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Abstract We conducted an integrated study of phyto-
plankton taxonomic composition, biomass and physico-
chemical properties of the water in Admiralty Bay, South
Shetlands. The aim of the study was to provide detailed
information on phytoplankton composition and diversity
related to relevant environmental conditions. High-perfor-
mance liquid chromatography pigment analysis and mi-
croscopy were performed in the summers of 2007 and
2009-2010. Results for 2007 showed a typical high-nutri-
ent, low-chlorophyll system. Total carbon biomass and cell
numbers were dominated by nanoflagellates, while diatoms
made up 1.2-4.5 % of the total algal numbers and con-
tributed a maximum of 23.4 % to the total cell carbon. A
small algal bloom occurred in the center of the bay, with
chlorophyll a values of ~1.0 pg 17", The prevalent pig-
ment was 19'-hexanoyloxyfucoxanthin, characteristic of
the Prymnesiophyceae. In January 2010, the values of
chlorophyll a (824 pg 17") and cell carbon (150 pg 17"
were the highest ever recorded for Admiralty Bay. In
general the algal populations were dominated numerically
by nanoflagellates, but a bloom of diatoms (maximum
30 % of total cells and 50 % of total cell carbon) was
observed. Diatoms were dominated by those of micro-size:
Thalassiosira ritscheri and T. antarctica. The dominant
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pigment was fucoxanthin, mainly found in diatoms. The
diatom bloom could be related to the southeast wind di-
rection, stable water column conditions and an inflow of
diatom-rich waters from the Bransfield Strait, while the
input of high-turbidity, low-salinity water from melting
glaciers and strong katabatic northwest winds could favor
nanoflagellates.
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Introduction

Previous investigations of phytoplankton community
structure and composition in Admiralty Bay, carried out in
various seasons and summarized by Kopczynska (2008),
have revealed year-round dominance (in number and bio-
mass) of nano-size cells, mainly nanoflagellates, over mi-
cro-size cells such as diatoms. Recently, the contribution of
diatoms to the total cell numbers has been declining, from
approximately 44 % in 1996-1998 to 5 % in 2003-2005.
This finding was based on water samples from both the
central bay and shore assemblages, the latter in the vicinity
of the Henryk Arctowski Polish Antarctic Station.

Examination of surface samples (0—5 m) has shown that
diatom blooms usually start near the shore and rarely
merge with open water diatom assemblages (Kopczyrnska
2008). Near the shore, the composition of diatom blooms is
influenced by benthic species, while the composition in the
bay as a whole is mainly influenced by diatoms, which are
transported in water masses coming from the Brainsfield
Strait.

Chlorophyll a concentrations in the bay are generally
low (~0.5 ug 1™") and have not previously been found to
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exceed 2.0 pg 17! (Tokarczyk 1986; Lipski 1987; Rakusa-
Suszczewski 1993; Lange et al. 2007). Randomly per-
formed primary productivity measurements in Admiralty
Bay also showed low values. For example, the total annual
productivity in surface waters in the center of the bay was
estimated at 6.6 g C m~3 year_l; in summer 1988, the
mean primary productivity was only 10 mg C m > year '
(Domanov and Lipski 1990).

The present research initiated phytoplankton pigment
monitoring in Admiralty Bay, enabling the investigation of
large areas of water in the bay for the first time. We at-
tempted to ascertain whether the seasonal and spatial dis-
tribution of major algal groups, calculated from the
concentration of diagnostic carotenoids using the CHEM-
TAX program (Mackey et al. 1996), reflected the distri-
bution of the same groups as determined by light
microscopy analysis. By introducing pigment studies we
hoped to find a suitable and relatively time-effective tool
for estimating the composition of phytoplankton assem-
blages in this dynamic environment characterized by phy-
toplankton blooms that vary in both space and time
(Kopczynska 2008). The study included analysis of the
physicochemical properties of water including temperature,
salinity, turbidity, Secchi disc depth, photosynthetic active
radiation (PAR) measurements, meteorological observa-
tions and concentrations of nutrients (N-NOs;, N-NO,,
N-NH4, P-PO,, SiO;). The main aim of our study was to
analyze the variation in phytoplankton biomass and com-
position in relation to physical-chemical properties of the
water column, to better understand these variations and to
identify the causes of the typically low phytoplankton
biomass and of the incidental phytoplankton blooms in
coastal Antarctic waters.

Materials and methods
Study area

Investigations were conducted in Admiralty Bay (62°03'—
12'S; 58°18'-38'W) (Fig. 1). It is the largest embayment on
King George Island (South Shetlands), with a surface area
of 119 km?, water volume of ca. 21 km> (Lipski 1987) and
maximum depth of 530 m. It has a number of features
typical of a fjord: characteristic water circulation and a
current system dependent on tides, wind, the morphology
of the bottom and local upwelling. Exchange of waters
between Admiralty Bay and the open ocean is one of the
most important factors affecting the hydrography of the
fjord. In summer (January, February) surface water
movements in Admiralty Bay have been observed to be
mostly determined by the strength and direction of kata-
batic winds (Nowosielski 1980; Pruszak 1980), which
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cause the outflow of surface water into the Bransfield
Strait. In contrast, southeastern (SE) winds bring inflows of
Bransfield Strait water into Admiralty Bay and Ezcurra
Inlet (Nowosielski 1980; Pruszak 1980; Szafranski and
Lipski 1982; Tokarczyk 1986; Domanov and Lipski 1990;
Brandini and Rebello 1994). The winds induce water tur-
bulence and resuspension of sediments in shallow parts of
the bay. The input of fresh water from melting glaciers
bearing mineral suspensions causes an increase in turbidity,
decrease in light intensity and decrease in surface salinity
(Lipski 1987; Schwarz and Schodlock 2009; Vernet et al.
2011). These phenomena contribute to the complex hy-
drology of the area, particularly near retreating glaciers and
close to freshwater streams (Dierssen et al. 2002).

