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The Ross Sea exhibits the largest continental shelf and it is considered to be the most
productive region in Antarctica, with phytoplankton communities that have so far been
considered to be driven by the seasonal dynamics of the polynya, producing the picture
of what is considered as the classical Antarctic food web. Nevertheless, the Ross Sea is
made up of a complex mosaic of sub-systems, with physical, chemical, and biological
features that change on different temporal and spatial scales. Thus, we investigated the
phytoplankton community structure of the Ross Sea with a spatial scale, considering
the different ecological sub-systems of the region. The total phytoplankton biomass,
maximum quantum efficiency (Fv/Fm), size classes, and main functional groups were
analyzed in relation to physical-chemical properties of the water column during the
austral summer of 2017. Data from our study showed productivity differences between
polynyas and other areas, with high values of biomass in Terra Nova Bay (up to 272 mg
chla m~2) and the south-central Ross Sea (up to 177 mg chl a m~2) that contrast with
the HNLC nature of the off-shore waters during summer. Diatoms were the dominant
group in all the studied subsystems (relative proportion > 50%) except the southern one,
where they coexisted with haptophytes with a similar percentage. Additionally, the upper
mixed layer depth seemed to influence the level of biomass rather than the dominance
of different functional groups. However, relatively high percentages of dinoflagellates
(~30%) were observed in the area near Cape Adare. The temporal variability observed
at the repeatedly sampled stations differed among the sub-systems, suggesting the
importance of Long-Term Ecological Research (L-TER) sites in monitoring and studying
the dynamics of such an important system for the global carbon cycle as the Ross
Sea. Our results provide new insights into the spatial distribution and structure of
phytoplankton communities, with different sub-systems following alternative pathways
for primary production, identifiable by the use of appropriate sampling scales.

Keywords: phytoplankton functional groups, size classes, pigments, chemotaxonomy, quantum efficiency,
grazing index, austral summer
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INTRODUCTION

The Southern Ocean is the dominant anthropogenic carbon sink
of the world’s oceans and extremely important for the global
carbon cycle (Caldeira and Dufty, 2000; Arrigo et al., 2008b;
Smith and Comiso, 2008; Iudicone et al., 2011; Gruber et al.,
2019) and thermohaline circulation (Gordon, 1986; Carter et al.,
2008; Tudicone et al., 2008). However, geographical factors and
the related logistic constraints have largely contributed to the
history and sectorial development of Antarctic research. Within
the Southern Ocean, the Ross Sea exhibits the largest continental
shelf in Antarctica and is considered the most productive region
(Arrigo and McClain, 1994; Smith and Gordon, 1997; Arrigo
et al., 1998, 2008a; Smith et al., 2006; Catalano et al., 2010)
as well as a crucial site where the annual formation of sea ice
drives considerable rates of deep-water formation, representing
a critical region with respect to the global climate regulation
and ocean circulation (Jacobs et al., 1970, 2002; Orsi et al., 1999;
Jacobs, 2004; Tamura et al., 2008; Orsi and Wiederwohl, 2009;
Budillon et al., 2011; Mathiot et al., 2012; Castagno et al., 2019;
Silvano et al., 2020).

The uptake and storage of atmospheric CO; is essentially
driven by phytoplankton production (e.g., Arrigo et al., 1999;
Smith and Asper, 2001; Smith et al., 2014), supporting a food
web with multiple trophic pathways. Therefore, phytoplankton
attracts the scientific interest of a large sector of Antarctic
research. In the Ross Sea, the phytoplankton community has
been studied by several authors in the last three decades
and some paradigms have emerged, such as the classical
food web that, via phytoplankton and through krill, supports
higher levels of the web and the depending benthic sector
(Williams, 1985; Arrigo et al., 2000; Saino and Guglielmo, 2000;
Siegel, 2005; Smith et al., 2007, Smith et al., 2011; Mangoni
et al, 2009; Pinkerton et al, 2010). Meanwhile, important
information is available for improving and strengthening our
knowledge on phytoplankton community dynamics, particularly
regarding the influence of the different coastal typologies and
contributions of adjoining ice systems (Sedwick and DiTullio,
1997). However, a satisfactory understanding of their structure,
functional groups, and spatial and temporal dynamics has yet
to be achieved (DiTullio and Smith, 1996; Smith et al., 1998,
Smith et al., 2010, 2014; DiTullio et al.,, 2003; Mangoni et al,,
2004, 2017; Peloquin and Smith, 2007; Liu and Smith, 2012;
Xavier et al., 2016). The base of this ecosystem is remarkably
simple, with two main phytoplankton groups that typically
dominate the community, haptophytes (Phaeocystis antarctica)
and diatoms (e.g., Fragilariopsis curta, Fragilariopsis cylindrus,
and Chaetoceros spp.) (Gibson et al., 1990; DiTullio and Smith,
1996; Alderkamp et al., 2012). The two functional groups show
a different trophic fate and different spatial-temporal patterns,
with P. antarctica dominating the larger Ross Sea polynya
during spring and early summer, while diatoms dominate the
open waters of the western Ross Sea during summer and the
marginal ice zones (DiTullio and Smith, 1996; Arrigo et al,
1999; Sweeney et al., 2000; Mangoni et al., 2004; Sedwick et al.,
2011; Smith et al., 2014; Misic et al., 2017). However, the drivers
regulating shifts from a P. antarctica-to a diatom-dominated

