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Abstract The distribution and variability of picoplankton
and nanoplankton in Admiralty Bay (King George Island,
South Shetland Islands, Antarctica) were studied by in-
vestigation of five sampling sites during the austral summer
of 2010/2011. After a relatively warm winter, the water
temperature in the early summer (>0.02 °C) was higher
than is normal in December. The spatial-temporal vari-
ability of salinity was low, whereas water temperature and
chlorophyll a increased significantly (p < 0.05) toward late
summer. Nitrite and phosphate concentrations increased
whereas nitrate and silicate decreased during the summer.
Picoplankton increased by late summer and was dominated
by heterotrophs (>96 %), with abundance and biomass
tenfold (~10” cells L") and twofold (~60 pg C L™
higher, respectively, than were observed in previous stud-
ies. In contrast, nanoplankton was dominated by photoau-
totrophs (>60 %), and values were highest in the early
summer, with cell numbers (~ 10° cells Lfl) and biomass
(~90 pg C Lfl) a factor of two lower than those found in
a previous study. Temperature changes, inputs from ice
melting, and grazing relationships between planktonic
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components seemed to have crucially important effects on
the distribution patterns of these pico and nanoplankton
communities. We suggest that additional study must be
performed to develop a better understanding of abiotic and
biotic factors that affect the abundance, biomass, and
production of plankton smaller than 20 pm, their place in
the microbial food web and the possible consequences of
environmental changes on higher trophic levels in such
Antarctic coastal environments as Admiralty Bay ASMA.

Keywords Epifluorescence microscopy - King George
Island - Plankton biomass - Size-fraction structure - Trophic
category - West Antarctic Peninsula

Introduction

In Antarctic waters, small plankton (picoplankton,
0.2-2.0 pm; and nanoplankton, 2.0-20 um) dominates the
planktonic community (Azam et al. 1991; Hewes 2009).
Picophytoplankton generally constitutes approximately
20-30 % of chlorophyll a biomass (Chla), whereas
nanophytoplankton comprises more than 50 % of this
biomass (Hewes 2009; Wright et al. 2009; Tendrio et al.
2010). In terms of carbon biomass, photoautotrophic pi-
coplankton and nanoplankton represent ~ 15 and ~30 %
of total phytoplankton carbon (C), respectively. For het-
erotrophs, 47 % of the carbon is derived from picoplank-
ton, and 20-30 % from nanoplankton (Vosjan and
Olanczuk-Neyman 1991; Caron et al. 1995).

Antarctic picophytoplankton is composed primarily of
eukaryotic flagellates (Agawin et al. 2002; Rodriguez et al.
2002), and nanophytoplankton is also dominated by
eukaryotic flagellates, for example haptophytes (<60 %),
cryptophytes (<40 %), and prasinophytes (<17 %), which
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are followed by small diatoms (<18 %) and dinoflagellates
(<11 %) (Wright et al. 2009).

In the Southern Ocean marine heterotrophic picoplank-
ton is dominated by bacterioplankton (Wynn-Williams
1996; Simon et al. 1999), whereas organisms from the
domain Archaea are not usually of substantial importance
in surface waters during summer (2 %) and are more
common in winter (13-34 %) (DeLong et al. 1994; Murray
et al. 1998; Simon et al. 1999; Church et al. 2003). The
nanoheterotrophs are composed of flagellate groups (30 %
of the nanoplankton biomass), ciliates, and dinoflagellates
(Hewes et al. 1990; Azam et al. 1991). The importance of
the two small (<20 pm) heterotrophic plankton groups in
the structure and function of the ecosystem is associated
with their involvement in the microbial loop, because they
consume 20-60 % of primary production as dissolved and
particulate organic matter (DOM and POM, respectively).
The loop recovers energy lost along the classic chain (in
which energy and matter are transferred from phyto-
plankton to top predators via krill) and reincorporates or-
ganic carbon at higher trophic levels (Azam et al. 1983;
Fenchel 1988; Azam et al. 1991; Moloney 1992; Wynn-
Williams 1996).

Planktonic community structures vary in size and
composition because of wide variations within each
specific size class (Hillebrand et al. 1999). Because larger
species with lower abundance can dominate the total bio-
mass, despite the high density of small species (Dennett
et al. 1999; Hillebrand et al. 1999), evaluation of carbon
biomass can provide more precise estimates of the contri-
bution of different size classes of organisms to biochemical
processes (Potapova and Snoeijs 1997) and of carbon
fluxes throughout the water column (Rocha and Duncan
1985).

Admiralty Bay is located off the west coast of the
Antarctic Peninsula on King George Island. It is a typical
polar region that is characterized by wide seasonal oscil-
lations in the composition, biomass, and primary produc-
tivity of plankton, with the highest values recorded during
summer and associated with shallow areas (Brandini and
Rebello 1994; Leakey et al. 1996; Schloss et al. 2014).
These variations are driven by physical, chemical, and
biological factors, for example light availability, tem-
perature, salinity, wind stress, tides, defrost, turbidity, nu-
trients, water column stability, and human actions
(Brandini and Rebello 1994; Boyd 2002; Hewes 2009).

In the Southern Ocean, marine plankton is believed to be
the most important primary producer, whereas productivity
originating from terrestrial Antarctic habitats introduced to
the ocean is low (Cornejo-Donoso and Antezana 2008).
Previous studies have shown that in hypoproductive re-
gions, for example the Antarctic, picoplankton and
nanoplankton are responsible for up to 73 % of
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Chla concentrations, and their rapid turnover enables them
to contribute substantially (83 %) to total primary pro-
duction (Agawin et al. 2002). The production of bacte-
rioplankton may be 22-36 times higher than that of
phytoplankton (Azam et al. 1991), which reveals the im-
portance of these components to the food web (Hewes et al.
1983; Ducklow et al. 2011). Both the production of pho-
toautotrophic picoplankton and nanoplankton and the en-
ergy recovered by the microbial loop can be transferred to
upper trophic levels, which partially explains why
Antarctic waters have high productivity at higher trophic
levels despite low primary productivity (Azam et al. 1991).