Sampling

In summer 2007 we collected samples from four sites:
Goulden Cove (site G, maximal depth 83 m) situated at the
end of the bay; Ezcurra Inlet (site C, depth 225 m), the
central part of Admiralty Bay (site D, depth 504 m); the
entrance to the Bransfield Strait (site E, depth 522 m
(Fig. 1). Collections were made on 9 (site C), 22 (sites D)
and 26 January (site E) and 10 February (sites C and G)
(Table 1). Sites D and E were sampled only once in the
season, because bad weather conditions prevented us from
sailing to the center and outlet of the bay.

In 2009-2010 most of the sampling sites in the bay were
the same as in 2007 (C, D, E, G), and two other sites were
included at Dufayel Island (site A, depth 66 m) and in the
center of Ezcurra Inlet (site B, depth 154 m) (Fig. 1).
Samples were taken three times in the season: at the end of
December (29th), the beginning of January (2nd); mid-
January (22nd, 26th); and mid-February (11th, 15th). De-
tailed sampling dates are presented in Table 1.

In both summer seasons, samples for chemical, pigment,
and microscopic analysis were taken from the surface to a
depth of 100 m, or to the sea floor at shallower stations, at
2.5-m intervals in the euphotic zone and at 5.0-10.0-m
intervals below the euphotic zone. Samples were collected
from a fishing boat using Niskin bottles and were trans-
ferred into 2.5-1 opaque Nalgene plastic bottles.

Water samples for nutrient analysis (N-NO;, N-NO,,
N-NH4, P-POy4, SiO,) were filtered through 45-mm What-
man GF/F filters and quickly deep-frozen (—70 °C) in the
Arctowski laboratory.

Water samples for pigment analysis were filtered im-
mediately after collection through Whatman GF/F glass-
fiber filters under a gentle vacuum in dim light. Filters were
stored in a freezer at —70 °C until analysis, which was
carried out within 1 week of collection.

For phytoplankton estimation, 100-ml aliquots were
preserved with glutaraldehyde-lugol solution at a final
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Fig. 1 Location of sampling stations in Admiralty Bay for summer
2007 and 2009-2010: A Ezcurra Inlet (close to Dufayel Island);
B center of Ezcurra Inlet; C exit of Ezcurra Inlet; D central Admiralty
Bay; E Admiralty Bay exit to the Bransfield Strait., G Goulden Cove.

concentration of 1 and 2 %, respectively, then stored in the
dark at 4 °C until analysis. In 2007 cell counting and
identification were done for samples from 5-m and in
2009-2010 from 5-, 20- and 40-m depths from all the
sampling sites.

In 2007, the physical characteristics of the water column
(temperature, turbidity, conductivity and transparency)
were determined in situ simultaneously with sample col-
lection using a dissolved oxygen meter (WTW Oxil97i), a
conductivity meter (WTW LF 197i) and a Secchi disc. In
2009-2010, the physicochemical properties of water were
determined using a Midas Conductivity-Temperature-
Depth (CTD) multiparameter profiler additionally equipped
with a series of automatic sensors, an electromagnetic
current meter (ECM), Chelsea Mini Tracka IIC Chloro-
phyll fluorometer, a PAR irradiance meter and Seapoint
turbidity sensor.

T
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White areas indicate retreat of the ice front between 1956 and 1995.
The delineation of glacier drainage areas (black line) was taken from
Simdes et al. (1999)

The euphotic zone in 2007 was estimated as 2x Secchi
depth. Although the euphotic depth is not a fixed multiple
of Secchi depth, the 2x Secchi depth value is often used to
determine the euphotic zone. In different studies estimates
of euphotic depth have been reported from 1.16 to 2.3
times the Secchi depth (e.g., Davies-Colley and Vant
1988). We estimated the euphotic zone depth using PAR
values from the water profiles for the 2009/2010 season.
Euphotic zone depth reflects the depth where PAR is 1 %
of its surface value (e.g., Lee et al. 2007).

Mixed layer depth (MLD) was calculated using the
potential density anomaly, ¢, where 6 = p — 1000 and p
is the density in kgm™>. MLD is the depth at which
09 = 0gg (surface) + 0.05 (Barth et al. 2001; Clarke et al.
2008).

Meteorological data were collected using automatic
meteorological station type DAVIS Vantage pro 2.
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Nano- and microplankton

Prior to counting and species identification, phytoplankton
samples were placed for 24 h in 100 ml settling chambers
(Utermohl 1958). Algal cells were counted at 400x mag-
nification with a Nikon inverted microscope, according to
the procedures described by Utermohl (1958). In every
sample at least 300 cells were counted along randomly
chosen transects made across the counting chamber. We
considered the number of cells counted (ca. 300) to give a
good representation of the algae contained in a sample. The
method is the same as the one used in our previous work
from Admiralty Bay (e.g., Kopczynska 2008). Diatoms
were identified to the species or genus level. Flagellates of
the nano- (<20 pm) and micro-size (>20 pm) fraction
were counted and identified to the class level. Nanoflag-
ellates in Admiralty Bay include the classes of Prymne-
siophyceae, Prasinophyceae (both autotrophic) and
Cryptophyceae, which contain auto- and heterotrophic
species. We did not distinguish heterotrophic from au-
totrophic flagellates. Dinophyceae were not included
within the group of flagellates. We did identify the obvious
heterotrophic dinoflagellates (e.g., micro-size species
>20 um of Gyrodinium) to the genus level. The following
works were used for identification of the algae: Hasle
(1965), Sournia et al. (1979), Priddle and Fryxell (1985),
Medlin and Priddle (1990) and Steidinger and Tangen
(1997).

