytoflagellates (24.8%, SD
= + 18.1%), nanodiatoms (20%, SD = + 12.6%), and microdiatoms
(1.9%, SD = + 1.8%). The highest abundance (10° cells L") and cell
carbon biomass of microdiatoms (299-630 pg C L") were observed on
January 14 at the outer stations (sta. 19, 3, 7), whereas high carbon
biomasses of nanophytoflagellates (12-56 pg C L™) and nanodiatoms
(21-147 pg C L") were observed during the rest of the summer period
(Figure 9). During summer months (January-February),
phytoplankton cell abundances varied from 5.5 x 10° cells L™ to 5.6
% 10° cells L'}, whereas carbon biomass ranged from 42 to 609 ug C LY,
of similar magnitude to previous studies (Lee et al,, 2015; Jeon et al,
2021). During the main phytoplankton bloom (January 14), the centric
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chain-forming diatom Thalassiosira spp. (> 20 pum) and pennate
diatoms Pseudo-nitzschia lineola, Pseudo-nitzschia heimii,
Pseudogomphonema sp., Pseudo-nitzschia prolongatoides, Actinocyclus
divisus and Fragilariopsis spp. (20-40 pm) dominated the upper 15 m
layer, while nanodiatoms such as Minidiscus sp. (5-10 pm),
Thalassiosira spp. (10-20 um), Fragilariopsis spp. (< 10 um) and
Fragilariopsis cylindrus were the dominant taxa in the subsurface
(15 m) at both outer and inner stations (Table 2; Figure 10). During
the subsequent sampling periods, Cocconeis costata, Licmophora
gracilis, Synedropsis fragilis, Fragilariopsis rhombica, Gyrosigma
fasciola, and Navicula glaciei were also important components of the
phytoplankton community.

With the exception of January 14, the carbon biomass of
nanophytoflagellate dominated the size structure of phytoplankton
throughout the summer period. Cryptomonas spp., Pyramimonas
spp., Phaeocystis sp. and unidentified nanoflagellates were mainly
distributed at the surface of outer stations of Marian Cove during the
summer period. Picophytoplankton contributed little biomass to the
phytoplankton community at all stations along the fjord.

The eigenvalues of the two first RDA axes (0.12 and 0.056,
respectively) explained 21.77% of the total variability. The species
and environmental variables showed correlation values of 0.86 and
0.66 on canonical axes 1 and 2, respectively. The RDA axis 1 was
negatively correlated to temperature whereas the RDA axis 2 was
negatively related to salinity (Figure 11). Both axes were statistically
significant (Monte Carlo testing, p < 0.05). The forward step
selection indicated temperature (14% of explained variability) as
the main variable accounting for the phytoplankton species
composition, followed by PO,, salinity, and SiO, (6.3%, 3.6%, and
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TABLE 1 Physical parameters (bottom depth, Euphotic depth) and total phytoplankton abundance and cell carbon biomass at inner and outer stations
through the water column (surface, 15 m, bottom) at Marian Cove during summer 2019.

Sampling Station Latitude  Longitude Bottom Euphotic Pr;fﬁﬁé?ﬂg:n Carbon bi_?mass
date () (°W) depth (m) depth (m) 1 (ug L)
(cells L™
MC19 622208 58.8087 82 16.25 3.21.E+06 376.73
MC3 622178 58.7922 72 16.25 2.20.E+06 44927
1 ];)nll;ary’ MC7 622138 58.7740 100 16.25 241.E+06 673.04
MC13 622051 58.7346 79 10.84 1.02.E+06 38.78
MCl6 622033 58.7264 90 10.84 1.09.E+06 55.48
MC19 622208 58.8087 78 18.96 3.12.E+06 69.64
MC3 622178 58.7922 74 10.84 2.96.E+06 67.03
31 ]2?1‘;”"’ MC7 622138 58.7740 98 13.54 2.83.E+06 85.85
MC13 622051 58.7346 97 5.42 1.55.E+06 2471
MCl6 622033 58.7264 84 271 1.20.E+06 2639
MC19 622208 58.8087 72 10.84 3.86.E+06 87.23
MC3 622178 58.7922 65 10.84 2.50.5+06 4370
8 F;zrll;ary’ MC7 622138 58.7740 100 13.54 2.49.E+06 5447
MC13 62.2051 58.7346 95 542 1.29.E406 10.67
MCl6 622033 58.7264 70 271 8.76.E+05 16.96
MC19 622208 58.8087 78 10.84 2.95.E+06 66.52
MC3 622178 58.7922 72 10.84 3.19.E+06 72.07
2 er(l)’lr;ary’ MC7 622138 58.7740 102 13.54 3.29.5+06 75.96
MC13 622051 58.7346 9 542 1.76.E+06 26.40
MCl6 622033 58.7264 85 271 1.48.E+06 16.64

