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Abstract

The 0-200 m surface layer of the Ross Sea was studied during summer 2014 to investigate the lability of the
particulate organic matter (POM) in response to physical parameters. With the use of satellite information,
we selected three zones, characterised by different physical setting: a northern offshore area, crossing the
summer-polynya area of the Ross Sea (hereafter called ROME 1), a more coastal area next to the Terra
Nova Bay polynya (ROME 2); a southern offshore area, towards the Ross Ice Shelf (ROME 3). Ice-maps
showed that the seasonal ice retreat had already occurred in early December for most of the stations.
Statistical analysis of the quantitative and qualitative characteristics of the POM pointed to significant
differences between the stations, especially in the upper mixed layer (UML). A comparison with previous
studies, showed that the localised pulses of POM accumulation in the UML were similar to those recorded
at the highly productive marginal ice zones, providing notable trophic support to the ecosystem. The UML,
although rather thin and easily subjected to alterations, confirmed its pivotal role in the ecosystem
dynamics. A POM quality favourable to consumers was highlighted at several stations in ROME 1 and ROME
3. Reduced trophic support was, instead, found in ROME 2. A limited POM consumption where deep-water

formation takes place, would increase the POM role in the transfer of C to the depths.
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1. Introduction

Particulate organic matter (POM) is operationally defined as any material that does not pass through a
given filter, usually 0.45-1 um (Volkmann and Tanoue, 2002; Verdugo et al., 2004). POM includes detrital
matter as well as living organisms. Ice-algae, phytoplankton, nano- and microzooplankton, and
mesozooplankton-derived particles are included in POM, as well as bacteria adhering on particles.

In the Antarctic Ocean, the quantitative features of the POM have been extensively studied using in-situ
bottle and pump sampling and remote-sensing techniques (especially chlorophyll-a and particulate organic
carbon - POC) (e. g. Smith et al., 2000; Smith and Asper, 2001; Lee et al., 2012; Arrigo et al., 2012; Schine et
al., 2016), while detailed information on its biochemical composition and nutritional value for consumers is
less abundant (e. g. Rossi et al., 2013; Soares et al., 2015; Kim et al., 2016).

In addition to the ratios that are commonly used to infer the value of POM as a trophic resource (for
instance the POC/PON ratio and the POC/chlorophyll-a ratio), other analyses focusing on the caloric
content and hydrolysable fractions of the POM can be useful (Fabiano et al. 1993; Fabiano and Pusceddu,
1998; Misic and Covazzi Harriague, 2008; Kim et al., 2014). Caloric content expresses the general value of
POM in energy terms. Different biochemical compositions result in quantitatively different energy values
for POM. For the hydrolysable fraction, potential biomimetic assays have been developed to evaluate the
fraction that may be rapidly hydrolysed by enzymes commonly found in the environment; these assays
estimate the actual fraction of POM that is bioavailable to consumers. This approach, although testing only
a few of the enzymes actually active in the environment, by-passes the uncertainty of bulk-related analyses
(such as POC). The biomimetic assay allows for the possibility that some compounds may be biochemically
refractory to consumption, or physically enclosed in low-lability materials that isolate them from
consumers.

The Antarctic Ocean and the Ross Sea are characterised by interannual, seasonal and spatial variability of
biological features (Smith et al., 1996; Arrigo et al., 1998; Dunbar et al., 1998; Gardner et al., 2000;
Saggiomo et al., 2002; Smith et al., 2010; Fragoso and Smith, 2012), whose forcing mechanisms are still

largely unclear. Among others, the ice presence regulates the onset of primary production, POM
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accumulation and distribution in the water column (Garrity et al., 2005). The ice presence or absence
influence the water column properties, determining the depth of the upper mixed layer (UML) that is often
considered to be a major factor in controlling POM production and distribution (Mangoni et al., 2004;
Fragoso and Smith, 2012). Therefore, based on the degree of maturity of the selected ice-system, a typical
evolution scheme may be defined (Fabiano et al., 2000): closed pack conditions, followed by the Marginal
Ice Zone (MIZ) spring conditions, and then by open waters in late spring and summer. This occurs, generally
in the offshore area by late December and in the entire continental shelf region by late January (Comiso et
al.,, 1993, Smith and Asper, 2001). Once the ice is melted in summer, other forces can influence the
planktonic patterns. Although ice may last longer at some sites in the Ross Sea, depending on global climate
anomalies as well as local events (Arrigo and van Djiken, 2004), the summer features of the Ross Sea should
show less variability than the spring ones. The stratification generated by ice melting should be relaxed due
to wind and waves on the open waters, a feature that would allow increased vertical water mixing and a
more homogeneous vertical distribution of the POM (Gardner et al., 2000).

This study is based on the results of the ROME (Ross Sea Mesoscale Experiment) cruise, carried out during
the Antarctic summer of 2014. Sampling focused on the 0-200 m surface layer of three locations in the Ross
Sea, characterised by different distances from the coast and different mesoscale hydrodynamic structures.
We aimed to: i) highlight whether the quantitative and qualitative features of the POM were homogeneous
and the potential effects of physical constraints in the sampled areas, ii) test whether our summer POM
features resembled those of previous research performed in the Ross Sea, iii) underline the potential role

of the POM as trophic resource.

2. Material and methods

2.1 Station sites and sampling

The in situ ROME data were collected by the R/V Italica in the framework of the Italian National Program for
Antarctic Research (PNRA). Sampling was performed in three different areas of the Ross Sea: ROME 1 was

sited at approximately 170°E and 75°S; ROME 2 occupied a more coastward area, next to the Terra Nova
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Bay (TNB) polynya; ROME 3 was placed in the southern Ross Sea, towards the Ross Ice Shelf, at ca. 168°E
(Fig. 1A).