Cell carbon was estimated from cell volumes and cell
abundances. Cell volumes were calculated by comparing
cell shapes to appropriate geometric figures (Eppley et al.
1970). The following cell volume-to-carbon relationships
were used (Eppley et al. 1970; Smayda 1978): for diatoms,
log C = 0.76 (logV) — 0.352; for other phytoplankton, log
C =0.94 (logV) — 0.60, with V representing total cell
volume (um®) and C representing cell carbon (pg). The
carbon biomass of dinoflagellates (>20 pm) was calculated
using the formula for other phytoplankton as shown above.
Picoplankton cells were not counted.

Pigment analysis

The pigments were extracted in 3 ml of methanol in 6-ml
centrifuge tubes by ultrasonification (2 min at 10 W;
Omni-Ruptor 250) while kept on ice. Analyses were car-
ried out in the laboratory at the Henryk Arctowski Station
using a Shimadzu HPLC system equipped with a UV-Vis
and fluorescence detector on a Waters Spherisorb Cg
ODS2 column. The gradient method recommended by
SCAR (Wright et al. 1991) was used to separate pigments.
The pigments were identified by comparing their retention
times and absorption spectra with standards (DHI Lab
Products) and also with data in the literature (Jeffrey et al.

1997; Roy et al. 2011). Calibration curves were developed
using external standards.

The chlorophyll a contribution of the different algal
classes to the measured total chlorophyll a was calculated
based on the fact that taxonomic classes differ in the
composition and content of characteristic pigments. Some
pigments can be used as biomarkers, e.g., fucoxanthin for
Bacillariophyceae, 19’-hexanoyloxyfucoxanthin for Prym-
nesiophyceae, peridinin for Dinophyceae, prasinoxanthin
for Prasinophyceae, alloxanthin for Cryptophyceae and
chlorophyll b for Chlorophyceae (e.g., Wright et al. 1991;
Peeken 1997). The ratio of chlorophyll a concentration in a
given taxonomic group of phytoplankton to the total
chlorophyll a concentration in the entire sample was used
to calculate the chlorophyll a biomass (%) of the algal
group using the CHEMTAX program.

Nutrient analysis

Analyses were carried out in our home laboratory in Poland
60-90 days later, following standard analytical procedures
(Grasshoff et al. 1999) using a Shimadzu UV-160A
spectrophotometer.

Statistics

Principal component analysis (PCA) was used to relate the
CHEMTAX results showing the chlorophyll a of individual
phytoplankton groups, as well as total chlorophyll a, to
abiotic environmental factors (nutrients, water temperature,
salinity and turbidity). Only the complete data sets from all
sampled stations and all depths in the 2009-2010 season
were included. The NIR test, Kolmogorow-Smirnow test
and Mann-Whitney test (Statistica version 8) were used to
assess the statistical significance of differences between
mean values of the studied parameters.

Results
Physicochemical data

In 2007, the average water column salinities varied from
33.8 & 0.3 practical salinity units (PSU) at a cove in the
vicinity of melting glaciers (site G) to 34.1 £ 0.09 PSU in
Ezcurra Inlet (site C). Generally, the salinity of surface
waters (0-5 m) at all study sites was lower than in the
deeper water (Table 1). Surface water temperature in Jan-
uary ranged from 0.6 °C at site G to 2.2 °C at site D. The
MLD was the shallowest (5 m) at station G; at site D it
reached 12.5 m and was 15 m at sites C and E. Me-
teorology data for the 2007 season showed dominating
katabatic winds from the northwest (NW) with a mean
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velocity of 1.9-6.4 m s_l, which caused a flow of surface

water toward the outlet of the bay. The bay was ice-free.

Weather records for the summer of 2009-2010 show
low atmospheric pressure (976.7 hPa for January) and
prevailing winds from the SE during the sampling period.
Thick ice cover was present in December and at the be-
ginning of January in small coves, while later in January
only thin ice partly covered the coves. During sampling,
transect sites were located in recently ice-free water, while
site G was covered with pack ice. Average values of sur-
face (0-5 m) salinity ranged from 34.12 £ 0.12 PSU in
December and 34.10 £ 0.30 PSU in February to
33.84 + 0.45 PSU in January. Surface water temperature
increased from a minimum of 0.63 °C in December to
1.31 °C in January and 1.11 °C in February (Table 1).

In December 2010, when the small coves were covered
with ice, the highest turbidity—10.98—11.66 nephelometric
turbidity units (NTU)—was observed at sites A and B in
Ezcurra Inlet. Following ice melting in January, turbidity
values varied between 10.75 NTU in Admiralty Bay and
60.0 NTU in the cove (site G). The relatively great depth of
the euphotic zone in December (60 m at site A; 92 m at
site B) had decreased by half in the 3rd week of January
and ranged between 24 m (site G) and 49 m (site D). In
February, the euphotic depth increased to values similar to
those in December (52 at site G; 99 m at site D). A very
shallow MLD (from 1.7 m at site G to 8.2 at site D) was
observed on 22-26 January and a slightly deeper MDL
(from 10.3 m at site G to 15.8 at site E) on the other
sampling dates in the 2009-2010 season. Nutrient data
recorded for both seasons were typically high for Admi-
ralty Bay (Table 1).

