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Abstract 16 

During the austral summer 2011-2012, the metal quotas of Cd, Pb and Cu in the phytoplankton of Terra Nova Bay 17 

(TNB, Antarctica) were measured for the first time. Evolution of all the three metal distributions between dissolved and 18 

particulate fractions during the season was also evaluated. Metal concentrations were mainly affected by the dynamic of 19 

the pack ice melting and phytoplankton activity. In mid-December when TNB area was covered by a thick pack ice 20 

layer and phytoplankton activity was very low, all the three metals were present mainly in their dissolved species. When 21 

the pack ice started to melt and the water column characteristics became ideal (i.e. moderate stratification, ice free area), 22 

the phytoplankton bloom occurred. Cd showed a nutrient-type behaviour with dissolved and particulate fractions mainly 23 

influenced by phytoplankton activity. Cd quota showed a mean value of 0.12 ± 0.07nmol L-1 (30-100% of the total 24 

particulate). Also Cu showed a nutrient-type behaviour, with its quota in phytoplankton varying between 0.08 and 2.1 25 

nmol L-1 (20-100% of the total particulate). Pb features the typical distribution of a scavenged element with very low 26 

algal content (0.03 ± 0.02 nmol L-1, representing 20-50% of the total particulate). The vertical distribution of this 27 

element was influenced by several factors (e.g. pack ice melting, atmospheric inputs), the phytoplankton activity 28 

affecting Pb behaviour only partially. Metal:C ratios provide valuable information on the biological requirements for 29 

Cd, Pb and Cu, leading us to better understand their biogeochemical cycles.  30 

   31 
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1. Introduction 32 

The vertical distribution of a metal in Antarctic seawater is related to its biogeochemical cycle, which in turn is 33 

influenced by several parameters, i.e. biological activity, atmospheric inputs, mixing and stratification patterns, 34 

transport processes, melting of snow and pack ice, glacial input. In this context, marine phytoplankton play a key role. 35 

In fact, association with the cycle of growth, sinking and remineralization of phytoplanktonic cells (Collier and Edmond 36 

1984; Morel and Hudson, 1985; Bruland and Lohan, 2003) affects vertical and horizontal distributions of many trace 37 

elements in marine systems. Because of its remote location from anthropogenic influence, Antarctica is an ideal site to 38 

study the behaviour of trace elements in the environment and the natural processes influencing their distribution 39 

between abiotic and biotic components of the marine systems. 40 

Almost all the studies dealing with trace metals and phytoplankton can be classified into two main classes. The first 41 

includes studies based on metal-buffered laboratory culture experiments (Morel and Hudson, 1985; Sunda 1989; 42 

Santana-Casiano et al., 1995; Sunda and Huntsman, 1998; Sunda and Huntsman, 200; Gonzalez-Davila et al., 2000; Ho 43 

et al., 2003; Annett et al., 2008) with the aim to measure trace metal contents or quotas of phytoplankton, and to 44 

understand the mechanisms of phytoplankton metal uptake, on one hand, and to establish metal toxicity levels on 45 

natural phytoplankton community (Echeveste et al., 2014), on the other hand. The second class refers to the metal 46 

distribution between dissolved and total particulate fractions. In this case large volumes of seawater were sampled in 47 

order to separate the particulate matter, which, therefore, includes both organic and inorganic phases and among the 48 

organic one, both phyto- and zoo-plankton (Martin et al., 1976; Bruland et al., 1978; Collier and Edmond 1984; Honda 49 

et al., 1987; Bargagli et al., 1996; Dalla Riva et al., 2003). Recently, Twining and co-workers have optimized an 50 

alternative approach to measure the composition of individual plankton cells by using the synchrotron X-ray 51 

fluorescence microscopy, SXRF (Twining et al., 2003 Twining and Baines 2004; Twining et al., 2011; Twining et al. 52 

2015). They determined cellular quotas of the principal bioactive trace metals (Mn, Fe, Co, Ni, Cu and Zn) in the 53 

phytoplankton collected in several oceans worldwide (Twining et al., 2011; Twining et al., 2015).  54 

Despite growing interest in this subject, little is still known about trace metal contents in phytoplankton of the 55 

Southern Ocean. This area is considered the largest high-nutrient, low-chlorophyll (HNLC) region in the world, and 56 

holds the greatest content of macronutrients in surface waters. Nevertheless, this abundance of macronutrients generally 57 

coupled with modest rates of annual net primary productivity, even intense phytoplankton blooms occasionally develop 58 

(Arrigo et al., 2004). Generally, an inadequate abundance of trace elements is responsible of this low productivity. Due 59 

to its low concentrations in these waters, iron is considered the primary factor limiting phytoplankton productivity in 60 

this region (Boyd et al., 2007); on the other hand, an excess of some trace metals, such as Cu or Zn, may inhibit 61 
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phytoplankton growth, as well (Morel et al., 1994). In addition, this may also affect the distribution of other metals with 62 

different biogeochemical behavior and not directly related to biological activity (Capodaglio et al., 1998).  63 

Very few studies reported metal determinations in the organic particulate in Antarctica. Honda et al. (1987) 64 

measured metals on planktonic copepods and on krill collected in several sites of the Antarctic and other ocean waters. 65 

Bargagli et al. (1996) collected samples of phytoplankton and zooplankton at Terra Nova Bay, by using conical nylon 66 

-phytoplankton (2.1 ± 0.9 -1 dry 67 

weight, d.w.). Moreover, Bargagli et al. (1996) and Dalla Riva et al. (2003) reported the metal contents in some species 68 

of macro-algae (i.e. Iridea cordata, Phyllophora antarctica). Twining and Baines (2003) determined by SXRF 69 

elemental (P, S, Si, Mn, Ni and Zn) stoichiometries of individual plankton cells collected in the mixed layer of the 70 

Pacific sector of the Southern Ocean, evidencing differences in elemental composition for different types of cells (i.e. 71 

diatoms were enriched in Mn, Ni, and Zn relative to flagellates).  72 

Here we present trace metal contents (Cd, Pb and Cu) for micro- and nano-phytoplankton collected in the coastal 73 

Antarctic area of Terra Nova Bay during the 2011-2012 austral summer, for the first time. In our previous work (Truzzi 74 

et al., 2015), we have set-up and optimized an analytical methodology that provides the physical separation of micro-75 

and nano-phytoplankton from the inorganic particulate material, and the subsequent microwave digestion of the algal 76 

particulate. The metal distribution between dissolved and particulate fractions was also investigated. Our principal goals 77 

were i) to measure the metal quotas of the Antarctic phytoplankton by using a procedure of physical separation set-up 78 

by our group; ii) to evaluate the effects of the phytoplankton activity on the metal distribution; and iii) to assess the 79 

seasonal evolution of the different metal fractions in the Terra Nova Bay waters. 80 

 81 

 82 

 83 

2. Experimental 84 

 85 

2.1. Instrumentation 86 

Laboratory, apparatus, reagents and procedures used in this work were described in detail elsewhere (Truzzi et al., 87 

2015), however a brief summary is reported for the reader. 88 

Clean room laboratories with Class 5 areas (ISO 14644-1, formerly Class 100, US Fed. St. 209e) were available 89 

both in Antarctica and in Italy (Illuminati et al., 2015; Illuminati et al., 2016). The voltammetric instrumentation 90 

consisted of a Metrohm (Herisau, Switzerland) 746 VA Trace Analyser, equipped with a 747 VA Stand, a Teflon PFA 91 

cell, which includes an epoxy-impregnated graphite (Ultra Trace) rotating disk working electrode, an Ag/AgCl/3 M KCl 92 
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reference electrode (to which all potentials are referred throughout) and a glassy carbon rod counter electrode. A 93 

microwave accelerated reaction system (MARS 5) from CEM Corp. (Matthews, NC, USA), equipped with twelve 100-94 

mL HP-500 Plus Teflon PFA (perfluoroalkoxy copolymer) vessels, was used for the mineralization of all samples. A 95 

Zeiss Axiovert 25 inverted microscope was used for phytoplankton separation. A Binder (USA) oven model FD 115 96 

was used to dry phytoplankton samples. A Mettler XS205 electronic microbalance (readability 0.01 mg, repeatability 97 

SD±0.015 mg) was used for all weighings. The filtration apparatus was Sulfoflo Model 300 4100 from Nalgene 98 

(Rochester, -pore size membrane-filters (cellulose mixed esters Ø 47 mm, Schleicher 99 

& Schuell, Dassel, Germany). 100 

One 20-L GO-FLO bottle from General Oceanics (Florida, USA) was used for seawater collection along the water 101 

column. A CTD probe (mod. Ocean Seven 304 from Idronaut, Milan, Italy) and one multi-sensor fluorimetric probe, 102 

(mod. C6 from Turner Designs, Sunnyvale, CA, USA) were used to measure temperature, salinity and Chlorophyll a103 

along the water column. 104 

Low-density polyethylene (LDPE) bottles (Kartell, Italy) were used for both storage and subsequent treatments 105 

carried out in Italy before voltammetric analysis. LDPE bottles, GO-FLO bottle, cellulose mixed ester filters and all 106 

other plastic containers were decontaminated following the procedure reported in Annibaldi et al. (2015) and Illuminati 107 

et al. (2015). Briefly, careful and prolonged acid washings were applied using, in sequence, detergent solution, 1:10 108 

diluted analytical grade HNO3, 1:10 diluted superpure HCl and final storage in 1:1000 diluted superpure HCl until use. 109 

Similar acid washings were used for sampling equipment (GO-FLO bottle) and filtration apparatus. Membrane filters 110 

were cleaned by soaking twice in 1:10 diluted superpure HCl for one week and stored in 1:1000 diluted superpure HCl. 111 

Before use, GO-FLO bottle, filtration apparatus and membrane filters were three-times washed with ultrapure water and 112 

in-situ conditioned with seawater before the contact with samples. A procedure similar to LDPE bottles was also used 113 

for PFA microwave vessels except for that the final washing was carried out with 5:1 HNO3/HF solution.  114 

Clean room garments, masks and gloves were worn by the personnel, who followed clean room procedures strictly 115 

during all decontamination procedures, sample treatment and analysis phases.  116 

All the reagents used for the sample treatment and storage were of ultrapure grade (UpA from Romil, Cambridge, 117 

UK). Ultrapure water was of Milli-Q grade from Millipore (Bedford, MA, USA). Research-grade nitrogen (purity 118 