community are still debated. The dominance of both groups has
been correlated to different environmental conditions, including
macro-nutrients, micro-nutrients, and CO, concentrations, as
well as sea surface temperature (e.g., Smith and Jones, 2015).
However, recent changes observed in the Ross Sea complicate
our understanding of the bloom dynamics regulation reported
by several studies (Franck et al., 2000; Bertrand et al.,, 2007;
Arrigo et al,, 2010; Feng et al., 2010; Koch et al., 2011; Xu et al,,
2014; Mangoni et al., 2017, 2019; Rivaro et al., 2017). It has been
hypothesized, for example, that the ability of P. antarctica cells
to continue growing even when the bloom depletes the available
iron in surface waters can favor their dominance over diatoms
owing to their lower iron half-saturation constant for growth
relative to that of diatoms (Garcia et al., 2009). Furthermore,
episodic inputs of iron into a developing bloom of colonial
P. antarctica could be quickly scavenged by luxury uptake into
the colonial matrix, thereby sequestering the iron away from
diatom cells (Schoemann et al., 2005; Sedwick et al., 2011;
Bender et al, 2018). However, the phytoplankton component
with the ability to reduce its photosynthetic iron requirements
could be selected as the growing season progresses, which may
drive the well-documented progression from P. antarctica- to
diatom-dominated phytoplankton (Ryan-Keogh et al., 2017).
Beyond these debates, the different sub-systems of the Ross Sea
have been studied in discontinuous ways, often on the basis of
a single sampling scale imposed by logistic or environmental
constraints. A large part of the data published to date derives
from samples collected in polynya areas, which are certainly the
most studied areas of the region, and the spatial-temporal pattern
describing the Ross Sea community dynamics arose in a large
part from research conducted in these systems. Considering that
climate change affects the Ross Sea shelf largely through physical
environmental forcing (e.g., Turner et al., 2013; Constable et al.,
2014) and that some ecological and oceanographic changes
observed in the West Antarctic Peninsula (Montes-Hugo et al,,
2009) may occur in the Ross Sea with substantial regional
differences (Deppeler and Davidson, 2017), primary production
processes need to be investigated in the different Ross Sea sub-
systems.

This work is intended to be a contribution to define
phytoplankton standing stock levels in terms of total biomass and
its quantum efficiency, size classes, and main functional groups in
relation with physical-chemical properties of the water column at
the scale of different sub-systems of the Ross Sea sampled during
the austral summer of 2017.

MATERIALS AND METHODS

Field work was carried out in the frame of the Italian project
for Antarctic Research (PNRA). The oceanographic cruise was
conducted on board the R/V Italica as part of P-ROSE project—
(Plankton biodiversity and functioning of the Ross Sea ecosystems
in a changing Southern Ocean), and CELEBeR project—(CDW
Effects on glacial mElting and on Bulk of Fe in the Western
Ross sea), from January 9 to February 11, 2017 along a track
reported in Figure 1 and Supplementary Table 1. Owing to
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the Italian Long-Term Ecological Research Network (L-TER
Italy) and the presence of Moorings (B, D, G, and L) of
MORSea (Marine Observatory in the Ross Sea) project, a marine
observatory established in the Ross Sea since 1994, in accordance
with logistic activities we had the opportunity to sample some
stations repeatedly during the cruise (red dots in Figure 1).

The positioning of the stations considered those of a previous
cruise performed in the same areas, and different sub-systems
of the Ross Sea. At each station, water samples were collected
using a carousel sampler (Sea-Bird Electronics 32) equipped with
24 Niskin bottles (12 L) and a CTD sensor (9/11 Plus; Sea-
Bird Electronics) with a fluorometer. To investigate the vertical
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FIGURE 1 | Stations sampled in P-ROSE and CELEBeR projects. Dotted lines indicate: Area 1, St. 3-23; Area 2, St. 25-36; Area 3a, St. 43-50; Area 3b, St. 51-59;
Area 4, St. 63-77. Red points indicate repeated stations.

Frontiers in Marine Science | www.frontiersin.org

December 2020 | Volume 7 | Article 574963


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Bolinesi et al.

Ross Sea Phytoplankton Spatial Dynamics

distribution of phytoplankton biomass in the first 100 m of the
water column, sampling depths (6-7 per station) were chosen
according to the fluorescence profile and the physical structure
of the water column, producing physical and chemical vertical
profiles down to 100 m. At each depth, seawater (5 L) was
collected and sub-sampled for the on-board evaluation of the
maximum quantum yield (Fv/Fm), total phytoplankton biomass,
and size classes, diagnostic pigments to assess chemotaxonomic
composition and grazing activity by herbivores, inorganic
nutrient concentrations, and dissolved iron.

