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Abstract: Sea ice is a major driver of biological activity in the Southern Ocean. Its cycle of growth
and decay determines life history traits; food web interactions; and populations of many small,
ice-associated organisms. The regional ocean modelling system (ROMS) for sea ice in the western
Ross Sea has highlighted two modes of sea ice duration: fast-melting years when water temperature
warms quickly in early spring and sea ice melts out in mid-November, and slow-melting years
when water temperature remains below 0 ◦C and sea ice persists through most of December. Ice-
associated and pelagic biota in Terra Nova Bay, Ross Sea, were studied intensively over a 3-week
period in November 1997 as part of the PIPEX (Pack-Ice Plankton Experiment) campaign. The sea ice
environment in November 1997 exhibited features of a slow-melting year, and the ice cover measured
0.65 m in late November. Phytoplankton abundance and diversity increased in the second half of
November, concomitant with warming air and water temperatures, melting sea ice and progressive
deepening of a still weak pycnocline. Water column phytoplankton was dominated by planktonic
species, both in abundance and diversity, although there was also some input from benthic species.
Pelagic zooplankton were typical of a nearshore Antarctic system, with the cyclopoid copepod
Oithona similis representing at least 90% of total abundance. There was an increase in numbers
coinciding with the period of ice thinning. Conversely, ice-associated species such as the calanoid
copepods Stephos longipes and Paralabidocera antarctica decreased over time and were found in low
numbers once the water temperatures increased. Stratified sampling under the sea ice, to 20 m,
revealed that P. antarctica was mainly found in close association with the under-ice surface, while
S. longipes, O. similis, and the calanoid copepod Metridia gerlachei were dispersed more evenly.

Keywords: diatoms; copepods; spring sea ice; multinet; Southern Ocean

1. Introduction

Sea ice surrounding the Antarctic continent varies in extent from 3.1 × 106 km2

in February to a maximum of 18.5 × 106 km2 in September [1,2], making it one of the
largest and most dynamic ecosystems on Earth [3]. About 5 to 25% of the marine primary
production in the Southern Ocean is associated with sea ice, with algae inhabiting the
internal systems of pores, brine channels and crannies ([4,5] and references therein). Ice
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algal standing stocks (algal biomass) and primary productivity may reach values as high as
400 mg Chla m−2 and 1 g C m−2 d−1, respectively [6–9], providing a rich food source for
ice-associated fauna, along with pelagic and benthic organisms [10–13]. During late spring
to early summer, this biomass is released into the water column after ice melting [14,15]
and can fuel both the pelagic and benthic coastal environments by releasing large amounts
of bioavailable organic carbon [16,17].

Polar shelf regions are important sites for water mass formation and transformation.
Shelf seawater is strongly influenced by heat and evaporation fluxes between the ocean, the
ice, the sea ice, and the atmosphere, as well as exchange with the open ocean. In the Ross Sea,
circumpolar deep water (CDW) intrudes onto the shelf, undergoes mixing, and contributes
to the transformation of the Ross Sea Shelf Water, characterised as T ≈ −2.0 ◦C and S = 34.4
to 34.8 [18,19]. During spring, close to the pack-ice borders, local mixing is enhanced by
recurrent events of lateral advection of fresher water at the melting-point temperature
due to the ongoing melting of the rear pack interacting with coastal recirculation and
progressive seasonal surface warming [20,21]. Ross Sea Shelf Water is mainly formed
during winter when there is large heat loss to the atmosphere. In the polynya areas, during
sea ice freezing and rapid removal by katabatic winds, local brine rejection increases the
salinity, producing a subsequent convective sinking that fills up deeper basins such as those
near the Drygalski Ice Tongue [22,23].

Sea ice melting influences physico-chemical characteristics and biological processes
of the water column [24,25], and it triggers mechanisms sustaining both the pelagic and
benthic food webs [26–32]. Strong interannual variability of sea ice covering and thickness
is observed also from studies based on remote sensing data (see [1,2] and references therein),
pointing out that seasonal cycle of sea ice is characterised by slow growth and fast melt
season, strongly modulated by regional scale processes. In the last decade, several studies
have shown that ice formation–melting processes are responsible for changes in quantity
and composition of microbial and planktonic communities [8,31,33–36].

Sea ice harbours a range of organisms and acts as a refuge, breeding, feeding and
nursery ground for the early developmental stages and juveniles of many species. The
pelagic silverfish Pleuragramma antarcticum spawns just beneath sea ice, and a considerable
quantity of eggs and first larval stages accumulate within the bottom ice [37,38]. Sea ice
biota includes a variety of micro-organisms, such as heterotrophic bacteria [39,40], micro-
algae, heterotrophic protozoa (e.g., flagellates, ciliates, foraminiferans), and metazoans
(e.g., copepods and turbellarians, [8,41–45]), living within the ice (sympagic organisms),
as well as larger animals living in the lowest part of the sea ice and at the sea ice–water
interface [41]. Copepods and turbellarians are the most abundant members of the sympagic
meiofauna [46–50]. Two species, Oithona similis and Metridia gerlachei, exhibit a strong
affinity with the pelagic habitat in Terra Nova Bay, whereas the dominant copepod species of
the Antarctic sea ice assemblages are the harpacticoids Drescheriella glacialis and Harpacticus
furcifer and the calanoids Stephos longipes and Paralabidocera antarctica [45,51–56], which
inhabit the ice–seawater interface for part (S. longipes) or the whole (P. antarctica) of their
life cycles. Several studies of the distribution and production of planktonic communities
in the Ross Sea have reported high biological production occurring from spring to early
summer, both offshore and in coastal areas [57]. In particular, in the south-western coastal
area, successive algal blooms have been observed from early spring until autumn, both in
the sympagic and pelagic realms [58].