99.999 %) was from Sol (Monza, Italy). Certified reference materials NASS-6 (open ocean seawater) from National 119 

Research Council of Canada (NRCC, Ontanio, Canada) and BCR-414 (plankton) from Joint Research Centre (JRC, 120 

Bruxelles, Belgium) were used for accuracy tests. 121 

 122 

 123 
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2.2. Field sampling and sample treatment 124 

Terra Nova Bay (TNB) is a wide inlet occupying an area of about 6000 km2 in the western region of the Ross Sea, 125 

along the Victoria Land coast. The bay has one of the deepest continental shelf of the Ross Sea: the mean depth is 450 126 

m, but it is deeper close to the coast and exceeds 1000 m in the central part (Accornero et al., 2003; Cappelletti et al., 127 

2010). The main feature of TNB is a persistent coastal polynya. Katabatic winds, which originate over the Antarctic 128 

continental plateau and blow offshore, form the wind-driven flaw polynya as they shift the newly formed ice far from 129 

the coasts (Bromwitch and Kurtz 1984). Maximum of both micro-phytoplankton abundances and biomass in late 130 

December, followed by a decrease in January and a secondary peak in February characterize this area (Nuccio et al., 131 

2000). The TNB polynya has been intensely investigated by Italian researchers in recent years, studying the plankton 132 

community (Nuccio et al., 2000; Saggiomo et al., 2002; Accornero et al., 2003; Arrigo and Van Dijken 2004; Fonda 133 

Umani et al., 2005) the physical structure of the water column (Cappelletti et al., 2010); the nutrient and trace element 134 

distribution in sea water and in marine organisms (Capodaglio et al., 1989; Capodaglio et al., 1991a; Capodaglio et al., 135 

1991b; Capodaglio et al., 1994; Scarponi et al., 1995; Scarponi et al., 1997; Catalano et al., 1997; Capodaglio et al., 136 

1998; Scarponi et al., 2000; Grotti et al., 2001; Frache et al., 2001; Abollino et al., 2001; Dalla Riva et al., 2003; Corami137 

et al., 2005; Illuminati et al., 2010; Annibaldi et al., 2011a; Rivaro et al., 2012; Illuminati et al., 2016).  138 

 

. . 
BTN6 

T10 

MZS 

ROSS 
SEA 

TETHYS 
BAY 

Fig. 1. Map of the Terra Nova Bay area showing the location of the main Italian Station (MZ) and 

the two sampling sites, T10 and BTN6, during the 2011-2012 Antarctic campaign 
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During the 2011-2012 austral summer, Antarctic sea water samples were collected along the water column in two 139 

sites of Terra Nova Bay (Ross Sea, Fig. 1). The first sampling was carried out at mid-summer (December, the 15th, 140 

2011) in a site located at the entry of a TNB cove (called Tethys Bay141 

(MZS) nearby to Northern Foothills (site T10, bathymetry 240m, coordinates 74°41'10'' S  164°05'20'' E). The other 142 

two samplings were carried out at the end of summer (the first in January, the 20th and the second one in February, the 143 

5th, 2012) in the same area, but located in front of MZS (site BTN6, bathymetry 150m, coordinates 74°41'28'' S 144 

164°07'97'' E) and very close to the previous site. Seawater samples of mid-December were collected from a hole in the 145 

ice, since the presence of the pack-ice which covered most of the TNB area, in this period. The other two samplings 146 

were carried out after the pack-ice melting, from the resear  147 

Samples were collected by a 20-L GO-FLO bottle at three different depths: 5 m, fluorescence-maximum depth 148 

(varying between 8 and 15 m) and 100 m. In Italy, sea water samples were divided in various aliquots ( 500 mL) that 149 

were subjected to different treatments in order to obtain the different metal fractions. The first aliquot was acidified 150 

(raw sample) with ultrapure HCl (2:1000, pH 2) for the determination of the total metal concentration (Mtot). A second151 

aliquot (15-100 mL of the raw sample) was not acidified and subjected to a procedure previously set-up by our group152 

(Truzzi et al., 2015) for the separation of phytoplankton from the -  particulate, in order to determine the 153 

metal content or quota of phytoplankton (Mphyto). A third aliquot ( 500 mL) was filtrated through 0.45-µm pore size 154 

membrane filter and then acidified with ultrapure HCl (2:1000, pH 2) for the determination of the dissolved metal 155 

content (Mdiss). 156 

The physical separation of the phytoplankton from the non-living particulate was reported in detail in Truzzi et al., 157 

2015. Briefly, an aliquot of the sample (taken after a complete homogenization) was poured a little at a time in the 158 

Ütermohl chamber. After that, the phytoplankton cells were sucked with a modified Pasteur (to have the diameter of the 159 

capillary of the same order of magnitude as the micro algal cells) connected to a cell isolator. The diameter of 160 

phytoplanktonic isolated cells varied in the range of micro and nano phytoplankton (2-40 m). For each seawater 161 

sample, phytoplankton isolation was performed on three aliquots. To assure the representativeness of the micro and 162 

nano phytoplankton community, at least 100 cells were isolated per each aliquot, according to Lund et al. (1958) and 163 

Rott et al. (2007). Therefore, volume of seawater sub-samples observed at the inverted microscope for phytoplankton 164 

isolation varied from 15 mL to 100 mL.  165 

Before analysis, all the samples were subjected to microwave digestion after the addition of 1:1000 ultrapure H2O2,166 

in order to destroy organic matter, to leach bound metals, and to avoid possible adverse effects on the voltammetric 167 

determination (Kolb et al., 1992; Truzzi et al., 2015). Samples were irradiated at 100% power (300 W) for 36 min to 168 
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reach a temperature of 135°C, with a hold time of 2 min, and then they were further irradiated to reach a temperature of 169 

185°C in 18 min, with a hold time of 4 min. A cooling step of 15 min followed the microwave digestion.  170 

Total particulate metal concentrations (Mtotpart) were obtained by difference between the total and the dissolved 171 

concentrations. In our previous work (Annibaldi et al., 2011b), we tested the validity of the differential procedure 172 

Metot  Mediss, on seawater samples through direct determination of the metal particulate content and comparing the 173 

results with the computed one. Results demonstrated the consistence between the total content calculated by summing 174 

the dissolved and particulate concentrations and the total content measured directly on the raw sample solution. 175 

Metal stoichiometries were also calculated by normalizing trace metal quotas to carbon, as proxy of the biomass176 

according to Twining et al., 2015. Cellular C was calculated from the bio volume estimate for each cell, using the 177 

equation of Menden-Duer and Lessard (2000).  178 

Trace metal concentrations in the non-living particulate fraction (Mnoliv) were obtained by difference between total 179 

computed particulate and phytoplankton concentrations.  180 

 181 

 182 

2.3. Metal determination 183 

Metals (Cd, Pb and Cu) in seawater and in phytoplankton samples were determined simultaneously, by using the 184 

Square Wave Anodic Stripping Voltammetry (SWASV), in background-subtraction mode, according to procedures set-185 

up and optimized in our previous work (Truzzi et al., 2002; Truzzi et al., 2015). Briefly, the thin mercury film electrode 186 

(TMFE) was prepared by electrochemical deposition from 6  10-5 mol L-1 Hg(NO3)2 and 1.2  10-4 mol L-1 KCl 187 

 (Truzzi et al., 2008; Illuminati et al., 2013). Then, 188 

using 10-mL sample digested solutions purged with N2189 

mV with an electrode rotation of 3000 rpm. After a 30-s quiescent time, the anodic stripping voltammetric scan was 190 

carrie191 

parameters: frequency 100 Hz; square-wave amplitude 25 mV; potential step height 8 mV; step time 100 ms; current 192 

sampling time 3 ms. At the end of the scan, the electrochemical cleaning of the mercury film was carried out with the 193 

194 

were obtained before sample analysis by applying an equilibration potent  and an equilibration time of 195 

7.5 s. To verify the sample-to-sample repeatability at least three replicates on each sample were carried out and the 196 

mean value was used for the subsequent analysis. The quantification was carried out using the multiple standard 197 

addition method with at least three standard additions (and two measurements for each addition). All results were blank-198 

corrected.  199 
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 200 

 201 

2.4. Laboratory blanks and accuracy 202 

Repeated SWASV measurements of the laboratory blank were carried out during the period of work, with 203 

deposition times of 20 min. Measurements concerned both the solution of ultrapure HCl 2:1000 diluted with ultrapure 204 

water (blank solution) and the digested solution of 2:1000 diluted ultrapure HCl with the addition of 1:1000 diluted 205 

ultrapure H2O2 after microwave digestion (blank digestion). Results show that generally no voltammetric signals are 206 

observed for Cd and Cu, indicating metal contents below the detection limit (LOD) of the technique computed on the 207 

basis of the regression equation that fit the standard calibration curve (see for details Truzzi et al., 2014a, 2014b) for 20 208 

min deposition time, i.e. about 1-3 pmol L-1, with the exception of Pb for which an instrumental blank signal of 10 209 

pmol L-1 (Annibaldi et al., 2009; Annibaldi et al., 2011b) was observed.  210 

Phytoplankton separation from inorganic particulate was carried out under microscope and sucking with a Pasteur 211 

pipette. Considering that all these manipulations expose samples to possible contamination, further laboratory blank 212 

ion-213 

concentrations measured in the algal particulate. The blank contributions to the metal concentrations in the isolated 214 

phytoplankton represent quite high percentages. In particular, the values, reported as median (interquartile range), are 215 

22% (17 30%) for Cd, 50%(40 70%) for Pb, and 28%(8 45%) for Cu. The highest values referred to the lowest 216 

sample concentrations, in particular for Cd and Pb. This result is considered quite normal in the ultra-trace 217 

determinations involved in the analyses of the remote samples of this work. 218 

To ascertain accuracy and to assure comparability of data produced during metal determinations, analytical quality 219 

control of Cd, Pb and Cu measurements were carried out by analysing the NASS-6 certified reference material220 

Tab. 1. Accuracy tests on the NASS-6 certified reference material for open sea waters and on the BCR-414 certified 
reference material for plankton. 

