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 20 

Abstract 21 

Antarctic polynyas are among the most productive areas in the ocean. They are subjected to strong 22 

temporal variations, having profound effects on the local ecosystems. We tested the changes 23 

occurring in several biogeochemical features as well as in biological dynamics at the transition 24 

between late spring and summer in the Terra Nova Bay polynya, in the Ross Sea. 25 

Samplings were performed from January 17 to January 20 and after an interval of 5 days, from 26 

January 25 to January 26. Hydrological casts and water sampling were performed in the upper 125 27 

m at 14 stations. Chlorophyll a (Chl a), phaeopigment, dissolved and particulate organic carbon 28 

(DOC and POC) concentrations, prokaryotic and nanoplanktonic standing stocks, heterotrophic 29 

carbon production (
3
[H] – thymidine incorporation) and extracellular enzymatic activities were 30 

measured at selected depths. The first sampling period was characterized by spring conditions still 31 

maintained by the presence in the area of two mega-icebergs (B15 and C19), which caused a delay 32 

in the ice melting that started during the second survey. Chlorophyll a concentrations were highest 33 

during the first period whereas phaeopigments/Chl a ratio increased during the following sampling 34 

time suggesting a release of senescent phytoplankton from the melting ice, and a change in organic 35 

matter (OM) quality. No significant differences in DOC and POC concentration were detected 36 

between the two periods together with non varied abundances of prokaryotes and small protists.  37 

The changes in OM over time were evidenced also by changing exoenzymatic activity patterns. 38 

Notwithstanding the general variations occurring during the surveys, heterotrophic production and 39 

prokaryotic growth were not substantially modified, suggesting a rapid (timescales of days) 40 

adaptation of prokaryotes to changing organic matter quality for the maintenance of their metabolic 41 

requirements.  42 
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1. Introduction 47 

 48 

Dissolved Organic Carbon (DOC) represents the most important substrate on which heterotrophic 49 

marine bacterioplankton (Bacteria and Archaea) rely (Azam and Malfatti, 2007).  Its temporal 50 

dynamics are strongly related to seasonal phytoplankton growth (source) and microbial 51 

mineralization (sink) both in coastal and in offshore marine systems (e.g. Hansell et al. 2009). 52 

Prokaryotes transform, utilize and produce DOC; under strong predation, mainly exerted by 53 

heterotrophic nanoflagellates, their biomass is transferred to higher trophic levels. When grazing 54 

pressure is limited, their growth is mainly controlled by viral lysis and DOC availability (Azam et 55 

al., 1983). Since DOC is composed by a plethora of molecules with a wide spectrum of liability 56 

(Hansell, 2013), prokaryotes need to reshape its pool in order to obtain the compounds they need to 57 

sustain their metabolism (Arnosti, 2011). This transformation is typically performed by 58 

extracellular enzymes that make bioactive compounds (monosaccharides, amino acids, nucleotides, 59 

esters, etc.) available through the hydrolysis of more complex substrates (Hoppe, 1983). 60 

Extracellular hydrolytic enzymes can be constitutive or subjected to the specific cell metabolic state 61 

which can up- or down-regulate their production. Besides this, enzyme activity is inherently 62 

dependent on many environmental factors such as temperature, pH, substrate concentration and 63 

structure (Pomeroy and Wiebe, 2001; Arnosti, 2011).  64 

Strong seasonal increase of DOC concentration after phytoplankton blooms are typical of systems 65 

that receive high inputs of nutrients over the winter period and polar environments are not an 66 

exception. Many Antarctic coastal zones are characterized by the occurrence of polynyas, areas of 67 

seasonally recurring open water surrounded by sea-ice (Williams et al., 2007). Due to the combined 68 

effects of several factors (e.g. light availability, nutrients supply from the deepest layers and from 69 

the melting sea-ice), polynyas are among the most productive marine ecosystems (Sedwick and 70 

DiTuillo, 1997; Smith and Gordon, 1997; Arrigo and van Dijken, 2003b). The Ross Sea polynya, 71 

for example, experiences one of the widest spring phytoplankton blooms among the Southern 72 

Ocean (Sullivan et al., 1993; Arrigo and McClain, 1994) although the interannual variability in the 73 

timing of the bloom maximum varies year to year (Arrigo et al., 1998), being mainly related to sea 74 

ice dynamics and iron concentration (Smith et al., 2014). Carlson et al. (2000) report DOC increases 75 

of 15-30 μM where Phaeocystis and diatom (the dominant phytoplankton taxa in the Ross Sea; 76 

Smith and Asper, 2001) blooms are particularly intense. Where the blooms are small because of 77 

various controls on algal growth, DOC concentrations remain low (Sweeney et al., 2000). When 78 

compared to other systems with similar primary production rates, the Ross Sea DOC concentrations 79 

are generally modest (Carlson et al., 2000). On the contrary, it has been estimated that particulate 80 



organic carbon (POC) accumulation during austral summer can be as high as 90% of the total 81 

organic carbon pool (Carlson et al., 2000).  82 

The downward export of accumulated organic carbon can follow two main pathways, according to 83 

the biological or the physical pump (Chisholm, 2000). In the latter case, newly formed water masses 84 

can carry to the ocean interior both DOC and POC. In the former case, the sinking of particulate 85 

organic material occurs by means of marine snow, faecal pellets, dead organisms, etc. (see Catalano 86 

et al., 2009 for a review about C budgets in the Ross Sea). The biological pathway is tightly related 87 

to mineralization processes occurring in the euphotic layer i.e. respiration (following production) 88 

and degradation processes.  89 

The dynamics of planktonic microbes in the coastal Southern Ocean are known to display marked 90 

seasonal patterns (Smith et al., 2014, Pearce et al., 2007); it has also been shown that important 91 

variations occur on shorter timescales, as a consequence of defined environmental changes such as 92 

sea-ice melting and phytoplankton bloom development and break-down (Monticelli et al., 2003; 93 

Celussi et al., 2009b; Hyun et al., in press). 94 

During the XVIII Italian Expedition to Antarctica a set of 14 stations was sampled in Terra Nova 95 

