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Editorial

Research in the Atlantic Sector of the Southern Ocean and
Propagation of Antarctic Bottom Water in the Atlantic
Eugene Morozov

Shirshov Institute of Oceanology, Russian Academy of Sciences, 117997 Moscow, Russia; egmorozov@mail.ru

This article belongs to the Special Issue “Physical and Biological Properties of Waters
in the Region of the Antarctic Peninsula and Adjacent Basins of the South Atlantic,”:
a Special Issue that is dedicated to recent research in the Atlantic sector of the Southern
Ocean and Antarctica Peninsula region. The papers in this issue are focused on the field
and theoretical research of the physical properties and ecology of this key region in the
Southern Ocean. The main objects of the study were the properties of seawater, currents,
the ecosystem, and biological communities in the South Atlantic, the Powell Basin of the
northwestern Weddell Sea, the Bransfield Strait, and the Antarctic Sound. The Antarctic
marine ecosystem is unique was terms of its biodiversity and high productivity of basic
trophic levels of the ecosystem. This ecosystem was efficiently used by organisms such as
seabirds, seals, and whales that fed on Antarctic krill.

The Antarctic Circumpolar Current System (ACC) and oceanic circulation at higher
latitudes near the Antarctic continent are the oceanographic basis for the functionality of
the Antarctic marine ecosystem. The processes in this region of the World Ocean have been
intensely studied in recent decades but still remain not completely understood because of
an insufficient number of expeditions to this region. The processes in Antarctica require
more and more investigation by scientists. In recent decades, the Southern Ocean has
experienced significant changes associated with global climate trends.

These issues of the Water MDPI journal have been composed on the basis of analyzing
the results of multi-disciplinary studies based on the physics and biology of the Atlantic
sector of the Antarctic during two cruises in January-February 2020 and in January-February
2022 on the R/V Akademik Mstislav Keldysh (cruises 79 and 87) [1,2].

This issue presents the results of multidisciplinary studies in Antarctica. The issue
includes articles on marine physics, marine chemistry, and marine biology, which jointly
compose a comprehensive multidisciplinary approach to a modern view of the processes
that govern the mean state of the ocean and its variability. Research has been performed in
the region of the Antarctic Circumpolar Current, Weddell Gyre, Weddell Sea, and Bransfield
Strait. The most important areas of study were the Bransfield Strait between the Antarctic
Peninsula [3], the South Shetland Islands, and the Powell Basin east of the northern tip of
the Antarctic Peninsula [2].

Research has also been conducted in the region of the South Orkney Islands and
Orkney Passage east of the Powell Basin. The Orkney Passage is the main pathway for
Antarctic Bottom Water flow from the Weddell Sea [4]. On the route of the ship to the
Antarctic continent, the propagation of Antarctic Bottom Water has been studied in the
Vema Channel [5]. The upwelling on the Patagonian shelf and Malvinas Current became
a topic of multidisciplinary research during the expedition. We also studied the processes
across an eddy dipole in the interaction zone between Subtropical and Subantarctic waters
in the Southwest Atlantic [6].

Biological papers on this issue present an analysis of the recent changes in the com-
position and distribution of zooplankton [7,8] and Antarctic worms [9]. The biological
analysis is based on the assessment of water quality and biota in this region.
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Water Exchange between Deep Basins of the Bransfield Strait
Dmitry I. Frey 1,2,* , Viktor A. Krechik 1,3, Eugene G. Morozov 1,2 , Ilya D. Drozd 1,4,5, Alexandra S. Gordey 1,
Alexander A. Latushkin 2 , Olga S. Mekhova 1,6, Rinat Z. Mukhametianov 1,7, Svetlana A. Murzina 1,8 ,
Sofia A. Ostroumova 1,6, Vladimir I. Ponomarev 9, Pavel A. Salyuk 9 , Daria A. Smirnova 1,4 , Sergey A. Shutov 2

and Oleg A. Zuev 1

1 Shirshov Institute of Oceanology, Russian Academy of Sciences, Nakhimovsky 36, 117997 Moscow, Russia
2 Marine Hydrophysical Institute, Russian Academy of Sciences, Kapitanskaya Str. 2, 299011 Sevastopol, Russia
3 Laboratory for Marine Environmental Management, Immanuel Kant Baltic Federal University,

Ulitsa Aleksandra Nevskogo 14, 236041 Kaliningrad, Russia
4 Faculty of Geography, Moscow State University, Leninskie Gory 1, 119991 Moscow, Russia
5 Obukhov Institute of Atmospheric Physics, Russian Academy of Sciences, Pyzhevskiy Pereulok 3,

119017 Moscow, Russia
6 Laboratory for Marine Environmental Management, Russian State Hydrometeorological University,

Malookhtinskiy Prospekt 98, 195196 St. Petersburg, Russia
7 Moscow Institute of Physics and Technology, Institutsky per. 9, 141700 Dolgoprudny, Russia
8 Institute of Biology of the Karelian Research Centre of the Russian Academy of Sciences,

Ulitsa Pushkinskaya 11, 185910 Petrozavodsk, Russia
9 Ilichev Pacific Oceanological Institute, Far Eastern Branch of the Russian Academy of Science,

Baltiyskaya Street 43, 690041 Vladivostok, Russia
* Correspondence: dima.frey@gmail.com; Tel.: +7-964-702-77-72

Abstract: The Bransfield Strait is a relatively deep and narrow channel between the South Shetland
Islands and the Antarctic Peninsula contributing to the water transport between the Pacific and
Atlantic sectors of the Southern Ocean. The strait can be divided into three deep separate basins,
namely, the western, central, and eastern basins. The sources of deep waters in the three basins
are different, leading to differences in thermohaline properties and water density between the
basins. The difference in water density should in turn cause intense deep currents from one basin
to another through narrow passages over the sills separating the basins. However, there are still
no works dedicated to such possible overflows in the Bransfield Strait. In this study, we report
our new CTD and LADCP measurements performed in 2022 over the watersheds between the
basins. Quasisimultaneous observations of the main circulation patterns carried out at several
sections allowed us to analyze the evolution of thermohaline and kinematic structures along the
Bransfield Strait. Volume transports of waters in the strait were estimated on the basis of direct
velocity observations. These new data also indicate the existence of intense and variable deep current
between the central and eastern basins of the strait. The analysis of historical data shows that the
mean flow is directed from the central to the eastern basin. In addition, LADCP data suggest the
intensification of the flow in the narrow part of the sill between the basins, and the possible mixing of
deep waters at this location.

Keywords: Bransfield Strait; deep overflow; CTD; LADCP; bottom circulation

1. Introduction

The Bransfield Strait (BS) is an important passage for Antarctic waters in the region
of the Antarctic Peninsula, which contributes to the zonal water transport between the
Pacific and Atlantic sectors of the Southern Ocean. The strait extends over 460 km from
the west–southwest to the east–northeast (true direction is 60◦ relative to the north), and is
bounded by the South Shetland Islands from the northwest and the Antarctic Peninsula
from the southeast. The BS region is characterized by strong climatic changes [1] that affect

3
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the oceanographic, meteorological, glaciological, and biological conditions [2]. The BS
region is also important because of its high biological productivity [3]. In particular, the
region is a key source of Antarctic krill (Euphausia superba) to the Southern Ocean [4–6], and
the region is a significant spawning, breeding, and overwinter habitat of E. superba [7–9]
and another abundant euphausiid in Antarctic waters, Thyssanoessa macrura [10]; the BS is
one of the significant regions for commercial krill fishing [11–13].

The hydrography of the Bransfield Strait is highly dependent on the complicated
bathymetry [1,14]. From a geomorphological point of view, the BS can be considered as a
sequence of three basins (Figure 1), namely, the western (WB), central (CB), and eastern (EB)
basins [15,16]. Modern bottom topography data GEBCO2021 suggest that the maximal depths
of these basins are 1370, 1960, and 2750 m, respectively. The basins are separated by relatively
shallow sills. The maximal depth of the sill between the WB and CB is 630 m; the depths of the
sill between the CB and EB slightly exceed 1000 m. The WB is connected to the Bellingshausen
Sea through the Gerlache Strait and other gaps between Smith, Low, and Hoseason islands, and
to the Drake Passage through the Boyd Strait (Figure 1). The EB is open to the Weddell and
Scotia seas through relatively shallow sills; their depths do not reach 800 m.
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Figure 1. (a) Bathymetry of the Bransfield Strait and (b) the region of the overflow between the central
and eastern basins. (a) The upper layer circulation schematic is shown by black arrows. Western,
central, and eastern basins of the strait are shown with green, yellow, and orange, respectively.
CTD/LADCP stations performed in 2022 are shown by white dots; historical CTD stations from
World Ocean Database (WOD2018) used in this study are shown by grey dots. The bottom relief is
shown according to the GEBCO2021 database; the shoreline is based on the GSHHS data [17]. Station
7390 (not shown) repeats station 7352.
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The thermohaline structure of the upper BS layer is formed by two water masses,
namely, transitional zonal water with Bellingshausen Sea influence (TBW) and transitional
zonal water with Weddell Sea influence (TWW) [18,19]. According to [1], typical character-
istics of these waters are θ > 1 ◦C, S < 34.1 psu (TBW flow) and θ < 1 ◦C, S > 34.1 psu (TWW
flow). TBW waters propagate to the northeast along the South Shetland Islands in the form
of a narrow high-velocity jet called the Bransfield Current [19–22]. Additionally, modified
Circumpolar Deep Water (mCDW) with temperatures θ > 1 ◦C and salinities >34.5 psu is
stably observed within the Bransfield Current in a depth range of 200–450 m [23,24]. The
maximal velocities of the Bransfield Current are observed at the sea surface and linearly
decay towards the bottom [22,25,26]; its transport is approximately 1 Sv on the basis of
direct velocity measurements [27]. The authors in [28] showed that the diurnal tide essen-
tially affects the Bransfield Current; the same effect was observed in [29]. The TWW is
located in the southern part of the strait and spreads southwestward along the Antarctic
Peninsula [23]; the velocities of this flow are much lower than those in the Bransfield
Current and usually do not exceed 20–30 cm/s [30]. Further inflows of TWW waters from
the BS to the West Antarctic Peninsula slope are caused by wind forcing [31]. TWW and
TBW waters are separated by two fronts: the Peninsula Front divides these waters at the
sea surface and the Bransfield Front divides them in the deeper layers. The Bransfield Front
is located much closer to the South Shetland islands than the Peninsula Front is.

The thermohaline structure of waters within the Bransfield Strait was repeatedly
studied on the basis of in situ CTD data [15,24,32–36]. Deep layers of the BS basins are
filled with relatively cold, saline, and dense waters from the continental shelf of the western
Weddell Sea [32,33]. During the last few decades, the freshening and lightening of these
waters have been observed [24,34,37]; their variability is caused by changes in source waters,
and negatively correlated with Southern Annular Mode [38]. As the water density in the
deep layers differs from one BS basin to another, one might expect that deep overflows
can exist over the sills between the basins. However, there are no studies dedicated to
direct measurements over the sill points between the WB and CB, and between the CB and
EB. Regarding available data, the WOD2018 database contains 27 CTD profiles in the CB
and 18 profiles in the EB, but there are no stations near the sill between these basins. The
same lack of data is observed in the region of the sill between the WB and CB. LADCP data
are even less available than CTD data. Regarding Shipboard ADCP measurements (for
example, [27,30]), the maximal depth of such velocity profiles does not exceed 300–400 m,
which is not sufficient for the studies of the bottom circulation between the deep basins of
the BS. A recent work by [39] also showed that geostrophic velocity calculations based on
hydrographic data do not reproduce actual ocean circulation patterns in the strait. This fact
emphasizes the importance of direct velocity measurements in the BS. The objective of this
paper is to study deep-water exchange between the basins of the BS based on the new data
collected in January and February 2022. We used both CTD and LADCP profilers for the
synchronous measurements of thermohaline and kinematic structures of currents.

The paper is structured as follows: we describe our in situ CTD and LADCP mea-
surements in Section 2. In Section 3, we analyze the spatial thermohaline and kinematic
structure of flows over the sill between the WB and CB (Section 3.1), and between the CB
and EB (Section 3.2). The results are discussed in Section 4, followed by conclusions in
Section 5.

2. Materials and Methods

This study is focused on the water exchange between the deep basins of the BS. For
this purpose, we combined in situ measurements of temperature, salinity, and velocities
performed during austral summer in January and February 2022. In this section, we
describe our approach for station selection (Section 2.1), and the applied equipment and
data processing techniques (Section 2.2).
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2.1. Sections across the Strait

A total of 34 stations were performed within the BS from 21 January to 14 February
2022 (Table 1) in the 87th cruise of the research vessel Akademik Mstislav Keldysh. The
measurements were performed almost at the bottom from the ship that maintained its
position at the station with accuracy not worse than 200 m. The stations were organized
in three sections, up to nine stations each across the strait (Figure 1); two relatively short
but high-resolution sections were located at the sill point between the central and east
basins. The GEBCO2021 bathymetry grid of 15” resolution was used for the selection of
the stations. The major part of the BS region has been covered by multibeam echosounder
surveys. Their locations are shown with green in the right upper panel of Figure 2 based on
the data from GEBCO2021 Type Identifier (TID) grid. Three BS basins are clearly seen along
the thalweg of the strait (Figure 2). The first section was located over the ridge between
the WB and CB; the second and third sections were located in the CB, allowing for us to
trace how water properties change along the strait. Two additional sections were located
across and along the sill between the CB and EB. These sections were performed with
very high resolution (the distance between stations here was approximately 2 km), which
allowed us to study deep overflow between the CB and EB. Because the GEBCO2021 grid
contains multibeam echosounder data for the entire strait, the depths of our stations and
own single-beam measurements using Kongsberg EA600 echosounder coincided very well
with the GEBCO bathymetry.
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Table 1. Coordinates of stations carried out in the Bransfield Strait in January and February 2022.

Station Number Date/
Time (UTC) Coordinates CTD Depth, m/Ocean

Depth, m
Type of

Measurements

Section 1

7318 26 January 2022 15:08 63◦26.4′ S 60◦05.7′ W 102/110 CTD/LADCP

7319 26 January 2022 17:09 63◦20.0′ S 60◦13.4′ W 613/616 CTD/LADCP

7320 26 January 2022 18:58 63◦14.5′ S 60◦19.4′ W 531/536 CTD/LADCP

7321 26 January 2022 21:41 63◦09.9′ S 60◦25.5′ W 660/666 CTD/LADCP

7322 26 January 2022 23:20 63◦05.8′ S 60◦29.9′ W 650/655 CTD/LADCP

7323 27 January 2022 00:48 63◦03.1′ S 60◦32.8′ W 368/373 CTD/LADCP

Section 2

7308 24 January 2022 09:12 63◦10.0′ S 58◦20.1′ W 186/191 CTD/LADCP

7309 24 January 2022 11:59 63◦02.2′ S 58◦35.7′ W 184/190 CTD/LADCP

7310 24 January 2022 14:00 62◦54.0′ S 58◦53.2′ W 742/746 CTD/LADCP

7311 24 January 2022 19:23 62◦36.9′ S 59◦27.2′ W 1271/1276 CTD/LADCP

7313 25 January 2022 16:58 62◦33.5′ S 59◦33.8′ W 392/397 CTD/LADCP

7314 25 January 2022 21:05 62◦35.0′ S 59◦31.8′ W 606/612 CTD/LADCP

7315 26 January 2022 00:04 62◦35.9′ S 59◦29.3′ W 988/994 CTD/LADCP

7316 26 January 2022 01:54 62◦40.0′ S 59◦22.0′ W 1403/1409 CTD/LADCP

7317 26 January 2022 06:23 62◦44.9′ S 59◦11.7′ W 1412/1422 CTD/LADCP

Section 3

7294 21 January 2022 11:29 62◦52.0′ S 57◦09.4′ W 148/152 CTD/LADCP

7295 21 January 2022 14:00 62◦49.5′ S 57◦15.8′ W 167/171 CTD

7296 21 January 2022 15:26 62◦45.6′ S 57◦25.8′ W 214/218 CTD

7297 21 January 2022 17:17 62◦40.0′ S 57◦39.6′ W 716/720 CTD

7298 21 January 2022 20:59 62◦37.0′ S 57◦52.0′ W 1227/1232 CTD/LADCP

7299 21 January 2022 23:25 62◦31.0′ S 58◦08.0′ W 1768/1773 CTD

7301 22 January 2022 21:00 62◦26.4′ S 58◦21.1′ W 1055/1063 CTD

7305 23 January 2022 15:55 62◦21.0′ S 58◦36.8′ W 748/751 CTD

7306 23 January 2022 20:29 62◦23.0′ S 58◦30.0′ W 1319/1323 CTD

Overflow

7352 31 January 2022 19:27 62◦10.9′ S 56◦41.0′ W 1016/1023 CTD/LADCP

7354 01 February 2022 14:41 62◦12.6′ S 56◦35.8′ W 968/972 CTD/LADCP

7355 01 February 2022 16:01 62◦11.5′ S 56◦38.5′ W 897/902 CTD/LADCP

7356 01 February 2022 17:18 62◦10.1′ S 56◦43.1′ W 925/931 CTD/LADCP

7357 01 February 2022 18:31 62◦09.2′ S 56◦46.2′ W 905/911 CTD/LADCP

7387 14 February 2022 05:26 61◦57.0′ S 56◦10.0′ W 2373/2379 CTD/LADCP

7388 14 February 2022 09:46 62◦08.9′ S 56◦36.5′ W 1160/1165 CTD/LADCP

7389 14 February 2022 11:16 62◦10.0′ S 56◦38.9′ W 1135/1139 CTD/LADCP

7390 14 February 2022 12:48 62◦10.9′ S 56◦40.7′ W 1000/1006 CTD/LADCP

7391 14 February 2022 14:37 62◦08.4′ S 56◦31.8′ W 1206/1212 CTD/LADCP
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2.2. In Situ Measurements and Data Processing

The stations were performed using the lowered acoustic Doppler current (LADCP) and
conductivity, temperature, depth (CTD) profilers mounted on a General Oceanics GO1018
rosette water sampler. The CTD measurements were performed along all three sections;
the LADCP data are available only for Sections 1 and 2 due to technical reasons. Exact
information about the type of measurements at each station is presented in Table 1. The
water sampler was equipped with a Valeport VA500 altimeter allowing for measurements
close to the ocean bottom (3–7 m above the seafloor; see Table 1 for more details). An
Idronaut Ocean Seven 320plus CTD probe was used for the measurements together with an
MKplus Deck Unit. CTD data were collected using standard package REDAS5 version 5.78.
The declared accuracy of CTD measurements is 0.001 ◦C for temperature, and 0.001 mS/cm
for conductivity sensors. The CTD data from the World Ocean Database (WOD2018) were
used for addressing potential temperature and salinity variations in the bottom layer of
the CB and EB. This database contains 27 CTD profiles in the CB, and 18 profiles in the EB
carried out in different years and seasons (only profiles deeper than 1500 m were taken
into account). Most stations were performed during the austral summer season. Thus,
18 stations of 27 in the CB, and 14 stations of 18 in the EB were occupied from November
to February. The observation period covered the 1980s and 1990s; three stations in the
EB were performed in 1975–1976. The LADCP data measured with a TRDI WorkHorse
Monitor 300 kHz profiler were processed using programming package LDEO Software
version IX.10 [40]. Data from the shipborne acoustic doppler current profiler (SADCP)
TRDI Ocean Surveyor 75 kHz were used for more reliable data processing in the upper
ocean layer. The accuracy of velocity measurements estimated by the processing program is
usually 3–4 cm/s. In the bottom layers, due to the bottom track signals, the errors decreased
to 1–2 cm/s. The results of LADCP processing were corrected by subtracting the tidal
velocities. The barotropic tide was calculated on the basis of the TPXO 9.1 global inverse
tide model [41].

3. Results

We analyzed the spatial kinematic and thermohaline structures of the currents within
the BS at several transects across the strait; their locations are presented in Figure 1 and
Table 1. The observations included CTD and LADCP stations from the surface to the bottom.
The results of these measurements are discussed separately for the western (Section 1) and
eastern (Section 2) margins of the CB.

3.1. Water Exchange between Western and Central Basins

The results of our measurements along three sections in the western part of the CB are
shown separately on the basis of LADCP (Figure 3) and CTD (Figure 4) data. Previously,
such measurements were performed in the CB, and allowed for investigations of the
spatial structure of currents [26,27,30,35] and thermohaline properties of waters within the
strait [16,23,37,42,43]. Some of these studies were focused on a single transect in different
parts of the strait [25,26,35,39]. However, there are no studies focused on the sills between
deep basins or where the structure of the TBW and TWW flows were analyzed on the basis
of several quasisimultaneous crossings of the strait with synchronous CTD and LADCP
measurements. Velocity data were projected to the direction along the strait (true direction
is 60◦). CTD data are available for all three sections; LADCP measurements were performed
only at two western sections (Sections 1 and 2; see Figure 2 for their location). Two major
circulation patterns were clearly observed at both sections: the fast and narrow Bransfield
Current is located in the northwestern part of the strait, while the flow of waters from
the Weddell Sea is observed along the Antarctic Peninsula. The main result is that TWW
flow was observed at Section 1, the westernmost. It was previously suggested that TWW
flow recirculates within the BS and does not propagate as far to the west through the
entire strait [27,42]. The velocities of this flow do not decrease along the TWW path: the
maximal velocities are 23 cm/s at Section 2 and 36 cm/s at Section 1. On the other hand,
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the Bransfield Current that transports TBW waters significantly changes between these
sections. The maximal velocities changed from 24 cm/s at Section 1 to 52 cm/s at Section 2.
The maximum was located at a 260 m depth at Section 1; at Section 2, the maximal velocities
were observed at the sea surface. The total volume transports of TBW waters based on
LADCP measurements were 1.19 Sv (Section 1) and 2.54 Sv (Section 2). The corresponding
values of TWW transports were 0.77 Sv and 1.82 Sv. No significant currents were observed
in the bottom layer of the sill between the WB and CB; the conditions in the bottom layer
over the sill between CB and EB were significantly different and are discussed below in
more detail.
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Figure 3. Along-strait LADCP velocity distributions at two sections across the BS: (a) Section 1 over
the watershed between the WB and CB and (b) Section 2 in the CB. Locations of TBW and TWW
flows are indicated at the top of each panel; stations are indicated by solid black lines. The bottom
relief is shown according to the GEBCO2021 database.

The CTD data are available for all three sections across the CB of the strait (Figure 4).
Potential temperature and salinity distributions showed quite similar structures; at all
sections, TBW and TWW flows were clearly distinguished on the basis of different ther-
mohaline properties. The warmest waters were observed within the Bransfield Current;
the maximal water temperature changed along the strait from 1.27 ◦C (Section 1) to 1.56 ◦C
(Section 2) and 1.52 ◦C (Section 3); the corresponding variations of the minimal salinity
were 34.22, 34.14, and 34.24 PSU. At depths of 200–450 m, a core of mCDW waters was
observed at all sections; their properties changed along the strait from 1.08 to 1.13 and
1.08 ◦C, and 34.73 to 34.73 and 34.71 psu. The minimal potential temperature in the upper
200 m was observed near the Antarctic Peninsula within the TWW flow. Along this flow,
thermohaline properties changed from −0.73 ◦C and 34.60 psu (Section 3) to −0.62 ◦C
and 34.57 psu (Section 2), and −0.66 ◦C and 34.58 psu (Section 1). The minimal potential
temperature in the CB, −1.65 ◦C, was observed at the deepest point of the strait at station
7299; the minimal potential temperature over the watershed between the WB and CB was
−0.95 ◦C (station 7321), confirming the well-known fact that the bottom waters of the CB
originated directly from the waters of the Weddell Sea.
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3.2. Deep-Water Overflow between Central and Eastern Basins

The overflow between the CB and EB was studied on the basis of a transect performed
over the sill between the basins (Figure 5). The deepest point of the watershed between the
basins is 1050 m based on the GEBCO2021 database. The transect included five stations
and was oriented across the deep overflow. Along-flow velocity, potential temperature,
salinity, and potential density relative to the sea surface are shown in Figure 5. Velocities
over entire water column along the section were quite low (less than 10–15 cm/s). TBW
and TWW flows are located at some distance away from the transect between two basins;
the Bransfield Current was observed north of our stations, closer to the South Shetland
Islands, while the inflow of waters from the Weddell Sea is located closer to the Antarctic
Peninsula. On the basis of the data of our section, the intensification of currents was
observed in the bottom layers. Two separate high-velocity jets were observed at station
7357 and 7352. The first jet with maximal velocity equal to 22 cm/s was located at the
deepest point of the section. The coldest (minimal potential temperature was−1.31 ◦C) and
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densest (maximal potential density anomaly relative to the sea surface was 27.87 kg/m3)
waters were observed at this point. The second jet with the maximal velocity, equal to
21 cm/s, was observed at station 7357. Its location near the steep slope could be caused by
the Coriolis force, which displaced the jet to the left in the Southern Hemisphere. A very
thin bottom layer of cold waters was also observed at station 7354; this layer was formed
by the overflow of cold waters from the central basin.
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Figure 5. Structure of the deep overflow between the CB and EB of the strait: distribution of the
(a) northeastern velocity (true direction is 45◦) based on LADCP data, (b) potential temperature, and
(c) salinity based on CTD data. Contours of potential density anomalies are shown with dashed
black lines. Positions of stations are indicated with vertical solid lines together with the numbers of
the stations.

The measurements in the region of the deep overflow between the CB and EB were
performed twice with an interval of two weeks on 1 and 14 February 2022. The first survey
included measurements at five stations across the bottom flow; the second survey consisted
of four stations along the overflow. The station at the sill point between the basins was
performed twice during both surveys. The direction of the deep overflow changed during
these two weeks. The LADCP velocities measured in the bottom layer are shown in Figure 6.
We present the maximal velocities in the 100 m bottom layer and averaged velocities in
the bottom layers with thicknesses of 50 and 100 m. The magnitudes and directions of
these velocity vectors were very close. For example, the maximal velocity of the overflow
was 22 cm/s, while average velocities were 19 and 18 cm/s for the 50 and 100 m layers,
respectively. As for the measurements at the same point performed two weeks later, the
flow was directed in the opposite direction, from the EB to CB. The velocities of this opposite
flow reached 18 cm/s (maximal value), 16 cm/s (averaged in the 50 m bottom layer), and
14 cm/s (averaged in the 100 m bottom layer). These changes in currents are shown in
Figure 7 in more detail. Corresponding changes in the potential temperature and salinity
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between the measurements over the sill point between the basins were 0.47 ◦C (from −1.31
to −0.84 ◦C) and 0.02 psu (from 34.62 to 34.64 psu), respectively. A sharp thermocline was
observed at depths of 880–920 m at station 7352; the vertical potential temperature gradient
reached 0.01 ◦C/m (1 ◦C per 100 m depth). When the current changed direction in two
weeks (station 7390), such a strong thermocline was not observed.
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Figure 6. Measured LADCP velocities in the bottom layer over the sill point between the central and
eastern basins of the BS. (a,b) Maximal velocities averaged (c,d) in the 50 m bottom layer and ((e,f))
the 100 m bottom layer. (a,c,e) Data measured on 1 February; (b–f) measurements performed two
weeks later (on 14 February). The magnitude of currents is shown in both the colors and lengths
of the arrows; all color and vector scales are the same in all panels. The relief is based on the
GEBCO2021 database.
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4. Discussion

Different properties of waters from the separate BS basins are caused by different path-
ways of propagation of Weddell Sea waters, which is the source of these waters. Differences
in temperature and salinity define the density of deep waters in these basins, which in
turn define the dynamics of deep layers within the strait. Temperature–salinity diagrams
(Figure 8) were used for the analysis of thermohaline water structure at all studied sections.
The densest waters were observed in the deepest part of the CB (Section 3, Figure 8c); the
maximal recorded potential density anomaly at station 7299 was 27.89 kg/m3. Such dense
waters were not observed at Section 1 (Figure 8a) between the WB and CB, confirming the
fact that the deepest layers of the CB are filled by TWW waters from the east. The minimal
potential temperature in the bottom layer of the CB was −1.65 ◦C, which is quite close to
the freezing-point temperature (−1.90 ◦C for waters with 34.65 PSU salinity). This fact
indicates the possible importance of the local ice formation effects during austral winter.
It is quite possible that cooling and ice formation over the shelves of the BS (which are
sufficiently wide in the southern part of the strait near the Antarctic Peninsula) can cause
the formation of such dense waters within the CB. More winter measurements are needed
for studies of such processes in the strait.

For addressing the temporal variability of thermohaline properties of the deepest
waters within the Bransfield Strait, we analyzed the modern World Ocean Database
(WOD2018). Temperature–salinity diagrams allowed us to compare the maximal den-
sities of deep waters in the CB (Figure 9a) and EB (Figure 9b).These data show that the deep
waters in the CB are colder, saltier, and denser than waters in the EB. The minimal potential
temperature in the CB usually reaches −1.75 ◦C, while waters in the EB are always warmer
than −1.42 ◦C. Salinity in the deep layers of the CB significantly varies, but it is usually
greater than that in the EB, which contributes to the observed density differences. The
maximal density in the CB reaches 27.89 kg/m3, but it does not exceed 27.82 kg/m3 in the
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EB. Thus, the mean bottom flow through the studied sill should be directed from the CB
to the EB. Continuous observations are required to evaluate the magnitude of the deep
overflow, and the question regarding the source of deep water in the central basin requires
further studies.
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Figure 8. Temperature–salinity diagrams including the freezing-point temperature (magenta line)
and sigma contours (gray lines) at the hydrographic stations at different sections in the BS. From west
to east: (a) Section 1, (b) Section 2, (c) Section 3, (d) section across the deep overflow. The locations of
the sections are shown in Figures 1 and 2. The colors of the dots indicate depths of measurements; see
color scale in (c). The freezing-point temperature was calculated on the basis of EOS80 equations [44].

CTD data from several profiles are presented in Figure 10 for a more detailed analysis
of water transformation along the strait. Stations 7321, 7317, 7299, 7352, and 7387 were
established at the deepest points along the thalweg of the BS. The coldest (−1.65 ◦C) and
densest (27.89 kg/m3) waters were located in the CB (station 7299). Despite the fact that the
EB is deeper (2750 against 1960 m in the CB), the waters in the EB are not as cold and dense
as those in the CB. This indicates that the bottom water in the EB has not been directly
transported from the TWW flow from the Weddell Sea, but appeared there due to the
overflow from the CB. During propagation, these waters mix with overlaying warmer and
more saline waters leading to the observed decrease in density. Regarding the overflow
between the basins (station 7352), the bottom waters there are colder than any waters at
these depths in the CB or EB. In fact, a potential temperature isotherm of −1.30 ◦C was
observed at a depth of 1105 m in the CB (station 7299) and at a depth of 1000 at the sill
point between the basins (station 7352), indicating that deeper layers of the CB are involved
in the studied overflow.
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from the database. The colors of the dots indicate depths of measurements; see color scale in (b). The
freezing-point temperature was calculated on the basis of EOS80 equations [44].
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all panels. All profiles at depths of the overflow (850–1050 m) are shown in the insets in more detail.

15



Water 2022, 14, 3193

Temporal variability in the flow between the CB and EB needs to be studied in more
detail. Our two stations with a time interval of two weeks showed significant variability
of currents between the basins. One of the possible reasons of such variability is tides;
tidal motions are intensified over underwater ridges such as the watershed between the
CB and EB. However, the calculations of tidal velocities at the exact time and positions
of stations 7352 and 7390 based on the TPXO9.1 model show that variability cannot be
completely explained by tidal motions. Thus, tidal velocities were 8.1 cm/s to the northeast
(direction 48◦ relative to the north) at the time of station 7352, and 7.8 cm/s to the east
(direction 88◦) at the time of station 7390. The measured LADCP velocities are sufficiently
higher. One of the other possible causes of such a variability are internal seiches. Some
similar mechanisms were suggested for the variability in the overflow in the Denmark
Strait [45]. In any case, further measurements of currents over this sill point are needed for
better understanding the properties of the observed overflow, their temporal and spatial
variability, and dynamic aspects that drive this intense current in this narrow gap between
the basins.

5. Conclusions

Thermohaline structure and water dynamics in the BS during austral summer of
2022 were analyzed on a series of CTD/LADCP sections across the strait. The analysis
was focused on the water exchange between the CB and adjacent basins; this exchange
significantly differed in the western and eastern margins of the CB. The main result for
the western margin is that there is a significant flow of TWW waters along the Antarctic
Peninsula that continues up to the western basin. It was previously suggested that all
these waters recirculate within the CB as a part of cyclonic circulation in the strait. Our
direct velocity measurements show that the TWW flow transports 0.77 Sv to the WB. At
the same time, there was no significant overflow of deep and dense waters between the
WB and CB due to the relatively shallow sill separating the basins. The situation over
the watershed between the CB and EB was completely different. The underwater ridge
there was much deeper and reaches a depth of more than 1000 m at the sill point. At that
point, a strong intensification of deep currents was observed; the maximal bottom velocities
reached 22 cm/s. This bottom flow is very variable and sometimes changes its direction.
More direct velocity measurements are needed at this point for the detailed analysis of the
bottom overflow and its temporal variability.
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Abstract: Properties of the abyssal current of Antarctic Bottom Water (AABW) from the Vema Channel
are studied based on temperature, salinity, and velocity profiler (CTD/LADCP) data. Previous studies
over a period of almost 30 years revealed that very intense current of AABW exists in the Vema
Channel. Later, it was found that this current consists of two branches. One branch spreads over the
bottom of the channel; the other branch is elevated over the western wall of the channel. The deepest
branch decays after it passes approximately 100 km while the upper one continues further to the
North Atlantic and is the source of abyssal waters in the Canary and Cabo Verde basins of the North
Atlantic. Data analysis suggested that the upper jet splits into two. One of these descends down a
canyon at 24◦30′ S, while the other (the third one) remains on the continental slope, and indications
of its existence are also found at 24◦00′ S. This research analyzes the existence and pathway of this
third branch that can be traced up to latitude 24◦ S. Velocity measurements in 2022 allowed us to
confirm the existence of this third branch.

Keywords: Antarctic Bottom Water; Vema Channel; CTD/LADCP measurements; three jets of
bottom current

1. Introduction

Antarctic Bottom Waters originate from the Weddell Sea and spread to the north
in the abyssal depths of the Atlantic Ocean. The Vema Channel is a pathway for the
bottom waters through the Rio Grande Rise and Santos Plateau before they spread to
the Brazil Basin and further to the north. Weddell Sea Deep Water (the densest abyssal
water) flows only through the deep Vema Channel, which is approximately 4600–4800-m
deep. The channel is a narrow passage situated between two terraces that are located on
both sides. The narrowest channel width is about 15 km, and the channel length is about
700 km (Figure 1) [1].

Oceanographic studies of the Vema Channel have been carried out since the 1970s [2].
The largest number of CTD measurements was made over the section along 31◦12′ S and
at a point on this section at 39◦18.3′ W. Since 1972, 29 visits have been made to the region;
our group joined these studies in 2002 [3]. After 2005, CTD casts were supplemented
with LADCP velocity profilers. The current of bottom water from the Vema Channel and
circulation in the southern part of the Brazil Basin were studied for the first time in [4].
These studies revealed a strong current of AABW and displacement of the coldest core
to the eastern wall of the channel [5]. A warming trend of Antarctic Bottom Water has
been found in the Vema Channel [6–8]. The long-term temperature trend revealed on the
basis of these data is shown in Figure 2. It can be observed that the temperature increase
continues: our measurements taken in 2020 and 2022 reveal a continuing gradual increase
in the bottom potential temperature at this point. The temperature increase is caused by the
warming of Weddell Sea Deep Water in the Weddell Sea. The signal from the Weddell Sea
to the Vema Channel has been propagating for more than 35 years [9]. Hence, a signal from
the Weddell Sea, caused by warming approximately 40 years ago, has now been recorded.
There are insufficient data to explain the abrupt change in temperature in the early 1990s as
this process is related to the warming in the Weddell Sea in the 1950s–1980s.

19



Water 2022, 14, 3438
Water 2022, 14, x FOR PEER REVIEW 2 of 12 
 

 

 
Figure 1. Bottom topography in the region of the Vema Channel (based on the GEBCO2019 data). 
Our stations in 2020 are indicated by red dots and those in 2022 are indicated by black dots. The 
inset shows stations in 2022 on a larger scale and stations in 2003 (dark yellow red dots on the inset, 
not shown on the main map) approximately along the same line crossing the outflowing currents 
from the Vema Channel. 

Oceanographic studies of the Vema Channel have been carried out since the 1970s 
[2]. The largest number of CTD measurements was made over the section along 31°12′ S 
and at a point on this section at 39°18.3′ W. Since 1972, 29 visits have been made to the 
region; our group joined these studies in 2002 [3]. After 2005, CTD casts were supple-
mented with LADCP velocity profilers. The current of bottom water from the Vema 
Channel and circulation in the southern part of the Brazil Basin were studied for the first 
time in [4]. These studies revealed a strong current of AABW and displacement of the 
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Figure 1. Bottom topography in the region of the Vema Channel (based on the GEBCO2019 data).
Our stations in 2020 are indicated by red dots and those in 2022 are indicated by black dots. The
inset shows stations in 2022 on a larger scale and stations in 2003 (dark yellow dots on the inset, not
shown on the main map) approximately along the same line crossing the outflowing currents from
the Vema Channel.
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Figure 2. Long-term trend of potential temperature in the bottom layer of the Vema Channel. Blue
dots indicate measurements during the visits for distinguishing the warming of AABW in the coldest
part of the jet at 31◦12◦ S, 39◦18.3 W. The fit curve indicates that the warming rate is 0.0019 ◦C per
year. Red color between two dashed lines shows the 95% confidence interval.

The existence of two branches of Antarctic Bottom Water current in the Vema Channel
was later reported in [10–12]. The AABW outflow from the Vema Channel was also studied
based on a regional version of the ocean circulation model [13,14]. However, studies of
the fine structure of the outflow require direct observations, which are extremely rare in
this region. The pathways of bottom water propagation into the Brazil Basin north of the
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Vema Channel have been studied based on the measurements of temperature, salinity, and
velocity profilers (CTD/LADCP). It was suggested in [12] based on historical potential
temperature measurements at the bottom that there is a third jet of the bottom water outflow.
The objective of this work is to confirm the existence of this shallower jet (4200–4600 m)
based on velocity measurements and map its pathway to the north up to 24◦ S.

2. Data

A long-term series of observations have been performed since the 1970s [3]. These
measurements allow us to study long-term trends in the properties of the abyssal flow.
Two regions of the channel were studied during the WOCE experiment in the 1990s. It
is the standard section along 31◦12′ S from 39◦18′ W to 39◦27′ W and the region in the
northern part of the channel [15]. In addition, WOCE section A17 occupied by French
scientists in 1994 and our stations in 2003 can be related to historical stations in the region.
Complete information about the oceanographic stations with tables of coordinates and
time is reported in [3]. Since this research concerns the northern part of the region, we
emphasize that we performed investigations in the northern region of the Vema Channel in
2003, 2009, 2010, 2012, 2013, and, recently, in 2018, 2019, 2020, and 2022.

In cruise 87 of the R/V Akademik Mstislav Keldysh (AMK87) in 2022, we occupied
one station over the section along 31◦12′ S, which has been repeatedly occupied in the
coldest jet at (31◦12′ S; 39◦18.3′ W). We also occupied a section of 13 stations north of the
Vema Channel, which was planned to intersect all outflow jets and determine the position
of individual stream jets of Antarctic Bottom Water outflow from the Vema Channel at
latitudes 25.8–26.8◦ S. This section also made it possible to determine the flow velocities in
the jets (Figures 1 and 3). The coordinates of stations in the region are given in Table 1.
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Figure 4. Bottom topography and stations in the study site. Bathymetry is based on GEBCO 2019,
supplemented with our echo sounder measurements from 2010 to 2020. Locations of CTD/LADCP
stations are indicated with different symbols. The bottom potential temperatures are indicated near
the stations. Blue triangles show stations of the WOCE A17 transect in 1994. Black crosses (+) show
stations in 2003. Sign (x) shows the stations in 2009. Green color shows stations and data of section
A09 in 2009 and 2018 (24◦ S). Small red squares show stations in 2012 and 2013. Purple stars show

stations in 2018. Circles with beams (
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1442 02.11.2003 26°14.9′ S, 34°53.0′ W 
1443 02.11.2003 26°27.5′ S, 34°35.8′ W 
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) show stations in 2019. Red circles show stations in 2020.
Yellow arrows show directions of currents and their speed (vectors). Deep water areas are shown
in blue, especially the canyon at 24◦40′ S. Two thin magenta lines show the previously analyzed
AABW flows from the deep bottom of the channel. The thick magenta line shows the flow of the
branch that initially was found above the western wall. The brown line shows the possible pathway
of the shallowest jet (~4600–4700 m), which is plotted using only the CTD data from 1994 and 2003
[updated from [12]]. The existence of this flow was confirmed in 2022.

The Sea-Bird 19plus (Sea-Bird electronics, Bellevue WA, USA), Idronaut 320 plus
(Idronaut S.R.L., Brugherio MS, Italy), and RDI Monitor 300 kHz (LADCP) (Teledyne RDI,
San Diego, CA, USA) instruments were used for the measurements. The cold current jet
was tracked based on the coldest bottom potential temperatures and velocity measurements
using the LADCP profiler (Teledyne RDI, San Diego, CA, USA)at the stations where these
data were available. It was also assumed that the current of bottom water should flow
along the isobaths or go deeper.

The bottom topography used in this paper is based on satellite altimetry (GEBCO
2019) to plot our topographic maps. Some data of this digital bathymetry were corrected
based on the measurements along the routes of our ships using the data of our echo
sounders(Kongsberg Maritime, Kongsberg Viken, Norway).
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Table 1. CTD/LADCP stations at the exit from the Vema Channel in 1994–2022.

Stations Date Coordinates

R/V Maurice Ewing (only CTD)

81 02.02.1994 27◦21.1′ S, 36◦36.7′ W

82 02.02.1994 26◦58.6′ S, 36◦16.1′ W

83 02.02.1994 26◦34.6′ S, 35◦55.7′ W

84 02.02.1994 26◦11.2′ S, 35◦34.2′ W

85 03.02.1994 25◦47.8′ S, 35◦14.0′ W

86 03.02.1994 25◦24.4′ S, 34◦53.4′ W

87 03.02.1994 25◦01.1′ S, 34◦32.7′ W

88 03.02.1994 24◦37.6′ S, 34◦11.9′ W

89 04.02.1994 24◦14.2′ S, 33◦51.8′ W

90 04.02.1994 23◦50.8′ S, 33◦30.9′ W

91 04.02.1994 23◦27.5′ S, 33◦10.3′ W

92 04.02.1994 23◦04.0′ S, 32◦49.4′ W

R/V Akademik Sergey Vavilov (only CTD)

1441 02.11.2003 26◦00.0′ S, 35◦15.0′ W

1442 02.11.2003 26◦14.9′ S, 34◦53.0′ W

1443 02.11.2003 26◦27.5′ S, 34◦35.8′ W

1444 03.11.2003 26◦40.9′ S, 34◦15.4′ W

1445 03.11.2003 26◦43.2′ S, 34◦12.1′ W

1446 03.11.2003 26◦44.4′ S, 34◦10.8′ W

1454 09.11.2003 27◦05.5′ S, 35◦54.7′ W

R/V Akademik Ioffe

2079 18.04.2009 26◦42.9′ S, 34◦12.2′ W

2080 18.04.2009 26◦01.9′ S, 33◦58.0′ W

2437 06.11.2010 26◦39.9′ S, 34◦16.8′ W

2438 06.11.2010 26◦42.2′ S, 34◦13.8′ W

2439 06.11.2010 26◦43.4′ S, 34◦12.1′ W

R/V Akademik Sergey Vavilov

2494 05.11.2012 26◦36.8′ S, 33◦59.3′ W

2495 05.11.2012 26◦35.9′ S, 34◦10.2′ W

2496 06.11.2012 26◦31.1′ S, 34◦03.3′ W

2497 06.11.2012 26◦35.8′ S, 33◦51.7′ W

2521 18.10.2013 26◦20.5′ S, 32◦00.1′ W

2522 18.10.2013 26◦27.7′ S, 32◦53.1′ W

2523 18.10.2013 26◦23.0′ S, 32◦53.1′ W

2525 19.10.2013 26◦18.6′ S, 33◦11.5′ W

2526 20.10.2013 26◦35.7′ S, 33◦51.6′ W

2527 20.10.2013 26◦37.3′ S, 33◦39.6′ W

2710 22.10.2018 25◦34.1′ S, 33◦29.5′ W

2711 22.10.2018 25◦34.0′ S, 33◦31.1′ W

2712 22.10.2018 25◦34.0′ S, 33◦27.4′ W
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Table 1. Cont.

Stations Date Coordinates

2713 22.10.2018 25◦34.0′ S, 33◦32.6′ W

2714 23.10.2018 25◦33.6′ S, 33◦48.3′ W

2716 23.10.2018 26◦00.0′ S, 33◦32.6′ W

R/V Akademik Mstislav Keldysh

6563 30.12.2019 24◦10.1′ S, 33◦37.9′ W

6564 30.12.2019 25◦34.0′ S, 34◦21.2′ W

6565 31.12.2019 25◦33.9′ S, 34◦30.0′ W

6566 31.12.2019 26◦20.0′ S, 34◦29.9′ W

6567 31.12.2019 26◦20.0′ S, 34◦40.0′ W

6793 03.04.2020 26◦25.0′ S, 34◦54.6′ W

6794 03.04.2020 26◦25.0′ S, 34◦48.0′ W

6795 03.04.2020 26◦25.0′ S, 34◦41.9′ W

6796 06.04.2020 26◦39.2′ S, 34◦16.8′ W

6797 06.04.2020 26◦41.4′ S, 34◦14.2′ W

6798 06.04.2020 26◦43.1′ S, 34◦12.1′ W

6799 06.04.2020 26◦44.4′ S, 34◦10.8′ W

6800 07.04.2020 25◦56.4′ S, 33◦30.0′ W

6801 07.04.2020 25◦13.0′ S, 33◦51.0′ W

6802 07.04.2020 24◦00.0′ S, 33◦40.0′ W

6803 07.04.2020 24◦55.1′ S, 33◦40.0′ W

6804 07.04.2020 24◦48.0′ S, 33◦40.0′ W

6805 08.04.2020 24◦42.0′ S, 33◦40.0′ W

6806 08.04.2020 25◦06.0′ S, 34◦00.0′ W

6807 08.04.2020 24◦59.0′ S, 34◦09.0′ W

6808 08.04.2020 24◦52.0′ S, 34◦17.9′ W

6809 08.04.2020 24◦45.0′ S, 34◦27.0′ W

7411 02.03.2022 26◦ 54.1 S, 34◦ 18.8′ W

7412 03.03.2022 26◦ 44.3 S, 34◦ 10.1′ W

7413 03.03.2022 26◦ 43.2 S, 34◦ 12.0′ W

7414 03.03.2022 26◦ 41.4 S, 34◦ 14.3′ W

7415 03.03.2022 26◦ 39.0 S, 34◦ 16.7′ W

7417 04.03.2022 26◦ 34.1 S, 34◦ 22.7′ W

7418 04.03.2022 26◦ 28.7 S, 34◦ 30.0′ W

7419 04.03.2022 26◦ 24.0 S, 34◦ 36.0′ W

7420 04.03.2022 26◦ 17.4 S, 34◦ 44.5′ W

7422 05.03.2022 26◦ 10.8 S, 34◦ 52.0′ W

7423 05.03.2022 26◦ 04.2 S, 35◦ 00.0′ W

7424 05.03.2022 25◦ 58.8 S, 35◦ 06.0′ W

7425 05.03.2022 25◦ 54.0 S, 35◦ 12.0′ W

7426 05.03.2022 25◦ 49.2 S, 35◦ 17.0′ W
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Our analysis is based on our CTD/LADCP measurements in 2003, 2004, 2009, 2010,
2012, 2013, 2018, 2019, 2020, and 2022. The casts reached depths approximately 5 m above
the bottom. We also used the data from the WOCE A17 section (WHP, 2002) and the
A09 section in 2009 and 2018 along 24◦ S (http://cchdo.ucsd.edu (accessed on 27 October
2022)). The data from several stations from the WOD18 database were also used. Velocity
measurements were corrected by removing the currents of the barotropic tide using the
TPXO 9 model [16].

3. Results

The CTD/LADCP measurements from the Vema Channel over sections in 2020 and
earlier show the presence of the two cold AABW flows of Weddell Sea Deep Water (with
potential temperatures below 0.2 ◦C). Both cold cores of the currents were observed in the
sections at latitudes 26◦30′–27◦00′ S, measured in 2020 (Figure 3) [3,12]. Let us follow each
jet and consider them separately. Each jet was identified based on the bottom topography
(a channel deeper than the surroundings by 50–100 m), lower potential temperature, and
velocities of the current.

The best-known AABW jet flows along the deep bed of the Vema Channel [5,17].
The deep core of the current is located between 4400 and 4700 m. Let us consider this
deep outflowing current of AABW using the data gathered at our CTD/LADCP stations
in 2003–2020. The stations were located in the region 26◦30′–26◦50′ S, 33◦30′–34◦20′ W
(Figure 4). In 2003, the minimum measured potential temperature in this region of the north-
ern part of the Vema Channel (Vema extension at 26◦43.2′ S, 34◦12.1′ W) was θ = −0.094 ◦C.
In 2020, the potential temperature at the same point increased to θ = −0.067 ◦C. We found
previously that the continuation of the coldest AABW flow splits into two jets [10,11].
These near-bottom jets rapidly warm and decay over a distance of about 100 km at latitude
25◦30′ S (Figure 4).

Another AABW branch was detected over the northwestern slope of the Vema Channel.
This flow is elevated by 600 m over the deepest branch of the AABW current [12]. The
highest velocities in the core of this branch were recorded at depths of 4100–4200 m (150 m
above the bottom). Such an isolated core of Weddell Sea Deep Water over the western
terrace was repeatedly observed (in a section along 31◦12′ S) from 1984 to 2020. The
potential temperature of this branch has been increasing over time. The measurements of
velocities within 30–36 cm/s using LADCP over the repeated section confirm the stable
existence of this branch [3,18]. The continuation of this jet was found at the outflow of the
Vema Channel in 2020 at 26◦25′ S, 34◦42′ W above a depth of 4420 m (Figure 3, western
section). Then, this jet continues to the north, approaches the upper part of a zonal canyon
at 24◦30′ S (Figure 4), and flows down the canyon to depths deeper than 4800 m [12].

In 2009, scientists from Great Britain occupied a WOCE CTD section (A09) along 24◦ S.
They repeated experiments on this section in 2018 (https://cchdo.ucsd.edu, accessed on 27
October 2022). In 2009, two cores of cold water were detected in this section: the bottom
potential temperatures at longitude 31◦50′ W (at depths of approximately 4650–4750 m)
ranged from −0.04 ◦C to −0.05 ◦C, while at 33◦50′ W (in the depth range of 5000–5200 m),
potential temperatures ranged from −0.03 ◦C to −0.04 ◦C. These cores were slightly dis-
placed in 2018. Potential temperatures in the cold cores in 2018 were close to −0.03 ◦C.
Sections of potential temperature along 24◦ S in 2009 and 2018 are shown in Figure 5. No
measurements of currents over this section are available.
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A09 along 24◦ S). The coldest bottom potential temperatures are indicated over the background of
the bottom.