 
 Metal concentrations 

NASS-6, ng L-1 BCR-414, µg/g 

Cd Pb Cu Cd Pb Cu 

Experimental 
valuses 

(n = 5-7) 

30 ± 4 6.0 ± 0.4 270 ± 39 0.39±0.02 3.8±0.2 28.3±0.6 

Certified 
values 

31 ± 2a 6 ± 2a 248 ± 25a 0.383±0.014b 3.97±0.19b 29.5±1.3b 

 +4 +0 9 2 +4 +4 
a ±expanded uncertainties 
b ±half-width of the 95% confidence intervals 
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(National Research Council of Canada, 1998) for seawater samples and the BCR-414 certified reference material for 221 

phytoplankton samples (European Commission, 2007). Certified reference materials were pre-treated and analysed 222 

following the same procedures applied to real samples. The results of the systematic measurements carried out on 223 

reference materials during the entire period were reported in Table 1. As shown by the table, concentrations of Cd, Pb 224 

and Cu measured in the collected samples were in good agreement with certified reference values within the 225 

experimental errors, showing a good accuracy of all the measurements. 226 

 227 

 228 

2.5. Ancillary measurements  229 

2.5.1. CTD data processing 230 

At each sampling site, the physical structure of the water column was profiled from the surface down to 100 m, with 231 

a vertical resolution of 0.5 m, using a CTD probe fitted with a fluorometer for the chlorophyll-a vertical distribution.  232 

The salinity is expressed according to the UNESCO practical salinity scale, PSS 1978 (UNESCO, 1981). 233 

Temperature and salinity data obtained from the CTD measurements were used to calculate the and the 234 

water column stability. The latter is proportional to the Brunt-Värsälä buoyancy frequency N2(z), which represents the 235 

strength of density stratification and it is defined by the equation 236 

 

where g is the gravitational acceleration, 237 

(Fofonoff and Millard, 1983; Agusti and Duarte 1999; Garcia et al., 2008). The depth at which the Brunt-Värsälä 238 

buoyancy frequency was estimated to be maximal represents the Upper Mixed Layer (UML), which also corresponds 239 

approximately to the middle of the pycnocline. The value of N2(z) was also taken as a stability index of the water 240 

column (i.e. what it is commonly called pycnocline strength). The depth at the base of the pycnocline corresponds to the 241 

top of the winter water and it is considered to be unaffected by the summer dilution or phytoplankton assimilation 242 

(Fabiano et al., 1993).  243 

 244 

 245 

2.5.2. Quali- quantitative analysis of phytoplankton 246 

At each station, discrete samples were collected at different depths for the quali-quantitative analysis of 247 

phytoplankton carried out following the Utermöhl method (Edler and Elbrächter, 2010). Immediately after collection 248 

seawater samples were preserved in dark glass bottles by adding 0.8% formaldehyde neutralized with 249 
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hexamethylenetetramine and stored at 4 °C. In Italy, 40-100 mL sub-samples were homogenized, settled in a cylinder-250 

chamber complex and then observed using the inverted microscope. During counting procedure, 30 random fields were 251 

examined at 400x magnification. All phytoplankton cells larger than 2 µm were identified and counted. Then the entire 252 

chamber was observed at 200x to assess the larger and less frequent organisms. Bio-volume was measured to evaluate 253 

-1) following Menden-Deuer and Lessard (2000). 254 

 255 

 256 

 257 

3. Results 258 

 259 

3.1. Environmental parameters. 260 

Data on the master hydrographic variables and phytoplankton community obtained at TNB during the sampling 261 

period (austral summer 2011-2012) are showed in Figures 2-3 and Table 2. 262 

 263 

3.1.1. Hydrography of the study area 264 

The seawater samples investigated in the present work have different origins in terms of the collection period. In 265 

fact, during most of the year, TNB is to a great extent ice covered (Cappelletti et al., 2010). Typically, the thickness of 266 

the pack ice is approximately 2 m and it reaches maximum extension in September. During spring and summer the pack 267 

ice starts to melt and, generally, from mid-December, TNB area is ice free. The 2011-2012 field campaign was atypical 268 

in this respect. The pack ice melted very late in summer (from mid-January) and the area was completely free from ice 269 

only at the end of January.  270 

Temperature and salinity varied from 1.90°C to +0.80°C and from 34.38 psu to 34.71 psu, respectively (Fig. 2). 271 

Density anomaly computed from temperature and salinity data varied from 27.07 kg m-3 to 28.90 kg m-3. 272 

During sampling in mid-December the pack ice covered the most part of Terra Nova Bay. In this period the 273 

4 68°C, while no stratification of the water 274 

column was observed, salinity and density increasing very gradually with depth (Fig. 2). 275 

Wide ice-free areas started to appear from mid-January, with the subsequent increasing of the solar radiation 276 

incident in the surface waters. As a result, the surface temperature was warmer (from 0.59°C to +0.63°C) and the 277 

salinity (34.25  34.47 psu) and density (27.78  27.65 kg m-3) were lower, due to sea-ice melting (Fig. 2). Consistent 278 

with the higher temperatures and salinities of the surface waters, the water column was stratified with an UML 20-m 279 

deep and a quite high strength of the pycnocline (N2(z) = 71.6 10-4 s-2). 280 
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The stratification of the water column following the pack-ice melting is typical of TNB (Scarponi et al., 1997; 281 

Catalano et al., 1997; Rivaro et al., 2012) and it persists until February. In the 2011-2012 Antarctic expedition ,seawater 282 

temperature reduced to 0.35 ± 0.18°C, and the thermocline extended deeper in the water column down to 80 m (Fig. 283 

2). Moreover, the UML was deeper ( 60 m) than in January, but the pycnoclyne was less strong (N2(z) = 39.6 10-4 s-2)284 

with salinities and densities quite stable in the water column. By consequence, the water column during the third 285 

sampling was less stratified, the conditions becoming to be quite typical of the incoming winter season.  286 

 287 

 288 

3.1.2. Chlorophyll-a and phytoplankton community 289 

Chlorophyll-a (Chl-a) concentrations measured during the 2011-2012 Antarctic summer ranged from 0.1 to 4.0 mg 290 

m-3 (Fig. 3). A clearly defined deep chlorophyll maximum (DCM), which closely followed the thermocline, was 291 
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Fig. 2. Vertical profiles of temperature (T), salinity (S) and density ( t) measured at Terra Nova Bay (sites T10 and 

BTN6) during the sampling dates of December, the 15th 2011, January, the 20th 2012, February, the 5th, 2012. 
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observed throughout the sampling period (excepting in December, when the DCM was less pronounced). In mid-292 

December, the Chl-a maximum concentration was high at the DCM ( 2.3 mg m-3) and very shallow (8-10 m depth), 293 

then in January, it decreased ( 1.5 mg m-3) and deepened ( 20-m depth). Greatest overall Chl-a content occurred in 294 

early February with values 50% higher than in mid-December, and with a deeper extension of the increased Chl-a 295 

concentration (down to 50-60 m).  296 

At 100 m-depth, Chl-a decreased to values close to zero, except in mid-December, when a secondary Chl-a peak 297 

(mean value 2.2 ± 0.7 mg m-3, as at the surface) was observed (Fig. 3). 298 

From the quali-quantitative analysis of phytoplankton, fifty taxa were identified and were grouped in the major 299 

groups of diatoms (Bacillariophyceae), dinoflagellates, phytoflagellates and cyanobacteria. Phytoplankton group 300 

abundance and biomass values are reported in Table 2.  301 

Total phytoplankton abundance ranged between 1.6  105 cells L-1 and 3.6  106 cells L-1, with a mean value of 302 

1.8  106 cells L-1 (Tab. 2). The total phytoplankton abundance showed a general increase in surface waters during the 303 

Antarctic summer, with maximum values on early February ( 3.4  106 cells L-1, Tab. 2). 304 
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Fig. 3. Vertical profiles of chlorophyll-a (Chl-a) concentrations measured at Terra Nova Bay (sites T10 and BTN6) on 

December, the 15th 2011, January, the 20th 2012 and February, the 5th, 2012. 
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The most abundant component was diatoms and phytoflagellates. Diatoms represented 70% of the total abundance 305 

ranging between 6.2  104 cells L-1 and 3.0  106 cells L-1 (Tab. 2). Among identified diatoms, the most abundant taxa 306 

were Fragilariopisis cf. curta, Chaetoceros spp., Pseudo-nitzschia subcurvata, and Rhizosolenia spp. In the upper 15 m 307 

of the water column, diatom abundance increased during summer, with values that reached a maximum in early 308 

February. Considering the vertical distribution, at station T10 (mid-December 2011), an increase of abundance was 309 

observed in the deepest waters, the highest values occurring at 100 m. On the contrary, at station BTN6 (January and 310 

February, 2012) the highest abundances were observed at the surface (within 15 m), while at the 100-m depth diatom 311 

concentrations were two order of magnitude lower.  312 

Phytoflagellates occurred with abundance values ranging from 8.9  104 cells L-1 to 1.6  106 cells L-1, representing313 

on average 30% of the total phytoplankton abundance (Tab. 1). Phytoflagellates were mainly represented by 314 

cryptophyceans, prasinophyceans, silicoflagellates (Dictyocha speculum and Octactis octonaria) and undetermined 315 

phytoflagellates. A seasonal peak of phytoflagellate abundance was observed in January in correspondence of the DCM316 

at 15-m depth, while in February abundance decreased to very low values. Their contribution to the total abundance did 317 

not show any marked variation in the three sampling periods. 318 

Dinoflagellates represented a very small fraction (on average 4%) of the total phytoplankton abundance with 319 

values ranging from 2.0  103 to 3.5  105 cells L-1, the highest value observing in December at the DCM. 320 

Tab. 2. Abundances (  106 cells L-1 -1) of the main phytoplanktonic taxa identified during the 
austral summer 2011-2012 in the studied sites of Terra Nova Bay (Western Ross Sea). Data are reported as means ±
10% SD for all the phytoplankton taxa. 
 

