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Abstract 20 

Photosynthesis and net primary productivity were measured in three Antarctic diatoms, 21 

Fragilariopsis cylindrus, Pseudo-nitzschia subcurvata and Chaetoceros sp., exposed to rapid 22 

changes in temperature and salinity representing a range of conditions found during a seasonal 23 

cycle. Measured differences in fluorescence-derived photosynthetic activity and oxygen 24 

evolution suggested some alternative electron cycling activity present under high irradiances. 25 

Fragilariopsis cylindrus displayed the highest rates of relative electron transport and net 26 

primary productivity under all salinity and temperature combinations and showed adaptive 27 

traits towards the sea ice-like environment.  Pseudo-nitzschia subcurvata displayed a 28 

preference for low saline conditions where production rates were greatest. However, there 29 

was evidence of photosynthetic sensitivity to the lowest temperatures and highest salinities, 30 

suggesting a lack of adaptation for dealing with sea ice-like conditions. Chaetoceros sp. 31 

showed high plasticity, acclimating well to all conditions, but performing best under pelagic 32 

conditions. The study shows species-specific sensitivities to environmental change 33 

highlighting photosynthetic capacity as a potentially important mechanism in ecological niche 34 

adaptation. When these data were modelled over different seasons, integrated daily net 35 

primary production was greatest under summer pelagic conditions. The findings from this 36 

study support the general observations of light control and seasonal development of net 37 

primary productivity and species succession in the Antarctic marine ecosystem.  38 

 39 

 40 

 41 

 42 
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Introduction 43 

Numerous studies have linked phytoplankton physiology with ecological adaptation 44 

(Sakshaug et al 1987; Strzepek and Harrison 2004; Bailey et al 2008). Such studies have 45 

found that the photosynthetic architecture and physiology of species can differ greatly and 46 

adaptive traits can be linked to the species’ ability to inhabit and often dominate a particular 47 

ecological niche, including niche occupancy as a function of light (Sakshaug et al 1987; 48 

Lavaud et al 2007), iron availability (Strzepek and Harrison 2004; Bailey et al 2008, Mackey 49 

et al 2008) and photoprotective capacity (Dimier et al 2009). In particular, the ecological 50 

success of diatoms has been linked with a high photosynthetic flexibility, allowing this class 51 

of microalgae to outcompete other phytoplankton groups, especially in environments where 52 

light is variable (Kashino et al 2002; Wagner et al 2006). Indeed, even within the diatom 53 

group, there have been measurable differences in short-term acclimation strategies and 54 

photoprotective capacity between individual species from different environments (Dimier et 55 

al 2007; Lavaud et al 2007). The large diversity in diatom physiological plasticity and 56 

ecological niche selectivity, suggests that Antarctic diatoms in general should be adapted to 57 

such variable and extreme conditions and therefore should display high photoprotective 58 

capabilities. However, little is known whether differences in photoprotective capacity among 59 

Antarctic diatom species can be linked with specific niche environments. 60 

Antarctic marine phytoplankton are exposed to large changes in ecosystem conditions 61 

during an annual cycle (Fig. 1). In winter, phytoplankton are rapidly incorporated into the sea 62 

ice matrix where they are confined to tiny brine channels (salinities up to 145) at freezing 63 

temperatures (Gleitz and Thomas 1992). Initially incoming solar irradiance is very high in the 64 

developing sea ice, as a result of being constrained close to the surface, but as the ice 65 

thickens, irradiance declines, often to levels of less than 1% surface irradiance (Palmisano et 66 
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al 1987). In the austral spring, the ice begins to melt, and the microalgae are washed out of 67 

the brine channels into a surface lens of hyposaline water. The meltwater environment, 68 

characterised by low salinities (typically below 33), a stable water column and shallow mixed 69 

layer, forms an ideal environment for the development of phytoplankton blooms (Dierssen et 70 