According to Vaughan et al. (2003), the temperature in
the western region of the Antarctic Peninsula over the last
50 years has increased by 2.8 °C, which is 4.8 times higher
than the global average (0.6 &= 0.2 °C). This has resulted in
new environmental conditions and variations in planktonic
composition, with microplankton being replaced by smaller
organisms (<20 pm) in regions of the Southern Ocean
(Montes-Hugo et al. 2009 and references therein). Water
temperature variations can also cause changes in the
metabolism and rate of growth of planktonic organisms
(Zdanowski 1995; Price and Sowers 2004; Doolittle et al.
2008). Temporal variations in environmental conditions
during the summer in Admiralty Bay are well documented
and are related to the extreme seasonal conditions in
Antarctica (Brandini and Rebello 1994; Lange et al. 2007;
Tenenbaum et al. 2010; Kejna et al. 2013). Because the
climatic conditions on King George Island depend on
seawater temperature and the extent of sea ice, variations in
air temperature are closely connected to changes in the
surrounding marine ecosystem. A significant air tem-
perature increase has been observed at King George Island
during the period 1948-2011 (Kejna et al. 2013), reaching
0.19 °C/10 years (increase of 0.11 °C/10 years during
summer), and resulting in changes in all environments, for
example shrinking of glaciers and melting of terrestrial and
sea ice (Becquevort et al. 2009; Kejna et al. 2013; Lan-
nuzel et al. 2013; Mieczan et al. 2013). This rise in air
temperature most likely explains the 1.6 % loss of the ice
cap on King George Island during the period 2000-2008
(Riickamp et al. 2011). Sea ice dynamics also have an
important effect on the entire Antarctic ecosystem in that
these processes enrich the surrounding seawater with ac-
cumulated components, for example nutrients, dissolved
organic matter, and microbial communities (Becquevort
et al. 2009; Lannuzel et al. 2013).

Admiralty Bay has been designated an Antarctic Spe-
cially Managed Area (ASMA) to control the effects of
activities of countries operating in the area. Adequate
forecasting and efficient actions to protect and monitor the
environment should be implemented in this area (ATCPs
1996; Simodes et al. 2001; Montone et al. 2013). Shallow
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water monitoring (<30 m deep) was implemented in 2002
in Admiralty Bay under the Brazilian Antarctic Program
(PROANTAR) to study marine ecosystem processes and
the effects of natural and anthropogenic factors on long-
term environmental conditions. In 2009, new measures for
monitoring plankton were established; these included
analysis of the density and trophic structure of the smallest
fractions (Tenenbaum et al. 2010).

In this study we evaluated temporal (early and late
summer of 2010/2011) and spatial (sampling sites and
depths) variations in cell density, carbon biomass, and
trophic categories of the picoplanktonic and nanoplank-
tonic communities (0.2-20 pm) in the shallow coastal zone
of Admiralty Bay (King George Island, Antarctic Penin-
sula) and identified environmental factors that may affect
these variations. To expand on the objective of monitoring
the Admiralty Bay ASMA, this research examines local
dynamics in respect of the general model of climate change
in a sensitive Antarctic coastal environment.

Materials and methods
Study area

Admiralty Bay is located off of the West Antarctic
Peninsula along the southern coast of King George Island
of the South Shetland Islands (62°03’-12'S, 58°18'-38'W),
and covers an area of 122 km?. The bay has a fjord-like
shape with a maximum depth of 150 m at its inlets (i.e.,
Ezcurra, Mackelar, and Martel) and 500 m at its centre
(Rakusa-Suszczewski 1980). An opening to the south
connects the bay to the Bransfield Strait and enables ex-
change of water with the Weddell and Bellingshausen Seas
(Rakusa-Suszczewski 1980, 1995). Freshwater inputs occur
as a result of melting of local glacial ice, which enriches
the bay with nutrients, organic matter, inorganic particles,
and iron from the soil and ice (Nedzarek and Rakusa-
Suszczewski 2004). Hydrological circulation, especially in
shallow areas, is affected by the wind and tides (Brandini
and Rebello 1994).

Sampling and analysis

Four surveys were conducted at Admiralty Bay in the
shallow coastal zone (<30 m) during early (December 14,
2010, i.e., early summer 1 (ES1); December 23, 2010, i.e.,
ES2) and late (February 21, 2011, i.e., late summer 1
(LS1); March 1, 2011, i.e., LS2) austral summer. Water
samples were collected in Niskin bottles (5 L) at three
depths (0, 15, and 29 m) at five sampling sites: the
Brazilian Antarctic Station Comandante Ferraz (EACF),
Botany Point (BP), the Peruvian Antarctic Station Machu

Picchu (MP), Thomas Point (TP), and the Polish Antarctic
Station Arctowski (AR) (Fig. 1). The sampling sites were
chosen on the basis of the location of research stations or
strategic geographical points defined by the objectives of
the monitoring program in Admiralty Bay.

A portable digital TAD-500 (Instrutherm, Brazil) ther-
mo anemometer (wind-speed accuracy +3 % and resolu-
tion 0.1 m s '; temperature accuracy +2 % and resolution
0.1 °C) was used to monitor in-situ wind speeds and air
temperatures during the surveys. Because of logistic
limitations, sampling was only conducted in conditions of
wind speeds lower than 10 knots. The tidal regime and
oscillations of the sea level were obtained from the
Directorate of Hydrography and Navigation of Brazilian
Navy (DHN 2014). Water temperatures were measured
in situ by use of a Seamon Mini (Star Oddi, Iceland) un-
derwater temperature recorder (accuracy +0.025 °C and
resolution 0.001 °C). Samples for analysis of salinity
(S) and dissolved inorganic nutrients (nitrite, nitrate,
phosphate, and silicate) were collected by use of a Model
900 (Anauger, Brazil) submergible pump (outflow range
750-2300 L hfl) and were stored in the dark at room
temperature (salinity) or —20 °C (inorganic dissolved nu-
trients) until analysis in the laboratory (Cascaes et al.
2012). The samples were analysed by use of the methods
described in Grasshoff et al. (1983). Salinity measurements
were conducted with an RS-1 (Beckman, USA) induction
salinometer (accuracy £0.001).

