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A B S T R A C T

The relationships between taxonomy and distribution of the phytoplankton and environmental parameters were
studied in four contrasting zones (North of the South Orkney Islands= NSO, Southeast of the South Orkney
Islands= SSO, Northwest of South Georgia=NSG and West of Anvers=WA) of the Atlantic sector of the
Southern Ocean, during the PEGASO cruise of the BIO Hespérides (January–February 2015). The structure of the
phytoplankton community was determined by microscopic examination and by pigment analyses using high-
performance liquid chromatography (HPLC) followed by application of the CHEMTAX algorithm. Overall, a
statistically significant association was found between fluorometric and HPLC determinations of chlorophyll a,
and between chemotaxonomic and microscopy-derived estimates of the contribution of diatoms, dinoflagellates
and cryptophytes, although cryptophytes appeared to be underestimated by the microscopic observations. The
highest average levels of fluorometric chlorophyll a (517mgm−2) were found at NSG, followed by WA
(132mgm−2), NSO (120mgm−2) and SSO (34mgm−2). The phytoplankton community at NSG was dominated
by diatoms like Eucampia antarctica and Thalassiosira spp. Cryptophytes and diatoms (mainly Corethron pen-
natum, small Thalassiosira spp. and Fragilariopsis spp.) were the most abundant chemotaxonomic groups at NSO,
followed by haptophytes types 6 + 7, Phaeocystis-like (haptophytes type 8) and, especially in the deeper levels of
the euphotic zone, pelagophytes. At SSO, the most important groups were haptophytes types 6 + 7, followed by
diatoms (with a combination of taxa similar to that of NSO), Phaeocystis-like and pelagophytes. The main
CHEMTAX groups at WA were cryptophytes (between surface and about 40 m depth), haptophytes types 6 + 7
and diatoms. The ratio between the photoprotective pigment diadinoxanthin and the sum of the light harvesting
pigments of diadinoxanthin-containing phytoplankton (sum of 19′-butanoyloxyfucoxanthin, 19′-hexanoylox-
yfucoxanthin, fucoxanthin and peridinin) was highest at SSO, indicating exposure to a high irradiance en-
vironment, and presented a significant positive correlation with the euphotic zone depth. The ratios of the algal
osmolyte dimethylsulfoniopropionate and the trace gas dimethylsulfide to chlorophyll a showed the same pat-
tern across zones, highlighting the role of light-related ecophysiology in combination with taxonomy in reg-
ulating the production of dimethylated sulfur by plankton communities.

1. Introduction

The Southern Ocean (SO) plays a substantial role in regulating and
controlling the climate in the world. One of its main features is the
Antarctic Circumpolar Current (ACC), which flows clockwise around
Antarctica, connecting the Atlantic, Indian and Pacific oceans. The SO

covers about 30% of the global ocean and large parts of it are high-
nutrient low-chlorophyll (HNLC) areas, mainly due to the co-limitation
of light and micronutrients such as iron. Despite widespread limitation
to productivity, it is a large sink for anthropogenic CO2 in the world and
accounts for about 43% of the ocean uptake of anthropogenic CO2 re-
leased to the atmosphere over the historical period (Frölicher et al.,

https://doi.org/10.1016/j.dsr.2019.06.005
Received 29 May 2018; Received in revised form 31 May 2019; Accepted 7 June 2019

∗ Corresponding author.
∗∗ Corresponding author.
E-mail addresses: sdena@icm.csic.es (S. Nunes), mikel.latasa@ieo.es (M. Latasa), mdelgadom9@hotmail.com (M. Delgado), mikhail@icm.csic.es (M. Emelianov),

rsimo@icm.csic.es (R. Simó), marta@icm.csic.es (M. Estrada).

Deep-Sea Research Part I 151 (2019) 103059

Available online 24 June 2019
0967-0637/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09670637
https://www.elsevier.com/locate/dsri
https://doi.org/10.1016/j.dsr.2019.06.005
https://doi.org/10.1016/j.dsr.2019.06.005
mailto:sdena@icm.csic.es
mailto:mikel.latasa@ieo.es
mailto:mdelgadom9@hotmail.com
mailto:mikhail@icm.csic.es
mailto:rsimo@icm.csic.es
mailto:marta@icm.csic.es
https://doi.org/10.1016/j.dsr.2019.06.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dsr.2019.06.005&domain=pdf


2015). This control occurs mainly through CO2 solubility in the water
and by action of the so-called biological pump – CO2 capture by phy-
toplankton photosynthesis in surface waters of localized high-pro-
ductivity areas, vertical transport of organic matter and carbon se-
questration in the deep ocean and the sediment (Boyd and Trull, 2007;
Marinov et al., 2008). Besides contributing to ocean carbon sequestra-
tion, phytoplankton plays a key role in the metabolism of sulfur com-
pounds and may contribute to the formation of organic aerosols. In
particular, some phytoplankton groups, such as haptophytes and di-
noflagellates, synthesize substantial quantities of dimethylsulfoniopro-
pionate (DMSP), which by enzymatic action can form dimethylsulfide
(DMS). These and other biogenic organic emissions can influence the
optical properties of the atmosphere and the Earth radiative budget
(Charlson et al., 1987; Simó, 2001).

The SO contains very diverse environments, which influence the
function and structure of the corresponding phytoplankton commu-
nities. One of the key factors appears to be the availability of iron. Open
waters of the ACC are generally iron-limited, while coastal regions in-
fluenced by terrestrial sources, such as areas neighboring subantarctic
islands or the Antarctic Peninsula, may have adequate iron supply
(Martin et al., 1990; Moore et al., 2013). Another major abiotic factor
influencing phytoplankton growth in the SO is light availability and its
interaction with water column mixing, in turn affected by wind forcing
and stabilization associated with ice melt (Vernet et al., 2008; Cassar
et al., 2011).

Phytoplankton blooms in the Atlantic sector of the SO tend to be
dominated by diatoms or haptophytes like Phaeocystis spp. (Estrada and
Delgado, 1990; Mendes et al., 2013) but cryptophyte proliferations may
also be important, in particular in areas influenced by melting ice

(Schloss and Estrada, 1994; Moline et al., 2004). Documenting the
composition of the phytoplankton communities is important for un-
derstanding food web dynamics, biogeochemical cycling and aerosol
production, and for projecting potential responses of the ecosystem to
climate change.

The PEGASO oceanographic cruise, on board the RV Hespérides was
conducted in the Atlantic sector of the SO as part of the PEGASO pro-
ject, which investigated the role of planktonic community structure,
activity and physiological state, in parallel to measurements of aerosol
chemistry and physics. The survey included series of oceanographic
stations in four contrasting zones (or sub-regions) of the SO, located in
the vicinity of the South Orkneys, the South Georgia and the Anvers
Islands. The reasoning for selecting these zones was a combination of
differences in hydrographic conditions, nutrient availability (in parti-
cular with respect to iron) and relatively slow currents without stable
direction. A Lagrangian approach using drifters or icebergs as markers
was applied within each zone to locate the stations and a suite of
physical, chemical and biological measurements was conducted at each
of them. Within this context, the present work deals with the quanti-
tative distribution and taxonomic composition of the phytoplankton
communities. Previous phytoplankton work in or near our study zones
had been based either on microscopy (Priddle et al., 1986; Atkinson
et al., 2001; Ward et al., 2008; Garibotti et al., 2005; Luan et al., 2013)
or on High Performance Liquid Chromatography (HPLC) determina-
tions (Moline et al., 1997; Gibberd et al., 2013), with only few studies
combining both approaches (Rodríguez et al., 2002; Garibotti et al.,
2003; Mendes et al., 2015). We used HPLC analysis of phytoplankton
pigments (Roy et al., 2011), followed by application of the CHEMTAX
algorithm (Mackey et al., 1996) to estimate the quantitative

Fig. 1. Position of the sampling stations in the four visited zones: NSO = North of the South Orkney Islands, SSO = South of the South Orkney Islands, NSG =
Northwest of South Georgia Island, WA = West of Anvers Island.
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contribution of major phytoplankton groups (including pelagophytes,
which had not been previously assessed in the region) to total chlor-
ophyll a (Chl a) and we combined these results with microscopic ob-
servations of nano- and microphytoplankton to refine the identification
of the main nano- and microphytoplankton taxa. The specific aims of
this study were to compare the results obtained by means of microscopy
and HPLC, to use pigment composition to assess physiological varia-
bility at diel scales under contrasting ecological conditions and to
document the links between phytoplankton community structure and
environmental drivers and properties.