Bay (Ross Sea) at the transition between late spring and summer. Samplings were performed in 96 

order to provide insights on the short-term dynamics of marine microbial plankton and 97 

biogeochemical features of surface polynya waters with a focus on the response of prokaryotes to 98 

fast environmental changes (sea-ice melting). 99 

 100 

2. Material and methods 101 

 102 

2.1 Sampling 103 

Sampling was carried out onboard the R/V Italica in the Ross Sea (Antarctica) as a part of the 104 

Italian National Program for Antarctic Research (PNRA) in the framework of the CLIMA Project 105 

(Climatic Long-term Interactions of the Mass balance in Antarctica).  Stations were located in the 106 

Terra Nova Bay polynya and were sampled from January 18
th

 to 26
th

 2003 (Fig.1). Hydrological 107 

casts and water samplings were performed using a SBE 9/11 Plus CTD equipped with different 108 

sensors (double temperature and conductivity sensors, oxygen, light transmission, fluorescence, pH) 109 

coupled with a SBE 32 Carousel sampler, carrying 24 12-L Niskin bottles. Temperature and 110 

conductivity sensors were calibrated before and after the cruise at the SACLANTCENTRE of La 111 

Spezia (Italy). The major sensors used have the following ranges and accuracy: pressure 0/10,000, 112 

1.56 psi; temperature -5/+35, 0.002 °C; conductivity 0/7, 0.0003 S m
-1

. 113 



Samples for chemical and biological analyses were collected at selected depths (from 2 to 5) in the 114 

upper 120 m. Detailed information about sampled parameters, stations and depth is provided in 115 

Supplementary Table 1. 116 
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Fig. 1. Sampling stations in Terra Nova Bay (Ross Sea, Southern Ocean). Stations indicated with a full circle (stations 4 119 

to 14) were sampled during the first period (18-21 January 2003); stations indicated with a full square (station 16 to 26) 120 

were sampled during the second period (25-27 January 2003). Image drawn by means of the ODV software (Schlitzer, 121 

2014) 122 

 123 

2.2 Biogeochemical analyses 124 

The analysis of chlorophyll a (Chl a) and phaeopigments (Phaeo) was carried out on board. 125 

Samples (1 L) were filtered onto glass fibre filters (Whatman GF/F) and stored at –20°C. Pigments 126 

were extracted overnight in the dark at 4°C with 90% acetone from the homogenate filter and 127 

determined spectrofluorometrically according to Lorenzen and Jeffrey (1980). The measurements of 128 

Chl a were performed before and after acidification with 2 drops of HCl 1 N by means of a 129 

Shimdzu RF-1501 spectrofluorometer at 450 nm excitation and 665 nm emission wavelengths. 130 

Calibration was made with pure Chl a standards from spinach (Sigma).  131 

Samples for DOC analyses were filtered immediately after collection through precombusted (4h at 132 

480°C) and acidified (HCl 1 - 2 N) Whatman GF/F and stored frozen (- 20 °C) in 20 ml glass vials 133 

(previously treated with chromic acid for 24 h, washed with Milli-Q water and precombusted 4h at 134 

480°C). All vials were rinsed three times with the respective sample water before filling to the 135 

appropriate volume and immediately closed with teflon-lined screw caps. Before analysis, the 136 



samples were acidified to pH < 2 using 100 µL of a HCl 6 N solution and purged for 8 min using 137 

high-purity oxygen bubbling (150 mL min
-1

). DOC analyses were made with the HTCO method 138 

using a Shimadzu TOC 5000A with a quartz combustion column in the vertical position filled with 139 

1.2 % Pt on silica pillows with an approximate diameter of 3 mm (Cauwet, 1994). Details on the 140 

procedure are reported by Celussi et al. (2009a). 141 

Particulate Organic Carbon (POC) concentrations were measured on samples (1 L) filtered onto 142 

precombusted (450 °C for 4h) Whatman GF/F. Filters were placed in precombusted glass tubes and 143 

dried at 60°C. POC was determined by high temperature oxidation using a CHNS 2400 Perkin 144 

Elmer Elemental Analyzer after acidification with 1 N HCl to remove the inorganic carbon 145 

(UNESCO, 1994).  146 

 147 

2.3 Microbial abundance and prokaryotic activities 148 

Prokaryote and nanoplankton (heterotrophic nanoflagellates –HNF– and Phaeocystis cells) 149 

abundances were determined by epifluorescence microscopy after staining the cells with 4,6-150 

diamidino-2-phenylindole (DAPI, Sigma) at 1 g mL
-1

 final concentration (Porter and Feig, 1980). 151 

For prokaryotes, samples (10 mL) were fixed with 2% final concentration of borate-buffered 152 

formalin (prefiltered through a 0.2 µm Acrodisc filter). Subsamples were filtered in triplicate onto 153 

0.2 µm black polycarbonate filters (Nuclepore). For nanoplankton, 250 mL were preserved with 154 

glutaraldehyde (1% final concentration). Subsamples (30-40 mL) were filtered onto 0.8 µm black 155 

polycarbonate filters (Nuclepore). Filters were mounted on microscope slides, between layers of 156 

non-fluorescent immersion oil (Olympus), and counted within a few hours using an Olympus BX 157 

60 F5 epifluorescence microscope at X 1000 under a UV filter set (BP 330–385 nm, BA 420 nm). 158 

A minimum of 300 cells were counted for each filter.  159 

Heterotrophic C Production (HCP) was assayed by the incorporation of [
3
H]-thymidine according to 160 

Fuhrman and Azam (1982) and Smith and Azam (1992). Triplicate (1.7 mL) samples and one killed 161 

control (5% trichloracetic acid, f. c.) were amended with 20 nM of [
3
H]-thymidine and incubated 162 

for 5 h at in situ temperature. Incubations were stopped with 100% TCA (5% f. c.).The extraction 163 

was carried out with sequential washing with 5% TCA and 80% ethanol. The incorporated 164 

radioactivity was counted using a liquid scintillation counter (Packard Tri-Carb 2900 TR). One 165 

millilitre of scintillation cocktail (Ultima Gold MV; Packard) and a 3 min counting time were used. 166 

Thymidine incorporation was converted into prokaryotic heterotrophic production using conversion 167 

factors of Ducklow et al. (1999) established for the Ross Sea bacterial communities (8.6 x 10
17

 cells 168 

mol
-1

). Carbon content of bacterial cells was taken as 1.87 x 10
8
 μg C per cell (Lochte et al., 1997)  169 