For determination of chlorophyll a concentration,
500 mL seawater was filtered through GF/F Whatman fil-
ters (0.07 um and @ 47 mm) and then stored (1.2 mL
cryotube at —80 °C) before extraction (90 % acetone at
—20 °C over 24 h) of the Chla by use of the procedures
described by Tenério et al. (2010). The fluorescence
properties of the acetone extracts were measured with a
Varian Cary Eclipse (Agilent, USA) spectrofluorimeter
(wavelength accuracy =£1.0 nm from 200 to 900 nm).
Concentrations of Chla were assessed by use of a modified
version of Neveux and Lantoine’s (1993) method, de-
scribed by Tendrio et al. (2005). Data acquisition was
performed by recording the fluorescence emission spectra
for each of 31 excitation wavelengths (3-nm increments
from 390 to 480 nm). The emission spectra were recorded
at 2-nm intervals from 615 to 715 nm and yielded 51 points
for each spectrum. Pigment concentrations were estimated
from the resulting 1581 data points. The least-squares ap-
proximation technique was constrained to discard negative
solutions.

Picoplankton and nanoplankton

Samples (250 mL) were fixed with 0.22-pum-filtered glu-
taraldehyde (2 % final concentration) and stored in dark
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bottles at 4 °C. After 24 h, 5 mL (picoplankton) or 30 mL
(nanoplankton) subsamples were stained for 15 min with
DAPI (4,6-diamidino-2-phenylindole) at a final concen-
tration of 0.01 pg L™" (Thingstad and Martinussen 1991)
then filtered through 0.22 and 1.0 um polycarbonate black
membrane filters (Poretics), respectively. The membranes
were mounted on microscope slides between layers of non-
fluorescing immersion oil (Cargille type A) and kept frozen
until examination. Quantitative analysis was performed by
epifluorescence microscopy with an Olympus BX51 with
1000-fold magnification. Counts were obtained by use of a
combination of UV filters (U-MNUA?2), including an ex-
citation filter (A = 360-370 nm), emission filter
(4 = 420-460 nm), and dichromatic mirror (A = 400 nm)
for total number of cells (by use of DAPI) and a combi-
nation of blue filters (U-MSWB2), including an excitation
filter (A = 420-440 nm), emission filter (A = 475 nm),
and dichromatic mirror (A = 455 nm) for photoautotrophic
picoplankton and nanoplankton (by use of autofluorescence
red for Chla) (Porter and Feig 1980). Counts of
heterotrophic organisms were calculated on the basis of the
total number of cells minus photoautotrophic cell count,
performed separately for picoplankton and nanoplankton.
At least 400 picoplankton cells were counted and classified
according to trophic category (photoautotrophic or
heterotrophic) and morphotype (cocci, rods, or curved).
Nanoplankton were counted in 25 random fields and clas-
sified according to trophic category, size (<5; 6-10; 11-15
or 16-20 m), and form (sphere, conic sphere, ellipsoid or
cylinder).

@ Springer

Fifteen microscope fields were recorded by use of an
Olympus XC 50 digital camera during counting. Linear
dimensions were measured by use of ImageJ (picoplank-
ton) and or Olympus Celld (nanoplankton) software. Cell
volumes were calculated on the basis of the geometric
models proposed by Hillebrand et al. (1999). Cell volumes
between 0.04 and 0.26 um® (0.12 % 0.06 pm>) where re-
garded as picoplankton whereas cell volumes between
5.59 ym® (<5 um conic sphere) and 1937.53 um’
(16-20 um sphere) were regarded as nanoplankton. For
both fractions, biovolumes were calculated by multiplying
the mean cell volume for each sample by the total number
of organisms. Biovolume was converted to biomass by
using the conversion factors 0.25 pg C pum~— for pho-
toautotrophic  picoplankton (Fuhrman et al. 1989),
0.4 pg C um ™ for heterotrophic picoplankton (Bjgrnsen
and Kuparinen 1991), and 0.36, 0.24, and 0.16 pg C pm™>
for nanoplankton with cell volumes of 10", 10% and
10° pum?, respectively (Verity et al. 1992).

Statistical analysis

After checking for normality and homoscedasticity, the
distributions were normalised and zero values were
eliminated by converting the biological dataset by use of
the function logo(x + 1), which also minimizes excessive
effects of outliers. A multivariate analysis test (main ef-
fects ANOVA) with a post-hoc test (Tukey’s HSD) were
performed first to identify the effects of spatial distribution,
depth, and survey time on the variability of the dataset.
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Spearman correlations and principal-components analysis
(PCA; analysis based on correlations) were used to identify
patterns within hydrographic data and to evaluate rela-
tionships between physical, chemical, and biological vari-
ables in a reduced number of variation axes. All statistical
analysis was performed by use of Statistica v.7 software.

Results

Meteorological conditions, hydrology, nutrients,
and chlorophyll

The ANOVA test results revealed the distributions of biotic
variables among the four surveys were significantly dif-
ferent (p < 0.05). However, the analysis did not reveal
significant differences between depths or sampling sites
(p > 0.05). Therefore, the correlations and PCA were
conducted by using integrated values in the water column
and subsequently using the mean values from the sampling
sites for each survey. Therefore, the results are represented
on a temporal scale.

During the surveys, the ebb tides were predominantly
observed except for LS1 (flood tide). Sea level oscillations
were between 0.3 and 1.2 m during periods of neap tide
(ES1 and LS2, respectively) and 1.7 and 2.0 m during
periods of spring tide (ES2 and LS1, respectively) (DHN
2014). Among the four surveys, the in-situ air temperature
increased from 1.55 £ 0.29 °C (ES) to 4.34 4+ 2.15 °C
(LS), with a minimum of 1.2 °C for ES1 and maximum of
6.9 °C for LS2.