2. Material and methods

2.1. PEGASO study location and sampling

This survey was conducted on board the B.I.O. Hespérides in the
austral summer of 2015 (From January, 02 to February, 12). Four zones
or sub-regions (Fig. 1) were chosen for a several-day study following a
Lagrangian approach: north of the South Orkney Islands (NSO),
southeast of the South Orkney Islands (SSO), northwest of South
Georgia (NSG) and west of Anvers (WA). The position of the main
hydrographic fronts during the cruise (Figs. 2 and S1A) was de-
termined, following the scheme of Orsi et al. (1995), with reference to
the continuous records of temperature and salinity (thermosalinograph
SBE 21 SeaCAT), current velocity and direction measured with the
Shipboard Acoustic Doppler Current Profiler (SADCP) “Ocean Sur-
veyor” at 75 khz, and the synoptic modeling data obtained from the
Global Real-Time Ocean Forecast System (Global RTOFS) (Dall'Osto
et al., 2017). We also consulted 8-day average satellite images of
chlorophyll a concentration and sea surface temperature obtained from
the Visible and Infrared Scanner (VIRS), NASA. We did not measure
micronutrients, but evidence from prior studies places NSG as iron-
sufficient and considers open sea areas of the ACC as HNLC regions due
to iron limitation (Martin et al., 1990; Nielsdóttir et al., 2012). In three
of the zones (NSO, NSG and WA), the studied water bodies were marked
by means of WOCE (World Ocean Circulation Experiment) standard
drifters provided with Iridium communication system; in SSO, icebergs
were used as Lagrangian “markers” (see Fig. 2).

Conductivity-temperature-depth (CTD) data were obtained with a

SeaBird 911 Plus multi-parametric probe and underway measurements
of temperature and conductivity (salinity) were performed with a
thermosalinograph (TSG) SBE21. All SBE sensors were calibrated by
Sea-Bird Scientific manufacturer according their protocols (https://
www.seabird.com/service-calibration-information). For data quality
control, a double set of temperature and conductivity sensors was in-
stalled on the CTD probe, and the differences between temperature and
conductivity (salinity) data, obtained by at the same time by each pair
of temperature or salinity sensors were analyzed during the raw data
conversion. Further data processing was performed with Sea-Bird
software, following the recommendations of the manufacturer https://
www.seabird.com/software. The quality control of underway TSG
measurements was performed by periodical sampling of the water input
and further salinity analysis on board by means of a Guildline 8410-A
Portasal salinometer (http://www.guildline.com/).

CTD casts using the SBE 911 Plus sonde attached to a rosette of 24
12-L PVC Niskin bottles were carried out at least once a day, around
8:30 solar (local) time. In addition, a 36-h cycle was sampled in each
zone, with CTD casts every 4 h starting generally at 9:30 and ending at
17:00 (solar times) the day after (see Table S1 for station information).
Solar time calculations were performed by means of the NASA Solar
Calculator (https://www.esrl.noaa.gov/gmd/grad/solcalc/, accessed
on 15 December 2017). Conductivity, temperature, depth, in vivo
fluorescence (with a WET Labs ECO-AFL/FL fluorometer) and photo-
synthetically active radiation (PAR, measured with a LI-COR Bio-
spherical PAR Sensor) profiles were recorded down to 400m. Water
samples were taken from the Niskin bottles, at six different depths.
Generally, these included “surface” (4 m depth), a “deep” level ranging
between 120m and 150m, and four additional levels in between (Table
S1). Fluorometric Chl a (Fl_Chl a) determination and phytoplankton
pigment analyses were carried out for all six depths. Major nutrients,
DMS and DMSP were analyzed for surface samples. Water samples for
phytoplankton identification by microscopy were collected from sur-
face and the depth of maximum fluorescence, generally the 1% light
depth. Mixed layer depth was estimated in as the first depth for which
water density was 0.125 kgm−3 higher than at surface (Monterey and
Levitus, 1997).

Fig. 2. Track of the research vessel, with sea surface temperatures (A) and salinity (B), recorded with a flow-through termosalinograph, coded in color. The position
of the main oceanic fronts across the track is indicated: Polar Front (PF; 50°S), Southern Antarctic Circumpolar Current Front (SACCF,56.8°S-57.2°S), Southern
Boundary of the Antarctic Circumpolar Current (SB; 59.9°S), and Weddell Scotia Confluence Zone (WSCZ; 60.0°S-60.8°S). Figure produced with the Ocean Data View
software (Schlitzer, 2016). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2.2. Nutrient concentration, fluorometric Chl a (Fl_Chl a) and DMS and
DMSP determinations

Water for nutrient analyses was placed (without previous filtration)
in Falcon vials and kept frozen at −20 °C until processing in the land
laboratory. Phosphate, nitrate, nitrite and silicate concentrations were
determined with a Bran+Luebbe AA3 AutoAnalyzer, following the
procedures of Hansen and Koroleff (1999).

For Fl_Chl a determination, 100 cm3 of water were filtered through
Whatman GF/F fibre filters (25mm diameter), which were subse-
quently placed in a freezer at −20 °C. After several hours, the filters
were introduced in vials with 90% acetone and left in the dark at 4 °C
for about 24 h. The fluorescence of the extracts was measured with a
Turner Designs fluorometer according to the procedure described in
Yentsch and Menzel (1963). No “phaeophytin” correction was applied.

Aqueous (GFF-filtered) concentrations of DMS were determined
with a purge and trap gas chromatograph (GC) coupled to a mass
spectrometry detector; total (particulate + dissolved, largely particu-
late) DMSP was determined by alkaline hydrolysis of unfiltered sam-
ples, analysis by purge and trap GC with flame photometric detection,
subtraction of the endogenous DMS (Dall'Osto et al., 2017).

2.3. Phytoplankton identification

Immediately after collection, 250 cm3 of seawater were placed in
amber glass flasks, preserved with formalin-hexamine solution to a final
concentration of 1% formalin and stored in the dark until analysis. For
phytoplankton identification 100 cm3 methacrylate settling chambers
were filled with the seawater sample. After 48 h of sedimentation, the
chamber bottom was separated and examined under a XSB-1A inverted

Table 1
Range (minimum: Min and maximum: Max), mean and standard deviation (SD) of integrated values (in mg m−2) between 0 and 100m depth of the main phyto-
plankton pigments and of T_Chl a for the study zones. Sub-regions are (See Fig. 1): NSO = North of the South Orkney Islands, SSO = South of the South Orkney
Islands, NSG = Northwest of South Georgia Island, WA = West of Anvers Island.