Extracellular enzymatic activities were assayed on board using fluorogenic substrate analogues 170 

(Hoppe, 1993) derived from 7-amino-4-methylcoumarin (AMC) and 4-methylumbelliferone 171 

(MUF). Leucine aminopeptidase activity (LAP) was assayed as the hydrolysis rate of leucine-AMC. 172 

ß-D-glucosidase (BGLU), lipase (LIP) and alkaline phosphatase activities (AP) were assayed using 173 

MUF-ß-D-glucoside, MUF-oleate and MUF-phosphate, respectively. Enzyme activities were 174 

expressed in terms of the rate of MUF or AMC production. The substrates were added to 2.5 ml 175 

samples at 50-200 μM final concentration (as detailed in Celussi et al., 2009a) and incubated for 3-6 176 

h in the dark at in situ temperature. All samples were run in triplicate with 0.2 µm filtered and 177 

boiled seawater as controls. Increase of fluorescence due to MUF and AMC hydrolysed from the 178 

model substrates was measured using a Shimadtzu RF-1501 spectrofluorometer (MUF = 365 nm 179 

excitation and 455 nm emission; AMC = 380 nm excitation and 440 nm emission). Standard 180 

solutions of MUF and AMC were used to perform calibration curves. Results are expressed in terms 181 

of maximum velocity of hydrolysis (Vmax).  182 

 183 

2.4 Statistical analysis 184 

In order to highlight significant differences in the measured parameters between the two periods, 185 

data were integrated along the water column (in order to minimize depth-related variations) by 186 

means of the trapezoid method and then the nonparametric Mann-Whitney test was performed 187 

(STATISTICA, StatSoft). 188 

In order to highlight the main spatial and temporal pattern in organic matter degradation a cluster 189 

analysis was performed by using LIP, AP, LAP and BGLU as variables (Celussi and Del Negro, 190 

2012). The analysis was performed by creating a correlation-based distance matrix for all pairs of 191 

sampling. The dendrogram was then built by using the unweighted pair-group average method 192 

(STATISTICA, StatSoft). 193 

 194 

 195 

3. Results 196 

Potential temperature / salinity profiles (Fig. 2) highlighted two distinct situations: the first one is a 197 

typical spring situation, with a linear mixing in the surface and subsurface layers down to 100 m 198 

depth and almost isotherm to the bottom. Surface water did not present the characteristics of real 199 

surface water, but seemed the result of modified circumpolar deep water and in situ water below the 200 

sea-ice: sea ice in fact is not yet melt and large amount of fast ice is still present. During the second 201 

sampling, after the 5 days gap, the situation was quite different. In the intermediate and bottom 202 

layers the thermohaline field was unchanged as in the surface layer below  
n = 28.27 kg m

-3
, from 203 

20-30 m depth down to 100. At the surface ice melting was occurring with a strong decrease of 204 



salinity (range from 34.5 to 34.25) and a consequent small decrease of potential temperature. This is 205 

particularly evident in the upper 20 m.  206 

 207 
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Fig. 2: Θ-S profiles of the upper 120 m during the first (A) and the second (B) sampling period. The plots also show the 210 

neutral density anomaly of two characteristic water masses, the   
n
 = 27.98 kg m

-3
, that usually serves as bound 211 

between AASW (Antarctic Surface Water) and MCDW (Modified Circumpolar Deep Water), and  
n
 = 28.27 kg m

-3 
212 

used to separate LCDW (Lower Circumpolar Deep Water) and the Ross Sea Shelf Water. 213 

 214 

Chlorophyll a concentrations were maximal during the first period, with values reaching 5.1 µg L
-1

 215 

(median 1.58 µg L
-1

) (Fig. 3). Concentrations at depths deeper than 50 m were lower, with minima 216 

varying between 0.04 µg L
-1

 and 0.30 µg L
-1

 at the bottom of the photic layer (100 - 120 m). In the 217 

second period Chl a concentrations decreased to a median concentration of 0.62 µg L
-1

, deeper 218 

values ranged between 0.05 µgl
-1

 and 0.30 µgl
-1

. Median depth integrated Chl a values decreased 219 

from 1.36 to 0.79 µg L
-1

 in the 2 considered periods (Table 1), being significantly different (Mann-220 

Whitney test: Z = 2.2; p = 0.03; N = 8). As the phytoplankton bloom progressed, depth integrated 221 

phaeopigments/chlorophyll a ratio significantly differed (Mann-Whitney test: Z = -1.9 ; p = 0.05; N 222 

= 8) increasing from 1.16 to 1.50 (median values of the 2 periods, Table 1). 223 

 224 
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Fig. 3: Depth profiles of Chlorophyll a (Chl a), Particulate Organic Carbon (POC), Dissolved Organic Carbon (DOC) 227 

concentration and Phaeocystis abundance in the upper 120 m during the first (full diamonds) and the second (open 228 

circles) sampling period. 229 



 230 

 231 

  Chl a 
Ph/Chl 

a DOC  POC Phaeocystis Prokaryotes  HCP μ HNF BGLU LIP AP LAP 

   (μg L
-1

)  (μM) (μM) (10
6
 cell L

-1
) (10

9
 cell L

-1
) (ngC L

-1
 h

-1
) (d

-1
) (10

6
 cell L

-1
) (nM h

-1
) (nM h

-1
) (nM h

-1
) (nM h

-1
) 

Period I 

median 1.36 1.16 46.97 46.00 0.65 0.27 29.83 0.13 0.22 0.11 0.31 0.19 2.68 

st.dev 0.37 0.33 4.26 8.16 0.71 0.06 29.84 0.18 0.14 0.19 0.23 0.92 4.48 

N 8 8 8 8 8 8 4 4 8 4 4 4 4 

Period II 

median 0.79 1.50 50.95 53.53 0.65 0.26 30.60 0.15 0.34 0.38 4.05 3.02 1.62 

st.dev 0.29 0.27 10.19 10.39 0.65 0.10 8.53 0.05 0.24 0.47 3.40 1.81 1.05 

N 6 6 6 6 6 6 4 4 6 4 4 4 4 

 232 

 233 

Table 1: Median, standard deviation and number of observations of depth integrated values obtained during the first (January 17
th

 to 20
th

) and the second (January 25
th

 and 26
th

) 234 

period. Text in bold denotes significant differences between periods (p < 0.05) according to the Mann-Whitney test. Chl a = chlorophyll a concentration; Ph/Chl a = 235 

phaeopigments/chlorophyll a concentration ratio; DOC = Dissolved Organic Carbon; POC = Particulate Organic Carbon; HCP = Heterotrophic Carbon Production; μ = specific 236 

growth rate; HNF = Heterotrophic NanoFlagellates; BGLU = β-glucosidase activity; LIP = Lipase activity; AP = Alkaline Phosphatase activity; LAP = Leucine AminoPeptidase 237 

activity.  238 

 239 



 240 

POC concentrations varied between 25 µM and 87 µM in the first period with a median 241 

concentration of 46 µM (Fig. 3); in the second sampling time frame the median value increased to 242 