The sampling strategy was defined using the sea surface temperature and surface chlorophyll-a
concentration maps from MODIS (Moderate Resolution Imaging Spectroradiometer) Aqua and Terra
satellite level-2 products for the previous 12/24 hours. The goal was to carry out bottle casts where both
high and low chlorophyll occurred. Additionally, satellite AMSR2 sea ice concentration maps, provided by
the University of Bremen, using the ASI| sea ice concentration algorithm (Spreen et al., 2008), were
considered. Daily maps of the Ross Sea region from early December 2013 to late February 2014 (available
at http://www.iup.uni-bremen.de:8084/amsr2) were analyzed to monitor the evolution of the sea ice cover
before and during the experiment.

A total of 46 casts were conducted. Hydrological profiles were acquired by means of a SBE 9/11 Plus CTD,
with double temperature and conductivity sensors. For each station the upper mixed layer (UML) depth
was determined as the depth at which in situ density (o;) changed by 0.05 kg/m?® over a 5 m depth interval.
Current speed and direction were recorded using a Lowered Acoustic Doppler Current Profiler (LADCP)
system. Two LADCP were deployed with the CTD, in order to obtain a unique current measurement every
10 m from the surface to the maximum depth reached. The effect of tides on the current dataset was
removed following the procedure proposed by Erofeeva et al. (2005).

Water samples for phytoplankton biomass and POM analysis were collected at 21 stations (Table 1, black
circled stations in Fig. 1A) using a Carousel sampler equipped with 24 Niskin bottles (12 L).

For the POM analysis, water samples were collected at 4 fixed depths (surface, 50, 100 and 200 m) and 1
variable depth depending on the maximum of the signal for fluorescence. From 0.5 to 1 L of sampled
seawater was filtered through Whatman GFF filters (25 mm, nominal pore diameter 0.7 um) and
immediately frozen until analysis in the laboratory. For the total phytoplankton biomass analysis, the

samples were filtered and quickly stored at -80 °C until analysis.

2.2 Analytical procedures
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The amount of phytoplankton biomass was estimated from spectrofluorometric analysis on acetone-
extracted chlorophyll-a, following Holm Hansen et al. (1965). The extract was read using a Varian Eclipse
spectrofluorometer, which was checked daily with a chlorophyll-a standard solution (from Anacystis
nidulans by Sigma). The specific standard deviation of the replicates was based on an average of 4%.
Particulate organic carbon (POC) and particulate organic nitrogen (PON) were analyzed following Hedges
and Stern (1984), after acidification with HCI fumes, in order to remove inorganic carbon. Cyclohexanone 2-
4-dinitrophenyl hydrazone was used to calibrate a Carlo Erba Mod. 1110 CHN Elemental Analyser. The
specific standard deviations due to the analytical procedures and sample handling were 7.4% and 7.8% for
POC and PON, respectively.

Particulate protein, carbohydrate and lipid concentrations were analyzed following Hartree (1972), Dubois
et al. (1956), Bligh and Dyer (1959) and Marsh and Weinstein (1966). Albumin, glucose and tripalmitine
solutions were used to calibrate a Jasco V530 spectrophotometer. The specific standard deviations were
8.3%, 15.5% and 21.6% for the proteins, carbohydrates and lipids, respectively.

The concentrations of proteins, carbohydrates and lipids were used to estimate the caloric value of the
POM (Kcal g POM™) following the Winberg (1971) equation (Kcal g POM ' = 0.055 protein% +0.041
carbohydrate% + 0.095 lipid%).

The enzyme-hydrolysable fractions of particulate proteins and carbohydrates were determined following
the protocols of Gordon (1970), Mayer et al. (1995) and Dell’Anno et al. (2000). The sample filters and filter
blanks (Whatman GFF filters not used for filtration) were placed in plastic containers with solutions (100 mg
I*in 0.1 M Na-phosphate buffer) of two selected enzymes purchased from Sigma—Aldrich. Proteinase K was
chosen for the hydrolysis of the proteins, B-glucosidase for that of the carbohydrates (Mayer et al., 1995,
Dell’Anno et al., 2000). These enzymes are extracted from plants and fungi, but have hydrolytic activities
quite similar to natural marine organisms and are widespread among autotrophs and heterotrophs (Dall
and Moriarty, 1983). The filters were left in the enzyme solutions for 2 hours, at the optimal temperatures
and pH for each enzyme, in order to enhance digestion (Dell’Anno et al., 2000). After hydrolysis, each filter

was carefully removed from its container, placed in a filter-holder and rinsed with the solution remaining in
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the dish and 5ml of deionised water, to return any particles that may have floated off the filter (Gordon et
al.,, 1970). After that, the filters were processed for the determinations of protein and carbohydrate
concentrations as above. The possibility that the flushing of the buffer could have mechanically removed
part of the particulate fraction was avoided by incubating and processing replicates of the samples with
only the buffer solution. In addition, an underestimate of the labile proteins and carbohydrates was
possible due to the sorption to minerals or POM (and therefore to their return to the particulate fraction)
of the hydrolysed materials. The concentrations detected after hydrolysis, corrected for the eventual error
just mentioned (never higher than 20% of the total protein and carbohydrate concentrations), were
subtracted from the total concentrations in order to obtain the hydrolysable, or labile, POM. The specific
standard deviations were 11.2% and 21.5% for hydrolysable particulate proteins and carbohydrates,

respectively.