Pigment name Abbreviation NSO region SSO region

Min Max Mean SD Min Max Mean SD

19′-butanoyloxyfucoxanthin 19-But 6.96 10.50 8.40 1.15 1.24 4.25 2.27 0.92
19′-hexanoyloxyfucoxanthin 19-Hex 5.82 9.82 7.36 1.39 3.83 8.32 6.11 1.40
α-carotene α-Car 0.40 0.72 0.52 0.09 0.03 0.16 0.10 0.04
β-carotene β-Car 0.98 2.08 1.48 0.30 0.27 0.83 0.44 0.16
Alloxanthin Allo 3.15 6.02 4.76 0.72 0.22 0.50 0.40 0.09
Diadinoxanthin Ddx 4.59 6.28 5.30 0.54 1.49 3.70 2.68 0.65
Fucoxanthin Fuco 17.32 24.66 19.70 1.95 2.76 14.74 5.62 3.97
Lutein Lut 0.24 1.63 0.59 0.38 0.05 0.30 0.13 0.08
Peridinin Per 0.92 1.97 1.34 0.38 0.30 0.83 0.49 0.17
Prasinoxanthin Pras 0.18 0.45 0.27 0.07 0.09 0.60 0.34 0.15
Violaxanthin Viol 0.33 1.74 0.54 0.37 0.05 0.64 0.21 0.18
Zeaxanthin Zea 0.56 1.23 0.84 0.16 0.20 0.61 0.37 0.11
Chlorophyll b Chl b 3.01 4.84 4.08 0.46 0.41 6.96 2.45 1.94
Chlorophyll c2 Chl c2 7.57 15.80 10.77 2.36 1.64 7.22 3.25 1.78
Chlorophyll c3 Chl c3 2.98 7.53 4.84 1.37 1.07 4.91 2.32 1.28
Monovinyl Chlorophyllide a MV-Chlide a 0.32 3.40 1.52 1.20 0.55 2.03 1.11 0.49
Monovinyl chlorophyll a allomer 1 MV-Chl a-allomer1 0.52 1.03 0.77 0.13 0.07 0.37 0.20 0.10
Monovinyl chlorophyll a allomer 2 MV-Chl a-allomer2 0.30 0.55 0.45 0.07 0.00 0.21 0.09 0.07
Monovinyl chlorophyll a MV-Chl a 51.67 77.67 61.33 8.33 10.66 39.96 18.93 9.25
Monovinyl chlorophyll a epimer MV-Chl a-epimer 0.78 2.06 1.37 0.44 0.12 0.41 0.21 0.08
∑ pheophorbide a Phaeob 6.36 9.65 7.71 0.92 1.26 3.84 2.66 0.84
∑ phaeophytin a Phaeop 2.27 3.52 2.83 0.42 0.30 1.16 0.79 0.27
Total chlorophyll a T_Chl a 56.75 85.5 67 9.21 11.6 43.2 20.8 9.9

Pigment name Abbreviation NSO region SSO region

Min Max Mean SD Min Max Mean SD

19′-butanoyloxyfucoxanthin 19-But 4.02 7.49 5.10 0.95 2.07 3.05 2.53 0.37
19′-hexanoyloxyfucoxanthin 19-Hex 9.24 14.65 10.79 1.93 5.92 8.13 6.91 0.86
α-carotene α-Car 0.13 0.34 0.21 0.07 0.87 2.31 1.53 0.50
β-carotene β-Car 2.26 7.21 5.11 1.55 0.80 1.37 1.00 0.18
Alloxanthin Allo 0.47 1.18 0.85 0.25 7.29 19.87 13.48 3.55
Diadinoxanthin Ddx 10.00 31.24 22.38 6.63 2.93 4.97 3.74 0.66
Fucoxanthin Fuco 57.14 236 155 54.07 9.12 17.05 12.52 2.35
Lutein Lut 0.38 0.52 0.46 0.05 0.57 1.24 0.81 0.23
Peridinin Per 2.88 4.40 3.73 0.47 0.28 0.69 0.43 0.12
Prasinoxanthin Pras 0.40 0.79 0.60 0.10 0.35 0.55 0.42 0.06
Violaxanthin Viol 0.13 0.49 0.22 0.10 0.09 0.14 0.11 0.02
Zeaxanthin Zea 2.44 6.39 4.27 1.18 0.41 0.80 0.60 0.14
Chlorophyll b Chl b 1.13 2.32 1.62 0.40 1.02 1.47 1.18 0.13
Chlorophyll c2 Chl c2 25.06 89.54 58.69 17.94 8.08 17.29 11.17 2.94
Chlorophyll c3 Chl c3 11.29 36.09 24.38 6.96 2.80 6.71 4.42 1.32
Monovinyl Chlorophyllide a MV-Chlide a 1.04 13.66 3.19 3.53 0.37 0.75 0.48 0.12
Monovinyl chlorophyll a allomer 1 MV-Chl a-allomer1 1.42 4.61 2.70 1.00 0.45 1.21 0.83 0.29
Monovinyl chlorophyll a allomer 2 MV-Chl a-allomer2 0.85 2.83 1.92 0.57 0.24 0.45 0.35 0.07
Monovinyl chlorophyll a MV-Chl a 123 374 254 73.9 31.73 78.15 52.63 13.78
Monovinyl chlorophyll a epimer MV-Chl a-epimer 3.85 7.82 5.64 1.34 0.23 1.08 0.83 0.25
∑ phaeophorbide a Phaeob 35.75 81.22 59.30 11.43 6.60 8.69 7.42 0.65
∑ phaeophytin a Phaeop 9.08 21.87 16.41 4.35 1.34 2.41 1.87 0.35
Total chlorophyll a T_Chl a 135 408 282 80.9 37.2 85.9 60 14.5
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microscope (Utermöhl, 1958). The entire base of the chambers was
scanned at 125× to quantify the less abundant and larger organisms of
the microphytoplankton (> 20 μm), and at least two transects were
examined at 312× to enumerate the smaller and more abundant or-
ganisms of the nanoplankton (< 20 μm). On occasions of exceptionally
high concentrations, 6 fields were counted at 312×. Phytoplankton was
identified to the species level, when possible. However, many organ-
isms could not be adequately classified and were pooled in categories
such as “small dinoflagellates (< 20 μm)”, “unidentified centric dia-
toms” or “unidentified small coccolithophores (< 10 μm)”. The inverse
microscope method is not adequate for the small organisms of the pi-
coplankton. Our counts, thus, include nano- and microplankton. For the
purpose of comparison with the pigment data, we classified the or-
ganisms into the following groups: dinoflagellates, diatoms, cocco-
lithophores, cryptophytes and other. For brevity, we will refer to these
groups as “phytoplankton”, although many dinoflagellates are hetero-
trophs. For biovolume estimation, maximum and minimum length, and
maximum and minimum width were recorded for each taxon, using a
digital camera and the Scope Photo software after calibration for the
employed microscope; average values from these measurements were
used to calculate the volume of approximate geometric shapes: ellipsoid
for dinoflagellates, coccolithophores and flagellates, cylinder for centric
diatoms and prisma for pennate diatoms (a simplified version of the
shapes proposed by Hillebrand et al., 1999). Biovolume estimates re-
ferred to the main part of the body, so that setae and other appendages
were not included. The main references for taxonomical identification
were Sournia (1986), Ricard (1987), Chrétiennot-Dinet (1990), Rampi
and Bernard (1980), Cros and Fortuño (2002), Tomas (1993, 1995) and
UNESCO (1995).