57 µM, with concentrations ranging from 35 µM to 76 µM. Values generally decreased with depth, 243 

reaching minima at the bottom of the photic layer. No statistical difference was found between 244 

period I and II. 245 

Concentrations of DOC were heterogeneously distributed throughout the photic layer of the water 246 

column. In the first days, values varied between 34 µM and 65 µM, with a median of 47 µM (Fig. 247 

3); afterward concentrations generally increased showing slightly higher values (although not 248 

significantly different, on an integrated basis), reaching a maximum of 83 µM (median 49 µM) 249 

(Fig. 3).  250 

Abundances of Phaeocystis showed a general decreasing trend during both periods and did not vary 251 

along with time (Fig. 3, Table 1). The maximum, equal to 4.4 × 10
6
 cell L

-1
, was found at the 252 

surface of station 26. 253 

Prokaryotic abundance was rather homogeneously distributed throughout the study period, 254 

averaging 3 × 10
8
 cell L

-1 
(Fig. 4). During the first period the maximum abundance (4.5 ± 0.4 × 10

8
 255 

cell L
-1

) was observed at the surface at station 11, showing a general depth-related decrease, to a 256 

minimum of 1.0 ± 0.1 × 10
8
 cell L

-1
 (station 11, 100 m). A similar trend was observed in the last 257 

days, with values ranging from 1.4 ± 0.1 (station 21, 100 m) to 5.1 ± 0.3 × 10
8
 cell L

-1
 (station 19, 258 

surface).    259 
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Fig. 4: Depth profiles of Prokaryote abundance, Heterotrophic Carbon Production (HCP) rates, prokaryotic specific 261 

growth rates (μ) and Heterotrophic Nanoflagellate (HNF) abundance in the upper 120 m during the first (full diamonds) 262 

and the second (open circles) sampling period. Horizontal bars indicate the standard deviation. 263 

 264 

Rates of HCP did not significantly differ between the two periods (Table 1, Fig. 4), ranging from 265 

1.8 ± 0.0 to 113.1 ± 11.8 ngC L
-1

 h
-1

 during the first days and from 5.8 ± 0.4 to 71.9 ± 3.5 ngC L
-1

 h
-

266 

1
 during the last ones. Specific growth rates followed the same patterns as HCP, with a mean value 267 

of 0.15 d
-1

 during both sampling times.  268 



Mean HNF abundance changed from 3.2 × 10
5
 cell L

-1
, in the first period, to 5.7 × 10

5
 cell L

-1
 in the 269 

second period (Fig. 4). Notwithstanding these diverse mean values, depth-integrated cell abundance 270 

did not change significantly over time (Table 1). 271 

The fastest exoenzymatic activity was LAP (Fig. 5, Fig. S1) with values as high as 27.2 ± 0.5 nM h
-

272 

1
 (station 4, 20 m). Lipase activity was relatively fast during the second sampling period, reaching 273 

10.7 ± 0.9 nM h
-1

 at the surface at station 24. The hydrolysis of polysaccharides, by means of the 274 

enzyme β-glucosidase, was the lowest, being < 1 nM h
-1

 with the only exception of station 26, 275 

where the highest value equal to 2.8 ± 0.15 nM h
-1

 was measured at 20 m depth. The only 276 

hydrolytic activity that displayed significant differences between the two periods was alkaline 277 

phosphatase activity (Table 1). Its median integrated value during the first period was 0.19 (±0.92) 278 

nM h
-1

 and increased to 3.02 (±1.81) nM h
-1

 during the last days. 279 
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Fig. 5: Depth profiles of lipase, beta-glucosidase, alkaline phosphatase (AP) and leucine aminopeptidase (LAP) activity 281 

in the upper 120 m during the first (full diamonds) and the second (open circles) sampling period. Horizontal bars 282 

indicate the standard deviation. 283 

 284 

The cluster analysis applied to the enzymatic dataset (29 cases) highlighted three main clusters (Fig. 285 

6). The clustering grouped together samples analysed during the first period, those analysed during 286 

the second period (except station 26) and those relative to station 26, the latter highly diverse from 287 

the first two. The three groups were characterised by a prevailing (in one case by a co-dominance of 288 

two) hydrolytic activity. In particular, during the first days, LAP was higher than the other 289 

activities, fastest lipase and alkaline phosphatase activities characterised the last days and at station 290 

26 beta-glucosidase was the main degradative activity (surface excluded). 291 

 292 
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 293 
Fig. 6. Cluster analysis dendrogram of degradation patterns performed by using BGLU, LIP, AP and LAP as variables. 294 

The dendrogram was built from a correlation-based distance matrix for all pairs of sampling and clusters were formed 295 

using the unweighted pair-group average method. Labels indicate station numbers and depths. 296 

 297 

4. Discussion 298 

 299 

4.1 Short-term changes in water column chemistry and pigment dynamics 300 

 301 

During our survey the austral spring-summer dynamics were strongly influenced by the presence of 302 

two mega-icebergs (B15 and C19) that prevented the retreat of pack ice, causing a reduction of 303 

melting processes. In January 2003 in Terra Nova Bay, and in general all along Victoria Land, sea 304 

ice was not melt yet and we observed the presence of a widespread amount of fast ice (Arrigo and 305 

van Dijken, 2003a). The climate-induced changes in sea ice coverage have a marked impact on the 306 

timing and magnitude of the phytoplankton blooms in the highly productive Ross Sea. 307 