The quantifying of energetic fluxes among the biota, pack ice (the bottom-ice commu-
nity), platelet layer, and free sea ice water are of scientific interest for understanding the
high Antarctic carbon cycle. However, quantitative sampling of plankton communities
from ice-covered waters presents many technical and logistic difficulties as it is hard to
sample this harsh under-ice ecosystem using conventional samplers. The boundary layer
between the sea ice and the underlying water gets disturbed during coring and the ice
cover largely precludes horizontal and oblique net tows, although vertical tows for under-
ice sampling are possible through ice holes [59]. We developed a sampling system with
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horizontal displacement capability, the MicroNESS [60], which is deployable through an
ice hole and able to sample zooplankton at different depths beneath the ice.

The aims of this study were to: (a) describe the composition and the structure of the
ice algae and ice-associated copepods in the free water under sea ice in Terra Nova Bay
during a period of springtime melting, (b) understand how biotic parameters change over
a short time period when ice melting starts, (c) determine whether ice-associated copepods
are related to sea ice algae released by ice melting, and (d) contribute to the knowledge of
the life cycle of some key pelagic (Oithona similis and Metridia gerlachei) and ice-associated
copepod species (Stephos longipes and Paralabidocera antarctica).

2. Materials and Methods

Within the framework of the PIPEX (Pack-Ice Plankton Experiment) 1997-98 project,
funded by the PNRA (Programma Nazionale di Ricerche in Antartide), a multidisciplinary
cruise was carried out during November 1997 in Terra Nova Bay, Western Ross Sea
(74◦41.72′ S, 164◦11.63′ E, Figure 1). Temporal variation in under-ice microalgal sedi-
mentation and plankton dynamics were followed throughout a period of rapid changes in
water temperature and sea ice thickness.

Diversity 2022, 14, x FOR PEER REVIEW 3 of 21 
 

 

the high Antarctic carbon cycle. However, quantitative sampling of plankton communi-

ties from ice-covered waters presents many technical and logistic difficulties as it is hard 

to sample this harsh under-ice ecosystem using conventional samplers. The boundary 

layer between the sea ice and the underlying water gets disturbed during coring and the 

ice cover largely precludes horizontal and oblique net tows, although vertical tows for 

under-ice sampling are possible through ice holes [59]. We developed a sampling system 

with horizontal displacement capability, the MicroNESS [60], which is deployable 

through an ice hole and able to sample zooplankton at different depths beneath the ice. 

  The aims of this study were to: (a) describe the composition and the structure of the 

ice algae and ice-associated copepods in the free water under sea ice in Terra Nova Bay 

during a period of springtime melting, (b) understand how biotic parameters change over 

a short time period when ice melting starts, (c) determine whether ice-associated cope-

pods are related to sea ice algae released by ice melting, and (d) contribute to the 

knowledge of the life cycle of some key pelagic (Oithona similis and Metridia gerlachei) and 

ice-associated copepod species (Stephos longipes and Paralabidocera antarctica). 

2. Materials and Methods 

Within the framework of the PIPEX (Pack-Ice Plankton Experiment) 1997-98 project, 

funded by the PNRA (Programma Nazionale di Ricerche in Antartide), a multidiscipli-

nary cruise was carried out during November 1997 in Terra Nova Bay, Western Ross Sea 

(74°41.72′ S, 164°11.63′ E, Figure 1). Temporal variation in under-ice microalgal sedimen-

tation and plankton dynamics were followed throughout a period of rapid changes in 

water temperature and sea ice thickness. 

  

(a) (b) 

Figure 1. The field settings at the PIPEX 97 project sampling area, Terra Nova Bay, Antarctica, 1997. 

(a) The positions of the meteorological (ENEIDE) and the oceanographic (FRIDA) stations. (b) The 

biological station and the details inside the tent during field activities: (A) the sampling area on the 

pack-ice; (B) top view of the MicroNESS and position of the 4 sampling nets; (C) the attachment of 

MicroNESS to the ROMEO structure; (D) the deployment of the system through the hole in the ice. 

2.1. The Sea Ice Environment 

To place the PIPEX cruise conditions in the context of long-term interannual varia-

bility in the ecosystem, a ROMS (Regional Ocean Modelling System) circulation model of 

Figure 1. The field settings at the PIPEX 97 project sampling area, Terra Nova Bay, Antarctica, 1997.
(a) The positions of the meteorological (ENEIDE) and the oceanographic (FRIDA) stations. (b) The
biological station and the details inside the tent during field activities: (A) the sampling area on the
pack-ice; (B) top view of the MicroNESS and position of the 4 sampling nets; (C) the attachment of
MicroNESS to the ROMEO structure; (D) the deployment of the system through the hole in the ice.