al 2002). In summer, the Southern Ocean mixes phytoplankton from the surface waters to the 71 

deep, delivering a moderate and variable light environment, warmer temperatures and 72 

moderate salinity (Fig. 1). All of these shifts in light, temperature and salinity, can have a 73 

profound effect on phytoplankton growth rates (Aletsee and Jahnke 1992) and carbon 74 

assimilation (Thomas and Gleitz 1993). High carbon turnover has been associated with fast 75 

growing Antarctic diatoms (Thomas and Gleitz 1993) and growth rates under low 76 

temperature/high salinity conditions have been shown to differ between Antarctic diatom 77 

species (Aletsee and Jahnke 1992). Therefore it follows that photosynthesis under different 78 

environmental conditions will be species-specific, this in turn, would result in differences in 79 

species’ contributions to the community net primary productivity.  80 

Traditionally, 14C-uptake and oxygen evolution were used to estimate primary 81 

production and photosynthesis (Juneau and Harrison 2005). However, in recent decades 82 

chlorophyll a fluorescence has been a popular technique employed to investigate the 83 

photophysiology of plants (Krause and Weiss 1991). Several studies have found a good 84 

correlation between fluorescence-derived relative electron transport rates with primary 85 

productivity measured as oxygen evolution or carbon fixation under low light conditions 86 

(Geel et al 1997; Prasil et al 1996; Masojidek et al 2001). In all cases, linearity disappears 87 

beyond light saturation levels, resulting in fluorescence data vastly over-estimating primary 88 

production (Gilbert et al 2000). In diatoms, there have been several alternative electron 89 

pathways, not leading to carbon fixation, suggested as possible reasons behind this 90 
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discrepancy, including cyclic electron transport around PSII (Prasil et al 1996; Lavaud et al 91 

2002), cyclic electron transport around PSI (Bendall and Manesse 1995) and the water-water 92 

cycle (Geel et al 1997).  93 

The physical and biological processes associated with the seasonal formation and 94 

decay of sea ice is what shapes Antarctic phytoplankton communities, determining 95 

colonisation, growth, succession, grazing and ultimately, productivity. This study investigates 96 

short-term acclimation in photosynthesis and net primary production in three Antarctic 97 

diatoms exposed to rapid shifts in temperature and salinity simulating transient environmental 98 

conditions of seasonal relevance (sea ice, meltwater and pelagic environments). It measures 99 

net primary productivity (measured as oxygen evolution) and electron transport efficiency 100 

(measured using chlorophyll a fluorescence), and investigates species-specific physiological 101 

sensitivities to rapid changes in temperature and salinity. Furthermore, it discusses how this 102 

may influence species-specific contributions to overall primary productivity within the 103 

Antarctic marine ecosystem. It is hypothesised that species known to dominate a particular 104 

niche environment will show physiological adaptation and rapid acclimation to those 105 

conditions. Net primary productivity will vary between species under different environmental 106 

conditions and species displaying a low photosynthetic plasticity will express photosynthetic 107 

sensitivity to conditions outside their preferred ecological niche.  108 

 109 

Materials and Methods 110 

Cultures and sampling 111 

The Antarctic diatom Fragilariopsis cylindrus (Grunow) was collected from ice cores 112 

(66°S, 147°E) taken in November 2001, Chaetoceros sp. was isolated from East Antarctic 113 
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coastal waters, and Pseudo-nitszchia subcurvata (Hasle) Fryxell PS71/60-1 Plate II B1 was 114 

collected from the subpolar South Atlantic ocean (58°S).  Diatoms were cultured in natural 115 

seawater (salinity 34) enriched with F/2 nutrients in specialised glass bottles (approx. 1 L) 116 

under continuous air bubbling and maintained at +4°C (Guillard and Ryther 1962). Light was 117 

supplied at 50 µmol photons m-2 s-1 (Grolux, GMT lighting, Northmead, Australia) on a 16:8 118 

light:dark cycle.  For simplicity, one, moderate light level was used in all treatments 119 

throughout the experiment to avoid confounding any responses to the salinity and 120 

temperature treatments.  Once reaching exponential growth phase, measured using in vivo 121 

fluorescence (Trilogy, Turner Designs Inc., Sunnyvale CA, United States of America 122 