Phytoplankton blooms that develop later in the year (beginning in December-January) in the SW 308 

Ross Sea, are generally sustained by a high degree of stratification due to the melting of large 309 

amounts of sea ice. Not surprisingly, years with heavy sea ice covering are characterized by a delay 310 

in phytoplankton blooming and lower annual production than years with lighter sea ice cover 311 

(Arrigo and van Dijken, 2003a).  312 

During our first sampling period the water column photic layer showed a typical spring condition; 313 

surface and sub-surface layers seem to be the result of mixing between the modified circumpolar 314 

deep water with local Antarctic Surface Winter Water below the sea-ice (see Fig. 2). This condition 315 

is supported by very limited percentage of meltwater in the surface layers (< 0.4%; Rivaro et al., 316 

2011). At the end of January the sea-ice melting processes started: salinity and potential 317 



temperature decreased. The melting was not so intense (meltwater > 0.5%; < 1.5%, calculated 318 

according to Rivaro et al., 2011) due to the persistent wide distribution of sea-ice outside Terra 319 

Nova Bay, thus we were able to observe the potential temperature decreasing phase, due to the high 320 

melting latent heat. During the transition between the two periods the concentration of Chl a 321 

decreased from 1.36 to 0.79 µg L
-1

 and the Phaeo/Chl a ratio increased from 1.16 to 1.50 (median 322 

integrated values). Such values are rather low (even considering the maximum = 5.1 µg L
-1

; Fig. 3) 323 

if compared to phytoplankton bloom data in the Ross Sea (up to 11 µg L
-1

; Arrigo and van Dijken, 324 

2004; Mangoni et al., 2004). However, it must be taken into account that ice coverage limits the 325 

penetration of light in the water column, thus representing a limiting factor for primary production 326 

(Arrigo and van Dijken, 2004). The presence of high concentration of phaeopigments in the second 327 

part of the survey indicated a senescent stage of phytoplankton cells, or, most likely, it should be 328 

related to phytoplankton derived material released by ice melting processes. It has been previously 329 

observed that chlorophyll degradation products are usually more abundant in ice-edge zones where 330 

phytoplankton biomass is concentrated and, due to intense predation, phaeopigments are copiously 331 

found in faecal pellets of crustaceans (Mangoni et al., 2004). Furthermore, the non significant 332 

changes in Phaeocystis abundance (Fig. 3, Table 1) coupled with the significant ones in chlorophyll 333 

a concentration indicate that during the first period a higher relative abundance of diatoms was 334 

present (approximately 10-fold higher in abundance than in the second period, M. Cabrini, 335 

unpublished data). 336 

DOC concentrations measured during our study (median value 46 and 57 µM in the first and second 337 

period, respectively) are similar to those reported by Carlson et al. (1998, 2000) for the Southern 338 

Ross Sea and the lack of changes between the two periods indicate a relatively small rate of 339 

exudation by phytoplankton. 340 

We estimated POC/Chl a ratio with a Model II Regression (geometric mean) as in DiTullio and 341 

Smith (1996). POC/Chl a was = 128 in the first period [POC (µg L
-1

) = 128 Chl a (µg L
-1

) + 401] 342 

and 168 in the second period [POC (µg L
-1

) = 168 Chl a (µg L
-1

) + 512], within the ranges 343 

previously reported in the same area (Fonda Umani et al., 2002). Cifuentes et al. (1988) estimated 344 

that a POC/Chl a ratio value lower than 200 is characteristic of a predominance of newly produced 345 

phytoplankton, and that a value higher than 200 is characteristic of detrital or degraded material. In 346 

the second period the increased of both slope and intercept suggests a stronger presence of carbon 347 

detritus. POC/Chl ratio by DiTullio and Smith (1996) in a diatom-dominated system in the SW 348 

Ross Sea showed a POC/Chl a ratio relatively higher (210) than ours. Nevertheless, in the SE Ross 349 

Sea the same authors found in a Phaeocystis-dominated system a value substantially lower (92) than 350 

the ratios observed in the diatom-dominated waters. The intermediated values of ratio in our study 351 



are probably correlated to the presence of both Phaeocystis and diatoms. Garrison et al. (2003) 352 

showed that the development of phytoplankton assemblage in the Ross Sea is not always a simple 353 

progression from a Phaeocystis bloom in the spring to diatom-dominated conditions in the summer. 354 

In our study the evidence of ice melting during the second period strongly suggests that the 355 

proliferation of Phaeocystis-diatom phytoplankton assemblage was related to seeding from the 356 

melting ice.  357 

 358 

4.2 Prokaryotic response to short-term environmental changes 359 

 360 

In the different conditions that characterised the two sampling periods prokaryotic abundance did 361 

not change in a significant way. Although some studies describe a prompt response of prokaryotes 362 

to increased primary production (Obernosterer et al., 2008; Hyun et al., in press), it is generally 363 

reported that bacterioplankton blooms in Antarctic waters are not coupled to phytoplankton 364 

proliferation, but, more frequently, a time gap separates the growth of these groups (Bird and Karl, 365 

1999; Ducklow et al., 1999). The reasons behind this phenomenon are still controversial, indicating 366 

a high grazing pressure of bacterivores (Duarte et al., 2005) and/or a combined effect of low 367 

temperature and low labile DOC availability (Kirchman et al., 2009) as potential causes. Therefore, 368 

it is not surprising that prokaryote abundance did not decrease in the second sampling period 369 

following the chlorophyll a trend. However, it must be pointed out that the changes we observed in 370 

chlorophyll a concentrations were not dramatic (~ -0.5 μg L
-1

), yet significant (Table 1). Variations 371 

in environmental conditions, such as during the developmental stages of a phytoplankton bloom, are 372 

often linked to changes in prokaryotic community structure (Fandino et al., 2001; Teeling et al., 373 