In Figure 5, two cores of cold water are observed at depths of 4600–4800 m and 5100 m.
Previously, it was found that two jets of bottom current became warmer and decayed at
25◦30′ S at depths of ~4700 m [12]. Thus, they could not transport very cold water to
latitude 24◦ S. The jet that descended the canyon could have been recorded at 24◦ S at a
depth of 5100 m. However, a cold core at 33◦–34◦ W at depths of 4700 m could appear only
if this water has been transported by another jet. Finding this jet is the goal of this research.
Below, the existence of this jet is considered in more detail. The potential temperature of
cold water detected at 24◦00′ S, 33◦42′ W in 2009 at depths of ~4600 m was −0.049 ◦C. By
2018, it had become warmer (−0.029 ◦C).

There is no other source of such cold water than the upper branch of the current from
the Vema Channel. The section at 24◦ S that was occupied in 2009 and 2018 is located
approximately 300 km north of the Vema Channel. The continental slope of South America
here is not at all steep: the slope is estimated as 1/(100–120). A moving flow along the
isobaths can keep its path above such a slope due to the balance of the gravity force directed
down the slope and the Coriolis force that is directed to the left of the flow upslope. Small
channels on the continental slope with a depth of about 50–100 m over a section at 24◦ S
were found exactly coinciding with the cold potential temperatures above the bottom. Thus,
these flows could have eroded them in the sediments. In our expeditions after 2018, we tried
to find the pathway of the continuation of the upper jet north of the Vema Channel. The
criterion was the existence of low bottom potential temperatures and a general northward
direction of velocity, with possible deviations along the isobaths to the east.
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The upper branch of the AABW current was traced on the basis of low potential
temperatures and the northern-northeastern direction of velocity vectors at the bottom.
These vectors are shown by the yellow arrows in Figure 4. In 2020, we found that this bottom
branch descends into an underwater abyssal canyon (Figure 4), which is at approximately
24◦25′–24◦40′ S [12]. At longitude 33◦10′ W, this canyon becomes wider. One can see from
the historical bottom temperature distribution that this canyon diverts part of this cold
AABW jet downslope. The branch that descends the canyon was detected in 2020 based on
low potential temperatures and vectors of velocities at the bottom at five locations between
26◦25′ S and 24◦55′ S. This branch forms the cold core at a depth of 5100 m at 24◦ S.

At latitude 24◦ S, one can see another cold core at depths of 4600 at longitudes
33◦–34◦ W. This core could have been formed by a jet located shallower than the one
that descended the canyon. Therefore, there is a third jet at depths of ~4600 m that has
been detected from low potential temperatures over the section. This branch has been
traced from low temperatures based on CTD casts in 1994 and 2003; however, no LADCP
measurements were made in 1994 or 2003. In 1994–2003, the bottom potential temperatures
were much lower than now. This jet is drawn in Figure 4 with a brown line connecting
the points, with cold potential temperatures at the bottom. When plotting this line, we
tried to connect measurement points with low temperatures. In addition, the pathway was
drawn so that over steep slopes the flow was descending more rapidly than over flatter
slopes. The potential temperature of the bottom flow has been strongly increasing since
1994. The very cold temperatures that were measured in 1994 and 2003 have not since been
recorded near the bottom. Thus, we detected a third branch of AABW flow directed to the
north, which is shown in Figure 5 as a cold core at 24◦ S at depths of 4600 m. The potential
temperature of this upper branch at a depth of 4600 m is below zero at 24◦ S. Based on the
measurements in the databases north of 24◦ S, this branch spreads further to the north. The
continuation of this jet north of 24◦ S is presumably the flow of AABW described in [19].
Thus, on the basis of our targeted measurements and historical data, we have constructed a
scheme of pathways for the continuation of AABW flow (Figure 4).

To detect this jet at the outflow from the Vema Channel, we constructed a section in
2022 to cross all possible flows from the Vema Channel. Before measurements were taken
in 2022, a CTD section (without LADCP) was constructed in 2003 of only five stations
(1441–1446) (Figures 6 and 7) approximately along the same line (inset in Figure 1). Section
2003 does not allow us to resolve three jets of currents because of a small number of stations
and lack of LADCP measurements. Because of the general warming of abyssal waters in
the Atlantic, potential temperatures increased significantly [8].

The section of 13 stations occupied in 2022 revealed three branches of AABW current
from the Vema Channel, which were presumably detected from previous measurements.
These jets are observed both on the temperature section and on the sections of the current
components along the meridian and normal to the section. Jets of currents on a gentle slope
are observed at longitudes of 35.1◦ W and 34.7◦ W.

Three different components of currents across the section north of the Vema Channel
are shown in Figure 8. The currents are generally directed to the east-northeast. High cur-
rent velocities are observed at the bottom in the channel bed closer to the western wall: up
to 21 cm/s with an eastern-northeastern direction at station 7415. At the neighboring station
7417, the current accelerates to 28 cm/s and acquires a pronounced northern direction near
the bottom. A fairly wide flow with velocities exceeding 10 cm/s and a predominant direc-
tion to the east-northeast was noted on a gentle slope. The maximum velocities (20 cm/s)
near the bottom were simultaneously recorded at station 7424 (35◦06′ W) in the same
place where the third jet with the minimum potential temperature was observed. Even
higher current velocities, up to 29 cm/s, were noted in the depth range of 3800–3900 m at
stations 7420, 7424, and 7426. Our previous numerous LADCP casts that returned profiles
of bottom currents in the Vema Channel suggest that the maximum velocities were found
not at the very bottom but 100–150 m above it, while the water with the coldest potential
temperatures was detected exactly at the bottom.
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Thus, our analysis reveals the existence of three jets of bottom flow that continue the
spreading of AABW in the Vema Channel. Previously, the existence of a third jet before
measurements were taken in 2022 could only be judged from CTD data. Presumably, the
upper jet, which initially flows above the western wall of the Vema Channel, splits into
two branches of continuation, and both of them spread further north than the lower jet
from the deep bottom of the Vema Channel. Therefore, the upper jet is the current that
transports AABW further north and is the source of abyssal bottom water in the deep
basins in the North Atlantic. The shallower part of this upper flow (the third jet in our
context) transports cold water to 24◦ S and is observed as the cold core at depths of 4600 m.
The deeper part of the upper jet descends the canyon and fills the deepest abyssal regions
of the Atlantic.
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Abstract: The aim of this study is to trace how the fine-thermohaline and kinematic structure, formed
over a section along 45.8◦ S in the interaction zone of the outer Patagonian Shelf (PS) and Malvinas
(Falkland) Current (MC) System waters, affect the spatial distribution of bio-optical characteristics,
phyto/zooplankton, birds, and marine mammals. For the first time, simultaneous multidisciplinary
observations at high spatial resolution (~2.5 km) were performed in this region during the cruise of
the R/V “Akademic Mstislav Keldysh” in February 2022. A fine structure of alternating upwelling
and downwelling zones over the PS and slope was identified, which resulted from the interaction
between the MC inshore branch (MCi), bottom topography, and wind. This interaction significantly
affects all the physical, and optical characteristics analyzed in the work, as well as the biota of
the region. It was found that the euphotic zone is larger in the downwelling zones than in the
upwelling zones, and all spatially local maxima of phytoplankton photosynthetic efficiency are
observed in the zones between upwelling and downwelling. Phytoplankton along the section were
represented by 43 species. A total of 30 zooplankton species/taxa were identified. Three species of
marine mammals and 11 species of birds were recorded in the study site. Most of the phytoplankton
species list were formed by dinoflagellates, and picoplankton Prasinoderma colonial quantitatively
dominated everywhere. Two floristic and three assemblage groups were distinguished among the
analyzed phytoplankton communities. High phytoplankton biodiversity was observed above the
PS and low above the PS edge and in the MCi core. Copepods mostly dominated in zooplankton.
Subantarctic species/taxa of zooplankton concentrated in the nearshore waters of the PS, while
Antarctic species/taxa were most abundant in the zone between the MCi and the MC offshore branch
(MCo). The relative abundance of birds in the PS was several times higher than in the MCo. The
minimum abundance of birds was in the MCi in the zone of the strongest upwelling identified above
the PS edge.

Keywords: Malvinas Current; submesoscale; water mass; Lagrangian analysis; upper mixed layer;
euphotic layer; bio-optical; fluorescence; primary production; SADCP; CTD

31



Water 2022, 14, 3879

1. Introduction

The Malvinas Current (MC) in the Southwest Atlantic, which transports Subantarctic
waters to the north, makes a significant contribution to the formation of zones of high
productivity in the waters along the Patagonian Shelf [1]. The cool, nutrient-rich MC
branches off from the Antarctic Circumpolar Current [2] and splits into two main currents:
inshore and offshore [3–5]. The inshore branch of the current is formed along the edge of
the Patagonian Shelf. The offshore branch flows in the deep ocean. The MC exists as two
jets, which merge near 44◦ S as the continental slope steepens [6]. South of this location,
significant variability of the current was observed based on direct velocity measurements
on a mooring array [7].

The waters of the MC strongly interact with the warmer fresh waters of the Patagonian
Shelf [8–10]. They play an important role in the spreading and migration of various marine
organisms in the Southwest Atlantic [11]. The interaction of different water masses leads to
a high species biodiversity in this region [12]. This may include species from mid-latitudes,
Subantarctic, and Antarctic regions.

Alternating zones of upwelling and downwelling are formed as a result of the influence
of the Patagonian slope on the dynamic characteristics of the baroclinic MC [13,14]. In
addition, the effect of wind, which modifies upwelling processes and can enhance them, is
an important factor affecting slope upwelling [15]. Upwelling leads to the transport of the
waters from the underlying layers, which are rich in nutrients and microelements, to the
euphotic layer. This is accompanied by an increase in the abundance of phytoplankton [16],
which is the primary link in the food chain. This process is manifested in the satellite sea
color data, as the formation of a pronounced band of increased concentration of chlorophyll-
a (chl-a) observed approximately from (50◦ S, 62◦ W) to (38◦ S, 56◦ W) [17,18], which
corresponds to a spatial scale of about 1300 km. Chl-a concentration maps based on satellite
data make it possible to study the formation of a zone of high chl-a concentration west of
the MC inshore branch [16,19].

Zooplankton is the most important intermediate link in the food chain between
primary producers and higher trophic levels of the pelagic marine ecosystem [20]. The
biomass of zooplankton determines the amount of resources available to fish, birds, and
marine mammals [21]. Regular studies of phytoplankton and zooplankton communities
are important because most planktonic organisms are characterized by short life cycles
and quickly respond to environmental changes [22], including changes in anthropogenic
impact [23] and climate [24].

The Patagonian Shelf is a region of intense fishing [25] and many oil and gas fields [26].
This may have an impact on biodiversity and status of all trophic levels in the marine
ecosystem. At the same time, decadal variations in the circulation have been observed in
the region, associated with a more distant propagation of the subtropical waters of the Brazil
Current to the south [27,28]. A long-term increase in the temperature gradient on the slope
of the Patagonian Shelf has been recorded, which can affect the environmental conditions
of the development of phytoplankton cells [29]. Further climate change is predicted that
would lead to reduced fish catches in the Southwest Atlantic [25]. An integrated view of At-
lantic coastal Patagonian ecosystems, including the physical environment, biodiversity, and
the main ecological processes, together with the ecosystem changes derived by them and
anthropogenic impacts are presented in the book [30], where the past, present, and future
of ecosystem functions and services in the Patagonian coastal ecosystems are described.

Thus, a significant influence of oceanographic processes on the functioning of marine
ecosystems of various trophic levels occurs in the study site. Therefore, the ongoing
biological processes must be studied together with the multiscale variability of physical
processes in the ocean. Such multidisciplinary investigations were performed in February
2022 during cruise 87 of the R/V “Akademik Mstislav Keldysh”, in which a section along
45.8◦ S has been made. The presence of scientists of various specialties allowed us to
perform integrated research in the area linking the oceanographic variables of the MC over
the Patagonian Shelf and slope with the optical and biological studies.
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The novelty of the study is based on the analysis of the first simultaneous multidisci-
plinary observations of physical oceanography conditions, optical variables, and marine
biology aspects in a high-productive region of the Patagonian Shelf. The data were collected
at very high spatial resolution (~2.5 km between stations on average), which is much higher
than all previously published surveys [3–5,14]. These new data allowed us to determine
narrow upwelling and downwelling zones not fully revealed by satellite data and available
numerical models.

The study aims to trace how the fine-thermohaline and kinematic structure formed
in the interaction zone of the outer Patagonian Shelf and how inshore Malvinas Current
branch waters affect the spatial distribution of bio-optical characteristics, phytoplankton,
zooplankton, birds, and marine mammals.

2. Materials and Methods

Oceanographic, optical, and biological data for the analysis were collected on cruise
87 of the R/V “Akademik Mstislav Keldysh” on 21–22 February 2022 (end of summer in
the Southern Hemisphere) over the section from the waters of the Patagonian Shelf to the
intersection of the inshore and offshore jets of the MC at 45.8◦ S. A total of 16 stations were
made from 60.4◦ W to 59.6◦ W and continuous hydrographic and bio-optical records of
water properties in the upper layer were made using a flow-through system along the route
of the ship from 60.4◦ W to 58.4◦ W. In addition, satellite data of chl-a concentration and
sea surface temperature were used for the analysis. Summary information on the stations
and continuous measurements is presented in Table 1.

Table 1. Summary of completed oceanographic and biological studies.
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7393 137 PS 21.02 15:34 45◦48′ 60◦24′ + + + + +

7394 140 PS 21.02 16:07 45◦48′ 60◦22′ 2.9 + + +

7395 136 PS 21.02 16:35 45◦48′ 60◦19′ 2.9 + + + + +

7396 134 PS 21.02 17:04 45◦48′ 60◦17′ 2.7 + + + +

7397 134 PS 21.02 17:36 45◦48′ 60◦15′ 2.7 + + + + +

7398 139 PS, MCi 21.02 18:19 45◦48′ 60◦13′ 2.8 + + + +

7399 139 PS, MCi 21.02 19:03 45◦48′ 60◦11′ 2.9 + + + +

7400 155 PSe, MCi 21.02 19:34 45◦48′ 60◦09′ 2.3 + + + + + +

7401 293 PSe, MCi 21.02 20:27 45◦48′ 60◦07′ 3.2 + + + + + +

7402 365 MCi 21.02 21:07 45◦48′ 60◦05′ 2.7 + + + + + +

7403 462 MCi 21.02 22:03 45◦48′ 60◦03′ 2.9 + + + +

7404 631 MCi 21.02 22:36 45◦48′ 60◦00′ 2.9 + + + + + +

7405 742 MCi 21.02 23:43 45◦48′ 59◦57′ 3.8 + + +

7406 790 MCi 22.02 00:30 45◦48′ 59◦53′ 5.4 + + + + +

7407 853 ZB 22.02 02:22 45◦48′ 59◦47′ 7.4 + + +

7408 942 ZB 22.02 03:20 45◦48′ 59◦40′ 9.2 + + + +

– >1000 ZB, MCo >22.02 04:00 45◦48′ <59◦50′ >10 + +

Note(s): * PS is the Patagonian Shelf, PSe is the PS edge, MC is the Malvinas Current, (MCi) is the MC in-
shore branch, (MCo) is the MC offshore branch, ZB is the zone between inshore and offshore branches of the
MC. ** Distance to the previous station. (1) Continuous ADCP and flow-through measurements on the ship’s
route. (2) In-situ CTD and bio-optical profiling. (3) Phytoplankton activity and primary production analysis.
(4) Phytoplankton species analysis. (5) Zooplankton species analysis. (6) Observations of birds and mammals.
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2.1. Field Oceanographic and Optical Measurements
2.1.1. Vertical Profiling at Oceanographic Stations

Vertical profiles of oceanographic variables such as temperature (T in ◦C), salinity
(S in practical salinity units (PSU)), and potential density (σ in kg/m3) of seawater, have
been measured at stations. Optical parameters were also determined: chl-a fluorescence
intensity (Fchl in relative units), phycoerythrin fluorescence intensity (Fpe in relative units),
fluorescence intensity of colored dissolved organic matter (CDOM) (FCDOM in relative
units), seawater turbidity (Turb in formazin turbidity units (FTU)), the beam attenuation
coefficient at 660 nm (BAC660 in FTU), and the photosynthetically active radiation value
(PAR in µmol photons/m2/s). The PAR measurements were carried out only during
daylight hours. The depth of the euphotic zone (Zeu) was determined from the vertical
profiles of PAR as 1% of the PAR incident on the sea surface.

The measurements were performed by an instrument set consisting of three probes:
AML Oceanographic BaseX CTD probe for measuring oceanographic variables (T, S and
calculated σ, and calculated potential temperature θ for θ-S diagrams plotting), measure-
ments were carried out at a frequency of 4 Hz; Turner C6P for measuring Fchl, FCDOM, and
Turb at a frequency of 1 Hz; Kondor instrument to determine the BAC660 at 4 Hz and the
PAR at 8 Hz. All instruments were calibrated before the expedition. The instrumental
complex descended at a speed of 0.5 m/s to a depth of 250 m or to the bottom if the depth
was shallower. Only the data measured during downcast of the instruments were used for
the analysis.

2.1.2. Measurements of the Current Velocity Vector during the Ship Motion

Direct velocity measurements were carried out by Shipborne Acoustic Doppler Current
Profiler (SADCP) system Teledyne RD Instruments Ocean Surveyor (TRDI OS) with a
frequency of 76.8 kHz. During the survey the profiler was set in the narrowband mode,
which increases the profiling range up to 700 m depth. We set 60 vertical bins 16 m each
with an 8 m blank distance immediately below the transducer. The draught of the ship
is 6 m, which gives 22 m depth for the center of the first bin (the depth of the uppermost
layer of velocity measurements). Time averaging of the raw data was made over 120 s
intervals. Since the ship speed varied between 8 and 10 knots, this time average represents
an along-track averaging of roughly 500 m. Measurement errors in the amplitude of the
horizontal velocities were small, approximately 1–2 cm/s [31]. The TPXO9 model [32] was
used to subtract the barotropic tidal velocities at the time of measurements.

2.1.3. Distinguishing Upwelling and Downwelling Zones

The upwelling and downwelling zones were determined based on the analysis of
six oceanographic and optical variables over the section: temperature, salinity, density,
chl-a fluorescence, beam attenuation coefficient at 660 nm, and turbidity. The zones were
identified based on the topography of the lower boundary of the upper mixed layer (UML),
temperature, salinity, and density contours in the underlying layers. The UML depth
(ZUML) was estimated by four different methods: (1) is the depth where ∆T = 0.5 ◦C relative
to the sea surface [33]; (2) is the depth where ∆T = 0.8 ◦C relative to 10 m depth [34]; (3) is
the depth where potential density gradient is equal to 0.05 kg/m3/m [35]; (4) is the depth
where ∆σθ is equal to the theoretical difference between σθ (T10–0.2 ◦C, S10) and σθ (T10,
S10) for the atmospheric pressure, T10 is the measured temperature at 10 m, S10 is measured
salinity at 10 m [36]. Using four different methods made it possible to increase the accuracy
of ZUML calculations.

Upwellings correspond to the ascent of the density interface layer and a decrease in
the UML thickness, as well as the elevation of the isolines of other measured parameters.
In downwelling zones, the opposite behavior of isolines has been observed. Only the most
obvious cases of upwelling or downwelling in the UML were selected in the zones of local
ZUML maxima or minima along the section. Joint analysis of oceanographic and optical
variables makes it possible to more accurately identify upwelling and downwelling zones,
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and to make the cross-validation of the results. Some zones of vertical motions are better
manifested in oceanographic characteristics, while others are more clearly identified from
the optical parameters.

2.2. Shipboard Biological Measurements
2.2.1. Chlorophyll-a and Primary Production

Water samples were collected at 11 stations in the study site from a depth of 5 m
using the flow-through systems installed on the research vessel (Table 1). The samples
were divided into subsamples, which were used for measurement of different productivity
parameters (chlorophyll concentrations, experimental carbon fixation estimations (primary
production), active fluorescence of chlorophyll).

Primary production (PP) was measured onboard using the 14C uptake method [37].
Water samples were collected in 50-mL flasks and incubated for 3 h in an original labo-
ratory phytoincubator with individually adjustable LED illumination and temperature
maintenance using a HAILEA-100 laboratory cooler. After incubation, flasks were filtered
onto a 0.45-µm “Vladipore” membrane (Vladimir, Russia). The radioactivity of the samples
was determined using a Triathler (Hidex, Turku, Finland) liquid scintillation counter.

Chl-a concentration was measured fluorometrically with correction for phaeopig-
ments [38]. Water samples (500 mL) were filtered onto Whatman GF/F (glass-fiber filters)
under a low vacuum (0.2 atm). For extraction, Chl-a filters were placed in acetone (90%).
After 24 h in the cold (4 ◦C) and dark conditions, the extracts were measured with a
MEGA-25 fluorometer (Moscow, Russia) before and after acidification with 1 N HCl [39].
The fluorometer has been pre-calibrated using a chl-a standard (Burlington, VT, USA,
Sigma-Aldrich).

Biomass-specific PP (PB in [mgC/mg chl-a/day]) was calculated by dividing PP rates
by the chl-a concentration in the respective sample [40].

Active chl-a fluorescence was measured using an ultrasensitive WATER-PAM fluo-
rometer (Walz, Effeltrich, Germany). The samples were exposed in the fluorometer to light
intensity (E) as to 14C uptake and steady fluorescence (Ft) and maximum fluorescence (Fm

′)
measurements. The effective quantum efficiency of photosystem II (PSII) was determined
as follows [41]:

∆F/Fm′ = (Fm
′−Ft)/Fm

′

The relative electron transport rate (rETR, relative unit) was calculated from the equation:

rETR = ∆F/Fm’ × E × 0.5,

where coefficient 0.5 takes into account the distribution of photons between photosystems I
and II [42]. rETR is a measure of the rate of linear electron transport through PSII, which is
correlated with the overall photosynthetic performance of the phytoplankton [43]. E is the
level of natural illumination of the sample in the chamber of the PAM fluorimeter (µmol
photons/m2/s), and coefficient 0.5 takes into account the distribution of photons between
photosystems I and II [42]. To determine rETR, water samples were exposed at 8 levels
of light intensity in the range from 0 to 1500 µmol photons/m2 per second, including the
light intensity corresponding to the natural light at the sampling point, and applied in the
incubator for radiocarbon measurements. The rETR value reflects the rate of conversion of
solar energy into chemically bound energy in cells, which provides the processes of organic
matter biosynthesis by phytoplankton.

2.2.2. Phytoplankton Species

Phytoplankton samples were taken at stations using the Apshtein medium plankton
net (mesh size 35 µm, the diameter of the upper ring 400 mm) from depths of 0–50 m.
This method was used to obtain an integral sample covering a continuous range of depths.
In contrast to the method of collection with the help of Niskin bottles, total sampling
over a layer of the water column makes it possible to cover the layers where phenomena
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that are significant for the structural features of phytoplankton, but poorly detected by
hydrophysical instruments, take place. We are talking, for example, about layers with a
high concentration of heterotrophic flagellates. In order to avoid clogging the cells of the
Capron tree, the plankton net was lifted at a speed of no more than 0.5 m/s. At those
stations, network clogging did not occur: none of the microalgae species identified in the
samples produced a large amount of exopolymers. The method of sampling the water
column layer (individual depths) using a fine-mesh net makes it possible to quantify the
structure of the community from the standpoint of the relative abundance of species [44,45].
In this case, this form of a result was relevant for us, since we did not set ourselves the
task of identifying the commercial characteristics of communities. This study did not
take into account the absolute values of the abundance and biomass of phytoplankton at
individual depths.

Two samples were taken from each location. One of them was viewed live, immedi-
ately after selection noting the status of the abundance of various species of microphytes
(planktonic microalgae). The primary count of microalgae differentially by species and
photo-documentation of microalgae was performed based on the material of this sample
using a ToupCam 5.1 MP digital microscope camera at magnifications 200×, 400×, and
1000×. The second sample was fixed with an ethanol solution at a final concentration of
70% for transportation to the onshore laboratory of the Shirshov Institute.

Here, 0.25 mL was taken from a concentrated sample with a volume of 25 mL and
placed on a glass slide (75 × 25 mm, Citoglas, ApexLab, Moscow, Russia), covered with a
large coverslip (24 × 50 mm, Premier Cover Glass, Leica Biosystems, Wetzlar, Germany).
Microalgae were counted differentially by species, in strips along the glass slide, based on
a total number of 400 specimens [46].

Identification of organisms to a particular species was established using modern
atlases and guides, as well as articles on the phytoplankton of the Atlantic and a review of
some genera inhabiting oceanic waters and containing species diagnoses [47–58].

2.2.3. Zooplankton Species

Zooplankton samples were obtained at 10 stations by a Multinet [59] opening/closing
net system (0.25 m2 aperture) equipped with five nets of 150 µm mesh-size. Addition-
ally, larger and rarer taxa were collected by a pelagic Double Square net (DSN) (505 µm
mesh, 1.0 m2 inlet area) [60] equipped with a pterygoid deepener weighing 24 kg (Hydro-
bios, Altenholz, Germany) by performing oblique tows from 200 m to the surface or from
near-bottom to the surface at depths <200 m at an average speed of 1.5 knots. The DSN
net was equipped with a water flow counter (Hydrobios, Altenholz, Germany). Species
were identified to the lowest possible taxonomic level using stereoscopes SZX7 and SZ51
(Olympus, Tokyo, Japan) using special identification keys [61–63]. Copepods, as a dom-
inant group of zooplankton were subjected to a more detailed taxonomical processing.
Other zooplanktonic crustaceans were grouped into a class or family. The abundance of
zooplankton taxa was determined from each nets sample; it is expressed as individuals per
cubic meter (ind./m3) and calculated using the Zooplankton Methodology Collection and
Identification [64].

2.2.4. Statistical Analysis of Phyto- and Zooplankton Communities

The algorithms of the Plymouth routines in multivariate ecological research (PRIMER-6
software package [65]) were used for the ecological analysis of the collected data. The
Shannon-Weaver index (H′) was used for calculating the diversity of phytoplankton at
stations. The Pielou index (J′) and the probability of interspecific encounters (PIE) were
used to determine the evenness of species structure. The latter index shows the proba-
bility that two microalgae randomly found in the same field of view of the microscope
at a working magnification of 400× belong to different species. The Sørensen index was
used for calculating the similarity of communities at stations, according to the qualitative
criteria, while the Bray-Curtis index was used according to the quantitative criteria. The
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construction of models with the identification of community groups was carried out using
the MDS and clustering methods. The ANOSIM procedures (PRIMER-6) were used to
check the reliability of the identification of floristic and assemblage groups. The SIMPER
procedure (PRIMER-6) was used for identifying groups of species that characterize one or
another group of assemblages.

To compare zooplankton communities, a non-metric cluster and multidimensional scaling
(MDS) analyses were performed using the PRIMER-6 computer package. Species abundance
data were log10(x + 1) transformed, and a station similarity matrix was generated using the
Bray–Curtis metric. Cluster analysis was then applied using group average sorting. To test
for significant numerical differences between identified clusters, ANOSIM was conducted on
log-transformed abundance data. MDS was performed on the similarity matrix. A SIMPROF
test was conducted (α = 0.01) to determine the statistically significant differences between
clusters [65]. Diversity was assessed using the Shannon–Weaver index (H′).

2.2.5. Birds and Mammals

Onboard ship observations of marine mammals and birds were performed at the study
site. The observations were carried out continuously during the daylight hours at winds
(Beaufort scale < 5) and visibility of more than 50 m by two observers simultaneously from
the port and starboard sides of the vessel from the direction-finding deck located at a height
of 17 m above the sea level. The total observation time was 10 h 32 min. Relative abundance
in units of birds per hour was calculated for the analysis of birds.

2.3. Satellite Sea Surface Temperature and Chlorophyll-a

We used satellite data on February 18, 2022, for additional analysis of the spatial
fields of the chl-a concentration (Chlsat) and sea surface temperature (SST) in the study
area: Chlsat were calculated from the OLCI radiometer Level-2 data (Sentinel-3B satellite)
using the standard OC4ME global empirical algorithm with ~300 m resolution; SST values
were obtained from the VIIRS radiometer Level-2 data (Suomi-NPP satellite) at 800 m
resolution. Chl-a data were downloaded through the Ocean Virtual Laboratory web portal
(https://ovl.oceandatalab.com/ accessed on 25 November 2022), which uses CREODIAS
Finder service (https://finder.creodias.eu/ accessed on 25 November 2022) and SST data
from Ocean Color Web (https://oceancolor.gsfc.nasa.gov/ accessed on 25 November 2022),
where the data are processed by standard algorithms with recommended quality flags set.

It was possible to qualitatively calculate the analyzed parameters in the absence of
atmospheric cloudiness. The time difference between satellite and ship measurements was
3 days selecting the closest in time satellite images. This prevents a correct comparison
of the measured values. However, it is acceptable for the analysis of the similarity of the
observed spatial structures. Additionally, we used native resolution satellite data from
a single satellite image without additional merging with other data and interpolation
allowing the resolving of fine structure features. Application of satellite data is helpful to
avoid misinterpretation of in-situ measurements along the section, as it becomes possible
to analyze the instantaneous image of manifestations of oceanographic processes in the
upper layer of the sea.

2.4. Simulated Oceanographic Data and Bottom Topography

Lagrangian analysis has been applied to study the origin of waters in the study
site, in which geostrophic velocities calculated from the AVISO satellite altimetry data
(0.25◦ × 0.25◦) were used to calculate particle trajectories. A large number of synthetic
particles (the region is shown in Figure 1a) has been seeded daily with tracers on a grid
of 700 × 700 points and their trajectories have been computed back in time for a fixed
period of time [66]. The period of integration back-in-time in our study was specified from
21 February 2020, to 21 February 2022 (two-year period). One gets the so-called origin
Lagrangian map (O-map) by marking the particles with different colors, which arrived
from the northern, western, southern, and eastern boundaries of the study site in the past.
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Figure 1. Map of the study site: Lagrangian map of the origin of waters (a); a diagram of currents
in the southwestern part of the Atlantic on 21 February 2022 (b); map of the study site bathymetry
and locations of stations (c). In Figure (a) blue color indicates the flow of water from the south, cyan
is related to the flow from the west, red: from the north, yellow: from the east, green: from the
Patagonian Shelf, white: from the Antarctic shelf or ice.

The data from the bathymetric database ETOPO1 (Earth topography 1 arc minute)
with a resolution of 1 min (~1.85 km) were used to plot bottom topography maps.

3. Results
3.1. Common Oceanographic and Bio-Optical Characteristics of the Study Site

Results of the Lagrangian analysis of backward particle trajectories from 21 February
2022, with superimposed velocity vectors of the geostrophic currents calculated from the
AVISO data, are shown in Figure 1a,b. The study site is marked with a rectangle. Figure 1c
shows the bottom topography based on the ETOPO1 digital bathymetry data and the
position of the oceanographic section marked with a black dotted line. The stations and
track of continuous SADCP measurements are indicated.

The data can be divided into “shelf” (stations 7393–7400) at depths in the range of
130–150 m and “slope” stations (st. 7401–7408) at depths of 280–1000 m. St. 7400 and
7401 can also be classified as “shelf edge”. It is seen from Figure 1 that the MC transports
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Subantarctic waters from the Drake Passage to the study site. South of 43◦ S, the MC splits
into two jets: inshore and offshore.

Figure 2 shows the measured SADCP northern current velocity component (V in
cm/s, Figure 2a) and eastern current velocity component (U in cm/s, Figure 2b) over the
section along 45.8◦ S with marked positions of vertical profiles at stations. One can see
the northward propagation of two jets of the MC (Figure 2a) and anticyclonic circulation
between the jets with intensification on the western side. In this work, the jet boundaries
are chosen along the 40 cm/s isoline.
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Figure 2. Meridional (a) and zonal (b) components of SADCP velocity measurements along the
section of the study site.
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The inshore branch is located close to the shelf and deepens to about 450 m. The
western boundary of this branch in the surface layer is located near station 7397, and the
eastern boundary is near station 7406. The width of the branch at the sea surface is about
40 km. The core of the current was recorded at stations 7400–7404, where the maximum
velocities exceed 60 cm/s. The offshore branch of the current extends deeper than 750 m
below the zone of correct SADCP measurements. The width of the offshore branch here at
the sea surface is about 40 km similar to the inshore branch.

The satellite data on the concentration of chl-a (Chlsat) and SST are presented in
Figure 3, for an additional description of the study site. The section shows alternating
high and low values of chl-a concentrations and SST values, which are associated with
upwelling and downwelling manifestations in the surface layer of the sea. In general, both
parameters decrease with distance from the shelf due to the influence of both jets of the
MC. High Chlsat values are observed not only over the shelf, but also approximately over
the entire inshore jet of the MC, decreasing towards its eastern part.
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3.2. Oceanographic Variables

Figure 4a–c show the vertical distributions of temperature, salinity, and density,
respectively, and Figure 4d shows spatial variations of calculated UML thickness
(ZUML). The thickness of the UML varies within 25–55 m; seawater temperature in
the UML is 11–13 ◦C. The thermocline coincides with the position of the pycnocline,
and their depth changes in accordance with the variations between the upwelling and
downwelling zones.

At stations 7400–7401, upwelling manifested itself most clearly in the UML as the
ascent of the lower boundary of the mixed layer. Above the shelf break at a depth of
about 80 m, this process is reflected by the elevation of the 6 ◦C isotherm at station
7400. An increase in the 6.5 ◦C isotherm at depths of 70–80 m at station 7397 is also
clearly seen. Two additional upwellings at stations 7403–7405 and 7407–7408 can be
distinguished from the upward deflection of the isopycnals. Downwelling was revealed
at stations 7393–7396, and also at stations 7402 and 7406, due to the lowering of the
thermocline and pycnocline and the corresponding increase in the thickness of the
upper mixed layer.

In general, the differences in the UML thickness between upwelling and down-
welling zones are significant. In the first case, they are in the range of ~25–35 m, and
in the second case, in the range of 40–55 m. It is noteworthy that upwelling and down-
welling zones change at the boundaries of the inshore jet of the MC. At the western
boundary, upwelling in the current changes to downwelling next to the current. On the
contrary, on the eastern boundary, downwelling in the current changes to upwelling.
Another feature is downwelling at station 7402, located in the middle of the inshore jet
core zone.

3.3. Biooptical Characteristics

Figure 5 shows sections of bio-optical characteristics, in which zones of upwelling
and downwelling of UML waters were distinguished. Additionally, two upwelling
zones in the middle layer (50–120 m) have been revealed: above the Patagonian
Shelf and above the Patagonian continental slope. These zones correspond to the
peculiarities revealed in the analysis of the oceanographic variables shown in Figure 4.
The Fpc distribution is not shown here because it is very similar to the Fchl distribution,
and the differences can only be seen in the scatterplots that will be shown in the
following sections.

Increased values of Fchl and BAC660 are observed in the UML at stations 7393–7396
on the Patagonian Shelf and at stations 7400–7401 above the shelf edge. The local
maximum of these values above the shelf edge is due to a decrease in the UML
thickness during upwelling and a corresponding increase in the concentration of
suspended phytoplankton and non-algal particles. Lower turbidity values are mostly
observed in the upwelling zones in the UML rather than in adjacent downwelling
zones. As the distance from the shelf increases in the eastern direction, the FCDOM
values decrease. A distinctive feature of the vertical distribution of CDOM from the
other considered bio-optical characteristics is the absence of high FCDOM values in the
UML. In general, this vertical distribution is more uniform. At the same time, higher
CDOM concentrations are observed under the pycnocline in the core of the inshore jet
of the MC at stations 7400–7404, which may be associated with the intrusion of shelf
waters into this layer.
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Figure 5. Sections of optical characteristics: intensity of chl-a fluorescence, Fchl (a); beam attenuation
coefficient at a wavelength of 660 nm, BAC660 (b); turbidity, Turb (c); intensity of fluorescence of
colored dissolved organic matter, FCDOM (d). Black dashed line indicates the euphotic depth Zeu.
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3.4. Water Mass Classification

The joint analysis of oceanographic and bio-optical characteristics allows a more de-
tailed classification of water masses. Figure 6 shows scatter diagrams for individual quanti-
ties and the corresponding distribution of the selected zones over the section. Figure 6a
is a standard θ-S diagram, Figure 6b is a scatter plot of chlorophyll-a and phycoerythrin
fluorescence intensities, the changes in which may indicate a different ratio of pigments
in phytoplankton communities, Figure 6c shows CDOM fluorescence intensity versus
salinity, which is also used to separate waters, especially in coastal areas [67,68], Figure 6d
is a schematic representation of the section with highlighted water masses. Table 2 is a
summary table for the identified types of water.
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Figure 6. Scatter plots of “potential temperature—salinity” (a); “phycoerythrin—chl-a fluorescence
intensity” (b); “CDOM fluorescence intensity—salinity” (c); and a scheme of the distribution of
identified water masses along the section and vertical directions in the UML (d). Colors are described
in Table 2.

The waters over the Patagonian Shelf (yellow, orange and red color in Figure 6) are
generally fresher and less dense than those over the shelf slope part (cyan and blue color
in Figure 6) of the section (Figures 4b,c and 6a). In general, the waters over the PS slope
can be related to the MC system. The boundary between the PS and MC system waters
is observed from the bottom (stations 7396–7397) to the surface (stations 7400–7401). This
boundary passes through value S = 33.78 PSU, which allowed us to separate clusters in
Figure 6a,c. Such separation is possible due to the ascent of bottom waters near stations
7396–7397 towards the shelf edge. In turn, there is the upwelling elevation of denser saline
waters on the continental slope. These processes lead to the displacement of less dense
waters in the upper mixed layer to the east.
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Table 2. Identified water masses along the Section.

ID, Region,
Water Mass Description Color Criteria Characteristics

Y, Patagonian Shelf, intrusion
from the distant part of the shelf Yellow S < 33.675

No correlation between salinity and CDOM
fluorescence, relatively low salinity and high

FCDOM values

R, Patagonian Shelf, upwelled
bottom waters of the outer shelf Red

S ≥ 33.675 &
S < 33.78 &

Depth ≤ 50 m

Low anticorrelation between salinity and
CDOM fluorescence, relatively high FCDOM

and Turb values

O, Patagonian Shelf, high
bio-productive water of the

outer shelf
Orange

S ≥ 33.675 &
S < 33.78 &

Depth > 50 m

High anticorrelation between salinity and
CDOM fluorescence, specific

phycoerythrin/chl-a fluorescence relationship,
relatively high FCDOM and Fchl values

C, Malvinas Current System,
mainly in the inshore branch of
the MC over continental slope

Cyan S ≥ 33.78 &
S < 33.95

Low anticorrelation between salinity and
CDOM fluorescence

B, Malvinas Current System,
mainly between inshore and
offshore branches of the MC

Blue S ≥ 33.95
Low anticorrelation between salinity and

CDOM fluorescence, relatively low FCDOM
values and high salinity

The waters of the Patagonian shelf can be divided into three subtypes, according to
Figure 6b,c. Waters highlighted by yellow color correspond to a decrease in salinity below
33.675 PSU, which is observed at stations 7393–7396 in the depth range of 50–100 m associ-
ated with the water intrusion from the distant part of the shelf. Waters marked in red are
deeper than 50–100 m at stations 7393–7396, where suspended and dissolved organic matter
ascends from the bottom. In the waters marked in orange, phytoplankton communities
function, for which the ratio between the fluorescence intensities of phycoerythrin and
chlorophyll-a changes and leads to the identification of cluster in Figure 6b, and in general,
the highest Fchl values are observed in these waters.

Seawaters belonging to the Malvinas Current system can be divided into waters
located above the boundary of the Patagonian Shelf, mainly in the zone of action of the
coastal jet (cyan color), and into waters located above the deep part of the section between
the coastal and offshore branches of the Malvinas Current (blue color). The separation
boundary between them in salinity is 33.95 PSU, which made it possible to separate clusters
in the “FCDOM-S” scatterplot (Figure 6c).

3.5. Variations in the Euphotic Depth and the Upper Mixel Layer Depth

Vertical profiles of various variables at all stations are shown in Figure 7a. In addition,
the purple horizontal line indicates the depth where 1% of the PAR incident on the surface
is observed (euphotic depth). Figure 7b shows the distribution of ZUML and the depth of
the euphotic zone (Zeu) along the section.

One can see in Figure 7 that at most stations where downwelling was identified, the
euphotic depth is nearly in the middle of the phytoplankton layer (where increased Fchl
values are observed). At all stations where upwelling was recorded, the euphotic depth
was located below the phytoplankton layer. This feature is apparently related to the vertical
displacement of the layer with phytoplankton and the change in the UML thickness.

In upwelling zones, the euphotic zone is generally deeper than in downwelling zones,
despite the fact that in upwellings, a local increase in Fchl and BAC660 values can be observed
in the surface layer (Figure 7a,b). As an example, this can be observed at nearby stations
7400, 7401, and 7402. The highest chl-a values at stations 7400 and 7401 are higher than at
7402. However, on the contrary, the integral concentration of chl-a in the layer 0–100 m, is
higher at station 7402 than at 7400 and 7401. Therefore, the depth of the euphotic zone at
station 7402 is lower than at 7400 and 7401.

45



Water 2022, 14, 3879

Water 2022, 14, x FOR PEER REVIEW 17 of 36 
 

 

100 m, is higher at station 7402 than at 7400 and 7401. Therefore, the depth of the euphotic 

zone at station 7402 is lower than at 7400 and 7401. 

 

Figure 7. Vertical profiles of chl-a fluorescence (green), euphotic depth (purple), beam attenuation 

coefficient at 660 nm (black), temperature (red), and salinity (blue) at stations taken during daylight 

hours days (a). Variations in the euphotic depth (Zeu) and UML depth (ZUML) (b). Examples of Zeu 

and ZUML determination are presented for stations 7400 and 7402, respectively. 

  

Figure 7. Vertical profiles of chl-a fluorescence (green), euphotic depth (purple), beam attenuation
coefficient at 660 nm (black), temperature (red), and salinity (blue) at stations taken during daylight
hours days (a). Variations in the euphotic depth (Zeu) and UML depth (ZUML) (b). Examples of Zeu

and ZUML determination are presented for stations 7400 and 7402, respectively.

3.6. Phytoplankton Biological Activity

Primary production (PP) in the surface layer varied from 10.5 to 35.8 mgC/m2 per day
(on average 23.4 ± 8.6 mgC/m2 per day) (Figure 8). The maximum values were revealed at
the shelf station 7396 (35.8 mgC/m2 per day) and in the inshore branch of the MC at stations
7400–7405 (23.5–27.9 mgC/m2 per day). A notable decrease in PP (10.5–15.3 mgC/m2 per
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day) was observed at the shelf edge (station 7499) and in the zone between the inshore and
offshore branches (stations 7407–7408). The distribution of chl-a in the surface layer over
the section was similar: an obvious trend towards a decrease from the shelf to the extreme
oceanic station (from 3.57 to 1.06 µg/L). At the same time, unlike the pattern of distribution
of PP, the concentration of chl-a in the inshore branch of the MC beyond the shelf edge
remained at the same level (2.26–2.47 µg/L).
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Figure 8. Phytoplankton photosynthetic efficiency (PB/rETR) and primary production (PP) in the
upper 5-m water layer.

The ratio of rETR and PB values measured at the same light intensity for each subsam-
ple characterizes the photosynthetic efficiency of phytoplankton at different stations of the
section, i.e., the degree of consuming the light energy for photosynthesis of organic matter.
The photosynthetic efficiency (PB/rETR) ranged from 0.022 to 0.051 (mean 0.032 ± 0.009)
(Figure 8).

3.7. Phytoplankton Communities

A total of 43 species and subspecies of microalgae were noted at eight stations
where phytoplankton has been studied (Table 1). Dinoflagellates (Myzozoa: Dinophyceae)
predominated qualitatively among them (in qualitative terms according to the number
of species): 27 species and subspecies (62.8% of the total list of phytoplankton). This
was followed by diatoms (Ochrophyta: Bacillariophyceae) 12 (27.9%), pyramimonads
(Chlorophyta: Pyramimonadophyceae) 2 (4.7%), and prasinophytes (Chlorophyta: Prasino-
phyceae), represented by the species Pterosperma cf. polygonum, and silicoflagellates (Ochro-
phyta: Dictyochophyceae) Dictyocha fibula.

Heterotrophs significantly prevailed in the list of dinoflagellates: they accounted for
19 species or 41.9% of the entire noted flora. In turn, at the level of genera, Protoperidinium
was the most widely represented with 12 species and subspecies (27.9%, which is over a
quarter of the entire flora). Thus, the phytoplankton species spectrum was represented
mainly by dinoflagellates, and most of them had no adjustment to photosynthesis.

Only one species, the small-celled coccoid pyramimonad Prasinoderma coloniale, was
found at all eight stations of the section. The other seven species are Dinophysis rotundata,
Tripos lineatus, T. fusus, Protoperidinium curvipes, P. pyriforme, P. cf. subsphaericum and Rhi-
zosolenia hebetate. These species had the status of widespread since they were noted at four
of seven stations, but not everywhere.

The number of species at stations varied from four (in the core of the inshore branch)
to 24 (at station 7395 in the downwelling zone above the shelf). On average, there were
12.5 species and subspecies per location. Structural diversity detected using the Shannon-
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Weaver index (H′) ranged from 0.725 (in the core of the inshore branch) to 2.038 (at the
eastern periphery of the jet), with an average value of 1.467. The evenness of the species
abundance, according to the Pielou index (J′), varied from 0.386 (at the westernmost point
above the shelf in the downwelling zone) to 0.830 (at the eastern boundary of the jet),
averaging 0.617. The probability of detecting two different species in one field of view
ranged from 0.344 (at station 7400 in the upwelling zone above the shelf break) to 0.785 (in
the downwelling zone at the eastern boundary of the jet), on average 0.582. In general, all
the described indicators (species richness of communities, their diversity, and evenness of
the species richness) were at relatively low levels.

Phytoplankton in the study site was not very rich in species, and in some places com-
position was poor (above the shelf edge and slope and especially in the core of the inshore
jet), not particularly diverse, while at many locations the structure of communities was
strongly influenced by the first most abundant species. At all stations, the pyramimonad
Prasinoderma coloniale dominated in number. It was represented both among free-floating
phytoplankton and as part of microaggregates. Small (up to 3–5 µm in diameter) spherical
cells of this species were often found in living form and in the composition of spreading
pellets of planktonic crustaceans. The cells proliferated again as part of aggregates built on
the basis of such pellets. The contribution of this species to the total number of cenoses at
the stations was 37.5–80.5%, 60.7% on average. The quantitative structure of communities
at the stations is given in Table 3.

Table 3. Structure of phytoplankton communities at stations. The contributions (in % of the total
number) formed by representatives of various large taxonomic groups are given. Specific species are
indicated for the groups represented by one species.

Stations 7393 7395 7397 7400 7401 7402 7404 7406

Dinoflagellates 12.4 36.3 30.9 16.7 22.2 22.7 35.8 50.0

Diatoms 10.7 6.7 22.2 2.8 16.7 0.0 9.4 12.5

Pyramimonads 77.0 57.0 46.9 80.6 61.1 77.3 49.1 37.5

Dictyocha fibula 0.0 0.0 0.0 0.0 0.0 0.0 1.9 0.0

Pterosperma cf. polygonum 0.0 0.0 0.0 0.0 0.0 0.0 3.8 0.0

The total contribution of Protoperidinium species, widely represented at some stations,
varied from 4.2% to 18.2% of the total abundance (9.3% on average). They played a
particularly significant role in the total abundance at some locations over the shelf (in the
downwelling zone and in the transition zone to upwelling), and in the core of the inshore
branch. The number of species of this genus was especially high in the downwelling zone
over the shelf (8–10), as was the total number of heterotrophic dinoflagellates (12–14). The
total contribution of heterotrophic forms to the abundance of communities was especially
high at station 7395 (downwelling over the shelf, 25.18%), as well as on the eastern periphery
of the jet (22.64%) and, on its border (25%). On average over all samples, heterotrophs
accounted for 17.72% of the total number of microalgae.

The average similarity of communities at the stations in terms of the composition of
the microalgae flora was 26.07%. Assemblages of different locations, in general, differed
significantly in composition. Structurally (based on the relative abundance of species), their
average similarity was even lower, only 20.24%.

Two floristic groups (Figure 9a) can be distinguished based on the similarity of com-
position (total correlation R = 0.85, p = 0.5%). Among them, the Af group was represented
over the shelf and at the eastern boundary of the inshore branch; it was characterized
by the presence of Paralia sp., Dinophysis rotundata, Tripos lineatus, Rhizosolenia hebetata,
Protoperidinium curvipes, P. pyriforme, P. cassum, P. cf. subsphaericum, and P. oviforme. Group
Bf was found above the shelf break and slope; it was represented by Tripos lineatus, T. fusus,
and Stephanopyxis nipponica.
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Figure 9. Dendrograms showing the grouping of phytoplankton communities according to qualitative
features (floristic groups (a)) and quantitative structure (groups of assemblages (b)). Corresponding
θ-S diagram (c) and “phycoerythrin—chl-a fluorescence intensity” scatter plot (d) for different
phytoplankton assemblages where colors are associated with phytoplankton assemblage groups.

Within the section, it was possible to distinguish three groups of assemblages based
on species ratios by relative abundance (total R = 0.93, p = 0.1%) (Figure 9b). In particular,
the Am group, which united the assemblages above the shelf (in the downwelling zone and
in the transition zone to upwelling), was presented (in descending order of significance)
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by Paralia sp., Tripos lineatus, Dinophysis rotundata, Protoperidinium curvipes, P. cf. subsphaer-
icum, Rhizosolenia hebetata, P. pyriforme, Dinophysis acuminata, Protoperidinium pellucidum,
P. solidicorne, and Oblea rotunda. This group can be considered as characteristic of the
Patagonian Shelf. Groups Am and Bm were distinguished in the zone of local maxima of
Fchl and BAC660.

In addition, Figure 9c shows scatterplots of oceanographic and bio-optical characteris-
tics according to clustering by groups of assemblages where a significant separation is also
seen, both in oceanographic conditions (T, S) and in the ratio of fluorescence intensity of
various phytoplankton pigments. At the same time, such a clear separation did not happen
for floristic groups, the same points belonged to different clusters, or different points were
present in the same cluster.

Assemblages above the shelf break and slope were united in the Bm group char-
acterized as equally significant by Tripos lineatus, T. fusus, and Stephanopyxis nipponica.
Communities at the periphery of the inshore branch and in the region of its eastern bound-
ary (in the deep-water region) belong to the Cm group of assemblages; this was presented
in descending order of importance, by Dinophysis rotundata, Neoceratium pentagonum, Pro-
toperidinium curvipes, and Thalassiosira eccentrica. Assemblage in the core of the inshore
branch was not included in any of the groups due to extremely low number of species.

3.8. Zooplankton Species

A total of 30 zooplankton species/taxa were identified. The composition of zooplank-
ton at stations varied from 9 (st. 7393) to 22 species/taxa (st. 7406 and 7408). The species
diversity calculated using the Shannon-Weaver index (H′) ranged from 0.984 (st. 7402) to
2.751 (st. 7406).

Zooplankton abundance ranged from 543 to 3067 ind/m3 (Figure 10) with an average
value of 1804 ± 951 ind/m3. The maximum abundance values were located in the inshore
branch of the MC in the area of the upwelling and downwelling zones, with high Fchl
values (st. 7400–7402), while the minimum abundance values were observed in the center
of the inshore branch of the MC (st. 7404). Copepods and euphausiids larvae were the
dominant zooplankton components at all stations. Euphausiids larvae were found in the
nearshore waters of the Patagonian Shelf. Other non-copepod groups were not as abundant
(Figure 10).
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Figure 10. Contribution (%) of the major taxonomic groups to the total zooplankton abundance
(ind/m3).