2.7% of explained variability; Monte Carlo testing, p < 0.05), while
NOj; was not statistically significant (Monte Carlo testing, p = 0.24).

4 Discussion

4.1 Diatoms versus nanoflagellates

Significant changes in phytoplankton biomass have occurred
along the WAP in response to a reduction in sea ice extent and
changes in upper-ocean conditions since the 1970s associated with
remote climatic signals (Arrigo et al., 2008; Montes-Hugo et al., 2009;
Henley et al, 2019; Costa et al, 2021). In accordance with these
results, a shift from diatoms to cryptophytes in response to long-term
changes in hydrographic structure has been suggested, associated
with stronger stratification of surface waters as melting of sea ice and
glaciers increases (Prézelin et al., 2000; Moline et al., 2004; Montes-
Hugo et al., 2008; Wasilowska et al., 2015; Biggs et al., 2019; Mascioni
etal, 2019; Ferreira et al., 2020). In this study, low Chl-a (< 1 mg m™)
and dominance of nanodiatoms, nanoflagellates, and picoplankton
cells were generally observed in surface waters of Marian Cove,
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providing further evidence of this trend in the summer season.
Aside from the first 2 weeks of January 2019, when a chain-
forming diatom and nanodiatom bloom occurred in the outer
portion of Marian Cove, nanophytoflagellates made large
contributions to total biomass (40-90%; carbon and Chl-a) in low-
salinity waters (< 34.1) during the summer period. The occurrence of
nanophytoflagellates is consistent with previous results reported
during the summer in several Antarctic coastal areas, including
Admiralty Bay (Vanzan et al, 2015; Wasilowska et al., 2015),
Ryder Bay (van Leeuwe et al., 2018), the western coast of the
Antarctic Peninsula (Mascioni et al., 2019), and Andvord Bay (Pan
et al., 2020). Furthermore, the observed long-term trend of a large
contribution of nanophytoplankton to total Chl-a in the study area
during spring-summer in some decades (Lee et al., 2015; Ruiz Barlett
et al,, 2021) could be associated with changes in the water column,
particularly the presence of warm, stratified waters, low salinity, and
low light availability. In Marian Cove, based on an annual study,
Kang et al. (1997) showed a negative relationship between salinity
and nanoflagellates at a monitoring station. These factors have been
considered main factors shaping the phytoplankton community in
the northern sector of the Antarctic Peninsula, where an important
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Temporal distribution of wind velocity and direction (A) and wind rose scheme (B—D) at meteorological the King Sejong station in Marian Cove,

during December 2018 to February 2019.

increase in small flagellates over diatoms has been reported (Lange
et al,, 2018; Mendes et al,, 2018; Ferreira et al,, 2020). As glacial
meltwater input continues, the shift toward species of smaller size
during the phytoplankton bloom periods will have an impact, as such
species make less significant contributions to carbon export than
larger species in nearshore areas of the WAP.