The maximum PSII photochemical efficiency (Fv/Fm) was
determined on board using a Phyto PAM ED (Walz, Heinz Walz
GmbH, Eichenring 6-91090 Effeltrich-Germany). All samples
were acclimated in the dark for 30 min before analysis to
minimize the non-photochemical dissipation of excitation, and
measurements were blank corrected by filtering the sample
through 0.2 pm filter (Cullen and Davis, 2003). For Fv/Fm
analysis, samples were illuminated with a saturating pulse as
reported in Maxwell and Johnson (2000), and values derived from
the formula Fv/Fm = (Fm — F0)/Fm.

For the analysis of the total phytoplankton biomass and the
micro, nano, and pico size fractions (> 20, 2-20, and < 2 pm,
respectively), 500 mL of sea water were filtered on board through
Whatman GF/F and Nuclepore membrane filters (25 mm
diameter) and rapidly frozen at —80°C. Sample fractionation was
performed following a protocol of serial filtration as reported by
Mangoni et al. (2017). Frozen filters were processed in Italy for
the determination of chl a and phaeopigments (phaeo) content,
using a solution of 90% acetone according to Holm-Hansen
et al. (1965), with a spectrofluorometer (Shimadzu, Mod.RF-
6000; Shimadzu Corporation-Japan) checked daily with a chl a
standard solution (Sigma-Aldrich). The pheao:chl a ratio was
used as proxy of grazing activity on phytoplankton cells (Shuman
and Lorenzen, 1975; Collos et al., 2005).

For the determination of phytoplankton functional groups
by chemotaxonomic criteria (Mackey et al, 1996; Wright
et al, 2010), 2 L of seawater were filtered on board onto
Whatman GF/F filters (47 mm diameter) and stored at —80°C
until pigments HPLC analysis were performed back in Italy.
HPLC pigments separations were made on an Agilent 1100
HPLC (Agilent technologies, United States) according to the
method outlined in Vidussi et al. (1996) as modified by Brunet
and Mangoni (2010). The system was equipped with an HP
1050 photodiode array detector and a HP 1046A fluorescence
detector for the determination of chlorophyll degradation
products. Instrument calibration was carried out with external
standard pigments provided by the International Agency for 14C
determination-VKI Water Quality Institute. The relationship
between spectrofluorimetric chl a and HPLC chl a for all samples
was strong (p < 0.001, y = 1.28 - x + 0.26, R* = 0.82, n = 198).
Pigment concentrations were used to estimate the contributions
of the main functional groups to the total chl a (Supplementary
Table 2) using the matrix factorization program CHEMTAX 1.95.

For the determination of macronutrient concentrations, i.e.,
NO;~, NO,~, NH s+, Si(OH)4, PO43~, samples were taken
directly from the Niskin bottles and stored at —20°C in 20 mL
low-density polyethylene (LDPE) containers until laboratory

analysis. The analyses were performed using a five-channel
continuous flow autoanalyzer (Technicon Autoanalyser II, Systea
S.p.A. Analytical Technologies, Italy), according to the method
described by Hansen and Grasshoff (1983) adapted to current
instrumentation. The accuracy and precision of the method
were checked by Certified Reference Material (CRM) MOOS-3
(Seawater Certified Reference Material for Nutrients'). The
measured nutrient concentrations in CRM were not significantly
different from the certified values (p < 0.05).

For the analysis of total dissolved iron, seawater samples
were filtered through 0.4 wm pore-size PC membranes, collected
in 200 mL poly propylene bottles and stored at —20°C until
analysis. At selected stations, seawater samples were collected
by a 5 L Teflon-lined GO-FLO bottle (which was deployed
on a kevlar 6 mm diameter line and closed using a polyvinyl
chloride messenger) at ~20 and ~100 m depth. Seawater was
transferred in acid-cleaned 2 L LDPE bottles and immediately
treated as reported by Rivaro et al. (2019). Total dissolved iron
was determined by ICP-MS after a metal pre-concentration
procedure through co-precipitation with Mg(OH), based on
a work by Wu and Boyle (1998) and Rivaro et al. (2019),
with seawater transferred in acid-cleaned 2 L LDPE bottles and
immediately treated as reported by the above mentioned authors.

Statistical Analysis

In order to investigate the relationship between inorganic
nutrient concentrations (NO3, POy, Si), salinity, temperature,
upper mixed layer (UML), total phytoplankton biomass (chl a)
and the percentage contribution of diatoms and haptophytes
in different sub-systems, a principal component analysis (PCA)
based on a Spearman’s correlation matrix was performed dealing
missing data with pairwise deletion. For a synthetic interpretation
of data, the UML value in the PCA was considered assigning
the score 1 when the observations fall within the upper mixed
layer, and the score 0 when the observations fall below the upper
mixed layer. The analyses were made using XLSTAT-Ecology
2019 software, and results are presented using diagrams of factor
loadings (projection of the variables on the factor-plane described
by the 1st and 2nd principal factors) in a correlation circle chart.
In Supplementary Table 3 are reported Spearman’s correlation
matrix with values in bold different to 0 with a significant level
alpha (p = 0.95).