Phytoplankton variability
Nano- and micro-plankton

The average value of phytoplankton biomass measured as
cell carbon for all study stations (at 5 m depth) in the 2007
season (January, February) was 29 + 14 ug C 17", There
were no statistically significant differences (Mann-Whitney
test, p = 0.35) between mean biomass values in January
(25+ 16 ug C17") and February (36 + 16 ug C17").
The highest biomass (49 pg C 17") was recorded on 26
January, at the exit of Admiralty Bay to the Bransfield
Strait (site E) (Fig. 2a). This site was also characterized by
high total phytoplankton abundance (4.3 x 10° cells 17"
(Fig. 2b), while the average abundance for all sites and
dates was 3.5 & 0.8 x 10° cells 17". Total carbon biomass
was dominated by prymnesiophytes at all stations, except
in site C at the beginning of January (Fig. 2a). Their con-
tribution ranged from 27 % (site C, January 9th) to 80 %
(site G, 10 February 10). The dominance of
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prymnesiophytes was also reflected in their high cell
numbers (average value 3.0 + 0.8 x 10° cells 1™"). Cryp-
tophytes constituted more than 50 % of total carbon bio-
mass only in Ezcurra Inlet (site C) on 9 January (Fig. 2a).
However, at the other stations and dates, their contribution
did not exceed 17 %, similar to prasinophytes, whose
contribution to the total carbon biomass was less than
20 %. The contribution to the total cell number of these
two phytoplankton groups was also low, at 0.3—18 %. Di-
atoms contributed a maximum of 23.4 % (11.5 pg C 17"
to the total carbon biomass at the exit of Admiralty Bay
(site E) on 26 January (Fig. 2a). At the same station the
highest number of diatoms (1.9 x 10° cells 171) was noted
(Fig. 2b). Diatoms made up 1.2-4.5 % of the total algal
cells, while dinoflagellates accounted for only 1 % of the
cells wherever they were detected. Diatoms included both
nano- and micro-size species. On 9 January, only small
(10-15 pum) Thalassiosira spp. (total carbon biomass—
0.5 pg C 17" and Pseudo-nitzschia spp., mainly P. lineola
(total carbon biomass—0.1 pg C 171), were very common
in Ezcurra Inlet. Two weeks later, small Thalassiosira spp.
prevailed (maximum = 2.6 pg C 17" at all sampling sites.
They  were  accompanied by lower  biomass
(maximum = 0.2 pg C17") of Pseudo-nitzschia spp.,
Corethron pennatum, Rhizosolenia spp. and Navicula sp.
In the 2009/2010 season, the average value of phyto-
plankton biomass for the whole sampling period
(31 & 16 pg C 17") was similar to the value in 2007, but there
was much greater variation between study sites and dates,
which is reflected in the high standard deviation. The mean
value of 57 & 25 pg C 17" for January was statistically sig-
nificantly higher than in December (21 + 6 pg C 17" and
February (17 £ 16 ug C17")  (Mann-Whitney test,
p = 0.016 and p = 0.006, respectively). Generally prymne-
siophytes contributed most to the carbon biomass
(37 &£ 8 %), and dinoflagellates provided 29 £ 12 %, di-
atoms 18 £ 9 %, prasinophytes 11 £ 12 % and cryptophytes
5 £+ 3 %. There were no statistically important differences
between mean biomass at the three sampling depths (5, 20, 40)
(Fig. 3). The highest total carbon biomass (144 pg C lfl)was
recorded on 22 January at site A, at a depth of 20 m (Fig. 3b).
Diatom biomass changed from 3.9 + 1.9 ug C 17! in De-
cember through 159 4+ 12.1 pg C 1" in January to
1.5 + 1.7 ug C 1"" in February. The highest diatom biomass
was detected at site A on 22 January (47 pg C 17"), at a depth
of 20 m, and the highest contribution of diatoms to the total
biomass (51 %) was given at site B, also at a depth of 20 m
(Fig. 3b). The January populations along the transect were
composed almost exclusively of two chain-forming micro-
size species: T. ritscheri (Hust.) Hasle (40-92 pm) and T.
antarctica Comber (>20 pm). Their contribution in total
carbon biomass of diatoms exceeded 93 % at all study sites
except for the small cove (site G). A few other species,
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including T. tumida (Jan.) Hasle (>20 pm), the small
(<10 um) Thalassiosira spp. Fragilariopsis pseudonana,
Fragilariopsis cylindrus, Navicula glacialis, Ps. lineola,
Porosira sp., Navicula sp., Chaetoceros socialis and Biddul-
phia sp., were present in low biomass in all samples. It is
interesting to note that in January and February the Goulden
Cove (site G) samples were entirely devoid of live, intact
diatoms; the samples collected in January contained very thick
detritus and were dominated by small flagellates. The biomass
of prymnesiophytes was a little higher in January than in other
months at all study stations (Fig. 3), but the differences were
not statistically significant. The contribution of cryptophytes
to the total carbon biomass was significantly higher in Fe-
bruary (10 £ 6 %) than in other sampling months.