2.1. The Sea Ice Environment

To place the PIPEX cruise conditions in the context of long-term interannual variability
in the ecosystem, a ROMS (Regional Ocean Modelling System) circulation model of the
entire Ross Sea was used to describe how sea ice thickness responds to changing water
temperature. The model gives the opportunity to explore in more detail in the time window
of interest the short-term local behaviour of sea ice features and the interplay with the water
column characteristics. Output from ROMS simulations [61] made available by the authors
was obtained by forcing the system with real boundary conditions (ERA-40), spanning a
time window domain of 15 years (from 1999 to 2013). A grid cell of 5 × 5 km2, covering the
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PIPEX sampling stations, was identified, and then the time series of modelled variables
along the water column (temperature, salinity) for late October to end of January over
the 15 year period was extracted along with ice-related surface variables (ice thickness
and percentage of ice-covered area in the selected grid cell). The meteorological data were
collected at the ENEIDE automatic weather station (Figure 1a; Argos ID 7353, lat 74◦ 42′ S;
lon 164◦ 06′ E, height = 90 m). Vertical CTD profiles up to 250 m depth were collected at
FRIDA point during the PIPEX cruise by a SBE 911 CTD.

2.2. Sampling Procedure

The vertical distribution of microalgae and copepods in the water column under the
sea ice were studied by stratified sampling with the MicroNESS, a zooplankton multinet
sampler [60]. MicroNESS is a small plankton sampling device that enables the horizontal
hauling in the water layer close to the undisturbed pack ice (i.e., far from ice borders or
sources of light such as artificial holes) to capture a wide range of plankton specimens
living just below the ice pack itself. It consists of a rectangular main frame (length 810 mm,
height 280 mm, width 340 mm) that houses four conical plankton nets (130 × 270 mm
in mouth, 450 mm in length, 0.10 mm mesh size; Figure 1b). On the basis of previous
observations a mesh size of 100 µm on the MicroNESS exhibits optimal catching capabilities
in the size range 100–600 µm, even though it is capable of catching specimens up to
5 mm [60]. This mesh size has been proved to be suitable for both qualitative studies of
the phytoplankton community and semi-quantitative evaluation of zooplankton in the
under-ice polar environment. The MicroNESS was mounted on a ROV (remotely operated
vehicle) that was immersed under the pack-ice, which was 130 cm in thickness, through an
artificial rectangular hole (150 × 200 cm). During the horizontal tows, the multiple opening
and closing net was totally controlled electronically.

Samples were collected from seven discrete layers, from ≈2 m below the sea ice to
20 m (3.5, 4.5, 5.0, 6.0, 7.0, 10, and 20 m; Figure S1) in an area where the water depth
ranged between 400 and 450 m. Zooplankton were collected approximately 250 m from
the artificial hole to avoid any environmental alteration, e.g., increased light. The ROV
was equipped with a multiparametric probe (IM5196) to measure, simultaneously to the
sampling, temperature (◦C), conductibility, depth (m), oxygen, fluorescence, and turbidity.

During the study period (17–29 November 1997), a total of 96 plankton samples were
collected (Table S1). From November 19, two samplings were performed daily with a 7 h
interval between them (10:00 h and 17:00 h). Each MicroNESS net was towed at each depth
layer for about 14 minutes. The volume of seawater filtered was calculated with a General
Oceanics flowmeter, mounted in the mouth of one net, which monitored in real time the
relative speed of the ROV against the water speed. The efficiency ratio was maintained
as high as possible on the basis of a cruise speed at max 0.25 m s−1. Filtration efficiency
was calculated by dividing meter readings from the front meter versus the ROV speedome-
ter. Filtration efficiency of around 100% should help to eliminate the acceleration fronts
that warn organisms of the nets’ approach, thus reducing avoidance by the more motile
specimens. Each collected sample (500 mL) was split into two subsamples of 250 mL, for
zooplankton and phytoplankton analysis, and preserved in 4% and 2% buffered formalin-
seawater solution, respectively. Unfortunately, some of the phytoplankton samples were
damaged and lost during transportation.

2.3. Laboratory Procedures

Phytoplankton
The phytoplankton species composition and cell abundance were determined fol-

lowing the Utermöhl method [62], according to which at least 200 cells were counted per
sample, using a Zeiss Axiophot inverted microscope (Carl Zeiss, Oberkochen, Germany)
operating with phase contrast optics at 400×magnification [63]. Phytoplankton taxa were
identified to the lowest possible taxonomic rank [64–67]. Questionable identifications were
resolved by pooling similar specimens together in higher-rank taxonomic groups.
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Zooplankton
In the laboratory, the total zooplankton sample was examined, and copepods were

sorted (by species, sex, development stages) and counted. Depending on the abundance of
organisms, the whole sample, or an aliquot of 1/2 to 1/10 subsamples was examined. The
identification of the specimens and their developmental stages, when possible, was carried
out according to [68–74]. Differences between S. longipes and P. antarctica nauplii, mainly
based on the second antennular maxilliped, and the caudal armature, have been useful for
distinguishing between the two species [74]. Body length was measured from the anterior
to posterior end of the naupliar body, and from the base of the rostrum to the posterior edge
of the caudal rami in copepodites. Specimens of each developmental stage were mounted
on a glass slide and examined under an optical microscope at 40× magnification. The
count of each developmental stage was converted to individual numbers per unit volume
of water. Mean naupliar stage for key copepod species was calculated using the abundance
data, according to the equation of Huntley and Escritor (1991)

[S] = (NnI + 2NnII + . . . + 6NnVI)/CN (1)

where NnI, NnII, . . . NnVI = number of specimens of naupliar stages NI, NII, . . . NVI, and
CN = the sum of all individuals [75].