Temporal variability of salinity was not generally sig-
nificant (p > 0.05) throughout the study period (average:
34.14 £ 0.17). Nevertheless, salinity values were lower at
the surface (34.03 £ 0.25) than at other depths
(34.2 £0.08) (p <0.01), especially at Botany Point
(~33.4 in late summer) because of the proximity of gla-
ciers. However, the water temperature (7) increased
(p < 0.05) from early summer (0.52 &+ 0.10 °C) to late
summer (1.62 £ 0.12 °C), although differences between
the late summer (LS) surveys were not significant
(p > 0.05) (Table 1; Fig. 2).

Different trends were observed for dissolved inorganic
nutrients during the sampling period. Although mean
concentrations of nitrite (NO, ") and phosphate (PO43_)
were higher during late summer, mean concentrations of
nitrate (NO3™) and silicate (SiO447) decreased throughout
the study period (Table 1). Chla concentrations varied
from 0.36 to 3.72 pg L™" in the ES and from 0.40 to
6.11 pg L~ in the LS (Table 1). Chla, nitrite, and phos-
phate were positively correlated (n = 60, p < 0.01) with
temperature, whereas nitrate and silicate correlated
negatively with temperature (n = 60, p < 0.01).

Picoplankton density and biomass

Among picoplankton, heterotrophs accounted for >96 % of
density and biomass. Average heterotrophic biomass (HPB)
doubled from early (31.19 £ 13.15ug CL™") to late
(60.78 £ 3093 pg C L_l) summer, and differences were
significant at the end of the study (p < 0.05; LS2). In contrast,
the density (HPD) was not significantly different between
individual surveys (p > 0.05) (Table 1; Fig. 3). However,
photoautotrophic picoplankton increased substantially from
the ES to LS (p < 0.05) in both density (PPD) and biomass
(PPB). The density averages were three times higher in late
summer (2.73 £ 1.25 x 107 cells L") than at the begin-
ning of the surveys (0.87 £ 0.37 x 10’ cells L™"). More-
over, the biomass varied from 0.39 £ 1.06 ng C L~ ! in the
ESt01.03 & 0.63 pg C L™ " inthe LS (Table 1; Fig. 3). The
cell volume of the picoplankton ranged between 0.04 and
0.26 pm? (0.12 £ 0.06 um?). Cocci dominated (~90 %) the
picoplanktonic community.

Nanoplankton density and biomass

In terms of density and biomass, the nanoplanktonic
community was dominated by photoautotrophs (>60 %),
and their contribution reached a maximum of 94.7 %
during the ES2 survey. Compared with the trend observed
for the picoplankton, the average abundances of
nanophotoautotrophs and nanoheterotrophs were higher
during the early summer than during late summer
(Table 1). Among the surveys, the ES2 survey yielded the
highest density (PND, 4.28 + 0.62 x 10° cells L™") and
biomass (PNB, 48.63 + 19.80 ug CL™") of photoau-
totrophic nanoplankton, whereas the ES1 survey yielded
higher densities (HND, 1.34 4+ 0.76 x 10° cells L") and
biomass (HNB, 9.96 + 4.15 ug C L™') of heterotrophic
nanoplankton (Fig. 4). The nanoplankton comprised 82 %
of 2-5 pm cells, 15 % of 6-10 pm cells, and 3 % of
11-20 pm cells. Regarding cell forms and the order of the
greatest contribution, the nanoplanktonic community was
composed of 61.8 % spheres, 17.7 % cylinders, 16.9 %
conic spheres, and 3.6 % ellipsoids. The cell volume of
nanoplankton varied substantially (5.59-1937.53 pm?)
because of the diversity of shapes and size ranges.

Pico and nanoplankton distribution

When considering both abiotic and biotic variables, the sum
of the variability was explained by the first two components
of the PCA, which accounted for 74.02 % of the variability
in cell density (Fig. 5a) and 75.13 % of the variability in
biomass (Fig. 5b), thus confirming the trends observed for
the temporal variability in size classes and trophic
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Table 1 Hydrological and planktonic variables in Admiralty Bay during the summer of 2010/2011

T (°C) S Chla (ug L™h NO, NO; PO, SiOy PPICD
(umol L™h (umol L1 (umol L™h (umol L1 (107 cells L™h
Early Summer 1
Mean 0.29 34.18 0.41 20.03 1.24 69.35 0.54 0.86
SD 0.17 0.09 0.02 3.87 0.30 10.12 0.12 0.45
Min 0.02 34.01 0.38 13.59 0.64 54.97 0.36 0.40
Max 0.73 34.44 0.44 26.34 1.62 85.45 0.84 2.08
Early Summer 2
Mean 0.73 34.15 0.42 22.49 1.67 72.82 1.08 0.88
SD 0.08 0.16 0.01 1.47 0.30 10.28 0.77 0.30
Min 0.61 33.70 0.40 20.34 1.28 50.35 0.42 0.49
Max 0.87 34.35 0.45 24.74 2.36 87.63 3.72 1.65
Late Summer 1
Mean 1.58 34.13 0.74 9.66 1.67 35.50 1.62 292
SD 0.18 0.23 0.14 3.52 0.19 6.50 1.04 1.64
Min 1.39 3341 0.38 4.15 1.42 26.84 0.40 1.47
Max 1.92 34.31 0.94 16.60 2.00 46.15 3.63 6.81
Late Summer 2
Mean 1.66 34.10 0.79 13.03 1.92 40.18 4.07 2.54
SD 0.06 0.20 0.09 3.29 0.42 9.67 1.37 0.68
Min 1.56 33.40 0.68 7.04 1.41 19.64 1.34 1.72
Max 1.77 34.25 0.95 18.14 2.89 56.60 6.11 4.06
HPICD PNAND HNAND PPICB HPICB PNANB HNANB
(10° cells L™h (10 cells L™h (10 cells L™ (ug CL™H (ug CL™h (ug CL™H (ug CL™H
Early Summer 1
Mean 1.05 2.00 1.34 0.15 27.69 18.81 9.96
SD 0.24 0.62 0.76 0.13 14.20 7.75 4.15
Min 0.76 0.78 0.29 0.05 14.82 6.23 3.79
Max 1.65 2.90 3.00 0.53 67.28 34.80 17.02
Early Summer 2
Mean 0.87 4.28 0.23 0.23 35.32 48.63 491
SD 0.06 0.82 0.12 0.13 10.57 19.80 3.87
Min 0.78 3.11 0.04 0.11 22.07 26.36 0.57
Max 0.98 5.48 0.40 0.54 58.52 90.59 16.33
Late Summer 1
Mean 1.09 1.24 0.35 0.80 46.99 12.80 2.44
SD 0.37 0.40 0.32 0.71 31.32 4.56 2.33
Min 0.75 0.55 0.09 0.24 17.06 4.84 0.41
Max 1.93 2.11 1.44 3.09 146.81 21.26 9.02
Late Summer 2
Mean 0.95 1.29 0.49 1.25 74.57 13.72 3.52
SD 0.18 0.70 0.25 0.47 24.36 9.11 1.95
Min 0.76 0.23 0.12 0.66 38.45 1.64 0.81
Max 1.54 3.05 1.00 2.41 146.25 39.53 6.36