2.3 Data treatment and statistical analysis

The POM data were divided into a surface layer, defined by the UML depth (Table 1), and a deeper layer,
ranging from the UML depth down to 200 m.

Published data related to previous researches carried out in the Ross Sea and TNB were used for
comparison. In particular, POC, protein and carbohydrate spring concentrations for the Ross Sea were
provided by Fabiano et al. (2000), while early summer data were found in Fabiano et al. (1993) and
Catalano et al. (1997). Summer data for the TNB area have been published by Fabiano et al. (1995 and
1997) and Povero et al. (2001) (Table 2).

We tested the significance of differences in each variable between different samplings with the one-way
ANOVA test followed by the Newman-Keuls post-hoc test (ANOVA-NK test) (Statistica software). To test the
relationships between the various parameters, a Spearman-rank correlation analysis was performed.
Principal Component Analysis (PCA) was applied to the normalised POC, protein and carbohydrate
concentrations and the protein/carbohydrate ratio (PRIMER software). The data were divided into the UML

and the deeper layer, as previously described. The ROME data were treated together with the other
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literature data previously cited (Table 2) to highlight similarities between them. Cluster analysis was
performed on the normalised data set (resemblance measure: Euclidean distances, cluster mode: group
average), to visually highlight the station grouping. The analysis of similarities (ANOSIM) was applied to
highlight significant differences between the groups, while the similarity percentage analysis (SIMPER) was

utilised to highlight the parameters responsible for such differences.

3. Results

3.1 Physical properties and sea-ice conditions

The ©/S diagram obtained from all the sampled stations (Fig. 1B) indicated the presence of several typical
Ross Sea shelf water masses. In all the studied areas the surface layer was occupied by Antarctic Surface
Water (AASW), a relatively light surface water characterized by potential temperatures ranging between -
1.8°C and +1°C and by salinity values lower than 34.50 (Orsi and Wiederwohl, 2009). In ROME 2 (blue circles
in Fig. 1B), the AASW core was slightly saltier and denser than expected, with salinity close to 34.60. These
values were similar to the Modified Circumpolar Deep Water (MCDW) features, but the high oxygen
concentration values (Rivaro et al., 2015) confirmed that we were in the presence of a local AASW.

The intermediate and deep layers (from 150 to 1000 m) were occupied by High Salinity Shelf Water (HSSW),
and by Terra Nova Bay Ice Shelf Water (TISW), the latter identified only in ROME 2 (Fig. 1B). HSSW is
characterized by salinity greater than 34.70, potential temperature near the freezing point and potential
density greater than 27.9 kg/m?® (Budillon et al., 2003; Rivaro et al., 2014). TISW (from 150 to 350 m) is
characterized by potential temperatures below freezing point and salinity values of about 34.70 (Budillon
and Spezie, 2000).

The physical properties of the upper layer may also be linked to sea ice evolution in the study area. The
melting ice in the Ross Sea gradually generates large ice-free areas during summer. Some ROME 1 and
ROME 3 stations and all the ROME 2 stations experienced ice-free conditions starting from early December
(Figs. 2A and 2B). On the other hand, some stations experienced a longer ice presence (Figs. 2C and 2D).

Even in the same sampling area, differences in ice cover can be significant and have an impact on the
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observed temperature and salinity values. For instance, the northernmost station of ROME 1 (station 20)
was covered by ice until 14 January, just 3 days before the sampling. Stations 16 and 18 started to become
ice-free from the beginning of January (Fig. 2C). The ROME 3 stations were partially covered by ice just until
the end of December (Fig. 2B).

The vertical structure of the water column of ROME 1 showed deeper UMLs for the stations that
experienced longer ice-free conditions (9, 11 and 13, Table 1). In the western stations of ROME 1 the lower
depth of the mixed layer depended on the presence of low-salinity surface water, related to the influence
of the ice (Fig. 3A). Intensity and direction of the currents along the entire water column (mean UML
shown in Fig. 3C) showed the presence of a northward current along the eastern and western boundary of
the leg, while more intense southward velocities were registered in the central part of the leg (stations 13
and 14).

The ROME 2 water column was characterized by a UML depth limited to the first 10-15 m (Table 1) due to
the presence of a salinity and temperature gradient between the fresher and colder coastal stations and
the easternmost, saltier and warmer stations (Figs. 3D and 3E). A frontal structure was visible in the area
between stations 45 and 34, where the convergence of the two water masses led to a deepening of the
thermocline down to 100 m (Rivaro et al., 2015) and to an abrupt change in the current pattern (Fig. 3F).
The strongest current intensities (p<0.05) were observed in ROME 3, with values up to 24 cm sec™ for the
zonal (u) and meridional (v) components. The current pattern at all depths showed the presence of a
cyclonic circulation centred at about 168.5°E 76.45°S (Fig. 31). This circulation could have increased the UML
water mixing, leading to salinity values of 34.23-34.43 and mean temperature values lower than 0.5°C (Figs.
3G and 3H). In fact, the western and central stations (48, 50, 55, 67 and 75) had a more homogeneous
water structure for the upper 30-50 m, while stations, placed outside the eddy showed higher surface

salinity values and the deepest UML (more than 70 m).