Three (A–C) significant groups were identified (total R = 0.68, p = 0.05%) in the
zooplankton community structure (Figure 11), which also clearly separated as seen in θ-S
diagram (Figure 11c). Group A was detected in the nearshore waters of the Patagonian Shelf
(st. 7393, 7395, 7397 and 7398) and mainly composed by copepod Calanoides acutus. Larvae
of euphausiids, amphipods, and ostracods were present in this community; abundance
was higher in the waters of the Patagonian Shelf.

50



Water 2022, 14, 3879

1 
 

 

Figure 11. Cluster (a) and MDS (b) analyses of zooplankton collections (by species abundance), and
θ-S scatter plot, where the colors of points correspond to the groups in (a–c).

Group B was restricted in the inshore branch of the MC in the upwelling and down-
welling zones (st. 7400–7402). It was presented by Subantarctic species of the copepod gen-
era Calanus, followed by euphausiids, salps, chaetognaths, appendicularians, amphipods,
and polychaets. The deep-sea copepods of the genera Paraeuchaeta and Rhincalanus were
abundant in the surface layer of 100-0 m.

Group C was identified in the zone between the inshore and offshore branches of the
MC (st. 7406 and 7408) and presented by copepod Calanoides acutus and Antarctic oceanic
species/taxa [69,70] copepod genera Candacia, Euchirella, Haloptilus, Paraeuchaeta, Rhin-
calanus, and euphausiids Thysanoessa macrura, Pteropod shells, siphonophores. One station
(st. 7404) located in the center of the inshore branch of the MC was not included in any of
the clusters and was characterized by mixed Subantarctic and Subtropical species/taxa
with lower abundance and species richness (Figure 10).

3.9. Observations of Marine Mammals and Sea Birds

Summary results of observations of marine mammals and birds are shown in Figure 12.
In the study site, we observed marine mammals belonging to the baleen whales Mysticeti
and the toothed whales Odontoceti. Baleen whales were represented by one species:
Antarctic minke whale Balaenoptera bonaerensis belonging to the family Balaenopteridae.
Two species of recorded toothed whales belonged to two different families: the Peale’s
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dolphin Lagenorhynchus australis in the dolphin family Delphinidae and the southern
bottlenose whale Hyperoodon planifrons belonging to the family Ziphiidae.
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Two species, the Antarctic minke whale and the Peale’s dolphin, were found in the
shelf zone of the MC, one occurrence/one individual and two occurrences/five individuals,
respectively. The southern bottlenose whale was noted in the offshore branch of the MC
(one occurrence/one individual).

The birds encountered in the MC region were represented by two orders and four fam-
ilies. The order Procellariiformes included the following families: albatrosses Diomedeidae,
petrels Procellariidae, and southern storm petrels Oceanitidae. The order Charadriiformes
was represented by the skua family Stercorariidae. A total of 10 species of birds were
recorded, with a total number of 422 individuals.

It was found that the petrel family was the most numerous and diverse in terms of the
species composition. A total of 256 individuals belonging to five species of this family were
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recorded. However, there was a change in the occurrence of some species in different parts
of the section across the MC. For example, the number of white-chinned petrel Procellaria
aequinoctialis, the most abundant bird species, decreased by more than 40 times, from
202 individuals in the shelf zone to four and five individuals in the inshore and offshore
branches of the MC, respectively. On the contrary, some species of this family appeared
more often over one branch of the MC with respect to another; this is typical for the shelf
zone and the offshore branch. An increase in the number of occurrences in these regions
was noted for the soft-plumaged petrel Pterodroma mollis and the great shearwater Ardenna
gravis from five to 19 individuals and from two to seven individuals, respectively. The
Atlantic petrel Pterodroma incerta and the great-winged petrel Pterodroma macroptera were
noted only by single occurrences over the offshore branch, namely two occurrences/one
individual and one occurrence/one individual, respectively. In the upwelling zone, one
individual of the petrel family was noted.

The albatross family, second in terms of the number of individuals encountered, was
represented by two species. A change in the occurrence of the black-browed albatross
Thalassarche melanophris has been established in the different sites of the MC, as discussed
above for some species of the petrel family. This species is characterized by a decrease in the
number of individuals in the transition from the shelf zone to the inshore branch of the MC
from 153 to three individuals, and to one individual during the transition to the offshore
branch of the current, respectively. Solitary specimens of the sooty albatross Phoebetria fusca
have been recorded over the inshore and offshore branches. Over the inshore branch, two
juveniles belonging to the so-called giant albatrosses were noted, but it was not possible
to establish their species identity. The family Oceanitidae was not numerous. Among
them, two specimens of Wilson’s storm-petrel Oceanites oceanicus were noted in the offshore
branch and one specimen of the black-bellied storm-petrel Fregetta tropica in the inshore
branch. The only member of the Stercorariidae family, the Antarctic Skua Stercorarius
antarcticus, was recorded in the shelf zone of the MC.

The average number of birds encountered per hour was calculated for each site. The
largest number of birds were found in the shelf zone: 363 individuals (72.6 birds per hour);
in the coastal branch, 20 individuals (10.3 birds per hour); and in the offshore branch,
38 individuals (19 birds per hour). In the shelf zone, over a distance of several kilometers,
fishing boats were seen, around which a large number of birds were circling. The ratio of
the bird species at each site and sightings of marine mammals are presented in Figure 12.

4. Discussion
4.1. Types of Water Masses and Hydrodynamic Manifestations of Oceanographic Characteristics

The combined use of hydrophysical and bio-optical data, as well as model data from
the Lagrangian analysis, allows better separation of water masses. The division of the
waters over the section according to temperature, salinity, and optically active substances
into a shelf and open-sea waters is consistent with the results reported in [71,72], where
the boundary between the shelf waters and the waters of the Malvinas Current system is
salinity isoline S≈ 33.8 PSU (in this work we assume 33.78 PSU). The ranges of temperature-
salinity values for the Malvinas Current obtained in this work are consistent with the data
in [6,71]. In addition, a similar spatial separation was also obtained in our work based on
the Lagrangian analysis data (Figure 1). In this case, intrusions of water masses in both
directions can be observed, both of the shelf waters into the system of the Malvinas Current,
and of waters of the Malvinas Current into the shelf region. Both processes are seen on the
Lagrangian maps in Figure 1. Intrusion of shelf waters into the open sea is presented in
the results of our in situ observations (Figures 4–6). The strong intrusion of MC waters
into the shelf is accompanied by the upward displacement of high saline, low temperature,
and high nutrient waters reported in [73] indicating the upwelling of deep nutrients on a
similar section near 47◦ S, where the slope of the continental margin is less abrupt.

The coastal branch of the Malvinas Current is well described in [4,5]. However, in this
study, we found the unusual phenomenon that velocities in the coastal branch were higher
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than in the offshore branch of the Malvinas Current, and in addition, the coastal branch was
located very close to the shelf edge (Figure 2). This can potentially lead to an increase in the
vertical motion of water masses. In general, SADCP measurements in the Malvinas Current
are rarely performed. Some results are reported in [4,5,74], but even there they were not
accompanied by detailed CTD measurements, which can provide complete information
about the vertical structure of waters in the zone of alternating upwellings/downwellings.

Satellite data of medium spatial resolution make it possible to see not just one band
of elevated concentrations of chlorophyll-a, which belong to the well-known upwelling
along the Patagonian Shelf break [16–18]. A complex pattern of several bands of varying
chlorophyll-a concentrations and surface layer temperature is also seen, which indicates
the action of complex dynamic processes in the study site leading to a series of successive
upwellings and downwellings. In general, this suggests that the spatial resolution of
the survey should be even better than 2–5 km (0.5–1 km), which can be achieved using
submersible autonomous vehicles.

At the same time, satellite data still do not give a complete pattern of the ongoing
processes, since they do not allow us to analyze the vertical variability of oceanographic and
bio-optical characteristics. They also do not allow a correct assessment of the euphotic depth
in this area, which will be discussed in more detail in the next section. Nevertheless, satellite
data are very helpful as an additional source of data for analysis to highlight hydrophysical
structures and corresponding fronts on the map, and to analyze the horizontal motion
of water masses. Modern implementations of global reanalyses are also insufficient for a
comprehensive study of thin vertical and horizontal oceanographic structures and processes
in the study area since they lack spatial resolution and accurate bathymetry.

The detailed section made it possible to distinguish the submesoscale structure of
alternating upwelling and downwelling zones, which was not the case in previous works,
where the analysis focused on larger scales. Similar alternations are presented in measured
in situ data [14,75], in model data [76], and similar manifestations in the satellite images
are visible in [3,77]. They can be caused by the alternation of zones of divergence and
convergence of the current velocity vector to the left and to the right of the MC inshore
jet velocity maximum. The data presented here do not reveal erosion of the pycnocline
caused by upwelling unlike the results presented in [14] at 43◦ S and in [76] at 51◦ S, which
were performed on the Patagonian Shelf. It is important to note that in the cited works,
erosion of the pycnocline occurred during upwelling over the shelf, and not over the outer
boundary of the shelf.

Upwelling and downwelling zones in some cases are better manifested in the oceano-
graphic variables (temperature, salinity, density), and in other cases in the optical character-
istics presented here. For example, the BAC660 and turbidity sections show the ascent of
turbid bottom waters from the Patagonian Shelf and their displacement towards its edge
(from the bottom parts of stations 7396–7397 to the surface parts of stations 7400–7401).
Downwelling between stations 7402 and 7403 in the surface layer of 50 m, which is dis-
placed in the underlying layers at station 7401, is better pronounced in the BAC660 data.
Downwelling at station 7406 is seen from all presented optical characteristics except FCDOM.
Therefore, in such works, it is important to have a large number of automatically measured
vertical profiles of marine environment parameters in order to increase the reliability of
the data.

4.2. Relation between the Depths of the Upper Mixed and Euphotic Zones

It is not obvious at first glance result (Figure 7) that the euphotic zone increases in
upwelling zones, and decreases in downwelling zones, despite the fact that the maximum
concentrations of chl-a are higher in upwelling zones; they appear on satellite data as bands
of increased concentrations of chl-a.

The effect of the increased maximum of chl-a at stations with upwelling can be ex-
plained by a decrease in the thickness of the UML and the associated concentration of
substances. The effect of shallower euphotic zone at the stations with downwelling may be
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associated with the spread of sufficiently high chl-a values to a greater depth within the
UML; hence, the depth-integrated attenuation of light is more effective than at upwelling
stations. During upwelling, the most transparent water of the intermediate layer of the sea,
together with the seasonal pycnocline, ascends closer to the surface.

This leads to the paradoxical result that, on the one hand, during upwelling, the
maximum chl-a values are higher, but the euphotic zone is deeper, due to the fact that the
depth-integrated chl-a values are lower, since they are observed only within a thinner UML.
This is also seen in Figure 7b, where local decreases in the thickness of the UML correspond
to increases in the thickness of the euphotic zone at the stations with upwelling. Local
increases in the UML thickness correspond to decreases of euphotic zone thickness at the
stations with downwelling. This is not so obvious at stations 7403 and 7404, perhaps due to
the fact that the upwelling and downwelling processes are not as strong here. In addition,
at the first two stations 7393 and 7394 there are also all indications that downwelling may
take place there based on the form of profiles in Figure 7a, and relationship between ZUML
and Zeu.

It is important to understand that such a large deepening of the phytoplankton layer
at stations 7393, 7394, 7395, 7396, 7397, and 7402 below the Zeu is not normal from the
point of view of the functioning of phytoplankton cells [78–81] and may be associated
with dynamic effects, such as downwelling, which drive substances into deeper layers. A
similar profile shape is presented in Figure 3 in [82] in the Drake Passage, where the ACC
jet streams exist, the position of which changes in time [5], which can lead to the formation
of powerful zones of divergence and convergence, and the corresponding ascends and
descends of water masses. A similar analysis of Zeu and ZUML distribution was carried
out in [73], however, with a lower spatial resolution, which did not allow us to connect
the identified features in the spatial distribution of Zeu and ZUML with the fine structure of
upwellings and downwellings.

In addition, the revealed phenomenon influences the satellite estimates of the euphotic
layer depth in the study area, which is knowingly incorrect in the upwelling and down-
welling zones. All modern algorithms for estimating Zeu [83,84] use the feedback from
satellite estimates of the chl-a concentration in the water layer seen from the space; the
latter are higher in the case of upwelling zones and lower in downwelling zones. This
leads to underestimation of Zeu in the upwelling zone and to overestimation of Zeu in the
downwelling zone. It must be kept in mind that this conclusion is valid for the presented
section and is not necessarily true for a different hydrophysical and bio-optical situation.

4.3. Analysis of Photosynthetic Activity of Phytoplankton

The results presented in 3.6 were approximately in the same range as those found for
estuarine phytoplankton and microphytobenthos [85], where values of the rETR efficiency
for C fixation (EE) varied between 0.04 and 0.16. These authors recalculated published data
for cultures and presented EE values varying between 0.007 and 0.020 for different marine
phytoplankton species.

The maximum values of the PB/rETR parameter were found in the outer part of the
inshore branch of the MC (stations 7406, 0.051) and in the zone between the inshore and
offshore branches (stations 7407–7408). When analyzing the spatial distribution of photo-
synthetic efficiency values, shown in Figure 8, it should be noted that stations with high
PB/rETR were located at the boundaries of upwelling and downwelling zones throughout
the entire section from the shelf to the oceanic part. Specific hydrodynamic conditions at
the boundaries of zones likely contribute to the increase in the photosynthetic activity of
phytoplankton in these regions.

Earlier, one of the authors of this paper reported the results in the Kara Sea, where an
increase in PB/rETR in the local areas with strong gradients of oceanographic conditions
was caused by various factors: the area of the outer shelf in the zone of mixing of river
and sea waters in the estuary of the Yenisei River, and a strong frontal zone at the edge
of the shelf that appeared as a result of the interaction of two currents in the upwelling
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zone above the continental slope [39]. Despite the geographical remoteness of these two
regions and the different nature of the gradients of oceanographic variables, an increase in
photosynthetic efficiency precisely in the zones of gradients of variables is manifested in
both cases. This allows us to assume the general regularity of this phenomenon.

4.4. Phytoplankton Communities

The work by Antacli et al. [86] reporting detailed studies of phyto- and protozoo-
plankton of the southern part of the Patagonian Shelf in the summer of 2004, provides
very detailed data on the species composition of these communities (319 species), their size
structure (90% of the total number accounted for picoplankton 2–5 µm in size), as well as
the significant spatial heterogeneity of the communities in this vast region. These surveys
were performed on four transects across the shelf located between 47◦ and 55◦ S. In turn,
our observations covered the marginal and close-to-marginal regions of the Patagonian
Shelf, its slope part, as well as the coastal jet of the Malvinas Current up to its eastern
periphery. This expands the geographic scope of the results.

Our studies were carried out 18 years later, which gives us a certain opportunity
to assess changes in communities over time. It should be noted that almost 20 years
later, in the more eastern region, which covers a significantly greater diversity of water
masses, the smallest size fraction of phytoplankton also dominated, “headed by a coccal
ultraphytoeukaryotic cell (3 µm) (probably chlorophyte/prasinophyte), which was the
most important morpho-species in the region (frequency of occurrence FO = 35%, relative
abundance RA = 45%)”. Based on our data and descriptions of colleagues, we can assume
that in the summer of 2004, Prasinoderma coloniale developed just as abundantly in the water
area studied in [86]. Thus, this species still plays the most significant role in the abundance
of phytoplankton in the entire region under consideration.

Against the background of the widespread significant abundance of this species,
the phytoplankton size fraction >10 µm made a relatively small total contribution to the
community structure, both in 2004 and in 2022 (except for the eastern boundary of the
MC). However, these relatively larger forms accounted for the largest part of the species
richness of communities in both seasons and both areas. In general, the total number of
species noted by us (43) seems significantly less than the sum of dinoflagellates (148) +
diatoms (73) encountered by our colleagues in 2004.

It should be taken into account that our observations show an increase in the species
richness of communities during the transition to the shelf zone, while in the summer of
2004, four vast areas were studied just above the shelf. This could already be the reason for
the higher floristic diversity. In terms of the significant heterogeneity of the community
structure in the section studied by us and in the sections made in [86], there is also a certain
correlation because assemblages both above the shelf and in the zone of influence of the
coastal jet of the Malvinas Current were and remain significantly heterogeneous in space.

The work [87] is also devoted to the study of phytoplankton including the summer one
in the southern part of the Patagonian Shelf. However, according to the observations made
by the authors in the summer of 2008, in a vast area northwest of the Falkland Islands, the
main components of phytoplankton were the coccolithophores Emiliania huxleyi and the
primesiophytes Phaeocystis antarctica. The authors attribute their flowering to a notable
decrease in the level of nutrients from spring to summer due to the abundant development
of diatoms in spring. At the same time, their observations were made in the middle of
summer (4–7 January 2008), while our studies on the section from the shelf and through
the Malvinas Current were made at the end of summer (21–22 February 2022). The results
in [86] were also obtained at the end of summer (18 March–4 April 2004). The observed
differences in mass species may well be explained, among other issues, by different stages
of seasonal succession of phytoplankton.
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4.5. Zooplankton Communities

The majority of identified zooplankton species (80%) were resident species, which
are shared with the Subantarctic zone, and other taxa can be considered advected species
common to the Antarctic zone [88]. Previous observations [76] showed “zooplankton hot
spot—high biomass and abundance” associated with frontal upwelling. Additionally, all
identified groups of zooplankton are well separated in accordance with oceanographic
characteristics (Figure 11). All identified groups of zooplankton are well separated in
accordance with oceanographic characteristics (Figure 11).

Copepods of the genera Calanoides from group A observed in the Patagonian Shelf,
and from group C in the zone between inshore and offshore branches of the MC, were the
most abundant members of zooplankton communities in the nearshore waters throughout
the Antarctic zone and in the south of the Subantarctic zone as described in [88,89], and
were also one of the main dominant taxa by biomass in the Drake Passage [90]. They were
found at depths of 0–200 m in austral summer and 500–800 m in winter [91].

Copepods of the genera Calanus related to Group B in the inshore branch of the MC
in the zone of most significant upwelling and downwelling, were found previously in
the deep-sea layers (300–500 m) in austral summer [92]. Possibly, deep-sea copepods in
the surface waters (0–100 m) can be associated with the local zones of upwelling. The
path of possible vertical motions of this group of zooplankton is shown in all sections of
oceanographic (Figure 4) and bio-optical (Figure 5) characteristics.

In the study region, the Antarctic oceanic species/taxa were found in the communi-
ties of group C, while previously (January 2022) in the same expedition, similar species
composition was detected in the water northeast of the South Orkney Islands. This area
was influenced by the wide Antarctic Circumpolar Current (ACC) system where water
flows are generally directed to the east [93]. Possibly, the eastward currents could transport
these species both to the northeast of the South Orkney Islands and to the Patagonian Shelf.
Generally, a correlation exists between the faunal and floristic relations in the Southeast
Pacific and Southwest Atlantic within the biogeographic Magellanic Province [94]. This is
provided by the eastward water mass transport through the Magellan Strait and the Drake
Passage [11,95]. The zone of sterile migration of Antarctic species is usually insignificant,
but in some cases, it reaches a large extent [88]. The application of mathematical modeling
is required for the confirmation of these ideas.

4.6. Observations of Marine Mammals and Sea Birds

The study site is a very important food base for animals of higher trophic levels.
Unfortunately, due to the different efforts of observations at each site and limited data,
it was not possible to identify a statistically significant dependence in the distribution of
marine mammals and birds on oceanographic and biological parameters. However, we can
make a few qualitative conclusions.

All of the found mammal species belong to different families and have different
biological traits, including different trophic ecology. Antarctic minke whales feed mainly on
zooplankton, while the Peale’s dolphins feed on demersal fish, some species of cephalopods
and shrimp. The southern bottlenose whale is known for feeding at great depths, deeper
than 1000 m, mainly on squid, but also fish, such as the Patagonian toothfish Dissostichus
eleginoides; therefore, it is not surprising that this species was observed in the offshore
branch of the Malvinas Current, where depths reach 3000 m. The distribution of observed
species also differs, although in some areas their ranges overlap [96].

Antarctic minke whale is widely distributed in the Southern Hemisphere. The Peale’s
dolphin mainly lives near the coast and on the shelf of South America and the Malvinas
(Falkland) Islands. The southern bottlenose whale has a circumpolar distribution in the
Southern Hemisphere in the deep regions [96]. No marine mammals were encountered in
the shallow upwelling zone and the inshore branch of the MC.

All species of birds we met are typical for this region of the South Atlantic Ocean [97].
The highest density of concentration of birds encountered was recorded in the shelf part
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of the route; a large amount of bioproduction was observed in the same area. At the
same time, it is interesting that the minimum density of birds was recorded in the zone
of maximum upwelling, where there were also high concentrations of chlorophyll-a and
zooplankton. This is probably due to the limited observation time in this relatively small but
very dynamic area with high horizontal and vertical velocities of water masses. It is likely
that birds prefer less dynamic, but no less productive zones for feeding farther from the
shelf slope. In addition, the change in the species diversity of the food supply, characteristic
of this area, can also affect the distribution of birds. These hypotheses require further testing
and longer observations in this and other areas with similar conditions. Similar results
with large variability in the species and quantitative composition of marine mammals and
birds within a few tens of kilometers in a highly dynamic area of the Southwest Atlantic
across an eddy dipole in the interaction zone between Subtropical and Subantarctic waters
are presented in [98].

4.7. Summary Information about Hydro-Physical and Biological Charactristics

Table 4 presents summary information about identified water masses, seawater vertical
velocity directions, groups of assemblages of phytoplankton communities and groups of
zooplankton communities, and also the density of observed birds. One can see that the
division into different biological groups occurred similarly in accordance with the zones of
the Patagonian Shelf, the edge of the shelf, and the zone between the inshore and offshore
branches of the MC. In addition, the separation of biological communities is influenced by
different water masses, as well as upwelling and downwelling zones.

Table 4. Summary information about hydro-physical and biological characteristics of investi-
gated waters. The background colors correspond to the colors that mark the planktonic groups
in Figures 9b–d and 11, and ship tracks in Figure 12.

Station Bottom
Depth, m

UML Depth,
m (Figure 4)

Euphotic
Depth, m
(Figure 7)

Up or Down
Vert. Dir. *
(Figure 4)

Region,
(Figures 1

and 2)

Water Mass,
(Figure 6,
Table 2)

Phytoplankton
Group **
(0–50 m),
(Figure 9)

Zooplankton
Group

(0–200 m),
(Figure 11)

Birds’
Density,

ind/h
(Figure 12)

7393 137 38 29 PS R, Y, O Am A

7394 140 39 28 PS R, Y, O

7395 136 42 29 D PS R, Y, O Am A 72.6

7396 134 45 31 D PS R, Y, O

7397 134 41 31 D PS R, O Am A

7398 139 37 37 PS, MCi C, O A

7399 139 37 38 PS, Mci C, O

7400 155 30 42 U Pse, Mci C, O Bm B

7401 293 24 40 U Pse, Mci B, C, O Bm B 10.3

7402 365 45 34 D Mci B, C no cluster B

7403 462 35 41 U Mci B, C

7404 631 44 40 D Mci B, C Cm no cluster

7405 742 35 U Mci B, C

7406 790 53 D Mci B Cm C

7407 853 25 U ZB B

7408 942 39 ZB B C

- >1000 ? ZB & MCo - 19.0

Note(s): * Upwelling (U) or downwelling (D) in the upper mixed layer. ** Groups of assemblages of phytoplankton.

Alternating zones of upwelling and downwelling are formed over the slope of the
Patagonian Shelf under the influence of the MC and wind. This is especially pronounced
in the region of the inshore jet of the MC. The detected zones significantly influenced all
the characteristics analyzed in the work. It is shown that at the boundaries of the inshore
jet, upwelling and downwelling alternate in space. At the western boundary of the jet,
upwelling in the current changes to downwelling beyond the current, and on the contrary,
at the eastern boundary of the jet, downwelling within the current changes to upwelling at
the open sea side.
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It was found that the euphotic zone is larger in the upwelling zones and smaller in the
downwelling zones, which is associated with variations in mixed layer depth and depth-
integrated abundance of phytoplankton cells and other optically active components of
seawater within the UML, which are higher in downwelling zones and lower in upwelling
zones. At the same time, on the contrary, the local maxima of the chl-a content and the
light attenuation coefficient can be higher in the upwelling region than in downwelling
due to the concentration of phytoplankton cells and non-living particles in the reduced
upper mixed layer. It was found from the collected dataset that all spatially local maxima of
phytoplankton photosynthetic efficiency are observed in the highly dynamic zones where
upwelling changes to downwelling. A study of photosynthetic efficiency based on parallel
measurements of primary production and electron transport rate in photosystem II is new
for the Malvinas upwelling area.

Generally, all considered biological communities of different trophic levels were simi-
larly distributed in space in accordance with the zones of the Patagonian Shelf and branches
of the MC, as well as in accordance with the corresponding upwelling and downwelling
fine structure.

Phytoplankton, studied for the first time in summer both in the marginal regions of
the shelf and in the inshore branch of the MC, included more than 40 species. Qualitatively,
dinoflagellates predominated, and heterotrophic forms were among them. Overall, a-
diversity, structural diversity, and heterogeneity scores were low especially in the shelf
edge and in the core of the MC inshore branch. Above the Patagonian Shelf, the richness
of the flora was high. The picoplankton photosynthetic pyramidomonads Prasinoderma
coloniale quantitatively dominated everywhere. Two floristic groups have been identified:
Af, on the Patagonian Shelf, and Bf, above the shelf slope. Among the communities, against
the background of a common dominant, three groups of complexes were distinguished:
Am—above the shelf; Bm—above the slope of the shelf; Cm—on the eastern margin of the
MC coastal jet.

Zooplankton was mostly dominated by copepods. The average abundance and species
diversity of zooplankton increased from the inshore branch towards the offshore branch
of the MC. Three major zooplankton communities were identified, which are associated
with the physical properties in the inshore and offshore branches of the Malvinas Current.
Copepods and euphausiids larvae are concentrated in the water of the Patagonian Shelf.
The upwelling and downwelling zones were characterized by the presence of species
of Subantarctic communities. In the zone between the inshore and offshore branches of
the Malvinas Current zooplankton was mainly composed of the species belonging to the
Antarctic communities. Deep-sea species that were found in the surface water of the MC
can be associated with the local zones of upwelling.

Marine mammals and birds were more common on the Patagonian Shelf. At the
same time, the greatest species diversity of birds was noted in the region of the offshore
branch of the MC. The smallest relative abundance of birds was recorded in the inshore
branch despite the fact that the strongest upwelling and highly bio-productive waters were
observed in this region.

5. Conclusions

The main findings of the work are the following:

• Sub-mesoscale structure of alternating upwellings and downwellings in the upper
mixed layer has been identified in the region of the outer Patagonian Shelf and inshore
branch of the Malvinas Current along ~46◦ S section.

• In general, the differences in the upper mixed layer thickness between identified
upwelling and downwelling zones are significant. In the first case, they are in the
range of ~25–35 m, and in the second case, in the range of 40–55 m.

• The euphotic zone is larger in upwelling zones and smaller in downwelling zones.
The difference can be as high as 6–10 m in adjacent upwelling and downwelling zones.

59



Water 2022, 14, 3879

• Phytoplankton photosynthetic efficiency increases during the changeover between
upwelling and downwelling.

• Distribution of all considered biological communities of different trophic levels is
similar in accordance with the identified oceanographic features.

• Most of the phytoplankton species list was formed by dinoflagellates, among which
heterotrophic forms prevailed. In quantitative terms, the pyramimonad Prasinoderma
coloniale, a coccoid representative of picoplankton, dominated everywhere. Two
floristic and three assemblage groups were distinguished among the communities.
Biodiversity was high above the Patagonian Shelf and low above the shelf edge and in
the core of Malvinas Current inshore branch.

• Zooplankton was mostly dominated by copepods. Subantarctic species/taxa of zoo-
plankton concentrated in the nearshore waters of the Patagonian Shelf, while Antarc-
tic species/taxa were most abundant in the zone between the inshore and offshore
branches of the MC.

• The distribution of birds and mammals is different in the waters of shelf and Malvinas
Current; the relative abundance of birds is minimal in the inshore branch of the
Malvinas Current, where the strongest upwelling was identified.
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Abstract: Supercritical hydraulically controlled overflow of Antarctic Bottom Water from the Wed-
dell Sea has been observed in the Orkney Passage during field measurements in February 2022.
The Orkney Passage is the main pathway for the densest layer of Antarctic Bottom Water flow from
the Weddell Sea to the Scotia Sea. The bottom current overflows the sill across the passage and flows
down from the crest of the sill at 3600 m deeper than 4000 m. The descending flow accelerates because
of the difference in the height of the sill and its foot. An estimate of the Froude number of this flow
was greater than unity. Near the foot of the slope the kinetic energy of the flow becomes insufficient to
continue moving in this regime. The flow slows down, and strong mixing and warming of the bottom
water occurs due to the exchange with the surrounding waters. This hydrodynamic phenomenon
is called supercritical hydraulically controlled flow. However, the flow of bottom water continues
further and eventually fills the abyssal depths of the Atlantic.

Keywords: Orkney Passage; hydraulic control; subcritical; supercritical flows

1. Introduction

The study site is located in the Weddell Gyre, which is a region in the Weddell Sea
with specific properties that controls the deep and bottom ocean circulation and affects
the global climate with the capability of influencing the global climate on time scales of
hundreds to thousands of years [1]. The waters of the Weddell Sea deeper than 3000 m are
connected with the Scotia Sea by the passages in the South Scotia Ridge.

Antarctic Bottom Water (AABW) that occupies the bottom layer of the Atlantic Ocean
is generally formed in the Weddell Sea. Sinking of this dense water plays a key role in
driving the lower limb of the global overturning circulation [2–4]. A major part of the
AABW formation occurs in the Weddell Sea [5]. Formation of AABW generally occurs in
the southern and western parts of the Weddell Sea over the ice shelves. Low temperatures
and saline shelf waters are formed as a result of surface water cooling during ice freezing
and brine rejection in coastal polynyas. Formation of highly dense water is maintained
by cyclonic circulation in the Weddell Sea, which is driven by western winds in the north
and eastern winds in the south of the Weddell Sea. The flow over the South Scotia Ridge
represents a significant component of the AABW export from the Weddell Sea [6].

Weddell Sea Deep Water (WSDW) is the coldest part of AABW. Weddell Sea Deep
Water is defined as water with potential temperatures between ~0◦C and −0.7 ◦C. This
water is formed due to the air–sea–ice interaction at the periphery of the Weddell Sea
combined with the upwelling of Weddell Sea Bottom Water [7,8]. The main pathway for the
export of WSDW from the Weddell Sea is the Orkney Passage [9]. Part of the bottom water
is exported from the Weddell Sea through the South Sandwich Trench and other fractures
of the South Scotia Ridge [2].
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2. Hydraulic Control

We shall explain the physical phenomenon of hydraulic control following [10,11].
Fluids can transmit a signal by advection or wave propagation. We consider a water flow
over an underwater ridge or dam. The flow from a deep reservoir overflows the crest of a
dam or underwater ridge and spills down the spillway. A hydraulic jump is formed at the
base of the spillway, which is an abrupt increase in the fluid depth (or depth of isopycnals)
accompanied by turbulence, wave generation and mixing.

If perturbations of the flow appear upstream of the ridge (dam) crest, the waves
(surface or internal) are generated, which can propagate in either direction. The flow
downstream from the crest is so rapid that waves cannot propagate upstream. In other
words, the velocity of the waves is smaller than the velocity of the descending flow. This
type of flow is called supercritical. As the flow reaches the hydraulic jump, its velocity
decreases and it returns to a subcritical state. In addition, the regime of the flow at the
crest is critical, i.e., changing from subcritical to supercritical. Thus, the outflow from the
reservoir is said to be choked or hydraulically controlled by the ridge (dam). The size of
the dam, water depth and stratification are parameters that control the flow. A scheme of
the phenomenon is shown in Figure 1a.
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If the dam is low and the flow is slow the current just overflows the dam (Figure 1b).
Whitehead et al. [12] and Pratt and Whitehead [11] gave examples of hydraulic control

in the passage between the Virgin Islands and in the Strait of Denmark; other examples
were found in the Strait of Gibraltar [13,14].

This phenomenon has also been studied in laboratory experiments [15]. Even if the
flow is subcritical, the flow entrains surrounding waters depending not only on the Froude
number but also on the Reynolds number, as shown in [16]. The authors demonstrated
this on the example of laboratory experiments and overflow in the Denmark Strait. Field
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measurements of a bolus of cold water overflowing the sill in the Denmark Strait and
properties of the flow with variable velocity of the overflowing water were reported in [17].
Overflow in the Faroe Bank Channel was studied in [18].

We will show some more illustrative examples. First is the well-known Niagara Falls,
which is a surface flow (Figure 2).

Water 2022, 14, x FOR PEER REVIEW 3 of 9 
 

 

Whitehead et al. [12] and Pratt and Whitehead [11] gave examples of hydraulic con-
trol in the passage between the Virgin Islands and in the Strait of Denmark; other exam-
ples were found in the Strait of Gibraltar [13,14].  

This phenomenon has also been studied in laboratory experiments [15]. Even if the 
flow is subcritical, the flow entrains surrounding waters depending not only on the 
Froude number but also on the Reynolds number, as shown in [16]. The authors demon-
strated this on the example of laboratory experiments and overflow in the Denmark Strait. 
Field measurements of a bolus of cold water overflowing the sill in the Denmark Strait 
and properties of the flow with variable velocity of the overflowing water were reported 
in [17]. Overflow in the Faroe Bank Channel was studied in [18]. 

We will show some more illustrative examples. First is the well-known Niagara Falls, 
which is a surface flow (Figure 2). 

 
Figure 2. Subcritical and supercritical regimes in the Niagara Falls. 

Another example is a flow over an underwater ridge in a less known region in the 
Kara Gates Strait between the Barents and Kara seas [19]. The phenomenon of the flow is 
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Figure 2. Subcritical and supercritical regimes in the Niagara Falls.

Another example is a flow over an underwater ridge in a less known region in the
Kara Gates Strait between the Barents and Kara seas [19]. The phenomenon of the flow
is very similar to that in the Strait of Gibraltar. A surface flow from the Barents Sea to
the Kara Sea forms a hydraulic jump, whereas strong tidal currents over a sill generate
large-amplitude internal tides [19–21] (Figure 3).
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Figure 3. Field of isopycnals 23.5, 24.5, 25.5, and 26.5 perturbed by the flow in the Kara Gates Strait
and internal waves based on numerical calculations using the model in [21,22]. The black color shows
the bottom topography as specified in the model (a). Distribution of temperature over the towed
section (b). Isotherms are shown with an interval of 1 ◦C. Thicker lines show isotherms of 1 and 0 ◦C
to emphasize the observed effect. The black color shows the bottom profile. Location of the region on
a larger scale is shown in the inset.
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The flow of AABW through the Orkney Passage has been previously studied based on
CTD/LADCP casts. A map of stations in different years is shown in Figure 4.
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Figure 4. CTD/LADCP casts in the Orkney Passage in different years. Red stars indicate our stations
in 2022. A chart of the region is shown in the inset. Black symbols indicate previous stations of
CTD-casts in different years.

3. Data and Methods

Seven CTD casts with velocity profiling (LADCP) were made in the cruise in 2022 in
the Orkney Passage region. Five stations were made across the passage and two stations
down into the Laurie Depression from the central station. The depth of the ridge across
the passage is about 3600 m. The sounding stations were displaced to the north relative to
the repeated section in order to exclude possible interference with moorings that could be
placed in this area.

The stations were performed using a lowered acoustic doppler current profiler (LADCP)
and conductivity, temperature, and depth (CTD) profilers mounted on a General Oceanics
GO1018 rosette water sampler. The water sampler was equipped with a Valeport VA500
altimeter allowing measurements close to the ocean bottom (3–7 m above the seafloor).
An Idronaut Ocean Seven 320plus CTD probe was used for the measurements together with
an MKplus Deck Unit. The CTD data were collected using the standard package REDAS5.
The declared accuracy of CTD measurements is 0.001 ◦C for temperature and 0.001 mS/cm
for conductivity sensors. The LADCP data measured by the TRDI WorkHorse Monitor
300 kHz profiler were processed using the programming package LDEO Software version
IX.10 [23]. The accuracy of velocity measurements estimated by the processing program is
usually 3–4 cm/s. In the bottom layers due to the bottom track signals, the errors decrease
to 1–2 cm/s.

The temperature section is shown in Figure 5.
One can see in Figures 5 and 6 two characteristic features that are common to all flows

in underwater channels. The cold core is displaced to the right side of the channel along the
flow. This occurs due to the Ekman circulation, which arises from the bottom friction when
the current flows in a narrow channel. A second core appears in the western (left) part
of the passage above the bottom, which is displaced to the left of the flow and is located
over the western wall of the channel [24]. The minimum potential temperature is −0.54 ◦C,
which is close to the previous estimates [6].
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Figure 6. Longitudinal velocity component (normal to the section) across the Orkney Passage.

The velocities of the flow in the passage correspond to similar flows in the southern
hemisphere and in particular the flow in the Vema Channel. The core of the maximum
velocity is displaced to the left side relative to the flow.

Let us now consider the downflow of bottom water after overflowing the ridge.
Figure 7 shows the flow velocities down the slope. The flow accelerates due to the transition
of potential energy on the crest of the ridge into kinetic energy. Due to the expansion of the
passage, the flow becomes wider and after flowing down by more than 200 m at a distance
of about 3500 m, the flow slows down, descending into the deep layers of the ocean and
not having enough energy to continue the fast flow. The maximum flow velocities are
close to 50 cm/s. The potential temperature behaves similarly, forming a tongue of cold
water flowing down the slope (Figure 8). In the tongue of cold water, which rolls down the
slope, the temperature gradually increases from −0.54 to −0.45 ◦C. Salinity distribution
downslope in the direction of the descending flow is shown in Figure 9. Contour lines
of salinity that show the further propagation of the flow downslope are more illustrative
than the isotherms because bottom water is warming due to the contact with the overlying
waters. The salinity increase is due only to mixing.
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It was reported in [25] that hydraulically controlled flow over the sills is responsible
for bottom mixing above the slope. A local overturning circulation cell is formed over the
slope with increasing vertical velocity that mixes the bottom flow [25,26]. The flow regime
changes as the velocity increases and the Froude number exceeds unity. The critical regime
appears when the Froude number is Fr > 1. When the current overflows the sill of the
Orkney Passage the Froude number is calculated as:

Fr = v/
√

g′H

where v is the meridional component of velocity,
√

g′H is the velocity of gravity waves in
the shallow flow, H = 100 m is the thickness of the flow, g′ = g∆ρ/ρ is reduced acceleration
due to gravity, ρ = 1 g/cm3 is the in situ density, g = 9.8 m s−1, and ∆ρ = 0.00013 g/cm3

in the overflowing current. The critical regime of overflowing appears when the bottom
current exceeds v = 0.356 m s−1:

Fr =
0.356√

9.8×100×0.00013
1

≈ 1.0

4. Conclusions

We studied the flow of Antarctic Bottom Water from the Weddell Sea to the Scotia
Sea through the Orkney Passage. This passage is considered the main pathway for the
outflow of Antarctic Bottom Water from the Weddell Sea; hence, it is the main source
of Antarctic Bottom Water in the Atlantic. The transport of bottom water through this
passage is 5 Sv based on reports in many publications. We made five CTD/LADCP casts
to the bottom over the sill of the passage and three casts along the slope downstream.
During the overflow of Antarctic Bottom Water from the Weddell Sea over the ridge in
the Orkney Passage, a supercritical regime with a Froude number greater than unity was
noted. The flow accelerates when descending the slope. Near the foot of the slope there is
not enough kinetic energy of the flow to continue moving in this regime. The flow slows
down; strong mixing and warming of the bottom water occur due to the exchange with the
surrounding waters. This mode is called hydraulically controlled flow.
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Abbreviations

AABW Antarctic bottom water
WSDW Weddell Sea deep water
LADCP Lowered acoustic Doppler current profiler
CTD Conductivity, temperature, and depth profiler
Fr Froude number
v Meridional component of velocity
g′ = g∆ρ/ρ Reduced acceleration due to gravity
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H Thickness of the flow
ρ = 1 g/cm3 In situ density
g = 9.8 m s−1 Acceleration due to gravity
∆ρ Density difference between layers
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Abstract: Seawater properties in two intense rings in the South Atlantic are considered. One ring
separated from the Brazil Current and the other from the Malvinas Current. The analysis is based on
the CTD casts and SADCP measurements from the onboard velocity profiler. The optical properties,
chemical parameters, methane concentration, and biological properties such as primary produc-
tion, plankton, and fish were also analyzed. Analysis of strong differences between the eddies is
supplemented by observations of whales and birds in the region.

Keywords: subtropical rings; Subantarctic rings; CTD; ADCP; optical and hydrochemical parameters;
methane; primary production; plankton; fish; birds and whales

1. Introduction

Mesoscale eddies are very important elements of the global ocean circulation. Mesoscale
eddies transport mass, momentum, heat, and freshwater over the basins of the ocean. They
strongly influence the mean sate of the ocean and together with internal waves trans-
port nutrients to the upper layer of the ocean. The energy of eddies exceeds that of the
mean circulation by an order of magnitude, which was first reported during the Atlantic
Polygon-70 experiment [1]. Eddies are generally formed due to the instabilities of the
mean flow [2]. The most energetic frontal rings are formed due to meandering of the jet
currents. Mesoscale rings are generated by finite-amplitude instabilities of currents, which
result in the spreading of a volume of fluid into a region with different environmental
characteristics [3]. It is clear that temperature and salt anomalies associated with these
rings are important sources for the transformation of properties of water masses [3].

Two intense currents in the South Atlantic, the warm Brazil Current and cold Malvinas
Current, form a confluence region at approximately 38–40◦ S [4,5]. An intense oceanic
front exists between these two currents; rings of opposite sign are generated at the front
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with intermediate water masses between rings. Thus, one of the most intense oceanic
fronts appears that generates rings of opposite sign and forms intermediate water masses.
The exchange of mass, heat, and salt between Subantarctic and subtropical waters leads
to intense primary production and transformation of water properties [6]. The Malvinas
Current is related to the Subantarctic Front (SAF) and the Brazil Current forms the Brazil
Current Front (BCF). Some studies indicate that the SAF is organized in two branches [7,8]
that merge further downstream at approximately 44◦ S [9]. In the confluence region the
SAF and BCF converge to a single front, the Brazil–Malvinas Confluence Front (BMCF) [10].
Confluence of the Malvinas and Brazil currents forms a strong front that generates many
rings and eddies. After the collision, the Malvinas Current turns back to the south as the
Malvinas Return Flow [11]. The retroflection of the Malvinas Current and continuation of
the Brazil Current results in meandering and formations of rings, eddies, and filaments [12].
It is noteworthy that eddy advection has an important effect on the variability of the
Atlantic meridional overturning circulation (AMOC) on different time scales [13–15]. Some
publications report a strong influence of eddies on the cross-shelf transport of fresh river
water from the coast of Brazil in the BMCF region, which can cause sharp changes in the
salinity in the study region [11,16].

The studies of the BMCF included CTD surveys and moorings [17], satellite data [18],
and modeling [19,20]. A new approach to studying the propagation of eddies was suggested
in [21], which involved applying observations of the motion of loggerhead sea turtles
to trace mesoscale eddies. Unfortunately, there are very few in situ measurements of
the vertical structure of eddies in the study region. One of the rare exceptions is the
publication by Gordon [11], in which the data are presented on the thermohaline structure
of two anticyclones and one cyclone in the BMCF. The authors showed that a significant
modification of the characteristics of water masses occurs in eddies. In particular, it was
shown that intense winter mixing in the cores of anticyclones leads to the penetration of
salty and cold waters into their lower layers.

Lentini et al., [22] analyzed the statistics of warm-core rings formed in the Brazil–
Malvinas Confluence region based on a continuous time series of satellite data from January
1993 to December 1998. On average, seven rings per year were released into Subantarc-
tic waters. The lifetime of the rings ranged from 11 to 95 days, with a mean value of
35 days. These rings were mostly elliptical anticyclonic rings with a mean major radius of
126 ± 50 km and a minor radius of 65 ± 22 km, and with translation speeds ranging from
4.2 to 27.2 km per day (4.8–31.5 cm/s). None of them seemed to remain more than 4 months
in the confluence region.

Lentini et al., [23] analyzed rings of the Brazil Current. They report that warm-core
anticyclonic rings were shed by the meander of the current after poleward excursions of
the Brazil Current. Approximately one ring is formed by the current in 2 months. The
observed lifetime ranges between 1 and 4 months, with a mean value of approximately
2 months. Two or three anticyclonic rings of the Brazil Current were observed to coexist in
the confluence region. Most of the rings were moving to the south. The mean horizontal
scale of the eddies was 55 km; and mean translation speed was 10 km per day [23].

Mason et al., [24] report on the basis of altimetry data that motions associated with
mesoscale eddies and meanders are responsible for significant transports of mass and heat.
Mesoscale vertical fluxes also influence upper ocean biological productivity by transporting
nutrients into the euphotic layer. They estimated that the maximum eddy lifetime in the
region varies from 78 to 198 days.

Mason et al., [24] distinguish the following eddy properties: amplitudes, radii, inten-
sity, and nonlinearity. Eddy intensity is the ratio between the eddy amplitude and its radius,
A/Ls [25]. Eddy nonlinearity is the ratio between eddy swirl speed and translation velocity,
U/c [26]. Eddy intensities generally range from zero to 0.5, while eddy nonlinearity varies
from zero to 15. Eddy intensity and nonlinearity are greater in cold cyclones. We emphasize
that strong currents exist at the boundary between cyclones and anticyclones. The eddy
radii of cyclones based on altimetry data in Mason et al., [24] varies from 69 km in the
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region at 45◦ S to 75 km in the northern region (~35◦ S). The radii of anticyclones vary from
90 to 62 km. The amplitudes do not have a clearly pronounced regularity and vary from 38
to 9 cm; the amplitudes of anticyclones are generally smaller. The swirl speed is generally
greater in cyclones and varies from 58 to 17 cm/s. Propagation velocity varies from 0.5 to
8.8 cm/s.

Studies of variations in biooptical characteristics in the eddy zone of the Southwest
Atlantic have been carried out mainly using satellite ocean color imaging [12,21,27,28]. In
these works, the surface distribution of remotely determined chlorophyll-a in anticyclonic
and cyclonic eddies was mainly considered, and there are almost no works that analyze a
wider number of biooptical characteristics, and also do not consider the features of their
vertical distribution. At the same time, with the help of multidisciplinary analysis of
biooptical and other oceanographic characteristics, a more detailed study of physical and
biological processes in the eddy structures is possible.

Despite numerous above-mentioned papers dedicated to studies of eddies in the
Southwest Atlantic, there is still no available data on synchronous measurements of physi-
cal, optical, chemical, and biological properties of waters within eddies of different polarity
in this region. The main goal of this multidisciplinary study is to trace changes in water
properties between the waters of the subtropical and Subantarctic origin, which are ob-
served in anticyclonic and cyclonic eddies, respectively. With this in mind, we selected
an eddy dipole based on satellite altimetry data and performed measurements at seven
stations along a section across the rings connecting their centers (Figure 1).

Figure 1. Location of measurements on 11–13 January 2022. Panel (a): schematic of the surface
circulation in the Southwest Atlantic. The location of the Brazil–Malvinas Confluence zone is shown
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by dotted line; the main surface currents are indicated by white arrows. Bottom topography is shown
based on the GEBCO database [https://www.gebco.net/data_and_products/gridded_bathymetry_
data/gebco_2021] (access date 21 August 2022); the shoreline is shown based on the GSHHS data [29].
Panel (b): Absolute dynamic topography (ADT) map at the time of in situ measurements (10 January
2022). Gray rectangle indicates the limits of maps (c,d). Panel (c): detailed ADT map in the region
of rings. White dots indicate the location of CTD stations. Panel (d): sea surface altimetry-derived
geostrophic circulation on 10 January 2022. Solid black line denotes the ship route on all panels.

2. Data and Methods

This study is based on the multidisciplinary data linking physical and biological
processes in a pair of cyclonic and anticyclonic rings near the BMC zone in the Southwest
Atlantic. In this section, we describe our approach for the selection of rings for our mea-
surements based on satellite altimetry data (Section 2.1), present Lagrangian simulation
methods for studies of water origin (Section 2.2), discuss measurements of thermohaline
eddy structure together with its velocity field based on CTD and SADCP measurements
(Section 2.3), describe the measurements of optical water properties (Section 2.4), and the
biological studies of waters within selected eddies (Sections 2.5–2.7).

The measurements over the section across two rings were carried out on 11–13 January
2022; seven stations of CTD profiling were occupied with an AML probe up to 500 m. water
sampling with Niskin bottles was performed up to 200 m. According to the altimetry data
and the data of the survey, the section crossed two rings: with warm waters from the warm
Brazil and cold Malvinas currents. Their centers were at stations 7286 (Brazil Current ring)
and 7290 (Malvinas Current ring). Stations 7285, 7287, 7289, and 7291 were peripheral, and
station 7288 was in the mixing zone.

2.1. Satellite Altimetry Data

In this work, we used satellite altimetry data for selection of a section between the
centers of the cyclonic and anticyclonic eddies and locations of stations along the section.
We used the Data Unification and Altimeter Combination System (DUACS) near real time
altimeter gridded product of 0.25◦ [30] available from Copernicus Marine Environment
Monitoring Service (CMEMS, http://marine.copernicus.eu/ (accessed on 15 February
2022)). This product includes the data from all available altimeters and consists of the abso-
lute dynamic topography (ADT), sea level anomalies (SLA), surface-geostrophic velocities,
and surface-geostrophic velocity anomalies, which are sampled daily on a Mercator regular
grid. Thus, we can estimate the location of eddy centers with an accuracy of 0.25◦, which
corresponds to 28 km in the meridional direction and 21 km in the zonal direction at this
latitude (40◦ S).

2.2. Lagrangian Analysis

Lagrangian analysis has been applied to study the origin of waters in the study area,
in which geostrophic current velocities calculated from the AVISO satellite altimetry data
(0.25 × 0.25◦) were used to calculate particle trajectories. A large number of synthetic
particles (the area shown in Figure 2 has been seeded daily with tracers on a grid of
700 × 700 points) and their trajectories have been computed back in time for a fixed period
of time [31]. The back-in-time integration period in our study is two years. One obtains
an origin Lagrangian map (O-map) by marking the particles with different colors, which
arrived from the northern, western, southern, and eastern boundaries of the study area in
the past. The origin Lagrangian maps were computed daily on 11–13 January 2022.
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Figure 2. (a,b) shows the backward-in-time Lagrangian origin map on 12 January 2022. Blue color
denotes water particles from the northern edge of the map from the subtropical region, yellow color
denotes waters from the western edge of the map from the Drake Passage, red color denotes water
from the southern edge of the map (Antarctica), green color denotes water from the eastern border
of the map. Pink color denotes water particles that “touched” the shore or Antarctic ice edge and
spread from the shore or the edge.

2.3. SADCP, CTD, and Hydrochemistry Data

Direct velocity measurements were carried out from the R/V Akademik Mstislav Keldysh
(R/V AMK) equipped with an SADCP system Teledyne RD Instruments Ocean Surveyor
(TRDI OS) with a frequency of 76.8 kHz. During the survey the profiler was set in the
narrowband mode, which increases the profiling range up to 700 m depth. We set 60
vertical bins 16 m each with an 8 m blank distance immediately below the transducer.
The draught of the ship is 6 m, which gives 22 m depth for the center of the first bin (the
depth of the uppermost layer of velocity measurements). Time averaging of the raw data
was made over 120 s intervals. Since the ship speed varied between 8 and 10 knots, this
time average represents an along-track averaging of roughly 500 m. Measurement errors
in the amplitude of the horizontal velocities were small, approximately 1–2 cm/s [32].
The TPXO9 model [33] was used to subtract the barotropic tidal velocities at the moment
of measurements. Typical tidal velocities in the region are less than 2–3 cm/s which is
insignificant for the high-velocity jets at the periphery of the rings.