(U.S.A)), cultures were maintained semi-continuously diluting (up to 90% with fresh media) 123 

periodically to keep cells in exponential phase for the duration of the experiment. For 124 

experimental treatments, cells from independent culture flasks (representing replicates) were 125 

gently filter-concentrated above 2 µm polycarbonate membrane filters (Millipore, MA, USA) 126 

and resuspended into 250 mL culture flasks. At each temperature treatment (-1.5, +2 and 127 

+5°C (± 0.3°C)) cells were transferred into four salinities, 31, 34, 55 and 70 (± 0.5) and were 128 

given 72 h in their new conditions before measurements were made.  A 3-day acclimation 129 

period was chosen in order to investigate short-term acclimation strategies of three diatom 130 

species during a rapid freezing or thawing event. Salinities were adjusted either by the 131 

addition of MilliQ water or sodium chloride (NaCl) salt (Sigma, USA) and were confirmed 132 

by refractometer. 133 

 134 

Chlorophyll a fluorescence 135 

Fluorescence-based estimates of photosynthesis were measured using Pulse 136 

Amplitude Modulated fluorometer (Water-PAM; Walz GmbH, Effeltrich, Germany).  A 3 ml 137 
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aliquot of each treatment was transferred into a quartz cuvette and maintained under 138 

continuous stirring to prevent settling.  After 5 min dark-adaptation, minimum (FO) and 139 

maximum (FM) fluorescence were obtained. This was followed by the sequential application 140 

of nine actinic light levels (28, 42, 65, 100, 150, 320, 680, 1220 and 2260 µmol photons m-2 141 

s-1) applied for 5 min each, with saturating pulses of light (pulse duration = 0.6 s; pulse 142 

intensity > 3000 µmol photons m-2 s-1) applied every minute. Relative electron transport rate 143 

(rETR) was calculated as the product of effective quantum yield (φPSII) and irradiance (µmol 144 

photons m-2 s-1) and normalised to chlorophyll a concentration (mg L-1). 145 

 146 

Oxygen evolution 147 

Oxygen uptake and evolution were measured using a 24-well plate reader optode 148 

system (Pre Sens, Precision Sensing GmbH, Regensburg, Germany). Aliquots (3 mL) of 149 

filter-concentrated cultures (3 fold) were transferred into 36 wells of two 24-well plates and 150 

left in the dark for 30 min while oxygen consumption was monitored. Cells were then 151 

incubated at nine light levels (20, 40, 65, 100, 160, 300, 600, 1100, 2250 µmol photons m-2 s-152 

1) for 1 h (for each irradiance) and oxygen evolution rate determined. Light levels were 153 

attained by covering the well plate lids with neutral density filters and light provided by a 154 

non-heat radiating light source (Zeiss KL2500, Zeiss, Germany). Oxygen flux measurements 155 

(µmol O2 L-1 h-1) were used to calculate net primary production rates at each light level and 156 

data were normalised to chl a (mg L-1) concentration.  All fluorescence and oxygen 157 

measurements were conducted at each corresponding treatment temperature. 158 

 159 

Chlorophyll a concentration 160 

Chlorophyll a concentrations for fluorescence and oxygen  measurements were 161 

determined by filtering (10 mL) samples onto 25 mm GF/F filters (Whatman, USA), 162 
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immediately frozen in liquid nitrogen and stored in the dark at -80˚C for later analysis. 163 