RESULTS

To better define physical, chemical, and biological features,
sampling areas (Figure 1 and Supplementary Table 1) will be
discussed separately in the following subsections. Additionally,
repeated stations will be considered in a separate subsection
to highlight their temporal variability (Figures 1, 10, 11). The
principal abbreviation used in the text are reported in Table 1.

Area 1 (January 9-15, 2017)

Area 1 includes stations located in Terra Nova Bay (TNB)
within an area extending from Cape Washington to the

'http://www.nrc- cnre.ge.ca/obj/inms-ienm/doc/crm-mrc/eng/MOOS-3_e.pdf
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TABLE 1 | Abbreviations used in the text.

A - — 100
Abbreviations 5 z h
UML Upper Mixed Layer % 1 - s s =
TNB Terra Nova Bay < ) . beo
DIT Drygalski lce Tongue § L E , |
DSW Dense Shelf Water 5 N
AASW Antarctic Surface Water % i i
cbw Circumpolar Deep Water & 4 ol :

SMN Santa Maria Novella Station 5 ais | i 1 b

DIN Dissolved Inorganic Nitrogen Salinity el
chla Chlorophyll a B iz
phaeo Phaeopigments 5 o g aF PR E R

o i .

AT
northern shores of the Drygalski Ice Tongue (DIT) a littoral § ks 3:{::}“ Lol
feature that must be considered when evaluating the forcing 20 Dt RS i
factors influencing the structural and functional characters i | \""'t‘a\ i
of phytoplankton communities. UML depth (Supplementary 1 I IR P

33 335 34 345

Depth (dba
Salinity RPN {ban)

Table 1) was not homogeneous, varying from 9 to 57 m, and
was particularly shallow near DIT, especially at the tongue’s

edge (station 3) where it was ~1 m. UML deepens north- 2 Im

(2]

westward reaching its maximum at stations 14 and 15, close to
the coast. These stations were also characterized by the highest
surface temperature measured in TNB and in all areas considered
in this study. At the DIT edge, stations presented the lowest
salinity observed in TNB. ©/S diagrams (Figures 2A-E) highlight
significant temperature and salinity differences in the surface
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layer among areas. Moreover, the TNB @/S diagram showed the off 88

typical summer vertical structure of this area, with the Dense 3 35 34 345 Dw: s

Shelf Water (DSW) at the bottom and the lightest Antarctic Rlinkcy

Surface water (AASW) occupying the top 100 m layer. D o e e
Considering the distribution of integrated chl a for the 0- 5 .

100 m layer, high biomass levels were reported particularly - Jess s sz clR®

near the coastline, with a maximum of 271.81 mg chl a m—2 - &

at station 14 (Figure 3). Furthermore, there was an evident g, ”~

eastward decreasing concentration gradient except for station 3, % 1 M a0

in proximity of DIT, with a relative maximum of 174.42 mg chl a E Al L \:‘% {

m~2. The mean vertical profile of chl a (Figures 4A-E), showed LRI ]

a linear decrease toward the bottom with values ranging from 2 1] — P

~2.15 t0 0.32 g L™ (at 0 and 100 m, respectively). In the first * M Sa“:;:y 5 Depin (doar)

20 m, mean values always exceeded 2 j1g L™!, and the highest E

values in the first 0-40 m was found at coastal station 14, with 2 i

the maximum of 4.59 jLg L~!. Mean chl a and phaeo:chl a ratio g o

(Figures 5A-E) in Area 1 were 1.45 ug L~ 'and0.87, respectively. LRI O |

The percentage contribution of the main functional groups to the § . o

total biomass (Figures 6A-E) showed diatoms as the dominant § 2 j 5 "

group with a mean of 67%, followed by haptophytes with 26%, z, A

and among other minor groups, chlorophytes reached 3% and the £ | . LI N 20

rest were almost absent. Regarding the community size structure * B e A S L

(Figures 7A-E), micro- and nano-phytoplankton both showed a B oms  w ows )

Salinity

percentage of 39%, and pico-phytoplankton accounted for 22%.
Photosynthetic maximum quantum efficiency (Figures 8A-E)
(Fv/Fm) was 0.33 for the entire area, with values greater than
0.4 within and below UML and the maximum of 0.58 in surface
waters at coastal station 5.

FIGURE 2 | ©/S diagram for each sub-system: Area 1 (A), Area 2 (B), Area
3a (C), Area 3b (D), Area 4 (E). The color bar indicates the first 100 m depth,
deeper layers are reported in gray.
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Regarding the vertical distribution of inorganic nutrients (data
not shown) DIN varied from 9.1 to 20.0 jumol L™ ! in the upper 20
m; below this layer, DIN exceeded 27.0 jumol L~1. PO,43~ ranged
from 0.45 to 1.69 pmol L™! in UML, reaching concentrations
up to 2.29 wmol L™! below UML. Si(OH), ranged from 23 to
63 pmol L™! in UML, increasing to 79 umol L™! below UML.
The mean value of dissolved iron concentration in the entire area
at ~30 m was 0.90 & 0.37 nM.