4.2 Short summer diatom bloom

Starting summer, a bloom of chain-forming diatoms of
Thalassiosira sp. was observed with high Chl-a and cell carbon
biomass, which are typical of diatom blooms in Antarctic coastal
areas (Biggs et al, 2019). In January 2019, intermittent and weak
southeastern winds (2-6 m s™*) resulted in a period of stability in the
water column that was long enough (1 week) to facilitate the
development of diatom blooms, which may be fueled by
allochthonous diatoms and nutrient-rich warm waters entering the
Marian Cove from Maxwell Bay. Although inorganic nutrients were
detected during all periods, no microdiatom bloom was observed in the
inner portion of the fjord. Thus, microphytoplankton biomass in
Marian Cove was unlikely to be affected by nutrient availability (a
non-limiting factor) given the high concentrations detected throughout
the fjord during the summer season. The high Chl-a and carbon
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biomass coincided with high phytoplankton carbon uptake over a large
area, and high primary productivity estimates in the vicinity of Maxwell
Bay (up to 5.0 g C m™ d”'; unpublished data) as well as Marian Cove
(Kim et al, 2021) were reported in January 2019. Phytoplankton
community composition during this sporadic summer bloom
indicated that the micro- and nanophytoplankton fractions (diatoms)
made a significant contribution (> 80%) to total biomass and primary
productivity. During this short bloom, microscopic results showed that
the diatom assemblages were dominated by a mixture of benthic
(Licmophora gracilis, Cocconeis costata, Pseudogomphonema sp.,
Actinocyclus divisus, Fragilariopsis spp., Nitzschia acicularis,
Fragilariopsis cylindrus) and planktonic (Thalassiosira spp., Pseudo-
nitzschia heimii, Pseudo-nitzschia lineola, Pseudo-nitzschia
prolongatoides) diatoms in Marian Cove (Table 2). The cooccurrence
of benthic and planktonic diatom taxa with different physiological
statuses was notable, suggesting some adaptation to the conditions of
low light and wind-driven water mixing in the study area, as observed
previously (Ahn et al,, 1997; Jeon et al., 2021). Specifically, the diatom
taxa associated with habitats released from glacial ice and benthic
substrates may exhibit differences in their buoyancy and sinking
adaptations. Benthic and glacial-ice diatoms are heavily silicified, in
contrast to the weakly silicified planktonic diatoms that frequently
occur in adjacent coastal waters of Maxwell Bay. During December
2018, strong (6-12 m s’l) western winds prevailed, likely inducing
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FIGURE 7

Temporal distribution of size-fractionated Chlorophyll-a (surface) at the King Sejong monitoring station from December 2018 to February 2019

(A), Water temperature and salinity (surface) at the King Sejong monitoring station from December 2018 to February 2019 (B), and size-fractionated
Chlorophyll-a at three different depths at the inner and outer stations along the Marian Cove transect during summer 2019 (C). The contribution of
microphytoplankton (blue bars) and nanophytoplankton (red bars) to total Chlorophyll-a during summer along the Marian Cove.

vertical strong mixing of shallow waters (< 100 m) in Marian Cove, and
these conditions may have triggered resuspension of sediment,
including benthic diatoms, thereby altering phytoplankton
communities during the bloom period.

4.3 Role of glacial ice melt

Sea-ice dynamics are regarded as a critical environmental process
that modulate phytoplankton production, biomass, and community
structure, particularly from the winter to spring (Montes-Hugo et al.,,
2009; Sabu et al., 2014; Moreau et al., 2015; Mangoni et al., 2017).
Specifically, previous studies have shown that surface waters of
Marian Cove freezes for 2-3 months in winter, but showing a large
interannual variability (Ha et al., 2019). In the same fjord, it was
suggested that the spring-summer melting process (sea-ice/glacial-
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ice) associated with previous winters of long/short sea-ice cover
periods may play a more important role than large-scale
atmospheric dynamics in shaping phytoplankton structure (Jeon
et al, 2021). Recent studies have suggested that an increase in
meltwater discharge due to the recent melting of the Antarctic ice-
sheet/shelf may induce important chemical and physical changes,
such as acidification, decreased nitrate, and increased iron in surface
2020; Oh et al, 2022). Long-term

monitoring programs in small nearshore marine areas are

waters (Bronselaer et al,,

providing strong scientific evidence of major shifts in
phytoplankton biomass and their drivers (physical and climatic),
which can be extrapolated to larger Antarctic coastal and oceanic
regions (Kim et al, 2018; Ruiz Barlett et al., 2021). Marian Cove
contains a glacier at the head of the fjord that is undergoing rapid
glacial retreat, impacting the physical and chemical properties of the
local marine system due to meltwater discharge. In our study,
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FIGURE 8
Vertical distribution of Total Chl-a (A—D), Microphytoplankton Chl-a (E—H), and Nanophytoplankton Chl-a (I-L), along the Marian Cove transect
during summer 2019.