2012), because algal-derived substrate availability provides a series of ecological niches in which 374 

specialized populations can bloom. Since we did not analyse prokaryotic community structure we 375 

cannot rule out the possibility that assemblages shifts occurred, still keeping the standing stock 376 

unvaried. The succession of different taxa is usually paralleled by variations in functional traits as 377 

evidence by Teeling et al. (2012) through metaproteomic analysis. In our dataset heterotrophic 378 

production and prokaryotic specific growth rates remained rather constant during the 10-day 379 

sampling, indicating that the potential substrate changes (in terms of organic matter quality; POC 380 

and DOC did not change in concentration) inferred by the varied phaeopigments over chlorophyll a 381 

ratio was not per se enough to significantly alter secondary production (HCP), as observed 382 

elsewhere (Sjöstedt et al., 2013).  383 

Among the prokaryotic activities we have tested, only alkaline phosphatase displayed significant 384 

activity changes over time (Table 1). However, the synoptical analysis of several hydrolytic 385 

activities can shed light on organic matter quality (Misic et al., 2002; Sala and Güde, 2004; Celussi 386 



and Del Negro, 2012) and therefore we performed a multivariate analysis in order to verify if the 387 

changing conditions that were observed between the two sampling periods were reflected into 388 

different degradation patterns. The outcome of the analysis clearly highlighted the diverse 389 

conditions (Fig. 6). The effect of melting sea ice on organic matter degradation patterns has been 390 

previously observed both in the Arctic Ocean and in the Ross Sea (Sala et al., 2010; Celussi et al., 391 

2009b). During our first sampling period, when chlorophyll a concentrations were higher, leucine 392 

aminopeptidase was the fastest among the tested enzymes (Fig. S1). This is in agreement with what 393 

reported by Misic et al. (2002) who displayed a direct correlation between primary production and 394 

proteolysis/glycolysis in an extended offshore area in the Ross Sea. The dominance of 395 

proteinaceous material in particles is typical of highly productive areas (Pusceddu et al., 1999) and 396 

therefore this substrate availability would enhance proteolysis. During the second period, a co-397 

dominance of lipase and alkaline-phosphatase activities was detected. The strong interdependence 398 

between these two enzymatic activities has already been observed in a temperate systems (Celussi 399 

and Del Negro, 2012) and it has been hypothesised that, since phospholipids represent a large 400 

fraction of the dissolved and particulate organic P pool, they both represent a tool for acquiring 401 

phosphorus (in the organic and inorganic forms). Since we infer that in our study organic matter 402 

changes over time are mainly due to the seeding of material from the melting sea ice, and there is a 403 

large body of knowledge on the enhanced lipid production in sympagic communities (Arrigo and 404 

Thomas, 2004), the enhanced lipid degradation of the second period could be attributable to a more 405 

abundant substrate availability compared to the first sampling days. The large amount of 406 

orthophosphates in Ross Sea (see Rivaro et al., 2011 for P-PO4 during the same cruise) prevents 407 

planktonic organisms from being P-limited and thus AP is kept to relatively low levels (see Celussi 408 

and Del Negro, 2012 for a compilation of literature AP data in P-limited systems). This rapid 409 

succession of a prevalent proteolysis-based system followed by a glycolytic/dephosphorilating one 410 

had been observed few years before our survey in the same area at 2 fixed stations (Monticelli et al., 411 

2003).   412 

We conclude that, during our survey in Terra Nova Bay, prokaryotic communities rapidly 413 

(timescales of days) modified their overall degradation patterns responding to the changing quality 414 

of organic matter in order to acquire the needed substrates to keep their metabolic state (unchanged 415 

HCP and μ). In such conditions, unvaried prokaryotic standing stocks and production had no effect 416 

also on bacterivores that did not display significant modifications in term of abundance over time 417 

and this could be possibly extended to the transfer of C to higher trophic levels, highlighting the 418 

pivotal role of prokaryotic short-term adaptations within the whole food web.  419 

 420 

 421 



Acknowledgements 422 

 423 

This study was carried out as part of the Italian National Program for Research in Antarctica 424 

(PNRA, CLIMA Project). The help of the crew on the R.V. Italica and ENEA personnel is kindly 425 

acknowledged. We are grateful to E. Crevatin for nanoplankton data and to C. Manno for POC data. 426 

A. Bergamasco helped us with the description of thermohaline properties. 427 

 428 

References 429 

 430 

Arnosti, C., 2011. Microbial extracellular enzymes and the marine carbon cycle. Annu. Rev. Mar. 431 

Sci. 3, 401–425.  432 

Arrigo, K.R., McClain, C.R., 1994. Spring phytoplankton production in the western Ross Sea. 433 

Science 266, 261-263. 434 

Arrigo, K.R., Thomas, D.N., 2004. Large scale importance of sea ice biology in the Southern 435 

Ocean. Antarct. Sci. 16(4), 471–486.  436 

Arrigo, K.R., van Dijken, G.L., 2003a. Impact of iceberg C-19 on Ross Sea primary production. 437 

Geophys. Res. Lett., 30 (16), 1836. 438 

Arrigo, K.R., van Dijken, G.L., 2003b. Phytoplankton dynamics within 37 Antarctic coastal 439 

polynya systems. J. Geophys. Res. 108 (C8), 3271. 440 

Arrigo, K.R., van Dijken, G.L., 2004. Annual changes in sea-ice, chlorophyll a, and primary 441 

production in the Ross Sea, Antarctica. Deep-Sea Res. II 51(1-3), 117–138.  442 

Arrigo, K.R., Weiss, A.M. Smith Jr., W.O., 1998. Physical forcing of phytoplankton dynamics in 443 

the southwestern Ross Sea. J. Geophys. Res. 103, 1007-1021. 444 

Azam, F., Fenchel, T., Field, J.G., Gray, J.S., Meyer-Reil, L.A., Thingstad, F., 1983. The ecological 445 

role of water-column microbes in the sea. Mar. Ecol. Prog. Ser. 10, 257-263. 446 

Azam, F., Malfatti, F.. 2007. Microbial structuring of marine ecosystems. Nat. Rev. Microbiol. 447 

5(10), 782–791.  448 

Bird, D.F., Karl, D.M., 1999. Uncoupling of bacteria and phytoplankton during the austral spring 449 

bloom in Gerlache Strait, Antarctic Peninsula. Aquat. Microb. Ecol. 19, 13-27. 450 

Carlson, C.A., Ducklow, H.W., Smith, W.O., Hansell, D.A., 1998. Carbon dynamics during spring 451 

blooms in the Ross Sea polynya and the Sargasso Sea: contrasts in dissolved and particulate 452 

organic carbon partitioning. Limnol. Oceanogr. 43, 375-386. 453 

Carlson, C.A., Hansell, D.A., Peltzer, E.T., Smith, Jr. W.O., 2000. Stocks and dynamics of 454 

dissolved and particulate organic matter in the Southern Ross Sea, Antarctica. Deep-Sea 455 