Sampling 
station, 
date and 
depth (m) 

Bacillariophyceae Dinoflagellates Phytoflagellates Total 

Abundance 
106 cells L-1 

Biomass 
-1 

Abundance 
106 cells L-1 

Biomass 
-1 

Abundance 
106 cells L-1 

Biomass 
-1 

Abundance 
106 cells L-1 

Biomass
-1 

T10 

15/12/2011 
        

5 m 0.19 27 0.007 9.2 0.27 0.90 0.47 37 
8 m 0.45 42 0.35 46 0.88 3.7 1.7 92 
100 m 0.99 68 0.002 1.1 0.15 0.40 1.1 70 

BTN6 
20/01/2012 

        

5 m 2.0 102 0.026 60 0.45 2.4 2.4 164 
15 m 1.8 83 0.064 46 1.6 4.4 3.6 133 
100 m 0.062 6.0 0.011 4.7 0.089 0.20 0.16 11 

BTN6 
05/02/2012 

        

5 m 3.0 716 0.10 170 0.27 0.80 3.4 887 
15 m 2.8 369 0.076 72 0.26 0.70 3.2 442 
100 m 0.066 6.1 0.008 7.6 0.21 0.60 0.28 14 
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Dinoflagellates were dominated by several Protoperidinium spp. and undetermined naked and thecate forms. Maximum 321 

abundances occurred at the DCM except in February when highest values occurred at the surface. The main peak of the 322 

dinoflagellate abundance was observed in mid-December at the DCM, even if a secondary and small maximum 323 

occurred in February (Tab. 2). 324 

A sporadic presence of filamentous cyanobacteria (Oscillatoriales) was also recorded. 325 

Considering the total phytoplankton biomass, a trend similar to that of abundances can be observed, with a more 326 

evident increase during summer and a general decrease through the water column (Tab. 2). Also in this case, the large 327 

contribution to the total biomass was produced by diatoms, with a proportion varying from 40% to 97% of the total. 328 

Dinoflagellates represented a variable fraction (from 2% to 50%), while phytoflagellates contributed for a few329 

percent (from 0.2 to 4%) to the total biomass, even if they represented the most abundant phytoplankton group, after 330 

diatoms.  331 

 332 

 333 

3.2. Metal distribution 334 

Results regarding the total concentrations of metals in seawater and their distribution between dissolved and 335 

particulate fractions, and among the latter the distributions between algal and inorganic phases, are reported in Tables 3, 336 

4 and 5. Seasonal variation of the studied metals are reported in Fig. 4, and total, dissolved, inorganic particulate and 337 

phytoplankton particulate concentrations measured in December, January and February are given for each element.  338 

 339 

3.2.1. Cadmium 340 

Cd showed a total concentration that ranged from 0.3 to 0.9 nmol L-1 (mean ± SD, 0.55 ± 0.21 nmol L-1, Tab. 3).341 

At the surface (upper 15 m), Cdtot decreased during summer by about 50%, ranging from 0.6 to 0.3 nmol L-1. At the 342 

depth of 100 m an opposite trend was observed, with values increasing of 30% in February (from 0.6 to 0.9 nmol 343 

L-1). Considering the water column, Cdtot was quite constant at mid-December, while in January and February, it 344 

showed an increasing trend from DCM to 100-m depth where it reached values 40-70% higher than at the surface (Fig. 345 

4a).  346 

Dissolved Cd represented a remarkable fraction (50-100%) of the total concentration with values ranging from 0.1 347 

to 0.9 nmol L-1 (0.46 ± 0.27 nmol L-1, Tab. 2). During summer and along the water column, Cddiss followed a trend 348 

similar to that of Cdtot. In mid-December, Cd was mainly present in its dissolved forms, representing 90% of the total. 349 

In January and February, at the surface, Cddiss decreased both in absolute and in relative terms, with values that were 40-350 
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60% of the total, while at the depth of 100 m, it increased greatly, reaching concentrations close to that of the Cdtot (Fig. 351 

4a).  352 

Cd in the particulate matter represented a variable fraction of the total content (20-50%) and it was almost totally 353 

distributed in the algal fraction, with values ranging between 0.03 and 0.18 nmol L-1. In mid-December, with the 354 

presence of the pack ice, particulate Cd was quite low (8-15% of Cdtot) and remained approximately constant with 355 

depth. In this period, Cdphyto was 30% of the total particulate at the surface and increased with depth to values close to 356 

Cdtotpart. In January-February, Cdtotpart increased at the surface and it was entirely associated to phytoplankton cells. At 357 

the depth of 100 m, Cdtotpart was not detectable. 358 

Cd stoichiometry, expressed as Cd:C ratio, ranged between 15 and 3 µmol mol-1 (Tab. 3). Seasonal variation and 359 

vertical gradient in this ratio was observed throughout the field campaign. At the surface, Cd:C remained practically 360 

constant with average values of 13 µmol mol-1 until February, where an 80% drawdown of the ratio was recorded. A 361 

clear seasonal variation was noticeable also in the Cd:C vertical profile. While during summer, Cd:C remained 362 

practically constant within the stratified layer, even at the DCM; in February it increased by ~50% matching the 363 

increase in phytoplankton abundance. At 100-m depth no cells were detected, excepting in mid-December, where the 364 

Cd:C was slightly lower ( 70%) than the surface. 365 

 366 

Tab. 3. Cadmium distribution between total concentrations, dissolved, total particulate, inorganic particulate and 367 
phytoplankton particulate fractions measured during the austral summer 2011-2012 in the three studied sites of Terra 368 
Nova Bay (Western Ross Sea). Cd:C ratios were also reported. Data reported as mean ± SD of at least three 369 
measurements.  370 
 371 

Sampling station, 
date and depth 

(m) 

Cd concentration, nmol L-1 
Cd:C ratios 

phytoplankton 
-1. Total 

Dissolved 
(% vs total) 

Total 
particulatea 
(% vs total) 

Inorganic 
particulatea 

Phytoplankton 
particulate 

(% vs. Tot part.) 

T10 
15/12/2011 

5 
 

0.60 ± 0.02 
 

0.51 ± 0.02 
(85%) 

0.09 ± 0.03 
(15%) 

0.058 ± 0.03 
 

0.03 ± 0.01 
(33%) 

11.4 ± 0.5 
 

8 
 

0.66 ± 0.02 
 

0.58 ± 0.02 
(88%) 

0.08 ± 0.03 
(12%) 

<d.l. 
 

0.08 ± 0.01 
(100%) 

12.2 ± 0.4 
 

100 
 

0.65 ± 0.02 
 

0.60 ± 0.02 
(92%) 

0.05 ± 0.03 
(8%) 

0.006 ± 0.039 
 

0.04 ± 0.01 
( 100%) 

8.0 ± 0.4 
 

BTN6 
20/01/2012 

5 
 

0.44 ± 0.03 
 

0.28 ± 0.02 
(64%) 

0.16 ± 0.04 
(36%) 

<d.l. 
 

0.18 ± 0.02 
( 100%) 

15.3 ± 0.4 
 

 
15 
 

0.44 ± 0.01 
 

0.28 ± 0.04 
(64%) 

0.16 ± 0.04 
(36%) 

0.02 ± 0.04 
 

0.14 ± 0.02 
(88%) 

14.5 ± 0.4 
 

 
100 
 

0.72 ± 0.04 
 

0.72 ± 0.03 
(100%) 

<d.l. 
(0%) 

<d.l. 
 

<d.l. 
 

<d.l. 
 

BTN6 
05/02/2012 

5 
 

0.29 ± 0.01 
 

0.12 ± 0.01 
(41%) 

0.17 ± 0.01 
(59%) 

<d.l. 
 

0.18 ± 0.04 
(100%) 

2.8 ± 0.3 
 

 
15  
 

0.25 ± 0.02 
 

0.12 ± 0.01 
(48%) 

0.13 ± 0.02 
(52%) 

<d.l. 
 

0.17 ± 0.04 
( 100%) 

5.4 ± 0.3 
 

 100 0.90 ± 0.03 0.90 ± 0.02 <d.l. <d.l. <d.l. <d.l. 
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  (100%) (0%)    
a ±SD computed as the square root of the sum of variances 372 
 373 

3.2.2. Lead 374 

Total Pb concentration ranged from 0.2 to 0.5 nmol L-1, with a mean ± SD of 0.31 ± 0.11 nmol L-1 (Tab. 4). A 375 

general increase of Pbtot was observed during summer, both in surface and deep waters (Fig. 4c). At the beginning of the 376 

austral summer, and in presence of a good stability of the water column, Pbtot did not vary with depth. When the pack 377 

ice melted, Pbtot decreased in correspondence of the fluorescence maximum of a percentage that increased during 378 

summer (from 25% in January to 50% at the beginning of February). At the depth of 100 m, values were comparable 379 

to those at the surface. 380 

Dissolved Pb showed mean concentrations of 0.21 ± 0.10 nmol L-1 and represented a fraction variable between 381 

40% and 100% of the Pbtot (Tab. 4). Contrary to the total, dissolved Pb remained almost constant at the surface, 382 

during summer, while it increased with depth, excepting in December where Pbdiss remained constant along the water 383 

column, as well as Pbtot (Fig. 4b). Therefore, the contribution of Pbdiss to the total content decreased during summer, and 384 

increased with depth. At the 100-m depth all the Pb was present as dissolved species (Tab. 4).  385 

Pb quotas in phytoplankton represented a variable fraction of both the total (10-20%) and the total particulate (20-386 

50%), with concentrations that ranged from values close to the detection limit to 0.06 nmol L-1 (mean ± SD, 0.03 ± 0.02 387 

nmol L-1, Tab. 4). At the surface, a general increase of Pbphyto was observed during summer, reaching values which 388 

represented 20% of the Pbtot at the end of the season. Variable vertical gradient of Pbphyto was observed during the 389 

sampling period (Fig. 4b). In mid-December, in presence of the pack ice, Pbphyto increased in the upper 10 m, then it 390 

remained almost constant down to the 100-m depth, with values being 10-15% of the total and 40% of the total 391 

particulate. When the pack ice melted (January), Pbphyto showed a maximum both in absolute and in relative terms, at392 

the DCM, while in February Pb quota was quite constant ( 0.04 nmol L-1) within the stratified layer, but its percentage 393 

to the total particulate increased with depth (from 19% to 60%). Both in January and in February, at the depth of 100 394 

m, Pb quotas were not detectable (Tab. 4). 395 

Pb:C in phytoplankton showed low values, ranging from 0.8 to 6 mol mol-1. It showed a peak in January, while 396 

it decreased to values close to zero, when the phytoplankton bloom occurred in February. Through the water column, 397 

Pb:C ratio generally reached the highest value at the DCM, excepting in December, when, the maximum of Pb:C was 398 

observed at the 100-m depth. In January and February, at the depth of 100 m Pb was absent in the phytoplankton cells.399 

 400 

 401 
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 402 

Tab. 4. Lead distribution between total concentrations, dissolved, total particulate, inorganic particulate and 403 
phytoplankton particulate fractions measured during the austral summer 2011-2012 in the three studied sites of Terra 404 
Nova Bay (Western Ross Sea). Pb:C ratios were also reported. Data reported as mean ± SD of at least three 405 
measurements.  406 
 407 

Sampling station, 
date and depth 

(m) 

Pb concentration, nmol L-1 
Pb:C ratio in 

phytoplankton
-1Total 

Dissolved 
(% vs total) 

Total 
particulatea 

(% vs. total) 

Inorganic 
particulatea 

Phytoplankton 
particulate 

(% vs. Tot part.) 