The CTD data were collected at seven stations performed from the sea surface to
500 m depth (Table 1). An AML Oceanographic BaseX CTD probe was used for these
measurements. Sampling rate was set to 4 Hz, the CTD vertical speed was 1 m/s, which
gives the initial vertical resolution equal to 0.25 m. Only downcast data were used as the
CTD profile data. The standard SeaCast software (Version 4.4.0) (software was supplied
with the purchased instrument from SBE-electronics Inc. Bellevue, USA) was used for the
data collection.
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Table 1. Location, time, and type of measurements at seven stations between centers of cyclonic and
anticyclonic rings in the Southwest Atlantic performed on 11–13 January 2022.

No. st. Date/Time (UTC) Coordinates CTD Depth, m Type of Measurements

7285 11 January 2022, 12:22 38◦08.3′ S, 43◦26.2′ W 500 CTD, Optics, Niskin bottles (0, 15, 70, 110,
200, 500 m)

7286 11 January 2022, 18:42 38◦41.7′ S, 43◦53.2′ W 500
CTD, Optics, Double square net (DSN),

Niskin bottles (0, 15, 40, 80, 130, 150, 200,
500 m)

7287 12 January 2022, 02:16 39◦13.3′ S, 44◦17.8′ W 500 CTD, Optics, Niskin bottles (0, 20, 60, 83,
130, 200, 500 m)

7288 12 January 2022, 08:40 39◦44.7′ S, 44◦42.3′ W 500 CTD, Optics, Niskin bottles (0, 30, 45, 73,
110, 200, 500 m)

7289 12 January 2022, 15:23 40◦16.4′ S, 45◦06.4′ W 500 CTD, Optics, Niskin bottles (0, 18, 40, 70,
110, 200, 500 m)

7290 12 January 2022, 21:55 40◦47.6′ S, 45◦31.1′ W 500 CTD, Optics, DSN, Niskin bottles (0, 15, 40,
60, 100, 200, 500 m)

7291 13 January 2022, 06:05 41◦22.8′ S, 45◦58.3′ W 500 CTD, Optics, Pleiston net, Niskin bottles (0,
18, 45, 70, 200, 500 m)

Water samples for chemical analysis and methane were taken from the Niskin bottles
to 200 m. The contents of the main forms of nutrients were determined: inorganic forms of
silicate, mineral phosphorus, nitrate, nitrite and ammonium nitrogen, as well as dissolved
oxygen, total alkalinity (Ta) and pH. Further processing of samples for the study of all these
parameters was carried out in the onboard laboratory immediately after sampling.

The “HeadSpace” equilibrium concentration method [34] was used to analyze the
methane content. The gas chromatograph Crystal Lux 4000 was used. Calculation of
dissolved methane concentration in seawater was performed using the method described
in [35] and modified in [36] using the calculated methane solubility constants.

2.4. Biooptical Measurements Using a Hydro-Optical Profiler

Biooptical measurements were carried out to the depths of 250 m using a complex of
profiling hydrooptical equipment, consisting of Turner C6P and Kondor meters (manu-
factured by Akvastandart-Yug, Sevastopol, Russia, http://ecodevice.com.ru/ecodevice-
catalogue/multiturbidimeter-kondor, accessed on 1 December 2021). Chlorophyll-a (Chl-a)
and colored dissolved organic matter (CDOM) fluorescence intensity measurements were
performed using a Turner C6P instrument. The Kondor probe determined the attenuation
index of directional light at 660 nm (BAC660) and photosynthetically active radiation (PAR).
BAC660 in the red band of the spectrum was determined from the absorbing and scattering
properties of the total suspended matter (TSM); it depends on the CDOM absorption [37].
The PAR measurements were made only during daylight hours.

The fluorescence intensities CDOM (FCDOM) were calibrated to the quinine sulfate
units (QSU) under laboratory conditions just before the expedition. Chl-a fluorescence
intensities were recalculated into mass concentrations of Chl-a (Cchl-a, µg/L) based on
the results of standard measurements by the extract method in water samples [38] taken
synchronously with hydrooptical profiling. Calibration of the BAC660 was carried out in
the laboratory before the expedition based on the results of measurements in suspension
solutions of formazin with a given concentration (FTU units).

2.5. Primary Production

Water samples were taken from five depths within the euphotic layer (0–80 m), where
the levels of illumination allow photosynthesis. To assess the primary productivity of
phytoplankton, the following parameters were determined: the rate of primary produc-
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tion, potential photosynthetic activity, and the concentration of the main phytopigment
chlorophyll “a”.

The rate of primary production was determined experimentally using the radiocarbon
method [39] by simulating light and temperature conditions using the original laboratory
phyto-incubator developed by the authors with adjustable LED illumination. Subsamples
were exposed for 3 h, then filtered through Vladipor membrane filters (0.45 µm). The
radioactivity of the stock solution and filters was determined using a Triathler liquid scintil-
lation counter (Hidex, Finland). The assimilation number (AN, specific primary production,
mg C/mg chl/h) was calculated by normalizing the value of primary production at indi-
vidual depths based on the corresponding concentration of chlorophyll “a”. Chlorophyll
“a” concentration in water was measured by the acetone extract fluorescence method [38].

Active fluorescence of chlorophyll “a” was measured using an ultrasensitive PAM
fluorometer WATER-PAM (Walz, Germany). To estimate the current state of phytoplankton
and its adjustment to light, the “fast light curves” method was used, according to which
the effective quantum yield of phytoplankton photosystem II (PPSII) is measured and
the relative electron transport rate in photosystem II (rETR) is calculated as a function of
illumination [40,41]. The rETR value reflects the rate of conversion of light energy captured
by chlorophyll “a” into chemically bound energy in phytoplankton cells, which provides
the processes of biosynthesis of organic matter by phytoplankton. Photosynthetic efficiency
reflecting the extent of use of the light energy in organic matter synthesis can be expressed
through the ratio between AN and rETR values.

2.6. Fish and Invertebrates

Materials on fish and invertebrates were collected using a pelagic double square
micronekton net (DSN) with an inlet area of 1 m2 and a 6 m long filter cone made of
gas with a mesh size of 0.5 mm [42], equipped with a water flow counter (Hydrobios,
Germany) and a pterygoid deepener weighing 24 kg (Hydrobios, Germany). Oblique
catches were carried out in the 600–0 m layer at a vessel speed of 2 knots. The hauling
depth was determined based on the pressure sensor of the Senti DT probe (StarOddi,
Iceland) readings. Samples were fixed in 2% formaldehyde solution, followed by transfer in
24 h to 96% ethanol. The species identification of ichthyoplankton was based on available
data in the literature [43–48].

2.7. Sea Birds and Mammals

On-board ship observations of marine mammals and birds were performed in the
study site. The observations were carried out continuously during the daylight hours at
winds (Beaufort scale < 5) and visibility more than 50 m by two observers simultaneously
from the port and starboard sides of the vessel from the direction-finding deck located at a
height of 17 m above the sea level. The birds were detectable approximately 300 m from
the ship.

3. Results

The data collected during the survey on 11–13 January 2022 in the Southwest Atlantic
revealed the existence of a strong front between the relatively warm and saline subtrop-
ical waters within the anticyclonic eddy and cold and fresh Subantarctic waters within
the cyclonic eddy. The physical, optical, chemical, and biological properties of these wa-
ters were studied along the transect between centers of the eddies. The results of these
multidisciplinary measurements are presented separately below for each subject.

3.1. Origin of Waters within the Eddy Dipole

Figure 2 shows the backward-in-time Lagrangian origin map on 12 January 2022,
which highlights the considered pair of interacting rings of opposite vorticity (Figure 1b).
Similar methods of Lagrangian analysis were used in [49,50]. It can be seen that waters of
various origins are involved in the rings, namely, subtropical (blue), Subantarctic (yellow),
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as well as waters from the South American shelf (pink). The anticyclonic ring (in the figure,
the centers of anticyclones are marked with green triangles) contains mainly waters of
subtropical origin, and the cyclonic eddy (the centers of cyclones are marked with red
triangles) contains Subantarctic waters.

3.2. SADCP and CTD Measurements and Chemistry

Thermohaline structure of the eddy dipole was studied based on CTD measurements
at seven stations along a section connecting centers of the cyclonic and anticyclonic eddies
(Figure 3; the locations of stations are shown in Figure 1 and Table 1). The second (station
number 7286) and sixth (station number 7290) stations were made exactly at the centers of
the eddies; the rest stations were made at a constant distance of 70 km (38 nm) from each
other. All CTD measurements were performed from the sea surface to 500 m depth.

Figure 3. Sections of potential temperature (a) and salinity (b) across the rings based on CTD
measurements. Isolines of potential density anomalies are shown by solid lines. Locations of stations
are shown by thick black lines.

Distributions of potential temperature and salinity (Figure 3) show significant differ-
ence in properties of subtropical and Subantarctic waters. Thus, the potential temperature
at 100 m depth changes from 17.6 ◦C (station 7286, subtropical waters, center of anticy-
clonic eddy) to 9.6 ◦C (station 7290, Subantarctic waters, center of cyclonic eddy) while
the salinity changes from 36.02 PSU to 34.67 PSU. Corresponding differences are observed
at all measured depths; for example, the changes at a depth of 500 m are from 11.1◦ to
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4.3 ◦C and from 34.97 PSU to 34.23 PSU. The depth of 12 ◦C potential temperature isotherm
changes from 468 m in subtropical waters to 37 m in Subantarctic waters. Note that the
thermohaline structure of the upper 30 m ocean layer is not affected by the influence of
subtropical and Subantarctic waters. This layer is warm and relatively fresh in comparison
with deep layers of the ocean. The stratification is defined by temperature distribution;
the pycnocline is observed at 25–35 m depending on a station. The thickness of the mixed
ocean layer is almost the same within the cyclonic and anticyclonic eddies.

The θ,S-diagrams were analyzed from the data of seven stations along the section
through the eddy dipole (Figure 4). Intense transformation of water masses takes place
in the eddies. Saline surface tropical waters (TW) accumulate in anticyclones. They are
differently grouped in the upper and lower parts of the water column. As a result, waters
of almost uniform salinity (S = 35.5–36.0 PSU) with a temperature of 15–20 ◦C appear.
Anticyclones contribute to the transfer of salt to the lower layers of water, as a result
of which salty and relatively cold waters form in their lower part. Such conditions are
favorable for the formation of salt fingers [11], which transport saline waters to the deep
part and the salinization of South Atlantic Central Water (SACW).

Figure 4. θ,S-diagram based on data from seven stations through an eddy dipole. The depth of
measurements is shown with colors. CE is cyclonic eddy; AE is anticyclonic eddy.

Fresher SACW waters in cyclones ascend to the surface. They become warmer and
mix with the tropical waters under the influence of the wind. As a result, relatively fresh
waters with salinity (S = 34.5–34.7 PSU) are formed; their temperature varies from 10 ◦C to
18 ◦C, which is similar to the data reported in [11] for the Cleopatra eddy. In the upper part
of the cyclones, due to the warming of fresh waters, waters of very low density appear and
stratification increases, strongly blocking the vertical exchange (Figure 4).

The CTD stations were accompanied by along-track SADCP measurements (Figure 5).
Measured velocities were projected to a direction of 120◦ (East-south-east), which corre-
sponds to the direction of maximum velocity at the periphery of the eddies. This periphery

81



Water 2022, 14, 2701

is organized in a form of two main high-velocity jets. They are located at a distance of
73 km from each other; maximum velocity of 84 cm/s in the first jet (40.2◦ S) is located at
the sea surface while the second jet (39.4◦ S) with maximum velocity of 71 cm/s is located
at a depth of 165 m. Velocities near the centers of the eddies are much lower and do not
exceed 20 cm/s.

Figure 5. Velocity section across the rings based on SADCP measurements. Locations of stations are
shown by thick black lines.

Three types of water can be clearly distinguished over the section: waters of two
rings with different hydrochemical parameters and pronounced centers and a zone of their
mixing. The warm ring of the Brazil Current is characterized by low concentrations of
oxygen and nutrients as well as an increased total alkalinity. The cold ring of the Malvinas
Current is characterized by high oxygen content and nutrients such as dissolved silicates,
phosphorus and nitrates (Figures 6–9).

Figure 6. Concentration of dissolved oxygen (O2, mL/L) (a) and degree of oxygen saturation (b) over
the section.

Figure 7. Distribution of pH (pH, NBS units) (a) and total alkalinity (Alk, µM) (b) over the section.
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Figure 8. Distribution of dissolved phosphorus (PO4, µM) (a) and silicates (Si, µM) (b) over the
section.

Figure 9. Distribution of nitrates (NO3, µM) (a), nitrites (NO2, µM) (b), and ammonium nitrogen
(NH4, µM) (c) over the section.

3.3. Methane Concentration in the Rings

We detected significantly different methane concentrations in the anticyclonic and
cyclonic rings, as well as between them. In the anticyclonic ring, the average concentrations
of methane are lower than in the cyclonic ring.

Medium (4.5–6 nM/L) and high (6–12.9 nM/L) methane concentrations were observed
in the layer 2–200 m, and low (2.8–4.5 nM/L) between 200 and 500 m (Figure 10). Lower
methane concentrations were observed in the central parts of the cyclonic (up to 3.8 nM/L at
station 7290) and anticyclonic (up to 2.8 nM/L at station 7286) rings at a depth of 200 m and
500 m, respectively. The maximum concentration of methane (12.9 nM/L) was observed at
the central station 7288 of the section between the rings at a depth of 110 m.
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Figure 10. Distribution of methane concentration over the section.

3.4. Biooptics

Studies over a section in the rings made it possible to reveal some features of the
vertical distribution of biooptical parameters (Figure 11). In the anticyclonic eddy, the
depth of the maximum concentration of chlorophyll-a (deep chlorophyll maximum, DCM)
was 70–80 m, which is deeper compared to the cyclonic eddy, where DCM varied in the
range of 45–60 m (Figure 11a). At stations located closer to the centers of the rings, the
deepest DCMs were found (station 7286, ~80 m) in the anticyclonic eddy, and the least
deep ones were in the cyclone (station 7290, ~45 m). This was caused by velocities directed
downward in the central part of the anticyclonic eddy and upward in the central part of the
cyclonic eddy. In both cases, the vertical velocities increase towards the center of the rings.

Figure 11. Section of chlorophyll “a” concentration (Cchl-a, µg/L) (a), fluorescence intensity of colored
dissolved organic matter (FCDOM, QSU) (b) and directional light attenuation index (BAC660, FTU)
(c); Dashed black lines on the sections mark the depth of the photic zone (Zeu).

One can see on the Cchl-a section (Figure 11a) that in the anticyclonic eddy the width
of the peak on the vertical profile of Cchl-a is greater than in the cyclonic eddy (50–70 m
and 30–50 m, respectively). This is due to large vertical density gradients in the seasonal
pycnocline in the central part of the cyclonic ring compared to the anticyclonic ring. High
values of vertical density gradients are a barrier to the vertical motion of phytoplankton
cells, nutrients, and other suspended and dissolved substances [51–53], which leads to an
increase in the concentration of substances in the seasonal pycnocline. This is the reason
for the appearance of pronounced layers of increased FCDOM and BAC660 values, and a
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decrease in the width of the Cchl-a peak in the pycnocline of the central part of the cyclonic
ring, which can be seen in the vertical sections of these parameters (Figure 11).

Despite the previously shown differences in the vertical distributions of Cchl-a, the
maximum values of Cchl-a in the anticyclonic and cyclonic rings were approximately the
same and reached 3 µg/L. However, the maximum values of other biooptical characteristics
(FCDOM and BAC660) were different.

The vertical distribution of FCDOM (Figure 11b) differs significantly in the two rings.
In the upper mixed layer (UML) of the anticyclonic ring, the mean FCDOM values are
lower than those in the underlying layers. At the same time, in the center of the anticyclonic
ring, there is a zone of water deepening up to 220 m with reduced FCDOM values (St. 7286,
7287). In the cyclonic ring, within the UML, the minimum values of FCDOM were also
observed, and the maximum values, similar to the Cchl-a distributions, were found in the
pycnocline. In the layer below the pycnocline up to the maximum sounding depth, FCDOM
almost does not change with depth (0.4–0.5 QSU). In the cyclonic ring, the average FCDOM
values are higher in each of the layers compared to the values in the anticyclonic ring.

The vertical distribution of BAC660 (Figure 11c) revealed common patterns with the
distribution of Cchl-a but some differences were found. In the anticyclonic ring, waters with
elevated BAC660 values, such as Cchl-a, deepen in the central part of the ring. However, in
the vertical distribution of BAC660 there is no pronounced deepened local maximum, as in
the case of Cchl-a. In the anticyclonic ring, the BAC660 values decreased monotonously
with depth from 0.55 FTU at the surface to 0.4 FTU at a depth of 250 m. In the cyclonic ring,
the vertical profile of BAC660 is similar to that of Cchl-a. Namely, BAC660 slightly changes
in the UML; it has a maximum in the seasonal pycnocline of about 0.7 FTU, decreases
below the pycnocline to 0.4 FTU at depths of 90–110 m and further to a minimum value of
0.3 FTU at a depth of 250 m. The absolute maximum the BAC660 value was observed in
the pycnocline of the central part of the cyclonic ring, similar to the FCDOM distribution.

Based on underwater PAR measurements, the depth of the photic zone (Zeu) was
determined as 1% of the PAR incident on the sea surface. The Zeu estimates in the section
ranged from 69 to 93 m and are marked as dotted black lines in Figure 11a,c. At night sta-
tions 7287 and 7291, Zeu data are not available. In the presented data, Zeu was determined
from the total effect on light attenuation of TSM (Figure 11c) and CDOM (Figure 11b).

These features of the vertical distribution of biooptical characteristics indicate that
anticyclonic eddies manifest themselves on the satellite images on the color of the ocean
as areas with low chlorophyll-a concentrations, and cyclonic eddies appear as areas with
increased chlorophyll-a concentrations [21,27]. This is due not only to the chlorophyll-a
concentration, but also to the DCM value, and the content of additional TSM or CDOM [54].

3.5. Primary Production

The primary productivity of phytoplankton (i.e., photosynthetic ability) is determined
by three main factors: the amount of the main photopigment chlorophyll “a”, the amount
of available light energy, and the amount of nutrients (the material basis of photosynthesis).
Analysis of the distribution of these factors over the section revealed certain differences.

The total content of chlorophyll “a” (extract method) in the euphotic layer showed a
uniform distribution over water masses (45.4–83.9 mg/m2) (Figure 12a) with a maximum
content at the northern periphery of the anticyclonic ring (station 7285). The integral
primary production in the cold cyclonic ring was more than twice as high as in the sub-
tropical one (on average 155.8 and 72.0 mgC/m2 per day, respectively) (Figures 12 and 13).
Distributions of the total content of chlorophyll “a” and the integral primary production in
Figure 12 show that the maximum of integral primary production and high chlorophyll “a”
content occur in the frontal zone between the rings, i.e., between stations 7288 and 7289.
The area of increased primary productivity correlates with the high nutrient content.
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Figure 12. Distribution of the total content of chlorophyll “a” (determined by the extract method)
(a) and the integral primary production (b) in the euphotic layer in the section.

Figure 13. Spatial distribution of primary production (a) and photosynthetic efficiency (b) of phy-
toplankton in the euphotic layer. Circles indicate the location of sampling points, and their size is
proportional to the values of the corresponding parameter.

The observed distribution of high values of primary production in this water mass
is caused by high density stratification in the center of the eddy in the upper zone of the
euphotic layer, which retains phytoplankton. In addition, the upward vertical velocity
in the central part of the cyclonic (Subantarctic) eddy apparently promotes upwelling of
nutrient-rich deep waters into the photosynthesis zone. In the interaction zone, where high
velocities were measured, mixing occurs in the euphotic layer, and phytoplankton cells
periodically appear in the zones of different illumination. Hence, active phytoplankton
occupies the entire thickness of the euphotic layer.

3.6. Invertebrates

The catches of invertebrates at both stations contained elements of both Subantarctic
Primnoa micropa (Amphipoda) and tropical Vibia spp., Phronima spp. (Amphipoda) fauna,
as well as widespread species Travisiopsis lanceolata (Polychaeta). However, elements of
tropical fauna prevailed at St. 7286; amphipods Platyscelidae gen. sp., pelagic polychaetes
Lopadorrhynchus appendiculatus, L. cf. nationalis, Rhynchonereella gracilis and Torrea candida
were encountered only at this station. St. 7290 was characterized by the predominance of the
Subantarctic Themisto gaudichaudi compressa (Amphipoda) and the widespread Nematoscelis
megalops (Euphausiidae) and Parandania boecki (Amphipoda). Polychaetes were represented
by the large Antarctic species Vanadis antarctica, taxa with unclear distribution Tomopteris
spp. and larvae of the families Amphinomodae, Polynoidae, Terebellidae.

It is hard to overestimate the significant ecological role of cold- and warm-core rings in
large scale transport and small-scale transition, and finally biogeographical distribution of
certain aquatic organisms supporting regional biodiversity and ecosystem functioning. One
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of the specific zooplankton species from the order Euphausiacea—Nematoscelis megalops is
considered as a “sign” organism of transition regions between the tropical-subtropical and
the subpolar waters in the Atlantic, Pacific, and Indian Oceans [55,56]. There are fragmental
observations on N. megalops in the Malvinas and the Brazil Currents [57]. Thus, there is
lack of information to discuss the comprehensive zoogeography in the SW Atlantic region.
In our study, it was found that N. megalops was highly abundant in Subantarctic waters of
cold-core water ring of the Malvinas Current. In contrast, this species was negligible in
subtropical waters of warm-core water ring of the Brazil Current. Our record of N. megalops
testifies to the selection of preferable water column and water properties by this species to
maintain trophic and reproduction demands. It is known that N. megalops is able to occupy
a depth from 800 m up to the surface layers but generally occurs at the depths from 300 to
600 m at favored temperatures ranging 8–10 ◦C [58,59]. Indeed, N. megalops was collected
by us in a steam of cold-core water ring at depths from 640 m to the surface, within the
preferable temperature range.

We noted that the occurrence and abundance of N. megalops were associated with
the presence of top predators such as baleen whales (Mysticeti) and, in particular, the sei
whale Balaenoptera borealis. According to our observations, eight sei whales were found
in the cold-core water ring of the Malvinas Current. It is known that sei whales feed on
zooplankton. Euphausiids are one of the major food items [60,61].

Moreover, our further studies will be focused on ecological and biochemical character-
istics based on lipid and energetic status investigations of N. megalops in the studied area to
determine general and specific patterns of euphausiids associated with environmental vari-
ables.

3.7. Ichthyoplankton

Species composition of ichthyoplankton samples at both stations considerably differed
(Table 2). At St. 7286, warm water species distributed mostly in tropical and subtropical
waters were caught, while the catch at St. 7290 was represented mainly by species occurring
as a rule in cold waters of the notal zone, Subantarctic, and Antarctic. At the same time,
Cyclothone spp. were found in both rings but more frequently within the warm waters of
the Brazil Current.

Table 2. Species composition of ichthyoplankton at different stations.

Fish Taxa Range Type (Source)
Number of

Specimens(Fry/Larvae)

St. 7286 St. 7290

Phosichthyidae

Phosichthys argenteus Subtropical-Notal [62] 19/1 0

Sternoptychidae

Argyropelecus hemigymnus Temperate-subtropical [63] 3/17 0

Sternoptyx diaphana Tropical-subtropical [64] 0/1 0

Stomiidae

Chauliodus schmidti Tropical [65] 3/0 0

Gonostomatidae

Cyclothone braueri Temperate-subtropical [63] 52/10 6/0

C. pseudopallida Temperate-subtropical [63] 3/0 4/0

Cyclothone spp. Not applicable 18/0 0
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Table 2. Cont.

Fish Taxa Range Type (Source)
Number of

Specimens(Fry/Larvae)

St. 7286 St. 7290

Myctophidae

Diogenichthys atlanticus Temperate-subtropical [63] 0/11 0

Krefftichthys anderssoni Notal-Antarctic [43] 0 0/4

Protomyctophum normani Notal [43] 0 0/14

P. bolini Notal-Antarctic [43] 0 04

Hygophum bruni Subantarctic [43] 0 0/2

H. hanseni Notal [43] 0 0/2

Diaphus anderseni Tropical-subtropical [43] 0 0/2

Diaphus sp. Not applicable 0 0/1

Lampanyctus sp. Not applicable 2/0 0

Fish larvae (inident.) Not applicable 18 0

3.8. Sea Mammals and Birds

Two species of sea mammals and eight of the most numerous species of birds were
recorded in the rings (Table 3).

Table 3. Species composition (number of individuals observed) of sea mammals and birds in the rings.

Species Subtropical
Water

Subantarctic
Water Frontal Zone

Sea Mammals

Sei whale Balaenoptera borealis 0 8 0

Southern bottlenose whale
Hyperoodon planifrons 3 0 0

Sea Birds

Spectacled petrel Procellaria conspicillata 81 29 25

Soft-plumaged petrel Pterodroma mollis 78 17 13

Atlantic petrel Pterodroma incerta 16 7 5

Cory’s shearwater Calonectris diomedea 5 9 7

White-chinned petrel
Procellaria aequinoctialis 2 54 23

Great shearwater Ardenna gravis 1 24 12

Atlantic yellow-nosed albatross.
Thalassarche chlororhynchos 7 5 5

Wandering albatross. Diomedea exulans 2 10 7

Albatross sp. Diomedeidae sp. 2 8 4

Marine mammals occurred in both rings. In the ring of subtropical water, three south-
ern bottlenose whales (Hyperoodon planifrons) were recorded. At the same time, toothed
whales were not found in Subantarctic waters, while eight sei whales were (Balaenoptera
borealis) sighted in the ring. It is known that these two species have completely different
trophic ecologies. The southern bottlenose whale has a circumpolar distribution in the
southern hemisphere (south of 30◦ S). This species is most common in the region of 57–70◦ S
probably migrating to Antarctica in summer. The southern bottlenose is characterized
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by feeding at great depths exceeding 1000 m, mainly on squid, but also on fish, such as
Patagonian toothfish Dissostichus eleginoides. The sei whale is distributed from the tropical
to the circumpolar zone in both hemispheres, mainly found in the open ocean far from the
coast. The main food of the sei whale is zooplankton and small fish [60].

The majority of birds encountered in the areas of the two rings were represented by
two families: albatrosses (Diomedeidae), and petrels (Procellariidae). It was found that the
petrel family was the most numerous and diverse in terms of species composition (Table 3).
However, a change in the occurrence of some species was noted during the transition
from the anticyclonic ring to the cyclonic ring (Figure 14). For example, the number
of spectacled petrel (Procellaria conspicillata), a mass bird species in the subtropical area,
was 81 individuals, while their number decreased by almost three times in Subantarctic
water (29 individuals). A decrease in the number of occurrences during the transition
from subtropical to Subantarctic waters was also characteristic of the soft-fin typhoon
(Pterodroma mollis) and Atlantic petrel (P. incerta): from 78 individuals to 17 individuals,
and from 16 individuals to 7 individuals, respectively.

Figure 14. The Procellariidae family in the region of rings. Note: Pr.c is the spectacled petrel Procellaria
conspicillata, Pt.m is the soft-plumaged petrel Pterodroma mollis, Pt.i is the Atlantic petrel Pterodroma
incerta, Ca.d is Cory’s shearwater Calonectris diomedea, Pr.a is the white-chinned petrel Procellaria
aequinoctialis, Ar.g is the great shearwater Ardenna gravis.

On the contrary, some species of this family, when moving from one ring to another,
began to occur much more frequently. For example, the white-chinned petrel (Procellaria
aequinoctialis) was the most abundant bird species in the ring of Subantarctic water, 54 indi-
viduals, while this species was recorded only two times in the ring of subtropical water.
An increase in occurrence in the ring of Subantarctic waters was noted for the gray petrel
(Ardenna gravis) and Cory’s shearwater (Calonectris Diomedea): from 1 to 24 individuals and
from 5 to 9 individuals, respectively.

A change in the occurrence of some species of the albatross family during the transition
from subtropical to Subantarctic waters was observed. This family was more numerous in
the area of the Subantarctic ring. The wandering albatross (Diomedea exulans) was found
five times more often in the Subantarctic ring than in subtropical waters.

Marine life at oceanic fronts is an interesting oceanographic object. Frontal zones
are known as regions with favorable conditions for feeding of different species including
pelagic fish, mammals and birds. A review of marine life at oceanic fronts is given in [66].

A frontal zone was found in the interval between stations 7287–7291. Marine mammals
were not observed here. Most of the birds encountered in Subantarctic waters were found
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in this narrow frontal region (Table 3). Starting from the frontal zone, the number of some
species of birds began to increase compared to in the subtropical water. The number of
birds found in the frontal zone increased towards the cold ring. This increase was recorded
for some petrels and the great shearwater (Ardenna gravis) (Table 3).

Based on the results of observations, we conclude that marine mammals and some
species of birds were more common in the cyclonic ring; however, other species of birds
were more common in the anticyclonic one. Some species of birds were common in the
frontal zone and their numbers increased towards the cold ring. At the same time, the
species composition and abundance of both marine mammals and birds in these two areas
differed, indicating that these animals are confined to the conditions of their habitat.

4. Summary

We analyzed the properties of sea water in two intense rings of the South Atlantic
in the region of the Brazil–Malvinas Confluence. One ring separated from the Brazil
Current and the other from the Malvinas Current. Analysis is based on the CTD casts,
ADCP measurements from onboard velocity profiler. The properties of subtropical and
Subantarctic seawater were strongly different and a strong current was recorded at the
interface between rings. Backward-in-time Lagrangian analysis revealed that waters of
various origin from various surrounding regions were entrained in the rings. Analysis of
different properties was supplemented by investigation of optical properties and chemical
parameters such as dissolved oxygen, nitrates, silicates, pH and methane concentration.
We also studied different biological properties in the rings such as primary production,
plankton, fish, and invertebrates. The catches revealed different concentrations and species
of plankton and other invertebrates. Analysis of the strong differences between the rings is
supplemented by observations of whales and birds in the region.
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Recent Changes in Composition and Distribution Patterns of
Summer Mesozooplankton off the Western Antarctic Peninsula
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Abstract: The Southern Ocean has undergone significant climate-related changes in recent decades.
As a result, pelagic communities inhabiting these waters, particularly mesozooplankton, have adapted
to new conditions. The present study considers the patterns of horizontal and vertical (up to 1000 m)
distribution, the composition, abundance, and biomass of mesozooplankton, and the relationships
of these parameters to the extreme environmental conditions off the western Antarctic Peninsula
throughout the record-warm austral summer season of 2022. Sampling was conducted using the
opening/closing Multinet system (0.25 m2 aperture) equipped with five 150-µm mesh nets and a
WP-2 net. The mesozooplankton was represented by the three most abundant groups: eggs and
larvae of euphausiids such as Euphausia superba, small copepods such as Oithona similis, and large
calanoid copepods such as Calanoides acutus, Calanus propinquus, Metridia gerlachei, and Rhincalanus
gigas. The composition and quantitative distribution of the mesozooplankton significantly varied:
the copepods were abundant in the west, off the Antarctic Peninsula, while eggs and larvae of
euphausiids were abundant in the east, off the South Orkney Islands. Most mesozooplankton
occurred in the upper 200 m layer, and each taxon showed characteristic depth preference: small
copepods, euphausiids larvae, and cirripeds cypris larvae were abundant in the epipelagic layer,
while large calanoid copepods, euphausiids eggs, amphipods, pelagic polychaetes, and ostracods
were found mostly in the mesopelagic layer. The composition and quantitative distribution of
mesozooplankton had clear relationships with environmental factors, particularly with a combination
of variables such as water salinity, temperature, and chlorophyll a concentration.

Keywords: mesozooplankton; copepods; euphausiid larvae; distribution; abundance; biomass;
Bransfield Strait; Antarctic Sound; Weddell Sea; South Orkney Islands; Southern Ocean

1. Introduction

The condition of Antarctic marine ecosystems has recently attracted major attention
from scientists, the public, nature conservation activists, and authorities alarmed by the
dramatic ecosystem shifts that took place in the region under the effect of global climate
change associated with warming and increasing anthropogenic pressure [1–4]. In the
West Antarctic sector of the Southern Ocean, climate change has caused the following
consequences over the past few decades: an increase in sea surface temperature (SST) of
up to 0.2 ◦C per decade, with projections indicating further extensive increase at a rate of
0.27–1.08 ◦C per decade that may occur by the late 21st century [5–7], a reduction in sea-ice
cover near the Antarctic Peninsula [8,9], and significant interannual variations in chloro-
phyll a (Chl a) concentrations [10]. Some significant changes in the plankton communities
were reported previously, including replacement of dominant phytoplankton species by
others [11–13], variations in the dominance and abundance of taxonomic groups of zoo-
plankton, in particular copepods [14–20], variations in the abundance, biomass, and spatial
distribution of the pelagic tunicate Salpa thompsoni [21,22], krill Euphausia superba [23–26],
and krill larvae [18,27–29]. Such changes might be either part of a natural ecosystem
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mechanism [30,31] or a negative trend that caused communities to adapt to new habitat
conditions [15,32,33].

Recent studies in the Southern Ocean have focused on the most important zooplankton
taxa such as krill, salps, and copepods that constitute the largest portion of the total
abundance and biomass [15,17,21,34]. These taxa form the major food supply in the food
web between primary producers and predators and are used as a commercially valuable
source of marine-derived animal protein [14,35–37]. To date, the distribution patterns,
life cycles, and interannual variability of the most common zooplanktonic species in the
Antarctic marine ecosystems have been sufficiently well studied [33,38]. Nevertheless,
Antarctica requires continuous scientific research in order to identify emerging trends
and provide predictions. Annual surveys of zooplanktonic communities will help timely
identify the responses of Antarctic marine ecosystems to the ongoing climate changes.

Previously, data on the mesozooplankton together with the other plankton cate-
gories (phytoplankton, macroplankton, and ichthyoplankton) were obtained as prelimi-
nary results, e.g., [20,29]; in the present study, we provide more details and carried out
additional analyses.

We hypothesize that the mesozooplankton communities in the Southern Ocean have
changed habitat conditions in these ecosystems. The main objectives of this study were
as follows: update existing information on the summer mesozooplankton composition,
abundance, biomass, and distribution patterns during the record-warm SSTs [9]; study
the vertical distribution patterns of the dominant taxa to a 1000 m depth; and identify the
environmental factors having no/having effects on the composition and distribution of
mesozooplankton in the study region.

2. Materials and Methods

Plankton samples were collected in the research expedition on board the R/V Akademik
Mstislav Keldysh during a period from 19 January to 10 February (austral summer), 2022.
The study region included the Bransfield Strait, the Antarctic Sound, the Powell Basin of
the Weddell Sea, and off the South Orkney Islands (Figure 1). Sampling was performed
using an opening/closing Multinet system (150-µm mesh, 0.25 m2 aperture) equipped
with five nets [39]. Vertical tows of the nets from 1000 (800) m to 500, 500–200, 200–100,
100–50, and 50–0 m were made at night. In addition, at near-shore stations (depths < 200 m)
sampling was carried out with a WP-2 net (150 µm mesh, 0.25 m2 aperture) [40]. A total of
117 plankton samples were collected and processed. The samples delivered to the labora-
tory were viewed in a Bogorov’s chamber under a SZX7 binocular microscope (Olympus,
Tokyo, Japan), and then fixed in a 4% formaldehyde solution. The mesozooplankton taxa
were identified using the relevant identification keys [41,42]. Copepods and euphausi-
ids larvae (such as the krill E. superba) at different development stages, as the dominant
groups of mesozooplankton, were subjected to more detailed taxonomic analysis using
the Marine Planktonic Copepods database [43] and special identification keys [44,45],
respectively. Copepods were identified into species; morphologically indistinguishable
small copepodites from some genera were grouped together (such as Oithona spp. and
Oncaea spp.). The taxonomic groups (Appendicularia, Ctenophora, Echinodermata, Hy-
dromedusae, Polychaeta, Pteropoda, Siphonophorae, eggs, and larvae of fish) that were
represented at sampling stations by less than 5% of the total mesozooplankton abundance
were categorized as “Other”. Abundance (expressed in terms of ind. m−3) and biomass
(expressed in terms of mg wet weight (WW) m−3) of mesozooplankton were calculated by
the standard hydrobiological methods according to [46,47]. The environmental parameters
such as water temperature (T, ◦C), salinity (S, psu), dissolved oxygen (O2, mg/L), and
chlorophyll a (Chl a, µg/L) concentrations at the stations were measured using a CTD
multiparameter probe (Idronaut, Italy) with a calibrated fluorometer (Seapoint Sensors
Inc., Exeter, NH, USA) [20]. The data of water temperature, salinity, oxygen, and Chl a
concentrations between the 500 and 1000 m layers were not significantly different and,
therefore, we here provide values of the environmental variables for the 500 m layer.
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Figure 1. Map of the sampling stations and the main ocean currents designated according
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Statistical Analysis

We hypothesized that the environmental variables such as water temperature, salinity,
oxygen, and chlorophyll a concentrations at the surface (upper 50 m depth) and in the
50–200 and 200–500 m layers may be key factors that determine distribution patterns of
mesozooplankton communities in the study region. To assess the similarity between the
mesozooplankton communities in the study region, cluster analysis and non-metric mul-
tidimensional scaling (nMDS) were used [51]. The Bray–Curtis similarity was calculated
as a log10 (x + 1) transformation of the species/taxa abundance [52]. Cluster analysis
was applied through average group sorting. To assess the reliability of clustering, the
SIMPROF (Similarity Profile Routine) permutation test (number of repeats 999, p = 0.05)
was performed [51]. The SIMPER (Similarity Percentage) procedure was used to assess the
average percent contribution of each mesozooplankton species to the overall dissimilarities,
the contribution of each species to the average intra-group similarity (SIM) with the stan-
dard deviation (SD), and the contribution of each species to the average between-group
dissimilarity (DISS/SD) [53].

The relationships between the species/taxa abundances and the environmental vari-
ables at different layers of the water column were assessed using Spearman’s rank order
correlation [53]. The BEST analysis (BIO-ENV algorithm) was used to test relationships be-
tween the environmental variables and the biological data (abundance) which best explain
the observed patterns of mesozooplankton distribution. Environmental variables were log-
transformed, normalized (divided by SD), and calculated for Euclidean distances [53]. To
determine the significance of relationships between the similarity matrices (biological data
and environmental variables), the RELATE test was used [53]. Additionally, the Canonical
Correspondence analysis (CCA) was carried out to reveal the environmental variables that
determine the distribution of mesozooplankton communities [53]. Multivariate analyses
were performed in the PRIMER ver. 6 [54] and PAST ver. 4 [55] software. The map of the
sampling stations was composed using Ocean Data View ver. 5 [56].

3. Results
3.1. Dynamics of Environmental Conditions

The detailed dynamics of some environmental variables and the pattern of main
currents in the study region were described earlier elsewhere [20,26,29,57–60]. During the
summer of 2022, the average values of the environmental variables at the sampling stations
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were as follows: water temperature, −0.02 ± 0.70 ◦C; water salinity, 34.56 ± 0.15 psu;
oxygen concentration, 8.84± 1.46 mg/L; and chlorophyll a concentration, 0.30 ± 0.62 µg/L.
The highest values of temperature were recorded from off the South Orkney Islands and
from the Bransfield Strait off the South Shetland Islands; the lowest values, from the
Antarctic Sound and off the Antarctic Peninsula, where one extreme temperature minimum
(Stn. 7336) was recorded (Figure 2a). The highest salinity values were recorded from
the Bransfield Strait off the South Shetland Islands and the Powell Basin; the extreme
lowest values, were off the Antarctic Peninsula (Figure 2b). The average values of the
water temperature and salinity variables increased from off the Antarctic Peninsula to off
the South Orkney Islands, except for the decreasing sea surface salinity and temperature
in the 200 m layer (Table 1). The highest values of oxygen concentrations (>10 mg/L)
were recorded at most stations; they decreased by half at the greatest depth (Figure 2c).
The highest chlorophyll a concentrations were observed in the Antarctic Sound, Powell
Basin, and off the South Orkney Islands, with extreme values at Stn. 7336 off the Antarctic
Peninsula (Figure 2d). The average values of oxygen and chlorophyll a concentrations
decreased from off the Antarctic Peninsula to off the South Orkney Islands, except for the
increasing surface Chl a concentration (Table 1).
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Figure 2. Values of water temperature (a), salinity (b), oxygen concentration (c), and chlorophyll a
concentration (d) in the 50-, 100-, 200-, 500-, and 1000 m layers during the austral summer of 2022.

Table 1. The environmental variables (mean ± SD) in the Bransfield Strait (BS), Antarctic Sound (AS),
Weddell Sea (WS), and off the South Orkney Islands (SOI) during the austral summer of 2022.

Variables
Study Region

BS AS WS SOI

50 m S 34.46 ± 0.14 34.49 ± 0.07 34.27 ± 0.15 34.32 ± 0.08
200 m S 34.56 ± 0.07 34.53 ± 0.04 34.60 ± 0.07 34.59 ± 0.04
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Table 1. Cont.

Variables
Study Region

BS AS WS SOI

500 m S 34.62 ± 0.08 34.54 ± 0.03 34.70 ± 0.09 34.74 ± 0.01
50 m T 0.53 ± 0.61 −0.25 ± 0.14 0.47 ± 0.63 1.35 ± 0.41
200 m T −0.11 ± 0.55 −0.41 ± 0.07 −0.77 ± 0.72 −0.37 ± 0.33
500 m T −0.28 ± 0.68 −0.63 ± 0.37 −0.10 ± 0.91 0.27 ± 0.19
50 m O2 10.49 ± 0.25 10.76 ± 0.01 10.50 ± 0.19 10.46 ± 0.16
200 m O2 8.75 ± 0.95 10.41 ± 0.12 8.17 ± 1.08 8.15 ± 0.75
500 m O2 8.12 ± 0.90 9.74 ± 0.59 7.09 ± 0.9 6.63 ± 0.29
50 m Chl a 0.65 ± 0.26 1.17 ± 0.09 1.38 ± 1.82 1.15 ± 1.1
200 m Chl a 0.12 ± 0.14 0.44 ± 0.14 0.07 ± 0.03 0.06 ± 0.01
500 m Chl a 0.07 ± 0.08 0.11 ± 0.01 0.06 ± 0.03 0.04 ± 0.01

Notes: Abbreviations of environmental variables are as follows: salinity (S), temperature (T), chlorophyll a
concentration (Chl a), and oxygen (O2) concentration in the surface (to 50 m), 200-, and 500 m layers.

3.2. Composition and Distribution Patterns of Mesozooplankton Abundance and Biomass

The total mesozooplankton abundance varied between 47.3 and 2797.8 ind. m−3

with a mean value of 970.3 ± 376.8 ind. m−3. The maximum abundances were recorded
from off the South Orkney Islands (Figure 3a). At the stations of this area, euphausiids
larvae numerically dominated (Figure 3b). At the rest of the stations, mesozooplankton
abundances ranged from 300 to 1200 ind. m−3 with a trend to increase from west to east.
Euphausiids larvae, being the most abundant group of mesozooplankton, constituted
39.9% of total abundance. It was noted that the greatest euphausiids larvae abundances
mostly matched the stations characterized by high phytoplankton concentrations; as, e.g., at
station (Stn.) 7332 eggs and nauplii of euphausiids accounted for >80% of total abundance.
Phytoplankton cells were not counted, and phytoplankton concentration was estimated
visually in the samples. The second abundant group of mesozooplankton, comprised of
small-sized copepods, such as Oithona spp., Oncaea spp., and copepod nauplii (hereafter
referred to as small copepods), constituted 27.2% of total abundance. Contributions of
small copepods at the stations sampled in the Bransfield Strait were higher compared
to other study areas (Figure 3b). The third abundant group of mesozooplankton was
comprised of large-sized calanoid copepods, e.g., Calanoides acutus, Calanus propinquus,
Metridia gerlachei, and Rhincalanus gigas (hereafter referred to as large copepods), that made
up 24.7% of total abundance. At the stations, their distribution did not have any clear
pattern. Other mesozooplankton taxa rarely accounted for more than 5% of total abundance
(Supplementary Material).

The total mesozooplankton biomass varied between 20.1 and 12,287.8 mg WW m−3

with a mean of 1757.5 ± 869.1 mg WW m−3. The highest biomasses were recorded from
two groups of stations off the South Orkney Islands (1st group, Stns. 7377 and 7382; 2nd
group, Stns. 7370 and 7373) (Figure 4a). In the 1st group, euphausiids larvae accounted for
>90% of total mesozooplankton biomass; the stations of the 2nd group were characterized
by generally high concentrations of large calanoid copepods and euphausiids larvae. At
the other stations, the mesozooplankton biomass ranged from 100 to 1100 mg WW m−3

with no clear distribution pattern. Generally, at stations with concentrations less than
500 mg WW m−3, large calanoid copepods accounted for more than 50% of total biomass
(Figure 4b). At some stations, other taxa of mesozooplankton contributed significantly to
total biomass: e.g., small copepods constituted up to 48% (Stn. 7318); pelagic tunicates,
mainly Salpa thompsoni, up to 12% (Stn. 7359); chaetognaths, up to 6% (Stn. 7314);
amphipods, mainly Themisto gaudichaudii, up to 5% (Stn. 7299). We observed a tendency
of total mesozooplankton biomass to increase, similarly to abundance, from the Antarctic
Peninsula towards the South Orkney Islands.
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Figure 3. The total abundance (a) and contribution of the major taxa (b) of mesozooplankton in the
Bransfield Strait (BS), Antarctic Sound (AS), Weddell Sea (WS), and off the South Orkney Islands
(SOI) during the austral summer 2022.
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3.3. Dynamics of Copepod Community

Copepods were the most abundant taxa and prominent components of the mesozoo-
plankton communities in the study region (Figure 3). Usually, the copepod abundance
ranged between 200 and 700 ind. m−3 in the Powell Basin (Weddell Sea), Antarctic Sound,
and off the Antarctic Peninsula. The highest copepod abundance was recorded at the
stations in the Bransfield Strait and off the South Orkney Islands (Figure 5a). At most
stations, small copepods, e.g., Oithona spp. dominated and showed substantial values
in the Bransfield Strait and Powell Basin, while large calanoid copepods, e.g., C. acutus,
C. propinquus, M. gerlachei, and R. gigas numerically dominated off the South Orkney Is-
lands. We also noted that the lowest copepod abundances mostly matched the stations
with high concentrations of pelagic tunicates, S. thompsoni (up to 13 ind. m−3).

The highest copepod biomasses were recorded from the Bransfield Strait, Powell Basin,
and off the South Orkney Islands. The larger calanoid copepods significantly contributed
to the total biomass of copepods in the study region. Metridia gerlachei dominated most
stations; with several exceptions, the samples from the Powell Basin and off the South
Orkney Islands were dominated by C. acutus, C. propinquus, and R. gigas (Figure 5b).
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Figure 5. Total copepod abundance (a) and biomass (b) during the austral summer of 2022. For an
explanation of acronyms, see Figure 3.

3.4. Vertical Distribution Patterns of Mesozooplankton Abundance

The average mesozooplankton abundance in the waters off the western Antarctic
Peninsula reduced with increasing depth (Figure 6a). A major part of mesozooplankton
occurred in the upper 200 m layer. Each mesozooplankton taxon showed characteristic
depth preference: small copepods had high average abundance values in the depth layer
100–200 m, while large calanoid copepods were abundant in the layers deeper than 200 m
(Figure 6b). Usually, euphausiid eggs were concentrated in the layers deeper than 500 m,
with some exceptions off the South Orkney Islands (Stn. 7370) where eggs occurred in
the surface layer. Euphausiids larvae were abundant in the upper 200 m layer, with a
maximum of 100–200 m. The copepods C. acutus and C. propinquus were abundant in the
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200–500 m layer, with several exceptions off the South Orkney Islands where these copepods
dominated the warm surface layer. Metridia gerlachei was abundant in the 100–500 m layer;
R. gigas, deeper than the 200 m layer; and Calanus simillimus, Candacia spp., Paraeuchaeta
antarctica, and Euchirella rostomagna, in the 500–1000 m layer. Amphipods, ostracods, and
pelagic polychaetes concentrated deeper than the 200 m layer; cirripeds cypris larvae were
abundant within the 100–200 m layer.
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Figure 6. Vertical distribution (up to 1000 m) of the average abundance of mesozooplankton (a) and
contribution of the major species/taxa (abundance, ind. m−3 and proportions, %) (b) off the western
Antarctic Peninsula during the austral summer of 2022.

The pattern of vertical distribution of mesozooplankton major species/taxa for the four
study areas (BS−AS−WS−SOI) is shown in Figure 7. The maximum values of the average
abundance of mesozooplankton were recorded from the warm 0–100 m layer in the waters
off the South Orkney Islands (Figure 7f,g) influenced by the warm and saline-modified
Antarctic Surface Water (AASW). Relatively high concentrations of mesozooplankton
were recorded from the deep-sea (200–500 and 500–1000 m) layers in the cold and saline
Transitional Zonal Water with Weddell Sea influence (TWW) of the Antarctic Coastal
Current (ACoC) and modified circumpolar deep water (mCDW) (Figure 7a), freezing and
freshening Shelf Water (SW) and TWW (Figure 7c,d), warm and saline Warm Deep Water
(WDW) (Figure 7e), except waters off the South Shetland Islands in the Bransfield Strait
influenced by the Transitional Bellingshausen Water (TBW) of the warm Bransfield Current
(BC) and mCDW (Figure 7b).

3.5. Effects of Environmental Variables on Distribution of Summer Mesozooplankton

The BEST analysis between the environmental variables and the biological data (abun-
dance) showed that significant variations in quantitative distribution could be explained
by three environmental variables such as salinity, temperature, and Chl a concentration
(correlation coefficient from 0.353 to 0.400). In contrast, the other variables did not increase
the correlation coefficient (Table 2). These relationships were statistically significant for
each of the four models (RELATE; p < 0.01). The best combination of variables explaining
the variations in mesozooplankton abundance was the salinity and Chl a concentration
at 500 m (correlation coefficient, 0.400). As our study showed, the abundances of meso-
zooplankton in particular copepods negatively correlated with the Chl a concentration at
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500 m, while the mesozooplankton biomass positively correlated with the salinity at 500 m
(p < 0.05) (Table 3). The abundance of euphausiids larvae showed positive relationships
with the salinity at 500 m and negative ones with the sea surface salinity and also with the
temperature at 200 m. The surface Chl a concentration and the salinity at 500 m positively
correlated with the biomass of euphausiids larvae. The correlations between copepod
biomass and all variables considered in the analysis were non-significant.

Table 2. Combination of environmental variables leading to the best results (BEST analysis).

Number of Variables Correlation Coefficient Selections

2 0.400 500 m S, 500 m Chl a
3 0.385 500 m S, 50 m Chl a, 500 m Chl a
3 0.361 500 m S, 200 m T, 500 m Chl a
3 0.353 500 m S, 50 m S, 500 m Chl a

Table 3. Spearman’s rank order correlations between the quantitative value of mesozooplankton and
the environmental variables. Significant correlations (p < 0.05) are highlighted in bold.