Res. II 47, 3201-3226. 456 

Catalano, G., Budillon, G., La Ferla, R., Povero, P., Ravaioli, M., Saggiomo, V.,  Accornero, A., 457 

Azzaro, M., Carrada, G.C., Giglio, F., Langone, L., Mangoni, O., Misic, C., Modigh, M., 458 

2009. The Ross Sea. In L. Liu, K.-K., Atkinson, L., Quinones, R., Talaue-McManus (Eds.), 459 

Carbon and Nutrient Fluxes in Continental Margins: A Global Synthesis Springer-Verlag, 460 

New York, pp. 303–318. 461 

Cauwet, G., 1994. HTCO method for dissolved organic carbon analysis in influence of catalyst on 462 

blank estimation. Mar. Chem., 47, 55-64. 463 

Celussi, M., Cataletto, B., Fonda Umani, S., Del Negro, P., 2009a. Depth profiles of 464 

bacterioplankton assemblages and their activities in the Ross Sea. Deep-Sea Res. I 56, 2193-465 

2205.  466 



Celussi, M., Paoli, A., Crevatin, E., Bergamasco, A., Margiotta, F., Saggiomo, V., Fonda Umani, S., 467 

Del Negro, P., 2009b. Short-term under-ice variability of prokaryotic plankton communities 468 

in coastal Antarctic waters (Cape Hallett, Ross Sea). Estuar. Coast. Shelf Sci. 81(4), 491–469 

500. 470 

Celussi, M., Del Negro, P., 2012. Microbial degradation at a shallow coastal site: long-term spectra 471 

and rates of exoenzymatic activities in the NE Adriatic Sea. Estuar. Coast. Shelf Sci. 115, 472 

75-86.  473 

Chisholm, S.W., 2000. Oceanography: stirring times in the Southern Ocean. Nature 407, 685-687. 474 

Cifuentes, L.A., Sharp, J.H., Forgel, M.L., 1988. Stable carbon and nitrogen isotope 475 

biogeochemistry in the Delaware estuary. Limnol. Oceanogr. 33, 1102-1115. 476 

DiTullio, G.R., Smith Jr., W.O., 1996. Spatial patterns in phytoplankton biomass and pigment 477 

distributions in the Ross Sea. J. Geophys. Res. 101, 18467-18478. 478 

Duarte, C.M., Agustí, S., Vaqué, D., Agawin, N.S.R., Felipe, J., Casamayor, E.O., Gasol, J.M., 479 

2005. Experimental test of bacteria-phytoplankton coupling in the Southern Ocean. Limnol. 480 

Oceanogr. 50(6), 1844–1854.  481 

Ducklow, H.W., Carlson, C.A., Smith, Jr. W.E., 1999. Bacterial growth in experimental plankton 482 

assemblages and seawater cultures from the Phaeocystis antarctica blooms in the Ross Sea, 483 

Antarctica. Aquat. Microb. Ecol. 19, 215-277. 484 

Fandino, L., Riemann, L., Steward, G.F., Long, R.A., Azam, F., 2001. Variations in bacterial 485 

community structure during a dinoflagellate bloom. Aquat. Microb. Ecol. 23, 119–130.  486 

Fonda Umani, S., Accornero, A., Budillon, G., Capello, M., Tucci, S., Cabrini, M., Del Negro, P., 487 

Monti, M., De Vittor, C. (2002). Particulate matter and plankton dynamics in the Ross Sea 488 

Polynya of Terra Nova Bay during the Austral Summer 1997/98. J. Mar. Syst. 36, 29–49. 489 

Fuhrman, J.A., Azam, F., 1982. Thymidine incorporation as a measure of heterotrophic 490 

bacterioplankton production in marine surface waters: evaluation and field results. Mar. 491 

Biol. 66, 109-20. 492 

Garrison, D.L., Gibson, A., Kunze, H., Gowing, M.M., Vickers, C.L., Mathot, S., Bayre, R.C., 493 

2003. The Ross Sea polynya project: diatom- and Phaeocystis- dominated phytoplankton 494 

assemblage in the Ross Sea, Antarctica, 1994-1996. Antarct. Res. Ser.78, 53-76. 495 

Hansell, D.A., 2013. Recalcitrant dissolved organic carbon fractions. Annu. Rev. Mar. Sci. 5, 421–496 

445.  497 

Hansell, D.A., Carlson, C.A., Repeta, D.J., Schlitzer, R., 2009. Dissolved Organic Matter in the 498 

Ocean. Oceanography 22(4), 202–211. 499 

Hoppe, H.-G., 1983. Significance of exoenzymatic activities in the ecology of brackish water: 500 

measurements by means of methylumbelliferyl-substrates. Mar. Ecol. Prog. Ser. 11, 299–501 

308.  502 

Hoppe, H.-G., 1993. Use of fluorogenic model substrates for extracellular enzyme activity (EEA) 503 

measurement of bacteria. In: Kemp P.F., Sherr B.F., Sherr E.B., Cole J.J. (Eds.), Current 504 

methods in aquatic microbial ecology. CRC Press, Boca Raton, pp. 423-431. 505 

Hyun, J.-H., Kim, S.-H., Yang, E. J., Choi, A., Lee, S. H., in press. Biomass, production, and 506 

control of heterotrophic bacterioplankton during a late phytoplankton bloom in the 507 

Amundsen Sea Polynya, Antarctica. Deep Sea Res. II doi:10.1016/j.dsr2.2015.10.001 508 

Kirchman, D.L., Morán, X.A.G., Ducklow, H.W., 2009. Microbial growth in the polar oceans - role 509 

of temperature and potential impact of climate change. Nat. Rev. Microbiol. 7(6), 451–9.  510 

Lochte, K., Bjornsen, P.K., Giesenhagen, H., Weber, A., 1997. Bacterial standing stock and 511 

production and their relation to the phytoplankton in the Southern Ocean. Deep-Sea Res. II 512 

44, 321-340. 513 

Lorenzen, C., Jeffrey, J., 1980. Determination of chlorophyll in sea water. UNESCO Tech. Pap. 514 