PCA analyses (Figures 9A-E) explained 76.33% of the
total variance, with F1 and F2 axis representing 64.65 and
11.68% of total variance, respectively. UML and temperature

overlapped with positive F1, and chl a and diatoms displayed
a high correlation factor with F1 (0.77 and 0.8, respectively).
Haptophytes, salinity, DIN, and PO,>~ presented similar
(negative) correlation factors with F1, and haptophytes were
inversely correlated with diatoms. Si(OH)4 was the only variable
highly (0.9) correlated with F2.

Area 2 (January 12-22, 2017)

Area 2 was surveyed by a cruise track stretching from the
Aviator ice tongue to Coulman Island (Figure 1). This sub-system
was characterized by a shallow UML (Supplementary Table 1)
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especially at stations 25, 26, 27 near the edge of Aviator ice
tongue (UML < 1 m), and the deepest UML depth (32 m) was
observed at station 30 situated east of Coulman Island. Stations
near Aviator ice tongue were characterized by the intrusion of
relatively warm water (salinity ~34) into the subsurface layer.
Station 30 was characterized by the coldest (—1.21°C) and
densest surface layer in this region, indicating that its physical
characteristics were completely different from those of other
stations in the area. Moreover, ®/S diagrams (Figures 2A-E)
evidenced that this area was characterized by the lowest surface
salinity. The integrated chl a in the first 100 m was 20.92-69.40 mg
chl a m™2 except at stations 30 and 31, where values reached
152.40 and 119.56 mg chl a m~2, respectively (Figure 3). In
the entire Area 2, a slight decreasing concentration gradient was
observed from coastal stations to those located northward. Mean
chl a values (Figures 4A-E) exceeded 1 pg L~! between 10 and
25 m, and were lower than 0.6 jug L™ below this depth, reaching
a minimum of 0.24 pg L™! at 100 m. The points exceeding
2.58 pg L7! in the first 30 m belonged to station 31. Mean
chl a concentration and phaeo:chl a ratio for the entire area
were 0.72 g L™! and 0.57, respectively (Figures 5A-E). The
percentage contribution of the main functional groups to the total
biomass (Figures 6A-E), showed a dominance of diatoms with
64%, while haptophytes accounted for 16% of the total biomass.
Other groups were nearly absent, except cryptophytes (4.7%), and
cyanophytes (2.3%). Regarding the community size structure,
biomass was mainly dominated by micro-phytoplankton (51%),
while nano- and pico-phytoplankton represented 30 and 19%,
respectively (Figures 7A-E). Photosynthetic maximum quantum
efficiency (Figures 8A-E) was represented by a mean Fv/Fm
value of 0.27 for the entire area, and a maximum of 0.46 at station
30 (0 m), being over 0.4 only at stations 30 and 31.

DIN concentration increased from the surface to deeper
waters (12.94-24.35 pwmol L™1) except at station 30, where it
was more homogeneously distributed along the water column
ranging between 25 and 30 pmol L~!. PO4*~ reached
0.82-1.64 wmol L~ ! at the surface and increased up to 2.08 pmol
L~! at deeper levels, displaying a similar trend to that of DIN.
Si(OH)4 concentration was 33-58 pmol L™! within UML, and
rapidly increased below this layer, reaching 80 jtmol L™!. Mean
dissolved iron concentration was 1.02 £ 0.40 nM at ~30 m.

PCA (Figures 9A-E) explained 64.19% of the total variance,
with the F1 and F2 axis accounting for 48.27 and 15.92% of the
total variance, respectively. PCA highlighted a strong correlation
between temperature and UML, both inversely correlated with
DIN, salinity, haptophytes, and PO4>~. Chl a and diatoms, in the
fourth quadrant of the PCA biplot, had similar correlation factors
with F1 and F2. Si(OH)4 placed in the first PCA quadrant, showed
a similar factor of correlation with F2 to that of chl a and diatoms.

Area 3

Stations of this area were distributed on a track along 175°E
within a large area of the south-central Ross Sea, representing
an off-shore system divided by us into two sub-systems (Areas
3a and 3b), which we discussed separately owing to the different
sampling time imposed by adverse meteorological conditions.
Areas 3a and 3b include stations 43-50 and 51-59, respectively.
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black line indicates the mean chl a concentration of the entire area.
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Area 3a (January 26-27, 2017)

The UML depth (Supplementary Table 1) highlights the
presence of a shallow mixed layer < 25 m excluding station
50, where UML was 32 m. Stations located between Crary and
Pennell banks were characterized by a shallow UML, with depth
of 7 and 1 m (station 44 and 46, respectively). The ®/S diagram
(Figures 2A-E) characterized this area by a vertically quasi-
homogeneous salinity in the top 100 m at all stations, except for
the easternmost station (43), where a fresher and more stratified
surface layer was observed.