Statistical analyses of the data were performed with the Statgraphics package [76]. To
test for differences between and within groups of data (dates, depth of tow, etc.), ANOVA
together with post hoc tests was used, following suitable transformation to ensure homo-
geneity of the variances. Patterns in the phytoplankton community were explored using
Primer v.7 (diversity and similarity among communities) and the R-package Vegan, version
2.2-1 [77]. To evaluate the sampling effort, species accumulation plots were compared and
the extrapolated species richness in the species pool was calculated, giving an estimate of
the number of unobserved species using the R-packed Vegan version 2.2-1 [77].

3. Results
3.1. Meteorology and Oceanography

The meteorological data collected at ENEIDE in Terra Nova Bay from late October
to late November 1997 are shown in Figure 2. The air temperature remained well below
−10 ◦C until early November, when an episode of strong wind marked the beginning
of spring, as indicated by the general increase in insolation maxima (up to 500 Wm−2)
and daily average air temperatures (from −5.1 ◦C on Nov 5 to +3.4 ◦C on Nov 21). At
the end of November, air temperature decreased abruptly, from daily averages of +1.2 ◦C
(22 November) to below −5.0 ◦C (29 November).

Temperature and salinity measured during November at FRIDA point (Figure 1;
74◦41.725 S; 164◦11.633 E), which is close to the PIPEX field site, are shown in the T-S
diagram of Figure 3a. Two main oceanographic features are highlighted: (1) the presence
of water masses with low salinity, due to ice-melting, entering the site at ≈25 m depth,
and (2) the process of mixing on the shelf leading to the formation of Antarctic Shelf Water
(T = −1.9 ◦C, S = 34.75). Focusing on the vertical profiles in terms of potential density
anomaly, at the beginning of the month, the water column exhibited a vertically homoge-
nous temperature close to the freezing point and density anomaly equal to 28.01 kg m−3.
After that, the density in the upper 10 m thick layer decreased below 28 kg m−3 due to
the joint effect of weak warming and dilution, which produced a mixed layer down to
about 40 m depth. These processes proceeded very slowly to form a small vertical density
gradient. Towards the end of the period, the surface warming became stronger (+0.2 ◦C),
and the pycnocline, though not well defined, progressively deepened, possibly facilitating
the ingression of lateral fresher tongues. Density in the upper 10 m thick layer further
decreased to 27.94 kg m−3, fostered by the pack-ice melting that induced salinity minima
of ≈34.7 at 5 to 10 m depth and generated a mixing layer from 10 to 30 m depth.
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Figure 2. Meteorological data, November 1997, ENEIDE Station. Note the different trend of air
temperature between week I (14–21 November) and week II (22–29 November).
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A uniform background fluorescence of about 0.1 ug l−1 was present throughout the
water column when the temperature was close to the freezing point (−1.86 ◦C) during
the first week of the campaign (Figure 3b). An increase in fluorescence was observed
during the second week of sampling, when the surface temperature increased. At the very
end of November, warmer temperatures led to a strong increase in biological activity, as
highlighted by the fluorescence profiles that increased to 10-to-20 times the background
values in the mixed layer.

During the first half of November, temperature varied little throughout the water col-
umn (Figure 4, upper left panel); averages remained close to the freezing point (−1.86 ◦C),
with only a light signal of surface warming. Salinity exhibited strong fluctuations in the
uppermost 20 m due to ongoing ice melting (Figure 4, upper right panel); averages ranged
around 34.6–34.7, and episodes of surface intrusion of fresher water, possibly from lateral
advection, were observed. During the second half of November, surface warming increased,
and the expected water mixing on the shelf dominated, with noticeable effects down to
50 m depth (Figure 4, upper left panel); average temperatures within the layers sampled by
MicroNESS were ≈−1.5 ◦C, with salinity ≈34.8 (Figure 4, upper right panel). In the later
period, no evident effects of fresher inputs were observed.
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Figure 4. Upper panels: Field temperature (left) and salinity (right) measured at FRIDA station.
Lower panels: Temperature (left) and salinity (right) modelled in the Terra Nova Bay area. Red boxes
refer to the first half of November; green boxes refer to the second half of November.

The output from the ROMS modelling is shown in the lower panels on the same figure
(Figure 4, lower panels, T and S); to facilitate comparison, the values were binned into
the same vertical depth strata used for the measured profiles. As expected, the variability
in model output appears larger than (but consistent with) measured variability, since
the modelled data integrated both the climatic fluctuations of 15 years and the spatial
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conditions of a 5 × 5 km2 cell. The variability was more pronounced in the second half
of November for both T and S. In particular, within the 20 m thick uppermost layer and
below 150 m depth, the modelled thermal structure reflected the trend shown in the PIPEX
field data, while the intermediate layer (50–150 m) exhibited more dynamic behaviour.
For salinity, during the first half of November, the observed ranges were well represented
within the modelled variability, whereas in the second part of the month the uppermost
layers appeared to be more dynamic and dominated by ice-related processes, leading to an
excess of freshening.

Comparisons, based on the ROMS, of simulated vs. measured surface water tempera-
ture and simulated trend in ice thickness at the PIPEX station from mid-October to the end
of January are shown in Figure 5.
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Figure 5. (a) Comparisons of simulated vs. measured surface water temperature. (b) Simulated
trend of ice thickness at the PIPEX station from mid-October to end of January. Years are classified
as quick/slow-melting. The observed temperature measured with the CTD in the 5–8 m layer (in
red) are representative of a typical year of slow (or delayed) melting in the area. The date is coded as
MMDD, from 13 October (1013) to 26 January (0126).