3.2 Particulate organic matter
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The concentration and distribution of chlorophyll-a in the three areas (see Table in appendix) varied with
the physical setting. In ROME 1 the stations characterised by early ice melting showed rather homogeneous
chlorophyll-a concentrations in the UML, ranging from 1 to 2 pg I Instead, where the halocline was
shallower and the stratification stronger (i.e. station 16), a subsurface increase in concentration up to 3 ug
I"* was observed, leading to higher average values. The chlorophyll-a distribution in ROME 2 was influenced
by the previously described hydrological front (Figs. 3D and 3E), associated with the deepening of the
thermocline at stations 34 and 45. The frontal structure and the current convergence allowed high
chlorophyll-a concentrations at higher depths (values up to 3 pg I'* at 100 m, data not shown). In ROME 3
the stations directly influenced by the cyclonic eddy (55, 67 and 75) showed the highest mean chlorophyll-a
concentrations, with maximum values higher than 4 pg I™".

POC values correlated significantly with chlorophyll-a concentrations in ROME 1 and ROME 3 (Table 3).
ROME 2, instead, showed no significant correlation, although at 50 and 100 m depths significantly higher
POC concentrations (p<0.05) than the other two areas were found (Fig 4A).

The POC/chlorophyll-a ratio is an indication of the primary biomass contribution to the total POM. The
ratios (see Table in appendix) highlighted a generally lower contribution of the photoautotrophic
component at the UMLs of ROME 1 and 2, with ratio higher than 150, especially in the stations
experiencing longer ice-free conditions (stations 9 and 11 of ROME 1, for instance). In ROME 3 the lowest
ratio was, instead, found for the stations lying to the west of the frontal zone.

PON and POC concentrations were strongly correlated (Table 3), indicating similar distributions (Figs. 4A
and 4B) and likely origins. POC/PON ratios showed variations with depth (Fig 4C); this ratio gives an
estimate of the N contribution to the bulk POM, an indication of lability given that N-containing molecules
are considered attractive to consumers (Huston and Deming, 2002). The highest POC/PON ratios (above 8)
were found in the deeper water layers, especially at stations 9 and 11 in ROME 1 and 50, 52, 56, 69 and 75
in ROME 3. The lowest values, below 6, were, instead, found in the UML, especially in ROME 3, where the

highest chlorophyll-a values were found. However, significant chlorophyll-a and POC/PON ratio correlations

10
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were only found in ROME 2, although this relationship (r= 0.48, n=19, p<0.05) highlighted that an increase
of autotrophic biomass led to a lowering of the trophic value of the POM.

On average, the protein and carbohydrate concentrations showed vertical trends very similar to those of
POC (Figs. 4D and 4G), and significant correlations were found between these variables for the three areas
(Table 3). Proteins and carbohydrates also correlated with chlorophyll-a in ROME 1 and 3, while no
significant correlation was found in ROME 2. Furthermore, the hydrolysable fraction of the carbohydrates
and lipids was not coupled with the other variables in ROME 2. A reduction of the hydrolysable
carbohydrates was, in fact, observed starting from 100 m (Fig. 4H). In this area the lipid concentrations (Fig.
41) did not show significant decreases with depth (UML vs. deeper layer, p>0.05) but rather similar values,
significantly lower than in the other areas (p<0.001). The contribution of the three POM fractions to POC
was reported in Fig. 5A for the UML and the deeper layer. Generally, higher concentrations of residual POC
(here called “other POC”) were found at the UML, except for stations 34 and 45, that showed a high
residual POC fraction also in the deeper layer.

On average, the hydrolysable proteins were 35.4+11.7% of the total proteins (ranging from 6.8 to 75.6%),
the hydrolysable carbohydrates 13.1+10.8% of the total carbohydrates (ranging from 0.1 to 44.9%).
Generally, the deeper layer contribution of the hydrolysable proteins to POC was higher than the UML one,
except for the front-related stations in ROME 2 and station 20 in ROME 1 (Fig 5A). The hydrolysable
carbohydrate contribution to POC (Fig.5B) was lower and showed a higher variability in the three areas. In
ROME 1, for instance, the contribution showed an inverse trend with chlorophyll-a. The 200-m-deep
contributions were higher at the stations not covered by ice from a longer time, than at the stations more
recently influenced by ice. ROME 3, however, showed a rather good relationship between the hydrolysable
carbohydrate and the phytoplanktonic biomass. The large variability of the hydrolysable carbohydrate
contribution to the POC concentration, often visible in Fig. 5B as high standard deviation, implied also

strong variations within the UML and the deeper layer that were not found for the hydrolysable proteins.

3.3 Multivariate statistical analysis

11
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PCA results are shown in Fig. 6, where the cluster analysis is shown as ellipses defined by Euclidean
distances. The PC1 axis explained 71% of the variation, while the PC2 explained a further 24%. Two
significantly different main groups (ANOSIM analysis, Table 4) were observed: the main part of the UML
observations belonged to the richer group A, while the deeper layer observations were clustered in group
B. Proteins and carbohydrates explained the major part of this difference (SIMPER analysis, Table 4). The
group B stations showed POC concentrations 3.4-fold lower than the observations of group A, 4.8 for
proteins and 2.8 for carbohydrates.

In group A the samples were organised into two main sub-groups: al and a2. The multivariate analyses
highlighted significant differences between them (ANOSIM analysis, Table 4), mainly due to the different
ratios between proteins and carbohydrates (explaining 41% of the difference, SIMPER analysis, Table 4). In
group B two more sub-groups were recorded, differing significantly (ANOSIM analysis, Table 4) due to the
carbohydrate concentrations (explaining 47% of the difference, SIMPER analysis, Table 4).