The distribution of integrated chl a in the first 100 m
ranged from 132.13 to 71.74 mg chl a m~?2 (station 49 and
45, respectively), with relatively higher values moving south-
eastward (Figure 3). Chl a distribution was rather homogeneous
in the first 70 m (Figures 4A-E), with the mean vertical profile
showing values of ~1.2 ug L™, except at 10 m (0.8 g L™1).
The highest phytoplankton biomass recorded in this area was
2.39 ug L7! chl a at 26 m, while the mean total biomass
and phaeo:chl a ratio in the entire area were 0.8 pg L1
chl a and 0.63, respectively (Figures 5A-E). Haptophytes and
diatoms displayed similar percentage, representing 46 and 43%
of the phytoplankton community, respectively (Figures 6A-E),
while chlorophytes and cyanophytes accounted for 6 and 2.5%
of total biomass, respectively. Regarding size structure, micro-
phytoplankton dominated the community with a mean of 57%,
while nano- and pico-phytoplankton represented instead 29 and
15% of phytoplankton biomass, respectively (Figures 7A-E). The
maximum quantum yield (Figures 8 A-E), showed a mean of
0.27, with low values below UML and high values at deeper layers.

DIN vertical distribution ranged between 21.58 and
26.67 pmol L1 in the first 50 m, and increased to 32.07 wmol
L~! at 100 m. PO4>~ in the 0-50 m layer ranged from 1.10 to
2.01 wmol L~!, and reached 2.47 umol L™ ! at deeper levels. The
mean dissolved iron concentration at ~30 m was 0.73 &= 0.40 nM.

PCA (Figures 9A-E) explained 66.64% of variance, with
the F1 and F2 axis accounting for 47.43 and 19.21% of total
variance, respectively. Chl a and Si(OH)4 almost overlapped
with negative axis F2 (factor loading of —0.043 and —0.503,
respectively). Haptophytes, UML, and temperature correlated
in a similar manner with F2 and differently with F1. In
particular, haptophytes, salinity, PO4>~, and DIN showed the
same correlation with F1, and were inversely correlated with
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diatoms. Temperature, UML, and diatoms were negatively
correlated with F1 (—0.91, —0.63, —0.66, respectively).

Area 3b (January 29-30, 2017)

In Area 3b the weather condition led to a deepening of UML
compared to that of Area 3a, with depths ranging between 38
and 69 m and a mean depth of 56 m (Supplementary Table 1).
The presence of a deeper UML was also highlighted by the
©/S diagram (Figures 2A-E), with the salinity and potential
temperature values of the first 50 m concentrated in a small region
of the ®/S diagram. Figures 2A-E also showed the influence of
the modified Circumpolar Deep Water in this area on the lower
part of the top 100 m layer, as shown by the potential temperature
increase from 80 to 100 m depth.

The integrated chl a ranged from 176.59 to 79.39 mg chl a
m~2 (station 54 and 51, respectively), with the presence of an
increasing gradient of concentrations moving from stations in
the north-western part to those in the south-east (Figure 3).
The integrated value of chl a concentration at station 54 was
the highest observed in the south-central Ross Sea during this
cruise. The vertical distribution of chl a (Figures 4A-E) showed
higher levels of biomass in the first 50 m than in lower levels, with
values up to 2.55 jLg L™! (14 m), and a mean profile that exceed
1.77 pg L=! in the 10-40 m layer. Below 50 m, chl a decreased
to 0.20 pg L™! at 100 m. The mean total chl a and phaeo:chl
a ratio for this area were 1.30 g L=! and 0.47, respectively
(Figures 5A-E). Diatoms represented 62% of the community,
and haptophytes represented 36% (Figures 6A-E). Among
minor groups, chlorophytes reached 3.5%. Approximately 51%
of the phytoplankton community was represented by micro-
phytoplankton, while nano- and pico-phytoplankton represented
30 and 19%, respectively (Figures 7A-E). The mean Fv/Fm was
0.30, with single values reaching 0.45 within and below UML
(Figures 8A-E) and a minimum of 0.17 at 0 m (station 57).
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DIN concentrations ranged between 15.04 and 22.63 pmol
L~! in the first 50 m, while at deeper levels they increased
up to 31.56 wmol L™1. PO4;~ displayed the same pattern of
distribution as DIN, ranging from 0.86 to 1.97 jumol L™ in the
first 50 m, and increasing up to 2.5 wmol L~ ! at 100 m. Regarding
dissolved iron concentration, the mean value observed in this
area at ~30 m was 1.07 &= 0.40 nM.

PCA (Figures 9A-E) explained 66.21% of the variance, with
axes F1 and F2 accounting for 42.66 and 23.55% of total variance,
respectively. The distribution of active variables highlights the
inverse correlation between diatoms and haptophytes. Chl a,
temperature, UML and to a lesser extent, also Si(OH)4, showed
a similar correlation with F1. Salinity was inversely correlated
with UML, showing a negative correlation with F1 similar to
that of DIN (—0.78 and —0.74, respectively), while PO4*~ and
haptophytes presented correlation factors of —0.57 and —0.37.