T10 

15/12/2011 

5 

 
0.23 ± 0.02 

 
0.19 ± 0.01 

(83%) 
0.04 ± 0.02 

(17%) 
0.04 ± 0.02 

 
<d.l. 

 
<d.l. 

 
8 
 

0.20 ± 0.01 
 

0.15 ± 0.01 
(75%) 

0.05 ± 0.01 
(25%) 

0.03 ± 0.01 
 

0.02 ± 0.01 
(53%) 

3.0 ± 0.5
 

100 
 

0.21 ± 0.02 
 

0.14 ± 0.01 
(67%) 

0.07 ± 0.02 
(33%) 

0.04 ± 0.02 
 

0.03 ± 0.01 
(43%) 

6.0 ± 0.4
 

BTN6 
20/01/2012 

5 
 

0.44 ± 0.03 
 

0.19 ± 0.01 
(43%) 

0.25 ± 0.03 
(57%) 

0.21 ± 0.04 
 

0.04 ± 0.03 
(16%) 

3.4 ± 0.8

 
15 
 

0.33 ± 0.01 
 

0.17 ± 0.01 
(52%) 

0.16 ± 0.01 
(48%) 

0.10 ± 0.01 
 

0.06 ± 0.01 
(38%) 

6.2 ± 0.3
 

 
100 
 

0.45 ± 0.03 
 

0.43 ± 0.02 
(98%) 

0.02 ± 0.04 
(4%) 

0.02 ± 0.04 
 

<d.l. 
 

<d.l. 
 

BTN6 
05/02/2012 

5 
 

0.43 ± 0.01 
 

0.17 ± 0.03 
(39%) 

0.26 ± 0.03 
(61%) 

0.21 ± 0.05 
 

0.05 ± 0.04 
(19%) 

0.79 ± 0.80
 

 
15 
 

0.20 ± 0.02 
 

0.13 ± 0.02 
(65%) 

0.07 ± 0.03 
(35%) 

0.03 ± 0.04 
 

0.04 ± 0.03 
(57%) 

1.3 ± 0.8
 

 
100 
 

0.32 ± 0.04 
 

0.31 ± 0.03 
(97%) 

0.01 ± 0.05 
(3%) 

0.01 ± 0.05 
 

<d.l. 
 

<d.l. 
 

a ±SD computed as the square root of the sum of variances 408 
 409 
 410 
 411 
 412 

3.2.3. Copper 413 

Total Cu concentration ranged from 3 to 5 nmol L-1 with a mean and standard deviation of 4.0 ± 0.7 414 

nmol L-1(Tab. 5). During summer, Cutot did not show great variations both at the surface and in deep waters, while it 415 

experienced a decrease at the DCM. In particular, in mid-December, with the presence of the pack ice, Cutot was 416 

constant within the upper 10 m and higher by 20% at 100 m. Then, when the TNB area was free from ice (in January 417 

and February), in the correspondence of DCM, Cutot decreased of about 20% with respect to the surface, while deep 418 

waters showed values 15-20% higher than in the surface (Tab. 5, Fig. 4c). 419 

Dissolved Cu was a remarkable fraction (from 50% to 90%) of Cutot, with mean ± SD of 2.8 ± 1.2 nmol L-1 (Tab. 420 

5). During the season, a general decrease ( 60%) of the surface concentration was observed (Fig. 4c). The contribution 421 

of Cudiss to Cutot also decreased, passing from 80% of the total in mid-December to 50% from mid-January. At the 422 

depth of 100 m, dissolved concentration remained almost constant during the season. Through the water column, Cudiss423 

showed a trend similar to that of Cutot, but with a more marked decrease in the surface (Fig. 4c). In mid-December, 424 
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Cudiss was constant within the upper 10 m of the water column, while, at the depth of 100 m it was 30% higher than the 425 

surface values. Also the percentage of Cudiss vs. Cutot slightly increased with depth ( 75% to 87%). In January and 426 

February, within the stratified layer, Cudiss greatly decreased both in absolute and in relative terms with values that were 427 

50% of Cutot. Conversely, in deep waters Cudiss remained very high in all the season and slightly increased reaching 428 

values that were 90% of the total.  429 

Cu quotas showed values ranging between 0.08 nmol L-1 and 2.1 nmol L-1, representing a variable fraction of the 430 

total and the total particulate (from 2% to 50% and from 20% to 100%, respectively, Tab. 5). At the station T10 431 

(December), particulate Cu was low ( 20% of Cutot) and slightly decreased with depth to values that were 13% of the 432 

total. In this period, Cuphyto was 40% of the Cutotpart at the surface, but since 10 m, it became the 100% of the total 433 

particulate. At the station BTN6 (January and February), Cutotpart increased at the surface and it was almost entirely (90-434 

100%) present into phytoplankton cells. At the depth of 100 m, Cutotpart drastically fell to values that were 7-10% of the 435 

Cutot and it was constituted only for the 20-30% by the fraction associated to phytoplankton cells (Tab. 5).  436 

Cu stoichiometry showed similar values ( 150 µmol mol-1) both in December and in January, and remained almost 437 

constant with depth (Tab. 5). In February, Cu:C ratio decreased of about 80% in surface waters ( 30 µmol mol-1, Tab. 438 

5), whereas at 100-m depth it returned to values similar to those of the previous two samplings. 439 

 440 

Tab. 5. Copper distribution between total concentrations, dissolved, total particulate, inorganic particulate and 441 
phytoplankton particulate fractions measured during the austral summer 2011-2012 in the three studied sites of Terra 442 
Nova Bay (Western Ross Sea). Cu:C ratios were also reported. Data reported as mean ± SD of at least three 443 
measurements.  444 
  445 

Sampling station, 
date and depth 

(m) 

Cu concentration, nmol L-1 
Cu:C ratio in 

phytoplankton,
mol-1 Total 

Dissolved 
(% vs total) 

Total 
particulatea 

Inorganic 
particulatea 

Phytoplankton 
particulate 

(% vs. Tot part.) 

T10 
15/12/2011 

5 
 

3.9 ± 0.1 
 

2.9 ± 0.1 
(76%) 

1.0 ± 0.2 
(24%) 

0.53 ± 0.17 
 

0.42 ± 0.06 
(44%) 

159 ± 1 
 

8 
 

3.9 ± 0.1 
 

2.9 ± 0.1 
(75%) 

1.0 ± 0.1 
(25%) 

<d.l. 
 

1.0 ± 0.1 
(100%) 

151 ± 1 
 

100 
 

5.0 ± 0.1 
 

4.36 ± 0.03 
(87%) 

0.6 ± 0.1 
(13%) 

<d.l. 
 

0.71 ± 0.05 
( 100%) 

142 ± 1 
 

BTN6 
20/01/2012 

5 
 

4.0 ± 0.1 
 

2.05 ± 0.02 
(52%) 

1.9 ± 0.1 
(48%) 

0.17 ± 0.15 
 

1.8 ± 0.1 
(91%) 

150 ± 1 
 

 
15 
 

3.1 ± 0.1 
 

1.7 ± 0.1 
(54%) 

1.4 ± 0.2 
(46%) 

0.01 ± 0.23 
 

1.4 ± 0.2 
(99%) 

147 ± 1 
 

 
100 
 

4.7 ± 0.1 
 

4.4 ± 0.1 
(93%) 

0.33 ± 0.14 
(7%) 

0.25 ± 0.14 
 

0.08 ± 0.02 
(24%) 

102 ± 1 
 

BTN6 
05/02/2012 

5 
 

3.7 ± 0.1 
 

1.7 ± 0.1 
(46%) 

2.0 ± 0.2 
(54%) 

<d.l. 
 

2.1 ± 0.2 
( 100%) 

33.3 ± 0.6 
 

 
15 
 

2.9 ± 0.2 
 

1.4 ± 0.1 
(48%) 

1.5 ± 0.2 
(52%) 

0.07 ± 0.32 
 

1.4 ± 0.2 
(95%) 

46.0 ± 0.7 
 

 100 4.7 ± 0.2 4.2 ± 0.2 0.49 ± 0.23 0.36 ± 0.24 0.13 ± 0.08 130 ± 1 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

19

 

  (90%) (10%)  (27%)  
a ±SD computed as the square root of the sum of variances 446 
  447 
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 466 

  467 

Fig. 4. Distribution between total, dissolved, non-living particulate and phytoplankton particulate fractions of Cd (a), Pb 
(b) and Cu (c) in Terra Nova Bay during the austral summer 2011-2012. 
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4. Discussion 468 

This work presents first direct measurements of metal quotas in the phytoplankton collected from the coastal 469 

Antarctic site of Terra Nova Bay (Ross sea, Victoria Land). As stated in previous surveys, metal distributions in the 470 

coastal waters of TNB were mainly affected by the dynamic of the pack ice melting and the phytoplankton activity. In 471 

particular, surface and subsurface layers are strongly influenced by these two phenomena. 472 

The three metals here investigated have different biogeochemical characteristics in the ocean. Typically, cadmium 473 

follows a pattern similar to those of macronutrients, as phosphate and nitrate. Lead has a scavenged-type distribution, 474 

showing strong interactions with particles of different origin. This results in a gradual decrease of the dissolved forms 475 

with depth, as a consequence of the continual particle scavenging. Copper has a hybrid behaviour, its distribution being 476 

influenced by both recycling and relatively intense scavenging processes (Bruland and Lohan., 2003). 477 

The results are discussed below separately for each metal. 478 

 479 

Environment 480 

In the austral summer 2011-2012, the TNB polynya experienced a moderate diatom bloom in February, supported 481 

by a moderate stratification of the water column. 482 

Typically, the summer evolution of phytoplankton assemblages at TNB had the main peak between December and 483 

January, followed by a decrease in January and a secondary peak in February (Nuccio et al., 2000; Arrigo and Van 484 