Each sub-group had a particular signature, defined by the previous studies carried out in the area (Table 2):
sub-group al clustered the MIZ stations (8, 10, 28, 30) and the spring polynya station MP, sub-group a2 the
coastal TNB stations. The surface observations characterised by a closed-pack coverage (27 and 29)
belonged to sub-group b1, together with the main part of the deeper layer observations; sub-group b2
collected those of the early summer polynya stations (15, 17, 19, 21) and the deeper coastal layer

observations (TNB).

3.4 Caloric value analysis

The caloric value of the POM in the two water layers was only calculated for stations where the lipid
analysis was carried out, namely 9, 13, 16 and 20 of ROME 1, 34, 39 and 45 of ROME 2 and 50, 55 and 67 of
ROME 3. The plot of these results, with the previous research carried out in the Ross Sea and at the coastal
TNB (Table 2) is presented in Fig. 7. In this figure we have merged the bulk quantitative (POC) and

qualitative (caloric value) information on the POM.

12
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During previous research (Fabiano et al., 2000), a rising trend was noticed for POM concentrations in the
UML from the poorer pack-ice zones to the polynya and then to the MIZ, ending with the richer coastal
sites, although the MIZ could also show high concentrations of POM of moderate caloric values. The
previous pack-ice observations (Fabiano et al., 1993) showed that low concentrations were associated with
an average caloric value, while the qualitative value of the other stations was higher (MIZ and coastal) or
lower (polynya).

The stations in ROME 2 matched the quantitative and qualitative features of the polynya in the entire water
column. The surface observations of the other areas were grouped with the MIZ and previous coastal
observations for the UML. The deeper layer observations in the ROME 1 and ROME 3 areas resembled

those of the MIZ, spring polynya and deeper pack-layer, although their caloric value was higher.

4. Discussion

4.1 Quantitative and qualitative features of the summer POM and a comparison with previous studies in the
Ross Sea

Focusing on the quantitative characteristics of POM at different stations (PCA -multivariate analysis, Fig. 6),
we observed significant quantitative differences between the two water layers (Table 4), with a sharp
reduction in POM in the deeper layer, as already established by the observations by Nelson et al. (1996),
Fabiano et al. (2000) and Gardner et al. (2000) for the Ross Sea. They stated that the primary production is
recycled in the photic layer, following the concept of a “retentive system”. The grouping of the
observations of the two layers, as revealed by multivariate analysis, indicated a strong and significant
variability in the UML, while the deeper layer was more homogeneous in the ROME study area, also when
compared to observations from other years and seasons, except for the ROME 2 stations influenced by the
frontal area.

Ice-free water conditions were established in the whole ROME sampling area from the beginning of January
(with the exception of the northern station of ROME 1), at least two weeks before the sampling. Therefore,

open water conditions, resembling those of the previous spring-summer polynya/open water observations,

13
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were common in the entire area. Actually, the multivariate analysis performed on the UML POM indicated
a higher similarity to the spring MIZ zones studied in the previous published researches than to the summer
polynya ones. Several processes, due to the peculiar physical features as well as biological, may be
responsible of such similarity, irrespective of the ice dynamics.

In our study, an example of the strict relationship between physical forcing, phytoplankton biomass and
POM accumulation was provided by ROME 3, where a clear cyclonic circulation was observed. In this case,
the UML depth (generally deeper than 30 m in our study) exerted a lower influence on the POM production
and accumulation than that observed by Fragoso and Smith (2012), who noted that the shallower mixed
layer depths (<20 m) in late spring and early summer appeared to promote diatom growth. In our study,
the water mixing of the UML, due to the more intense hydrodynamic forcing, fertilised the surface layer,
probably stripped of nutrients by earlier spring blooms. In addition, a higher instability in the water column,
that is known to influence phytoplankton development, could have favoured some species that, before,
were limited by competition (Fonda Umani et al., 2002).

The phytoplankton biomass was pivotal for the POM composition. In fact, it regulated the POM
guantitative features, as revealed by the highly significant correlations between the chlorophyll-a and the
quantitative variables of the POM (Table 3) (Davis and Benner, 2005) and by the POC/chlorophyll-a ratio
values for the stations on the western side of the area (eddy-influenced zone), that were significantly lower
(p<0.05) than the other ROME areas. Young et al. (2015) found that Antarctic diatoms take up to 50% of
biomass to protein, explaining the very high significance of the correlation. Arrigo and van Djiken (2004)
described the area of ROME 3 as a boundary between spring and summer blooms, a kind of frontal area
that may show an unusually high chlorophyll-a accumulation at the surface, depending on general
atmospheric conditions over the entire Ross Sea.

Our observations point to the pivotal role of the summer autotrophic processes, providing a large
accumulation of biomass and strongly sustaining the ecosystem. This feature was unclear in the multi-year
comparison by Arrigo and van Djiken (2004) and in the studies by Smith and Asper (2001) and Rigual-

Hernandez et al. (2015), who observed a general decrease in chlorophyll-a concentrations from spring to
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summer in normal years. In addition, the POC/chlorophyll-a ratios of our study were significantly lower
(p<0.05) than those reported by Smith et al. (2000) for the Ross Sea in summer, while they were similar to
the values the same authors reported for spring. This confirmed the pivotal role of the living phytoplankton
fraction during summer in the UML of the Ross Sea, where mesoscale hydrological structures occur.