50 m
T 50 m S 50 m

O2

50 m
Chl a

200 m
T

200 m
S

200 m
O2

200 m
Chl a

500 m
T

500 m
S

500 m
O2

500 m
Chl a

Abn Meso 0.38 −0.16 −0.20 0.05 −0.06 0.35 −0.13 −0.23 0.11 0.40 −0.24 −0.46
Bm Meso 0.37 −0.28 −0.24 0.12 0.01 0.31 −0.27 −0.34 0.21 0.50 −0.31 −0.41
Abn Cop 0.29 0.08 −0.21 −0.19 0.00 0.26 −0.13 −0.23 −0.10 0.21 −0.12 −0.43
Bm Cop 0.14 −0.07 −0.32 −0.10 −0.02 0.18 −0.21 −0.25 0.11 0.38 −0.29 −0.29
Abn Euph 0.08 −0.36 −0.03 0.12 −0.39 0.34 −0.09 −0.02 0.21 0.44 −0.28 −0.14
Bm Euph 0.17 −0.26 0.02 0.40 −0.26 0.36 −0.17 −0.07 0.27 0.49 −0.33 −0.15

Notes: Abn, abundance (ind. m−3); Bm, biomass (mg WW m−3); Meso, mesozooplankton; Cop, copepods; and
Euph, euphausiids. For explanations for abbreviations of environmental variables, see Table 1.

3.6. Mesozooplankton Community Structure

Using the cluster and nMDS (stress value of 0.14) analyses, two significant groups of
stations were distinguished that geographically matched the inner sector off the Antarctic
Peninsula (ISAP) and the outer sector off the Antarctic Peninsula (OSAP) (Figure 8). The
ISAP was located in the Bransfield Strait, in the northern Antarctic Sound, and the Powell
Basin of the Weddell Sea, while the OSAP was located in the deep-sea area of the southern
Antarctic Sound, in the Powell Basin, and off the South Orkney Islands. A non-recognized
group (Stns. 7294, 7318, and 7336) stood out against the other stations. The ISAP and OSAP
groups off the western Antarctic Peninsula overlapped somewhat but were well separated
from the non-recognized group of stations.

By comparing the locations of the distinguished groups of stations with the key
currents in the study region (Figure 1), we have found that the OSAP was influenced by
the modified warm waters from the Powell Basin: Antarctic Slope Front (ASF) and the
Weddell Front (WF) with the warm and saline modified AASW. On the contrary, the ISAP
was influenced by the cold and freshening AASW and by the TBW of the warm Bransfield
Current and the cool and saline TWW of the cold Antarctic Coastal Current. Stations of the
non-recognized group were influenced by the freezing and freshening water.

Typical species (SIM/SD ratio of >3) of the ISAP community were Oithona spp.,
M. gerlachei, and C. acutus that together accounted for 53.1% of the average intra-group
similarity (SIMPER; average similarity, 64.81%). The OSAP community was characterized
by euphausiids larvae, Oithona spp., M. gerlachei, C. acutus, and ostracods, which together
accounted for 67.66% of the average intra-group similarity (SIMPER; average similarity,
68.78%). The dissimilarity between the tested sectors (OSAP vs. ISAP) was driven by
15 species that represented such taxa as euphausiids, copepods, ostracods, pelagic poly-
chaetes, cirripeds cypris larvae, and pelagic tunicates, which collectively accounted for
41.8% of the dissimilarity, as shown by a SIMPER analysis (Table 4). The samples (non-
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recognized group) collected from the very cold and freshening water were characterized by
a minimum abundance and a low species richness represented by Antarctic species [61,62].
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Figure 7. Vertical distribution of average abundances of mesozooplankton (ind. m−3): (a) in the
middle of the Bransfield Strait (BS); (b) in the Bransfield Strait off the South Shetland Islands; (c) in
the deep-sea waters of the Antarctic Sound (AS); (d) in the southwestern Powell Basin (WS); (e) in the
northeastern Powell Basin (WS); (f) in the coastal waters off the South Orkney Islands (SOI); (g) in
the deep-sea waters off the South Orkney Islands (SOI).
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E. superba eggs 4.08 0.92 6.82 1.33   1.43 10.30 34.67 
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Figure 8. nMDS ordination plot (a) based on abundance of mesozooplankton by the Bray–Curtis
similarity matrix, and location of the groups of stations in the inner (ISAP, green circles) and outer
(OSAP, blue circles) sectors off the western Antarctic Peninsula (b). Blank circles mean non-recognized
group.

Table 4. Result of a SIMPER analysis of average abundance (N, ind. m−3) of mesozooplankton
species/taxa with contributions (Contr, %) to and cumulative total (Cum, %) of intra-group similarity
(SIM/SD) and between-group dissimilarity (DISS/SD) within the station groups of the inner (ISAP)
and outer (OSAP) sectors off the western Antarctic Peninsula. The listed taxa contributed to at least
80% of the dissimilarity between the sectors.

Taxa

OSAP ISAP OSAP vs. ISAP

N SIM/SD Contr, % N SIM/SD Contr, % DISS/SD Contr, % Cum, %

Similarity: 68.78 Similarity: 64.81 Dissimilarity: 41.82

E. superba calyptopis 5.58 9.42 14.81 1.33 2.84 12.48 12.48
E. superba furcilia 4.73 1.73 9.91 0.77 1.82 11.89 24.37
E. superba eggs 4.08 0.92 6.82 1.33 1.43 10.30 34.67
Calanus propinquus 3.42 2.04 6.89 1.67 3.24 6.45 1.13 5.57 40.24
Calanoides acutus 4.93 6.74 12.45 3.39 4.56 14.67 1.31 4.62 44.86
Rhincalanus gigas 2.19 1.64 1.81 5.18 1.28 4.32 49.18
Cirripedia 0.79 1.45 1.20 4.21 53.39
Polychaeta 2.08 1.05 0.85 4.02 57.42
Metridia gerlachei 3.63 8.77 9.41 4.22 3.30 15.77 1.45 3.95 61.37
Oncea spp. 1.00 0.53 0.92 3.54 64.91
Ostracoda 3.00 3.78 7.13 2.38 1.98 8.46 1.10 3.26 68.17
Calanus simillimus 1.03 1.25 1.28 2.99 71.15
Oithona spp. 5.08 11.43 13.95 5.42 5.48 22.66 1.51 2.90 74.06
Metridia spp. 0.88 0.22 0.69 2.81 76.87
Salpa thompsoni 0.96 0.74 1.27 2.63 82.01

A canonical correspondence analysis (CCA) performed to assess relationships between
the mesozooplankton composition and the environmental variables in the two sectors (ISAP
and OSAP) together showed that the revealed models explained 97.1% of the total variation
in the dataset (64.4 and 32.7% for the CCA1 and CCA2 axes, respectively) (Figure 9). The
increase in the abundance of euphausiid eggs was associated with the high oxygen and
Chl a concentrations and the low temperature in the 200 m (T 200 m) layer. In general, the
higher concentrations of euphausiids larvae were associated with the high temperature in
the surface (T 50 m) and 500 m (T 500 m) layers, the high salinity in the 200 m (S 200 m)
and 500 m (S 500 m) layers, and a low oxygen concentration. The abundance of large
copepods was poorly represented on the first two CCA axes (it was located close to the
origin). The high salinity in the surface layer (S 50 m) was associated with the abundance
of small copepods and other mesozooplankton aggregations, ostracods, amphipods, and
chaetognaths. The abundance of pelagic tunicates was associated with the high temperature
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in the 200 m layer (T 200 m) and low Chl a conditions. The abundance of cirripeds cypris
larvae was associated with the high salinity in the surface layer (S 50 m) and the high oxygen
in the 500 m layer (O2 500 m), but the low temperature and the low Chl a concentration
which is the predominant environmental conditions in the ISAP (green circles in Figure 9).
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Figure 9. Canonical correspondence analysis (CCA) of mesozooplankton composition (in red) in
relationships with the environmental variables (in blue). The symbols of the mesozooplankton
communities (circles), as they were disclosed by nMDS analysis (see Figure 8), were superimposed
on the station labels. Abbreviations of the taxa are as follows: large copepods (LCop), small copepods
(SCop), ostracods (Ostr), cirripeds cypris larvae (Cirrip), pelagic tunicates (Salp), amphipods (Amph),
chaetognaths (Chaet), and euphausiid (Euph) eggs and larvae. For explanations for abbreviations of
environmental variables, see Table 1.

4. Discussion

Climate warming [5] and freshening of surface waters due to the extremely rapid
melting of glaciers over the past few decades [2,63,64] have induced marked changes in the
pelagic zone of the Southern Ocean such as a decrease in the photosynthesis efficiency [65]
and in the total phytoplankton biomass, and also a change in the phytoplankton structure
from the predominance of large diatoms to cryptophytes and small flagellates [66–68]. This
has exerted a significant impact on the abundance of krill and salps [33,69]. Overall, the
composition and distribution of mesozooplankton communities in the Austral summer
of 2022 changed slightly compared to data for other years [16,18,19,61,70]. It should,
however, be pointed out that while average abundance and biomass levels were within
the documented range, they showed the highest estimated values. This can be explained
by the 150 µm mesh used in this study. For comparison, most of the other estimates were
derived from net samples where mesh size was often 200 µm or greater, and a 200 µm mesh
preserves by an average of ~10 and ~20% less biomass and density, respectively, compared
to the similarly designed 150 µm mesh net [71]. It is possible that much of small-size
mesozooplankton is underrepresented in many present and historical data sets [72].

According to NOAA [9], the Austral summer of 2022 in the region off the western
Antarctic Peninsula was the second warmest period after 2016 (observations since 1910).
The SST recorded in this period proved to be the highest for the past 113 years, with
a positive anomaly of 1.35 ◦C [9]. Furthermore, the record lows in sea-ice cover in the
Antarctic for the past 44 years, including the retreat of the sea-ice edge up to 64◦30′ S in
the Weddell Sea, and the increased concentration of chlorophyll a were also observed in
the Austral summer of 2022 [73]. Copepods, eggs, and larvae of euphausiids were the
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most abundant taxa and prominent components of the mesozooplankton communities
throughout the record-warm summer season of 2022. The spatial distributions of copepods
and euphausiids larvae together drove distribution patterns for the total mesozooplank-
ton abundance. Copepods showed maximum abundances immediately off the Antarctic
Peninsula, whereas abundances of euphausiid larvae were highest east of the Antarctic
Peninsula, at the Weddell-Scotia Confluence. The trends of variations in total mesozoo-
plankton abundance over time were quite consistent, i.e., a steady increase from 1998 to
2009, a leveling-off, and then a decrease between 2010 and 2014, followed by a second
period of increase that occurred in 2015–2018 [17]. During the warmest summer of 2022, the
distribution of mesozooplankton varied considerably, and abundances were generally high
at the easternmost stations. There was no surprise that small copepods accounted for a
major part of the mesozooplankton abundance off the Antarctic Peninsula [15,16,61,74,75].
A positive trend of increasing small copepod contributions to the total mesozooplankton
abundance off the Antarctic Peninsula has been observed over the last 20 years [17,76,77].
Small copepods and nauplii of large species constitute a very important group of meso-
zooplankton, providing a food supply for fish larvae and macrozooplankton [36,78]. The
average abundance of euphausiid eggs and larvae proved to be 3–5-fold lower than previ-
ously reported [27,28,79]. It is likely that the survey in 2022 could coincide with a period
between years of high abundance of the krill population, as was noted earlier [22,28].
Previous studies showed that the euphausiid abundance did not increase after 2010 [17,33].
Currently, a trend of krill population declines due to climate changes observed since the
late 20th century is very probable [15,17,22,62].

The stability of mesozooplankton communities in the Southern Ocean is related to
changes in the phytoplankton structure, in particular, variations in food availability, which
may be a major factor responsible for differences in the composition and quantitative
distribution of mesozooplankton [17,68,80,81]. Larger-sized phytoplankton organisms (e.g.,
diatoms) are typically grazed by calanoid copepods and krill [82,83], whereas smaller-sized
ones (e.g., flagellates) are grazed by small copepods and pelagic tunicates [84,85]. In our
study, a maximum abundance of small copepods was located in areas with high concentra-
tions of Haptophyta and Dinophyta microalgae, e.g., Phaeocystis antarctica, Polarella glacialis,
and Protoperidinium spp., while a maximum abundance of large copepods and euphausiid
larvae was in waters with high concentrations of diatoms, e.g., Chaetoceros criophilus, C.
concavicornis, Fragilariopsis kerguelensis, Odontella weissflogii, and Rhizosolenia spp., which is
consistent with a previous study [20]. If the change in the phytoplankton structure trend
continues, we may observe the increasing concentration of flagellates microalgae, which
may be a trigger for an increase in abundance and expansive distribution of small copepods
and pelagic tunicates in the Southern Ocean.

Differences in the vertical distribution of mesozooplankton may be caused by sea-
sonal migration of plankton organisms, food availability, and seasonal pycnocline [86–88].
The calanoid copepods C. acutus, C. propinquus, and M. gerlachei commonly occur in the
epipelagic layer of 0–200 m off the Antarctic Peninsula in summer [61,89]. In the warmest
summer of 2022, these calanoid copepods were ubiquitously distributed in the warm and
saline water of the mesopelagic layer (200–500 m), except for a few stations off the South
Orkney Islands where these copepods dominated the warm surface layer of 0–50 m. The
presence of a sharp seasonal pycnocline in the study region, where gradients of thermo-
haline characteristics reached 0.5 ◦C and 0.06 psu per 10 m [20], may have prevented
calanoid copepods from migrating to the surface for feeding and breeding. Nevertheless,
stratification of the water column can contribute to the active vegetation of phytoplankton
as essential food for the development of macro- and mesozooplankton [12,35], as, e.g., off
the South Orkney Islands, where the highest density of euphausiid larvae can be associated
with bloom events of diatoms of the genera Chaetoceros and Rhizosolenia in the warm near-
surface layer. On the contrary, in the Antarctic Sound, characterized by high concentrations
of microalgae (mainly diatoms), with an increase from the surface to the bottom (800 m
depth), the abundance of eggs and nauplii of euphausiids was recorded deeper than 500 m.
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Yet, there is a limited understanding of how environmental conditions can structure
the dynamics of mesozooplankton communities in the Antarctic waters. As was previously
reported, mesozooplankton communities are thermally resilient to the present levels of
sea surface warming, whereas other selective pressures, in particular food availability and
the properties of underlying water masses, imposed greater constraints on the distribution
of mesozooplankton in the Antarctic region [16,90]. Nevertheless, we found that water
salinity, temperature, and chlorophyll a concentration are important factors structuring the
composition and the quantitative distribution of mesozooplankton in the waters off the
Antarctic Peninsula during the warmest austral summer. Each mesozooplankton taxon
showed characteristic environmental preference. Copepods, ostracods, and chaetognaths
were associated with salinity; pelagic tunicates, with temperature; cirripeds cypris larvae and
amphipods, with salinity and oxygen concentration; euphausiids larvae, with temperature
and salinity; euphausiids eggs, with oxygen and chlorophyll a concentrations. The highest
euphausiid egg abundances were observed at the deep-sea stations which were associated
with the highest oxygen concentrations (>10 mg/L), very cold water (−1 ◦C), and high,
bloom-like phytoplankton concentrations. Mackintosh [91] found that euphausiid eggs and
larvae at early stages tend to certain zones as the thermocline disappears; in addition, an
abundance of krill larvae at early developmental stages may be associated with temperature
and Chl a concentration [27,29,92,93]. Further studies are expected to be carried out to
elucidate the relative contributions of the factors driving the abundance of copepods that
dominate the mesozooplankton of the Southern Ocean and form the major food supply in
the food chain between primary producers and predators [94,95].

5. Conclusions

Eggs and larvae of euphausiids such as Euphausia superba, small copepods such
as O. similis, and large calanoid copepods such as C. acutus, C. propinquus, M. gerlachei,
and R. gigas proved to be the most abundant taxa and prominent components of the
mesozooplankton communities off the western Antarctic Peninsula during the record-
warm summer season of 2022. Small copepods dominated substantially in the Bransfield
Strait and off the Antarctic Peninsula, while large calanoid copepods and euphausiid eggs
and larvae numerically dominated in the Powell Basin and off the South Orkney Islands.
The other taxa of mesozooplankton, e.g., Appendicularia, Ctenophora, Echinodermata,
Hydromedusae, Polychaeta, Pteropoda, Siphonophorae, and eggs and larvae of fish did not
play any substantial role in the total abundance. With a few exceptions, the contributions of
amphipods, chaetognaths, ostracods, salps, pelagic polychaetes, and cirripeds cypris larvae
were significant. The total abundance and biomass of the mesozooplankton increased in
an easterly direction, from the Antarctic Peninsula to the South Orkney Islands. Most
mesozooplankton occurred in the upper 200 m layer. Each taxon showed characteristic
depth preference: small copepods, euphausiids, and cirripeds cypris larvae were abundant
in the epipelagic layer (up to 200 m), while large calanoid copepods, euphausiid eggs,
amphipods, ostracods, and pelagic polychaetes were concentrated in the mesopelagic
layer (up to 1000 m). Two significant groups of sampling stations were identified off the
western Antarctic Peninsula. The first group, located in the inner sector off of the Antarctic
Peninsula (ISAP), was represented by copepods Oithona spp., M. gerlachei, and C. acutus;
the second group, located in the outer sector off of the Antarctic Peninsula (OSAP), by
euphausiids larvae, copepods Oithona spp., M. gerlachei, C. acutus, and ostracods. The
composition and quantitative distribution of mesozooplankton showed clear relationships
with environmental factors, particularly with a combination of variables such as water
salinity, temperature, and Chl a concentration. The increase in the abundance of euphausiid
eggs was associated with the high oxygen and Chl a concentrations and the low temperature
in the 200 m layer; euphausiid larvae, with the high temperature (>1 ◦C) in the surface and
500–m layers, the high salinity in the 200 m (S 200 m) and 500 m layers, and a low oxygen
concentration; small copepods, together with ostracods and chaetognaths, with the high
salinity in the surface layer; pelagic tunicates, with the high temperature in the 200 m layer
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and low Chl a conditions; cirripeds cypris larvae, with the high salinity in the surface layer
and the high oxygen concentration in the 500 m layer, but a low temperature and low Chl a
concentration.

The results of the present and future studies do and will provide invaluable data as
regards the life of planktonic organisms in the extreme conditions of the changing Southern
Ocean. These are also expected to have important practical implications for predicting long-
term changes in pelagic communities and designing future programs for the conservation
of Antarctic marine ecosystems and sustainable management of commercial fisheries.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15101948/s1, Table S1: Composition and mean abundance,
ind. m−3 (±SD) of mesozooplankton in the Bransfield Strait (BS), Antarctic Sound (AS), Weddell Sea
(WS), and off the South Orkney Islands (SOI) during the austral summer of 2022.
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Abstract: To date, a total of 23 valid species of heteronemerteans belonging to 15 genera have
been recorded in Antarctic and Subantarctic waters. The ribbon worm Heteronemertes longifissa
(Hubrecht, 1887) is the only heteronemertean species reported to have bipolar distribution, but this
statement is doubtful. The phylogenetic relationships of H. longifissa to other heteronemerteans remain
uncertain. A genetic analysis of specimens from Antarctica has shown that the name H. longifissa
refers to two sibling species with an uncorrected p-distance of 5.3% in COI. These species differ in
body color: one is whitish, and the other is grayish-pink. The species with the whitish body has been
reliably identified from off the Norway coast (as Cerebratulus sp. NemBar1383 (BOLD: ACM5920)),
i.e., it has a bipolar distribution. A molecular phylogenetic analysis of Lineidae based on five gene
markers (COI, 16S, 18S, 28S, and histone H3) has shown the genus Heteronemertes to belong to Lineage
D of Clade 2 sensu Kajihara et al., 2022 (crown Lineidae). The phylogenetic positions of four more
species of unidentified lineids are currently under discussion.

Keywords: benthos; nemerteans; larvae; bipolar distribution

1. Introduction

The phylum Nemertea currently comprises approximately 1340 species [1] inhabiting
mainly the littoral and sublittoral zones of the world’s oceans. Studies on Antarctic and
Subantarctic nemerteans have been conducted since the late 19th century [2,3], but the most
important works were published in the period from 1905 to 1985 [4–14]. Nemerteans of
the class Heteronemertea have always attracted special attention as these animals reach
large sizes and are most frequently found in benthic samples. Thus, Parborlasia corrugata
(McIntosh, 1876), encountered mostly in Antarctic and Subantarctic waters, grows to
1–2 m in length. A total of 23 valid species of heteronemerteans belonging to 15 genera
have been recorded from Antarctic and Subantarctic waters south of latitude 50◦ S [14,15].
Among them, the ribbon worm Heteronemertes longifissa (Hubrecht, 1887) (=Cerebratulus
longifissus, Lineus longifissus) is the only heteronemertean species with bipolar distribution
reported. Known from Antarctic and Subantarctic waters, this species has also been found
in the North and Barents seas [16,17] and even in the coastal waters of Japan [18,19]. The
specimens from Japan belong to another species [14] which has recently been described as
Corsoua takakurai Natsumi and Kajihara, 2000 [20]. Gibson [14] assumed that the nemerteans
from the Arctic seas were also misidentified as C. longifissus. Genetic studies could address
this issue, but, of all the described Antarctic and Subantarctic heteronemerteans, sequences
are currently available only for Parborlasia corrugata s.l. [21–23]. A substantial number of se-
quences were obtained from adult individuals and larvae of unidentified heteronemerteans
from the coastal waters of Antarctica [22,24,25]. In the present study, we discuss the results
of a molecular phylogenetic analysis of Lineidae conducted in order to clarify whether
H. longifissa actually has a bipolar distribution, and also to identify its relationships with
other heteronemerteans. The systematic positions of several unidentified heteronemertean
species from Antarctica are also considered.
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2. Materials and Methods
2.1. Specimen Collection

Samples were collected with a Sigsbee trawl from five localities in Antarctic waters
during research cruises #79 (January and February 2020) and #87 (January–April 2022)
aboard the R/V Akademik Mstislav Keldysh (Table 1). On board, the sediment was carefully
sieved through a 1000 µm mesh screen, sorted out in seawater, and nemerteans were
photographed and fixed in 96% ethanol.

Table 1. Specimens and sampling points of some Lineidae collected during the research cruises
aboard the R/V Akademik Mstislav Keldysh.

Specimen Station Coordinates Depth, m Date

Heteronemertes longifissa 11 6615 60.8879 S. 45.5342 W 370 30 January 2020
Heteronemertes longifissa 20 6615 60.8879 S. 45.5342 W 370 30 January 2020
Heteronemertes longifissa 25 6615 60.8879 S. 45.5342 W 370 30 January 2020

Heteronemertes longifissa 103 7371 61.1977 S. 47.1032 W 1459 8 February 2022
Heteronemertes longifissa 107 7371 61.1977 S. 47.1032 W 1459 8 February 2022
Heteronemertes longifissa 75 6615 60.8879 S. 45.5342 W 370 30 January 2020
Heteronemertes longifissa 78 6615 60.8879 S. 45.5342 W 370 30 January 2020
Heteronemertes longifissa 81 6615 60.8879 S. 45.5342 W 370 30 January 2020

Parborlasia corrugata 111 7371 61.1977 S. 47.1032 W 1459 8 February 2022
Cerebratulus sp. Antarctica 28 6614 60.8862 S. 45.5282 W 367 29 January2020

Lineidae sp. Antarctica 1 6615 60.8879 S. 45.5342 W 370 30 January 2020
Lineidae sp. Antarctica 5 6658 61.0387 S. 50.6875 W 740 18 February 2020

Lineidae sp. Antarctica 14 6652. 63.2897 S. 53.6021 W 364 15 February 2020
Lineidae sp. Antarctica 16 6615 60.8879 S. 45.5342 W 370 30 January 2020
Lineidae sp. Antarctica 18 6615 60.8879 S. 45.5342 W 370 30 January2020

2.2. DNA Extraction, PCR Amplification, and Sequencing

Total genomic DNA was extracted from ethanol-fixed specimens using a DNA-sorb-B
nucleic acid extraction kit (AmpliSens, Moscow, Russia) and DNeasy Blood according to the
manufacturer’s protocol. Five markers of partial nuclear 18S rRNA (18S), 28S rRNA (28S),
histone H3 (H3), and mitochondrial 16S rRNA (16S) and cytochrome c oxidase subunit I
(COI) gene sequences were amplified from the genomic DNA. Amplification of polymerase
chain reaction (PCR) was carried out using the primers listed in Table S1. PCR cycling
profiles were as follows: for COI, 2 min at 94 ◦C, 40 cycles (40 s at 94 ◦C, 40 s at 50 ◦C and
1 min at 72 ◦C) and 7 min at 72 ◦C; for 16S, 2 min at 94 ◦C, 40 cycles (40 s at 94 ◦C, 40 s at
48 ◦C and 1 min at 72 ◦C) and 7 min at 72 ◦C; for 18S, 2 min at 94 ◦C, 40 cycles (1 min at
94 ◦C, 1 min at 52 ◦C for primer pairs Tim A/1100R and 3F/18Sbi, [1 min at 49 ◦C for the
primer pair 18Sa2.0/9R], and 1 min at 72 ◦C) and 7 min at 72 ◦C; for 28S, 2 min at 94 ◦C,
40 cycles (40 s at 94 ◦C, 40 s at 52 ◦C, and 1 min at 72 ◦C) and 7 min at 72 ◦C; for H3, 2 min
at 94 ◦C, 35 cycles (40 s at 94 ◦C, 40 s at 55 ◦C and 1 min at 72 ◦C) and 7 min at 72 ◦C.

The amplified products were purified using ExoSAP (Thermo Fisher Scientific, Waltham,
MA, USA). Sequencing in forward and reverse directions was carried out on an ABI
Prism 3500 Genetic Analyzers (Applied Biosystems, Waltham, MA, USA) under conditions
recommended by the manufacturer, using a BigDye Terminator ver. 3.1 Cycle Sequencing
Kit (Applied Biosystems) and the same primers as for PCR. BLAST searches [26], as
implemented in the NCBI website (http://www.ncbi.nlm.nih.gov accessed on 17 February
2023), were conducted to check for putative contamination.

2.3. Phylogenetic Analysis

The sequences for the five gene markers (16S, 18S, 28S, COI, and H3) were aligned
separately using MAFFT ver. 7 [27] with default parameters. We put more weight on
unedited alignment including all positions, as suggested by [28]. A supermatrix with a total
length of 6656 bp was formed by concatenating the five markers using SequenceMatrix [29],
wherein external gaps were coded as ‘missing data’. Simultaneous selection of partition
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schemes and the search for optimal nucleotide substitution models for the supermatrix
obtained were carried out using PartitionFinder [30,31] with implementation of the ‘greedy’
search scheme. According to the best-suggested scheme, the final supermatrix was divided
into seven partitions (Table S2). A combined analysis based on the five concatenated
gene markers was conducted using Bayesian inference (BI) and maximum likelihood
analyses (ML). BI was carried out in MrBayes 3.2 [32] by launching two parallel runs with
four Markov chains in each run (three cold and one hot) during 10,000,000 generations.

The values of run convergence indicated that a sufficient number of trees and pa-
rameters were sampled. Based on the convergence of likelihood scores, 25% of sampled
trees were discarded as burn-in. The rest was used to build the consensus tree, while the
nodes with posterior probabilities of less than 50% collapsed. The maximum likelihood
phylogenetic tree was inferred using the edge-147 linked partition model on the IQ-TREE
web server [33]; branch supports with the 1000 ultrafast bootstrap replicates were obtained
in the IQ-TREE software [34]. The BI topology was chosen as the main phylogenetic scheme
for the present study. A total of 89 taxa of Lineidae from different genera were included in
the molecular phylogenetic analyses, with Sonnenemertes cantelli and Baseodiscus mexicanus
used as outgroups (Table 2).

We reconstructed the haplotype network based on the COI gene sequences including
both all original H. longifissa sequences and one accessed from GenBank trimmed to the
length of the shortest sequence, 600 bp, using TCS v1.21 software under 95% connection
limit. The haplotype network was visualized as a pie chart with geographic information
taken into account using the tcsBU web-based program.

The uncorrected pairwise p-distances were calculated in MEGA ver. 6.0.
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3. Results
3.1. Phylogenetic Analysis of Lineidae

The combined aligned sequences comprise 636 bp for 16S rDNA, 1935 bp for 18S
rDNA, 3096 bp for 28S rDNA, 658 bp for COI, and 331 bp for histone H3. They contain
2449 variable sites, of which 1640 are informative; the frequencies of variable and informa-
tive sites are 36.8% and 24.6%, respectively. The frequencies of variable sites in the aligned
sequences of mitochondrial 16S rDNA (63.2%) and COI (50.9%) are greater than those in
sequences of nuclear 18S rDNA (26.8%), 28S rDNA (34.4%) and histone 3 (38.4%).

The general topology of the lineid phylogenetic tree is as follows: Micrura ingnae + (Lineage
A + Lineage C + (Clade 2 + Lineage B)) (Figure 1). Clade “2 + B” is strongly supported (PP = 1,
BS = 99%). Relationships of Lineage D with other Lineages of Clade 2 sensu Kajihara et al., 2022
remain unresolved; Clade 3 has low support. Three strongly supported clades, each including
two or more Lineages, can be distinguished within Clade 2 (crown Lineidae). Clade N + P (PP = 1,
BS = 90%) comprises representatives of Lineages N and P, and also Hinumanemertes kikuchii. The
monophyly of Lineage N sensu Kajihara et al., 2022 is not confirmed, since Lineus acutifrons and
H. kikuchii form a strongly supported subclade, whose relationships inside Clade N+P remain
unclear. Clade 4 (PP = 1, BS = 93%) comprises Lineages E, H, G, I, J, K, and Q, and also Lineidae
KuramBio2 77. Clade J + K (PP = 1, BS = 93%) comprises representatives of sister Lineages J and
K. Micrira dellechiajei forms a strongly supported subclade (PP = 1, BS = 100%) with Notospermus
species (Lineage E). Some of the lineids are not included in any of the previously identified
Lineages: Lineidae sp. H02 IceAGE, Lineidae KuramBio2 77, Heteronemertea sp. 17 HA-2021,
Heteronemertea gen. sp. 4 TCH-2015, Pseudomicrura afzelii, and Zygeupolia rubens.
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3.2. Antarctic Lineids

All eight individuals identified on the basis of external characters as Heteronemertes
longifissa belong to Lineage D and are sisters of the rest of the representatives of this
clade. Their distinctive feature is the very long cephalic horizontal slits. Three individ-
uals (H. longifissa 25, 78, and 81) have a grayish-pink body color (Figure 2a–d), while
five individuals (H. longifissa 11, 20, 75, 103, and 107) have a whitish color; reddish brain
and beige gut are visible through translucent body wall (Figure 2e–g). Haplotypes for
the COI gene are grouped into two networks (A and B) (Figure 3). The uncorrected
p-distances between networks A and B are 5.2–5.7% in COI; the p-distances between
the samples within each of the networks amount to 0.2–0.7% in COI (Table S3). The
uncorrected p-distances between H. longifissa A and B are 3.0% and 1.3% in 16S and
histone H3, respectively.
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Figure 3. Statistical parsimony haplotype network based on the mitochondrial DNA cytochrome c
oxidase subunit I gene of the examined Heteronemertes longifissa specimens, colored in accordance with
their geographic distribution. The connecting limit is set at 95%. The line connecting the haplotype
pie charts represents a single mutational change; each white dot on the line represents one additional
mutational change. The numerals within the pie charts represent the number of specimens within
each haplotype. The numerals near haplotypes correspond to the specimens’ numbers (Table 2).

In GenBank (NCBI) and BOLD (The Barcode of Life Data System), three sequences
are available that match the sequences of H. longifissa: two specimens of unidentified
heteronemertean Nemertea sp. Antarctic ARM-2008 (accession nos. EU718394.1 and
EU718388.1) from Antarctica [22] (with the uncorrected p-distance between this sample
and H. longifissa B being 0.2% in 16S) and a specimen Cerebratulus sp. NemBar1383 BOLD:
ACM5920 (accession no. KP697728) from Norway, belonging to network B (Figure 3) (with
the uncorrected p-distances between this sample and H. longifissa B being 0.5–0.8% in
COI—see Table S3).

The three unidentified heteronemerteans (Lineidae spp. Antarctica 1, 14, and 18) belong
to Lineage D (Figure 1). Lineidae sp. Antarctica 1 and 18 have a pale olive body color with
a reddish brain visible through a translucent body wall (Figure 4a,b); the body of Lineidae
spp. Antarctica 14 is pale beige with a reddish brain (Figure 4c,d). A BLAST analysis has
shown that the sequences of COI of pilidia from the Ross Sea under the names DH-2009
GU227120 isolate D4pilidia04 and DH-2009 GU227126 isolate A4larva04 [24] are identical
to the sequences of Lineidae sp. Antarctica 1 (=Lineidae sp. Antarctica 18) and Lineidae sp.
14, respectively (Figure 1). Lineidae sp. Antarctica 16 with the deep, rose body (Figure 4e,f)
is closely related to Lineidae KuramBio1 12 5 from the abyssal plain adjacent to the Kuril–
Kamchatka Trench (Lineage B) (Figure 1). Lineidae sp. Antarctica 5 with a yellowish body
and orange-yellowish head (Figure 4g,h) belongs to Lineage A and the subclade of the
“Micrura” (Evelineus) species with a fragile soft body and red or orange anterior head end
(Figure 1). Cerebratulus sp. Antarctica 28 with a grayish-pink body (Figure 4i–k) belongs
to Lineage J (Figure 2). The pilidium from the Ross Sea under the name Cerebratulus sp.
DH-2009 isolate A4pilidia04 [24] is conspecific to Cerebratulus sp. Antarctica 28 (Figure 1).
One specimen with a grayish-red body and a light-colored transverse band on the head
(Figure 4l) is conspecific to Parborlasia corrugata.
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4. Discussion
4.1. Phylogenetic Analysis of Lineids

The molecular phylogenetic analyses of heteronemerteans carried out in 2019–2022
revealed the major clades within this order [36,43,45,52]. Chernyshev and Polyakova [36]
proposed the names Lineus, Cerebratulus, and Siphonenteron for the three clades without
providing definitions for them. An extensive phylogenetic analysis by Kajihara et al. [43]
made it possible to identify 16 phylogenetic lineages (high-supported clades) designated
with letters (A, B, C, D, etc.) within the family Lineidae. In addition, three large clades were
identified: Clades 1, 2, and 3 [43]. Another Lineage (Q) was identified later [36]. The results
obtained by Kajihara et al. [43] are largely confirmed by our studies with some changes
and supplements. Inside Clade 2 (we suggest referring to it as “crown Lineidae”), our
analysis does not support Clade 3 which should be a sister of Lineage D. In the analysis by
Kajihara et al. [43], Lineus acutifrons belongs to Lineage N, holding a basal position in it. In
our analysis, L. acutifrons and Hinumanemertes kikuchii form an independent subclade within
Clade N + P. We have established the phylogenetic position of H. kikuchii for the first time,
and this brackish-water species has not got in Lineage P that includes the freshwater species
Apatronemertes albimaculosa and the brackish-water Yininemertes pratensis. We assume that
these differences result from the fact that Kajihara et al. [43] included many species for
which 1–2 sequences are known in their phylogenetic analysis, while for our analysis we
selected a smaller number of species with 3–5 sequences known.

4.2. Systematic Position of the Genus Heteronemertes

Identification of heteronemerteans based on fixed specimens is challenging since in
formalin and alcohol they usually lose the external traits characteristic of the species (body
color pattern, head shape, etc.). In this regard, Heteronemertes longifissa has a characteristic
feature that is clearly visible in both live and fixed individuals: very long lateral head slits
reaching far behind the mouth [9,14] (Figure 2a,e). Our specimens have been identified
on the basis of this feature. We have described the body color of live individuals for the
first time.

The systematic position of Heteronemertes longifissa remains unclear. This species
was described as a member of the genus Cerebratulus [53] and then transferred to the
genus Lineus [9]. Gibson [14] described in detail the internal structure of H. longifissa and
confirmed its affiliation to the genus Lineus, although the proboscis organization in this
species is not typical of the species of Lineus s. str. Chernyshev [54] transferred H. longifissa
into a new genus, Heteronemertes, and added such traits as the presence of very long head
slits to its diagnosis. Our phylogenetic analysis has shown that H. longifissa belongs to
Lineage D and is not closely related to either Lineus s. str. (Lineage H) or Cerebratulus s. str.
(Lineage J). It is currently the only described species for which affiliation to Lineage D has
been proven. Below is the revised and supplemented diagnosis of the genus Heteronemertes.

Genus Heteronemertes Chernyshev, 1995.
Type species: Heteronemertes longifissa (Hubrecht, 1887).
Diagnosis. Body flattened, caudal cirrus absent, and horizontal cephalic slits reach far

behind the mouth. The cutis glands are not separated from the body wall musculature by a
connective tissue layer. Longitudinal muscle plate between rhynchocoel and foregut absent.
Proboscis typical heterotype (see [55]) with outer longitudinal musculature well developed,
muscle crosses present, and neural sheath not developed into separate nerves. Foregut
with subepithelial glands. Cerebral ganglia have outer and inner neurilemma; neurochords
and neurochord cells are absent.

4.3. Is Heteronemertes longifissa a Bipolar Species?

Heteronemertes longifissa was first described from materials collected off Marion Island [39]
and then found in different parts of the Antarctic and Subantarctic regions [9,10,13,14]. How-
ever, this species under the name Cerebratulus longifissus was reported for the North and
Barents seas [16,17], and also as Lineus longifissus for the coastal waters of Japan [18,19].
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The reason why the Japanese specimens were assigned to Lineus longifissus remains unclear,
since the horizontal cephalic slits do not reach behind the mouth in them. It has been
found that Lineus longifissus sensu Takakura, 1898 belongs to the recently described species
Corsoua takakurai, which is attributed to Lineage O [20].

Friedrich [56] suggested that Cerebratulus longifissus from off Norway and the Barents
Sea “ . . . may be Lineus longifissus, or perhaps Cerebratulus fissuralis” (p. 18). Cerebratulus
fissuralis Friedrich, 1958 from off Iceland, was described extremely briefly and without illus-
trations; this species differs from Heteronemertes longifissa by the presence of a neurochord.
Cerebratulus longifissus sensu Punnett, 1903 from off Norway differs from Heteronemertes
longifissa by having a thick layer of connective tissue between the dermal glands and the
body wall outer longitudinal muscles, a short rhynchocoel, and a distinct cephalic vascular
loop [16]. Therefore, Gibson [14] assumed Cerebratulus longifissus sensu Punnett, 1903 and
C. longifissus sensu Uschakov, 1928 to belong to an independent species.

The molecular genetics analysis has shown significant genetic differences between
the eight individuals of H. longifissa that we studied: uncorrected p-distances between the
two H. longifissa networks of 5.2–5.7% in COI vs. 0.2–0.7% between the samples in each of
the networks. These individuals also differ in body color: H. longifissa 11, 20, 75, 103, and 107
have a whitish color vs. a grayish-pinkish color in H. longifissa 25, 78, and 81. The low values
of the COI uncorrected p-distances between networks A and B are a boundary between
interspecific and intraspecific distances (“barcoding gap”) recorded for heteronemerteans
(4–9%) [57]. All three individuals were collected at the same station (Table 1) and, therefore,
there is every reason to assume that H. longifissa includes two sibling species that differ in
body color. Because of the lack of data on the body color pattern of the type specimens,
the question as to which of the specimens should be assigned the name H. longifissa still
remains open.

According to genetic data, Cerebratulus sp. NemBar1383 (BOLD: ACM5920), collected
off Norway at a depth of 40 m north of Tromsø, is conspecific with H. longifissa 11, 20, 75,
103, and 107 from Antarctica. All these individuals have a whitish body color with a reddish
brain visible through a translucent body wall. The snow-white body color was described
also for Cerebratulus longifissus from off Norway [16]. The color pattern of the specimen from
the Barents Sea is unknown [17]. Thus, one of the two sibling species of H. longifissa s.l. has
a bipolar distribution. This is the first case where the bipolar distribution of nemerteans has
been proven genetically. In addition to H. longifissa, bipolar distribution was reported for
the hoplonemertean Nipponnemertes pulchra (Johnston, 1837) [58], but this conclusion needs
genetic confirmation. A recent phylogenetic analysis has shown that Nipponnemertes sp. 17
from Antarctica, which looks very similar to N. pulchra, is an independent species [36].

4.4. Problems of Identification of Antarctic Heteronemerteans

One of the major challenges in the study of Antarctic and Subantarctic heterone-
merteans is their species identification. First, this is explained by the fact that a substantial
portion of the species was described only from fixed specimens. Thus, Gibson [14] de-
scribed seven new heteronemertean species from Antarctica and Subantarctica, but none
of the descriptions had information about the color and head shape of live individuals.
Recent studies using gene markers show the importance of these traits in discriminating
sibling species of heteronemerteans [44,46,47,52,59]. Using only internal morphology traits
does not guarantee accurate identification of the sibling species. Even such a unique
for heteronemerteans trait as very long horizontal cephalic slits is present in two sibling
species, which is evidenced by our studies. Another issue is the great number of cryptic
species among nemerteans. As has been shown recently, Parborlasia corrugata, widely
distributed in Antarctica and the Subantarctic region, includes two cryptic species that
differ genetically [22,23]. Thus, it is unclear which of these two cryptic species should be
assigned the name Parborlasia corrugata. The same applies to Heteronemertes longifissa.

The problems in the identification of Antarctic heteronemerteans have resulted in
a situation where sequences were obtained for only one described species (Parborlasia
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corrugata) [21–23] and a large number of species unidentified to date [22,25,36], including
the four Lineidae species from our study. Most of these unidentified species are probably
new to science, but their description is unlikely to be possible in the following decade. In
addition to the sequences of adult heteronemerteans, sequences of heteronemertean larvae
have also been obtained. However, researchers note great differences in the species diversity
of adult and larval samples [25]. Even a common Antarctic species such as Parborlasia
corrugata was found to comprise only 4.3% of larvae sampled [25]. A similar phenomenon
of significant differences in the species composition of larvae and adult heteronemerteans
has been reported for the Pacific coast of North America [42]. In this regard, the identity
of the sequences of three heteronemerteans’ larvae from Antarctica with the sequences of
Lineidae sp. Antarctica 1, Lineidae sp. Antarctica 18, Lineidae sp. 14, and Cerebratulus sp.
Antarctica 28 is of certain interest. These three adult lineids were collected from a depth
of 370 m. The significant differences between pilidia and adult heteronemerteans can
apparently be explained by the fact that a large number of larvae of the deep-sea species,
which have been studied much more poorly than shallow-water nemerteans, are found
in plankton.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/w15040809/s1, Table S1: List of primers used in the present study. Forward
primer sequences are highlighted in bold; Table S2: The main parameters of model-based inferred
phylogenies; Table S3: Uncorrected COI p-distances (%) within Heteronemertes longifissa.
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Abstract: Comprehensive studies of the ecosystem of the Atlantic sector of the Antarctic were carried
out in the period between 2020 and 2022, during the 79th and 87th sea expeditions on the R/V
“Akademik Mstislav Keldysh”. Concentrations of soluble forms of 15 trace elements, except Mo, in
surface waters of the Southern Ocean were matched the lower limit of their background concentra-
tions in oceanic waters. A high spatial variability of chlorophyll a—an indicator of phytoplankton
biomass, which is the main food object of the Antarctic krill—was revealed. In the Bransfield Strait,
the abundance of bacterioplankton exhibited a weak relationship with water temperature and a pro-
nounced dependence on chlorophyll fluorescence. It was determined, by using the bioluminescence
method, that the largest concentrations of larvae and juveniles of krill were noted in the Bransfield
Strait, on the shelf of the Antarctic Peninsula. Against the background of a decline in krill abundance
in recent years, there has been an intensive development of Salpa thompsoni, the main food competitor
of krill. New data on the distribution of mesoparasitic copepods on endemic fish of the Southern
Ocean were also obtained, and their pathogenic effect on the body of fish hosts has been revealed.

Keywords: Euphausia superba; Salpa thompsoni; mesoparasitic copepods; bacterioplankton;
bioluminescence; chlorophyll a; optically active components; trace elements; heavy metals; Atlantic
sector of the Antarctic

1. Introduction

The Southern Ocean is one of the most productive and ecologically clean areas of the
World Ocean. This area, with large-scale inventory of marine biological resources, is a
fishing area (under international fishing agreements). Antarctic waters are differentiated by
high biological productivity with relatively low biodiversity [1–3]. Whales, penguins, seals,
seabirds, fish and numerous invertebrates coexist in the Southern Ocean ecosystem. These
organisms survive predominantly by feeding on Antarctic krill (Euphausia superba Dana,
1852). Antarctic krill is an essential target of Antarctic fisheries, and the basis of the diet of
its many consumers. Krill stocks in the Southern Ocean were, until recently, estimated at
hundreds of millions of tons [2,4–8]. Now, assessment of the status of krill communities is
one of the priority research areas in the Antarctic sector of the Atlantic Ocean.

According to international agreements, access to Antarctic resources is granted to those
countries that carry out scientific research in this unique region of the planet [9,10]. The
expediency of conducting research on bioresources in the Antarctic is due to the prospects
for their development and the need to create a theoretical basis for fishing, primarily for
Antarctic krill and several species of fish [2,3,11,12], as well as the impacts of climate
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change and anthropogenic action in the contemporary period [13–15]. At the same time,
the methodological basis of biological research should be a multidisciplinary monitoring of
the Antarctic ecosystem [16].

The 79th and 87th cruises of the research vessel (R/V) “Akademik Mstislav Keldysh”
to the Atlantic sector of the Antarctic took place from 30 November 2019 to 8 May 2020,
and from 7 December 2021 to 6 April 2022, respectively [17,18]. The organization and
management of these expeditions was carried out by the P.P. Shirshov Institute of Oceanol-
ogy of the Russian Academy of Sciences (RAS), whose scientific fleet includes the R/V
“Akademik Mstislav Keldysh”. These marine expeditions to study the natural complexes of
the Antarctic waters were carried out within the framework of the international obligations
of the Russian Federation as a party to the Antarctic Treaty [10], as well as the Convention
on the Conservation of Antarctic Marine Living Resources [9]. During the cruise, some
fundamental tasks, assigned to the scientists of Russia in a number of strategic documents,
were addressed [19,20].

Research workers of six Departments of the A. O. Kovalevsky Institute of Biology of
the Southern Seas (IBSS) RAS (Department of Radiation and Chemical Biology; Department
of Marine Ecosystem Functioning; Department of Ecological Parasitology; Department of
Plankton; Department of Biophysical Ecology; Scientific Research Center (SRC) “Geomat-
ics”) participated in study of the Atlantic sector of the Antarctic during the 79th and 87th
cruises of the R/V Akademik Mstislav Keldysh. All specific scientific research activities
were combined into multidisciplinary studies carried out at the level of the IBSS teams,
and the research topics of all scientific organizations of Russia participating in these marine
cruises were combined.

The aim of the scientific research of the IBSS team in 2020 and 2022 was to obtain new
data for a current assessment of the ecological state of the Antarctic ecosystem in relation
to the content of trace elements in sea water, including heavy metals. This was studied in
order to determine the spatial, structural and functional characteristics of bacterio- and
phytoplankton as the main food resources for Antarctic krill, as well as to understand the
spatial and quantitative variability of zooplankton, primarily Antarctic krill. Additionally,
the objective of parasitological research was to fill in significant gaps in the study of the
parasite fauna of Antarctic animals.

To achieve the aim of this investigation, the following tasks were addressed: (1) deter-
mination and analysis of the concentrations of soluble forms of a number of trace elements
(including heavy metals) in the surface waters of the Atlantic sector of the Antarctic in order
to assess the current environmental situation in this area, as well as to identify possible
sources of the input of the studied elements into the considered water area; (2) quantifying
the total abundance of bacterioplankton and high nucleic acid (HNA) bacteria, and ana-
lyzing their relationship with chlorophyll fluorescence in the central part of the Bransfield
Strait; (3) study of the variability of the spectral absorption of light by all optically active
components and photosynthetic characteristics of phytoplankton; (4) observation and
analysis of bioluminescence of Antarctic krill and salp (Salpa thompsoni Foxton, 1961) as
important elements of the functioning of the pelagic community; (5) conducting studies
of contemporary biological productivity, structure and spatial organization of Antarctic
krill; (6) studying the pathogenic influence and distribution of mesoparasitic copepods in
endemic bathypelagic fishes of the Southern Ocean.

Antarctic krill and Antarctic fish are valuable fishery resources for all mankind [9,10].
Therefore, this research has unconditional scientific, ecological and practical
bioresource significance.

2. Materials and Methods
2.1. Trace Elements

The water samples for trace elements analysis were taken during the 87th cruise of the
R/V “Akademik Mstislav Keldysh” (“AMK”), organized by the P.P. Shirshov Institute of
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Oceanology of RAS. The Antarctic portion of the expedition was held in January–February
2022 (Figure 1).
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Mstislav Keldysh”.

The cruise undertook 3 transects across the Bransfield Strait in its eastern, central and
western parts, a transect from Bransfield Strait through the Antarctic Sound to the NW part
of the Weddell Sea (where the anomalous phytoplankton bloom observed at the time of
sampling [21]), and a transect through the NW Weddell Sea in the NE direction. The results
of this study were compared to those obtained in 2020 [22,23].

Surface water was sampled by an acid-cleaned plastic sampler directly from the
shipboard on a rope. Seawater was vacuum-filtered through a 0.45 µm nitrate cellulose
membrane immediately after sampling and acidified with high pure nitric acid to pH < 2.
Acidified samples were stored in a refrigerator at 2–3 ◦C until they were treated in the
ship’s laboratory. The onboard sample treatment technique which was applied resulted
in the extraction of selected trace elements with carbon tetrachloride (CTC or CCl4) in the
form of diethildithiocarbamate (DDC) complexes in 3 replicates for each sample, followed
by re-extraction of elements by destruction of the complexes with concentrated nitric
acid [23,24]. The set of measured elements was determined by their ability to forma
complex with a DDC ion extractable with CTC, and included 15 elements: Be (beryllium),
V (vanadium), Fe (iron), Co (cobalt), Ni (nickel), Cu (copper), Zn (zinc), As (arsenic), Se
(selenium), Mo (molibdenium), Ag (silver), Cd (cadmium), Sb (antimony), Tl (thallium),
and Pb (lead). Concentrated solutions of each sample were stored in a refrigerator during
the cruise, and were then transported to the IBSS Center for Collective Use “Spectrometry
and Chromatography”, where concentrations of the elements were measured by the ICP-
MS technique on a PlasmaQuant MS Elite (Analytik Jena AG) mass-spectrometer [25,26].
The spectrometer was calibrated using a standard solution: “Multi-element calibration
standard IV-28, HNO3/HF, 125 mL” (Inorganic Ventures). The mode of measurement
with the mass-spectrometer included 7 replicates of 10 scans for each identified element
from 10,000 to 100,000 µs, depending on its expected concentration. The calculation and
registration of the measurement results were carried out in accordance with GOST R 56219-
2014 and RD 52.10.243-92 [24,25]. The average relative determination error was not higher
than ±10%.

2.2. Bacterioplankton

The data on bacterioplankton and chlorophyll a fluorescence were collected on January
21, 2020, over a southward transect across the central Bransfield Strait at 7 stations (st. 6587,
6590, 6591, 6592, 6593, 6594, and 6595) (Figure 2).