freshwater inputs from melting glacial ice caused low near-surface  column stability is generally associated with dominance of
salinities (< 34), particularly at the stations nearest to the glacier, — microdiatoms in coastal bays (Biggs et al., 2019; Hofer et al., 2019),
creating stratified conditions in the upper water column during  this condition likely allowed high abundances of nanoflagellates and
summer. Furthermore, the buoyant meltwater plume can enrich  nanodiatoms to remain in the upper layer of the water column in
waters all along the fjord with nutrients (including iron), providing ~ Marian Cove. We note that low light transparency (high k'’
additional support for phytoplankton growth. Although water  coefficient) and high turbidity appeared to be the main factors
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FIGURE 9

Temporal distribution of cell size carbon biomass of Micro Diatoms (A), Nano Diatoms (B), Nanoflagellates (C), and Picophytoplankton (D) along the

Marian Cove transect, during summer 2019.

limiting the growth of large diatoms (> 20 pm) during the sampling
period, but favor nanophytoplanktonic cells, which are better adapted
to low salinity and light (Garcia et al,, 2019). A previous study in
Marian Cove that focused on the same period reported that low
primary productivity was related to dim light and high turbidity
throughout the euphotic layer in waters near Marian Cove glacier
(Kim et al., 2021). The mean euphotic layer depth of 10 m observed
along Marian Cove suggests that light is a limiting factor for the
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development of periodic summer microphytoplankton blooms in
surface waters influenced by glacial freshwater.

5 Conclusion

Meltwater inputs significantly modified the light availability
and physicochemical features at the head of the fjord, thereby
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TABLE 2 Broad ranking of most abundant (> 90% of total cells abundance) and most recurrent (> 50% total samples) phytoplankton taxa at the sites
(5 stations, 3 depths) of Marian Cove, Maxwell Bay during January—February 2019.

Group Type Species Outer Inner
Thalassiosira spp. (20< A< 40 pm) 3.3.E+0.3-3.5.E+05 6.7.E+02-7.9.E+0.4
Actinocyclus divisus 1.2.E+04 1.3.E+03
Thalassiosira spp. (> 40 pm) 1.3.E+03 6.7.E+02-3.6.E+04
Centric Odontella sp. 5.5.E+01
Chaetoceros dichaeta 4.0.E+03
Corethron pennatum 3.7.E+01
Dactyliosolen spp. 4.0.E+03
Pseudo-nitzschia lineola 9.2.E+04-3.5.E+05 2.1.E+04-3.4.E+04
Pseudo-nitzschia heimii 2.9.E+04-2.2.E+05 3.3.E+03-1.4.E+04
Pseudogomphonema sp. 2.7.E+03-2.3.E+04 1.7.E+03-4.7.E+03
Pseudo-nitzschia prolongatoides 4.0.E+03-2.1.E+04 3.3.E+02-7.3.E+03
Fragilariopsis spp. (20< A< 40 um) 2.0.E+03-1.2.E+04 4.0.E+03-1.2.E+04
Micro Diatoms
Cocconeis costata 4.0.E+03-3.3.E+04 4.0.E+03-1.2.E+04
Licmophora gracilis 1.3.E+03-6.7.E+03 2.0.E+03-3.3.E+03
Nitzschia acicularis 1.3.E+03-4.0.E+03
Pennate Fragilariopsis spp. (> 40 pm) 1.3.E+03-2.7.E+03 6.7.E+02
Synedropsis fragilis 6.0.E+03
Navicula glaciei 2.0.E+03 6.7.E+02
Cocconeis fasciolata 1.3.E+03
Fragilariopsis rhombica 6.7.E+02
Gyrosigma fasciola 4.6.E+02
Manguinea fusiformis 5.5.E+01-7.4.E+01
Pleurosigma directum 3.7.E+01
Haslea trompii 1.8.E+01
Minidiscus spp. 1.8.E+06-5.6.E+06 2.7.E+05-1.0.E+06
Thalassiosira spp. (< 10 pm) 2.3.E+05-8.7.E+05 5.8.E+04-1.8.E+05
Centric
Thalassiosira spp. (< 20 pm) 3.6.E+04-2.3.E+05 6.3.E+03-6.1.E+04
Chaetoceros socialis 4.7.E+04
Nano Diatoms
Fragilariopsis spp. (< 10 pm) 7.5.E+04-4.7. E+05 3.3.E+04-1.5.E+05
Fragilariopsis cylindrus (< 10 pm) 2.2.E+05-4.5.E+05 6.7.E+04-1.9.E+05
Pennate