The surface temperature of the uppermost 8 m from the end of October to the beginning
of December over the considered 15 years were grouped into 5-day bins and then classified
according to the typical thermal behaviour (corresponding to the melting starting phase)
(Figure 5a). Before 7 November, there were no significant differences between the years.
The surface temperature was stable around the freezing point (−1.86 ◦C), with only minor
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fluctuations. From this date onward, the temperatures diverged: the fast-melting-years
(green points) showed an evident warming, despite the variability, whereas for the slow-
melting-years (blue points), melting was delayed by two to three weeks. Surface water
temperatures measured during the PIPEX cruise (1997, red dots) fall within the expected
variability of a typical year of slow (or delayed) melting in the Terra Nova Bay area.

The consequences of these two warming scenarios for sea ice thickness around the
PIPEX sampling station, as simulated by ROMS, are shown in Figure 5b. Again, fast-
/slow-melting years are shown in green/blue, respectively. On the basis of ROMS, from
mid-October, the ice thickness remained around 40–50 cm, regardless of the melting type.
In the following month (mid-October to mid-November), a gap began to appear between
the two types of melting and progressively widened in the second half of November (from
12 Nov) up to the beginning of December (7–12 December) when there was the greatest
difference. Then, from mid-December onwards, the boxes were again almost overlapping
and indicated a thin ice sheet of about 0–10 cm at the beginning of January, indicating an
almost completed melting period.

3.2. Phytoplankton Community

The phytoplankton community was dominated by diatoms, whose abundance reached
almost 100% of total species abundance on most occasions. Diatom abundance generally
increased over time, with minima occurring at the beginning of the first week of sampling
(105 cell l−1, daily average) and maxima around the end of the sampling period (107 cell l−1,
daily average). The diatom community (Table 1) exhibited an overall richness of 32 taxa
and was represented by both benthic (11) and pelagic (21) genera/species.

Pelagic species dominated the phytoplankton community, and the highest abundance
was observed on Nov 26 (20.3 × 106 cell l−1 at 6 m depth). The abundance of benthic
diatoms increased from 0% to 20% of total species abundance within the sampling period,
reaching maximum values on Nov 26 (3.0× 106 cell l−1 at 4.5 m depth; Figure 6a). Principal
coordinate analysis (PCO; Figure 6b), on the basis of the Bray–Curtis similarity matrix,
showed that the earlier sampling dates tended to cluster together away from the later dates,
and 20–25 November clustered separately to 26–29 November; note, however, that there
was overlap between the dates, and this was largely a response to high proportions of the
diatom Fragilariopsis obliquecostata being present on many of the sampling dates.
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Figure 6. Phytoplankton community, PIPEX Station. (a) Benthic and pelagic diatom abundance in
cell l−1, daily average. (b) Principal coordinate analysis based on counts, labelled as depth < 10 m
and > 10 m and dates as phase “1” (up to 22 Nov) and phase “2” (from 25 November).
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Table 1. Phytoplankton species sampled at PIPEX station. Size and key habitat are shown.