Pigments were extracted in 90% acetone and left in the dark at 4°C for 24 h. Pigment 164 

concentrations were measured on a spectrophotometer (Cary 50, Varian, CA, USA) at 165 

wavelengths 750, 664 and 630 nm and calculated according to Ritchie (2006).   166 

 167 

Data analysis 168 

Relative ETR and oxygen evolution data were plotted according to the different 169 

temperature and salinity conditions experienced in the Antarctic; although not perfectly 170 

representative of the natural world, salinity and temperature treatments were combined to 171 

correspond to different Antarctic ecological niche environments: sea ice (-1.5°C at 70), 172 

meltwater (+2°C at 31) and pelagic (+5°C at 34; Fig. 1). Oxygen evolution and fluorescence 173 

data were fitted according to a double exponential function as in Ralph and Gademann 174 

(2005). All photosynthetic parameters derived from the oxygen and fluorescence data 175 

including: maximum rate of oxygen evolution (O2max), light utilisation efficiency (α), 176 

minimum saturating irradiances (EK), optimal photosynthetic irradiance (EM), photoinhibitory 177 

irradiance (EB) and maximum electron transport rate (ETRmax), were obtained from these 178 

curves following Ralph and Gademann (2005). Photosynthetic and NPP parameters were 179 

tested for statistical significance between species (F. cylindrus, P. subcurvata and 180 

Chaetoceros sp.) and environments (sea ice, meltwater and pelagic) using a two-factor 181 

ANOVA with Tukey’s post hoc comparisons (α = 0.05). All data were tested for 182 

homoscedasticity prior to analysis. The data for the photosynthetic parameters αO2 and EkO2 183 

were log transformed to meet assumptions of ANOVA. Least squares linear regression was 184 

used to determine the relationship between rETR and oxygen evolution rates for all data 185 

values below and those above minimum saturating irradiance (EK). To further investigate 186 
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species-specific sensitivity to changes in temperature and salinity, photosynthetic parameters 187 

α O2, EK O2 and O2max from oxygen evolution data were plotted as a contour graph using the 188 

entire matrix of four salinities (31, 34, 55, and 70) and three temperatures (-1.5, +2, and 189 

+5°C) that were tested.   190 

 191 

Net primary production estimates 192 

To place these results in a broader and more ecologically relevant context, the 193 

parameters derived from the light response curves were used to estimate daily integrated net 194 

primary production [µmol O2 (mg chl a)-1 d-1] for each species under each environmental 195 

condition. Daily surface irradiance was computed as a bell shaped curve with a noon 196 

maximum irradiance and a photoperiod typical of each environment derived from literature 197 

values (Table 1; Fig. 2).   Data on the monthly photoperiod for each environmental condition 198 

was taken from www.esrl.noaa.gov/gmd/grad/solcalc which are based on the astronomical 199 

algorithms of Jean Meeus (Earth System Research Laboratory, National Oceanic & 200 

Atmospheric Administration) using latitude (065°S) and longitude (145°E) of the east 201 

Antarctic seasonal sea ice zone south of the polar front. The photoperiods chosen were for the 202 

months of August, November, January and March to represent winter sea ice, spring 203 

meltwater, summer pelagic and autumn new ice conditions, respectively (Table 1).  204 

Approximations of maximum daily irradiance values for the different months were derived 205 

from the measurements of Lizotte and Sullivan (1991) that were taken at a similar (approx. 206 

064°S) latitude (Table 1). Given missing data for January, summer maximum irradiance was 207 

estimated to be 2000 µmol photons m-2 s-1 (Rozema et al 2001) assuming no cloud cover.  208 

Irradiance within the water column or sea ice was estimated using Beer’s Law: 209 

IZ = nIO e-kz        (1) 210 

http://www.esrl.noaa.gov/gmd/grad/solcalc
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where IZ is the irradiance at depth z, IO is incident irradiance, k is the light attenuation 211 

coefficient and n is the transmissivity of the interface between air and water or air and ice. 212 