2.4. HPLC pigment analysis

Pigment composition was determined by HPLC (Latasa, 2014).
Briefly, 0.65–1 L of seawater were filtered onto Whatman GF/F (nom-
inal pore size 0.7 μm; 25mm diameter) glass fiber filter under dim light.
The filters were folded, introduced into cryovials and frozen at −80 °C
until analysis on land, at the Centro Oceanográfico de Gijón (IEO, In-
stituto Español de Oceanografía, Spain). For analysis, the filters were
placed in Nalgene tubes with 2.5 cm3 of 90% acetone in which an in-
ternal standard of apo-8′-carotenal (Fluka) had been dissolved. The
tubes were chilled in ice, sonicated during 30 s and stored for 24 h at -
20 °C. Afterwards, the samples were vortexed, filtered through
Whatman GF/F glass fiber filters to remove filter debris and im-
mediately injected into the HPLC instrument [Agilent series (Wald-
bronn, Germany) 1200 chromatographic system with a G1311A qua-
ternary pump, a G1367C autosampler with a 100 μL capillary loop, a
G1316B column thermostat, and a G1315C diode array detector].
Sample extract/water ratios of 60/40 were used, according to Latasa
(2014). Pigments (Table 1) were identified at 474 and 664 nm. The
total monovinyl-chlorophyll a concentration (T_Chl a) was estimated as
the sum of monovinyl-chlorophyll a, chlorophyllide a, chlorophyll a
epimer and chlorophyll a allomers. No divinyl-chlorophyll a was de-
tected.

2.5. Photoprotective pigment index

Variations in irradiance intensity may alter the concentrations and
composition of phytoplankton pigments (Higgins et al., 2011). To assess
the photoacclimation response of at least the part of the phytoplankton
sharing diadinoxanthin as the main light-protecting pigment (which
includes diatoms, dinoflagellates, haptophytes and pelagophytes), we
calculated the ratio Ddx/(LHC) between the concentration of diadi-
noxanthin (Ddx) and the sum of the concentrations (LHC) of the main
light-harvesting carotenoids: fucoxanthin (Fuco), 19′-butanoylox-
yfucoxanthin (19-But), 19′-hexanoyloxyfucoxanthin (19-Hex) and
peridinin (Per).

2.6. CHEMTAX

The relative abundance of microalgal groups contributing to total
Chl a biomass was derived from pigment concentration data using
version 1.95 of the CHEMTAX chemical taxonomy software (Mackey
et al., 1996). This program uses one or several initial matrices of pig-
ment/T_Chl a ratios for the selected phytoplankton groups and per-
forms iterations to optimize the proportion of T_Chl a accounted for by
these groups. The final result of the CHEMTAX program consists of a
new adjusted matrix of pigment quotients and a list of the contribution
of each pigmentary class to the concentration of each pigment. The
initial pigment ratios used in this work were based on diagnostic pig-
ments and pigment matrices used in studies from the Antarctic region
(Rodríguez et al., 2002; Kozlowski et al., 2011). The pigments con-
sidered were Per, 19-But, 19-Hex, alloxanthin (Allo), chlorophyll b (Chl
b), chlorophyll c2 (Chl c2), Fuco, lutein (Lut), prasinoxanthin (Pras),
violaxanthin (Viol) and zeaxanthin (Zea). The haptophytes, character-
ized by the occurrence of 19-Hex, were divided in two groups, ac-
cording to the important presence of 19-But (type 8, which comprises
Phaeocystis) or to the negligible content of this pigment (a combination
of types 6 and 7, including the coccolithophores and Chrysochromulina).
The samples of each study sub-region were clustered according to the
application of Ward's method to a similarity matrix based on Manhattan
distances, using the Statistica v.5.5 software. A total of 13 clusters was
identified, corresponding 3 to NSO and SSO, 5 to NSG and 2 to WA. For
each cluster, we followed the procedures of Latasa (2007) and Latasa
et al. (2010), i.e. we created 29 randomized copies of the initial ratio
matrix and we ran the program for eight successive times. After the
eighth run, a single average matrix was made and used again for a final
run of each cluster (Table S2). Eight pigmentary classes were quanti-
fied: Chlorophytes, cryptophytes, diatoms, dinoflagellates, haptophytes
types 6 + 7, prasinophytes, haptophytes type 8 (hereafter “Phaeocystis-
like”) and pelagophytes.

2.7. Statistical analyses

The relationships between the composition of the phytoplankton
community (as represented by the biomass of the eight CHEMTAX-de-
rived groups, in mg m-3 of Chl a) at 4 m depth and abiotic parameters
(temperature, salinity, oxygen, turbidity, transmission, nitrate, phos-
phate and Fl_Chl a) measured at the same depth plus the MLD of each
station were summarized by means of a canonical correspondence
analysis (CCA). CHEMTAX-derived Chl a values were subjected to a
square root transformation to reduce the influence of biomass differ-
ences. The calculations were carried out with software package
XLSTAT.

3. Results

3.1. General characterization of the study sub-regions

The surface temperature and salinity records and the position of the
main hydrographic fronts during the PEGASO cruise are shown in
Figs. 2 and S1A. The NSO and the NSG zones were located within
meanders of the Southern Boundary of the ACC (SB) and the Polar Front
(PF), respectively. SSO, some 60 nautical miles to the north of the
Weddell Front, was next to the marginal ice zone of the Weddell Sea. In
January 2015, the characteristic position of the Weddell Front coin-
cided with the perimeter of the>25% ice cover (https://seaice.uni-
bremen.de/ – data not shown). WA was placed on the Southern
Boundary and was influenced by relatively colder and less saline coastal
waters of Anvers Island.

The vertical profiles of temperature, salinity and fluorescence
during the time-series sampling and the averages of the environmental
parameters for the different study zones are presented in Fig. 3 and
Table 2, respectively. In NSO and SSO (Fig. 3A, B, D and E; Fig. S1B),
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Fig. 3. Vertical profiles of (A, D, G, J) temperature (°C), (B, E, H, K) salinity and (C, F, I, L) fluorescence (arbitrary units) during the visits to the NSO (A, B, C), SSO (D,
E, F), NSG (G, H, I) and WA (J, K, L) sub-regions. The colors represent the day of the year 2015 (color scale on the right side). See the explanation of Fig. 1 for
acronyms. Figures produced with the Ocean Data View software (Schlitzer, 2016). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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the layer of relatively cold Winter Water, centered around 70m depth,
was underlain by a relatively warm and saline Warm Deep Water de-
rived from the Circumpolar Deep Water (CDW) of the ACC (Meredith
et al., 2011) and was covered by surface layers, seasonally warmed in
NSO and influenced by low salinity ice-melt water in SSO. The mean
mixed layer depth (MLD) was 30m in NSO and 16m in SSO, where it
was located just below the ice-melt surface water layer. NSG (Fig. 3G
and H; Fig. S1B) was placed outside the main bloom area, which was
closer to the continental shelf according to climatological data
(Borrione and Schlitzer, 2013) and recent satellite images (data not
shown); on the third day of the series, there was a marked change to-
wards warmer, more saline and chlorophyll-poorer surface waters,
presumably linked to movements across PF gradients; the MLD was
approximately 50m. The hydrography of the WA (Fig. 3I and J; Fig.
S1B) zone is complex (Dinniman and Klinck, 2004); water masses on
the shelf are episodically influenced by intrusions of Circumpolar Deep
Water. During our visit, mean MLD was 23m. Average surface nitrate
and phosphate concentrations were fairly similar in all zones (the
ranges were 27.6-17.2 μM for nitrate and 1.3–2.1 for phosphate,
Table 2). In contrast, silicate concentration was 47–50 μM in all sub-
regions except NSG, where it was around 2 μM. All zones presented
subsurface fluorescence maxima (Fig. 3C, F, I and L), partly related to
decreases in the in vivo fluorescence/Chl a ratio in the upper surface
waters (seen also Fig. S2), as will be commented later. Average DMSP
and DMS concentrations ranged respectively from 302.8 (NSO) to 83.3
(NSG) and from 8.2 (NSO) to 2.1 (WA); however, the ratios DMSP/
Fl_Chl a and DMS/Fl_Chl a were highest in SSO (Table 2) and lowest in
NSG and WA, respectively.