Fragilariopsis pseudonana (< 10 pm)

1.7 E+04-2.5.E+04

Fragilariopsis spp. (< 20 pm)

4.0.E+03-5.3.E+03

Nano flagellates

3.6.E+06-4.6.E+06

8.2.E+05-1.4.E+06

Phaeocystis sp.

3.2.E+05-2.9.E+06

3.3.E+04-1.4.E+06

Nanophyflagellates
Cryptomonas spp. 2.5.E+04-1.3.E+06 8.3.E+03-5.0.E+04
Pyramimonas spp. 4.2.E+04-5.0.E+04 1.7.E+04-3.3. E+04
Picophytoplankton Picophytoplankton 5.0.E+06-7.1.E+06 2.2.E+06-5.0.E+06
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FIGURE 10

Vertical distribution of cell carbon biomass of Micro Diatoms, Nano
Diatoms, Nanoflagellates and Picophytoplankton (A-D) along the
Marian Cove transect, during summer 2019.

influencing the spatial (vertical and horizontal) distribution of
phytoplankton structure. At stations adjacent to the glacier,
higher abundances of nanodiatoms and nanophytoflagellates were
observed, likely due to better adaptation to surface haline
stratification and low-light conditions than microdiatoms. In one
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FIGURE 11

Redundancy Analysis (RDA) plot showing the distribution of the
samples and main phytoplankton species (i.e., occurring in at least
30% of the samples) in the multivariate ordination space. Vectors
indicate the direction and contribution of the different descriptors to
the first two PCA axes: temperature (Temp; °C), salinity (Sal), nitrate
(NOs3), silicic acid (SiO,), and orthophosphate (PO,4). Environmental
variables were previously centered and scaled by subtracting the
mean and dividing by the standard deviation whereas species
abundances were previously transformed to improve normality [log
(x + 1)I. Colors of symbols indicate groups of sampling stations:
Inner and Outer; and depths: Surface (surf = triangle), Middle (mid =
square), Bottom (bot = circle). Chaetoceros spp. (Chae); Corethron
inerme (Cine); Corethron pennatum (Cpen); Cryptomonas spp.
(Crypt); Fragilariopsis cylindrus (< 10 pm) (Fcyl); Fragilariopsis spp.

(< 10 pym) (Fraqg); Fragilariopsis spp. (Fragp); Fragilariopsis spp. (< 20
pum) (Fragps); Fragilariopsis spp. (20< A< 40 pm) (FragpM);
Gymnodinium spp.(< 20 um) (Gym); Licmophora belgicae (Lbel);
Minidiscus spp. (Mini); Nanoplankton (2—-20 pm) (Nano); Phaeocystis
sp. (Phae); picoplankton (2—-0.2 pm) (Pico); Plagiotropis gaussi
(Pgau); Pseudogomphonema spp. (Pseu): Pseudo-nitzschia heimii
(Phei); Pseudo-nitzschia lineola (Plin); Pseudo-nitzschia prolongatoides
(Ppro); Thalassiosira spp. (< 10 pm) (ThalSS); Thalassiosira spp. (< 20 pm)
(ThalSS); Thalassiosira spp. (20< A< 40 pm) (ThalM).

major bloom episode, the phytoplankton community was
dominated by chain-forming diatom species in the outer portion
of the fjord, associated with a relatively high euphotic layer and
weak southeast winds. We hypothesize that decreased salinity
and increased turbidity due to ocean warming would allow
nanoplanktonic species to take advantage of this new habitat and
become more common in Antarctic coastal waters during future
summers in association with increased glacial meltwater inputs.
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