Area 4 (February 6-8, 2017)

Area 4 represents the northernmost sampled area of the cruise,
with stations distributed along three short transects at the
interface with the open Southern Ocean waters. In this area,
UML depth (Supplementary Table 1) showed a pronounced
variability, with high values in the transect registered over the
shelf. Here the mean UML depth was 82 m and reached the
maximum of 133 m at station 78, in the center of the Drygalski
Through. The shallowest UML at the transect was observed close
to the shelf break and was characterized by a mean value of 48 m
ranging from 45 to 58 m. UML depth over the continental slope,
was 67 m on average, with the maximum of 90 m measured at the
westernmost station. ®/S diagram in this region (Figures 2A-
E) showed cold and fresh AASW in UML, and warm and salty
Circumpolar Deep Water (CDW) in the layer below it.

The integrated chl a concentration in the first 100 m ranged
from 106.80 to 6.63 mg chl a m~2 at station 63 and 74,
respectively (Figure 3). Biomass levels in the southern zone of
the area were relatively higher than those in the northern zone.
The distribution of chl a slightly decreased from the surface,
with a recorded a maximum of 2.27 pg L™! at 20 m and a
mean maximum of 0.83 pg L™, to the deeper layer, with a
recorded mean value of 0.22 pug L~! (Figures 4A-E). Total
biomass and the phaeo:chl a ratios in this area are reported
in Figure 5. Mean chl a and phaeo:chl a ratio were 0.68 pg
L~! and 0.20, respectively, representing the lowest values among
areas in this study. Diatoms were the most abundant group
(53%), while dinoflagellates and haptophytes showed percentage
of 24 and 23%, respectively (Figures 6A-E). Micro- and nano-
phytoplankton represented 43 and 37% of biomass, respectively,
while pico-phytoplankton accounted only for 20% (Figures 7A-
E). Regarding photosynthetic maximum quantum efficiency
(Figures 8A-E), the mean Fv/Fm value in the area was 0.36, and
all data fell within UML owing to the width of this layer.

DIN ranged between 21.5 and 27.0 umol L™! except at
station 65, where its concentration increased up to 31.8 pmol
L~!. PO4*~ showed a distribution analogous to that of DIN,
both in terms of extent of variation and depth profile. Si(OH)4
ranged between 51 and 69 wmol L™! within UML, while below
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UML, it increased to 100 wmol L1, The mean dissolved iron
concentration was 0.67 = 0.33 nM.

PCA analysis explained 63.88% of the variance, with axes
F1 and F2 accounting for 36.42 and 27.36% of total variance,
respectively (Figures 9A-E). Chl a and diatoms showed a
similar correlation with F2 (0.75 and 0.98, respectively), and
chl a was inversely correlated with PO4*~. UML overlapped
with axis F1, and was inversely correlated with haptophytes
and DIN. Temperature and salinity were strongly correlated
(fourth quadrant), showing correlation factors similar to those of
Si(OH)4, PO43~, DIN, and haptophytes with axis F2.

Repeated Stations

Area 1: Stations 5 (January 10 and 22), 11 (January 13
and February 11) and 15 (January 14, 23 an February

11)

At station 5, which corresponds to “Mooring L chl a
concentration was ~2.20 pg L™! in the 0-20 m layer on
January 10 (Figure 10). Below this depth, values decreased to
1.27 g L™ (50 m) reaching a minimum of 0.77 pg L™! at
100 m. On January 22, chl a showed a general decrease, ranging
from 1.20 to 0.28 wg L™! (at 15 and 100 m, respectively), with
a distribution pattern similar to that observed during the first
sampling. Diatoms represented more than 90% of biomass in the
0-20 m layer on January 10, while haptophytes reached a relative
high percentage (57%) below 50 m. In the second sampling,
diatoms still dominated the community, although haptophytes
were distributed more homogeneously in the water column than
those in the first sampling. The ratio phaeo:chl a in the first
sampling ranged from 0.6 to 1 (at 0 and 100 m, respectively),
while on January 22, values ranged from 0.9 to 2 below 15 m,
and were 0.7 in the surface layer. Surface temperature reached
2.33°C on January 10, and a thermocline was present below 15
m with values that decreased down to —0.92°C at 35 m. Below
this depth, temperature slightly decreased to —1.67°C at 100 m.
After 12 days, temperature displayed a general decrease ranging
from 1.20 to —1.85°C, although the distribution pattern was
similar to that observed in the first sampling. Salinity distribution
on January 10 was almost homogeneous in the entire water
column, with values that slightly increased from the surface to the
bottom. After 12 days, salinity significantly decreased in the first
18 m ranging from 34.34 to 34.36 (at 0 and 18 m, respectively).
Below 18 m, the vertical profile was similar to that observed
before (Figure 10).