3.2. Phytoplankton pigments

Mean Fl_Chl a concentrations at surface (Table 2) ranged
(mean ± SD) from 0.32 ± 0.06 μg L−1 at SSO to 5.05 ± 1.98 μg L−1

at NSG, with intermediate values for NSO (1.95 ± 0.17 μg L−1) and

WA (4.05 ± 0.48 μg L−1). Integrated Fl_Chl a values (0–100m depth)
were 33.6 ± 6.2mgm−2 for SSO, 119.8 ± 11mgm−2 for NSO,
132 ± 22.6 mgm−2 for WA and 516.8 ± 149.8 mgm−2 for NSG. The
vertical distribution of Fl_Chl a (Fig. S2) was fairly homogeneous
throughout the mixed layer in NSO and NSG, tended to attain the
highest values at surface (4m depth) in WA and presented weak sub-
surface maxima below the MLD in SSO. In contrast with in vivo fluor-
escence, Fl_Chl a did not present surface minima. The ratio Fluo/Fl_Chl
a between in vivo fluorescence (Fluo) and Fl_Chl a for the two upper
sampling depths showed appreciable circadian variability, with lower
values around noon in all sub-regions, as highlighted by significant 2-
degree polynomial regressions (Fig. S3A), while for the deeper samples
there were no comparable significant relationships (Fig. S3B).

The basic statistical parameters of the pigments determined by
HPLC are shown in Table 1 and their average contribution, dominated
by Fuco and Chl c2 in NSO and NSG, Fuco and 19- Hex in SSO and Fuco,
19-Hex and Allo in WA, is presented in Fig. S4. There was a good
correlation between Fl_Chl a and T_Chl a as determined by HPLC (Fl_Chl
a = 1.65 *T_Chl a + 0.30, n = 268, r2= 0.83, p < 0.0001) (Fig. S5),
although the slope was significantly higher than 1. The ratio between
the sum of phaeophorbides and phaeophytines and T_Chl a (Phaeo/
T_Chl a) was calculated as an index of herbivory (Mendes et al., 2015);
average values for the two shallower sampling levels of the stations of
each sub-region ranged from 10% at WA to 22% at NSG (Table 2).
Phaeo/T_Chl a was relatively homogeneous in the upper water layers
but increased considerably below 50m at NSG and WA and in the
deeper samples of NSO and SSO (data not shown).

The ratio Ddx/LHC, between the concentration of the photo-
protective carotenoid Ddx and the sum of the concentrations of the
chromophyte light-harvesting carotenoids 19-But, 19-Hex, Fuco and
Per, decreased strongly below 20–40m depth in all sub-regions and
presented the highest values in the upper mixed layer of SSO (Table 2,
Figs. S6A and B). The circadian variability of Ddx/LHC in surface wa-
ters was fairly small, with slightly higher noon values in SSO and WA

Table 2
Mean ± standard deviation of physico-chemical variables and ratios for the surface samples (except for Phaeo/T_Chl a and Ddx/LHC, which are averages for the two
shallower sampling dephts), upper mixed layer depth (MLD), depth receiving 1% of surface irradiance (Z1%) and mean of the ratio between Z1% and MLD for the
stations of the studied regions (see Table 1 for sub-region acronyms). Variable abbreviations are: Fl_Chl a= fluorometric Chl a, DMSP = total (particulate + dis-
solved) dimethyl sulfoniopropionate, DMS= aqueous dimethyl sulfide, Phaeo = sum of phaeopigments and phaeophorbides (μg L−1), T_Chl a= total Chl a (μg L−1)
Ddx= diadinoxanthin (μg L−1), LHC = sum of 19-But + 19-Hex + fucoxanthin + peridinin (μg L−1). One outlier of Phaeo/T_Chl a for station 45, 13m has been
excluded.

Region Units NSO SSO NSG WA

Mean SD Mean SD Mean SD Mean SD

Temperaturea °C 0.58 0.17 −0.75 0.10 4.73 0.44 1.45 0.08
Salinitya 33.84 0.07 33.16 0.06 33.74 0.02 33.41 0.03
Oxygena μM kg−1 320.3 1.004 312.4 0.82 295.6 7.52 309.3 1.87
Turbiditya NTUb 0.56 0.01 0.49 0.003 0.69 0.06 0.55 0.01
Transmissiona % 84.31 1.09 92.23 0.30 83.45 2.98 77.54 1.84
Nitratea μM 27.31 1.90 27.55 3.25 17.17 1.63 18.71 0.89
Nitritea μM 0.23 0.06 0.16 0.02 0.29 0.04 0.19 0.03
Ammonium μM 2.86 3.51 1.62 1.06 1.71 1.90 3.08 1.87
Silicatea μM 47.89 4.07 47.34 4.65 2.00 0.39 49.68 3.66
Phosphatea μM 1.99 0.21 2.14 0.25 1.29 0.15 1.79 0.16
Fl_Chl aa μg L−1 1.87 0.22 0.32 0.02 5.05 0.60 4.05 0.48
MLDa m 29.75 11.84 15.79 5.35 49.83 11.42 22.89 5.60
Z1% m 50.0 8.0 89.6 10.0 26.0 6.7 35.0 3.1
Z1%/MLD 2.2 1.5 5.6 1.6 0.6 0.2 1.5 0.3
DMSP nM 302.8 51.91 89.67 18.35 83.28 27.31 115.7 14.61
DMS nM 8.19 1.64 7.88 1.52 5.97 1.11 2.13 0.55
DMS/DMSP 0.03 0.01 0.09 0.03 0.08 0.04 0.02 0.004
DMSP/Fl_Chl a nmol/μg 162.5 35.85 291.6 64.61 18.78 9.71 28.68 3.11
DMS/Fl_Chl a nmol/μg 4.33 0.72 24.40 3.88 1.52 0.72 0.53 0.12
Phaeo/T_Chl a 0.15 0.04 0.2 0.14 0.22 0.08 0.1 0.04
Ddx/LHC 0.35 0.06 0.56 0.1 0.19 0.03 0.23 0.04

a Variables used in the canonical correspondence analysis.
b Nephelometric Turbidity Unit.

S. Nunes, et al. Deep-Sea Research Part I 151 (2019) 103059

7



Fig. 4. Biovolume of selected taxa and major phytoplankton groups in the surface (4m) and subsurface (“deep”) samples taken in the four study regions. The labels of
the abscissa in the “deep” samples indicate the cast number followed by the sampling depth in m. Acronyms as in Fig. 1.
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Fig. 5. Contribution (in ng l−1) to total chlorophyll a by the CHEMTAX-derived phytoplankton groups in surface (4m) and subsurface (deep) samples taken in the
four study regions. The labels of the abscissa in the “deep” samples indicate the cast number followed by the sampling depth in m (when possible, this depth was
chosen to match that of Fig. 4). Acronyms as in Fig. 1.
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(Fig. S6C).