SD standard deviation, Min minimum, Max maximum, 7 water temperature, S salinity, Chla chlorophyll a, NO, nitrite, NO; nitrate, POy
phosphate, SiO, silicate, PPD—HPD phototrophic and heterotrophic picoplankton density, PND-HND phototrophic and heterotrophic
nanoplankton density, PPB—HPB phototrophic and heterotrophic picoplankton biomass, PNB—HNB phototrophic and heterotrophic nanoplankton

biomass
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were characterised by higher concentrations of NO;~ and  the axis. Samples from late summer, which were associated
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Fig. 3 Integrated values of
densities and biomass of
phototrophic (a, ¢) and
heterotrophic (b,

d) picoplankton from different
surveys in Admiralty Bay
during the summer of
2010/2011. ESI Early Summer
1, ES2 Early Summer 2, LS/
Late Summer 1, LS2 Late
Summer 2

Fig. 4 Integrated values of
densities and biomass of
phototrophic (a, ¢) and
heterotrophic (b,

d) nanoplankton in different
surveys in Admiralty Bay
during the summer of
2010/2011. ESI Early Summer
1, ES2 Early Summer 2, LS!
Late Summer 1, LS2 Late
Summer 2
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Fig. 5 Principal-components analysis (PCA) of the hydrobiological
variables density (a) and biomass (b) of plankton organisms
(0.2-20 pm) and samples from surveys in Admiralty Bay during
the summer of 2010/2011. T water temperature, S salinity, Chla
chlorophyll a, NO, nitrite, NO; nitrate, PO, phosphate, SiOy silicate,
PPD-HPD phototrophic and heterotrophic picoplankton density,

with higher temperatures, higher concentrations of NO, ™,
PO43_ and Chla, higher densities, and a greater biomass of
photo and heteropicoplankton, were projected on to the
negative portion of the axis. Moreover, Chla and PO,*~
correlated positively with T (p < 0.05) (Fig. 5). Samples
with higher abundances of nanophotoautotrophs were lo-
cated on the positive portion of the axis of Factor 2 (<20 %
of the variance). These samples were associated with
higher salinity than were those with higher abundances of
pico and nanoheterotrophs, which were located on the
negative portion of the axis. The early summer surveys
were most easily separated according to the abundances of
photo and heterotrophic nanoplankton: heterotrophs
dominated the ES1 survey whereas photoautotrophs
dominated the ES2 survey. In LS, the samples were not
clearly separated among the surveys (Fig. 5). As a result of
these findings, Factor 1 was related to the importance of the
different size classes in the plankton community during the
austral summer; Factor 2 was related to differentiation of
the trophic community.

Furthermore, total picoplankton was positively corre-
lated with T (p < 0.01) and Chla (p < 0.01). Nanopho-
toautotrophic densities and nanoheterotrophic biomass
were negatively correlated with temperature (p < 0.01) and
with Chla (p < 0.05). Moreover, in terms of density and
biomass, the nanoheterotrophs were negatively correlated
with picophotoautotrophs (p < 0.05). Although the rela-
tionship was not significant, nanoheterotrophs were also
negatively correlated with picoheterotrophs.

PND-HND phototrophic and heterotrophic nanoplankton density,
PPB-HPB phototrophic and heterotrophic picoplankton biomass,
PNB-HNB phototrophic and heterotrophic nanoplankton biomass,
ES1 Early Summer 1, ES2 Early Summer 2, LS7 Late Summer 1, LS2
Late Summer 2

Discussion
Meteorological conditions, hydrology, and nutrients

Mean air temperatures in 2010 were ~1 °C higher than
historically, leading to a warmer summer period from
November 2010 (1.3 °C) to February 2011 (3.2 °C)
(CPTEC, 2015—Brazilian Antarctic Program, http://www.
cptec.inpe.br/antartica). This high air temperature during the
early summer could explain the positive water temperature
anomaly in December 2010 documented in this study, which
contrasts with the negative values typically observed during
this month (Vosjan and Olainczuk-Neyman 1991; Delille
1993; Rakusa-Suszczewski 1995; Kopczynska 2008; Te-
nenbaum et al. 2010). The elevated water temperatures and
low salinity values recorded in the surface waters at Botany
Point during the summer suggest an increasing effect of
melting ice from the glacier near this sampling point. High
concentrations of dissolved inorganic nutrients observed in
this work are within the range of values reported historically
for Admiralty Bay (Lipski 1987; Brandini 1993; Brandini
and Rebello 1994; Kopczyriska 2008; Cascaes et al. 2012).
In general, the vertical distribution of the temperature,
salinity (except for the cited low salinity in the surface
waters at Botany Point during late summer surveys), and
nutrients among the surveys in the shallow coastal zone of
Admiralty Bay did not vary significantly, which suggests
that strong vertical stratification did not occur, as described
in previous studies (Brandini 1993; Donachie 1996;
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Dennett et al, 2001). This finding can be explained by a

combination of:

1 local upwelling, as indicated by the homogeneity of the
water column and similar ratios between abiotic vari-
ables or planktonic fractions at each depth (Madejski
and Rakusa-Suszczewski 1990); and/or

2 the effect of winds and currents, which can create a
mixed layer that can extend down to depths of 35 m
(Brandini 1993, Rakusa-Suszczewski 1995).