Benthic Planktonic Size, µm

Bacillariophyceae
Berkeleya adeliensis X 60

Chaetoceros spp. X 40
Cocconeis sp. X 21

Cylindrotheca closterium X 200
Dactyliosolen sp. X 40

Entomoneis kjellmanii X 115
Eucampia antarctica X 110
Fragilariopsis curta X 40

Fragilariopsis cylindrus X 35
Fragilariopsis obliquecostata X 100

Fragilariopsis sublinearis X 85
Fragilaropsis rhombica X 40

Melosira sp. X 30
Navicula jejunoides X 110
Navicula perminuta X 15

Navicula spp. X 85
Nitzschia lecointei X 100

Nitzschia spp. X 130
Nitzschia stellata X 120

Nitzschia taeniiformis X 140
Odontella weissflogii X 110

Pleurosigma sp. X 210
Pseudonitzschia turgiduloides X 115

Pseudogomphonema kamtschaticum X 65
Pseudonitzschia lineola X 200

Pseudonitzschia subcurvata X 100
Rhizosolenia spp. X 350
Thalassiosira spp. X 30

Trigonium sp. X 220
Prasinophyceae

Pyramimonas spp. X
Prymnesiophyceae

Phaeocystis sp. X
Other flagellates

Phytoflagellates < 10 µm X

3.3. Zooplankton

The zooplankton community was composed of about 20 taxa. Copepods, with their
naupliar stages, represented the dominant zooplanktonic group with an overall richness
of 14 species (see [60], Table 2 therein). On average, copepods accounted for 47.9 and
50.3%, respectively, of total zooplankton abundance, followed in rank order by inver-
tebrate eggs (1.5%) and tintinnids (0.15%). Copepod total abundances varied signifi-
cantly across the PIPEX cruise period, with higher values during week I (maximum daily
average ≈250 ind m−3 on 19 Nov) and a reduction in week II (below 30 ind m−3 daily
average, after 24 Nov). Total abundances did not vary significantly with depth (ANOVA,
Kruskal–Wallis, F = 1.69, p = 0.94) or sampling time (ANOVA, Kruskal–Wallis, F = 2.38,
p = 0.12). The under-ice copepod community was characterised by the dominance of the
micro-plankton fraction, represented mostly by copepod nauplii, and small sized copepods,
with a high occurrence of Oithona similis, as copepodites and adults, which contributed to 26
and 15%, respectively, to the total copepod assemblage. In decreasing order of abundance,
other common species were Metridia gerlachei nauplii and Oncaea copepodites, as well as the
sea-ice-associated species Stephos longipes, Paralabidocera antarctica, and Harpacticus furcifer.
The large mesozooplankton fraction was only occasionally sampled, being represented
by the copepods Calanoides acutus, Pleuromamma robusta antarctica, and Ctenocalanus citer
(Figure S2).
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The naupliar community was dominated by M. gerlachei (30%), followed, in decreas-
ing rank of abundance, by O. similis (11%), S. longipes (8%), and P. antarctica (2%) nauplii.
Naupliar stages of S. longipes, P. antarctica, and M. gerlachei were more abundant than cope-
podites and adults of these species, while O. similis copepodites and adults outnumbered
the naupliar forms. In the O. similis population, all developmental stages were widely repre-
sented through the water column. On average, naupliar stages showed similar abundances
throughout the 20 m water column, attaining higher mean values (10.4 ind m−3), between
4.5 and 5 m depths. Their absolute total abundances ranged from 0.6 to 45.6 ind m−3.

Oithona similis copepodites, represented almost exclusively by CV stage, occurred
with higher mean densities (26.2 ind m−3) at 20 m depth. Their numbers ranged from
0.08 to 127.9 ind m−3. They were distributed throughout the water column, showing an
increasing abundance with depth. The vertical distribution of O. similis adults showed a
vertical trend similar to their copepodite stages, but with lower mean abundances (their
absolute numbers ranged from 0.2 to 159.8 ind m−3). Oncaea copepodites occurred with
discrete abundance mean values (4.0 ind m−3), distributed along all sampled water column,
representing the 7% of the total copepods. On average, their abundances peaked at 6 m
depth with 11.6 ind m−3.

3.3.1. Temporal Distribution

Differences in the zooplankton communities sampled early in the season versus those
later in the season were driven more by relative abundances than by taxonomic variation.
The temporal variation in four species, which together represented more than 91% of the
total abundance (ind m−3), is shown in Figure 7.
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Figure 7. PIPEX 97 cruise, Terra Nova Bay, Antarctica 1997. Trends in abundance (ind m−3) of the
main ice-related (S. longipes, upper left and P. antarctica, upper right) and pelagic (O. similis, lower left
and M. gerlachei, lower right) copepod species. Mean + s.e. values are shown.
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The abundances of nauplii oscillated considerably during the sampling period. Abun-
dances of O. similis nauplii were higher from 19 to 24 November and decreased towards
the end of the sampling period (Figure 8). Copepodite and adult abundances followed a
similar trend, attaining peaks of 58.1 ind m−3, entirely linked to CV, and 27.6 ind m−3, on
19 and 23 November, respectively. M. gerlachei nauplii reached peaks of densities only on
two sampling days (19 and 23 November) almost completely due to NIV; lower numbers
occurred at the end of the sampling period. S. longipes naupliar abundances fluctuated
between all sampling dates, with higher values of NIV on 24 and 25 November, that
tended to decrease later when NV became dominant at the end of the sampling period.
P. antarctica nauplii occurred with higher numbers only on 23 November; the abundances
remained more constant during the other sampling dates, decreasing toward the end of the
investigation period.
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3.3.2. Copepod Naupliar Vertical Distribution

Naupliar stages of M. gerlachei were the dominant developmental form in the copepod
assemblage—their total numbers ranged from 0.0 to 213.2 ind m−3. On average, their
abundance reached a peak of 24.0 ind m−3 at 4.5–5 m depth, then gradually decreased
to reach the minimum of 7.3 ind m−3 at 20 m depth under sea ice (Figure 9). Naupliar
stages of S. longipes attained peak in abundances just under the ice at 3.5 m, with maximum
mean density of 8.2 ind m−3; they seemed to decrease downward, reaching a minimum of
1.7 ind m−3 at 7 m depth and then increased again (up to 6.2 ind m−3) at 10 m under sea
ice. However, they occurred throughout the 20 m water column, with absolute abundances
ranging from 0.3 to 67.7 ind m−3. Paralabidocera antarctica nauplii occurred with higher mean
abundances at 3.5 and 4.5–5 m depths (2.1 and 2.3 ind m−3, respectively) and negligible
values below these depths. Their absolute abundances ranged from 0.1 to 31.3 ind m−3.
Copepodites of this species also occurred, but with very low abundances distributed mostly
between 3.5 and 4.5–5 m.
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3.3.3. Copepod Naupliar Community Structure

Frequencies of occurrence of the different naupliar stages for each most abundant
copepod species are shown in Figure 10. All S. longipes naupliar stages co-occurred during
the entire study period, but NIV accounted for the main part of the population during
all the study period with the exception of the last sampling days, when NV was more
dominant. Mean naupliar stage varied between 3.1 on 23 Nov and 4.9 on 29 Nov, with a
slight tendency to increase. NIII was the most abundant stage of P. antarctica population at
the start of the sampling period, whereas, notwithstanding some oscillation, NV become
dominant at the end of the study time. The increasing trend of mean naupliar stage, with
values ranging from 2.3 to 5.0, was clearer than in the former species. The prevailing
composition of M. gerlachei was represented by NIV during all the study period, except
during the last days, when NV became the most important stage numerically. Its population
also showed an increment in the mean naupliar stage, varying from 3.9 to 5.0, through
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the study time, even though it was less marked than the previous species. The O. similis
naupliar population was constituted mostly by stages IV-V, without any significant trend
in the naupliar mean stage.
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) of the most abundant copepod species throughout the sampling period:
(a) Stephos longipes, (b) Paralabidocera antarctica, (c) Oithona similis, (d) Metridia gerlachei. Note that
naupliar stages NI and NII were not found for the species O. similis, which presented conversely
copepodites (only CV) and male/female adults.