The sub-group al of the PCA linked some stations of the ROME cruise and the previously studied spring
polynya station MP and spring MIZ ones. The MIZ stations are generally characterised by high POM
productivity (Saggiomo et al., 1998; Fitch and Moore, 2007), being the priming for further planktonic
development. The multivariate statistical analysis confirmed that these stations had rather high POM
concentrations and, in particular, they showed the highest prevalence of proteins over carbohydrates, a
signal of recent production (Pusceddu et al., 2000). It is well known that N-rich proteins cover multiple roles
(energetic, functional, structural) and thus a high protein concentration indicates a good food supply for
consumers (Etcheber et al., 1999), especially in the upper water column. Particulate carbohydrates,
instead, generally have a lower lability, because they also encompass complex structural polysaccharides
whose digestion is energy-expensive, slowing their consumption rates (Pusceddu et al., 2000). One of the
main processes that enrich the POM of proteins is microbial activity. Microbial heterotrophic reworking of
autotrophic and detrital POM, generally performed by bacteria, increases the N content of the detritus
(Povero et al., 2003) and of the autotrophic colonies (Carlson et al., 1998) especially during summer. A
general and marked dominance of proteolysis over other classes of hydrolytic enzymes has been previously
reported (Misic et al., 2002; Celussi et al., 2009), indicating an efficient N-recycling by unicellular
heterotrophs. The conversion of detrital-N into high trophic value biomass is completed by an efficient
microbial-loop, recovering a large part of the DOM released during phytoplanktonic blooming (Kirchman et
al., 2001). In addition, Sala et al. (2005) found that bacteria might utilise other DOM sources (in particular
dissolved carbohydrates), thus increasing their efficiency in biomass accumulation. The rather low
POC/PON ratio values we found compared, for instance, to Smith et al. (2000) (on average for the upper
100 m layer they found summer values of 6.9+0.5 vs. our 5.8+0.3 and 6.4+0.9 calculated for the UML and 0-

200 m layer, respectively), are consistent with micro-heterotrophic presence, as bacterial standing stock
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can be considered as the amount of particulate organic matter possessing high nutritional quality

(Monticelli et al., 2003).

4.2 Caloric value of summer POM

The plotting of the POC with the POM caloric value (Fig. 7) provides information on the energy potentially
available for the heterotrophic consumers by the POM. The ROME stations that resemble the spring and
early-summer features of the polynya were those of ROME 2. Actually, these stations experienced real
polynya environmental conditions, being next to the TNB polynya.

The ROME 2 stations had low caloric values in the entire water column, although, from a quantitative point
of view, some of them in the UML had similar features to the richer coastal areas (sub-group a2 of Fig 6). In
the entire water column, POM maintained the same caloric content of the mixed layer, as previously found
for the coastal TNB (Fabiano et al., 1996), when the caloric value was on average 5.33 Kcal/g. This is not
really very high, due to the high contribution of carbohydrates that have the lowest caloric value among the
three biochemical components. We observed that in ROME 2 the chlorophyll-a was associated with
carbonaceous POM (it correlated positively to the POC/PON ratio), therefore in this area the freshly-

produced summer POM had different features, namely a lower trophic value, than the offshore area.

4.3 Hydrolysable proteins and carbohydrates of summer POM

Generally, the hydrolysable protein contribution was on average 35% of the total proteins during the ROME
cruise. This was clearly lower than the contribution (higher than 90%) observed at coastal stations in the
NW Mediterranean (Misic and Covazzi Harriague, 2008), and by Fabiano and Pusceddu (1998), who
observed that 50% of the total proteins in TNB were hydrolysable. Besides the possibility that actual
variations in time and space may occur, these differences may be due to the fact that the cited authors
used trypsin to hydrolyse proteins, while in the present study, we used proteinase K. The hydrolysable
carbohydrate contribution to total carbohydrates, instead, showed average values similar to those

recorded in the previously cited NW Mediterranean (from 5 to 30%), but notably lower than the 80% found
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in TNB using the same method and hydrolytic enzyme. This pointed to sharp spatial variations of the
hydrolysable fraction of POM from the actual coastal area (Fabiano and Pusceddu, 1998) to the offshore
area next to the polynya of TNB (this study). The vertical trends of the hydrolysable carbohydrates in the
three ROME areas were different, reflecting a general influence by the environmental features on the
distribution of the hydrolysable carbohydrate, but the relatively small size of our data set prevented deeper
analysis of this item.

The main contribution to POC was given by the hydrolysable proteins, that showed slight, but interesting
differences between the ROME areas and in the same area, following the mesoscale physical features.
Assuming that the POM production in the Ross Sea has a main phytoplankton signature (Fragoso and Smith,
2012), the fresh (generally more labile) POM should be found at the surface at the beginning of the
productive season (spring), but the water vertical mixing of summer and the proliferation of the bacterial
biomass would increase the quantity of labile heterotrophic materials such as proteins in the depth.

At the ROME sites the contribution of the labile proteinaceous C to the POC was, generally, higher in the
deeper layer than in the mixed layer (Fig. 5A). In ROME 1 this proved true for the stations that had
experienced longer ice-free conditions. Generally, in such areas, the relaxing of the stratification due to
wind and waves allows a more homogeneous vertical distribution of POM by water-mass physical mixing.
The lower maturity of station 20 (namely a higher ice-influence as revealed by salinity), instead, led to
conditions more similar to spring, with a higher labile contribution at the surface.

ROME 2, instead, showed peculiar features. Despite being ice-free for the longest time and lying next to the
winter polynya of TNB, its stations displayed a lower labile contribution in the deeper layer than in the
UML. Station 39 was an exception, lying to the east of the hydrological front and being influenced by an
offshore current coming from the ROME 1 area. The other stations were separated from the actual offshore
area by the front found at stations 34 and 45.