Ma.r Sci. 35, 1-20. 515 



Mangoni, O., Modigh, M., Conversano, F., Carrada, G.C., Saggiomo, V., 2004. Effects of summer 516 

ice coverage on phytoplankton assemblages in the Ross Sea, Antarctica. Deep-Sea Res. I 517 

51(11), 1601–1617. 518 

Misic, C., Povero, P., Fabiano, M., 2002. Ectoenzymatic ratios in relation to parti culate organic 519 

matter distribution (Ross Sea, Antarctica). Microb. Ecol. 44, 224-234. 520 

 Monticelli, L.S., La Ferla, R., Maimone, G., 2003. Dynamics of bacterioplankton activities after a 521 

summer phytoplankton bloom period in Terra Nova Bay. Antarctic Science, 15(1), 85–93.  522 

Obernosterer, I., Christaki, U., Lefèvre, D., Catala, P., Van Wambeke, F., Lebaron, P., 2008. Rapid 523 

bacterial mineralization of organic carbon produced during a phytoplankton bloom induced 524 

by natural iron fertilization in the Southern Ocean. Deep-Sea Res. II 55(5-7), 777–789.  525 

Pomeroy, L.R., Wiebe, W.J., 2001. Temperature and substrate as interactive limiting factors for 526 

marine heterotrophic bacteria. Aquat. Microb. Ecol. 23, 187-204. 527 

Pearce, I., Davidson, A.T., Bell, E.M., Wright, S., 2007. Seasonal changes in the concentration and 528 

metabolic activity of bacteria and viruses at an Antarctic coastal site. Aquati.Microb. Ecol. 529 

47, 11–23. 530 

Porter, K., Feig Y.S., 1980. The use of DAPI for identify and counting aquatic microflora. Limnol. 531 

Oceanogr. 25, 943- 948. 532 

Pusceddu, A., Cattaneo-Vietti, R., Albertelli, G., Fabiano, M., 1999. Origin, biochemical 533 

composition and vertical flux of particulate organic matter under the pack ice in Terra Nova 534 

Bay (Ross Sea , Antarctica ). Polar Biol. 22, 124–132. 535 

Rivaro, P., Ianni, C., Massolo, S., Abelmoschi, M. L., De Vittor, C., Frache, R., 2011. Distribution 536 

of dissolved labile and particulate iron and copper in Terra Nova Bay polynya (Ross Sea, 537 

Antarctica) surface waters in relation to nutrients and phytoplankton growth. Cont. Shelf 538 

Res. 31(7-8), 879–889.  539 

Sala, M.M. Güde, H., 2004. Ectoenzymatic activities and heterotrophic bacteria decomposing 540 

detritus. Arch. Hydrobiol. 160, 289-303. 541 

Sala, M.M, Arrieta, J.M., Boras, J.A., Duarte, C.M., Vaqué, D., 2010. The impact of ice melting on 542 

bacterioplankton in the Arctic Ocean. Polar Biol. 33(12), 1683-1694. 543 

Sedwick, P.N., DiTuillo, G.R., 1997. Regulation of algal blooms in Antarctic shelf waters by 544 

release of iron from melting sea ice. Geophys. Res. Lett. 24, 2515–2518 545 

Schlitzer, R., 2014. Ocean Data View, http://odv.awi.de. 546 

Sjöstedt, J., Pontarp, M., Tinta, T., Alfredsson, H., Turk, V., Lundberg, P., Hagström, Å, Riemann, 547 

L., 2013. Reduced diversity and changed bacterioplankton community composition do not 548 

affect utilization of dissolved organic matter in the Adriatic Sea. Aquat. Microb. Ecol. 71(1), 549 

15–24.  550 

Smith, D.C., Azam, F., 1992. A simple, economical method for measuring bacteria protein 551 

synthesis rates in sea water using 
3
H-leucine. Mar. Microb. Food Webs 6, 107-114. 552 

Smith Jr., W.O., Asper, L.V., 2001. The influence of phytoplankton assemblage composition on 553 

biogeochemical characteristics and cycles in the southern Ross Sea, Antarctica. Deep-Sea 554 

Res. I 48, 137–161. 555 

Smith Jr., W.O., Gordon, L.I., 1997. Hyperproductivity of the Ross Sea (Antarctica) polynya during 556 

austral spring. Geophys. Res. Lett. 24, 233–236. 557 

Smith Jr., W.O., Ainley, D.G., Arrigo, K.R., Dinniman, M. S., 2014. The oceanography and 558 

ecology of the Ross Sea. Ann. Rev. Mar. Sci. 6, 469–87.  559 

Sullivan, C.W., Arrigo, K.R., McClain, C.R., Comiso, J.C., Firestone, J., 1993. Distributions of 560 

phytoplankton blooms in the Southern Ocean. Science 262, 1832-1837. 561 

Sweeney, C., Smith Jr., W.O, Hales, B., Bidigare, R.R., Carlson, C.A., Codispoti, L.A., Gordon, 562 

L.I., Hansell, D.A., Millero, F.J., Park, M., Takahashi, T., 2000. Nutrient and carbon 563 

removal ratios and fluxes in the Ross Sea, Antarctica. Deep-Sea Res. II 47, 3395-3421 564 

http://odv.awi.de/


Teeling, H., Fuchs, B. M., Becher, D., Klockow, C., Gardebrecht, a., Bennke, C.M., et al., 2012. 565 

Substrate-controlled succession of marine bacterioplankton populations induced by a 566 

phytoplankton bloom. Science 336, 608–611.  567 

UNESCO, 1994. Protocols for the Joint Global Ocean Flux Study (JGOFS) Core Measurements. 568 

UNESCO, Paris, 170 pp. 569 

Williams, W.J., Carmack, E.C., Ingram, R.G., 2007. Physical oceanography of polynyas. In: Smith, 570 

W.O., Barber, D.G. (Eds.), Polynyas: Windows to the World. Elsevier, Amsterdam pp. 55-571 

87. 572 

 573 



Supplementary material for online publication only
Click here to download Supplementary material for online publication only: Supplementary content.doc

http://ees.elsevier.com/marsys/download.aspx?id=138502&guid=1ef5a653-e07b-4d48-bcb2-ba046b3ca9ad&scheme=1