3.3. Phytoplankton assemblages

A total of 116 taxa, including several microzooplankton groups
(such as ciliates and Radiolaria), were identified by optical microscopy
in the surface and subsurface phytoplankton samples of the different
stations. For each sub-region, the average abundance and biovolume of
the most important taxa (in terms of biovolume) that were present in at
least 25% of the samples are presented in Table S3; the biovolume
contribution of some selected taxa and major groups is shown in Fig. 4.
The temporal variability of the Chl a contribution (hereafter, referred to
as Chl a concentration) of the eight phytoplankton groups determined
by CHEMTAX is shown in Figs. 5 and S7 – S10, and the corresponding
average Chl a concentrations for each depth is shown in Fig. 6. Com-
parisons between the contribution to total Chl a of the chemotaxonomic
groups and microscopy-estimated biovolumes could be carried out for
diatoms, autotrophic (and mixotrophic) dinoflagellates and crypto-
phytes (Fig. S11). The relationship was significant for all three groups
(diatoms, r2= 0.68; autotrophic dinoflagellates, r2= 0.23; crypto-
phytes, r2= 0.68, p < 0.0001; N=105, p < 0.0001 for all groups).

The four studied sub-regions presented marked differences in phy-
toplankton composition. Cryptophytes, which decreased with depth,
and diatoms, which showed the opposite pattern, were the most
abundant CHEMTAX groups at NSO, followed by haptophytes types
6 + 7, Phaeocystis-like and pelagophytes (Fig. 5A and C, Fig. 6 and Fig.
S7); the most important taxa in the corresponding microscopy samples
were the diatoms Corethron pennatum, Thalassiosira spp. (small) and
Fragilariopsis spp., heterotrophic Gyrodinium spp. and large and small
(< 20 μm) unidentified dinoflagellates, cryptophytes and nano-
flagellates (Table S3, Fig. 4A and C). Haptophytes types 6 + 7, followed
by diatoms and Phaeocystis-like, both of which increased their con-
tribution deeper in the water column, were the most important
CHEMTAX groups at SSO (Fig. 5B and D, and Fig. 6). This sub-region
presented a combination of microscopy taxa similar to that of NSO
(Table S3, Fig. 4B and D), but with lower C. pennatum and Thalassiosira
spp. (small), higher Fragilariopsis spp. abundances and a smaller con-
tribution of cryptophytes; as at NSO, diatoms were relatively more
important at depth (Table S3, Figs. 4 and 5B and D, Fig. 6 and Fig. S8).
NSG, the zone with highest T_Chl a concentration, was dominated by

diatoms at all depths, both in terms of CHEMTAX-derived Chl a and of
phytoplankton abundance and biovolume (Figs. 4 and 5 E and G, Fig. 6
and Fig. S9), but the warmer water body encountered after day 27
(Fig. 3G) was associated to a marked change in the phytoplankton
composition, with lower concentrations of diatoms and increased con-
tributions of chlorophytes and Phaeocystis-like (Fig. S9). The main mi-
croscopy taxa both at surface and subsurface levels (Table S3, Fig. 4E
and G) were Eucampia antarctica, Fragilariopsis kerguelensis, Thalassiosira
spp. small, Thalassiosira and Porosira spp., Odontella weissflogii and
Trichotoxon reinboldii, but there was also a substantial contribution of
nanoflagellates. In turn, coccolithophores were practically only present
in this sub-region. The main CHEMTAX groups at WA (Fig. 5F and H,
Fig. 6 and Fig. S10) were cryptophytes and haptophytes types 6 + 7 at
the shallowest layers, and haptophytes, diatoms and prasinophytes at
depth (below 22 m), while microscopic observations (Table S3, Fig. 4F
and H) revealed cryptophytes and nanoflagellates, heterotrophic Gy-
rodinium spp., unidentified dinoflagellates and, in particular at the
subsurface levels, diatoms such as Eucampia antarctica, Fragilariopsis
kerguelensis and Thalassiosira spp. small.

The relationships between the chemotaxonomic phytoplankton
groups and the physico-chemical variables and the differences among
the four study zones were highlighted by the CCA, which explained
79.2% of the total variance with the two first axes. The first axis (C1)
separated NSG on the negative side, from the other sub-regions.
Diatoms, which characterized the NSG samples, were associated with
high temperature, turbidity, MLD and Chl a, and low silicate, nitrate,
phosphate and oxygen concentrations, whereas cryptophytes, which
were particularly abundant at NSO and WA, appeared on the positive
side of C1. The second CCA axis (C2) was mainly related to the varia-
bility of nitrate, oxygen and salinity and distinguished the sample
clusters from NSO, SSO and WA. This axis depicted a sequence from
haptophytes, associated with SSO on the positive, low salinity part of
C2, to prasinophytes, which were particularly important in NSO, on the
opposite part. The other groups were distributed within intermediate
values of C1 and C2.

Fig. 6. Vertical distribution of the mean contribution to total chlorophyll a by the CHEMTAX-derived phytoplankton groups (in ng l−1) in the four study sub-regions.
Acronyms as in Fig. 1.
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4. Discussion

4.1. Microscope-vs pigment-based quantification of phytoplankton taxa

Microscopic observations and the HPLC analysis of biomarker pig-
ments followed by the CHEMTAX algorithm have been successfully
used in many phytoplankton studies, either separately or com-
plementing each other (Rodríguez et al., 2002; Kozlowski et al., 2011;
Cassar et al., 2015; Mendes et al, 2012; Mendes et al., 2018a). Micro-
scopy may provide more precise taxonomic classification and addi-
tional ecological information through the observation of different life-
cycle stages (such as the presence of resting cysts, auxospore formation
or colonial vs. solitary forms), but is biased towards relatively large
forms (> 5 μm) of phytoplankton groups with identifiable morpholo-
gical characteristics, is time-consuming and needs a high level of ex-
pertise. In contrast, HPLC/CHEMTAX techniques can provide a com-
prehensive account of the main phytoplankton groups present in a
sample, including those collected in oligotrophic areas (Roy et al.,
2011). In the present work, we combined HPLC/CHEMTAX with mi-
croscopy observations of selected samples to obtain a robust and con-
sistent view of the phytoplankton composition in the study zones.
Comparisons between the two techniques must be interpreted with
caution due to taxonomically and environmentally-related variability in
biomarker pigments and Chl a content per biovolume, and to problems
in biovolume estimates and in the microscopical identification of naked
and small-celled groups (Kozlowski et al., 2011; Cassar et al., 2015). In
this work, we found significant relationships between microscopy and
chemotaxonomy for diatoms, autotrophic dinoflagellates and crypto-
phytes (Fig. S11). A strong correlation (r2=0.68) was observed for
diatoms, although there were some points, all belonging to the same
station, for which the biovolume estimate was substantially lower than
the CHEMTAX estimate, a discrepancy which could be attributed to
sampling variability, errors in microscopy or overestimation by
CHEMTAX due to contribution to Fuco from unidentified nanoplankton
(Cassar et al., 2015). The correlation (r2= 0.23) was lower for auto-
trophic dinoflagellates, a finding that could be attributed to errors in
the classification of auto- or heterotrophic forms and to the presence of
peridinin-lacking species (Garibotti et al., 2003). The correlation coef-
ficient (r2= 0.68) was relatively high for cryptophytes, but there was a
disagreement between the two methods concerning their relative con-
tribution to the phytoplankton community, especially at NSO (global
average of 2% for microscopy vs 24% for CHEMTAX), an inconsistency
which is likely to be caused by underestimation of the cryptophytes in
the microscopic samples, as noted also by Rodríguez et al. (2002) and
Cassar et al. (2015). A coarse check of those biovolume vs. Chl a re-
lationships (ignoring intercept values) could be obtained from calcu-
lations of theoretical Chl a to biovolume ratios, which could be esti-
mated using a standard C/Chl a ratio of 50 and the C to biovolume
equations from Table 2 of Davies et al. (2016). For diatom and dino-
flagellate cells between 5 and 40 μm of diameter this Chl a/biovolume
value would span, respectively, from 2.6*10−6 to 0.8*10−6 (ng μm−3)
and from 7.1*10−6 to 2.3*10−6, fairly close to the slopes (Fig. S11)
obtained from our field samples for diatoms (6.4*10−7) and dino-
flagellates (1.35*10−6); however, the corresponding Chl a/biovolume
ratios for cryptophytes (“Others”) between 5 and 20 μm of diameter
would be 3.3*10−6 to 2.6 *10−6, well below the slope calculated for
cryptophytes (1.0*10−5), adding support to a possible underestimation
of the latter by microscopy. The HPLC-CHEMTAX approach used in our
study provided a comprehensive analysis of the phytoplankton com-
position and highlighted the importance of groups like cryptophytes,
chlorophytes, haptophytes types 6 + 7, Phaeocystis-like, pelagophytes
and prasinophytes in the global community (Figs. 5 and 6). Organisms
of these groups tend to deteriorate easily in fixed samples and are dif-
ficult to identify by microscopy. In particular, cryptophytes were more
important at NSO, SSO and WA than suggested by the microscopic
observations, probably due to underestimation in the microscopic