The length of the transect from Greenwich Island (South Shetland Islands) to the shelf
of the Antarctic Peninsula was 93 km. Water samples were taken at various points, from
5–7 horizons from the surface to 190 m of depth, depending on the hydrological structure
and fluorescence distribution. Bacterial abundances in the samples were estimated by flow
cytometry. Counts were performed using a Beckman Coulter flow cytometer (Cytomics

133



Water 2022, 14, 4103

FC 500, Beckman Coulter Inc., Brea, CA, USA) equipped with an air-cooled blue laser
(15 mW, 488 nm) and a standard filter setup. Aliquots of 1mL water samples previously
fixed with formaldehyde (2% final conc.) were stained with SYBR Green I (Molecular
Probes Inc., Eugene, Oregon, USA), following the procedures described by [27]. SYBR-
Green I fluorescence, at the green channel FL1 (525 nm), was considered proportional to
intracellular nucleic acid content, and was interpreted as a measure of bacterial cell-specific
metabolic activity [28]. Consequently, high nucleic acid (HNA) and low nucleic acid (LNA)
bacteria were gated on the cytograms (Figure 3).
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scattering (FS, cell size), and green fluorescence (FL1, SYBR).

Temperature, conductivity, and pressure data were collected using an SBE911 CTD
attached to a Carrousel system with 24 5-L Niskin bottles for water sampling. Profile
measurements of chlorophyll a fluorescence were conducted using a PUM-200 transparency
meter equipped with a Minitracka-II fluorimeter (Chelsey Instruments, Molesey, UK).

2.3. Spectral Bio-Optical Properties and Productive Characteristics of Phytoplankton

Water samples were taken using 5-L bottles from different depths, which were chosen
based on chlorophyll a fluorescence and temperature profiles. A map of the sampling
scheme is shown in Figure 4.

Optical densities of the samples were measured with a dual-beam spectrophotome-
ter, Lambda 35 (PerkinElmer), equipped with an integrating sphere. Chlorophyll a and
phaeopigment concentrations were measured by the spectrophotometric method [29,30].
The light absorption of particles (ap(λ)), phytoplankton (aph(λ)), non-algal particles (aNAP(λ)),
and colored dissolved organic matter (aCDOM(λ)) were measured in accordance with NASA
protocols [31]. For aNAP(λ) and aph(λ) determination, pigments were bleached by the
method used in [32], and β-correction was performed in accordance with [33]. The aNAP(λ)
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and aCDOM(λ) data were fitted by exponential function [34]. Slope coefficients (SNAP and
SCDOM) were estimated for the wavelength domain of 400−700 nm and 350–500 nm, re-
spectively. The maximum quantum yield of photosynthesis (φmax) was calculated [35]
based on the maximum quantum yield of PSII measured with PAM fluorimeter (Water
PAM-II, Walz) [36,37]. The values of the quantum yield of photosynthesis (φz) at differ-
ent depths were calculated based on φmax and saturating light intensity (Ik) [38]. Ik was
determined based on light curves of the relative electron transport rate, measured with a
PAM fluorimeter.
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2.4. Bioluminescence

The multiple sounding method was applied [39] using an autonomous hydrobiological
system «Salpa» [40,41]. The «Salpa» was designed to study the intensity of the biolumi-
nescence of organisms in the World Ocean’s layer, at 0–250 m depths, using the method
of multiple vertical sounding at a speed of up to 1.2 m·s−1. “Salpa” allows simultaneous
measurements of bioluminescent potential, temperature, hydrostatic pressure, turbidity,
electrical conductivity, and photosynthetically active radiation to be taken. Among the
existing methods for measuring bioluminescence signals in pelagial environments (towing
photometers, hanging them on a given horizon, installing them using special trusses on the
bottom, etc.) in recent years, the method of sounding the water column has been recognized
as the most promising and accurate. The essence of the applied method is that hydrobionts,
which make the main contribution to the formation of the bioluminescent potential of the
pelagic zone, generally flash with light when mechanically stimulated. The method of col-
lecting and processing the data using the “Salpa-M” complex has previously been described
in detail [40,41]. The bathyphotometer “Salpa” creates a standard level of mechanical ex-
citation of bioluminescence, which makes it possible to achieve an accurate comparison
of the measured values of the vertical structure of the bioluminescence field (BF) when
performed in different regions and under various conditions. The data on bioluminescence
were collected over a transect across the central Bransfield Strait at 9 stations (Figure 5).
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2.5. Antarctic Plankton

The investigations on distribution krill and salps were studied during the 87th cruise
of the R/V “Akademik Mstislav Keldysh” in January and February 2022 in the western
zone of the Atlantic sector of Antarctica. A total of 31 tows were performed: 21 by the DSN
plankton net and 10 by the Isaacs-Kidd trawl in the Samyshev–Aseev modification [42,43].
A sample of at least 300 individuals was selected for biological analysis. If there were fewer
individuals in the catch, then it was analyzed completely. In cases where it was not possible
to determine the total number of Antarctic krill and salps in the catch, the entire catch was
weighed and, depending on the amount of krill and salps caught, a sample (from 100 mL
to 1 L) was taken and extrapolated to the entire catch. A total of 3789 krill individuals were
measured, and an analysis was performed for 2561 krill and 6421 salps.

2.6. Parasitological Studies of Antarctic Fish

Five specimens of the Antarctic deep-sea smelt Bathylagus antarcticus (Günther, 1878),
infected with copepods, were caught in the Atlantic sector of Antarctica off the Powell basin,
in the region of the northern submarine rises and on the shelf of the South Orkney Islands in
February 2020. These were collected during the 79th cruise of the R/V “Akademik Mstislav
Keldysh” Shirshov Institute of Oceanology of Russian Academy of Sciences (IO RAS).
The fishes were caught with mid-water trawls at three stations: st. 6653 (62◦26.9545′ S,
52◦14.5092′ W), 2794–2882 m in depth; st. 6655 (62◦28.7629′ S, 50◦57.1162′ W), 730–838 m
in depth; and st. 6690 (59◦47.4053′ S, 50◦25.5293′ W), approximately 1400 m in depth.
Fish were immediately preserved in 70% ethanol. Copepods were collected from ethanol-
fixed fish in the laboratory under a stereomicroscope with magnification 15–20. In the
laboratory, copepods were carefully removed from the tissues of the fish, and then soaked in
lactophenol for an entire day before dissection. Mesoparasitic copepods from all specimens
were deposited in the Collection of Marine Parasites (CMP: 7 vouchers Nos.: 1370.Cr.40.v1;
1371.Cr.40.v2; 1372.Cr.40.v3; 1373.Cr.40.v4; 1374.Cr.40.v5; 1375.Cr.41.v1; 1376.Cr.41.v2) of
the A.O. Kovalevsky Institute of Biology of the Southern Seas RAS (IBSS), Sevastopol [44].

3. Results
3.1. Trace Elements

Concentrations of all studied elements (Figures 6 and 7), except Mo, were generally
low, matching the lower limit of their background concentrations in oceanic waters [16,23],
or were even lower.

For some elements, the values obtained were below their detection limits: Be—<0.005,
Co—<0.005, Ag—<0.01 and Tl—<0.001 µg·L−1. Concentrations of Se were extremely
low, and slightly exceeded its detection limit (0.01 µg·L−1) only in a few samples from
the southern and western parts of the Bransfield strait. Concentrations of V and Ni
are not presented in figures, as they were distributed quite homogeneously within the
studied region, and matched the background ranges for the elements reported for oceanic
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waters [16,23,45]. Ranges of the values measured in the actual study were 1.17 ÷ 1.79
µg·L−1 for V and 0.21 ÷ 0.39 for Ni.
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3.2. Bacterioplankton–Phytoplankton Coupling and Bacterial Physiological Activity

In the Bransfield Strait, the bacterioplankton abundance varied from 0.14 to
1.03 × 106 cells mL−1 and averaged 0.36 ± 0.18 (SD) × 106 cells mL−1. The highest
concentrations of bacteria were observed in the surface layer at st. 6593, and in the 20 m
layer in the northern part of the strait (Figure 8).
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(HNA%) along the transect in the Bransfield Strait during austral mid-summer, January 2020. Green
and red lines represent the bottom of the photic layer (phl) and 1 ◦C isotherm (as a boundary between
water masses), respectively.

The fraction of the HNA-bacteria was 28 ± 8% of the total abundance of bacteri-
oplankton, and ranged from 10% to 43%. The highest HNA% values coincided with
bacterioplankton peaks at st. 6587 and 6593, as well as in the southern part of the strait
on the shelf of the Antarctic Peninsula (st. 6595), across the entire range of depth from the
surface to the bottom (Figure 8).

The abundance of bacterioplankton exhibited a weak relationship with water tem-
perature (R2 = 0.29) and a stronger relationship (R2 = 0.54) with chlorophyll fluorescence
(Figure 9a,b). On the contrary, HNA% was not correlated with either temperature or chla
fluorescence (Figure 9c,d). Inclusion in the analysis of only physiologically active HNA-
bacteria (Figure 9e,f) resulted in a significant weakening of the bacteria–phytoplankton
relationship. On the contrary, (Figure 9g,h) LNA-bacteria showed a greater dependence on
phytoplankton as the major source of organic matter.
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3.3. Spectral Bio-Optical Properties and Phytoplankton Productive Characteristics

In the austral summer 2020 (from 11 January to 4 February) in the Atlantic sector of
the Antarctic, a complex investigation of bio-optical parameters, including chlorophyll
a and phaeopigments concentration; (TChl-a), ap(λ),aNAP(λ), aph(λ),and aCDOM(λ); and
phytoplankton photosynthetic characteristics (φmax and Ik) (Figure 10) were carried out at
37 stations in the Drake Passage, Falkland Current, Bransfield Strait, and Powell Basin.
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Figure 10. Examples of spectral light absorption coefficients of particles (ap(λ), m−1), non-algal
particles (aNAP(λ)), phytoplankton aph(λ), and colored dissolved organic matter(aCDOM(λ)) (A); Light
curves of relative electron transport rate (ETR, rel. un.) (B); Vertical distribution of the saturating
light intensity (Ik, µE m−2 s−1, blue line) and maximum quantum yield of photosynthesis (φmax,

C quantum−1, red line) (C).

Wide variability of the bio-optical properties (about two orders of magnitude) was
observed (Figure 11). The surface TChl-a varied in a range from 0.20 mg m−3 (Drake
Passage) to 4.4 mg m−3(Powell Basin). The aph(λ), aNAP(λ), and aCDOM(λ) at the wavelength
of phytoplankton physiology (maximum of light absorbance at 438 nm) varied in the
surface layer from 0.0049 to 0.29 m−1, from 0.0046 to 0.034 m−1, and from 0.0042 to
0.15 m−1, correspondently (Figure 11).
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Figure 11. Map of the sum of chlorophyll a and phaeopigment concentration (TChl-a, left panel),
light absorption coefficient of colored dissolved organic matter at 438 nm (aCDOM(438), middle panel),
and contribution of the phytoplankton(aph(438)/atot(438)), non-algal particles (aNAP(438)/atot(438)),
and CDOM (aCDOM(438)/atot(438)) to total non-water absorption at 438 nm (left panel).

The aph(λ) correlated with TChl-a (aph(438) = 0.048 × Ca
1.2, r2 = 0.83, N = 126; aph

(678) = 0.022 × Ca
1.2, r2 = 0.92, N = 126). The power coefficients were >1. This reflects the

increasing chlorophyll a-specific phytoplankton absorption coefficients (a*ph (λ)), with a
rise of TChl-a. In high trophic waters (st. 6609), the aph(λ), had a local maximum at 490 and
550 nm—the “signature” of phycobilin pigments.

As result of parameterization of non-algal particles (NAP) and colored dissolved
organic matter (CDOM), absorption of SNAP was equal to 0.011 ± 0.0017 nm−1, and that
of SCDOM was 0.0151 ± 0.0016 nm−1. The analysis showed that aNAP(λ) co-varied with
both aph(λ) and TChl-a, but aCDOM(λ) did not correlated with either aph(λ) or (TChl-a). The
contribution of phytoplankton and CDOM to the total non-water absorption at 438 nm
varied significantly in the surface layer, from 7% to 88% and from 3% to 88%, respectively
(Figure 11). The high phytoplankton and minimum CDOM contributions were observed in
more trophic waters (TChl-a > 1 mg m−3).
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Analysis of the distribution of phytoplankton photosynthetic characteristics (ETR light
curves, Fmax, and Ik) revealed (Figure 8) that the Ik decreased from the surface to the bottom
of the euphotic zone, and that Fmax profiles showed a tendency to increase with depth.

3.4. Bioluminescence

Zooplankton sampling was carried out using a Bongo net [46], as well as via trawling
using a Double squad net (DSN) and an Isaacs-Kidd trawl (IKMT). The Bongo net was
a towed plankton net consisting of a frame with two metal rings, which had two filter
cones with a mesh of 300 microns fixed onto them. The diameter of each frame ring was
60 cm [46]. DSN—a double square net with an inlet area of 1 m2 and a 6 m long filter
cone made of gas with a mesh size of 0.5 mm—was equipped with a water flow meter
(Hydrobios, Germany) and a 24 kg wing-shaped depressor (Hydrobios, Germany). Oblique
tows were carried out in layers, starting from 730 to 100 m, at vessel speeds from 2 to
3.1 knots. The towing depth was prompted by the pressure sensor readings of the Senti DT
probe (Star Oddi, Iceland). An oblique tow was carried out in layers starting from 270 to
130 m, at a vessel speed of 1.7–2.3 knots. Fishing with the Bongo net showed the lowest
level of effectiveness. The maximum number of specimens of E. superba and S. thompsoni
were obtained using the IKMT trawl. The average size of S. thompsoni individuals was
30–50 mm. A large aggregation of S. thompsoni was registered while towing with the DSN,
with an average individual size of 20–40 mm. The maximum number of salps in a catch
did not exceed 400 individuals.

Aggregations of large mature krill were mainly present in oceanic areas distant from
the coast, whereas larvae and juveniles were mainly concentrated in the shelf zone. The
largest concentrations of larvae and juveniles of krill were noted in the Bransfield Strait on
the shelf of the Antarctic Peninsula.

The maximum level of bioluminescence was registered at st.1, where it reached
272.3 × 10−12 W·cm−2·L−1 at 166 m (Figure 12). The vertical structure of the biolumi-
nescence at this station was single-maximum (Table 1), with an ocean surface temperature
of 2.05 ◦C and salinity of 33.8 PSU.
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At stations 2, 3, 4, 5, 6, and 7, the average level of bioluminescence varied from
88 × 10−12 W·cm−2·L−1 to 166× 10−12 W·cm−2·L−1, the structure being evenly distributed
across depth with slight peaks. At central stations of the section, a high-gradient zone was
formed where the water temperature varied from 1.32 ◦C to 1.76 ◦C. The lowest level of the bio-
luminescent signal, with values of 18.69× 10−12 W·cm−2·L−1 and 17.42 × 10−12 W·cm−2·L−1

throughout the study area, were recorded at stations 8 and 9, respectively. At the same time,
the coldest ocean surface temperature layer,−0.006 ◦C, was also recorded at station 9 (Table 1).

In the area of the archipelago of the South Shetland Islands, where the flow of water
from the southern periphery of the Antarctic Circumpolar Current enters, the accumula-
tions of salps and a low number of krill of older age groups were recorded. The distribu-
tion of E. superba and S. thompsoni coincided with the structure of the BF in the studied
region (Figure 12).
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Table 1. Mean of bioluminescence, temperature, and salinity at several stations in the region.

Station Coordinates Station
Number

Max.
Biolum.

Max. Level (m)
of Biolum.

Biolum.
Means Temp, ◦C Salinity, PSU

62◦33.48′ S 059◦33.85′ W 1 272.3 166 149.57 2.05 33.8
62◦34.96′ S 059◦31.92′ W 2 159.4 176 88.4 1.9 33.8
62◦35.93′ S 059◦29.42′ W 3 169.87 179 165.84 1.76 33.85
62◦36.89′ S 059◦27.30′ W 4 190.8 198 166.3 1.88 33.9
62◦40.01′ S 059◦22.01′ W 5 115.67 113 100.72 1.32 34.11
62◦44.86′ S 059◦11.89′ W 6 110 179 107.81 1.38 34.1
62◦54.04′ S 058◦53.23′ W 7 109 111 101.59 0.68 34.18
63◦02.14′ S 058◦35.66′ W 8 81.4 128 18.69 0.07 34.19
63◦10.01′ S 058◦20.05′ W 9 55.93 152 17.42 0.07 34.19

3.5. Antarctic Krill

Our research showed that krill abundance ranged from 0 to 537 ind·1000 m−3, and
biomass ranged from 0 to 331.8 g·1000 m−3. The maximum catch by the Isaacs-Kidd trawl
was 33 kg. Significant numbers of large, immature krill were found southeast of James Ross
Island, where krill numbers averaged 357 ind·1000 m−3. The third-largest catch was in the
Bransfield Strait, with a krill count of 321 ind·1000 m−3 (Figure 13).

Water 2022, 14, x FOR PEER REVIEW 14 of 23 
 

 

 

Table 1. Mean of bioluminescence, temperature, and salinity at several stations in the region. 

Station Coordinates 
Station 

Number 
Max. 

Biolum. 

Max. Level 
(m) of Bio-

lum. 

Biolum. 
Means 

Temp, °C 
Salinity, 

PSU 

62° 33.48’ S 059° 33.85’ W 1 272.3 166 149.57 2.05 33.8 
62° 34.96’ S 059° 31.92’ W 2 159.4 176 88.4 1.9 33.8 
62° 35.93’ S 059° 29.42’ W 3 169.87 179 165.84 1.76 33.85 
62° 36.89’ S 059° 27.30’ W 4 190.8 198 166.3 1.88 33.9 
62° 40.01’ S 059° 22.01’ W 5 115.67 113 100.72 1.32 34.11 
62° 44.86’ S 059° 11.89’ W 6 110 179 107.81 1.38 34.1 
62° 54.04’ S 058° 53.23’ W 7 109 111 101.59 0.68 34.18 
63° 02.14’ S 058° 35.66’ W 8 81.4 128 18.69 0.07 34.19 
63° 10.01’ S 058° 20.05’ W 9 55.93 152 17.42 0.07 34.19 

At stations 2, 3, 4, 5, 6, and 7, the average level of bioluminescence varied from 88 × 
10−12 W∙cm−2∙L−1 to 166 × 10−12 W∙cm−2∙L−1, the structure being evenly distributed across 
depth with slight peaks. At central stations of the section, a high-gradient zone was 
formed where the water temperature varied from 1.32°C to 1.76°C. The lowest level of 
the bioluminescent signal, with values of 18.69 × 10−12 W∙cm−2∙L−1 and 17.42 × 10−12 
W∙cm−2∙L−1 throughout the study area, were recorded at stations 8 and 9, respectively. At 
the same time, the coldest ocean surface temperature layer, −0.006°C, was also recorded 
at station 9 (Table 1). 

In the area of the archipelago of the South Shetland Islands, where the flow of water 
from the southern periphery of the Antarctic Circumpolar Current enters, the accumula-
tions of salps and a low number of krill of older age groups were recorded. The distribu-
tion of E. superba and S. thompsoni coincided with the structure of the BF in the studied 
region (Figure12). 

3.5. Antarctic Krill 
Our research showed that krill abundance ranged from 0 to 537 ind∙1000 m−3, and 

biomass ranged from 0 to 331.8 g∙1000 m−3. The maximum catch by the Isaacs-Kidd trawl 
was 33 kg. Significant numbers of large, immature krill were found southeast of James 
Island, where krill numbers averaged 357 ind∙1000 m−3. The third-largest catch was in the 
Bransfield Strait, with a krill count of 321 ind∙1000 m−3 (Figure 13).  

 

 
Figure 13. Spatial distribution of the number of accumulations (ind∙1000 m−3) of Antarctic krill and 
salps (%) in the Powell Basin and the area of the South Orkney Islands, according to results from 
the 87th cruise of R/V “Akademik Mstislav Keldysh” in 2022. 

The bulk of the catch consisted of juvenile fish. 

3.6. Parasitological Research 

Figure 13. Spatial distribution of the number of accumulations (ind·1000 m−3) of Antarctic krill and
salps (%) in the Powell Basin and the area of the South Orkney Islands, according to results from the
87th cruise of R/V “Akademik Mstislav Keldysh” in 2022.

The bulk of the catch consisted of juvenile fish.

3.6. Parasitological Research

Five specimens of sphyriid and two specimens of pennilid copepods were iden-
tified on five exemplars of Bathylagus antarcticus. Only one species of copepod para-
sitized on infected fish. Five individuals of mature egg-bearing copepod females were
found on three specimens of B. antarcticus, which morphologically corresponded to the
Paeonocanthus antarcticensis (Hewitt, 1965) (Figure 14A–D). In the cephalothorax and part
of the neck, copepods of this species penetrated deep into the muscles, eventually reaching
the abdominal cavity and penetrating into the livers of the fish.

In the two other specimens of B. antarcticus, two mature, egg-bearing female copepods
were found, which, according to their morphometric character, correspond to the diagnosis
of the genus Sarcotretes Jungersen (Figure 14E–G). Among the four valid species of copepods
of this genus, the species S. scopeli Jungersen is the closest to the studied individuals. It
should be noted that the studied female copepods, Sarcotretes sp. from B. antarcticus, were
gravid, with smaller body sizes than the S. scopeli copepods parasitizing Bathylagus sp.
from the Southern Ocean (13.4 mm vs. 21.15 mm sensu [47]), as well as than myctophid
fishes caught in southwestern Greenland, the Scotian Shelf, and off New Jersey (13.4 mm
vs. 16–25 mm sensu [48]).
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Observed differences are likely related to the host variability of these copepods; how-
ever, further studies of a larger number of Sarcotretes specimens from Bathylagus in Antarc-
tica are needed to confirm this statement. The cephalothorax of discovered copepods of
this genus penetrated through all the organs and muscles of the fish, and directly into the
cavity of the heart.

4. Discussion
4.1. Trace Elements

The measured concentrations of Zn, Cd, Pb (Figure 6), Fe, As, and Sb (Figure 7) were
generally higher in samples from the western section in the Bransfield Strait, with a slight
decrease in their content eastward through the Strait. This trend is highly likely to reflect
the input of the enhanced content of these elements from the west of the Strait with their
further dilution with Weddell Sea waters, which generally have lower concentrations of the
studied metals and metalloids [22,23]. This concept is in good agreement with studies of
water mass transport through the Strait [18,21,49]. The most evident trends were obtained
for Fe, Pb, and Sb. Further analyses of elements’ distribution within the entire studied
region indicates that internal sources of Fe (Figure 7A) and Zn (Figure 6B) were likely to be
present in the Weddell Sea, as enhanced values were observed for both elements in the north
west part of the Sea. Perhaps this is due to the influx of elements into the sea environment
during the melting of polar glaciers [16,50]. The input of considerable quantities of Fe
in suspended form, sourced from the shore lands of islands and the Antarctic continent,
caused leaching further toward the solution, and then assimilation with phytoplankton
species was observed for the South Scotia Ridge region (NW Weddell Sea) [51]. The
almost homogeneous distributions of Mo (Figure 7B) and V in the studied area were quite
typical for oceanic ecosystems [52,53], since these elements reveal conservative behavior in
oxygenated marine waters [45]. The average values of Mo (6.76 µg·L−1) and V (1.52 µg L−1)
were in agreement with those reported for sea waters of the World Ocean [45,52,53]. The
lack of Mo in two samples (Figure 7B) may be explained by local hypoxia due to the
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commencing storms, causing the mixing of highly oxygenated surface waters with less
oxygenated underlying water layers, since Mo has been shown to be sensitive to decreases
in oxygen concentration [53]. The further analysis of the particulate material sampled at
the same stations of the cruise may clarify this point.

A comparison of the results obtained in 2020 [22] and 2022 on the concentration of
trace elements in the surface waters of the Bransfield Strait showed an increase in the
concentrations of Mo and V in 2022 by 2.4 and 2.3 times, respectively. Additionally, in 2022,
an excess of the average concentrations of Mo and V in the sea water of the Bransfield Strait
by 1.6–1.7 times, respectively [54], was noted.

4.2. Bacterioplankton–Phytoplankton Coupling and Bacterial Physiological Activity

We have revealed that the highest bacterioplankton abundances can be found in the
northern part of the strait, where the water masses dominate with Bellingshausen Sea influ-
ence, water temperatures of >1 ◦C, and salinities of <34.1 psu [55,56]. The low boundary
of the water mass is well-marked by the 1 ◦C isotherm (Figure 9). High Chl-a concen-
trations, found at the same stations, agreed well with the earlier long-term observations:
well-stratified waters off the South Shetland Islands are associated with a shallower photic
layer and higher Chl-a concentrations at or near the surface [57]. Thus, the Bransfield Strait
bacterioplankton demonstrated good coupling with phytoplankton, the major supplier
of organic carbon in the Southern Ocean, under the conditions of negligible input of all
ochthonous organic matter to the coastal waters [58]. According to our results, the fraction
of HNA bacteria was relatively small compared with other regions of the World Ocean.
This agreed well with other data [59,60] and supported the hypothesis about the important
role of other mechanisms (such as bacterivory and phage infection) in controlling Antarctic
bacterioplankton [61–63]. Our attempt to reveal a stronger relationship between HNA bac-
teria and phytoplankton was unsuccessful, indicating that in the Antarctic waters, bacterial
abundance may be closely controlled by loss processes rather than resource supply [64].

4.3. Spectral Bio-Optical Properties and Phytoplankton Productive Characteristics

The investigated water region had high spatial heterogeneity in the distribution of the
bio-optical parameters caused by dynamics and hydrological structure of the waters [65,66].
The water dynamics resulted in variability of the main environmental factors—light, tem-
perature, and nutrients supply—controlling the abilities of phytoplankton and its pho-
tosynthetic characteristics [67,68]. The revealed links between aph(λ) and TChl-a differed
from their relationship in the Antarctic waters [69] and World Ocean [70] by the higher
power coefficients (>1). This reflected the increasing levels of a*ph(λ), with a rise in TChl-
a caused by a dominance of small-celled species of phytoplankton in warmer (surface
temperature >3 ◦C) and trophic waters (TChl-a> 1 mg m−3). The “signature” of phycobilin
pigments on the aph(λ) justified an increasing of cryptophyte abundance in phytoplank-
ton and a shift in dominating taxon to Cryptophyte [71]. The collected bio-optical data
was the basis for a validation of the standard satellite products, for parameterization of
absorption by all optically active components, and for refining the developed three bands
algorithm [72] for Antarctic waters. The measured bio-optical properties and quantum
efficiency of photosynthesis will be used for the calculation of primary production (PP) by
a full spectral approach, using spectral downwelling irradiance (Ed(λ)), a*ph(λ), and φmax,
Ik) [73]. The spectral PP takes into account the effect of global warming on the species and
size structure of phytoplankton, with its state caused by adaptation to ambient light and
nutrient availability (via a*ph(λ), and φmax, Ik) [36,70,74], as well as the effect of ice melting
on the variability of the NAP and CDOM content (via Ed(λ)) [75].

4.4. Study of Bioluminescence

Thanks to the use of hydrobiological complexes and the method of multiple soundings,
there was an opportunity to register the fields and the structure of accumulations of
Antarctic krill, salps, and other luminous organisms in the 0–200 m layer in Antarctic
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waters. It was stated that one of the main features of the vertical structure of Antarctic
bioluminescence fields (BFs) is their stratification, determined both by the parameters of
the pelagic community and by the characteristics of the water masses. The depth of the
layer or layers of maximum luminescence intensity (MLIL) and their number are also
important characteristics of the BF. During the study period, the MLILs recorded at almost
all stations were below the isobath of 100 m. Intense outbreaks of bioluminescence in
the area of the South Shetland Islands archipelago (with a low abundance of krill) can be
associated with an increase in the abundance of salps, which are capable of generating
outbreaks of such potential. A rapid increase in the number of salps was likely due to
their rapid asexual reproduction in ice-free spring waters [2]. The increase in the intensity
of the bioluminescence field in the studied waters was likely due to an improvement in
the supply of nutrients to the waters and a significant increase in the content of digestible
organic matter. Moving to the south, the intensity of bioluminescence was noticeably
decreasing, which was likely due to the horizontal and vertical structure of the waters. A
significant decrease in temperature and an increase in salinity have a substantial impact on
the distribution of luminous organisms [76]. Low temperatures seem to have a negative
effect on the development of salps; therefore, they are not found in the southern regions.
The largest concentration of larvae and juveniles of krill, which, unlike accumulations of
salps, cannot produce a powerful bioluminescent signal, was registered on the shelf of the
Antarctic Peninsula [76].

4.5. Antarctic Krill and Salpa Thompsoni

Against the background of a decline in Antarctic krill abundance in recent years,
there has been an intensive development of Salpa thompsoni, the main food competitor of
Antarctic krill. Catastrophic outbreaks of this species due to climate change, observed
since 1975 and up to the present time, raise reasonable concerns about possible adverse
changes in the pelagic ecosystem of the Southern Ocean [77–83]. These jelly planktonic
organisms change the structure of trophic chains, which affects the ecology of many animals,
including fish, birds, and mammals. According to our experimental determinations of
energetic metabolism [84], the dietary requirements of S. thompsoni are up to two orders of
magnitude (depending on the size of tunicates) greater than those of Antarctic krill [85]. The
mechanism of salps penetration to high latitudes is based on the meridional gyres exchange
through the Antarctic Circumpolar Current front [86]. Under the conditions of large-
scale atmospheric processes, this mechanism is universal for all sectors of Antarctica [2].
It appears to be key to the awareness of the expected serious changes in the Antarctic
ecosystem under the influence of global climate change, displacement of polar fronts, and
main continental margin currents, and it is most pronounced in the Atlantic sector [87].
During the period of the IBSS surveys in the Atlantic sector, the R/V “Ernst Krenkel” (1998)
and Horizon (2002) recorded potentially commercial-scale accumulations of krill, with
stocks estimated at millions of tons [85]. In the time of the 87th expedition of RV “Akademik
Mstislav Keldysh” in 2022, it was discovered that the krill fields had been replaced by
accumulations of salps. Their numbers ranged from 0 to 202 ind·1000 m−3 and from 0
to 72 g·1000 m−3, respectively. It is thought that the possible catastrophic consequences
for the Antarctic ecosystem will involve three main factors [2]—mechanical removal from
the base of krill habitat; suppression of its population development due to inhibition of
reproduction in the crustacean, whose spawn develops on the polluted bottom of shallow
waters; and through food competition with salps.

4.6. Parasitological Research

Parasitic copepods are common fish parasites, and can have pathogenic effects on the
host, sometimes causing their death. This can result in economic problems in the fishing
industry [88–91]. Currently, there is limited information about ecto- and mesoparasitic
crustaceans from fish of the Southern Ocean [47,92,93]. According to [93,94], only nine
species of copepods, from seven genera and four families, have been identified from
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fish from this region between 1966 to 2015. In the Southern Ocean, only two species
of sphyriid and pennilid copepods have previously been found in the bathypelagic fish
Bathylagus Günther. In B. antarcticus, in the Pacific Sector of Antarctica, D′Urville Sea (65◦ S,
139◦59.6′ E), the copepod Paeonocanthus antarcticensis from the family Sphyriidae Wilson
was observed [92]. In the Antarctic, Sarcotretes copepods were mainly recorded in the gills
of mesopelagic fishes (Myctophidae) [93], and the only record of S. scopeli was recorded
in a bathypelagic fish, Bathylagus sp., in the Indian Ocean Sector of Antarctica, Davis Sea,
and Lützow-Holm Bay [47,48]. Before our studies, there had been no repeated findings of
copepods of the Paeonocanthus and Sarcotretes genera in bathypelagic fishes in Antarctic
waters. The discovery of copepods of these two genera in endemic bathypelagic fish of
the Southern Ocean in a new area, the Atlantic sector of Antarctica off the Powell basin,
significantly expands our know ledge about their range and the species composition of
their fish hosts. According to [90], representatives of the genus Sarcotretes can penetrate
into the liver when penetrating the cephalothorax and part of the neck into the body cavity
of the fish, which leads to a decrease in their volume in comparison with uninfected fish.
In addition, V.N. Kazachenko [90] noted the penetration of cephalothorax copepods of
this genus into the abdominal cavity near the intestines of fish, which led to a decrease in
the intestinal lumen and, as a result, a disruption in the functioning of this organ. During
our study, we found a more pathogenic influence of copepods of the genus Sarcotretes,
namely the penetration of the cephalothorax and part of the neck by Sarcotretes sp., into the
heart cavity of Bathylagus antarcticus, leading to the parasite feeding on the blood of the
fish. We also noted a deep penetration of the cephalothorax of another copepod species,
Paeonocanthus antarcticensis, into the liver of B. antarcticus. In this casem the muscles at the
site of penetration were very loose, and the liver was slightly deformed. The formation of
tumors at the sites of penetration of copepods of both species was not found in Bathylagus.

5. Conclusions

In general, the study of trace element distribution in surface waters of the Atlantic
Sector of Antarctica in 2022 ensured that the studied water area was the reference ecological
background region in terms of content of trace elements, including heavy metals. However,
comparison of the results obtained in 2020 [22] and 2022 on the concentration of trace ele-
ments in the surface water of the Bransfield Strait showed an increase in the concentrations
of Mo and V in 2022 by 2.4 and 2.3 times, respectively. Such an increase did not result in
excess of any maximum permissible concentrations, but led to the average concentrations
of Mo and V in the sea water exceeding the recommended “target values” (considered
absolutely safe for a marine environment) of these elements by 1.6–1.7 times [49]. This
testifies to the need to continue monitoring chemoecological studies in this region of the
Southern Ocean, in order to identify the sources of trace elements entering the studied area.

In Antarctica, the primary production of phytoplankton determines not only the
matter and energy flow up to the higher trophic levels, including Antarctic krill, but also the
dependence of heterotrophic bacteria on algae-produced labile dissolved organic matter. In
2020 the highest abundance of bacterioplankton (up to 1.03× 106 cells mL−1) was observed
in the northern part of the Bransfield Strait in the warmer and less salty water mass under
Bellingshausen Sea influence, just where the phytoplankton bloom was registered. A
lower fraction of physiologically active HNA bacteria (28 ± 8% on average) and their
weaker coupling with phytoplankton indicated that the Bransfield Strait bacterioplankton
seemed to be closely controlled by predatory and viral mortality rather than organic carbon
supply by phytoplankton. The variability in the bio-optical properties of the Southern
Ocean was assessed in the austral summer of 2020. The high spatial heterogeneity in
the distribution of light absorption by all optically active components was also revealed.
The collected bio-optical data present the scientific basis for the development of regional
bio-optical algorithms for operative assessment of the current state of the Southern Ocean’s
pelagic ecosystem, as well as forecasting changes due to global warming. Satellite data
provide primary production estimates with high spatial and temporal resolution. The
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combination of in situ data and data calculated using satellite algorithms on the abundance
of phytoplankton (the concentration of chlorophyll a is used as a biomass marker) and
its production activity will make it possible to further study the patterns of formation of
primary production and food supply of krill in contemporary conditions, as well as the
basis of established relationships, to predict possible changes due to global warming.

The findings of mesoparasitic copepods of two genera (Paeonocanthus and Sarcotretes)
in bathypelagic fish endemic to the Southern Ocean in a new area, the Atlantic sector of
Antarctica off the Powell basin, significantly expands our knowledge about their geograph-
ical distribution and the species composition of their definitional fish hosts—Bathylagus spp.
The conducted research and the obtained results are aimed at supporting management de-
cisions regarding the exploitation and conservation of the unique ecological and biological
resources of Antarctica. This research is also the basis for further research by the IBSS in
the Atlantic sector of the Antarctic.
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Age Structure and Spatial Distribution of Euphausia superba
Larvae off the Antarctic Peninsula, Southern Ocean
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Far Eastern Branch, Russian Academy of Sciences (NSCMB FEB RAS), Vladivostok 690041, Russia;
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Abstract: The Antarctic krill, Euphausia superba Dana, 1850, is a species forming high biomass and,
therefore, playing a major role in the Antarctic marine food web. The age structure and patterns of
spatial distribution of E. superba larvae in the waters of the Bransfield Strait (Antarctic Sound, Powell
Basin), and off the South Orkney Islands, were studied based on data collected through a research
survey in January and February 2022. Eggs and larvae (naupliar, calyptopis, and furcilia stages) of
E. superba were found in these regions. Eggs and nauplii were concentrated in the southern, deep-sea
part of the Antarctic Sound and over the northeastern and southwestern slopes of the Powell Basin,
while calyptopis and furcilia larvae were concentrated north of the South Orkney Islands. The larvae
abundance increased in an easterly direction. Four groups of communities comprising krill larvae
at different development stages were identified. These groups were located in two subregions with
the border between them running off the South Orkney Islands. The distribution and abundance
of E. superba larvae showed a clear relationship with environmental conditions, in particular with a
combination of such factors as sea surface temperature and chlorophyll a concentration.

Keywords: Antarctic krill Euphausia superba; eggs; nauplii; calyptopis; furcilia; abundance; distribution;
Atlantic sector; Southern Ocean

1. Introduction

The Antarctic krill, Euphausia superba Dana, 1850, (hereafter referred to as krill) is a
major link between primary producers and vertebrates (seals, whales, and seabirds) in the
food web of the Southern Ocean [1]. It is also an important target species of commercial
fisheries [2,3]. Over the past 25 years, the population density of krill in the Atlantic sector
has markedly decreased [4–6], and therefore, recovery processes in this species attract
increasing research attention. Although pelagic communities in the Atlantic sector of
the Southern Ocean have been quite thoroughly studied to date [7–10], there is still little
information on the distribution of early development stages of E. superba in this region.
Previous studies described the relationship between spatial variations in larval aggregations
and concentration of adult krill [11,12], the distribution of life-history stages and overlaps
of their ranges, and also their relationships with environmental dynamics [13–15]. Krill
development passes through a series of successive stages. Fertilized eggs descend from
the surface layer to a depth of 1000 m, where nauplii hatch and begin rising back to the
surface. During the ascent, the development stages of krill larvae sequentially change from
nauplius to metanauplius, calyptopis, and furcilia [11,14].

Significant warming has been observed in the Southern Ocean in recent decades:
since 1955, the temperature of the upper ocean layers west of the Antarctic Peninsula has
increased by more than 1 ◦C [16]. The reduction in the sea ice extent and proportion of
multi-year sea ice is still ongoing [17,18]. The continuing climate change in the Southern
Ocean [19,20] makes pelagic communities adapt to new conditions [21,22]. Since krill
larvae are extremely sensitive to environmental factors [23,24], study of their responses to
variations in environmental factors is of particular relevance to address the conservation
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of the species and provide sustainability of krill fishery in the future. In the present study,
we assessed the current spatial distribution of krill larvae in the waters off the Antarctic
Peninsula (Atlantic sector of the Southern Ocean) and identified the main environmental
factors responsible for the distribution and density of various krill larvae stages. The results
of the study are expected to be of high practical value for monitoring the current status of
the changing Antarctic marine ecosystem.

2. Materials and Methods

The material for this study was collected in January and February 2022 at 23 integrated
stations. The study area included the Bransfield Strait, the Antarctic Sound, the Powell
Basin of the Weddell Sea, and the waters off the South Orkney Islands. Sampling was
carried out using the opening/closing Multinet system [25] (0.25 m2 aperture) equipped
with five 150-µm mesh nets, a WP-2 net [26] with a mesh size of 150 µm, and a Bongo net
(505-µm mesh and 0.6 m mouth diameter) [27] (Figure 1). The tows from a 200-m depth
to the surface were performed obliquely. The vertical, stratified sampling tows from the
bottom (maximum 1000 m) to depths of 500, 500–200, 200–100, 100–50, and 50–0 m were
made at a velocity of 0.5–1 m/s. The Bongo net was equipped with a water flow counter
(Hydrobios, Germany). A total of 120 plankton samples were collected. Fresh samples,
immediately after being hauled aboard and brought to the laboratory, were viewed in a
Bogorov counting chamber under a SZX7 binocular microscope (Olympus, Japan) and then
fixed with a 4% formalin solution. The development stages of E. superba were identified
using special identification keys [11,28]. Hydrological measurements of water temperature
(T, ◦C) and salinity (S, psu) were carried out using an OCEAN SEVEN 320 Plus CTD
multiparameter probe (Idronaut, Italy), lowered from the surface to the bottom. Chlorophyll
a (Chl a) profiles were measured with a calibrated fluorometer (Seapoint Sensors Inc., Exeter,
NH, USA) mounted on the CTD probe. Temperature and salinity within the upper 50 m
horizon were referred to as “surface”. Mean values of Chl a concentration were calculated
for the upper 100 m of the water column, which was the estimated average depth of the
euphotic zone.
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Figure 1. The sampling stations and the major currents in the study area. Orange line is the Antarctic
Circumpolar Current (ACC); red line, the Bransfield Current (BC); yellow line, the Antarctic Coastal
Current (ACoC); blue line, the Antarctic Slope Front (ASF); green line, the Weddell Front (WF).
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Statistical analysis was carried out using the PRIMER v. 6 software package [29]. For
data processing, a matrix of larvae similarity of samples was calculated on the basis of the
Bray–Curtis dissimilarity index. Number of larvae at different development stages per 1 m3

of water was used as initial data. To assess the reliability of clustering results, a SIMPROF
permutation test was performed (with a number of repetitions of 999, p = 0.05). In addition,
effects of environmental parameters (water temperature, salinity, and Chl a) on the age
structure of krill larvae were analyzed by BEST (BIOENV analysis) relating the larvae
abundance matrix to the Euclidean distance matrix of environmental parameters. The BEST
procedure selects the subset of abiotic variables that maximizes the rank correlation (ρ)
between the biotic and abiotic (dis)similarity matrices [30]. The Spearman’s rank correla-
tion analysis was performed to show correlations between abundance and hydrological
variables in order to identify the variables most responsible for their distribution between
the stations (run in PAST ver. 4.05). The maps of the sampling area and spatial distribution
of krill larvae abundance were composed using the Ocean Data View v. 5 software.

3. Results

The highest sea surface temperature (SST) values (with a maximum of 1.8 ◦C) were
recorded from the waters northeast of the South Orkney Islands and in the Bransfield Strait
off the South Shetland Islands; medium values were in the middle of the Bransfield Strait
and in the Powell Basin; the lowest values, in the Antarctic Sound and in the waters off the
Antarctic Peninsula, where one extreme temperature minimum (stn. 7336) was recorded
(Figure 2A). The highest sea surface salinity (SSS) values were recorded from the areas in
the middle of the Bransfield Strait and in the Antarctic Sound; medium values were in the
Powell Basin and northeast of the South Orkney Islands; the lowest values were in the
Bransfield Strait off the South Shetland Islands and off the Antarctic Peninsula (Figure 2B).
The distribution of mean Chl a concentrations is shown in Figure 2C.

The age structure and abundance of krill larvae differed between the waters off the
Antarctic Peninsula and off the South Orkney Islands coast. The maxima of abundance of
krill eggs and larvae (2300 ind./m3) were recorded from three areas: the Antarctic Sound,
the Powell Basin, and the waters northeast of the South Orkney Islands. The minimum
abundance values of krill eggs and larvae (1.3 ind./m3) were in the Bransfield Strait and
off the Antarctic Peninsula, with their concentration increasing 3–5-fold from the coast to
the middle of the Bransfield Strait (Figure 3A). Krill eggs and nauplii were concentrated
in three areas: the southern Antarctic Sound and over the southwestern and northeastern
slopes of the Powell Basin (Figure 3A). Krill larvae in calyptopis and furcilia stages were
concentrated at a maximum abundance northeast of the South Orkney Islands. In general,
the krill larvae abundance increased in an easterly direction. In the waters off the Antarctic
Peninsula and in the Powell Basin, the major proportion (%) of krill larvae was formed
by eggs and nauplii, while east of this area, in the waters off the South Orkney Islands,
calyptopis and furcilia larvae accounted for a maximum proportion (Figure 3B).

The age structure and vertical distribution pattern of E. superba larvae are shown
in Figure 4. The maximum values of average abundance of krill eggs and nauplii were
observed in the relatively warm surface (0–50 m) layer in the warm Antarctic Surface
Water (AASW) (Figure 4F). Relatively high concentrations of krill eggs and nauplii were
recorded from the deep-sea (500–800 m) layer in the cool and saline Transitional Zonal Water
with Weddell Sea influence (TWW) and Shelf Water (SW) (Figure 4D,E). The maximum
concentrations of calyptopis and furcilia larvae were recorded from the warmer 0–100 m
layer in the AASW (Figure 4G). Highly abundant krill eggs and larvae were observed in the
surface water, where they co-occurred with blooming phytoplankton (visually in samples).
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Figure 2. Mean values of water temperature (A), salinity (B) at the surface (to 50 m), in the 200-m
layer, and in the 500-m layers, and also mean values of chlorophyll a (C) concentrations (mg/m3) at
stations sampled during January and February 2022.
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Figure 3. Spatial distribution of total abundance ((A) ind./m3) and contribution ((B) %) of Euphausia
superba eggs and larvae at different development stages in January and February 2022.

Four significant groups of stations were identified (SIMPROF R = 0.73, p = 0.05%)
(Figure 5A). Group A was mainly confined to the waters of the Bransfield Strait and Powell
Basin (Figure 5B), characterized by high values of SSS and Chl a concentration. Group
B tended to the waters off the South Orkney Islands that had high values of SST, water
temperature at depths of 200 and 500 m, and salinity at 200 and 500 m. Group C was mainly
located in the waters of the Antarctic Sound and Powell Basin with low temperatures at
200 m, a low SSS, and a high Chl a concentration; Group D was confined to the Bransfield
Strait (Figure 5B) with low values of SST, temperature at 200 and 500 m, a low SSS, salinity
at 200 and 500 m, and a low mean Chl a concentration in 0–100 m.

Differences in the spatial dominance of eggs and larvae at different development
stages were observed between the identified groups of stations. The groups A, C, and
D were dominated by krill eggs and nauplii (first subregion); the group B, by larvae of
calyptopis and furcilia stages (second subregion). The border between the subregions ran
near the South Orkney coast.
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The Spearman’s rank correlation analysis indicated that SST was the most important
factor determining the distribution of the different development stages of krill larvae
(ρ = 0.307, p < 0.05). A higher correlation coefficient was obtained with a combination of
SST and Chl a concentration (ρ = 0.369, p < 0.05) (Table 1). The abundance of krill eggs and
nauplii positively correlated with Chl a concentration and salinity at 500 m and negatively
correlated with the other factors. The abundance of both calyptopis and furcilia larvae
significantly positively correlated with SST and temperature at 500 m, as well as with
salinity at 200 and 500 m, and negatively correlated with SSS, temperature at 200 m, and
Chl a concentration. The abundance of furcilia larvae proved to be closely related with that
of calyptopis larvae (Table 2).
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Table 1. Correlation coefficients inferred from the BEST analysis of relationships between the dis-
tribution and age structure of Euphausia superba and the environmental parameters such as water
temperature (T, ◦C), salinity (S, psu), and chlorophyll a concentration (Chl a, mg/m3).

Environmental
Factors

ρ
Mean ± SD

Group A Group B Group C Group D

SST, ◦C 0.307 0.36 ± 0.65 1.48 ± 0.39 0.34 ± 0.61 0.22 ± 0.04
200 m T, ◦C 0.096 –0.48 ± 0.61 –0.25 ± 0.30 –0.54 ± 0.56 –0.37 ± 0.13
500 m T, ◦C 0.089 0.03 ± 0.75 0.43 ± 0.05 0.02 ± 0.63 –0.90 ± 0.07
SSS, psu 0.101 34.43 ± 0.18 34.30 ± 0.09 34.35 ± 0.08 34.44 ± 0.13
200 m S, psu 0.093 34.59 ± 0.06 34.61 ± 0.02 34.58 ± 0.09 34.53 ± 0.09
500 m S, psu 0.081 34.69 ± 0.07 34.75 ± 0.01 34.69 ± 0.12 34.64 ± 0.03
Chl a, mg/m3 0.163 0.89 ± 0.91 0.43 ± 0.27 0.99 ± 1.05 0.33 ± 0.11
BEST combination of
factors (SST and Chl a) 0.369

Table 2. Spearman’s rank correlations between the abundances of different development stages of
Euphausia superba and the environmental factors (p < 0.05).

SST SSS 200 m T 200 m S 500 m T 500 m S Chl a E and N C F
E and N –0.38 –0.16 –0.44 –0.02 –0.08 0.29 0.36 1
C 0.22 –0.32 –0.20 0.37 0.41 0.57 –0.09 0.58 1
F 0.33 –0.18 –0.16 0.26 0.23 0.44 –0.06 0.32 0.86 1

Notes: T is water temperature (◦C); S, water salinity (psu); Chl a, chlorophyll a concentration (mg/m3); E and N,
eggs and nauplii; C, calyptopis; F, furcilia.

4. Discussion and Conclusions

The pattern of the major currents in the study area was described earlier in the
literature [31–33]. In the Bransfield Strait, a multidirectional (two jets) system of currents is
observed: the continuation of the cold Antarctic Coastal Current (ACoC) flowing southwest
and carrying the relatively cool and saline Transitional Zonal Water with Weddell Sea
influence (TWW), and the warm Bransfield Current (BC) directed southeast along the South
Shetland Islands and carrying the worm Transitional Zonal Water with Bellingshausen
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Sea influence (TBW) [34–36]. The Weddell Surface Water spreading zone is located in the
Antarctic Sound [37], where the northward TWW is flowing in the southern, deep-sea part
of the strait. A current of the very cold (close to freezing) temperatures (–1.9 ◦C), Shelf Water
(SW) is running south of the Antarctic Sound [38]. There are three northward currents in
the Powell Basin: the ACoC, the Antarctic Slope Front (ASF), and the Weddell Front (WF),
where the surface layer is occupied by the warm Antarctic Surface Water (AASW), with the
Warm Deep Water (WDW) located below [39]. In the region off the South Orkney Islands,
the Antarctic Circumpolar Current (ACC) and the Weddell Sea water interact [40].

The results we obtained characterize the known patterns of spatial distribution of
krill eggs and larvae, which have not changed in general. However, the average value
of krill larvae abundance in our study was 3–5-fold lower than those reported by other
researchers [13,14,41,42]. It is probable that the low abundance of krill eggs and larvae that
we observed in 2022 coincided in time with a period between high krill abundance waves.
Effects of various currents determine the pattern of distribution of krill eggs and larvae
that are transported by the longitudinal component of the currents from deep horizons
of deep-sea waters to the divergence zones, where local density maxima of krill juveniles
are formed. The krill distribution is associated with the action of vortex currents near the
surface in the mixing zone of the Weddell Sea and ACC waters and in the gyres and shadow
zones off the South Orkney Islands [11,43]. In our study, the concentration of krill eggs and
larvae increased 5-fold in the direction from the coast towards the middle of the Bransfield
Strait, in the zone where the warm BC water is mixed with the cold and saline ACoC water.

We observed a close relationship of distribution and abundance of krill larvae at
different development stages with a certain combination of abiotic environmental factors,
in particular, SST and Chl a concentration, and also found that larvae tended to the areas
characterized by such a combination. The circulation of water masses within the region is
also an important factor affecting the dynamics of this relationship. The study area was
influenced by the warm and saline water of the ACC southern jet in the west [44] and the
colder and freshened water of the Weddell Sea and the associated fronts in the east [45].
In the Antarctic Sound and over the Powell Basin slope, influenced by the cold (−0.5 to
−1.5 ◦C), saline (34.5 psu), and chlorophyll a-rich (up to 2.5 mg/m3) waters carried by
the ACoC, we recorded the maximum concentrations of krill eggs and nauplii having the
Weddell Sea origin. This distribution can be explained by the transport of eggs and nauplii
from the shelf to the slope in a northeasterly direction through the Weddell Gyre [46]. As
in our studies, Gao et al. [13] reported an abundance of krill larvae at early development
stages in areas with high Chl a concentration. The timing of spawning and conditions for
subsequent larval development (temperature and food type) have important ecological
implications for the success of recruitment in the krill populations [47]. The presence of krill
eggs in the study area indicated a late spawning season in 2022, which probably occurred
in the Weddell Sea in early February. Thus, the surface layer of the warm and freshened
AASW off the South Orkney Islands was dominated by calyptopis and furcilia larvae that
are indicators of spring/early summer krill spawning [48,49]. There is a great deal of
uncertainty as to whether krill larvae survive the upcoming winter due to late spawning,
which may eventually become a cause of low krill recruitment in the following year, since
the growth and survival rates of krill larvae decrease at sub-zero water temperatures [23].
As the distribution of maximum concentrations of E. superba larvae in the study area shows,
the age of larvae increases in the west to east direction. An assumption can be made that
the early spawning in krill occurred east of the Antarctic Peninsula, in the waters of the
South Orkney Islands.