The variations in phytoplankton cell numbers are less
visible than in cell carbon biomass (Figs. 3, 4). There were
no statistically significant differences in total cell number
between sampling dates. Only prasinophytes and especially
diatoms were found in greater abundance in January than in
December and February (Mann-Whitney test for diatoms,
p = 0.006 and p = 0.003, respectively). The maximum
diatom numbers (3.8 x 105) were noted at the same station
where the greatest diatom biomass was found (site A,
20 m, 22 January) (Fig. 4b). An unexpectedly high density
(2.7 % 10° cells 1_1) of Chaetoceros socialis, a relatively
small (34 um) chain-forming species, senescent in ap-
pearance, was found only at 5 m in February at site A
(Fig. 4a). In most of the December and February samples,
diatoms contributed 1.2-6 % to the total cell density, while
in January they contributed 10-49 %. Nanoflagellates were
always the most abundant (76 + 6.7 %). Prymnesiophytes
were dominated by motile and colonial forms (broken
colonies) of Phaeocystis antarctica. Total cells comprised
prasinophytes (9.5 £ 4.8 %), cryptophytes (3.5 £ 1.2) and
dinoflagellates (3.9 + 4.9 %). The senescent dinoflagellate
cells were small and shrunken, with partly emptied con-
tents and drab colors. Small (<12.5 pm) gymnodinioid
forms and Gyrodinium spp. were most abundant at all
times. Prorocentrum spp. and Amphidinium spp. were
found less frequently.

Distribution of chlorophyll a

In 2007, chlorophyll a concentrations differed between
January and February, as well as between the sampling sta-
tions. In January, the highest values were found in the central
part of the bay (site D) and in the entrance to Bransfield Strait
(site E). In surface waters (0-5 m), the concentrations were
low (maximum values 0.1 and 0.7 pug 17", respectively), but
they increased with depth, reaching peaks (>1 pg 1~ ") at 7.5,
17.5 m and below the euphotic zone at 30-70 m (Fig. 5a).
The January water profile average chlorophyll a concentra-
tion of 0.6 + 0.3 ug 17" in the central part and exit of
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40 { Ddiatoms
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0

date  09.01 26.01

Fig. 2 a Cell carbon biomass (C pg1™') and b cell numbers
(x1000 17" of major phytoplankton groups in the surface (0-5 m)
waters of Admiralty Bay in summer 2007

Admiralty Bay (sites D and E) was significantly higher (NIR
test, p < 0.05) than in Ezcurra Inlet (site C) and in the cove
(site G). In the latter two sites, the average concentration of
chlorophyll a was 0.3 + 0.3 pg 17" and 0.4 £ 0.1 pg 17",
and the highest value was 0.6 ug 17! (Fig. 5a). Generally,
chlorophyll a concentrations at all study sites were higher in
February than in January (Kolmogorow-Smirnow test
p < 0.05).

In 2010, chlorophyll a showed a distinct seasonal vari-
ability, increasing from December to a maximum in Jan-
uary and returning to low concentrations in February. The
differences between January and other months are statis-
tically significant (test NIR, p < 0.05). In December, the
highest values of chlorophyll a at sites A, B and D occurred
at depths of 0-25 m (site B; 0.78 pg 17"), but values ex-
ceeding 0.34 pg 17" were still found at 70 m (Fig. 5b). A
significant increase in chlorophyll a concentration
(>1.13 pg 1) was recorded on 2 January in the surface
waters in the center of Admiralty Bay (site D) and in the
Bransfield Strait (site E). Very high chlorophyll a values
(11.5-13.7 pg 17") were observed 20 days later in the inner
part of the bay (Ezcurra Inlet; sites A and B), with the
maximum reaching 24.0 pg 1=" in Goulden Cove (site G)
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at 10-25 m. Generally, in January (22nd and 26th) values
exceeded 3 pug 17" up to 8 pg 17" at 50 m up to a depth of
90 m (e.g., site C; Ezcurra Inlet) (Fig. 5b). A return to
much lower chlorophyll a concentrations (<2.0 pg 17"
was noted in February at all study sites (Fig. 5b).

Distribution of carotenoid pigments

Nineteen photosynthetic pigments were identified in the sam-
ples during both the 2007 and 2009-2010 seasons. These were

@ Springer

chlorophyll and its derivatives (chlorophyll a, b and c; pheo-
phytin a; pyropheophytin a; pheophorbide a; chlorophyllide a;
achlorophyll a allomer) and carotenoids (fucoxanthin, 19'-bu-
tanoyloxyfucoxanthin, 19'-hexanoyloxyfucoxanthin, diadi-
noxanthin, peridinin, prasinoxanthin, diatoxanthin, alloxanthin,
monadoxanthin and ff-carotene).