The attenuation coefficients differed between environments (Table 1). For the meltwater and 213 

pelagic environments, k values were taken from Rasmus et al (2004) who measured 214 

attenuation from the marginal ice zone to the polar front in the range of 0.03 to 0.09 m-1. The 215 

higher attenuation values were found at the ice edge and polar front due to increased 216 

phytoplankton biomass, with the lowest attenuation measured in intermediate pelagic waters 217 

(Rasmus et al 2004). Therefore, k values of 0.09 and 0.03 m-1 were used for the meltwater 218 

and pelagic environments, respectively (Table 1).  For the sea ice environment a k value of 219 

1.5 m-1 was used (Maykut 1985). To account for reflectance at the air-sea interface in the 220 

meltwater and pelagic environments, n was assumed equal to 0.95 (Gregg and Carder 1990, 221 

valid for solar zenith angles less than 45 degrees). To account for irradiance loss due to high 222 

albedo of snow and ice, n was set to 0.2 and 0.5 in the presence and absence of snow, 223 

respectively (Maykut 1985).  224 

To better simulate fluctuating light conditions that result from strong vertical mixing, 225 

pelagic irradiance was determined at two depths (15 and 60 m) and values obtained from 226 

each were used interchangeably on a 1:1 h (high light: low light) cycle for the entire 227 

photoperiod (Fig. 2). It is recognised that the irradiance values are only model estimates for 228 

in situ irradiance that use over-simplified coefficients of extinction and albedo and that these 229 

modelled data fail to account for variations in absorption, reflection and scattering properties 230 

of snow, ice and water of differing composition.  231 

 232 

Results 233 
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Chlorophyll a fluorescence 234 

Relative electron transport rates (rETRChl) varied between all three species and all 235 

environments (Fig. 3).  There was more than a two-fold difference in rETRChl for F. cylindrus 236 

under the pelagic and sea ice conditions when compared with the other two species (Fig. 3). 237 

Pseudo-nitzschia subcurvata showed minimal rETRChl under sea ice-like conditions and 238 

maximal rates under the low saline (meltwater) conditions (Fig. 3A, B). In contrast, 239 

Chaetoceros sp. showed the reverse, with maximal rETRChl in the sea ice and minimal rates 240 

under pelagic conditions (Fig. 3A, C). Maximum rETR (rETRmax) was significantly different 241 

between all three species across all three salinity and temperature treatments (P < 0.001). It 242 

was consistently higher in F. cylindrus in all environments with highest values measured 243 

under the conditions similar to sea ice (Table 2). For P. subcurvata values of rETRmax were 244 

lowest under the sea ice conditions and highest in meltwater conditions (Table 2). A 245 

decreasing trend from sea ice to the pelagic environment was measured in Chaetoceros sp.. 246 

There were significant differences in light utilisation efficiency (αETR) between environmental 247 

conditions (P = 0.001) and between all three species (P < 0.001), with the highest αETR 248 

measured in both F. cylindrus and Chaetoceros sp. acclimated to sea ice conditions (Table 2), 249 

while in P. subcurvata the highest value was measured under meltwater conditions (Table 2). 250 

Minimum saturating irradiances (EKETR) varied significantly between species (P < 0.001) and 251 

across the three environments (P = 0.001). In all three environments, EKETR was greatest in F. 252 

cylindrus increasing from the sea ice to the pelagic environment. Minimum saturating 253 

irradiance levels were relatively similar in the other two species. There was an increasing 254 

trend from the sea ice to the pelagic environment for P. subcurvata, but no difference in 255 

EKETR for Chaetoceros sp. between the three environments (Fig. 3; Table 2).   256 