Dijken 2004). During the 2011-2012 field campaign the pack ice melted very late in summer (mid-January) and only at 485 

the end of January the characteristics of the water column were ideal for the development of the phytoplankton bloom. 486 

This was also confirmed by the lower phytoplankton abundance and biomass values, as well as by chlorophyll-a 487 

concentrations observed in December with respect to the literature data (Nuccio et al., 2000; Saggiomo et al., 2002; 488 

Fonda Umani et al., 2005).  489 

In February, when the area was completely ice-free, phytoplankton abundance and biomass, as well as Chl-a,490 

increased to values typical of TNB in that period, as reported by previous surveys (Nuccio et al., 2000; Saggiomo et al., 491 

2002; Fonda Umani et al., 2005; Rivaro et al., 2012). Although fluorescence was higher in mid-December than in 492 

January, this early peak was not supported by phytoplankton abundance and biomass which both showed low values. In 493 

fact, water column characteristics (i.e. absence of stratification) of this period were not favourable to the development 494 

of the algal bloom. This discordance is related to the technique here used to measure Chl-a. In fact, Chl-a values were 495 

determined by fluorimetric methods which can sometimes overestimate or underestimate the effective Chl-a 496 

concentration, due to the superimposition with fluorescence bands of different pigments and/or of degradation products.497 

 498 
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Distribution of cadmium 499 

Relatively high vertical and seasonal variability of Cd distribution between dissolved and particulate fractions were 500 

observed, which are in good agreement with previous surveys carried out in the same area (Scarponi et al., 1995; 501 

Scarponi et al., 1997; Capodaglio et al., 1998; Scarponi et al., 2000; Frache et al., 2001; Abollino et al., 2001; Abollino 502 

et al., 2004), in the Ross Sea (Fitzwater et al., 2000; Corami et al., 2005), and in the Weddel Sea (Westerlund and 503 

Oehman 1991; Nolting and de Baar 1994).  504 

It is well known that Cd concentrations in the polar regions are subjected to two main phenomena. The first is 505 

related to the seasonal evolution of phytoplankton that can actively take up cadmium in productive surface waters. The 506 

second process is related to solute dilution, due to the ice melting during the austral summer, and to its concentration, 507 

when the pack ice is growing through the winter (Corami et al., 2005). In the present work, a surface summer decrease508 

(both in absolute and in relative terms) of Cd dissolved concentration was observed, with values ranging from 90% of 509 

the total in December, to values that were 40-60% of the total in February. The relationship between Cd concentration 510 

and biological activity is emphasized by the comparison of the vertical distribution of dissolved Cd and those of total 511 

phytoplankton biomass or abundance. A general negative linear correlation can be observed with biomass (r = 0.7687; 512 

p < 0.05) and with the phytoplankton abundance (r = 0.8535; p < 0.05). Therefore, Cd was taken up at the surface by 513 

phytoplankton which moved the metal from the dissolved fraction to the particulate one. 514 

Through the water column, Cd was released in seawater (dissolved fraction increasing), following the sedimentation 515 

of dead phytoplanktonic cells (Bruland and Lohan, 2003). At the same time, the concentration of particulate Cd was 516 

high in the surface layer and then it decreased with depth, reaching values close to the detection limit of the technique. 517 

It has to be noted that in February the concentration of the algal particulate Cd should be higher than in January, due to518 

the phytoplankton bloom. Conversely, Cd total particulate and, particularly Cd quota in phytoplankton had quite similar519 

concentrations in both January and February.  520 

The Cd:C ratio distribution was subjected to the same surface decrease of the Cd quotas in phytoplankton. As 521 

reported in the literature (Sunda and Huntsman, 1998; Sunda and Huntsman, 2000; Ho et al., 2003) a complex set of 522 

variables (bioavailability, phytoplankton species, light regime, concentrations of major nutrients and other trace metals) 523 

control the Cd content in phytoplankton. As stated in several studies based on culture experiments to assess metal 524 

accumulation by marine diatoms, competitions between metals (e.g. Zn2+ vs. Mn2+) may have as much influence on 525 

algal uptake of Cd as do variations in Cd concentrations. In addition, the relationships between metals can be further 526 

complicated in Fe-limited regions, such as the Southern Ocean (Sunda and Huntsman, 2000).  527 

Unfortunately, we did not measure neither Zn nor Fe concentrations. Nevertheless, if we consider data reported by 528 

Rivaro et al. (2012) in the same area of the present work, we can assert that during summer TNB experiences a Fe 529 
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limited condition, because of the requirement of this metal for the algal growth. Very few values are reported for Zn, 530 

and, in particular for its evolution during the season. In addition, from metal speciation studies reported by Scarponi et 531 

al. (1995), we can deduce the concentration of Cd ligands and labile Cd fraction. The latter represents the metal fraction 532 

potentially available to the biological uptake and varied greatly during summer, from 20% of the total Cd content at 533 

the phytoplankton bloom to 70% in presence of low algal abundance (Scarponi et al., 1995). Cd ligand concentrations 534 

followed an opposite trend to that of Cd labile fraction. Based on these literature data, we can speculate that a 535 

combination of Fe-limited conditions in TNB waters, a labile fraction summer reduction and a simultaneous increase of 536 

Zn requirement by phytoplankton could be responsible of the Cd-quota decrease in early February, when the 537 

phytoplankton bloom occurred. Additional studies are needed in order to elucidate the dissolved Cd speciation and the 538 

interactions between Cd and other competitive metals in modulating phytoplankton requirements for this metal. 539 

The Cd:C ratios reported in the present work are quite similar to those of phytoplankton of the North Pacific 540 

(Martine and Knauer, 1973; Martin et al., 1976). They are also in-line with several laboratory studies (Sunda and 541 

Huntsman, 1998; Sunda and Huntsman, 2000; Ho et al., 2003). If we reported our Cd algal concentrations per unit of 542 

phytoplankton mass as measured by Truzzi et al. (2015), we can compare it to literature data on cellular metal 543 

concentrations reported as mass fraction. Even if of the same order of magnitude, our Cd mass fraction values are 544 

generally lower than those of Bargagli et al. (1996) who reported Cd concentration of 2.1 ± -1 d.w. (dry weight). 545 

Nevertheless, this value referred to macro-546 

Our data are lower than those of Honda et al. (1987). The547 

authors found Cd values of 1.3 -1 d.w., but they determined metals in the entire plankton, with particular attention 548 

to the zooplankton component (copepods and Antarctic krill).  549 

 550 

 551 

Distribution of lead 552 

Total Pb concentrations showed a homogeneous distribution through the water column before the pack ice melting. 553 

In this period, Pb was dominated by its dissolved fraction, which slightly decreased with depth, while the particulate 554 

fraction slightly increased. This is in little contrast with the lead distribution observed in previous surveys at TNB. Both 555 

Scarponi et al. (2000) and Frache et al. (2001) reported a homogeneous distribution of dissolved and particulate Pb556 

through the water column, before the beginning of the pack ice melting. In the present work, the little depletion of 557 

dissolved Pb at the 100-m depth can be ascribable to the presence of phytoplankton abundance and biomass maximum 558 

at this depth, with the subsequent increase of Pb associated to the algal particulate fraction.  559 
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From January, Pb experienced a significant surface enrichment in the particulate fraction, whereas Pb in the 560 

dissolved fraction remained practically constant over summer. In fact, in this period most of the pack ice which covered 561 

TNB during winter and constituted an accumulation site of atmospheric input of pollutants of local and remote origins, 562 

broke up and melted, releasing particulate Pb in the seawater (Capodaglio et al., 1989; Frache et al., 2001; Dalla Riva et 563 

al., 2003). It should be noted that in February, when TNB area was completely ice-free, particulate lead surface 564 

maximum was probably due to the contribution of atmospheric particulate, as already observed by other authors (Frache 565 

et al., 2001). Therefore, total Pb concentration increased from December to January, and remained high also in 566 

February. 567 

At increasing depths the pack ice and atmospheric effects diminished and, by consequence, also the total particulate 568 

Pb which was 40% and 70% lower than at the surface, in January and in February, respectively. Moreover, in the 569 

correspondence of the DCM (15-m depth) a slight decrease of the dissolved Pb was also recorded. As observed in 570 

previous surveys (Scarponi et al., 1997; Frache et al., 2001; Corami et al., 2005), we hypothesised that decrease could 571 

be related to the phytoplankton bloom, with the biogenic particles responsible for scavenging dissolved Pb. It has to be 572 

noted that Pb is considered a toxic non-essential element with no known physiological requirements (Sunda 1989; 573 

Maeda and Sakaguki, 1990). Nevertheless, Pb can be absorbed to algal surfaces or complexed to organic material (e.g. 574 

exudates) released by algae at all growth stages (Santana-Casiano et al., 1995). 575 

At 100-m depth, both in January and in February, all the Pb dissolved fraction increased greatly, reaching values 576 

double of those at the surface. This Pb distribution is not common. As a scavenging-type element, Pb particulate, and in 577 

particular, the inorganic fraction, should increase with depth. Corami et al. (2005) and Scarponi et al. (1997) found a 578 

similar behaviour for Pb in other areas of the western Ross Sea. They assumed other local inputs (i.e. hydrothermal 579 

vents in volcanic areas, erosion due to glaciers) which could influence the distribution of Pb through the water column. 580 

However, further studies are necessary in order to give a better interpretation of this behaviour. 581 

Particulate Pb concentrations are in good agreement with values found in the literature for the same site (Frache et 582 

al., 2001; Corami et al., 2005) and for the Ross Sea offshore data (Papoff et al., 1996). Dissolved Pb showed values 583 

slightly higher than those reported in the literature (Scarponi et al., 1997; Capodaglio et al., 1998; Scarponi et al., 2000; 584 

Dalla Riva et al., 2003). These higher concentrations are probably related to recent increasing anthropogenic activities 585 

in the TNB area, following the building of a new South-Korean research station (opening ceremony in February 2014) 586 

which is very close to the sampling sites, together with the increased traffic from and to 587 

 588 

Pb stoichiometry showed values lower than the other two metals. Nevertheless, our ratios are higher than the very 589 

few data available in the literature for this metal in phytoplankton (Echeveste et al. 2014). It has to be noted that the 590 
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measured quotas include both intracellular and extracellular elements. Even if extracellular elements may not to be 591 

relevant for algal physiology, both fractions should be considered from a biogeochemical perspective. If we reported 592 

our Pb algal concentrations per unit of phytoplankton mass as previously done for Cd, we can compare our results to 593 

literature data on cellular metal concentrations reported as mass fraction. Our results are lower than data reported in the 594 

literature. Honda et al. (1987) found values of 0.46  -1 d.w. in the entire plankton, with particular attention to 595 

the zooplankton component (copepods and Antarctic krill), while Dalla Riva et al. (2003) found Pb values of596 