observations as discussed above, while most forms from the other
groups that endured fixation became presumably pooled into nano- or
microflagellate categories. The detection, in many samples, of Phaeo-
cystis-like pigments by HPLC but not of Phaeocystis spp. cells by mi-
croscopy could be explained the presence of other haptophyte type 8
taxa or of non-colonial forms of Phaeocystis spp., which would have
been counted as unidentified flagellates.

4.2. Ecophysiological hints from pigment composition

The mid-day decline of the ratio Fluo/Fl_Chl a (Fig. S3A) for the
shallow samples is a common finding (Estrada et al., 1996; Mignot
et al., 2011) and has been related to non-photochemical fluorescence
quenching processes (Falkowski and Kolber, 1995; Sackmann et al.,
2008), which in turn are influenced by factors such as community and
pigment composition, and nutrient and light conditions. In our data set,
the variability of the Fluo/Fl_Chl a ratio was particularly marked for
SSO (Fig. S3A). This was the sub-region with lowest beam attenuation
coefficients and the highest average Z1%/MLD relationship (Table 2),
suggesting a higher potential for fluorescence quenching.

Consistent with the variation of specific fluorescence, the highest
values of the ratio Ddx/LHC, indicative of the proportion of the pho-
toprotective pigment Ddx with respect to the sum of the light-har-
vesting carotenoids 19-But, 19-Hex, Fuco and Per, were found
throughout the shallow mixed layer of SSO (Fig. S6); at NSO, NSG and
WA, the ratios were lower and started to decrease with depth within the
upper part of the mixed layer, suggesting a faster time scale of photo-
acclimation relative to that of vertical mixing in the mixed layer of
these sub-regions. The surface Ddx/LHC ratio (Figs. S6A and B) de-
creased with increasing MLD (Fig. S6D) and beam attenuation coeffi-
cient (data not shown), and was positively associated (r2= 0.78,
N= 35, p < 0.0001) with Z1% (Fig. 8A) in agreement with the ex-
pected enhancement of photoprotective pigment concentration with
increased exposure to a relatively high irradiance environment
(Goericke and Montoya, 1997; Cheah et al., 2017; Russo et al., 2018).
Interestingly, the Chl a-normalized concentration of DMSP (DMSP/
Fl_Chl a) exhibited the same pattern across zones as Ddx/LHC, i.e., it
increased proportionally with light penetration as depicted by Z1%
(r2=0.70, N= 34, p < 0.0001; Fig. 8B). DMSP is a cellular osmolyte

Fig. 7. Canonical correspondence analysis ordination plot of chemotaxonomic
phytoplankton composition and abiotic parameters at surface (along with
MLD). The first two axes explain 79.2% of the variance. Arrows indicate en-
vironmental variables [temperature (Temp), salinity (Sal), oxygen (Ox), tur-
bidity (Tur), Transmission (Tr), nitrate (NO3), nitrite (NO2), silicate (SiO4),
phosphate (PO4), mixed layer depth (MLD), Fl_Chl a]. Phytoplankton groups
(diamonds) are chlorophytes (Chloro), cryptophytes (Crypt), diatoms (Diat),
dinoflagellates (Dino), haptophytes 6+7 (Hapto), pelagophytes (Pelag),
Phaeocystis-like (Phaeo), prasinophytes (Pras). Samples of the four sub-regions
(circles) are encircled; See the explanation of Fig. 1 for acronyms.
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mainly produced and harbored by phytoplankton, where it occurs at
intracellular concentrations of up to hundreds of mM. Diatoms and
cyanophytes typically are low DMSP producers, with DMSP/Chl a ratios
between 0 and 4 nmol/μg, whereas haptophytes, dinoflagellates and
chrysophytes are strong producers, with DMSP/Chl a ratios between 50
and > 100 nmol/μg (Stefels et al., 2007). Among other functions,
DMSP is suggested to help microalgae cope with oxidative stress by
producing reactive oxygen species scavengers (Sunda et al., 2002).
Therefore, a combination of taxonomic composition and ecophysiolo-
gical factors linked to environmental conditions appeared to underlie
the distribution of phytoplankton DMSP content across the four sub-
regions. While DMSP concentration did not correlate with any phyto-
plankton group, DMSP/Fl_Chl a was highest at SSO (Table 2), coin-
ciding with a high proportion of haptophytes (CHEMTAX groups hap-
tophytes types 6 + 7 and Phaeocystis-like) in the vicinity of sea ice
(Stefels et al., 2018), the elevated exposure to solar radiation as de-
picted by the high values of the Ddx/LHC ratio, and presumably, also,
iron limitation (Stefels et al., 2007). The lowest DMSP/Fl_Chl a ratio in
NSG can be explained by the dominance of diatoms and a deeper, hence

less illuminated, mixing layer (Bell et al., 2010; Galí and Simó, 2015).

4.3. Phytoplankton assemblages and environmental factors

The four zones visited in this study encompassed a wide spectrum of
ecological characteristics. NSG was placed between the Polar Front and
the Southern ACC Front (SACCF), in a region characterized by the
regular occurrence of spring and summer phytoplankton blooms, fueled
by the high concentrations of major nutrients and the availability of
iron contributed by the ACC after its passage over the shelf waters
around South Georgia (Korb et al., 2004; Whitehouse et al., 2008;
Nielsdóttir et al., 2012). The relatively high temperatures in this region
(mean ± SD, 4.73 °C ± 0.44) in comparison with other SO areas may
also contribute to enhanced phytoplankton proliferation (Korb et al.,
2004). The PEGASO stations were outside the main bloom area as seem
from satellite imagery (Borrione and Schlitzer, 2013), but presented
high Chl a concentrations (Tables 1 and 2, Figs. 3I and S2). Moderately
lower nitrate and phosphate and much lower silicate concentrations at
NSG than in the zones around the South Orkney Islands were consistent
with a phytoplankton community dominated by well-silicified diatoms
like Eucampia antarctica, Thalassiosira and Porosira spp. and Odontella
weissflogii, typical of blooms in the area (Atkinson et al., 2001), com-
plemented by substantial populations of haptophytes, including coc-
colithophores, and pelagophytes, as shown by our microscopy and
HPLC-CHEMTAX analyses. However, at the time of our visit, the deep
mixing layer of about 50m compared with an average euphotic depth
of 26m (Table 2), and the relatively low silicate concentrations
(average of 2 ± 0.4 μMat surface, Table 2) at the threshold for diatom
dominance (Egge and Aksnes, 1992; Atkinson et al., 2001) were prob-
ably restricting phytoplankton growth.