 257 
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Oxygen evolution 258 

The oxygen data showed very similar patterns to the rETRChl light response curves 259 

with clear variations between all three species under all three environments (Fig. 4).  Again, 260 

there was more than a two-fold difference in net primary production for F. cylindrus under 261 

the pelagic and sea ice conditions when compared with the other two species (Fig. 4). As with 262 

the fluorescence data, P. subcurvata showed minimal net primary production under sea ice 263 

conditions and maximal rates under meltwater conditions (Fig. 4A, B). In contrast, 264 

Chaetoceros sp. showed a decreasing trend in oxygen evolution rates from the sea ice to the 265 

pelagic environment (Fig. 4). Maximum oxygen evolution (O2max) was significantly different 266 

between all three species across all three treatments (P < 0.001) and was consistently higher 267 

in F. cylindrus under all environmental conditions (Table 2). There were significant 268 

differences in light utilisation efficiency (α O2) between environmental conditions across the 269 

three species (P < 0.001), with the highest αO2 measured in both F. cylindrus and 270 

Chaetoceros sp. acclimated to sea ice conditions (Table 2). As with the fluorescence data, the 271 

highest α O2 value was measured under meltwater conditions for P. subcurvata (Table 2). 272 

Minimum saturating irradiances (EK O2) varied significantly between species across the three 273 

environments (P < 0.001). In all three environments, EK O2 was greatest in F. cylindrus and 274 

increased from the sea ice to the pelagic environments. In the other two species, EK O2 was 275 

lowest under sea ice conditions and maximal in the meltwater environment (Fig. 4; Table 2).   276 

 277 

Optimal irradiance and photoinhibition 278 

Optimal photosynthetic irradiance (EM O2) in F. cylindrus was approximately double 279 

the minimum saturating irradiance values under each environmental condition and like EKO2 280 
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(Table 2), increased from the sea ice to the pelagic environmental conditions (Table 3). In P. 281 

subcurvata there was no difference in EM O2 between environmental conditions, whereas for 282 

Chaetoceros sp., optimal irradiance was greatest under meltwater and lowest in the sea ice 283 

conditions (Table 3). Photoinhibitory irradiance (EB O2) revealed photoinhibition in all species 284 

under all environmental conditions (Fig. 4; Table 3). The greatest photoinhibition was 285 

measured in the meltwater and lowest under sea ice conditions for F. cylindrus. It increased 286 

from the sea ice to the pelagic environment in P. subcurvata and was lowest under meltwater 287 

conditions for Chaetoceros sp. (Table 3). 288 

 289 

Oxygen versus fluorescence based net primary production 290 

Oxygen evolution and rETR plotted together as a function of light showed good 291 

correlation at irradiances below EK, but considerable differences in shape of the curve at 292 

higher irradiances (Fig. 5). The pooled oxygen and fluorescence data for all species under all 293 

environmental conditions showed a significant correlation between the linear component of 294 

the fluorescence and oxygen data (R2 = 0.8392, P = 0.0001; Fig. 6, regression A). However, 295 

the remaining data for irradiance levels well above EK for each species was not significant 296 

(Fig 6, regression B). 297 

 298 

Salinity and temperature responses 299 

The complete matrix of photosynthetic parameters determined from the oxygen data, 300 

α O2, O2max, and EK O2 in response to changes in salinity and temperature, revealed differences 301 

between the three diatom species (Fig. 7).  Fragilariopsis cylindrus and Chaetoceros sp. 302 

showed high light utilisation efficiency (α O2) in the low to mid-range temperatures and mid- 303 
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to high salinities (Fig. 7A, C), whereas P. subcurvata showed a preference for the 304 

intermediate to high temperatures and lower salinities (Fig. 7B). Maximum photosynthesis 305 