On the basis of the distribution pattern of krill larvae, the study area can be divided
into two subregions. In the waters between the Antarctic Peninsula and southwest of
the South Orkney Islands, the age structure of krill larvae was mainly composed of eggs
and nauplii, while northeast of the South Orkney Islands, it was dominated by calyptopis
and furcilia. Aggregations of krill larvae found in the waters of the South Orkney Islands
were more mature and more abundant than those of larvae in the shelf waters off the
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Antarctic Peninsula. As in our study, Makarov and Menshenina [50], Gao et al. [13], and
Spiridonov et al. [42] found that krill eggs and early larvae are present in the waters of the
South Orkney Islands, and in summer these can be transported by the western branch
of the Weddell Gyre [46] and be mixed with the group of late larvae transported by the
water of the southern ACC jet [51]. In previous studies, eggs and larvae of Antarctic krill
were found in the northwestern Weddell Sea [15,43,46], over the shelf slope of the Antarctic
Peninsula [14,41,42,45,49], in the waters of the South Orkney Islands, and in the Scotia
Sea [11,13,50] during the southern summer until late autumn and the early southern winter
(May and June) [48,52]; differences in the development stages of krill larvae were often
recorded from these regions.

Krill eggs and larvae are known to inhabit different depths and drift in various di-
rections and, therefore, their aggregations are differentiated in space [43]. According to
our observations, krill eggs and nauplii tended to deep-sea layers (up to 800 m), while
calyptopis and furcilia larvae tended to the surface layers. The distribution and abundance
of krill eggs and nauplii positively correlated with high Chl a concentrations, and with
salinity at 500 m, whereas the abundance of krill calyptopis and furcilia larvae positively
correlated with above-zero SST. In addition to above-zero water temperatures, a high phyto-
plankton concentration can also contribute to the development of krill larvae [23,47,53,54].
We observed krill eggs and nauplii in the surface (0–50 m) layer, above the layer of high
phytoplankton concentration (visually in samples) 50–100 m, whereas the distribution of
calyptopis and furcilia larvae found in the 0–50 and 50–100 m layers overlapped with the
maximum microalgae concentration (visually in samples).

The climate change that has been observed in the Southern Ocean in recent decades
may be both part of a natural systemic process [7,55,56] and a negative trend for the
Southern Ocean ecosystem [22,57,58]. The Antarctic krill, E. superba, needs further study
at all life-history stages for monitoring the actual status of the changing Southern Ocean
ecosystem and its biological resources.
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Abstract: The study aimed to investigate krill (Euphausia superba) and salp (Salpa thompsoni) popu-
lations in the Atlantic sector of the Southern Ocean in January and February 2022. Samples were
obtained to measure the abundance, biomass and distribution patterns of krill and salp. Sex differ-
ences and feeding habits of the Antarctic krill were determined. The dependence of the physiological
state of the studied aquatic organisms on changes in environmental parameters was analyzed. Cur-
rent data on the association of the dynamics of hydrometeorological parameters and processes with
the distribution of chlorophyll a, krill, and salp were obtained. It was established that, at numerous
stations, the biomass of salps prevailed over krill. The result indicates the replacement of the Antarctic
krill populations by gelatinous zooplankton. The obtained results allow assessment of the biological
resource potential in the studied region based on the analysis of the samples collected.

Keywords: chlorophyll a; Euphausiacea; Euphausia superba; Salpa thompsoni; planktonic tunicate;
climate change; feeding competition

1. Introduction

The Antarctic krill Euphausia superba Dana, 1850 is one of the most abundant marine
species of the Euphausiacea. It constitutes staple food for a wide range of animals and
plays an important role in the functioning of Antarctic ecosystems and the Antarctic food
web [1,2]. It has circumpolar distribution stretching from the coastal zone of the continental
shelf to the northern boundary of the Antarctic Convergence. Due to its huge biomass
and high biological value, it has become one of the important resources of the world’s
fisheries [3,4].

The maximum abundance of krill is observed in the Atlantic sector of the Southern
Ocean (ASO), where its dense aggregations are formed in mesoscale gyres near seamounts
and islands [5–7]. Over the past 80 years, krill abundance in the ASO has almost halved [8].
The extermination of whales in the 20th century did not lead to the expected increase
in krill abundance: large baleen whales were replaced by penguins, fish, cephalopods,
crabeater seals and small whales (Minke). The number of krill consumed by them exceeds
the total diet of all baleen whales in the past by more than twice [9]. Current assessments
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of the distribution and abundance of Antarctic krill in the ASO show that the prevailing
environmental factors are primary production, population of predators (including the
restoration of the population of whales and seals), surface water temperature, ice conditions,
sharp climatic fluctuations, etc. At the same time, the impact of Antarctic krill fishing is
considered to be minimal [10].

During summer, the adult part of the krill population is located in the surface water
layer, usually above the seasonal pycnocline, at an average depth of about 50 m. They have
an irregular spatial distribution, which can be explained by their active behavior. Krill often
forms surface patches and can search for more favorable environmental conditions. Water
dynamics can also have both a direct impact (cumulative effect of gyres) and an indirect
one (for example, through changing of the phytoplankton abundance). The confluence
of positive factors contributing to the formation of extensive and stable krill aggregations
is most likely to happen in coastal/near-ice and near-island areas, where the topography
slows down the system of gyres. In the oceanic zone, such aggregations are rare and
exist for a short time until they disintegrate due to the frequent changes in hydrophysical
conditions. Small aggregations of animals, represented by individual flocks, predominate
here. The krill areas in the continental seas and adjacent waters are largely formed by
the Coastal Antarctic Current and the circulation system by orographic and hydrological
factors [11,12].

Despite the high fecundity of krill, its reproduction success depends on the possibilities
of breeding in shallow waters, at the bottom of which krill eggs develop [12]. Several
authors, using the 41-year-old (1976–2016) KRILLBASE-abundance [13] and KRILLBASE-
length-frequency [14] databases, showed that the distributions of eggs, krill nauplii, and
metanauplii had maximum intensity and success of spawning on the shelf and above the
shelf slope. Association of the krill breeding zone with shallow waters clearly corresponds
to the idea that the core of the population area is confined to the circulation of the Coastal
Antarctic Current and the Weddell Sea.

Therefore, interannual fluctuations in the abundance of krill are mainly explained
by its reproduction success (when spawning in shallow waters) and the intensity of the
mechanical transfer of larvae and mature organisms away from spawning grounds by the
currents during the intensification of meridional processes The latter also determines the
abundance of other plankton (including phyto- and mesozooplankton) [12].

Krill abundance has been declining since the 1970s due to the penetration of salps into
the high latitudes of the Southern Hemisphere [15–22]. Invasion of gelatinous planktonic
animals, Salpa thompsoni Foxton, 1966, into the krill’s core areas to the south of 60◦ S is
followed by a dramatic increase in its abundance. The latter causes legitimate concern since
the feeding rate of tunicates is high, and the diet composition of these species, i.e., salps,
makes them feeding competitors of both krill and mesozooplankton [10,23]. Compared
to other tunicates (ascidians, pyrosomes, doliolids), which draw food-containing water
into the body using cilia, the salps have the functions of locomotion and food consumption
combined. Salps swim and feed uninterruptedly pushing water through the esophagus
with contractions of the muscles of the tunic and not experiencing saturation, which makes
them a “biological pump”. They have a “mucus” net that captures even tiny food particles
which form food boluses with the help of slime [24]. This way of feeding makes the salp
indiscriminate filter feeders. Salps are also well known for their fast growth rate among
metazoans [25–27]. This way of feeding and a complex reproductive cycle also help salps
increase their abundance [28]. Changes in the biomass and distribution of S. thompsoni
are now considered a potential determinant of the future structure and functioning of the
Antarctic and Southern Ocean ecosystems [29].

The purpose of our research was to obtain current data on the impact of changes in
wind patterns, hydrological structure and water dynamics on the distribution of chlorophyll
a fields and the abundance and biomass of krill and salps; we also aimed to assess the
resource potential of the region based on biological data, including size, sex composition
and examination of the physiological state of the animals.
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2. Materials and Methods

Oceanographic studies were carried out in cruise 87 of the R/V Akademik Mstislav
Keldysh in January–February 2022 [30] in the areas of the Bransfield Strait, Antarctic Sound,
and the Powell Basin of the Weddell Sea, near the South Orkney, James Ross and Shishkov
islands (latitude 65◦–60◦ S, longitude 62◦–41◦ W).

2.1. Remote Sensing Methods

Surface wind (SW) was studied using CCMP OCW vector data available with a 6-h
temporal resolution and a spatial resolution of 0.25◦ × 0.25◦ [31]. Based on these data,
averaged maps of the absolute dynamic topography (ADT) and absolute dynamic velocity
(ADV) of the geostrophic current for the period from 15 January 2022 to 15 February 2022
were constructed. In the course of the work, daily maps of ocean surface temperature (OST)
taken from the CMEMS with a spatial resolution of 0.05 × 0.05◦ [32] were also analyzed.

To analyze the spatial distribution of chlorophyll a, a map of satellite estimates of
chlorophyll a concentration was drawn based on sea colour measurements from 15 January
to 15 February 2022. To exclude omissions, use was made of the combined data of level 3
from satellite radiometers MODIS-Aqua, MODIS-Terra, and VIIRS-SNPP [33] with chloro-
phyll a concentrations from the chlor_a product, which uses the colour index algorithm
(CI) [34] for low chlor_a values (<0.15 mg/m3) and the OCx algorithm [35] for more pro-
ductive waters. To build a map in each pixel of a regular 4-km grid, the median values of
the chlorophyll a concentration between 15 January and 15 February 2022, were calculated.

2.2. CTD Measurements and Sampling

Hydrology. Our CTD data were obtained using an Idronaut OCEAN SEVEN 320Plus
manufactured by Idronaut, Italy. The sounding complex was equipped with: a high-
precision pressure sensor (PA-10X) with a measurement range of 0–100 Mpa, an accuracy of
0.01% and a resolution of 0.002%; two redundant temperature sensors with a measurement
range from −5 ◦C to 45 ◦C, an accuracy of 0.001 ◦C, and a resolution of 0.0001 ◦C; two
redundant conductivity sensors with a measurement range of 0–7 siemens/m, an accuracy
of 0.0001 siemens/m, a resolution of 0.00001 siemens/m. The currents were measured
using a TRDI Workhouse Monitor (Lowered Acoustic Doppler Current Profiler, LADCP)
submersible acoustic Doppler profiler with a frequency of 300 kHz paired with a Shipborne
Acoustic Doppler Current Profiler (LADCP) TRDI Ocean Surveyor-75 with a frequency
of 75 kHz. Both profilers are manufactured by Teledyne Technologies Inc., 1049 Camino
Dos Rios Thousand Oaks, CA 91360, USA. The obtained data were processed using the
LDEO Software version IX.10 [36]. Additionally, tidal forces were taken into account and
calculated using the software described in [37].

Chlorophyll a. Concentrations of chlorophyll a were measured on board by a standard
spectrophotometric method based on the analysis of the absorption spectra of chlorophyll
a extract in acetone [38]. Sea water was sampled at the stations by Niskin bathometers
mounted on a rosette. Instrumental measurements of maximum chlorophyll a concen-
trations of about 6 mg/m3 were performed on 28–29 January at 63.5–64.5◦ S, 55–56.5◦ W.
Detailed information on the spatial distribution of the chlorophyll a concentrations was
collected throughout the voyage by a continuous-flow laser fluorometer [39]; the intensity
of chlorophyll a fluorescence was measured in motion with an interval of 60 s, which
corresponded to approximately 300 m at a vessel speed of 10 knots. The seawater sampling
depth was 5 m; the values of chlorophyll a fluorescence intensity were converted into
chlorophyll a concentrations according to standard definitions data (38 points, R2 = 0.9).

Macrozooplankton. Sampling was carried out in the late January and the first half of
February 2022 in the western region of the ASO (Bransfield Strait (BS) and Antarctic Sound
(AS), near the South Orkney Islands (SOI), the Powell Basin of the Weddell Sea (PB), near
the islands of James Ross (JR) and Shishkov (SH) (Figure 1). The material was obtained from
34 hauls with the following fishing gear: double square net (DSN)—21 hauls, Isaak-Kidd
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mid-water trawl modified by Samyshev-Aseev (IKMT-SA)—10 hauls and 3 catches with a
standard Bongo net.
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Figure 1. Map of the Antarctic krill and salp sample collection area with indication of currents (by:
Heywood et al., 2004; Thompson et al., 2018). All stations were numerically marked. ACC—Antarctic
Circumpolar Current, BC—Bransfield Current, ACoC—Antarctic Coastal Current, ASF—Antarctic
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N—Bongo net. Area: •—BS, •—AS, •—PB, •—SOI, •—JR, •—SH (designations according to Table 1).

Table 1. Number of krill and salp specimens studied by areas: Bransfield Strait (BS), Antarctic
Sound (AS), South Orkney Islands Area (SOI), Powell Basin of the Weddell Sea (PB), James Ross
Island area (JR), Shishkov Island area (SH).

Parameter
Number of individuals

BS AS SOI PB JR SH Total

Antarctic Krill

Mass measurements 1140 548 733 743 500 125 3789

Biological analysis 734 330 529 543 300 125 2561

Salps

Mass measurements 1549 - 2433 2136 - 303 6421

DSN—a double square net with an inlet area of 1 m2 and a 6 m long filter cone made of
gas with a mesh size of 0.5 mm [40], net was equipped with a water flow meter (Hydrobios,
Germany) and a 24 kg wing-shaped depressor (Hydrobios, Germany). Oblique tows were
carried out in layers starting from 730 to 100 m at vessel speeds from 2 to 3.1 knots. The
towing depth was prompted by the pressure sensor readings of the Senti DT probe (Star
Oddi, Iceland).

IKMT-SA—Isaacs-Kidd trawl modified by Samyshev-Aseev—is a non-closing trawl
with a mouth area of 6 m2, the net part is 25 m long and made out of a knotless net with
a mesh of 6 mm and an insert at the trawl end of a nylon sieve № 15 (0.67 mm) [41].
Oblique tows were carried out in layers starting from 1900 to 440 m, at a vessel speed of
2.6–3.3 knots.

The Bongo net was a towed plankton net consisting of a frame with two metal rings,
which had two filter cones with a mesh of 300 microns fixed on them. The diameter of
each frame ring was 60 cm [42]. Oblique tow was carried out in layers starting from 270 to
130 m, at a vessel speed of 1.7–2.3 knots.

It should be noted that krill was obtained from catches using various types of gear
(Bongo net, DSN, IKMT-SA) with fishing depths ranging from 100 to 1900 m. As Antarctic
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krill can live at depths down to 800 m and the main concentrations of krill are in the depth
range of 0–200 m, some measurements of the abundance and biomass of krill obtained from
fishing with IKMT-SA at greater depths may be underestimates.

After trawling, each sample was weighed to an accuracy of 1 g and analyzed for
composition. When the samples were large, the entire catch was weighed and a subsample
(100–300 g) was taken out of it; the results of quantifying and weighing of such a subsample
were extrapolated to the entire catch.

For biological analysis, a subsample of at least 300 specimens was taken. If there
were fewer specimens in the catch, then it was analyzed in its entirety. For the calculation
of biomass and abundance of Antarctic krill and salp aggregations, the data on each
haul, tow depth and volume of filtered water per unit volume (1000 m3) were taken
into consideration [43]. Krill samples were processed following the generally accepted
procedures and CCAMLR recommendations [44,45].

Biological analysis of freshly caught krill included measurements of the standard
length from the outer edge of the eye to the end of the telson with an accuracy of 1 mm
using a laminated paper scale [46]. Sex and maturity stage were determined under a
UlabWF20X binocular (TM ULAB, China) with ×30 magnification or using a digital USB
microscope ADSM 301 (Shenzhen Andonstar Technology Co., Ltd., Shenzhen, Guangdong,
China) with digital zoom up to x4 according to the method of Makarov and Denys [47].

Stomach fullness (from 0 to 4 units, where 0 is empty, 4 is full), intestinal fullness (from
0 to 4 units, where 0 is empty, 4 is full), and liver colour were studied [48]. Each type of
measurement was performed by the same person to minimize variability of results [49].
Krill specimens were weighed individually on a 20-g equal-arm mechanical scale VSM-20
(JSC Nizhny Tagil Medico-Instrumental Plant, Russia) with an accuracy of 10 mg (Table 1).

All sampled salps were fixed in 4–6% formalin for subsequent laboratory testing. Then
a preliminary analysis of the selected samples was carried out by measuring the length
of the salps with laminated graph paper by size groups with a step of 5 mm. Salps were
weighed individually and in groups on a 20-g equal-arm mechanical scale VSM-20 (JSC
Nizhny Tagil Medico-Instrumental Plant, Russia) with an accuracy of 10 mg (Table. 1).

3. Results
3.1. Hydrology

For the entire study area (latitude 66◦–60◦ S, longitude 55◦–40◦ W), we drew maps of
ocean surface temperature (OST) with the surface wind (Figure 2) and absolute dynamic
topography with geostrophic current velocities (Figure 3). In the tested area the heavy
southeast wind (8 m/s) forked into the east and southwest winds (shown by arrows). The
latter swirled in the cyclonic northwest direction (Figure 2). The swirling of the geostrophic
current (shown by arrows) in the cyclonic direction was also observed (Figure 3). The wind
and geostrophic vorticity led to a water rise in the cyclone centre with a simultaneous sea
level lowering (the blue area in Figure 3). The lowering of the sea level occurred due to
a higher density of deep waters compared to surface waters. The data in Figures 2 and 3
are averaged over the period from 15 January 2022 to 15 February 2022. Thus, the cyclonic
vorticity, which led to the rise of deep waters during this period, was one of the reasons
for the increased content of chlorophyll a (approximately at latitude 64◦ S and longitude
48◦ W).

CTD data for the upper 200 m layer show a spatial temperature distribution typical
for the warm season (Figure 4). Positive temperature anomalies were recorded in the upper
50 m layer in most of the BS area and the coastal zones, while elsewhere a latitudinal
dependence with a decrease in temperature values to the south was observed. At depths of
100–200 m, temperatures were below 0 ◦C, except for a narrow coastal strip along the South
Shetland Islands associated with a current in the BS. Local temperature minimums were
registered at the southernmost stations and on the southwestern slope of the Powell Basin.
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Most of the Bransfield Strait (Figure 5a,b) was occupied by the colder and saltier
Transitional Zonal Water with Weddell Sea influence (TWW), which spread from north
to south. Transitional Zonal Water with Bellingshausen Sea influence (TBW) and with
the warm Bransfield current spread as a narrow jet close to the South Shetland Islands,
reaching the middle of the strait only in the upper 50 m. The tentative boundary between
these water masses runs along the 0 ◦C isotherms.
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Figure 5. Potential temperature (a,c,e) and salinity (b,d,f) for three sections: the Bransfield Strait (a,b),
the Antarctica Strait (c,d) and the Powell Basin (e,f). Station numbers are at the top, station positions
are marked with grey lines. Seabed topography is shown on GEBCO2021 database. (https://www.
gebco.net, accessed on 22 November 2022).

In the Antarctic Sound (Figure 5c,d), a decrease in temperature and salinity from north
to south was observed. The northern shallow part of the strait was filled with the waters of
the Bransfield Strait characterized by higher temperatures with a maximum of −0.10 ◦C in
the upper 60 m layer and higher water salinity with a maximum of 34.55 parts per 1000
in the bottom layer. The deeper part of the strait was influenced by the waters from the
Weddell Sea and by some freshening due to active ice melting.

The freshening was most pronounced in the upper 50 m layer (up to 34.29). Notably,
st. 7336 to the south of the Antarctic Sound had outstanding minimum salinity values
(33.55) and positive temperature values (0.10 ◦C) in the near-surface layer as well as greater
gradients of thermohaline characteristics (at a depth of 200 m the values were −1.82 ◦C
and 34.58).

The upper 200 m layer in the Powell Basin (Figure 5e,f) contained two water masses:
the surface layer from 20 to 100 m in thickness was occupied by the Antarctic Surface
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Water (AASW) formed during summer heating, while the underlying Cold Intermediate
Water (CIL) between 50 and 150 m in thickness was the result of winter convection. In the
AASW, the temperature increased from south to north from 0.50 ◦C to 2 ◦C; no latitudinal
dependence was noted in the salinity distribution. In the CIL, the minimum temperatures
were observed at the slope stations and reached −1.69 ◦C; the salinity increased smoothly
with depth.

Strong near-surface currents observed in some subareas had a significant impact on
the hydrological structure and water dynamics. The two-jet system of currents in the
Bransfield Strait corresponded to the thermohaline structure: a powerful narrow jet to the
northeast is the warm Bransfield Current (BC), while a weak wide jet to the southwest is
a continuation of the Antarctic Coastal Current (ACoC). The highest ACoC velocities of
0.4 m/s were recorded on the shelf to the northeast of Joinville Island. A constant water
flow from the Weddell Sea to the Bransfield Strait through the Antarctic Sound was not
recorded; a cyclonic gyre was present in the southern part of the Strait.

3.2. Chlorophyll a

The highest chlorophyll a concentrations (more than 3 mg/m3) were observed in
the northern central and in the northwestern parts of the Weddell Sea (Figure 6). In the
northern central part, increased values were recorded along the ice edge on 15–20 January;
the chlorophyll a concentrations visible from the satellite gradually decreased to the values
of about 1 mg/m3 two weeks later. In the northwestern part of the Weddell Sea, on the shelf,
high chlorophyll a concentrations were observed throughout the entire research period,
both in the presence of an ice edge until 25 January, and later, until 15 February, when it
was replaced by moving broken ice and icebergs.
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Figure 6. Spatial distribution of chlorophyll-a concentration (mg/m3). (a) Flow-through fluorimetric
measurements from 5 m depth while the vessel is under way; (b) median values of the combined
satellite estimates from 15 January to 15 February 2022.

Average chlorophyll a concentrations (2–3 mg/m3 according to ship data and about
1 mg/m3 according to satellite data) were registered on the shelf of the South Orkney Is-
lands in the direction of the southwest (7 February 2022) and northwest (12 February 2022).
Relatively high values of chlorophyll a concentration (1–2 mg/m3 according to ship mea-
surements and 0.5–1 mg/m3 according to satellite data) were observed in the Bransfield
Strait closer to the South Shetland Islands.

The central part of the Powell Basin and the area to the east of the South Orkney Islands
had very low chlorophyll a concentrations of less than 0.5 mg/m3 and can, therefore, be
classified as oligotrophic waters.

3.3. Macrozooplankton

Krill. The relative abundance of Antarctic krill varied from 0 to 537 individuals/1000 m3.
Its maximum values were recorded on the shelf to the north of the South Orkney Islands
(Figure 1), where the IKMT-SA catch was ~33 kg. At this station, the trawling depth was
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maximal −1900 m—while the acoustic equipment of the vessel registered krill accumula-
tions at a depth of about 50–100 m.

To the southeast of James Ross Island a large spot of chlorophyll a was discovered,
which was investigated with a DSN at a separate station. At a depth of 210 m, the relative
abundance of krill represented by large immature individuals was 357 ind./1000 m3.
The third largest catch was in the Bransfield Strait with a relative krill abundance of
321 ind./1000 m3. The main part of this catch consisted of juveniles. The relative biomass
of Antarctic krill ranged from 0 to 331.8 g/1000 m3. The two catches with the highest
biomass were off the north of the South Orkney Islands and to the southeast of James
Ross Island (331.8 and 207.5 g/1000 m3, respectively), similarly to the catches with the
highest abundance. The third largest biomass value was recorded in the Bransfield Strait
(Figure 1)—73.4 g/1000 m3.

Size and weight composition of krill catches Large-sized krill with a length of more
than 45 mm prevailed near Shishkov Island, in the Antarctic Sound and in the area of the
South Orkney Islands (50.7, 51.6, 80.8%, respectively). Medium-sized krill (35–45 mm)
dominated the Powell Basin and off James Ross Island (51.3, 74.2%, respectively), and
were also present in significant numbers in the South Orkney Islands area (48.6%). The
minimum proportion of small-sized krill (<35 mm) was observed in the catches off the
South Orkney Islands—0.7%, off the Shishkov Island—0.8%, in the Antarctic Sound—7.9%,
in the Powell Basin—14.4%, off the James Ross Island—18.8%. In the Bransfield Strait, the
proportion of small-sized krill was the highest and amounted to 80.7%. In the Bransfield
Strait, 27 mm long krill prevailed among juveniles; adult lengths were 43 mm among
females and 42 mm among males. In the Antarctic Sound, the individuals were 27, 46 and
50 mm long, respectively. In the area of James Ross Island, juveniles were dominated by
37 mm long individuals; such large juveniles were also found in the Powell Basin, in the
Brasfield Strait, and near the South Orkney Islands. Both females and males in the area
of James Ross Island were dominated by 40 mm long individuals. In the Powell Basin,
33 mm long krill typified the major part of the juveniles, adult females were mostly 45 mm
long, and males were 40 mm long. In the waters near Shishkov Island, juveniles were
represented by single specimens, whereas 48 mm long adult females and 47 mm long
males predominated (Figure 7). The length-weight ratio of krill individuals was similar
in all studied areas, all significant standard deviations being within the margin of error of
individual measurements (Figure 8).

The results of cluster analysis allowed us to identify four krill groups according to their
size composition (Figure 9). A violin-shaped graph was used to visualize the distribution
of krill size data in various clusters. The main part of small-sized krill in cluster S was
represented by juveniles 21–30 mm long; cluster M1 included medium-sized krill with
body length of 35–41 mm, while medium-sized krill also prevailed in cluster M2, large
individuals, 39–53 mm long, were also present in significant numbers; cluster L mainly
included large-sized, 47–54 mm long, krill.

Small-sized krill (cluster S) were concentrated mainly in the Bransfield Strait near the
shelf of the Antarctic Peninsula. Large krill (cluster L) were recorded in the deep part of the
Bransfield Strait, in the area of Shishkov Island, in the northern part of the Powell Basin
and the northeast of the South Shetland Islands. Large and medium-sized krill (cluster M2)
were concentrated mainly in the Antarctic Sound, in the southwest of the Powell Basin and
north of the South Orkney Islands. Medium-sized krill (cluster M1) were registered in the
Antarctic Sound, in the southwest of the Powell Basin, south of James Ross Island, and in
the Bransfield Strait.

Krill sex composition. The predominance of juveniles was noted only in the Brans-
field Strait, whereas juveniles were also present in significant numbers in the catches off
James Ross Island and in the Powell Basin (34.3%, 25.41%, respectively). Females largely
predominated in the Powell Basin, where the female to male ratio was 2.6:1.0. Females
also prevailed in the Antarctic Sound with a gender ratio of 1.3:1.0. The ratio of males
and females near the South Orkney Islands was equal. Males prevailed slightly in the
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waters near James Ross Island at 1.3:1.0 and to a large extent near Shishkov Island, at 4.1:1.0
(Figures 10 and 11).
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Figure 11. Spatial distribution of Antarctic krill relative abundance (ind./1000 m3) and sex ratio
(%) in ASO: •—males, •—females, •—juveniles. Relative abundance (ind./1000 m3): 1–0; 2–< 10;
3–11-100; 4–101-400.
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Females which had completed spawning at the stage of maturity IIIE were absent in
almost all catches; a small number of them (1.2%) were found near the South Orkney Islands,
however. In this area, mostly females at stages IIIB and IIIC were registered—31.0% and
34.5%, respectively. In the Bransfield Strait, both mature pre-spawning females at stage IIIB
(35.5%) and immature females with a fully formed thelyum at stage IIB (34.6%) prevailed.

In the Antarctic Sound, females at stages IIIB and IIIC predominated, at 39.8% and
41.0% of the total, respectively. In the Powell Basin and near Shishkov Island, females at
stage IIIB also largely dominated, as 54.8 and 58.3%, respectively. In the James Ross Island
area, 74.7% of females were at stage IIB (Figure 12).
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Figure 12. Proportion of Antarctic krill females at different stages of maturity (%) by area (designa-
tions according to Table 1).

Females at stage IIIA were present in all areas (6.0–13.5%). Females at stage IIID were
present in all areas but in small numbers (1.0–8.3%), except for the area near James Ross
Island, where females at this stage of maturity were absent.

Generally, the largest number of females was represented by pre-spawning individuals
at stages IIIB (39.1%) and IIIC (29.4%) in the study areas. Females at the last stage of maturity
IIID as well as females that had spawned were almost absent in the catches and accounted
for 3.8% and 0.3%, respectively. Females at early stages of maturity (IIB and IIIA) were
present in small numbers (17.2% and 10.2%, respectively). The majority of males in the
Bransfield Strait (99.2%), near James Ross Island (96.4%), in the Powell Basin (68.8%), and
near the South Orkney Islands (73.8%) comprised individuals at stage IIA (Figure 13).
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Mature males prevailed in the Antarctic Sound and near Shishkov Island (IIIA ac-
counted for 53.4% and 67.7%, respectively, and IIIB—3.8% and 21.2%, respectively). In the
Powell Basin, the proportion of mature males was 30.4% (IIIA) and 0.9% (IIIB), while in the
area of the South Orkney Islands, they accounted for 22.7% (IIIA) and 3.5% (IIIB).

The maturation ogives of male and female Antarctic krill from late January to mid-
February are shown in Figure 14. Mass maturation (body length at 50% sexual maturity)
L50% occurs in 45 mm Antarctic krill for both males and females.
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Krill feeding. During the study period, krill actively fed in all areas, as evidenced
by the data on the average value of stomach/intestines fullness of mature and juvenile
individuals (Table 2). The stomach/intestines fullness of the juveniles was, on average,
lower than that of mature males and females. The krill actively fed in the Bransfield Strait
(3.7/1.9 units), in the Antarctic Sound (3.9/2.1), near the South Orkney Islands (3.3/1.4),
in the area of James Ross Island (3.6/2.0) and Shishkov Island (3.7/1.3 units). The lowest
feeding intensity, 1.7/0.7 units, was observed in the Powell Basin.

Table 2. Filling of the stomach/intestines (average score) of Antarctic krill in various research areas
(designation of areas according to Table 1).

BS AS SOI PB JR SH Average Score

Juvenile 3.6/1.8 3.4/2.2 2.5/0.5 0.5/0.2 3.4/1.7 1.0/0.0 2.7/1.3

Females 3.8/1.7 4.0/2.3 3.6/1.6 2.8/0.9 3.4/2.4 3.4/0.6 3.5/1.5

Males 3.9/2.3 3.9/2.1 3.0/1.2 1.9/0.9 3.8/2.3 3.8/1.5 3.3/1.6

Due to active feeding, almost all krill had light-green or dark-green livers (Figure 15).
Krill with transparent liver was present in all study areas but accounted for only 0.3–5.0%.
Krill with a yellowish liver was caught in the Powell Basin—11.7%, off the South Orkney
Islands—7.3%, and also near Shishkov Island—3.4%.

Salps. The relative abundance of salps varied from 0 to 202 ind./1000 m3. The largest
concentration of salps, 201.5 ind./1000 m3, was found in the central part of the Powell Basin
in the Weddell Sea. The highest concentrations of salps were all across the section through
the Powell Basin, to the east of the South Orkney Islands, in the northern and western parts
of the Bransfield Strait. Krill dominated to the north of the South Orkney Islands, in the
shelf zone of the southwestern part of the Powell Basin, and the south of the Bransfield
Strait in the Antarctic shelf zone. The krill only areas were found in the Antarctic Sound
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and the southeast area of James Ross Island. Salps were also present at a ratio of 4:1 near
Shishkov Island.
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The relative salp biomass varied from 0 to 72 g/1000 m3 with its maximum value
recorded in the Bransfield Strait (Figure 16). The distribution of the relative abundance and
biomass of krill and salps had similar patterns.
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Figure 16. Spatial distribution of relative biomass (g/1000 m3) and proportion (%) of Antarctic krill
(•) and salps (•). Relative biomass (g/1000 m3): 1–0; 2–< 10; 3–11-100; 4–101-350.

The only difference was the presence of large aggregations of small-sized krill and
medium-sized salps in the shelf zone of the Antarctic Peninsula in the south of the Bransfield
Strait (Figure 17), which resulted in a lower number of salps but their larger biomass.
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4. Discussion

The results of our studies showed that the thermohaline structure and dynamics of the
waters were in good agreement with established ideas about the hydrophysical processes in
this zone [50–52] and corresponded to the data of recent years [53–55]; however, significant
local differences were also observed. Thus, in the Bransfield Strait, a greater southward
spread of TWW along the entire strait was recorded compared to the data of 2013 [56]; the
waters of the Antarctic Sound were significantly warmer compared to the same period in
2020 [57]. There was no constant inflow of water from the Weddell Sea to the Bransfield
Strait through the Antarctic Sound, the structure of the currents was variable, which was
also confirmed by the recent studies in this area [58].

The spatial distribution and concentrations of chlorophyll a also corresponded to the
results of the previous studies. In January 1995, at the ice edge in the northwestern and cen-
tral parts of the Weddell Sea, chlorophyll a concentrations exceeded 5 mg/m3 and reached
13 mg/m3 [59]. In February 2015, low concentrations of chlorophyll a, 0.32 ± 0.02 mg/m3,
were recorded in the southeast of the South Orkney Islands and average concentrations of
1.87 ± 0.22 mg/m3 to the north and northwest of the South Orkney Islands [60]. Obtained
data most resembled the results of February–March 2008 and 2009 [61] which were as fol-
lows: concentrations of less than 0.5 mg/m3 occurred in the central part of the Weddell Sea
(AASW waters) and the zone of influence of the Weddell Sea in the Bransfield Strait (TWW
waters); 0.5–1.5 mg/m3—in the Bransfield Strait closer to the shelf of the South Shetland
Islands (TBW waters); more than 2 mg/m3 with peaks up to 4–7 mg/m3 to the east of
James Ross Island in the northwestern area of the Weddell Sea near active ice melt. Satellite
estimates of the chlorophyll a concentration in the Antarctic Peninsula area were lower
than the contact ones, which is associated with the regional optical characteristics [62,63].
Therefore, satellite maps of the chlorophyll a concentration should be analyzed for struc-
tural features of the pigment distribution, not the values per se. The general patterns of
the spatial distribution according to the data of satellite and contact measurements of the
chlorophyll a concentration were similar. Satellite data provide more information on the
areas adjacent to the expedition route, and the ship measurements provide more accurate
data for certain points of the route. Thus, in the central region of the Weddell Sea, accord-
ing to our contact measurements, no high concentrations of chlorophyll a were recorded.
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However, the satellite map showed that there were zones with increased concentrations of
chlorophyll a nearby, most probably due to the abundance of phytoplankton near the ice
edge, which corresponds well with the results of the previous studies in the northwestern
Weddell Sea [59].

Hydrological data and satellite observations for our study period indicated the transfer
of Antarctic krill from the Weddell Sea to the Bransfield Strait with a cold ACoC current
carrying colder and saltier TWW waters from the Weddell Sea. The maximum abundance
of Antarctic krill in the Bransfield Strait (the shelf of the Antarctic Peninsula), as well as
in the Antarctic Sound, was associated with a combination of favourable environmental
factors (temperature, salinity, and abundance of phytoplankton). In the Bransfield Strait,
such conditions were formed under the influence of the TWW with the temperatures of
−0.8 to 1.7 ◦C, which were optimal for the growth and development of both juveniles and
mature krill individuals [64–66]. In the Antarctic Sound, the main biomass of Antarctic
krill was also formed by krill brought from the Weddell Sea. The obtained data are
consistent with the view that immature individuals tend to colder waters, unlike mature
individuals [13,67]. Salinity variability seemed not to significantly affect the distribution
of krill at different stages of development, for which the range of 34.5–34.6 is optimal.
The maximum abundance of krill was noted around station 7336 (Figure 1), which was
characterized by the minimum salinity (33.55) in the surface layer, positive values of
potential temperature (0.1 ◦C), and high chlorophyll a concentration (>20 mg/m3), whereas,
at a depth of 200 m, the potential temperature was close to the freezing point of seawater
(−1.8 ◦C), salinity was higher, and the concentration of chlorophyll a did not exceed
0.5 mg/m3.

In the ASO, the average abundance and biomass of krill correlated well with the data
obtained in 2019–2020. However, our results for the density of Antarctic krill aggregations in
the Antarctic Sound were almost ten times higher than before [68,69]. Large accumulations
of salps were registered in the Bransfield Strait, which is associated both with the influence
of the warm BC current [70] and with the peculiarities of feeding and reproductive cycle
of salps [28]. The findings on the presence of large aggregations of Antarctic krill in the
Antarctic shelf of the Bransfield Strait are consistent with the previous studies [43,71].

The size composition of Antarctic krill varies greatly from year to year in the same
study area. According to our results, small-sized krill (82%) prevailed in the Bransfield
Strait, whereas, in the same ASO area, only 22% of small-sized krill were found by the
2020–21 expedition [72] and only about 40% by the 2019–20 expedition [68]. A similar
situation was observed in other regions. The reasons for such discrepancies could be
natural fluctuations in the size structure or differences in research methods, which therefore
require standardization. In particular, a repeated grid of stations is required for correct
comparisons of the obtained results and the use of large fishing gear similar in design
and size since krill can slip away out of small samplers [73,74]. Moreover, the entire layer
(0~200 m) of the Antarctic krill habitat needs to be sampled [75,76]. However, despite all of
the above, the feeding characteristics of krill remain the main factors determiningits size
compositions [6,7]. In some study areas, the catches included large individuals of krill (up
to 45 mm) without clearly expressed sexually dimorphic features (insufficiently developed
petasma and almost undeveloped internal genitals). The explanation of this phenomenon
could be found, with high probability, in the feeding conditions of krill [77–79], which is
also evidenced by the fatty acid analysis of its individuals [80]. It can be assumed that
under these conditions the growth of krill individuals is ahead of their development.

The sex composition of krill differed significantly from one of the previous years. So, in
the area of the Bransfield Strait and Antarctic Sound and eastward of the Antarctic Peninsula
(the Weddell Sea) the number of juveniles of different sizes was significantly higher than in
other researched areas, which was not observed in the recent studies [68,69,71,72]. At the
same time, in January–February 2020, a significant number of spent females were found
in almost all the studied areas [72], while in our study, spent females were found near the
South Orkney Islands only. In ASO, the number of juveniles caught did not exceed 33%,
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while in the recent study this value did not exceed 10% [72]. The maturation ogives of male
and female Antarctic krill indicate the same development of both genders up to the length
of sexual maturity L50%, after which females grow more slowly than males. This pattern
was also noted previously [77]. The condition of sexual maturity of krill impacts greatly on
this relationship.

Antarctic krill is an active filter-feeder and feeds mainly on phytoplankton [79,81]. As
was shown earlier, the decrease in the active feeding of krill occurs mainly in the autumn
and winter periods, while the feeding activity increases towards the end of spring [48]. Our
data also testify to the active feeding of krill in the austral summer period.

We recorded an almost complete absence of krill at the stations in the Powell Basin.
This area was studied by various expeditions on different sections [68,69,71,72,82–85].
Overall, the compilation of data for research regions shows much similarity. Thus, in the
Powell Basin, as well as in the waters near the South Orkney Islands, water temperature
regime (with the warming up to 2 ◦C) is favorable for the development of salps. Earlier
publications reported active salp development after winters with relatively low sea ice
development [6,7]. Unlike krill, the salp propagation does not depend on the ice cover and
the associated algae, which are the main prey for krill larvae and juveniles [86]. At the same
time, the life cycle of salps is much shorter than that of krill, and the fluctuations in their
abundance reflect the annual variability of conditions contributing to massive population
growth [87–89].

5. Conclusions

The analysis of the obtained data demonstrated significant shifts in the thermohaline
structure and currents of the upper 200-m water layer in the Antarctic Peninsula area. A
stronger southward spread of TWW was noted along the entire Bransfield Strait. The
upper layer of the Antarctic Sound waters became significantly warmer, and an extremely
small amount of ice was observed. The maximum values of chlorophyll a concentration
of more than 5 mg/m3 were observed only on the shelf in the northwestern Weddell Sea,
where the transport of icebergs and broken ice was registered. Waters with the lowest
concentrations of chlorophyll a (less than 0.3 mg/m3) were found in the central part of
the Powell Basin, in the area to the east of the South Orkney Islands, and in the Bransfield
Strait near the Antarctic Peninsula. Judging by the chlorophyll a concentration values, both
oligotrophic and mesotrophic waters are present in the study area. Mesotrophic waters,
with chlorophyll a concentrations of more than 2 mg/m3, were observed mainly in the
shelf areas in the northwestern part of the Weddell Sea and to the west of the South Orkney
Islands, as well as in separate zones at the edge of ice fields in the Weddell Sea.

This results also demonstrate a close relationship between Antarctic krill and salps and
a combination of such environmental factors as surface water temperature and availability
of forage. The circulation of water masses within the region play into the dynamics of
this interaction. Only in the Bransfield Strait and to the south of the Antarctic Sound at
the boundary of packed ice, in the relatively warm and desalinated surface layer and in
combination with the cold and salty subsurface water layer, were the optimal conditions
for the maximum concentrations of Antarctic krill formed. The reasons for the relatively
low krill reproduction in the study area may be found in the late spawning period and,
consequently, the low survival rate of krill larvae. The data on Antarctic krill abundance
for the latest decade have shown significant fluctuations in the ASO [8,10,15,90,91].

Thus, our results indicate the need to continue long-term monitoring of this area, where
the euphausiid biomass has traditionally been one of the largest in the entire Antarctic [12].
Climate changes gradually lead to significant seasonal and interannual fluctuations in the
abundance of these crustaceans against the background of an ever-increasing abundance
of salps [8,14,15]. Differences in the abundance of salps and krill can be explained by
differences in the ice cover in the ASO in other years, the extent of which determines the
availability of food for these planktonic animals: at high ice coverage, salps are limited
in food, while krill are able to “gnaw it out of the ice” [15,92]. The result indicates the
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replacement of the Antarctic krill populations by gelatinous zooplankton a steady long-
term tendency towards a decrease in the population of Antarctic krill (from 38% to 75% per
decade) and its successive replacement by salps in this water area [8,14,15,90]. Such changes
may affect the structure and productivity of the Antarctic ecosystem as a whole [8,10,91,93].
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Abstract: Within the framework of the expedition research “Complex studies of the Antarctic marine
ecosystem in the areas of the transport and interaction of water masses in the Atlantic sector of
Antarctica, the Scotia Sea and the Drake Strait” (cruise 87 of the R/V “Academik Mstislav Keldysh”,
7 December 2021–5 April 2022), the distribution of gas-geochemical fields of methane in the Bransfield
Strait was studied in detail for the first time. The connection of the methane distribution in water
with the complex hydrological regime of the strait has been revealed. Elevated values of methane
concentrations brought to the Bransfield Strait in the warm current flow from the Bellingshausen
Sea have been established. Low concentrations of methane also mark the cold waters of the Weddell
Sea, which carry out the transit of water masses into the Atlantic Ocean. The research was carried
out within the framework of the theme FWMM-2022-033 “Integrated environmental studies of the
Southern Ocean” AAAA17-117030110035-4 and international obligations of the Russian Federation
as a party to the Antarctic Treaty and the Convention on the Conservation of Antarctic Marine
Living Resources.

Keywords: methane; temperature; salinity; current system; the Bransfield Strait; South Ocean

1. Introduction

Currently, the discussion about the role of methane as the most sensitive indicator
of the evolutionary climate change processes remains one of the most discussed topics in
ocean sciences [1–4]. Information about the amount of methane flow into the atmosphere
is extremely contradictory. Models from insignificant emissions to explosive emissions
leading to a global catastrophe are considered. Data concerning dynamics of the methane
flow are limited, and little is known about the factors controlling it [5]. The contribution
of the oceans to global methane emissions into the atmosphere remains very uncertain.
Various studies have recognized that open oceans are a source of methane into the atmo-
sphere contributing from 0.005% to 3% of global methane production [6], although the main
mechanism of methane production remains unclear. According to some estimates, the flow
of methane from the World Ocean into the atmosphere is 6 million tons of CH4 per year
on the ocean area (3.6 × 1014 m2) with an average flow of methane into the atmosphere of
2.5 mol/(km2 × day) [7].

As climate and chemical composition of the atmosphere transform, the World Ocean
also meets global changes. An increase in the concentration of carbon dioxide in the
atmosphere directly leads to ocean acidification [8,9]. Another global process is ocean
deoxygenation [10]. Recent biogeochemical studies have shown that all of the above
processes directly affect the carbonate system and the hydrochemical characteristics of
the waters of the Southern Ocean [11–14]. In this regard, the Southern Ocean has its
own characteristics. The most important hydrological feature is the Antarctic circumpolar
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current and the large depth of the upper mixed water layer exceeding 400 m [15,16]. Due
to intensive vertical circulation, methane is involved in the deep layers of the ocean [13].

Bottom waters in the deep-sea channels of the Atlantic spread from their sources on
the shelf of Antarctica, flowing from one basin to another. The process of such overflow
often concentrates channels, faults and passages connecting the abyssal of individual
basins. At the same time, due to intensive interaction with the bottom in the channels, a
significant transformation of the thermohaline properties of bottom waters occurs. These
circumstances make expedition research in the Southern Ocean especially important from
the point of view of studying the large-scale meridional circulation of the World Ocean.

In addition, the analysis of available geological and geophysical materials revealed
that in the research area there are active permeability zones (fault zones, crushing zones,
rifts, etc.) for gases and fluids of both a deep nature associated with rifting, and prospects
for detecting near-surface active seeps of reduced gases, in particular methane. There are
certain prerequisites for gas hydrates detection, so it is possible to predict the presence
of gas “torches”—jet outflows of gas bubbles from the seabed into the water column. In
other areas of the World Ocean, it has been established that such sites are often hotbeds of
active development of biological communities involved in the food chain of underwater
biocenoses. There is practically no specific information about gas or gas-fluid manifes-
tations in the research area. Almost all Antarctic coastal waters are large sedimentary
basins of a significant hydrocarbon deposits potential. The largest of them are the basins
of the Weddell Seas (1.5 million square kilometers), Ross (1.26 million square kilometers),
Mawson (710 thousand square kilometers), Commonwealth (580 thousand square kilo-
meters) and Riser-Larsen (400 thousand square kilometers). According to modern data
based on complex geophysical studies, the projected hydrocarbon resources in all marine
sedimentary basins of Antarctica could reach (taking into account deep-water areas) some
tens of billions of tons.

In general, in the research region there are geological objects that have a strong influ-
ence on the hydrodynamic and hydrological regime of the water area (ridges, depressions,
rifts, etc.). Detailed geophysical and geological studies of these structures have not yet
been completed, so the bottom relief and the structure of orographic barriers are relevant
issues for the study of the hydrodynamic regime of the research area in the future. Our
paper presents the results of detailed gas-geochemical studies of methane distribution in
the water column of the Bransfield Strait, Antarctica Strait and the Weddell Sea in cruise
87 of the R/V “Academik Mstislav Keldysh”, 7 December 2021–5 April 2022. Data obtained
allowed us to assess the influence of currents on the distribution of methane fields in the
water column and outline prospects for further research.

2. Materials and Methods

Gas-geochemical research makes it possible to assess the variability of the methane
content and a number of its homologues (ethane, propane, butane) in seawater along the
horizons, to identify the sources of gas flow, as well as to obtain information for further
assessment of the relationship of background and anomalous gas-geochemical fields with
morphostructural and tectonic elements of the geological structure.

Sampling and analysis in the studied areas of the Southern Ocean (the Bransfield
Strait, Antarctica Strait and the Weddell Sea) in cruise 87 was carried out in the period
19 January–3 February 2022.

Water sampling from the board of the R/V “Academik Mstislav Keldysh” was carried
out by a 24-position Rosset system equipped with an INDRONAUT CTD probe (Italy).
Water sampling was carried out by a cassette of NISKIN system bathometers (23 bathome-
ters) on various horizons, according to the vertical distribution of temperature, salinity and
other hydrological parameters identified during CTD-profiling.

The method of equilibrium concentrations “HeadSpace” was used to analyze the
methane content in all water samples [17]. The water from the bathometers was taken
by the “triple overflow” method into pre-sterilized medical glass bottles with a volume
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of 68 mL, which were hermetically sealed with sterile rubber stoppers without access
to the bottles of atmospheric air. Needles from a medical syringe were used to remove
excess water.

When creating the gas phase, 12 mL of helium was injected into the bottles. Pure
helium of the brand “6.0” was used as the gas phase. Then, the samples were intensively
mixed for 120 min at a speed of 200 rpm using a LOIP LS-110 shaker (Russia). Before
the analysis, the equilibrium gas phase was extracted with a disposable medical syringe
(12 mL) to inject the sample into the gas chromatograph. Methane concentrations were
analyzed in the shipboard laboratory.

A “CrystalLux4000M” (Russia) gas chromatograph, equipped with a flame ionization
detector (FID) and two detectors for thermal conductivity (TCD, sensitivity of 10–5%),
was used to analyze the gas composition. Certified calibration gas mixtures were used to
calibrate the instruments. The error of this method is less than 5%. The concentrations of
methane dissolved in seawater were calculated according to the method [18] in modifica-
tion [19] using the calculated solubility constants of methane. Microsoft Excel spreadsheets
were used to calculate and systematize the data obtained during the cruise. For opera-
tional visualization and interpretation, gas-geochemical data obtained after analysis on a
chromatograph were entered into geoinformation applications (Arc GIS 10.4.1, Ocean Data
View 5.2.1).

Sampling, preparation of samples, and analytical studies were carried out according
to the certified method adopted in the Gas Geochemistry Laboratory of V.I. Il’ichev Pacific
Oceanological Institute (State Standard Certificate No. 58 for the Laboratory Passport
PS 1.051-21).

3. Results

The Bransfield Strait is located in the southern Atlantic Ocean (Southern Ocean)
between the archipelago of the South Shetland Islands and the Antarctic Peninsula. The
southwestern part of the strait is bounded by the Gerlash Strait. The extended deep-water
section, reaching 1500 m depth, abruptly passes into the shallow shelf zone of the South
Shetland Islands and the Antarctic Peninsula with a depth of 300 to 700 m. According to
modern studies, the strait enters a rift zone marked by increased seismic activity, while the
central part of the strait is characterized by a sharp decrease in relief, probably of tectonic
or volcanic-tectonic nature [20]. The South Shetland Islands are of volcanic origin, while
there are areas of recent activity in this area, for example, the Deception Island caldera [21].
Generalization of the results of complex geological and geophysical studies in the Southern
Ocean, in particular in the area of its junction with the Atlantic Ocean, shows that this
region is the area of existence of large fragments of the destroyed intercontinental bridge
between South America and West Antarctica, which has experienced cracking and local
rift spreading. The dynamics of its development was determined by the heating of the
lithosphere under the influence of extensive uplift of mantle matter (plume) in conditions of
moderate separation between the continental massifs of South America and West Antarctica.
This was accompanied by regional magmatism of the type of areal oceanic platobasalts,
local magmatism (such as SOX basalts) in young local rifts, crushing and collapse of crustal
blocks in the Drake Strait, as well as sequential immersion of such blocks in the basin of the
Scotia Sea.