In 2007, 19’-hexanoyloxyfucoxanthin was the dominant
carotenoid during the entire season in Ezcurra Inlet (site C)
and in Goulden Cove (site G), with an average value of
0.5+ 0.07 pg1™" and a maximum of 0.3 pg1~'. The
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concentration of fucoxanthin at these stations was much
lower than 19’-hexanoyloxyfucoxanthin (average value
0.05 4 0.05 pg 17'; maximum 0.13 pg 17"). 19'-Hexanoy-
loxyfucoxanthin is the pigment characteristic of the nano-
size (<10 pum) prymnesiophytes. CHEMTAX results
showed that prymnesiophytes made up 100 % of the phy-
toplankton biomass, measured as total chlorophyll a, at some
depths. Prymnesiophytes were also dominant in the open
waters of Admiralty Bay (site D); however, diatoms (char-
acteristic pigment, fucoxanthin), cryptophytes (alloxanthin),
prasinophytes (prasinoxanthin) and dinoflagellates (peri-
dinin) also contributed significantly to the phytoplankton
assemblages (Fig. 6). At site E (Admiralty Bay exit), all
phytoplankton groups mentioned above were present with
domination of prymnesiophytes, but a high concentration of
fucoxanthin (average value 0.13 £ 0.2 pg 17!, maximum
0.6 pg 17") indicated the increasing importance of diatoms.
In 2010, the dominant carotenoid pigment throughout the
season was fucoxanthin (average value 0.9 pg 17'). Max-
imum concentrations (7 pg 17" to >14 pg 17") occurred at
10-20 m at sites A, B, C, D and G, indicating the occurrence
of a diatom bloom in the middle of January (Fig. 7). The
average value of 19'-hexanoyloxyfucoxanthin concentrations
for the entire season was 0.04 pg 1™ ! and the maximum value
of 0.18 pig 17" was noted in January at station B. In December
and February, high Spearman’s correlation coefficients
(R =0.932, R = 0.882, respectively, p < 0.05) between the
concentrations of fucoxanthin and 19’-hexanoyloxyfucoxan-
thin at all sites indicated that a significant portion of fucox-
anthin originated from prymnesiophytes. However, in
January, the correlation between these pigments was much
lower (R = 0477, p < 0.05), indicating a diatom bloom.
CHEMTAX results showed that the diatom contribution to the
total chlorophyll a reached nearly 90 % at all study sites
(Fig. 7). Other diagnostic pigments identified at all sites in-
cluded prasinoxanthin, chlorophyll b, alloxanthin and
monadoxanthin. Concentrations of prasinoxanthin were very
low in December (average value 0.02 pg 171, but increased
significantly in January (average value 0.24 pg 17") atall sites
(Fig. 7). The lowest prasinoxanthin values were recorded in
February (average value 0.004 pg 17"). A very high correla-
tion (R = 0.851, p < 0.05) between prasinoxanthin and
chlorophyll b indicated that chlorophyll b originated from
prasinophytes rather than from chlorophytes. Alloxanthin and
monadoxanthin (characteristic of cryptophytes) were not de-
tected in December and January, but were found in February
in the center of Admiralty Bay, when the contribution of
cryptophytes to the total algal biomass was <10 % (Fig. 7).

Statistics

PCA showed that chlorophyll a in December 2009 could be
mainly attributed to prymnesiophytes, followed by

prasinophytes and diatoms. In January 2010, diatoms and
prasinophytes were the major contributors to chlorophyll
a. The diatom biomass was positively correlated with
salinity and negatively with turbidity. In February 2010, all
algal groups contributed equally to chlorophyll a concen-
trations (Fig. 8).

Phytoplankton composition versus carbon and pigment
biomass during 2007 and 2009-2010

In 2007, the highest concentrations of chlorophyll a coincided
with the sites of maximum carbon biomass, dominated by
prymnesiophytes. The two dominant pigments, 19'-hex-
anoyloxyfucoxanthin and fucoxanthin, reflected this. The
maximum carbon biomass in January 2010, attributed to di-
atoms and nanoflagellates, coincided with the sites of the
highest chlorophyll a concentrations (Fig. 9). These results
and the significant correlations of total phytoplankton carbon
(heterotrophic dinoflagellates were excluded) with chloro-
phyll a (Fig. 9a), and also of diatom carbon with fucoxanthin
(Fig. 9b), highlight the important contribution of both diatoms
and nanoflagellates to the phytoplankton biomass in the
summer of 2010. The important contribution of nanoflagel-
lates to the phytoplankton biomass was also shown by sig-
nificant positive correlations of the combined pigments (19'-
hexanoyloxyfucoxanthin, prasinoxanthin and alloxanthin,
characteristic of the major nanoflagellate groups) with the
cellular carbon of nanoflagellates (Fig. 9c).

Discussion

Except for January 2010, when a large algal bloom oc-
curred in Admiralty Bay, the present results from the
summers of 2007 and 2009-2010 are very similar to the
results of previously reported studies (Kopczynska 1980,
1992, 2008). Nanoflagellates were numerically the most
abundant group, and the carbon biomass of phytoplankton
was low. Other studies have also reported the typical year-
round numerical dominance of nanoflagellates in the sea-
water around the Antarctic Peninsula (Kang et al. 1997,
Rodriguez et al. 2002; Annett et al. 2010). Also the
chlorophyll a concentrations, which were generally ob-
served in the lower part of the euphotic zone, did not ex-
ceed 1 pg 1= They were comparable to those reported in
previous summers at various locations including Admiralty
Bay (Lange et al. 2007, 0.22 ug 1™'); Potter Cove (Schloss
etal. 2012, <2 pg 171); Marion Cove, King George Island
(Kang et al. 1997, 0.17-0.63 ug 1™"); the polar front zone
and the Weddell-Scotia Confluence (Buma et al. 1990,
0.6 pg 17"); and the Gerlache and Bransfield Straits (Ro-
driguez et al. 2002, 0.18 pg 17").
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However, the sampling period in January 2010 showed a
bloom of micro-size diatoms, predominantly the two chain-
forming species T. ritscheri and T. antarctica. The values
of chlorophyll a and cell carbon in January 2010 were the
highest concentrations ever recorded in Admiralty Bay.
The same phenomenon was observed at the same time in
nearby Potter Cove, with a maximum chlorophyll a con-
centration of 14.7 pg 17" (Schloss et al. 2014). Chlorophyll
a values were of the order of those in Ryder Bay
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(9.04-20.0 ug 17"y during the summer, as reported by
Clarke et al. (2008) and Annett et al. (2010), and typical for
Marguerite Bay (2-5 pg17'), based on SeaWiFS data
(Smith et al. 2008). Conversely, the maximum summer
carbon biomass in Ryder Bay (710 pg C17") and in
Marguerite Bay (603 pg C 17"), which typically exhibit
high algal standing stocks (Garibotti et al. 2003a; Annett
et al. 2010), far exceeded the concentrations found in
Admiralty Bay.
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and exit (sites A, B, C, D, E) in the summers of 2007 and 2010