Similarly, no clear horizontal variation in water column
properties was observed in Admiralty Bay, except for the
salinity at Botany Point. This absence of a horizontal dis-
tribution pattern can be explained by the effects of tides
and winds in Admiralty Bay, which create homogeneity
throughout the shallow coastal zone as a result of circula-
tion of the water (Jazdzewski et al. 1986; Brandini and
Rebello 1994). Thus, the dominant ebb tides and large
oscillations of the sea level during the sampling periods
may have contributed to the homogeneity observed among
the sampling points.

Picoplankton distribution

Heterotrophic picoplankton densities, mainly represented
by heterotrophic bacterioplankton, observed in this study
(~10° cells L") were similar to those recorded in the
same region in February 2010 (Table 2). Nevertheless, the
values were tenfold higher than those measured in Admi-
ralty Bay and near the West Antarctic Peninsula during
austral summers during the 1990s, which typically ranged
between 107 and 108 cells L' (Table 2). The biomass of
heterotrophic picoplankton (max. 146.8 pg CL™") ex-
ceeded values previously reported for the Southern Ocean
(<64 ng C L™") and Admiralty Bay (<37.32 pg CL™Y),
particularly those recorded in late summer (Table 2). These
values were also at least twice as high as values obtained in
Antarctic coastal waters by other investigators (Table 2).
These differences could partially be explained by the factor
used to convert biovolume to biomass. In this study, we
used the conversion factor proposed by Bjgrnsen and Ku-
parinen (1991), which depends on cell volume variation. In
contrast, most previous studies used a fixed conversion
factor of 0.22 pg C pum > (Bratbak and Dundas 1984). Use
of this latter factor in our work resulted in values that were
half those obtained by use of the factor of Bjgrnsen and
Kuparinen (1991). Another important aspect to be consid-
ered in studies of the carbon biomass of planktonic com-
munities is the morphology of the picoplanktonic fraction.
The literature on this aspect of the Southern Ocean
plankton is sparse, includes controversial data, and reports
spatial and temporal distributions that are difficult to
compare. Similar to the findings in this study, Marchant
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et al. (1987) and Detmer and Bathmann (1997) reported
that cocci were the most abundant fraction of the pi-
coplankton; in contrast, Donachie (1996) noted that the
contribution of this morphotype was less than 40 % at
depths of less than 50 m in the Southern Ocean. The
prevalence of cocci among the heterotrophic picoplankton
has been linked alternately to a lack of nutrient limitation,
because this shape has the lowest surface/volume ratio, and
to nutrient limitations, because most of the small cocci
bacterial cells may be inactive (Sigee 2005 apud Teixeira
et al. 2011). These inactive cells, however, are difficult to
differentiate during the counting process.

Studies of seasonal variations in marine waters of the
West Antarctic Peninsula have shown that the abundance
of this planktonic fraction is significantly higher in summer
than in winter (Donachie 1996; Church et al. 2003) and
have suggested a positive correlation between the total
picoplankton density and temperature (Marchant et al.
1987; White et al. 1991; Zdanowski 1995; Price and
Sowers 2004; Doolittle et al. 2008). Thus, the high water
temperature recorded during this study may help to explain
the high picoplankton densities, particularly in the surface
waters and during late summer. In addition, the positive
correlation between HPB and total chlorophyll biomass in
our study may have been a response of heterotrophic
bacterioplankton to the seasonal growth in phytoplankton
biomass during the summer, which generates large
amounts of dissolved and particulate organic matter and
favours an increase in picoheterotrophic cell volume and
biomass (Karl et al. 1991; Leakey et al. 1996; Church et al.
2003; Ducklow et al. 2012). Furthermore, the increased
abundance described here may be indicative of enhanced
significance of bacterioplankton in the Admiralty Bay
trophic web. In addition to the response to temperature
changes, seasonal oscillations in the composition and bio-
mass of plankton can be affected by other, related, seasonal
factors, for example the length of the day (light avail-
ability), melting of pack ice, glacial melt water, and other
significant sources (Brandini and Rebello 1994; Boyd
2002; Hewes 2009).

The photoautotrophic picoplankton densities observed
in this study were higher than those observed in Admiralty
Bay during austral summers from 1994 to 2005 (10°-
10° cells L_l); however, our results are similar (~107 -
cells L") to those reported for February/March of 2010
and those analysed by use of flow cytometry in the Beau-
fort Sea, Arctic Ocean (September/October 2002)
(Table 2). In terms of biomass, the PPB measured in Ad-
miralty Bay during the summer of 2010/2011 was much
higher than that observed in a study during the 1994/1995
summer, when the biomass varied between 0.001 and
0.48 ug CL™" (mean = 0.11 pg CL™") and decreased
from early to late summer (Table 2). In addition to
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environmental changes, these differences can also be ex-
plained by the methodology used in previous studies. In
Kopczynska (1996) and Kopczynska (2008), the sample
preservation (1 % buffered formalin), optical resolution
(500x magnification), and the inverted microscope tech-
nique (Utermdhl sedimentation technique) used for cell
counting may have significantly underestimated pi-
coplankton community numbers (Kopczynska 2008). In
contrast, filtration through a polycarbonate membrane,
glutaraldehyde preservation, DAPI staining, and counting
by epifluorescence microscopy lead to better retention and
more accurate quantification of the abundance of plankton
of sizes between 0.2 and 20 pum, and identification of their
trophic categories (Leakey et al. 1996). This lack of in-
formation regarding the photoautotrophic picoplankton of
this region did not enable further conclusions to be drawn.