The other three sub-regions visited in this study, with lower T_Chl a
concentrations than NSG, presented macronutrient-replete conditions
(Tables 1 and 2). Surface silicate concentrations exceeding 47 μM
(Table 2), reflected a relatively low diatom contribution (Figs. 4 and 6).
Lack of macronutrient depletion is typical of iron-limited regions of the
SO (Venables and Moore, 2010). However, marine areas in the vicinity
of islands and the West Antarctic Peninsula region may benefit from
some benthic supply of iron from continental shelves (Nielsdóttir et al.,
2012), a situation that can explain the relatively high Chl a con-
centrations in NSO and WA (Nielsdóttir et al., 2012; Murphy et al.,
2013).

The main nano- and microplankton forms recorded by microscopy
in NSO and SSO included the diatoms Corethron pennatum and
Fragilariopsis spp., heterotrophic dinoflagellates like Gyrodinium spp.
and Protoperidinium spp., unidentified autotrophic dinoflagellates, na-
noflagellates and cryptophytes, all of which have been recorded in the
region. Some differences, like the higher proportion of Fragilariopsis
spp. in SSO could be attributed to the stronger sea ice influence
(Cefarelli et al., 2010), which together with the lowest temperatures
and Chl a concentrations can be taken as indicative of an earlier stage of
phytoplankton bloom development in this zone. In transects across the
Scotia Sea, from the vicinity of South Georgia to the South Orkney Is-
lands, Korb et al. (2010) noted the abundance of Corethron pennatum
and Fragilariopsis spp. and suggested that iron limitation could account
for the high proportion of heterotrophic dinoflagellates, in agreement
with our findings at SSO. On the other hand, some microscopy-based
surveys in the South Orkney sub-region encountered a dominance of
cryptophytes, prasinophytes and other nanoflagellates (Kopczyńska,
1991; Nielsdóttir et al., 2012). At WA, our CHEMTAX results high-
lighted the dominance of flagellates like cryptophytes and haptophytes
6 + 7, in agreement with the microscopic observations, which showed
a high contribution of unidentified flagellates and cryptophytes, while
diatoms were scarce. Several studies have shown the association of
cryptophyte populations with shallow mixed layers influenced by ice
melting (Schloss and Estrada, 1994; Mendes et al., 2018a, 2018b) and a
shift from diatoms to cryptophytes has been described as characteristic

Fig. 8. Relationship of the euphotic zone depth (z1%, m) with the ratio Ddx/
LHC (A) and the ratio DMSP/Fl_Chl a (B) for the study sub-regions. The
equations are y = 0.08 + 0.0055×, r2 = 0.78, N = 35, p < 0.0001 (A) and
y = −60.35 + 3.88×, r2=0.70, N=34 (one outlier eliminated), p < 0.0001
(B). Acronyms as in Fig. 1.
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of the seasonal phytoplankton succession in the West Antarctic Pe-
ninsula region (Garibotti et al., 2003; Moline et al., 2004; Ducklow
et al., 2007; Murphy et al., 2013; Mendes et al., 2018b). The gradient of
increased T_Chl a concentrations and cryptophyte contribution from
SSO to NSO and WA was associated with rising temperatures (Fig. S12),
suggesting that it could be related, at least in part, to seasonal succes-
sion.

The position of the Chemtax groups in the space of the first axes of
the CCA (Fig. 7) reflects in part the relationships discussed above, but it
must be taken into account that relationships between biological and
hydrographical variables may be the expression of the ecological his-
tory of a water body, rather than of direct effects. The association of
diatoms with low nutrient concentrations reflects the consumption of
major nutrients in the NSG sub-region, while the opposite situation of
cryptophytes with respect to diatoms highlights their association to
contrasting stages of phytoplankton succession. Other relationships in
the graph, such as the association of haptophytes with low salinity and
of prasinophytes with high salinity can also be interpreted in the con-
text of a combination of ecological, successional and biogeographical
factors.

An examination of the vertical distribution of the different phyto-
plankton categories reveals some consistent trends in the different study
zones. Some groups, like haptophytes types 6 + 7 and Phaeocystis-like
did not show marked vertical gradients within the euphotic zone.
Cryptophytes, as noted above, tended to be more important in surface
layers, while diatoms and pelagophytes increased their contribution at
subsurface levels (Fig. 6). The ability of diatoms to thrive in relatively
low light environments has been noted by a number of authors and has
been attributed to features such as increased efficiency of ATP pro-
duction (Fisher and Halsey, 2016). The increased abundance of pela-
gophytes in subsurface layers agrees with the observations of Latasa
et al. (2017), who noted their preference for deeper levels within the
deep chlorophyll maximum.

The average concentration of the biogenic trace gas DMS ranged
2–8 nM across sub-regions, being highest at NSO and SSO and lowest at
WA (Table 2). DMS is produced from DMSP through the action of
DMSP-lyases from phytoplankton and bacteria. The yield of the DMSP-
to-DMS conversion is influenced by phytoplankton taxonomy and ir-
radiance conditions, but also by ecological factors such as grazing-
mediated mortality (Simó et al., 2018) or bacterial community com-
position and metabolism (Simó, 2004; Curson et al., 2011). The ratios
DMS/DMSP and DMS/Fl_Chl a were highest in SSO, although the sea-
ice marginal bloom was at the early phase of development, with ex-
pected low mortality rates. The likely explanation would be the coin-
cidence of high irradiances with a large proportion of haptophytes,
including Phaeocystis-like cells, which harbor high DMSP-lyase activity
(Stefels et al., 2018). The lowest DMS/DMSP and DMS/Fl_Chl a ratios in
WA are rather surprising, taking into account that the bloom there
appeared to be in an advanced stage of development, as depicted by the
abundance of protest grazers (data not shown); one reason might be the
dominance of cryptophytes, which are poor DMS producers and have
not been reported to harbor DMSP-lyases (Stefels et al., 2007).

5. Conclusion

As part of the PEGASO project, the main aims of this work were to
characterize the ecophysiological variability of the phytoplankton in
our study region and to ascertain the links between environmental
properties and phytoplankton community structure. Microscopic ob-
servations and chemotaxonomic pigment analyses were used to ascer-
tain the quantitative and qualitative composition of the phytoplankton
in four contrasting sub-regions in the vicinity of South Georgia (NSG),
the South Orkneys (NSO and SSO) and Anvers Islands (WA). Our
findings confirmed previous observations such as the dominance of
diatoms in the iron-rich South Georgia bloom sub-region, the overall
importance of haptophytes and the association of cryptophytes with

well-illuminated stratified surface waters influenced by ice melting, but
also highlighted the substantial contribution of less well-studied forms
such as the pelagophytes, important components of the picoplankton.
The light stress condition of the phytoplankton community, an eco-
physiological factor that is an important modulator of DMSP and DMS
metabolism (Bell et al., 2010) was investigated by means of a photo-
protective pigment index, which showed the highest values at SSO, the
sub-region with the shallowest mixed layer and the deepest euphotic
zone, and the lowest at NSG, where the mixed layer was deepest. The
combination of light-adaptation, nutrient and taxonomy patterns
regulated specific DMSP and DMS concentrations, with highly irra-
diated waters with high proportions of haptophytes being the most
geared towards DMSP and DMS production.
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