0.25 ± 0.07  g-1 but they referred to the thallii of two macroalgae (Iridaea cordata and Phyllophora antarctica). 597 

Pb:C ratio showed a small peak in January, while in February it decreased to values close to zero, as at the 598 

beginning of summer. The distribution of Pb stoichiometry seemed to follow the seasonal variation of pack ice. 599 

Therefore, we can hypothesize that the Pb:C peak in January was related to the entrapped phytoplankton cells that 600 

adsorbed Pb on their surface and that were released during the melting processes. Along the water column, Pb:C 601 

showed a maximum at the DCM, while it was below the detection limit at the depth of 100. The increase of Pb:C ratio 602 

at the DCM was probably due to an increase in the number of algal cells that adsorbed the metal on their external 603 

surfaces. 604 

 605 

 606 

Distribution of copper  607 

Total Cu concentration did not show significant variations during the austral summer, whereas dissolved and 608 

particulate fractions varied greatly in the same period. Dissolved and total particulate concentrations measured in the 609 

present work are in good agreement with values found by several authors in the same site (Capodaglio et al., 1994; 610 

Frache et al., 1997; Capodaglio et al., 1998; Grotti et al., 2001; Frache et al., 2001; Abollino et al., 2001; Abollino et al., 611 

2004; Corami et al., 2005) and in other Antarctic coastal areas (Westerlund and Oehman 1991; Fitzwater et al., 2000; 612 

Lai et al., 2008). In mid-December in the presence of the pack ice and with low surface values of the phytoplankton 613 

biomass (  C L-1), Cu was mainly present in its dissolved form ( 80% of the total). Total particulate Cu showed a 614 

surface maximum and a concentration decrease with depth. Even though the phytoplankton abundances were very low 615 

in this period, at the depth of 10 m, the particulate Cu was essentially associated to algal cells. 616 

When the pack ice melted, with the subsequent stratification of the water column and the phytoplankton bloom 617 

 C L-1 on January and 500  C L-1 on February), the Cu dissolved proportion618 

decreased in the surface layers by 50%. Moreover, in February, when the phytoplankton bloom occurred, Cu 619 

distribution in seawater showed a nutrient-type profile, with a surface depletion of dissolved Cu and an increase of the 620 

particulate fraction, particularly of the algal phase, which represented almost the totality of the particulate matter. As 621 
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reported by different authors for the same area (Frache et al., 1997; Grotti et al., 2001; Frache et al., 2001) surface 622 

maxima of total particulate Cu can be ascribed to various processes. It can be partly released as inorganic particulate by 623 

pack ice during the first phases of the melting process, and, partly, taken up by the biological material entrapped in the 624 

pack ice, as soon as this started to melt. At the depth of 100 m, a slight increase of the copper inorganic particulate 625 

fraction was observed in January and February together with high dissolved Cu, probably due to the release by 626 

phytoplankton cells. In mid-December, the particulate fraction of copper was mainly constituted by its algal component, 627 

because of the phytoplankton peak at this depth.  628 

Our Cu:C ratios are quite similar to North Atlantic values if we summed Cu stoichiometries calculated for each 629 

phytoplankton group by Twining et al. (2015). Nevertheless, they are significantly higher than those found in the 630 

Pacific and Southern Oceans by Collier and Edmond (1984), Martin and Knauer (1973), and Martin et al. (1976) and 631 

summarized by Bruland et al. (1991).  632 

Cu:C ratios drastically decreased (by 80%) at the end of summer, while the quota of this metal in phytoplankton 633 

remained similar to that of January, as observed for Cd. Also for Cu, we hypothesise a change in copper requirement by 634 

algal cells. Cu is a bioactive metal that facilitates many biogeochemically significant processes such as nitrous oxide 635 

reduction (Stiefel, 2007), photosynthesis (Peers and Price, 2006), and aerobic ammonia oxidation (Walker et al., 2010). 636 

As other trace metal micronutrients (Fe, Cd, Zn), Cu has also the capacity to shape phytoplankton communities and in 637 

turn global pattern of primary productivity (Sunda 2012). In natural waters, Cu is typically complexed by two classes of 638 

ligands; the first is strong and of organic origin, while the second class of ligand is generally weak and probably made 639 

of refractory organic matter. These ligands reduce the Cu free ion concentrations and render it biologically unavailable 640 

(Donat et al., 1994). In the coastal area of TNB, dissolved Cu speciation is strongly affected by the concentration of the 641 

first ligand, which was generally low and varied greatly during season and with depth. In particular, this ligand 642 

increased after the pack ice melting and at the DCM (Scarponi et al., 1994). Therefore, we can assume a change in the 643 

Cu speciation, with the reduction of its bioavailability, at the end of summer. We could hypothesize that the first class 644 

of ligands comprised dead phytoplankton cells or organic exudates released during the pack ice melting or resulted from 645 

the phytoplankton bloom of mid-December, which partially missed because of the prolonged pack ice covering of TNB.646 

Alternatively, we can hypothesise that phytoplankton itself produced copper complexing ligands to detoxify this metal 647 

in the environment, as suggested by Donat et al. (2004). Unfortunately, the ambient ligands that bind copper in 648 

Antarctic waters have not yet been structurally characterized, making it difficult to discuss this Cu:C ratio distribution, 649 

further. At 100-m the influence of the ligands greatly decreased, and Cu was again bioavailable to phytoplankton, which 650 

highly required the metal, even the low biomass and abundance.  651 

 652 
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 653 

 654 

Conclusions 655 

The distribution of Cd, Pb and Cu in dissolved, inorganic and algal particulate were investigated at Terra Nova Bay 656 

from December 2011 to February 2012. Due to the delay in the typical pack-ice melting process (in January instead of 657 

mid-December), only at the end of January, water column characteristics were ideal for the phytoplankton bloom, which 658 

occurred in February and it was composed largely of diatoms.  659 

Metal distributions in TNB area were mainly affected by the dynamic of the pack-ice melting and the phytoplankton 660 

activity.  661 

Metal quotas in phytoplankton as a percentage of the total and total particulate concentrations varied with depth and 662 

during the season, the highest values measured at the surface and in presence of the phytoplankton bloom. 663 

A general decrease of the Cd and Cu dissolved metal fractions coupled with the increase of the algal particulate 664 

fractions were observed at the surface waters during the austral summer 2011-2012. Cd was dominated by dissolved 665 

species and its vertical distribution was mainly controlled by nutrient-like biogeochemical cycling, with a surface 666 

phytoplankton uptake of dissolved Cd and a recycling along the water column. Also Cu was mainly dominated by 667 

dissolved species with a nutrient-like vertical profile in the presence of the phytoplankton bloom. Pb features the typical 668 

distribution of a scavenged element with a surface enrichment of the particulate fraction during summer. However, the 669 

vertical distribution of this element may be influenced by several factors (e.g. pack-ice melting, atmospheric inputs), 670 

with the phytoplankton activity affected Pb behaviour only partially. 671 

Metal:C ratios in phytoplankton provide valuable information on the biological requirements of trace metals, as well 672 

as of nutrients. Our data on metal stoichiometries are broadly similar to those measured in laboratory culture 673 

experiments and in other oceans worldwide. Cu and Pb are slightly higher than some literature data, probably because 674 

our metal quotas include both intracellular and extracellular metal fractions. Metal:C ratios showed different seasonal 675 

and vertical trends. Both Cd and Cu stoichiometries greatly decreased at the end of summer, probably due to a 676 

combination of controlling factors (bioavailability changes, competition with other bioactive metals) that occurred 677 

simultaneously, reducing and/or modifying the phytoplankton requirements for these metals. Pb:C ratios showed the 678 

lowest values, with respect to the other two metals., confirming its nature of non-essential element. Contrary to Cd and 679 

Cu, Pb:C was maximum at the end of January, when the pack ice melting released algal cells which could absorb 680 

bioavailable Pb onto their external surfaces. 681 

Direct measurements of metal quotas or stoichiometries in natural phytoplankton let us to better understand trace 682 

metal distribution between dissolved and particulate fractions along the water column. However, a better resolution of 683 
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the vertical profiles, as well as a more detailed seasonal sampling strategy coupled with more physical, chemical and 684 

biological parameters than temperature and salinity, (i.e. pH, dissolved oxygen, nutrients) would provide a better 685 

comprehension of the metal behaviour along the water column. In any case, our data highlight the significant influence 686 

of the phytoplankton on the distribution of Cd, Pb and Cu in seawater, showing a determinant role in their687 

biogeochemical cycles. 688 
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Tab. 1. Accuracy tests on the NASS-6 certified reference material for open sea waters and on the BCR-414 certified 
reference material for plankton. 

 
 Metal concentrations 

NASS-6, ng L-1 BCR-414, µg/g 

Cd Pb Cu Cd Pb Cu 

Experimental 
valuses 

(n = 5-7) 

30 ± 4 6.0 ± 0.4 270 ± 39 0.39±0.02 3.8±0.2 28.3±0.6 

Certified 
values 

31 ± 2a 6 ± 2a 248 ± 25a 0.383±0.014b 3.97±0.19b 29.5±1.3b 

 +4 +0 9 2 +4 +4 
a ±expanded uncertainties 
b ±half-widht of the 95% confidence intervals 

 
 
 
 

 

 
 



Tab. 2. Abundances (  106 cells L-1 -1) of the main phytoplanktonic taxa identified during the 
austral summer 2011-2012 in the studied sites of Terra Nova Bay (Western Ross Sea). Data are reported as means ±
10% SD for all the phytoplankton taxa. 
 