At station 11, representing Mooring D near DIT, on January
13, chl a was the highest in the first 30 m of the water column,
with a maximum of 3.70 ug L™! at 10 m and values < 1 pg
L~! below 30 m (Figure 10). On February 11, biomass was
still higher in the first 15 m than below that depth, ranging
from 2.76 to 2.06 g L™! (at 0 and 15 m, respectively). During
the first sampling, diatoms represented more than 90% of the
community in the first 30 m and haptophytes reached 55% below
this layer. On February 11, diatoms strongly dominated (80%)
in the entire water column, both with high and low biomass
levels, and haptophytes represented ~20% of the community.
The phaeo:chl a ratios were always close to 0.5 in the entire
water column in both sampling periods. Water temperature on

January 13 was ~1.41°C in the first 10 m and showed positive
values until 20 m. Below 30 m, values ranged between —1.20 and
—1.80°C. During the second sampling, temperature was always
below 0, and the first 20 m were characterized by values of
—0.54°C that decreased to —1.80°C at 100 m. Salinity showed
a similar pattern between January 13 and February 11, with
homogeneous values in the first 10 m lower than those in deeper
layers, which showed a significant salinity increase during the
second sampling (Figure 10).

Station 15 is an LTER station (MOA-TNB LTER_EU_IT_17-
005-M) in TNB, indicated with name Santa Maria Novella
(SMN), sampled three time during the cruise (Figure 10). On
January 14, chl a was distributed rather homogeneously in the
first 60 m with a mean of 2.55 g L=!. On January 23, a net
decrease was observed in the 0-40 m layer (mean of 1.11 pg
L~!) with concentrations ~ 0.34 g L™! from 40 to 100 m. On
February 2, a second bloom was observed with concentration
increasing in the first 60 m, reaching a subsurface maximum
of 2 ug L™ at 15 m, and slightly decreasing from this depth
to 0.25ug L™! at 100 m. The phaeo:chl a ratio in the first
sampling ranged between 0.5 and 0.8 (at 0 and 80 m, respectively),
reaching the maximum of 1.2 at 100 m. During the second
sampling, ratios were low until 25 m (~0.5), and exceeded 1
below this depth. On February 2, values were ~0.5 until 30 m
depth, increasing below that depth and reaching 1.7. Regarding
phytoplankton functional groups, diatoms strongly dominated
on January 14 especially in the first 60 m, while haptophytes
increased below this depth to up to 43%. During the second
sampling, diatoms dominated in the first 40 m, while haptophytes
increased below this depth and became dominant group with
percentages exceeding 50%. On February 2, diatoms dominated
homogeneously in the entire water column ranging from 66 to
87%, while haptophytes represented the second most abundant
group showing a complementary pattern of distribution to that
of diatoms. Regarding temperature, the water column displayed
homogeneous values in the first 60 m (~1.65°C) during the
first sampling, with a net thermocline between 58 and 65 m.
On January 23, a significant temperature decrease was observed
below 30 m, with a shallower thermocline between 18 and 30
m, and values that slightly increased from the surface to 15 m.
On February 2, temperature further decreased in the first 30 m
ranging from 0.38 to —0.84°C (at 0 and 40 m, respectively). Below
this depth, temperature was similar to that observed on January
23. The vertical salinity profile on January 14 was characterized
by values ~ 34.37 in the first 60 m, reaching 34.61 at 100 m.
On January 23, salinity ranged from 33.82 to 34.55 (at 0 and 30
m, respectively), and slightly increased below this depth to 34.66
at 100 m. On February 2, the water column showed a different
profile, with values increasing in the first 40 m (from 33.99 to
34.45) and displaying a similar profile to that observed on January
23 below 40 m (Figure 10).

Area 3b: Stations 59 (January 17 and 30) and 57
(January 30 and February 9)

Station 59, in the north-central Ross Sea as part of Joides
Basin, represents the Mooring B site (LTER_EU_IT_17-002-
M). On January 17, Chl a ranged between 2.49 and 2.45 pg
L~! in the first 20 m, and from 1.79 to 1.22 pg L™! between
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FIGURE 10 | Vertical profiles of chl a (ug L~ ), temperature, and salinity at resampled stations in Area 1. Stations 5, 11, 15.

40 and 100 m (Figure 11). On January 30, biomass decreased
especially in the surface layer, varying from 1.56 to 1.961 ng
L~! (at 0 and 34 m, respectively) and reaching 0.195 g L™=}
at 100 m. Regarding the phaeo:chl a ratio, values were 0.4 on
January 17 at all depths, except at 100 m (1.5). During the
second sampling, ratios were 0.3 in the first 55 m, ranging
between 0.7 and 0.8 below this depth. Diatoms and haptophytes
coexisted with similar percentage throughout the water column
during the first sampling, with a slight prevalence of haptophytes
at 100 m. On January 30, diatoms were the dominant group
with percentages up to 73%, with haptophytes distributed
homogeneously along the water column as the second most

abundant group. Regarding temperature, the vertical distribution
displayed a wide homeothermic profile in both samplings,
although values increased on January 30 (~0.3°C increase) and
the weak thermocline sunk from 50 to 60 m. Below this depth
values increased toward the bottom on January 17, while this
trend was less evident on January 30. Regarding salinity, vertical
profiles were similar in both samplings, with the first ~50 m
characterized by homogeneous values that increased toward the
bottom below this depth (Figure 11).

Station 57 was located between Mawson Bank and Crary
Bank (Figure 1). Vertical profiles of chl a were similar on
January 30 and February 9, with values ranging between 1.13
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