4. Discussion

The results of the ROMS simulations highlighted the triggering of the spring phase
each year between 1999 and 2013 when the sea ice that completely covered the coastal area
of Terra Nova Bay began to melt. Two different behaviours were distinguished throughout
the 15-year period, each characterised by (1) the moment when the melting began and
(2) the speed at which melting proceeded. There were years when the melting was fast and
early (fast-melting years) and others when the melting was late and proceeded more slowly
(slow-melting years).

The simulation used was unsuitable for making climatological speculations on a
decadal or multi-decadal scale, but nevertheless, the available statistics suggested an equal
probability of the two behaviours (53% and 47% for fast-melting and slow-melting years,
respectively) that seemed to proceed in alternating batches of 5–7 consecutive years.

The comparisons highlighted that the year of the PIPEX cruise mimicked the behaviour
of a slow-melting year. According to the model, the system could then be more dynamic
than observed during the PIPEX cruise, even with reference to the first half of November.

Generally, melting was delayed by 10–15 days in slow-melting years compared to fast-
melting years, when the ice cover was almost completely absent by the end of November.
Consequently, the second half of November is a key fortnight in the Terra Nova Bay region
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when the ice and biology are responding rapidly to environmental conditions. The PIPEX
97 cruise took place under a slow-melting scenario, where even in late November, the ice
thickness had a median of around 0.65 m and the ocean–ice system close to the coast was
less dynamic than it would be during fast-melting years.

Brine channels usually measure between 0.1 and 1000 µm in diameter [78], and the
environmental conditions of this habitat are variable in both space and time [79]. The
highest weekly temperature fluctuations detected at the air–ice interface during the present
study certainly contribute to increasing this variability. Consequently, organisms living
within the sea ice are exposed to extremes in temperature and salinity similar to that of
intertidal areas [80]. In contrast to the ice interior, the temperature and salinity conditions
are rather uniform at the ice–water interface, as confirmed in this study. Since the values
of T and S during the second half of November always exceeded the seawater freezing
point at 0 m (T ≈−1.9 ◦C, S ≈35), the observed situation during week II is likely to be
attributed to the acceleration of the ongoing melting of the overlying sea ice associated with
possible underlying lateral advection of saltier water towards the end of November. At the
beginning of our study, the water column exhibited a completely unstructured condition.
At the end of the third week, the surface warming became stronger, and, fostered by the
pack-ice melting, the pycnocline progressively deepened and generated a mixed layer from
10 to 30 m depth.

This study has highlighted the relationship between biota and ice during the early
stages of ice melting in the spring season, providing important information on the times-
pan and dynamics of both biological and environmental parameters over a short period.
Unfortunately, this very short observation window did not allow us to verify the final
destiny of the microalgae that were discharged from the ice, although a marked increase
in diatoms was evident, essentially in aggregate form, concentrated in the mixed layer
between 10 and 30 m. This led us to hypothesise that ice algae must cope with being
released into freshening surface water during the melt season, as suggested by Assmy et al.
(2013) [81]. Due to their inherent stickiness, the algae are prone to aggregation [82] and
subsequent sedimentation [83]. Assmy et al. (2013), during cruises to the Eastern Central
Arctic in late summer 2012, observed floating algal aggregates in the melt-water layer
below and between melting ice floes of first-year pack-ice [81]. The macroscopic aggregates
had a mucous consistency and were dominated by typical ice-associated pennate diatoms.
Aggregates maintained buoyancy and accumulated just above a strong pycnocline that
separated meltwater and seawater layers.

A major peak in algal sedimentation occurred at the end of the sampling season. The
sedimented algae included both ice algae and phytoplankton species. The ice algae did not
remain suspended in the plankton biomass, but sedimented rapidly upon release from the
ice matrix, as had been observed by Michel et al. (1977) for the Arctic [84]. Both benthic
and planktonic species found in our samples were released from the ice, largely coming
from the platelet ice. Observations from previous studies carried out on the composition
of algae in the Terra Nova Bay sea ice showed that planktonic species were dominant
in the platelet ice [85,86], which is consistent with our results indicating that planktonic
species dominate in the layers below the sea ice. Given that the increase in algal biomass in
platelet ice occurred about three weeks prior to the accumulation of biomass in the bottom
ice (e.g., [86,87]), benthic species, which dominate the ice bottom, were not abundant in
our samples because they had been trapped in the ice. It is unlikely that these cells were
lost during the sampling because they are between 50 and 80 µm in length and form
colonies up to a few millimetres long. The evaluation of the sampling effort suggested
an extrapolated species richness in the sample was 37 species were pooled (R-Vegan jack-
knife 1 estimator, [88]), which suggests that diatom richness was underestimated about
15%. The fact that diatoms were likely underestimated suggests that particular conditions
(e.g., lateral inputs of species) may drive an “enrichment” of the diatom community.