Pigment analysis, carotenoid concentrations, their pro-
portions and correlations, and CHEMTAX results indicate
that in many cases a large amount of the chlorophyll a in
Admiralty Bay was contributed by prymnesiophytes. How-
ever, in the last 10 days of January, more than 70-90 % was
contributed by diatoms. The maximum chlorophyll value
was recorded on 22 January in Goulden Cove (G). The high
chlorophyll a level must have been a result of both the great
abundance of nanoflagellates at this site and the very thick
detritus present in the water, evidently freshly formed and
still containing pigments. HPLC results indicate that the
main source of detritus might be the senescent diatoms be-
cause of the high concentration of fucoxanthin detected.
Another probable additional source of some chlorophyll
could be the picoplankton (>2 pm), which was not included
in our microscopic counts.
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Fig. 6 Chlorophyll a contribution (%) of the major phytoplankton
groups to the total chlorophyll a as calculated by CHEMTAX in the
surface (0-5 m) waters of Admiralty Bay in summer 2007
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The relative distribution of major algal groups estimated
from concentrations of diagnostic carotenoids and chloro-
phyll a using the CHEMTAX program shows a similar
pattern of phytoplankton composition and distribution as
carbon biomass, but the calculation of cell carbon biomass
using microscopic results in comparison with chlorophyll
a values seems to be an underestimate. This may be be-
cause of the counting method used. Because of the nu-
merical dominance of small cells, the counting of 300 cells
at one (high) magnification might lead to an underestima-
tion of the contribution of larger cells that, although less
abundant, are often the major contributors to biomass.
Other studies comparing phytoplankton characterization by
microscopy and chemotaxonomy in the region of WAP
showed high qualitative agreement (Garibotti et al. 2003a;
Kozlowski et al. 2011), but the correlation coefficient was
usually higher for the intermediate and high biomass
communities (diatoms) than for low biomass communities
(prasinophytes and mixed flagellates). The differences may
result from variations and modifications in the cell carbon
calculation methods, which are still under debate. There-
fore, carbon calculations should only be treated as ap-
proximate estimates (Kopczynska et al. 1995). However,
considering variations in the physiological state of algal
cells and the influence of the ambient environment on the
pigment contents, as well as the occurrence of the same
marker pigments in several algal groups, the HPLC results
should also be interpreted with caution (Buma et al. 1990;
Mackey et al. 1996; Peeken 1997).

It remains unclear why there are so few diatoms in
Admiralty Bay. It is also unclear why diatom blooms occur
so rarely, in spite of the presence of high silica
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concentrations and high concentrations of macro- and mi-
cronutrients, and also why phytoflagellates usually prevail
numerically. Phytoplankton growth in the bay is unlikely
affected by nutrient availability given the high macronu-
trient concentrations (Brandini 1993; Dick et al. 2007;
Ardelan et al. 2010) and the influence of the Antarctic
Peninsula ensuring high iron supply (De Jong et al. 2012).
Additionally, during summer 2010, sea-ice melt should
have further contributed to iron supply in the bay, pro-
moting the diatom bloom. Sea ice acts as a medium for
significant temporal iron storage, and sea-ice-entrained iron
is one of the most bioavailable forms because of an
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abundant organic complexation coupled with photo-
oxidation, either in situ or upon release into strongly stra-
tified meltwater (van der Merwe et al. 2011). van der
Merwe et al. (2011) concluded that if an increase of 1 nM
of iron is sufficient for Antarctic diatoms to bloom, melting
ice could fertilize 419 m> of iron-limited surface water
with total dissolved iron per m* of fast ice.

In January 2010, fresh water inflow from melting ice
and increased water temperatures caused low surface sali-
nities (<34 PSU) in sites located in Ezcurra Inlet, which
created suitable conditions for a shallow mixed layer of
<2 m and increased water column stability. Throughout
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Fig. 8 PCA results for summer 2009-2010

the region of the Western Antarctic Peninsula, many
studies have found significant correlations between water
column stability (largely resulting from freshwater lenses
produced by sea-ice melt and glacial runoff) and the diatom
concentration in this region (Kang and Lee 1995; Smith
and Stammerjohn 2001; Garibotti et al. 2003b, 2005). The
shallow mixed layer may allow algal cells to remain in the
upper portion of the water column and to grow under a
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Fig. 9 Correlations of pigments with cell carbon: a chlorophyll
a versus total carbon; b fucoxanthin versus carbon of diatoms; ¢ 19'-
hexanoyloxyfucoxanthin + prasinoxanthin + alloxanthin versus car-
bon of nanoflagellates