The vertical transport of the POM by vertical water mixing has a double relevance: it is essential for the
foraging of bottom and mesopelagic communities, and it may contribute to the CO, biological pump. The

occurrence of vertical transport, as shown by the ROME 2 and coastal observations in terms of bulk POM,
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may improve deep-sea nutrition, but also push C into the deep current system via the bottom-water. The
vertical distribution of POM at the ROME 2 stations pointed to an efficient biological pump, because the
POM accumulation was observed down to 200 m. The TNB area is characterised by the formation of dense
water masses due to brine release during sea-ice production (HSSW) and by the freshening and cooling of
the HSSW due to contact with the ice shelf (TISW). HSSW fills-up the deeper layer of the Drygalsky Basin
and flows northwards until it reaches the shelf-break, which overflows down the continental slope,
ventilating to the abyssal depths near Cape Adare (Jacobs et al., 1970; Withworth and Orsi, 2006; Budillon
et al.,, 2011). The deep layer POM of ROME 2 was more refractory, showing proportionally lower
hydrolysable proteins and carbohydrates, higher POC/PON ratio, lower protein/carbohydrate ratio and a
lower caloric content than the mixed layer. If refractivity is a limiting factor for the biological respiration of
POM, it allows a more efficient burial of not respired C to the depth, indicating TNB as a sink for C in

summer (Fonda Umani et al., 2002).

5. Conclusions

In this study, we firstly aimed at determining whether the POM was uniformly distributed in the Ross Sea
area during a particular season (summer), when one of the main constraints regulating POM production
and consumption (namely the ice cover) was generally lacking. We found that heterogeneity was still a
dominant feature of the Ross Sea, due to the mesoscale characteristics of each area. The presence of fronts
and eddies, with high current intensities, mixed the UML, stimulating phytoplankton production and POM
accumulation. Nevertheless, the vertical and horizontal extent of this fertilisation was not continuous. The
offshore ROME 1 and 3 areas differed from the ROME 2 area, especially with regards to the qualitative
features of the POM. The deeper-layer POM was found to have higher lability in ROME 1 and 3, while the
more coastal ROME 2 had inverse features. This may be relevant, because the POM of the deeper water,
which would likely join the dense-water journey to the abyssal depths of the oceans, has a potentially lower
trophic value and could be respired to a lesser extent, contributing to C storage in the bottom. On the other

hand, enrichment of the deeper POM of the other areas via bacterial growth and high protein-containing
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phytoplankton would increase its trophic value, providing a valuable source of materials and energy for
those consumers that also maintain a certain metabolic activity during winter.

This study also highlighted that the heterogeneity of the offshore areas was principally a matter of the
UML. This is a critical point, because the surface layer is the first to be influenced by climatic changes. Small
atmospheric changes could lead to increased ecological changes, altering the fragile balance of the

Southern Ocean.
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Captions to figures

Fig. 1. A: Map of the stations of the ROME 1 (red dots), ROME 2 (blue dots) and ROME 3 (green dots) areas.
Black-circled points indicate the POM sampling stations. B: ©/S diagram obtained from the entire available
dataset indicates the main water masses. Data from the three different areas (ROME 1, ROME 2 and ROME

3) are represented with different colours (red, blue and green, respectively).

Fig. 2. Sea-ice concentration maps of the Ross Sea for 1 December (A), 19 December (B), 7 January (C), 14
January (D). Red circles and numbers highlight the position of the ROME 1, ROME 2 and ROME 3 sampling

areas.

Fig. 3. Salinity (left column), temperature (central column) and measured currents (right column) in the

upper mixed layer for ROME 1 (A,B,C), ROME 2 (D,E,F) and ROME 3 (G,H.I).

Fig. 4. Vertical profiles of the variables averaged for each depth at each area (standard deviations are
reported). A: particulate organic carbon (POC), B: particulate organic nitrogen (PON), C: particulate organic
carbon/particulate organic nitrogen ratio (POC/PON), D: particulate proteins (PRT), E: hydrolysable
particulate proteins (h-PRT), F: particulate proteins/carbohydrate ratio (PRT/CHO), G: particulate

carbohydrates (CHO), H: hydrolysable particulate carbohydrates (h-CHO), I: particulate lipids (LIP).

Fig. 5. (A) Contribution of proteins (white), carbohydrates (light grey) and lipids (grey) to POC in the UML
(U) and deeper layer (D) for ROME 1, ROME 2 and ROME 3 areas. Black indicates the non-identified fraction
of POC, here called “other POC”. (B) Average contribution of the hydrolysable fraction of proteins and (C) of
the hydrolysable carbohydrates to the POC in the three areas. Standard deviations of POC are reported.

Vertical dotted lines: UML, oblique lines: deeper layer.
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Fig. 6. PCA for the entire ROME cruise and the previous studies in the upper mixed layer (UML, coloured
markers) and deeper layer (DL, blue markers). Two main groups (A and B) are composed of the sub-groups
al and a2 (A), bl and b2 (B). The ellipses are drawn following the results of the cluster analysis on the
normalised data (Euclidean distance = 1.8). See text and Table 2 for details. The vectors of the variables are

reported on the upper left of the plot.

Fig. 7. Plot of the POC concentration and caloric value of the POM for the upper mixed layer (A) and the
deeper layer (B). Black numbers and markers refer to the previous studies in the Ross Sea and coastal Terra
Nova Bay (TNB) (see Table 2 for reference details), red numbers and markers refer to the ROME cruise
results. Coloured boxes group the stations that have similar ice-related features (blue: pack-ice coverage,

green: marginal ice zone — MIZ, red: polynya) or belong to the coastal sites (violet). See Table 2 for details.
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668  Table 1. Position of the stations sampled for POM characterisation during the ROME cruise in 2014, depth of the

669 upper mixed layer (UML) and number of sampled depths for each station.