Sampling 
station, 
date and 
depth (m) 

Bacillariophyceae Dinoflagellates Phytoflagellates Total 

Abundance 
106 cells L-1 

Biomass 
-1 

Abundance 
106 cells L-1 

Biomass 
-1 

Abundance 
106 cells L-1 

Biomass 
 C L-1 

Abundance 
106 cells L-1 

Biomass
-1 

T10 

15/12/2011 
        

5 m 0.19 27 0.007 9.2 0.27 0.90 0.47 37 
8 m 0.45 42 0.35 46 0.88 3.7 1.7 92 
100 m 0.99 68 0.002 1.1 0.15 0.40 1.1 70 

BTN6 
20/01/2012 

        

5 m 2.0 102 0.026 60 0.45 2.4 2.4 164 
15 m 1.8 83 0.064 46 1.6 4.4 3.6 133 
100 m 0.062 6.0 0.011 4.7 0.089 0.20 0.16 11 

BTN6 
05/02/2012 

        

5 m 3.0 716 0.10 170 0.27 0.80 3.4 887 
15 m 2.8 369 0.076 72 0.26 0.70 3.2 442 
100 m 0.066 6.1 0.008 7.6 0.21 0.60 0.28 14 

 
 
 
 



Tab. 3ankton particulate fractions measured during the austral summer 2011-2012 in the three studied sites of Terra 
Nova Bay (Western Ross Sea). Cd:C ratios were also reported. Data reported as mean ± SD of at least three 
measurements.  
 

Sampling station, 
date and depth 

(m) 

Cd concentration, nmol L-1 
Cd:C ratios 

phytoplankton 
-1. Total 

Dissolved 
(% vs total) 

Total 
particulatea 
(% vs total) 

Inorganic 
particulatea 

Phytoplankton 
particulate 

(% vs. Tot part.) 

T10 
15/12/2011 

5 
 

0.60 ± 0.02 
 

0.51 ± 0.02 
(85%) 

0.09 ± 0.03 
(15%) 

0.058 ± 0.03 
 

0.03 ± 0.01 
(33%) 

11.4 ± 0.5 
 

8 
 

0.66 ± 0.02 
 

0.58 ± 0.02 
(88%) 

0.08 ± 0.03 
(12%) 

<d.l. 
 

0.08 ± 0.01 
(100%) 

12.2 ± 0.4 
 

100 
 

0.65 ± 0.02 
 

0.60 ± 0.02 
(92%) 

0.05 ± 0.03 
(8%) 

0.006 ± 0.039 
 

0.04 ± 0.01 
( 100%) 

8.0 ± 0.4 
 

BTN6 
20/01/2012 

5 
 

0.44 ± 0.03 
 

0.28 ± 0.02 
(64%) 

0.16 ± 0.04 
(36%) 

<d.l. 
 

0.18 ± 0.02 
( 100%) 

15.3 ± 0.4 
 

 
15 
 

0.44 ± 0.01 
 

0.28 ± 0.04 
(64%) 

0.16 ± 0.04 
(36%) 

0.02 ± 0.04 
 

0.14 ± 0.02 
(88%) 

14.5 ± 0.4 
 

 
100 
 

0.72 ± 0.04 
 

0.72 ± 0.03 
(100%) 

<d.l. 
(0%) 

<d.l. 
 

<d.l. 
 

<d.l. 
 

BTN6 
05/02/2012 

5 
 

0.29 ± 0.01 
 

0.12 ± 0.01 
(41%) 

0.17 ± 0.01 
(59%) 

<d.l. 
 

0.18 ± 0.04 
(100%) 

2.8 ± 0.3 
 

 
15  
 

0.25 ± 0.02 
 

0.12 ± 0.01 
(48%) 

0.13 ± 0.02 
(52%) 

<d.l. 
 

0.17 ± 0.04 
( 100%) 

5.4 ± 0.3 
 

 
100 
 

0.90 ± 0.03 
 

0.90 ± 0.02 
(100%) 

<d.l. 
(0%) 

<d.l. 
 

<d.l. 
 

<d.l. 
 

a ±SD computed as the square root of the sum of variances 
 
 



Tab. 4. Lead distribution between total concentrations, dissolved, total particulate, inorganic particulate and 
phytoplankton particulate fractions measured during the austral summer 2011-2012 in the three studied sites of Terra 
Nova Bay (Western Ross Sea). Pb:C ratios were also reported. Data reported as mean ± SD of at least three 
measurements.  
 

Sampling station, 
date and depth 

(m) 

Pb concentration, nmol L-1 
Pb:C ratio in 

phytoplankton
-1Total 

Dissolved 
(% vs total) 

Total 
particulatea 

(% vs. total) 

Inorganic 
particulatea 

Phytoplankton 
particulate 

(% vs. Tot part.) 

T10 

15/12/2011 

5 

 
0.23 ± 0.02 

 
0.19 ± 0.01 

(83%) 
0.04 ± 0.02 

(17%) 
0.04 ± 0.02 

 
<d.l. 

 
<d.l. 

 
8 
 

0.20 ± 0.01 
 

0.15 ± 0.01 
(75%) 

0.05 ± 0.01 
(25%) 

0.03 ± 0.01 
 

0.02 ± 0.01 
(53%) 

3.0 ± 0.5
 

100 
 

0.21 ± 0.02 
 

0.14 ± 0.01 
(67%) 

0.07 ± 0.02 
(33%) 

0.04 ± 0.02 
 

0.03 ± 0.01 
(43%) 

6.0 ± 0.4
 

BTN6 
20/01/2012 

5 
 

0.44 ± 0.03 
 

0.19 ± 0.01 
(43%) 

0.25 ± 0.03 
(57%) 

0.21 ± 0.04 
 

0.04 ± 0.03 
(16%) 

3.4 ± 0.8

 
15 
 

0.33 ± 0.01 
 

0.17 ± 0.01 
(52%) 

0.16 ± 0.01 
(48%) 

0.10 ± 0.01 
 

0.06 ± 0.01 
(38%) 

6.2 ± 0.3
 

 
100 
 

0.45 ± 0.03 
 

0.43 ± 0.02 
(98%) 

0.02 ± 0.04 
(4%) 

0.02 ± 0.04 
 

<d.l. 
 

<d.l. 
 

BTN6 
05/02/2012 

5 
 

0.43 ± 0.01 
 

0.17 ± 0.03 
(39%) 

0.26 ± 0.03 
(61%) 

0.21 ± 0.05 
 

0.05 ± 0.04 
(19%) 

0.79 ± 0.80
 

 
15 
 

0.20 ± 0.02 
 

0.13 ± 0.02 
(65%) 

0.07 ± 0.03 
(35%) 

0.03 ± 0.04 
 

0.04 ± 0.03 
(57%) 

1.3 ± 0.8
 

 
100 
 

0.32 ± 0.04 
 

0.31 ± 0.03 
(97%) 

0.01 ± 0.05 
(3%) 

0.01 ± 0.05 
 

<d.l. 
 

<d.l. 
 

a ±SD computed as the square root of the sum of variances 
 
 
 



Tab. 5. Copper distribution between total concentrations, dissolved, total particulate, inorganic particulate and 
phytoplankton particulate fractions measured during the austral summer 2011-2012 in the three studied sites of Terra 
Nova Bay (Western Ross Sea). Cu:C ratios were also reported. Data reported as mean ± SD of at least three 
measurements.  

 
a ±SD computed as the square root of the sum of variances 
 
 
 

Sampling station, 
date and depth 

(m) 

Cu concentration, nmol L-1 
Cu:C ratio in 

phytoplankton,
mol-1  Total 

Dissolved 
(% vs total) 

Total 
particulatea 

Inorganic 
particulatea 

Phytoplankton 
particulate 

(% vs. Tot part.) 

T10 
15/12/2011 

5 
 

3.9 ± 0.1 
 

2.9 ± 0.1 
(76%) 

1.0 ± 0.2 
(24%) 

0.53 ± 0.17 
 

0.42 ± 0.06 
(44%) 

159 ± 1 
 

8 
 

3.9 ± 0.1 
 

2.9 ± 0.1 
(75%) 

1.0 ± 0.1 
(25%) 

<d.l. 
 

1.0 ± 0.1 
(100%) 

151 ± 1 
 

100 
 

5.0 ± 0.1 
 

4.36 ± 0.03 
(87%) 

0.6 ± 0.1 
(13%) 

<d.l. 
 

0.71 ± 0.05 
( 100%) 

142 ± 1 
 

BTN6 
20/01/2012 

5 
 

4.0 ± 0.1 
 

2.05 ± 0.02 
(52%) 

1.9 ± 0.1 
(48%) 

0.17 ± 0.15 
 

1.8 ± 0.1 
(91%) 

150 ± 1 
 

 
15 
 

3.1 ± 0.1 
 

1.7 ± 0.1 
(54%) 

1.4 ± 0.2 
(46%) 

0.01 ± 0.23 
 

1.4 ± 0.2 
(99%) 

147 ± 1 
 

 
100 
 

4.7 ± 0.1 
 

4.4 ± 0.1 
(93%) 

0.33 ± 0.14 
(7%) 

0.25 ± 0.14 
 

0.08 ± 0.02 
(24%) 

102 ± 1 
 

BTN6 
05/02/2012 

5 
 

3.7 ± 0.1 
 

1.7 ± 0.1 
(46%) 

2.0 ± 0.2 
(54%) 

<d.l. 
 

2.1 ± 0.2 
( 100%) 

33.3 ± 0.6 
 

 
15 
 

2.9 ± 0.2 
 

1.4 ± 0.1 
(48%) 

1.5 ± 0.2 
(52%) 

0.07 ± 0.32 
 

1.4 ± 0.2 
(95%) 

46.0 ± 0.7 
 

 
100 
 

4.7 ± 0.2 
 

4.2 ± 0.2 
(90%) 

0.49 ± 0.23 
(10%) 

0.36 ± 0.24 
 

0.13 ± 0.08 
(27%) 

130 ± 1 
 











FIGURE CAPTIONS 
 
Fig. 1. Map of the Terra Nova Bay area showing the location of the main Italian Station (MZ) and 
the two sampling sites, T10 and BTN6, during the 2011-2012 Antarctic campaign 
 
Fig. 2. Vertical profiles of temperature (T), salinity (S) and density ( t) measured at Terra Nova Bay (sites T10 and 
BTN6) during the sampling dates of December, the 15th 2011, January, the 20th 2012, February, the 5th, 2012. 
 
Fig. 3. Vertical profiles of chlorophyll-a (Chl-a) concentrations measured at Terra Nova Bay (sites T10 and BTN6) on 
December, the 15th 2011, January, the 20th 2012 and February, the 5th, 2012. 
 
Fig. 4. Distribution between total, dissolved, non-living particulate and phytoplankton particulate fractions of Cd (a), Pb 
(b) and Cu (c) in Terra Nova Bay during the austral summer 2011-2012. 
 