Nanoplankton distribution

In contrast with total picoplankton, densities of total
nanoplankton during the summer of 2010/2011 were of the
same order of magnitude as described in previous studies
of other Antarctic regions (103—107 cells L_l); however,
densities were a factor of two lower than those observed in
Admiralty Bay during the austral summer of 2009/2010
(10° cells L™!) (Table 3). The greatest abundances of
nanoplankton in our work were associated with cooler
water and lower Chla concentrations. Tenenbaum et al.
(2010) and Tendrio et al. (2010) reached a similar con-
clusion for a 2009/2010 LS survey; these authors reported
elevated nanoplanktonic densities (8.5 & 2.8 x 10° -
cells L™") despite low water temperatures (<1 °C) and
chlorophyll levels (<0.6 ug L™"). Moreover, Leakey et al.
(1996) reported a biomass of nanoheterotrophs in Prydz
Bay (Antarctic) that was 1.5 times higher at lower tem-
peratures (between —1.4 and —0.4 °C) than those de-
scribed in this study (Table 3). Furthermore, both
Hashihama et al. (2008), at Adélie Land (Antarctica), and
Weissenberger (1998), at Rovaniemi (Arctic region), ob-
served increases in the abundances of nanophotoautotrophs
and small nanoheterotrophs (4 um in diameter) in colder
waters (<0 °C); the greatest abundances were observed
during ice-melt periods. These authors also reported a
change in the dominant groups of the plankton community
at higher water temperatures, with nanoflagellates
(5-20 pm) replaced by diatoms (microplankton) (Weis-
senberger 1998; Hashihama et al. 2008). In this sense, the
decrease in the abundance of nanophotoautotrophs ob-
served in our study was related to an increase in the
abundance  of  microplanktonic  diatoms  from
065+ 028 x 10*cellsL™"  in  the ES to
3.16 + 1.36 x 10* cells L™" in the LS (unpublished data,
personal communication of Barrera-Alba JJ), suggesting

that a similar seasonal development process may occur in
the plankton community in Admiralty Bay. As a result, the
negative correlation between nanophytoplankton and
Chla indicates that other size fractions (for example mi-
croplanktonic diatoms) are responsible for the increase in
Chla during the LS period, as confirmed by the dominance
of the >10 pum fraction of Chla at the end of the 2010/2011
summer (Tendrio et al. 2013). An increase in microphy-
toplankton abundance may also have been responsible for
the decrease in nutrient levels, especially nitrate and sili-
cate, recorded from early to late summer of 2010/2011
(Tendrio et al. 2013). The same trend was observed by
Clarke and Leakey (1996) in the Southern Ocean during
the summers of 1988—1994 and by Tenenbaum et al. (2010)
in Admiralty Bay in the summer of 2009/2010. Moreover,
high primary productivity may also have been responsible
for the increase in nitrite concentrations noted in our study
as a result of metabolic processes, exudates, and excretion
(Treguer and Jacques 1992; Cascaes et al. 2012). The
Admiralty Bay region has been reported to be an HNLC
(high nutrient, low chlorophyll) region, with large amounts
of dissolved inorganic nitrate and nitrite (9.5-46.9 uM),
phosphate (0.2-9.9 uM), and silicate (30.15-74.52 uM)
and low chlorophyll concentrations (<1.7 pg L™') (Bran-
dini and Rebello 1994; Lange et al. 2007; Tendrio et al.
2010; Cascaes et al. 2012), suggesting that phytoplankton
cannot exhaust all of the macronutrients available at the
water surface (Blain et al. 2001). Exceptional local blooms
can be explained by others factors, for example changes in
physical conditions or iron input that may possibly promote
high growth and phytoplankton production (Martin et al.
1990; Nedzarek and Rakusa-Suszczewski 2004; Schloss
et al. 2014), and could contribute to the observed increase
in microphytoplankton through the late summer period
cited above.

In terms of biomass, the trend for nanoplankton was
similar to that described for its density, with higher values
in early summer; in addition, the depth-integrated values
(~10° pg C m~ %) were a factor of ten lower than those
found in a survey conducted in the Ross Sea (~ 10° -
ng C m™2), over an integrated depth of 60 m during the
summer of 1996/1997 (Table 3). Photoautotrophs ac-
counted for more than 80 % of the biomass of this size-
fraction in this study. This dominance in summer was also
observed for the continental shelf around the Antarctic
(Hewes et al. 1990), the Ross Sea (Antarctic) (Dennett
et al. 2001), and Admiralty Bay (Tenenbaum et al. 2010).
However, Dennett et al. (2001) found that heterotrophs
were dominant during autumn (from April to June). With
regard to size fractions, nanoplankton were dominated by
organisms smaller than 10 um, which was also observed in
the previous summer at the same sampling sites in Admi-
ralty Bay (Tenenbaum et al. 2010; Tendrio et al. 2010).
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Picoplankton versus nanoplankton distributions

In the shallow coastal zones of Prydz Bay (Antarctic
Peninsula), the effects of grazing by nanoheterotrophs have
been reported to be responsible for daily removal of
3—-12 % of bacterial biomass (Leakey et al. 1996). Because
heterotrophic nanoplankton are typically dominated by
small bacterivorous organisms that have a high grazing
effect (Leakey et al. 1996; Caron et al. 1999; Dennett et al.
2001), the reduced nanoheterotroph abundance found
throughout the summer in this study may also have con-
tributed to the observed increase in total picoplankton
abundance during the LS period. However, because
nanoplankton can be preyed on, it is still uncertain whether
they could control and limit the picoplanktonic community
by grazing (Leakey et al. 1996). Control studies in the
monitoring program should therefore be improved. Fur-
thermore, terrigenous inputs (Nedzarek and Rakusa-Sus-
zczewski  2004), predation on picoplankton and
nanoplankton, and natural mortality may also be respon-
sible for the increase in nutrients, including dissolved and
particulate organic matter in the water column, which can
serve as additional resources for bacterioplankton produc-
tion and explain the higher picoplankton biomass observed
during the LS surveys.

Positive temperature anomalies observed during De-
cember 2010/2011, which induced rapid melting of sea ice,
may have enriched the water column with nutrients (Lan-
nuzel et al. 2013), consistent with our findings of high
concentrations of dissolved nitrogen, silicate, and phos-
phate. The input of dissolved organic matter (DOM) by
sea-ice melting can be rapidly absorbed by bacterioplank-
ton and thus stimulate bacterial growth (Giesenhagen et al.
1999; Becquevort et al. 2009). The DOM could also be
accumulated as a result of lysis of photoauto and hetero-
nanoplankton during grazing (Leakey et al. 1996; Caron
et al. 1999; Dennett et al. 2001; Lannuzel et al. 2013).
Consequently, the heterotrophic picoplankton may have
used this organic matter as a food source, which is likely to
have resulted in their greater cell abundances and volumes
(Becquevort et al. 2009), as observed in our LS surveys.