670
station date  longitude latitude UML depth sampled
(°E) (°S) (m) depths
ROME 1 9 16 Jan 173.87 75.00 38 5
11 16 Jan 172.03 75.00 29 5
13 16 Jan 170.76 75.00 32 5
16 17 Jan 169.50 74.83 15 5
18 17 Jan 169.51 74.51 17 5
20 17 Jan 169.88 73.99 14 5
ROME 2 33 26 Jan 166.06 74.70 18 4
34 26 Jan 165.75 74.76 13 5
36 27 Jan 165.18 74.88 12 5
39 27 Jan 166.06 74.86 24 4
43 27 Jan 164.98 74.79 14 4
45 28 Jan 165.49 74.82 15 5
ROME 3 48 31Jan 167.83 76.40 33 5
50 31Jan 168.65 76.40 36 5
52 1Feb 169.53 76.42 75 4
55 1 Feb 168.40 76.43 44 5
56 1 Feb 168.16 76.54 12 5
65 2 Feb 169.58 76.50 115 4
67 2 Feb 168.72 76.50 51 5
69 2 Feb 168.01 76.50 14 4
75 3 Feb 168.80 76.38 42 5

671


http://ees.elsevier.com/marsys/download.aspx?id=146969&guid=aeef2d4c-588d-47d2-a772-8d0d5c14d0b9&scheme=1

672  Table 2. Features of the stations sampled during previous researches, here used as a comparison for the ROME

673 cruise observations.

674
area season environmental station lat long reference
features °S °E
Ross Sea polynya MP 76.50 175.00
Miz 8 75.16 175.18
MIZ 10 74.84 174.88
spring MIZ 28 74.70 172.01 Fabiano et al. (2000)
MIZ 30 74.69 164.18
pack 27 71.94 174.98
pack 29 74.98 167.99
polynya 15 72.35 179.78
polynya 17 73.23 179.84
polynya 19 74.95 179.82 Fabiano et al. (1993);
early summer
polynya 21 74.98 174.87 Catalano et al. (1997)
MIZ 23 74.99 170.00
MIZ 25 74.95 165.25
Terra Nova Bay TNB 74.78 164.17 Povero et al. (2001)
summer coastal-open waters TNBa 74.75 164.17 Fabiano et al. (1995)
TNBb 74.70 164.13 Fabiano et al. (1997)

675



Table 3. Significant correlations between the different variables for each area investigated during the ROME
cruise. Underlined numbers: p<0.05, normal numbers: p<0.01, bold numbers: p<0.001. The number of
observation varied in the three Legs: in ROME 1 chlorophyll-a showed 13 observations, hydrolysable
carbohydrate and lipid 18, the other variables 28. In ROME 2 they were: 19, 12 and 25, respectively. In

ROME 3: 25, 13 and 40, respectively.

Chl-a PON POC PRT h-PRT CHO h-CHO
ROME 1 PON 0.68
POC 0.72 1.00
prt 0.73 0.99 1.00
h-PRT 0.76 0.94 0.95 0.97
CHO 0.71 0.97 0.98 0.98 0.94

h-CHO - 076 075 077 0.83  0.82

LIP 063 089 092 091 090  0.88 0.65
ROME 2 PON -

POC - 0.96

prt - 0.97  0.95

h-PRT - 0.89 090 0.94

CHO 065 068 081 077 0.79

h-CHO - - - - - 0.72

LIP - - - - - 0.53 0.63

ROME 3 PON 0.95
POC 0.95 0.99
prt 0.95 0.99 0.99
h-PRT 0.86 0.93 0.94 0.94
CHO 0.90 0.93 0.95 0.94 0.91
h-CHO 0.64 0.74 0.74 0.74 0.72 0.80
LIP 0.68 0.91 0.91 0.90 0.90 0.89 0.68

Chl-a: chlorophyll-a, PON: particulate organic nitrogen, POC: particulate organic carbon, PRT: proteins, h-

PRT: hydrolysable proteins, CHO: carbohydrates, h-CHO: hydrolysable carbohydrates, LIP: lipids.



Table 4. Multivariate statistical analysis (ANOSIM and SIMPER) for the two main groups A and B of the PCA
(Fig. 6) and the sub-groups al-a2 and bl-b2. Mean values * standard deviation for each group and sub-
group are reported (Particulate Organic Carbon (POC), proteins (PRT) and carbohydrates (CHO): pg I

protein/carbohydrate ratio (PRT/CHO): pg pg™).

ANOSIM SIMPER
groups R statistic significance variable % averagezsd averagezsd
AvsB 0.847 0.1% PRT 32 A: 281.4+62.9 B: 58.8447.5
PRT/CHO 25 3.611.0 2.1+0.9
CHO 24 90.0£32.9 32.7+£30.0
POC 19 242.855.0 72.4%£53.9
alvsa2 0.656 01% PRT/CHO 41 al: 4.3x0.7 a2: 2.90.4
CHO 36 63.1+15.7 115.1+£23.0
PRT 14 243.8+60.1 316.4+43.0
bl vs b2 0.903 01% CHO 47 bl: 159155 b2: 71.5+27.1
PRT/CHO 22 2.2+1.0 1.7¢0.4
POC 17 40.7+14.4 145.7+36.6

PRT 14 33.2+17.1 118.0+41.8
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