Brief hydrological characteristics of the research area Bransfield Strait meets a collision
of warm waters of the Atlantic Circumpolar Current (ACC) penetrating through the deep
straits between the islands of Brabant, Lowe and Smith, and cold surface waters of the
Weddell Sea entering the Bransfield Strait through the Antarctic Sound and the shelf zone
of Joinville Island [22–24]. The interaction of the waters of the ACC and the waters of
the Weddell Sea results in the formation of a coastal boundary current in the Bransfield
Strait, directed along the southern coast of the South Shetland Islands to the northeast. The
boundary current of the Bransfield Strait has a significant impact on the physicochemical
properties of water in this area and participates in the transfer of biogenic elements [25]
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necessary for the development of marine biota at all trophic levels. This area has an impor-
tant bioresource value, since it is the area where the growth and development of Antarctic
krill to adults takes place. Krill is an important ecosystem link in the Southern Ocean,
representing a food source for many species of fish, penguins and marine mammals [26].
During the Australian summer (December–February), the water area of the Bransfield
Strait is free of ice cover, there are practically no icebergs and large fragments of ice that
interfere with navigation, which makes the Strait a convenient testing ground for a number
of geological, oceanological and hydrobiological studies of this part of the Southern Ocean.

3.1. Bransfield Strait

Located between the South Shetland Islands and the Antarctic Peninsula, the Brans-
field Strait has an asymmetric cross-section and consists of (from north to south): a narrow
(less than 10 km) shelf zone, a deep-water central basin with a width of 15–20 to 80 km
(Figure 1) and the wide shelf of the Antarctic Peninsula (the Bransfield platform).

Figure 1. A map of sample stations, 87th cruise of R/V “Academik Mstislav Keldysh” (7 December
2021–5 April 2022) and earthquakes for 2020 year according to [27].

The Bransfield Strait meets a particular interest as a rift zone with increased seismic and
modern volcanic activity, as well as an area with recently discovered areas of hydrothermal
activity. Earlier, the study of methane distribution profiles in the water column of the
Bransfield Strait was carried out in a limited volume in its western part, and the main
attention of researchers was focused on analyzing the patterns of methane distribution in
the Weddell Sea.

The western part of the Bransfield Strait, with a strong coastal influence and extensive
shelf zones, are considered as highly productive areas [28]. Wefer et al. (1988) [29] associated
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these regions with episodic high production events and documented very high fluxes of
settling material to the sediment in the Bransfield Strait.

The Bransfield Strait is of a particular interest as a rift zone with increased seismic and
modern volcanic activity, as well as an area with recently discovered areas of hydrothermal
activity. Earlier, the study of methane distribution profiles in the water column of the
Bransfield Strait was carried out in a limited volume in its western part, and the main
attention of researchers was focused on analyzing the patterns of methane distribution in
the Weddell Sea.

During cruise 87 of the R/V “Akademik Mstislav Keldysh”, 7 December 2021–5 April
2022 (AMK87), 3 sections were made in the Bransfield Strait, including 24 gas-geochemical
stations (200 samples). Analysis of seawater samples taken from bathometers in the depth
range 2–1767 m revealed methane concentrations of 2.47–10.95 nM/L (Figures 2–4).

Figure 2. Distribution of methane concentration (a), temperature (d) and salinity (b) in the western
section (c) in the Bransfield Strait.

The maximum methane concentrations (10.95 nM/L) are observed on the slope of
the trough of the Strait near the South Shetland Islands in the eastern (Figure 4a,c) and
central (Figures 4c and 5a) sections at the horizons of 0–500m. Figures 2a, 3a and 4a clearly
show a core of elevated methane concentrations centered at a depth of 400 m and having
a horizontal scale of about 10 km. This may be due to the transfer of methane-saturated
waters by the Bransfield Strait current, directed to the East. The presence of this jet carrying
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elevated concentrations of methane is confirmed by temperature (Figures 2d, 3d and 4d)
and salinity (Figures 2b, 3b and 4b) data.

Figure 3. Distribution of methane concentration (a), temperature (d) and salinity (b) in the central
section (c) in the Bransfield Strait.

In the surface and subsurface (depth of 0–200 m) water layers in the central and eastern
sections (Figures 3a and 4a), an area of increased concentrations (7.63 nm/L) is allocated,
which may also be associated with the hydrological regime—the existence of vortices on
the central axis of the strait (Figure 5).
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Figure 4. Distribution of methane concentration (a), temperature (d) and salinity (b) in the eastern
section (c) in the Bransfield Strait.

Figure 5. Diagram of the main components of the Bransfield Strait surface current system [30].
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The minimum methane concentrations (2.47 nm/L) were found at the bottom of the
strait—in a water layer with a depth of more than 1000 m (Figures 2–4), which may be
caused by the transit of Deep Water of the Bransfield Strait (GWB), the upper limit of its
distribution is considered to be the values of potential temperature −1.0 ◦C and salinity
34.5 eps [31].

The methane concentration distribution in the Bransfield Strait is largely controlled
by the hydrological regime, the scheme of methane transit at different horizons through
the strait is confirmed by modern hydrological studies [32], as well as studies of Russian
and foreign colleagues in previous periods [22,30–32], the flow diagram of the strait in the
section is shown in Figure 6.

Figure 6. Cross-sectional diagram of the main components of the Bransfield Strait current system [30].

The central section of the Strait (Figure 3c) geographically repeated the section made
during the expedition 79 of the R/V “Akademik Mstislav Keldysh”, 2020. Gas-geochemical
studies of 2020 revealed a zone of increased concentrations of methane at the bottom
of the strait, a local gas discharge site of hydrothermal nature associated with a fault
system at coordinates 62◦40′3′′ S. 59◦21′40′′ W. [33]. Our paper describes that a methane-
containing hydrothermal fluid causes an increase of the methane content in sea water from
10 to 43 nmol/L in a wide range of depths of the water column. The bottom water layer
with a high methane content extends over considerable distances from the hydrothermal
outlet. Additionally, the largest number of thermophilic methanotrophic bacteria found in
the bottom water layer was found at this site. The detection of thermophilic microorganisms
in the bottom layer confirms the endogenous nature of the methane source [34].

However, the cruise 87 of the R/V “Academik Mstislav Keldysh” (2021–2022) did
not detect this anomaly or any result of its activity. The instability of the endogenous
sources of the strait is probably controlled by the seismic situation of the region and needs
further study.

3.2. Antarctic Sound

Analysis of seawater samples taken from bathometers in the Antarctic Sound The
analyses showed a different distribution of methane (Figures 7a and 8a). In the Antarctic
Sound 7 hydrological stations (52 samples) were carried out at horizons of 4–949m, forming
2 sections:) across (Figure 7c) and along (Figure 8c) the sound. The cross section between the
Antarctic Peninsula and Joinville Island is characterized by elevated methane concentrations
(Figure 7a) at the extreme eastern (7.28–11.4 nm/L) and western (5.78–7.93 nm/L). The
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main water mass of the central part of the sound contains average methane concentrations
(4.11–6.55 nm/L) unevenly distributed in the water column (Figure 7a).

Figure 7. Distribution of methane concentration (a), temperature (d) and salinity (b) on a cross section
(c) in the Antarctic Sound.

A local bottom field of elevated methane concentrations (up to 7.33 nM/L) (Figure 8a),
which presents here probably due to endogenous processes was revealed on the longitudi-
nal section (Figure 8c). This area of elevated concentrations was also determined during
the 79th cruise of R/V “Academik Mstislav Keldysh”, 2020 [33].

The most important result of the research in the Antarctic Sound is the discovery of a
constant stable zone with an increased concentration of methane in the bottom water layer
in the deep part of the Sound. It is likely that the increase of the methane concentration
in the bottom water layer is associated with the movement of water masses from the
deep-water part of the Antarctic Sound, where there are not yet mapped areas of gas
discharge spots.

The Antarctic Sound transports water masses with low concentrations of methane from
the Weddell Sea to the Bransfield Strait [33], where these waters spread westward along the
Antarctic Peninsula (see Figure 5) and form methane transit fields. Figures 7b,d and 8b,d
show the transit of cold (−0.7–−0.4 ◦C) waters with “low” (34.5 psu) salinity from the
Weddell Sea to the Bransfield Strait (Figures 2b,d, 3b,d and 4b,d).
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Figure 8. Distribution of methane concentration (a), temperature (d) and salinity (b) on the longitudi-
nal section (c) in the Antarctic Sound.

3.3. Weddell Sea

A section (about 80 km) of 3 hydrological CTD stations was made in the Weddell Sea
in the direction south of the Antarctic Sound (Figure 9c), the depth range was 5–371 m,
19 samples were taken.

The section distinguishes 3 layers: two—with increased methane concentrations
(0–200 m and 250–350 m) and a bottom layer of low methane concentrations (Figure 9a) in
cold subzero waters (Figure 9b) of “low” salinity about 34.5psu (Figure 9b).

A 500 km section (Figure 10c) was made through the Weddell Sea (63.6◦ S, 54.6◦

E–61.1◦ S, 46.8◦ E), the depth range was 11–3270 m, including 16 hydrological stations
(135 samples). As gas-geochemical studies have shown (Figure 10a) that the main body
of water is characterized by low concentrations of methane (1.56–3.45 nm/L) observed in
the deep-water part of the basin, and its western part is deeper than the isobate of 2000 m
has slightly higher values (up to 3.95 nm/L) compared with the eastern one. Average
concentrations are observed in the surface water layer. At the extreme eastern station of
the section, elevated concentrations of methane were recorded (8.95 nm/L in the bottom
layer of 516 m and 6.5 nm/L in the layer of 10–200 m); however, at the horizon of 396 m,
the concentration of methane was 2.8 nm/L, which may be caused by the influence of an
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undercurrent, confirmed by temperature drop (Figure 10d), existing under the subsurface
layer of low salinity (Figure 10b).

Figure 9. Distribution of methane concentration (a), temperature (d) and salinity (b) on the section (c)
in the Weddell Sea south of the Antarctic Sound.

3.4. Methane in the Atmosphere

The Southern Ocean is one of the most biologically productive oceanic regions in the
world and characterized by high biomasses of zooplankton, Antarctic krill, and salps [35],
all of which having the potential to produce CH4. Although some researchers have mea-
sured CH4 concentrations in the Southern Ocean [36–40], accurate assessment of the sea–air
flux of CH4 has been limited by the sparsity of available data.

We have taken 14 samples of atmospheric air on the study area (Figure 11). The
range of methane concentration was 1.96–2.24 ppm. It is a rather high value, as a global
atmospheric CH4 level is about 1.9 ppm according to [41,42].

Despite low methane mole fraction in the atmosphere (1.803 ppm in 2011), CH4 is the
second largest contributor (17%, after carbon dioxide) to the total radiative forcing caused
by the well-mixed greenhouse gases [43]. The continuous increase of atmospheric CH4 in
the past decades implies an imbalance between CH4 sources and sinks and prompts urgent
questions about the causes [44].

Atmospheric methane concentrations are probably controlled by active volcanism and
wind regime of the region and are a sphere of the further research. Gille et al. (2014) [45]
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reported that low temperatures of the surface waters in the Kerguelen region correlate with
high wind speeds, and that wind-mixing of the upper ocean there resulted in entrainment
of cold water into the mixed layer and euphotic zone [46].

In the Southern Ocean, strong vertical mixing is induced by near-surface westerly
winds that causes convergent flow at intermediate depths; such mixing partially offsets
upwelling [47]. The flow of methane into the atmosphere from the sea surface is controlled
not only by physical factors, but also by the availability of organic matter and oxygen [48].

Figure 10. Distribution of methane concentration (a), temperature (d) and salinity (b) on the 500 km
section (c) through the Weddell Sea.
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Figure 11. Methane concentration in the atmosphere.
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4. Discussion

During the research in the Southern Ocean as part of cruise 87 of the R/V “Academik
Mstislav Keldysh”, 7 December 2021–5 April 2022, local anomalies of methane concen-
trations and their sources were not detected. The vast majority of the water mass is
characterized by low concentrations of methane, which indicates the absence of intensive
and stable endogenous methane sources. In general, the area is characterized by low rates of
methane synthesis and oxidation. At all stations, bacterial utilization of methane prevailed
over its synthesis, which indicates the presence of a permanent source of methane [34].

The stable methane emission sources presence assumption was substantiated earlier
basing on the fact, that Bransfield Strait is located between the archipelago of the South
Shetland Islands and the Antarctic Peninsula. It is of particular interest as a rift zone
with increased seismic and modern volcanic activity, which are expressed in a special
gas-geochemical regime. The most important result of the Antarctic Strait research is the
discovery of a stable zone with an increased methane concentration on two sections in the
sea bottom layer in the deep part of the Strait, which is associated with the movement of
water masses from the deep part of the Antarctic Strait, where there are not yet mapped
areas of bottom gas discharge. A single methane sip was detected at a depth of 1397 m,
characterized by a high level of methane content (43 nmol/L) in the bottom water horizon.
It was also found that the methane-enriched (10.29–14.46 nmol/L) bottom layer of seawater
extends to a distance of 30–35 km from the central part of the methane anomaly [49]

Most currently active Antarctic volcanoes are controlled by the West Antarctic Rift
System (WARS). Three of them are located on Victoria Land (Mount Erebus, Mount Mel-
bourne and Mount Rittman), and the fourth is Deception Island in the South Shetland
Islands group, located in the Bransfield Strait.

It is likely that the observed by us in 2022 increased methane concentration is related
to the water masses transfer from the deep-water part of the Antarctic Sound, where there
are areas of gas emission on the bottom could occurs.

Thus, a comparison of gas-geochemical, hydrological and microbiological data indi-
cates the absence of a permanent active focused source of methane at the bottom of the
Bransfield Strait.

Apparently, the new source of elevated methane concentrations at the bottom of the
Bransfield Strait, discovered in the cruise 79 of R/V “Academik Mstislav Keldysh”, is local
and unstable one and is associated with a gas discharge site, most likely representing a
hydrothermal outlet. The methane anomaly found [33] is associated with endogenous
processes in the riftogenic seismically active zone, and the localization of the source is
due to the peculiarities of the tectonic structure of the bottom of the Bransfield Strait and
requires more detailed further study. According to the data obtained, it can be concluded
that in the Atlantic sector of the Southern Ocean there may be areas of rapid and long-range
transport of anomalous methane fields in the water column, possibly up to the surface.

Studies of gas-geochemical fields of the bottom water layer provide the most accurate
detection of jet methane outputs from bottom sediments. In connection with the above
results, one can assume that in the Atlantic sector of the Southern Ocean there may be
areas of long-range transit of anomalous methane fields in the water column laterally.
Methane can achieve the surface water layer just with a powerful bubble jet. Their height
sometimes reaches 2 km in different areas of the World Ocean [50]. Therefore, further
gas-geochemical studies in this region remain highly relevant and it can be concluded that
systematic complex expeditionary studies are required. Low regional activity of lithosphere
gas discharge made it possible to study the distribution pattern of methane dissolved in
water and its transit through a complex system of currents of the studied region. As a result,
the location of dissolved methane particles is controlled by a complex hydrological regime
of the region: the transit of water masses from the Weddell Sea through the Antarctic Strait
to the Bransfield Strait, circulation in the Bransfield Strait (vortices of the central axis of the
Strait, a stream along the South Shetland Islands).
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5. Conclusions

Climate changes and the chemical composition of the atmosphere result in global
changes process of the World Ocean. Oceans play a key role in climate regulation, espe-
cially in buffering (neutralizing) the effects of increasing levels of greenhouse gases in
the atmosphere and rising global temperatures. The regulatory processes carried out by
the oceans alter as a response to climate change, and positive feedbacks to the ocean may
exacerbate climate change.

The author’s research has shown that the processes causing these changes is directly
affected by many characteristics of the waters of the Southern Ocean, especially the Atlantic
sector. This, in turn, has a strong impact on the state of the ecosystem of this important
fishing area. Complex and active hydrodynamics caused by the Antarctic circumpolar
current, intense vertical circulation, orographic barriers, the development of contrasting
fronts, areas of demolition of terrigenous material with signs of chemical anomalies, etc.
This has led to the fact that conducting complex oceanological studies to assess the current
state of the Southern Ocean environment at the junction of disciplines has allowed us to
obtain a number of important and unique scientific results.

Detailed gas-geochemical studies have been carried out and methane concentrations in
the water column of the Bransfield Strait and Antarctica have been studied. A study of the
Bransfield Strait area, where a local bottom-level methane anomaly was detected in 2020,
showed the absence of elevated concentrations, which may indicate a high intensity of the
“biological filter”, as well as instability of the lithosphere discharge. During the expedition,
no active sources of methane output were found, which made it possible to assess the
influence of currents on the distribution of methane fields in the water column and to
outline prospects for further research. The increased values of methane concentration in
the atmosphere of the Southern Ocean indicate a significant contribution of the region to
the global debit of greenhouse gases, which implies further careful study of the sources of
gas discharge not only in the water area, but also in the land areas of Antarctica.

It is advisable to carry out a complex of geological and geophysical studies of the
sea bottom, including lithological testing, geochemical, hydroacoustic and bathymetric
studies of the bottom ecosystem in the subsequent stages of research of the ecosystem of
the Atlantic sector of the Southern Ocean.
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Abstract: A remarkable shift in the species composition and size distribution of the phytoplank-
ton community have been observed in coastal waters along the Antarctic Peninsula over the last
three decades. Smaller photoautotrophs such as cryptophytes are becoming more abundant and
important for the regional ecosystems. In this study, flow cytometry was used to quantify the small-
est phytoplankton in the central Bransfield Strait and explore their distribution across the strait in
relation to physical and chemical properties of the two major water masses: the warmer and less
saline Transitional Zonal Water with Bellingshausen Sea influence (TBW), and the cold and salty
Transitional Zonal Water with Weddell Sea influence (TWW). Pico- and nano-phytoplankton clusters
were distinguished and enumerated in the cytograms: photosynthetic picoeukaryotes, cryptophytes
(about 9 µm in size), and smaller (3 µm) nanophytoplankton. It was shown that nanophytoplankton
developed higher abundances and biomasses in the warmer and less saline TBW. This biotope was
characterized by a more diverse community with a pronounced dominance of Cryptophyta in terms
of biomass. The results support the hypothesis that increasing melt-water input can potentially
support spatial and temporal extent of cryptophytes. The replacement of large diatoms with small
cryptophytes leads to a significant shift in trophic processes in favor of the consumers such as salps,
which able to graze on smaller prey.

Keywords: cryptophytes; nanophytoplankton; picophytoplankton; photosynthetic picoeukaryotes;
phytoplankton bloom; Bransfield Strait; Antarctic Peninsula; flow cytometry

1. Introduction

Diatoms, haptophytes (predominantly Phaeocystis antarctica), and cryptophytes repre-
sent the major taxonomic groups of phytoplankton in the Southern Ocean [1–5]. Summer
phytoplankton blooms in coastal waters of the Antarctic Peninsula are usually associated
with a shallow upper mixed layer (UML) that keeps phytoplankton under favorable light
conditions and better supply of dissolved iron (e.g., [6]). As a rule, diatoms and/or P. antarc-
tica make the largest contribution to the blooms, but the role of cryptophytes has been
reported to substantially increase, especially in water areas of melting glaciers [7–9]. The
mechanisms behind Cryptophyta bloom formation are still poorly understood. Lower
water temperatures in the surface layer, narrowing of the UML and a decrease in water
salinity appear to favor the development of the phenomenon [9,10].

Publicly available data provide evidence of the transformation of the Antarctic phyto-
plankton community as a probable consequence of global warming [10]. The transformation
covers not only taxonomic composition but also the size structure of the community. The
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replacement of large diatoms with small cryptophytes leads to a significant shift in trophic
processes in favor of the consumers able to graze on smaller prey. Since Antarctic krill is
not one of them [11], such a trend gives rise to a well-founded concern. A decrease in the
food supply of krill and a substitution of the latter by other zooplankton (such as salps)
imply a reduction in the carbon pool available for higher trophic levels by almost 70% [12].

It was shown in a number of experimental studies that Antarctic krill feed on small
prey (about 10 µm in size) with low efficiency [13,14], while the optimal size of its food
objects is about 50 µm due to the features of the filtration apparatus of euphausiids [13].
This well explains why krill exhibit positive selectivity for diatoms and avoid cryptophytes
when feeding on complex prey mixtures [11].

On the contrary, salps, a food competitor of Antarctic krill, are satisfied with a wide
range of taxonomic and size composition of phytoplankton prey thus demonstrating much
lower feeding selectivity [11]. Against the background of their ongoing expansion to
higher latitudes [12,15], their potential ability to utilize the biomass of cryptophytes during
phytoplankton bloom periods poses additional threats to Antarctic krill populations, and
hence, also for higher consumers including penguins, seals, and whales which feed on
krill [16]. Thus, an increasing role of Cryptophyta in the Antarctic waters implies restrictions
in food supply for krill and strengthening of its competitor’s position.

The phenomenon of increasing cryptophyte abundances in the Antarctic waters have
been initially explained by advection [7], sedimentation of large diatoms [17], grazing [2],
and tolerance of cryptophytes to lower salinity waters [8]. Recently, Mendes et al. [18]
studied the prevalence of cryptophytes in the coastal waters of the western Antarctic
Peninsula and hypothesized that the phenomenon can be due to their pigment protection
capability and, as a result, an ability to successfully grow under high irradiance exposure
in strongly stratified shallow mixing surface layers. In this context, our major objective was
to characterize the nanophytoplankton assemblage (2 to 20 µm in size) by flow cytometry
(FCM), identify the Cryptophyta component, and analyze their distribution in the water
masses of the Bransfield Strait, differing significantly from each other and the rest of the
western Antarctic Peninsula shelf by their physical and chemical properties. Special atten-
tion was paid to nanophytoplankton of the transitional water mass with Bellingshausen Sea
influence, which is warmer and fresher due to melting ice. We tested the hypothesis that
an increase in melt-water input can potentially promote the spatial and temporal extent
of cryptophytes.

Additionally, we used FCM to enumerate the smallest known component of the
phytoplankton community, picophytoplankton (0.2 to 2.0 µm size fraction), which are
recognized as an important player in the Southern Ocean ecosystem. In this part of the
work, we focused on revealing spatial patterns of picophytoplankton abundance in relation
to the water masses and frontal zones in the Bransfield Strait as the frontal features are
among the factors other than temperature that control the abundance and distribution of
phytoplankton.

2. Materials and Methods
2.1. Sampling Sites and Methods

The oceanographic and microbiological data were collected on 21 January 2020 over a
transect across the central Bransfield Strait (BS) (7 stations, Figure 1) during 79th cruise of
the R/V “Akademik Mstislav Keldysh”. The length of the transect from Greenwich Island
(South Shetland Islands) to the shelf of the Antarctic Peninsula was 93 km. Water samples
were taken at 5 to 7 depths from the surface to 190 m, depending on the hydrological
structure and chlorophyll a (Chl-a) fluorescence distribution.

The water area sufficiently differs from the rest of the western Antarctic Peninsula
shelf by the inflow of cold and saline Weddell Sea shelf water [18,19]. According to
Tokarczyk’s classification [20], the water masses in the BS are the Transitional Zonal Water
with Bellingshausen Sea influence (TBW; water temperature T > 1 ◦C, salinity S < 34.1 psu),
and the Transitional Zonal Water with Weddell Sea influence (TWW; T < 1 ◦C, S > 34.1 psu).
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Figure 2 represents water temperature profiles at the stations (6587–6595) along the transect
in the BS and the front between TBW and TWW. These waters are separated from each
other by a shallow hydrographic front which has a clear surface thermal signature. The 1 ◦C
isotherm serves as a good boundary between TBW and TWW in summer. TBW occupies
only a 50-m thick upper layer along the South Shetland Islands whereas the rest of the
Bransfield basin is occupied by TWW [21].

Figure 1. Location of oceanographic stations in the Bransfield Strait (79th cruise of R/V “Akademik
Mstislav Keldysh”, January 2020) where water samples were collected at 5 to 7 depths in austral
mid-summer.

Figure 2. Water temperature profiles at the stations (6587–6595) along the transect in the Bransfield
Strait. The depths of 1 ◦C isotherm (marked with empty circles) corresponded to the front between
TBW and TWW.

2.2. Physical and Chemical Oceanographic Data

Temperature, conductivity, and pressure data were collected using a SBE911 CTD
attached to a Carrousel system with 24 5-L Niskin bottles for water sampling. Current
velocity profiles were measured by a Workhorse Sentinel ADCP. Profile measurements
of Chl-a concentration and photosynthetically active radiation (PAR) were conducted
using a PUM-200 transparency meter equipped with a Minitracka-II fluorimeter (Chelsey
Instruments Ltd., Surrey, UK), and a LI-COR radiometer equipped with two LI-192 sensors.

Dissolved oxygen and nutrients were immediately measured onboard in all of the
samples using a modified Winkler method [22] and standard colorimetric methods [23–26].
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2.3. Flow Cytometry

Water samples were fixed (2% formaldehyde fin. conc.) and frozen on board in
liquid nitrogen for their storage and transportation to a stationary laboratory before flow-
cytometric analysis. No fractionation was employed with the exception of screening the
sample through the 70-µm nylon mesh to avoid clogging the fluidic system of the instru-
ment by larger objects (detritus, microalgae, zooplankton, etc.). Taxonomic composition
and abundance of the micro-phytoplankton were not studied.

Cytometric gating and sizing of pico- and nanophytoplankton were performed using
a CytomicsTM FC 500 flow cytometry system (Beckman Coulter Inc., Brea, CA, USA) and
Flowing Software v. 2.5.0 (Perttu Terho, Turku Centre for Biotechnology, University of
Turku, Finland, https://bioscience.fi/services/cell-imaging/flowing-software/, released 4
November 2013). The standard forward light scatter (FSC), orange fluorescence (FL2, 575
nm), and red fluorescence (FL4, 675 nm) channels were used for the acquisition and analysis.

Two nanophytoplankton clusters were distinguished and enumerated, namely cryp-
tophytes (CP) and other nanophytoplankton (NP). Cryptophytes contain a distinctive set
of pigments, the orange fluorescing phycobilins (although there are also colorless mem-
bers, [27]. These cryptomonads were identified by their bright orange fluorescence while
NP did not produce it (Figure 3). The light microscopy observation of cryptomonad cells
confirmed the flow cytometry data. The FL4 and FL2 values measured in individual
cells served a measure of their intracellular Chl-a and phycoerythrin (PE) contents, re-
spectively [28]. Picophytoplankton were dominated by photosynthetic picoeukaryotes
(PPE) while abundances of picocyanobacteria were extremely low or undetectable. For this
reason, we identified and enumerated PPE only, according to Marie et al. [29] (Figure 3).

Figure 3. Gating cryptophytes (CP), other nanophytoplankton (NP) and photosynthetic picoeukary-
otes (PPE) in the space of forward light scattering (FS is cell size), red autofluorescence (FL4 is Chl-a)
and orange autofluorescence (FL2 is phycoerythrin) in two samples (station 6591 at 0 and 50 m).

Cell size measurements were calibrated in terms of equivalent spherical diameter
(ESD, µm), using a set of standard polystyrene beads (Polysciences, Inc., Warrington, PA,
USA) in the size range between 0.5 and 10 µm; calibration curves were obtained for each
flow cytometry protocol by plotting the ESD as a function of the FSC signal (coefficient of
determination r2 > 0.8 in all cases). Mean ESD and cell volume were calculated for every
cell population from the calibration curves [30]. To allow for a better comparison with
earlier published data, nanophytoplankton abundances and biovolumes were converted to
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cellular carbon (C). Carbon conversion factors were shown to vary depending on taxonomy,
cell size, and growth-regulating factors such as light and nutrient availability [31]. In this
study, carbon content of pico- and nanophytoplankton was estimated from the mean ESD
using the conversion factors of 237 fg C µm–3 [32] and 196.5 fg C µm−3 [33], respectively.

2.4. Statistics

Multivariate statistical analysis (cluster analysis and non-metric multi-dimensional
scaling, nMDS) of microbiological and hydrological-hydrochemical data collected in the
upper 190-m layer was carried out using the PAST3 software [34]. Mapping the spatial
distribution of the variables and graph plotting were performed using Surfer v. 10 and
Grapher v. 8 software (Golden Software, Inc., Golden, CO, USA), respectively.

In total, 24 biological, hydrological and hydrochemical variables were measured in
the study site and investigated by the methods of multivariate statistical analysis (Table 1).
The 12 microbiological variables included in this list characterized both the structure (CPN,
CPN%, CPB%, NPN, NPB, CP-ESD, NP-ESD, PPEN, PPEB, PPE-ESD) and some functional
characteristics of the communities namely, intracellular content of photosynthetic pigments
in the photoautotrophic cells (CP-CHL, CP-PE, NP-CHL, PPE-CHL).

Table 1. Symbols of variables used in this study with their definitions, units, and descriptive statistics
(n = 39). R. u. is relative units, CP is cryptophyte, NP is nanoplankton, PPE is photosynthetic
picoeukaryotes, ESD is equivalent spherical diameter, SD is standard deviation.

Symbol Definition, Units Min Max Mean ± SD

T Water temperature, ◦C −0.79 2.77 0.59 ± 1.19
S Water salinity, psu 34.1 34.4 34.3 ± 0.1
PO4 Phosphates, µM 1.56 4.37 3.09 ± 0.58
Si Silicates, µM 67.9 112.3 81.3 ± 10.1
NO3 Nitrates, µM 22.6 35.4 29.4 ± 3.7
NO2 Nitrites, µM 0.11 0.23 0.17 ± 0.04
NH4 Ammonium, µM 1.32 3.81 2.13 ± 0.58
DO Dissolved oxygen, mL L−1 6.44 7.98 7.44 ± 0.36
FLUOR Chl-a fluorescence, r. u. 0.10 0.49 0.24 ± 0.12
CPN Cryptophyte abundance, 106 cells L−1 0.00 1.55 0.35 ± 0.46
CP-ESD Mean CP ESD, µm 6.70 11.59 9.42 ± 1.77
CPB CP biomass, µg C L−1 0 179 33 ± 45
CP-CHL Intracellular Chl-a content in CP, r. u. cell −1 0 163 69 ± 39
CP-PE Intracellular phycoerythrin content in CP, r. u. cell −1 0 206 31 ± 39
NPN NP abundance, 106 cells L−1 0.19 3.95 1.71 ± 1.07
NP-ESD Mean NP ESD, µm 2.14 3.67 2.88 ± 0.38
NPB NP biomass, µg C L−1 0.4 15.7 4.3 ± 3.2
NP-CHL Intracellular Chl-a content in NP, r. u. cell −1 8 220 74 ± 52
TNPB Total NP+CP biomass, µg C L−1 0.4 194.2 37.3 ± 47.7
CPN% Proportion of CP in the total abundance, % 0 49 14 ± 12
CPB% Proportion of CP in the total biomass, % 0 96 74 ± 21
PPEN PPE abundance, 106 cells L−1 0.06 4.18 0.87 ± 1.03
PPE-ESD Mean PPE ESD, µm 1.72 2.09 1.90 ± 0.11
PPEB PPE biomass, µg C L−1 0.04 3.50 0.72 ± 0.83

3. Results
3.1. Description of Oceanographic Features

Vertical distribution of water temperature and salinity across the BS (Figure 4) corre-
sponded to the typical BS circulation system, with the Southern BS Current carrying waters
advected from the Weddell Sea and meeting the relatively warm and less saline waters
from the western Antarctic Peninsula through the Gerlache Strait Current at the western
end of the BS [35,36]. Together they feed into the eastward flowing Bransfield Current,
which is a baroclinic jet directed from the southwest to the northeast and transporting TBW
along the southern slope of the Southern Shetland Islands [35–39]. The highest Bransfield
Current velocity (0.45 m s−1) was observed at station 6590 in the surface layer. The inflow
of cold and saline Weddell Sea Shelf Water was recorded at station 6594 over the entire
range of water depths (0 to 200 m) with the maximum velocity of about 0.15 m s−1.
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Figure 4. Vertical distribution of water temperature (T), salinity (S), nutrients (NO2, NO3, NH4, Si),
dissolved oxygen (DO), Chl-a fluorescence (FLUOR), total nanophytoplankton biomass (TNPB), and
TNPB/FLUOR ratio along the transect in the Bransfield Strait during austral mid-summer, January
2020. Green and red lines represent the bottom of the euphotic layer (phl) and 1 ◦C isotherm (as a
boundary between TBW and TWW; explanations are in the text), respectively. Description of the
variables is given in Table 1.

At the surface, warmer and less saline TBW occupied most of the BS (from station
6587 to 6593, Figure 4). Between stations 6593 and 6594, the 2 water masses were separated
from each other in the surface layer by the Bransfield Front [37,38]. Being a conventional
boundary between the water masses in the BS [20], the 1 ◦C isotherm did not deepen below
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50 m (station 6587) and also corresponded to the maximum temperature gradient (marked
in Figure 2 with empty circles).

The offshore waters of the South Shetland Islands are subject to local heating and
meltwater inflow [40], which also affects the oxygen distribution in the northern part of the
BS. During the study period, near-surface oxygen concentration reached 8.0 mL L−1 (Table 1,
Figure 4), with oxygen saturation ranging between 100% and 104%. High ammonium
nitrogen concentrations (1.0 to 3.8 µM) (Figure 4) were apparently associated with both
organic matter oxidation as a result of active phytoplankton bloom and runoff of meltwater
from the shores of the South Shetland Islands [19]. Concentrations of nitrite nitrogen (about
0.2 µM) also indicated an active decomposition of organic matter against the background
of high primary production in TBW [19] (Figure 4). Nitrate nitrogen concentration varied
between 22 and 35 µM, with the highest values observed below 50-m depth in the central
part of the transect. In the upper 200-m layer, dissolved silicate concentration was the
highest (up to 112 µM) in the northern part of the strait (Figure 4).

The euphotic layer was within the upper 40 m in the northern part of the transect and
extended to about 80 m in the TWW water mass at station 6594 (Figure 4). The highest
Chl-a fluorescence values were measured at the northern stations (6587, 6590, 6591) at the
depths between 0 and 50 m within TBW (Figure 4). The maximum of Chl-a (1.28 µg L−1)
and high DO values (up to 8 mL L−1) were observed at station 6591, providing evidence of
phytoplankton bloom in the water area [19,41]. At the same time, meltwater conditions of
TBW may also affect bio-optical properties of the surface waters in the BS [42].

3.2. Picophytoplankton

Abundance and biomass of PPE averaged 0.87 ± 1.03 × 106 cells L−1 and 0.72 ±
0.83 µg C L−1, respectively (Table 1). They preferred deeper, colder layer below the <1 ◦C
isotherm, thus, demonstrating their association with TWW (Figure 5). The highest PPE
abundance and biomass were observed at 50-m depth at station 6593. In the patch, these
values reached 4.18 × 106 cells L−1 and 3.5 µg C L−1, respectively. In the surface layer, PPE
were relatively abundant at the front between TWW and TBW.

3.3. Nanophytoplankton

CP were significantly less abundant (0.35 ± 0.46 × 106 cells L−1; ± SD is presented here
and further) than NP (1.71 ± 1.07 × 106 cells L−1); however, their cells were much larger
(about 9.5 µm versus 3 µm in NP). Hence, their average carbon biomass (33 ± 45 µg C L−1)
significantly exceeded those of NP (4.3 ± 3.2 µg C L−1) (Table 1). The average cryptophyte
ESD measured by flow cytometry (9.4 ± 1.8 µm) slightly exceeded the estimates (8 ± 2 µm)
obtained earlier for Antarctic cryptophytes, using light microscopy [43]. Contribution of
Cryptophyta to the total nanophytoplankton abundance and biomass reached 49% and 96%,
respectively, with the average values of 14 ± 12% and 74 ± 21% (Table 1). The Cryptophyta
biomass maximum (about 180 µg C L−1) was observed in TBW in the northern part of the
transect (station 6587).

Patches of the highest CP abundance and biomass were observed in the euphotic
layer around the jet of the Bransfield Current (station 6590, surface layer) while in TWW
(i.e., below the 1 ◦C isotherm), cryptophytes were scarce or undetectable, especially in the
deeper layers (Figure 5). The NP demonstrated similar distribution pattern with the highest
abundances at 35–50 m depth at station 6591 (Figure 5). The maximum contribution of CP
to the total nanophytoplankton biomass was recorded farther south in TBW (stations 6591
and 6592) at shallow depths (about 10 m) where NP were not abundant (Figure 5).
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Figure 5. Vertical distribution of photosynthetic picoeukaryote (PPEN, PPEB), cryptophytes (CPN,
CPB, CPN%, CPB%), and other nanophytoplankton (NPN, NPB) along the transect in the Bransfield
Strait during austral mid-summer, January 2020. Green and red lines represent the bottom of the
euphotic layer (phl) and 1 ◦C isotherm (as a boundary between TBW and TWW; explanations are in
the text), respectively. Description of the variables is in Table 1.

4. Discussion
4.1. Picoeukaryotes

Undetectable levels of prokaryotic picophytoplankton in the study site were not sur-
prising since these microorganisms tend to be scarce or absent in polar region. Their
abundance is often inversely related to picoeukaryotes, which are favored by more physi-
cally active mixed layers (e.g., [44]). According to the data synthesis by Buitenhuis et al. [45],
picoeukaryotes dominate by >75% poleward of 40◦. Thus, in the Antarctic waters, picophy-
toplankton are mostly represented by picoeukaryotes. Moreover, they may occasionally
contribute up to 100% of the autotrophic biomass in subsurface waters of the BS [46].

The picoeukaryote concentrations reported in this study were relatively low compared
to the data collected earlier in the summer picophytoplankton community [45–47]. In the
BS waters, PPE abundance varied from 6 to 14 × 106 cells L−1 during summer 2000 [46]
that was significantly higher than our estimates. According to Lin et al. [48], the highest
PPE summer abundance appeared offshore in the Southwest Atlantic Ocean and changed
from 0.2 to 18.2 × 106 cells L−1, with an average of 3.2 × 106 cells L−1. PPE biomass
estimates reported in the above study (0.03 to 38.2 µg C L−1) also substantially exceeded
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our results, with neither water temperature nor salinity having significant correlation with
the picoeukaryote biomass.

Picoeukaryotes demonstrated statistically significant (p < 0.05) correlation with water
temperature (0,35), salinity (–0.39), phosphates (0.41), and total Chl-a (0.45) (Table 2) but this
did not provide any explanation of the low PPE abundance and their patchy distribution
in the BS waters. Contrary to expectations from the correlation analysis, the PPE ‘patch’
was situated in the colder and more saline TWW just below the front between the water
masses. This may support a suggestion that the nanophytoplankton over-competed the
PPE in TBW, forcing them to stay outside the Cryptophyta bloom. Other factors such
as frontal dynamics and light penetration also may be important. In particular, despite
picophytoplankton ability to utilize low irradiance [49], they may be light-limited in the
Antarctic turbid coastal waters or deeply mixed oceanic waters [50,51].

Table 2. Spearman’s correlation between the studied variables. Statistically significant (p < 0.05)
indicators are in bold. The description of the variables is in Table 1.

Variable T S PO4 Si NO3 NO2 NH4 DO FLUOR

CPN 0.59 −0.53 −0.22 −0.22 −0.45 0.29 0.20 0.78 0.37
CP-ESD −0.24 0.02 −0.14 0.28 0.29 −0.18 0.27 −0.15 −0.11

CPB 0.54 −0.52 −0.23 −0.16 −0.40 0.25 0.21 0.74 0.36
CP-CHL −0.12 −0.06 −0.32 0.27 0.09 −0.41 0.62 0.04 −0.04
CP-PE 0.10 −0.06 −0.01 −0.13 0.03 0.00 0.28 0.11 −0.03
NPN 0.74 −0.81 0.32 0.24 −0.59 0.56 0.32 0.60 0.73

NP-ESD −0.02 0.01 −0.32 −0.17 −0.10 −0.26 0.08 0.31 0.06
NPB 0.68 −0.75 0.12 0.10 −0.63 0.42 0.25 0.73 0.73

NP-CHL 0.01 −0.14 0.04 0.44 −0.16 −0.12 0.34 −0.15 0.12
TNPB 0.59 −0.57 −0.19 −0.14 −0.45 0.27 0.22 0.77 0.42
CPN% 0.43 −0.33 −0.31 −0.32 −0.30 0.15 0.07 0.65 0.15
CPB% 0.47 −0.41 −0.30 −0.25 −0.30 0.25 0.15 0.65 0.19
PPEN 0.35 −0.39 0.41 0.13 −0.30 0.24 0.17 0.21 0.45

PPE-ESD −0.85 0.78 −0.28 −0.04 0.62 −0.68 −0.04 −0.62 −0.47
PPEB 0.06 −0.11 0.34 0.09 −0.09 −0.03 0.17 0.02 0.26

4.2. Cryptophyta

The distribution patterns of Chl-a and the total biomass of nanophytoplankton (TNPB)
estimated by flow cytometry were similar, with the highest values at the same stations
and depths (Figure 4). This provided evidence that nanophytoplankton was a major, if not
dominant, component of the phytoplankton in the study site. To verify this suggestion,
we estimated a potential contribution of CP to the total Chl-a, using different conversion
factors: 0.2 pg Chl-a cell−1 [52] and 1.5 pg Chl-a cell−1 [53]. In the high Chl-a spot at
station 6591 (1.28 µg Chl-a L−1), the approximation of CP biomass in terms of Chl-a ranged
from 0.31 to as high as 2.32 µg Chl-a L−1, depending on which conversion factor is used.
Additionally, we used the TNPB-to-FLUOR ratio as a measure of the nanophytoplankton
contribution to the total phytoplankton biomass. The highest ratio values were observed
in TBW with the maximum at station 6592 (Figure 4). Thus, the nanophytoplankton and
CP could potentially dominate phytoplankton in TBW, where the phytoplankton bloom
occurred.

The Cryptophyta biomass maximum (about 180 µg C L−1) reported in our study is an
outstanding characteristic for Antarctic waters. The importance of cryptophytes in different
basins of the Southern Ocean has been reported earlier [1,2,54–57] but their maximum
concentrations were much lower (between 0.3 and 6.0 × 106 cells L−1) than our estimates.
Garibotti et al. [3] have surprisingly revealed peak concentrations in the region of Anvers
Island, reaching 369 µg C L−1, i.e., close to our estimates. Therefore, our results widen the
area of Cryptophyta blooms to the central Bransfield Strait and support the conclusion of
the above authors that cryptophytes are a distinctive and annually recurrent component
of Antarctic phytoplankton. Their blooms are increasingly becoming a peculiarity of the
continental shelf west of the Antarctic Peninsula.
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4.3. Linkage between Nanophytoplankton and Environmental Variables

All of the quantitative characteristics of the nanophytoplankton (CPN, NPN, CPB, NPB,
TNPB) demonstrated a significant positive correlation with water temperature (T), dissolved
oxygen (DO), and Chl-a fluorescence (FLUOR), while negative correlations were found
with salinity (S) and nitrates (NO3) (Table 2). These environmental variables gradually
changed with depth and in the transition from TBW to TWW, that explained well the
above dependencies: in general, the nanophytoplankton abundances also decreased from
the surface (TBW) to deeper layers (TWW) and from the northern (TBW) to the southern
(TWW) stations along the transect. Thus, both CP and NP preferred warmer and fresher
TBW, that supported earlier published observations [2,41,51,57–59]. The contribution of
CP to the total nanophytoplankton abundance and biomass appeared the highest in TBW
(Figure 5).

Chl-a fluorescence was significantly correlated with the total nanophytoplankton, es-
pecially with the NP concentrations (Table 2), most likely due to the higher NP abundance
(NPN) and intracellular Chl-a content (NP-CHL) compared with the same characteristics
in CP (Table 1). Intracellular Chl-a values in both CP and NP had a positive relation-
ship with the ammonium concentration (NH4). Significant correlations have also been
revealed between NP-CHL and Si (0.44), CP-CHL and PO4 (−0.32), CP-CHL and NO3
(−0.41) (Table 2).

It should be noted that a strong relationship between the nanophytoplankton abun-
dance (CPN, NPN) and water temperature was found over the entire set of data (see the
regression lines in Figure 6a,b). However, within each of the biotopes, TBW and TWW, the
nature of the relationship was different. The CPN kept strong dependence (r2 = 0.65) on
temperature within TBW but the other links were lost (see the regressions represented with
dashed lines in Figure 6a,b). Temperature did not appear to be a key factor controlling the
NP abundance.

Figure 6. Relationships between: (a,b) the abundance of each group (CPN, NPN) and water tem-
perature (T); (c) the cryptophyte (CPN) and other nanophytoplankton (NPN) abundances; (d) the
cryptophyte (CPB) and other nanophytoplankton (NPB) biomasses. Samples from TBW (above 1 ◦C
isotherm) and TWW (below 1 ◦C isotherm) water masses are represented with filled and empty
symbols, respectively. Solid lines are regressions for the entire set of data, dashed ones are for
individual biotopes. Description of the variables is in Table 1.
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The CP and NP exhibited significant inter-correlation in terms of their biomass
(r2 = 0.73) but not of their abundance (r2 = 0.25) (Figure 6c,d) that could provide evi-
dence of their competition for the same resources. Yet again, the linkage between CPB and
NPB were strong (r2 = 0.58) in TBW, and poor (r2 = 0.31) in TWW.

4.4. Comparing Nanophytoplankton from TBW and TWW

Cluster analysis allowed us to classify the nanophytoplankton samples, depending
on the community structure (Figure 7a). A total of 4 sample groups were identified, 3 of
which (the clusters 2 to 4) were within the TBW biotope (see the scheme of the cluster
distribution in the water column in Figure 7b). The sample collected in the surface layer at
station 6587 formed the cluster 4, owing to the outstanding microbial characteristics: the
highest biomasses and average ESD of CP (178.5 µg C L−1; 11.6 µm) and NP (15.7 µg C L−1;
3.7 µm). The cluster 3 included ‘patches’ of nanophytoplankton at stations 6587 and 6591
within the TBW water mass (upper 50 m). In the cluster 2, CPN and CPN% significantly
decreased. In the TWW biotope, the community was represented by the cluster 1 with
low or undetectable microbial abundances (Figure 7b). Thus, the physical and chemical
properties of the water masses deeply influenced the nanophytoplankton structure. The
TBW biotope was characterized by much greater cell abundance and by a more diverse
community with a pronounced dominance of Cryptophyta in terms of biomass.

Figure 7. Cluster and non-metric multidimensional scaling (nMDS) analyses performed on the
variables characterizing the nanophytoplankton community in the Bransfield Strait during austral
summer, January 2020: (a) Dendrogram of a hierarchical cluster analysis with Euclidean distance
measure, and four identified clusters; single samples are marked with a code indicating the station
and depth of sampling; (b) Locations of nanophytoplankton assemblages identified by cluster
analysis; background colors correspond to the cluster numbers in (a). (c) nMDS ordination of the
nanophytoplankton samples with the environmental variables overlaid; symbol colors correspond to
the cluster numbers in (a); single samples are marked with the code indicating the station number
and the depth of sampling.

The ordination of the nanophytoplankton samples by nMDS produced similar results
(Figure 7c) however, nMDS did not reveal a clear distinction between the sample clusters
1–4 revealed by the cluster analysis (shown in Figure 7c) in different colors). The clouds of
dots corresponding to both the biotopes, TBW (the clusters 2–4) and TWW (the cluster 1),
were distributed along the environmental vectors, which indicated a strong environmental
control of nanophytoplankton. Distribution of the TBW-TWW fronts, anticyclonic eddies
and their thermohaline structures, and nutrients are among the factors, which can control
the community across the BS [60–62].
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4.5. Cryptophyta Distribution Pattern in the Bransfield Strait

In general, the spatial distribution patterns of Chl-a fluorescence that we observed
in the central BS were well aligned with the earlier long-term observations: the highest
Chl-a was usually found close to the South Shetland Islands with the UML depth being
negatively related to Chl-a [63]; at the well-stratified sites (TBW), with the euphotic layer
varying from 40 to 50 m, the highest Chl-a was at the surface, while the weakly stratified
sites (TWW) were associated with the low Chl-a and deeper euphotic layer [64].

However, the spatial patterns of cryptophytes in the coastal areas of the Antarctic
Peninsula are more complicated. In the Eastern BS, Gonçalves-Araujo et al. [9] observed a
dominance of microplanktonic diatoms and higher Chl-a within shallow upper mixed layers
in TBW, close to the South Shetland Islands, while TWW was primarily characterized by
lower Chl-a within well-mixed water column and dominated by nanoplanktonic flagellates
(including haptophytes and cryptophytes). This contradicted our observations of coincident
maxima of the Chl-a fluorescence and the cryptophyte concentration within the TBW surface
layer with lower salinity and higher temperature (>1 ◦C).

According to Schofield et al. [65], peak populations of cryptophytes were observed
in the coastal areas of the West Antarctic Peninsula with lower salinity (33.75 to 32.5 psu)
and colder water (−1 to 1 ◦C), while they were absent at higher temperatures (>1 ◦C) and
salinities (>33.75 psu). On the contrary, Mendes et al. [18] provided different data on the
distribution of cryptophyte biomass in the Gerlache Strait, which was mostly dependent
on the sea surface temperature, rather than salinity. The authors found that cryptophytes
were strongly associated with high temperature, water column stability, and Chl-a, and
negatively associated with nutrient concentrations, UMLD, and salinity, which was in good
agreement with our observations and a few earlier reports [2,51,57,59,64].

An explanation of the phenomenon may consist in early retreat of sea ice, which,
together with the increase in sea surface temperature, leads to the development of a
shallow mixing layer and strong vertical water column stratification. The latter confines
phytoplankton near the surface under high irradiance [66]. Mendes et al. [18] hypothesized
that the dominance of cryptophytes in the coastal waters of the Antarctic Peninsula is just
associated with their ability to grow under high irradiance exposure due to their pigment
protection capability.

Thus, the increase in melt-water input may potentially enlarge the spatial and temporal
extent of cryptophytes [8]. Our study supports this suggestion, providing evidence of
extremely high cryptophyte biomass within low-salinity, high-temperature TBW. Historical
data also show an emerging dominance of cryptophytes and other phytoflagellates in low-
saline coastal waters [43,56,57,67–70]. As a consequence of these processes, zooplankton
community structure undergoes cascade changes [16,71] leading to an increase in salp
abundance and concurrent variations in penguin migration patterns [72]. If this trend
persists for a long time, the food web shifts will eventually impact biogeochemical cycling
in the Antarctic coastal waters.

5. Conclusions

In this study, we found higher abundances and biomasses of nanophytoplankton
in the warmer and fresher transitional water mass with Bellingshausen Sea influence
(TBW). This biotope was characterized by a more diverse community with a pronounced
dominance of cryptophytes in terms of biomass (up to 180 µg C L−1). Patches of the
highest cryptophyte abundance were observed in the euphotic layer around the jet of the
Bransfield Current. In the transitional water mass with Weddell Sea influence (TWW), they
were scarce or undetectable, especially in the deeper layers. Our results widen the area
of Cryptophyta blooms to the central Bransfield Strait and support the conclusion that
these small eukaryotes are a distinctive and annually recurrent component of Antarctic
phytoplankton.

In the study site, picophytoplankton were represented by picoeukaryotes and char-
acterized by low abundances (about 0.87 × 106 cells L−1) and patchy distribution. They
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preferred deeper, colder layer, thus, demonstrating their association with TWW and the
frontal zone between the water masses.

Our results support the hypothesis that increasing melt-water input can potentially
increase spatial and temporal extent of cryptophytes in the Antarctic region.
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