During the PIPEX project, pennate diatoms were the dominant taxonomic group of the
sympagic microbial communities [86,87]. In particular, the benthic Amphiprora kufferathii
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and Nitzschia species were the most abundant species within the bottom sympagic flora,
while the platelet assemblage was mainly pelagic (e.g., Fragilariopsis nana). The species belonging
to the genus Fragilariopsis dominated the pelagic species in our samples, which is consistent with
other findings [86,89–91]. The persistence and dominance of Fragilariopsis obliquecostata is due to
its size, because this species is the largest of the Fragilariopsis species. Phaeocystis antarctica was
recorded in the water below the ice layer, but its abundance has likely been underestimated
because single cells (about 5 µm in size) would have been lost by sampling with the 100 µm
mesh net.

Our results show that the benthic algae sampled from the water column by the
MicroNESS increased slightly with time, due to the dissolution of the land fast ice. The
microalgae accumulating at the bottom horizon of the landfast ice follow different pathways.
Benthic species do not contribute to the late spring phytoplankton blooms, and hence their
high biomass in the bottom ice layer becomes an important food source for both pelagic
and benthic food webs. In contrast, planktonic species of the platelet-ice layer are found in
high concentrations in ice-free waters [91], showing that this particular ice type constitutes
an incubator for the late spring phytoplankton bloom in Terra Nova Bay [86]. Taxonomic
composition of the two mixed groups suggests two types of connection between the ice–
water interface and the water column, i.e., before the phytoplankton bloom, there was
seeding of the water column by ice algae and, during ice melt, interfacial algae contributed
to the water column communities that were otherwise typically phytoplankton, as already
previously observed [92]. Overall, the phytoplankton community underwent a succession
from pennate to centric diatoms. The bulk of the bottom ice carbon biomass was readily
exported to the water column through direct sinking (75% of ice export) [83]. These
results stress that the main flow of organic carbon at the ice–water interface was through
sedimentation of ice algae and suggest that food web interactions within the ice do not
influence the availability of ice algae to pelagic grazers in seasonally ice-covered areas.
Vertical flux and sedimentation of ice algal material will transfer energy to pelagic and
benthic ecosystems [32,93,94]. The sinking rates increased seasonally (0.4–2.7 m d−1), which
enhanced accessibility of ice algal cells to the pelagic grazers [92].

In this sector of the Southern Ocean, the metazoan community associated with the
annual sea ice is widely dominated by two copepod species, the calanoid S. longipes and the
harpacticoid Harpacticus furcifer, representing together about 90% of the entire zooplankton
community at Terra Nova Bay [94]. Later, despite the low species richness and poorly
diversified sympagic copepod community, the strong link between some copepod life cycles
and annual sea ice growth and melt has been confirmed, supported by the high densities of
copepod eggs and naupliar stages of S. longipes [45]. Our data on the temporal evolution
of both pelagic and ice-associated copepod communities agree with what has already
been described for phytoplankton and ice algae. During the late spring of 1997, nauplii
dominated the S. longipes population (91.6%) and occurred in extremely high concentrations
in the lowermost part of the annual sea ice cores, associated with high chlorophyll a and
phaeopigment levels, while the concentrations, essentially adult specimens, were very low
in the platelet layer, and no naupliar stages were found in the water column [45]. Similar
results have also been reported [10], supporting the S. longipes life cycle strategy already
hypothesised [53].

Additionally, differences in sympagic copepod assemblages between Weddell and
Ross Seas were observed by sampling ice cores [45]. These species differ markedly in
their geographical distribution as well as in their life cycle strategies: the harpacticoid
Drescheriella glacialis is a dominant sympagic species in most geographical regions and
probably has a circum-Antarctic distribution [43,46,55,95]. It appears to spend most of
its life in the sea ice [72,95]. Similarly to D. glacialis, S. longipes has a circum-Antarctic
distribution but is more abundant in the Atlantic and Pacific sectors than in the East
Indian sector [43,46,53]. Its life cycle seems to be strongly coupled with the annual growth
and melting cycle of the sea ice. High abundances of S. longipes occur in sea ice during
autumn, winter, and spring but are low during the summer when this species is most
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abundant in the surface waters [53]. However, in degraded summer ice containing many
gaps and empty spaces, S. longipes remains in the ice even during summer [43,49,55,96].
Paralabidocera antarctica is found mostly in the Indian Ocean where it occurs in the sea ice
for most of the year, except in summer, when it concentrates just below the ice (e.g., [51]).
To support this hypothesis, there was a decrease in abundance of O. similis, M. gerlachei,
and P. antarctica naupliar stages, which lasted from the first to the second week of sampling.

Finally, it is suggested that the PIPEX data and findings be re-considered in future
work with a twofold significance: on the one hand, they describe the state of the plankton
community at Terra Nova Bay about 25 years ago, and on the other hand, they describe the
evolution of the community at the onset of the ice melting process.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/d14060425/s1, Figure S1: The sampling scheme during the PIPEX
campaign (17–29 November 1997) in Terra Nova Bay, Antarctica. Overall, 96 tows were performed
with MICRONESS at different depths: red dots in-dicate afternoon tows (38), blue dots indicate
morning tows (30) and green dots indicate morning and afternoon tows (28). Figure S2: Terra Nova
Bay, Antarctica, November 1997. Average per-centage of copepod community structure throughout
the sampling period (N = nauplii). Table S1: Sampling routes, at station 5t, of the MicroNESS
mounted on “Romeo” ROV. Mouth, 13 cm × 27 cm; mouth area, 0.0351 m2; 100-µm mesh net;
medium speed, 35 cm s−1.
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