However, microorganisms released during melting of
sea ice or glaciers may sink as aggregates and feed benthic
communities, be rapidly grazed by predators, and/or act as
an inoculum for blooms, thereby resulting in a seasonal
development pattern that affects the entire planktonic
trophic web (Becquevort et al. 2009; Mieczan et al. 2013).
Pennate diatoms are the first organisms to detach from ice
and settle quickly, thereby dominating the bottom sea ice
(Lange et al. 2007, 2014; Lannuzel et al. 2013). On the
basis of the atypical temperature in the 2010/2011 summer,
we conclude that this process may have occurred before
our sampling period. Schloss et al. (2014) also reported a
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possible early beginning of glacial melting the same sum-
mer. In addition, pack ice releases mostly flagellates
smaller than 10 pm, which remain in the water column
longer and contribute many more autotrophs than hetero-
trophs (Lange et al. 2007, 2014; Lannuzel et al. 2013),
which explains both the predominance of small (2—10 pm)
and spherical nanoplanktonic cells and the greater abun-
dance of nanophotoautotrophs in the ES. In the late stage of
melting, centric and larger diatoms are released (Lange
et al. 2007, 2014), dominating the LS (unpublished data,
personal communication of Barrera-Alba JJ).

During seasonal melting, additional groups of mi-
croplankton may be incorporated into the water column.
These groups may include ciliates and dinoflagellates that
exert predation pressure at lower trophic levels and are
responsible for significant losses of primary production
(Becquevort et al. 2009; Mieczan et al. 2013; Schloss et al.
2014). A study of the melting and retreat of Ecology
Glacier (located at Admiralty Bay; Mieczan et al. 2013)
indicated a dominance (50-90 %) of medium-sized
(50-200 pm) bacterivores, algivores, and ciliate omni-
vores. Becquevort et al. (2009) reported that both ciliates
and dinoflagellates (<40 pm) dominated the biomass in the
sea ice of the Southern Ocean and are subject to incorpo-
ration into seawater by melting. In addition to grazing
pressure, competition for food resources between ice-
derived and planktonic organisms in Antarctic waters has
also been reported (Becquevort et al. 2009).

During the summer of 2010/2011, the abundance of
groups of small (<50 pum) and larger (>50 pum) ciliates and
heterotrophic  dinoflagellates increased approximately
fourfold from early summer to late summer (~2.5 x
10* cells L™"), whereas flagellates (10-20 pm; analysed by
use of the Utermohl sedimentation technique) decreased by
half (unpublished data, personal communication of Bar-
rera-Alba JJ). Fenchel (1987) suggested that the size of
preferred food particles is strictly correlated with the size
of the predator, i.e., generally, a ratio of 1:10 between
predator and prey size. Accordingly, during the early
summer, nanoplankton grazing on picoplankton maintained
their population with lower densities, especially during
ES2, when a high population of 10-20 pm organisms and
the lowest abundance of picoplankton were observed.
Toward the summer, high temperatures caused melting and
enriched the water column with nutrients, DOM, and pro-
tozoan predators (Becquevort et al. 2009; Kejna et al. 2013;
Lannuzel et al. 2013; Mieczan et al. 2013; Schloss et al.
2014). The incorporation of heterotrophic ciliates and di-
noflagellates that preyed on nanoplankton diminished the
abundance of the latter and resulted in less predation
pressure on picoplankton, which could then increase in
density and biomass because of the DOM released into the
water column.
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Thus, in recent decades, the proportion of the commu-
nity that consists of autotrophic and heterotrophic pi-
coplankton has been changing, with the percentage of
photoautotrophs decreasing in recent summers (Donachie
1996; Kopczynska 1996; Leakey et al. 1996, Church et al.
2003; Delille 2004; Kopczynska 2008; Tenenbaum et al.
2010; Barrera-Alba et al. 2012). In terms of density, total
picoplankton, nanoplankton, and microplankton accounted
for 99.3, 0.7, and 0.01 % of the global community, re-
spectively, in Admiralty Bay (Barrera-Alba et al. 2012).
However, in terms of biomass, autotrophic nanoplankton
dominated (~95 %) picoplankton, indicating that larger
organisms at lower densities can make a large contribution
to the total biomass (Dennett et al. 1999; Hillebrand et al.
1999). These results suggest that it is not only important to
estimate the densities but also the cell biovolume to eval-
uate carbon biomass when attempting to improve studies of
trophic dynamics and modelling of ecosystems. Because
the biomass measurements include different shapes and
sizes of picoplankton and nanoplankton, these measure-
ments reflect the real contribution of each trophic category
(or size-fraction) to the carbon fluxes in the water column
(Dennett et al. 1999; Hillebrand et al. 1999).

In conclusion, throughout the summer of 2010/2011 the
increased picoplankton biomass toward late summer can be
explained by:

1 the decreasing abundance of nanoheterotrophs and
potential diminishing predation on picoplankton;

2 increasing water temperature, which most likely
intensified bacterial growth; and

3 increasing nutrient concentrations (nitrite and phos-
phate) and dissolved and particulate organic matter,
which promoted high bacterioplankton productivity.

In contrast, an inverse response to environmental
variability was observed in the nanoplankton community,
which decreased in density and biomass into the late
summer, also affected by grazing pressure in the summer
period and by seasonal development, reflecting the com-
plex relationships between environmental variables and
the plankton community. Temperature changes, inputs
from ice melting and grazing relationships among
planktonic components seemed to be crucially important
in determining distribution patterns in the pico and
nanoplanktonic communities. We suggest that further
research be performed to explain the effects of abiotic and
biotic factors on the abundance, biomass, and production
of plankton smaller than 20 pm. Such research will help
in developing an understanding of their importance in the
microbial food web and the possible consequences of
environmental changes on higher trophic levels in
Antarctic coastal environments, for example the Admi-
ralty Bay ASMA.
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