(O2max) varied across the three species, with F. cylindrus yielding maximum values at mid- to 306 

high salinities and warmer temperatures (Fig. 7D). Fragilariopsis cylindrus showed a salinity 307 

threshold in which high rates of photosynthesis began to decline unless temperature also 308 

decreased (Fig. 7D). In P. subcurvata photosynthetic activity (O2max) was optimal at lower 309 

salinities and warmer conditions (Fig. 7E), while for Chaetoceros sp., maximum 310 

photosynthesis occurred at higher salinities and mid-range temperatures (Fig. 7F).  Minimum 311 

light saturation values (EK O2) were highest in warmer temperatures for all three species; 312 

however there were some differences in salinity sensitivity between species. Fragilariopsis 313 

cylindrus showed high values across a range of salinities (Fig. 7G), whereas in P. subcurvata 314 

the lowest salinities yielded the highest saturating irradiances (Fig. 7H). Chaetoceros sp. 315 

showed higher minimum light saturation values at the higher salinities (Fig. 7I).  316 

 317 

Estimated daily net primary production: species, environment and light climate 318 

Daily estimates of integrated net primary production determined from the modelled 319 

integrated PAR for each environment (Fig. 2) showed F. cylindrus with the highest 320 

productivity of all three species under all environments (Fig. 8). Fragilariopsis cylindrus 321 

showed a light-dependent response, with low values in the winter sea ice and very high 322 

values in the meltwater, pelagic and newly formed ice environments (Fig. 8). Net primary 323 

production was strongly inhibited in P. subcurvata under sea ice conditions at both high and 324 

low irradiances, however rates of NPP were highest under the higher irradiances combined 325 

with lower salinities and warmer temperatures of the meltwater and pelagic environments 326 

(Fig. 8). Daily estimates of net primary production for Chaetoceros sp. were much lower in 327 
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the meltwater environment compared with the other two species, but followed the same light-328 

dependent pattern as F. cylindrus with the highest rates estimated for the pelagic environment 329 

(Fig. 8).   330 

 331 

Discussion 332 

Microalgae exposed to variable environments generally possess the capacity for rapid 333 

acclimation and a highly plastic photosynthetic apparatus (Kolber et al 1988). All three 334 

species of Antarctic diatoms exhibited photophysiological plasticity by their ability to 335 

acclimate to the rapid shift in environmental condition. Each diatom showed different 336 

physiological responses that correlated well with their known distribution, displaying 337 

physiological preferences for one particular niche environment over another. The 338 

photosynthetic parameters obtained from the oxygen measurements showed similarity in the 339 

patterns to those obtained from the fluorescence data (Table 2). However, there were some 340 

differences between the fluorescence and oxygen measurements including maximum 341 

photosynthesis in F. cylindrus (Table 2). According to oxygen measurements, O2max occurred 342 

under pelagic conditions, yet rETRmax, based on fluorescence data, occurred under sea ice 343 

conditions, which could be due to the presence of alternative electron cycling (AEC).  344 

The variability in accessory pigments and physiological properties between species 345 

means that there is considerable heterogeneity in light utilisation efficiency within a 346 

phytoplankton community (Wilhelm et al 1990). The higher rates of light utilisation 347 

efficiency (α) in F. cylindrus and Chaetoceros sp. under sea ice conditions, suggest an 348 

increase in light capturing capacity by the antenna of PSII, which would explain light 349 

saturation occurring at lower irradiances in these two species. In contrast, the small α under 350 
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sea ice conditions measured in P. subcurvata suggests a smaller PSII antenna, and explains 351 

the high irradiance required to reach photosynthetic saturation compared with the other 352 

environmental conditions (Juneau and Harrison 2005). The lower α values measured in P. 353 

subcurvata under all three environmental conditions is likely due to it being a much larger 354 

cell (approx. 50 µm vs 5 µm) and therefore having much higher chlorophyll a content, 355 

leading to increased packaging effect and lower photoprotective capacity (Dimier et al 2009). 356 

This suggests that this species would display maximum efficiency under stable light climates, 357 

such as those provided by the meltwater environment (Dierssen et al 2002), which was 358 

indeed observed in this study.  359 

Values of EK O2 ranged between 37 and 163 µmol photons m-2 s-1 which are consistent 360 

with Antarctic phytoplankton both from the pack ice (Lizotte and Sullivan 1991; Dower et al 361 