propitious light regime (Garibotti et al. 2005). The euphotic
zone depth of 24-98 m, observed in 2010 in Admiralty
Bay, also suggests good light conditions for phytoplankton
bloom. In contrast, low transparency and high turbidity
seem to be the major factors hindering growth of diatoms
and promoting nanoflagellates, which are better adapted to
dim light conditions. The results of PCA analysis show the
negative relationship between high turbidity and diatom
biomass. An earlier study in Admiralty Bay, concentrating
on the small-scale vertical distribution of phytoplankton
(every 1 m) (Kopczynska 1980), revealed that diatoms
were mainly found within the surface water layer of
0-30 m, while peaks of algal cells, formed in most cases by
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nanoflagellates, were often found below the euphotic zone.
Subsequent studies in large areas of West Antarctica in-
cluding the Bransfield Strait, Drake Passage and Admiralty
Bay have documented that flagellates usually dominate
numerically in areas of attenuated light conditions (Kopc-
zynska 1992). Evidence for light limitation of diatoms and
of an apparently better adaptation to dim light conditions of
nanoflagellates in the Antarctic was first reported by Holm-
Hansen et al. (1977) and El-Sayed (1978). Experiments
with cultured strains of Phaeocystis and the diatom
Fragilariopsis cylindrus from the Ross Sea under several
irradiance regimes have shown that Phaeocystis is
physiologically well adapted to dim light in a deeply mixed
water column, while F. cylindrus thrives in shallow mixed
layers because of its ability to minimize photoinhibition
(Kropuenske et al. 2009; Mills et al. 2010).

Another factor affecting phytoplankton biomass and
composition in Admiralty Bay is the strength and direction
of winds. Usually, in early summer, strong katabatic NW
winds induce deep vertical mixing of shallow waters and
generate strong currents responsible for the outflow of
nutrient-rich surface water toward the open ocean. This
results in the period of stability in the water column being
too short to ensure the development of phytoplankton. In
January 2010, the situation was different, and the diatom
bloom was concomitant with long-lasting, prevailing weak
SE winds, which might have caused an inflow of diatom-
rich waters from the Bransfield Strait.

The maximum carbon biomass in January 2010 was
made up of nanoflagellates, diatoms and dinoflagellates in
almost equal proportions. This community structure sug-
gests complex trophic relationships within the plankton at
the peak of the bloom because of the large contribution of
heterotrophic dinofalgellates. Sherr and Sherr (2007)
noted that non-pigmented, phagotrophic dinoflagellates
are potentially significant herbivores and likely to be
more quantitatively significant consumers of bloom-
forming diatoms than copepods and other mesozoo-
plankton. The phytoplankton community in Admiralty
Bay in January 2010 contained heterotrophic dinoflagel-
lates, which may suggest a high grazing pressure at the
peak of the bloom; however, the cold water (~0.6 °C)
could reduce this pressure. There is some evidence that
low temperature is one of the key factors limiting mi-
crozooplankton activity and grazing efficiency, leading to
a decoupling of the trophic interaction between phyto-
plankton and herbivore grazing (Rose and Caron 2007;
Chen et al. 2012). The control of nanoflagellate commu-
nities by protozoan grazers might explain the fact that
nanoflagellates rarely contribute to bloom biomass, with
the exception of Ph. antarctica, which forms large colo-
nies. On the other hand, some iron enrichment ex-
periments (Air-Sea Gas Exchange SAGE or Southern
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Ocean iron fertilization experiment LOHAFEX) showed
the significant increase in the biomass of small flagellates.
Their grow rate distinctly exceeded the grazing rate; as a
result, their contribution to the phytoplankton bloom was
much greater than that of diatoms, which were limited by
the low concentration of silicic adic (Harvey et al. 2011;
Peloquin et al. 2011; Martin et al. 2013).

Grazing of macrozooplankton is another factor con-
trolling the phytoplankton biomass and community struc-
ture, but the role of these three groups of zooplankton in
reducing the phytoplankton cell abundance is still under
discussion.

The occurrence of the diatom bloom in 2010 might be
the effect of various environmental factors operating in
concert (Prézelin et al. 2004; Garibotti et al. 2005; Vernet
et al. 2008; Montes-Hugo et al. 2008; Ducklow et al.
2012). However, the differences in wind direction be-
tween 2007 and 2009/2010 are probably the decisive
factor. In 2007, katabatic winds led to an export of turbid,
low-salinity waters out of Admiralty Bay, while in
2009/2010, SW winds led to advection of oceanic waters
into Admiralty Bay. This might explain the different
phytoplankton patterns observed in the two summers. The
former scenario seems to be more common in Admiralty
Bay and might explain the low chlorophyll biomass
usually observed. The advection of high-turbidity, low-
salinity surface waters from melting glaciers facilitated by
the katabatic winds will favor nanoflagellates over di-
atoms. However, advection of oceanic diatoms into Ad-
miralty Bay might explain the unusual bloom observed in
January 2010. Once these diatoms enter the bay, they are
likely to be exposed to elevated iron levels, which may
trigger the bloom.

Conclusions

The results of the present study for January 2010 show that
the development of diatom blooms in Admiralty Bay is
occasionally possible with favorable weather conditions
(prevailing weak SE winds), initially high levels of macro-
and micronutrients (especially iron), increased stability of
the water column and/or an inflow of phytoplankton-rich
oceanic waters into the bay. In contrast, strong NW kata-
batic winds (observed in 2007), deeper mixed layers, tur-
bulence and high turbidity leading to limited light
availability are the likely factors favoring the growth of
nanoflagellates in Admiralty Bay and consequently hin-
dering the development of diatom blooms during most
summer seasons.

The plankton community structure in January 2010
suggested complex trophic relationships within the plank-
ton and an important contribution of the entire assemblage
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to carbon transport at all depths. Analysis of the phyto-
plankton pigments, chlorophyll a and carotenoids in Ad-
miralty Bay and the results of the CHEMTAX program
based on pigment analysis have mirrored the general trends
in the spatial and temporal distribution of major algal
groups observed by light microscopy.
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