1996) and pelagic environments (Tilzer et al 1986; Brightman and Smith 1989). Saturating 362 

irradiance is an indicator of photoadaptation, changing as a result of light history and thereby 363 

helping to identify shade- vs light-adapted species. The increase in EK from the sea ice to the 364 

open ocean in F. cylindrus suggests that this species is well-adapted to sea ice conditions in 365 

which light levels are rarely as high in comparison to the meltwater or pelagic environments 366 

(Palmisano et al 1987). By maximising light utilisation efficiency and not light absorption 367 

capacity—since light levels are rarely excessive—F. cylindrus can optimise photosynthesis in 368 

the sea ice environment. Additionally, F. cylindrus is well-adapted to the other environments, 369 

whereby reducing light captured by the PSII antenna, the photosystem can tolerate higher 370 

irradiances such as the levels occurring in the meltwater and pelagic environments. Light 371 

saturation did not vary greatly between environments for P. subcurvata, but was greatest in 372 

the meltwater environment. A higher EK at lower salinities is indicative of a reduced capacity 373 

for low light acclimation (Arrigo and Sullivan 1992), which makes sense for P. subcurvata 374 
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given the reduced light utilisation efficiency observed.  Similarly, both oxygen and 375 

fluorescence data revealed Chaetoceros sp. to exhibit the highest light saturation under 376 

meltwater conditions and not pelagic conditions, as was found in F. cylindrus.  The 377 

seemingly contradictory higher O2 evolution (O2max) under sea ice conditions may be the 378 

result of greater light respiration at the warmer temperatures. Previous work on another 379 

Antarctic Chaetoceros sp. showed that lower temperatures (-1.5°C) resulted in more efficient 380 

carbon assimilation and less respiratory losses (Thomas et al 1992). Although Chaetoceros 381 

sp. showed similar light utilisation efficiency (α) under sea ice conditions as F. cylindrus, EK 382 

was much lower, suggesting greater sensitivity to sea ice conditions and different light 383 

harvesting capacity.  384 

The trends in EK were the same in the fluorescence and oxygen measurements, but 385 

there were large differences in the actual values, where EK determined from rETR were much 386 

higher than those obtained from the oxygen measurements (Fig. 4; Table 2). Such differences 387 

have been measured, with PSII electron transport determined EK exceeding values determined 388 

by oxygen evolution rates (Prasil et al 1996; Gilbert et al 2000; Wagner et al 2006).  This is 389 

due to the fact that oxygen evolution measures net photosynthesis, whereas fluorescence-390 

based rETR represents gross PSII-dependent electron transport, failing to differentiate 391 

between electrons derived from water-splitting with electrons being re-cycled through 392 

photosystem II (Genty et al 1989). While no direct measurement of cyclic electron transport 393 

of PSII were made in this study, it seems highly likely that the difference in the shape of the 394 

light response curves and EK values based on fluorescence and oxygen measurements can be 395 

attributed to the non-oxygen consuming process of cyclic electron transport around PSII 396 

(Prasil et al 1996; Lavaud et al 2002).  The advantage to cyclic electron transport is that it can 397 

be switched on faster than heat dissipation via non-photochemical quenching (Onno Feikema 398 
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et al 2006) and allows the cell to maintain maximum photosynthetic capacity while keeping 399 

energy-dependent quenching minimal (Lavaud 2007).  400 

Relative ETR and α are temperature-dependent processes (Palmisano et al 1987; 401 

Arrigo and Sullivan 1992) however, only Chaetoceros sp. expressed such a response in this 402 

study (Table 2).  Instead, a salinity trend was detected.  Using the 14C method, Arrigo and 403 

Sullivan (1992) found rETR and α parameters to increase with increasing salinity up to 50 404 

before declining again in Antarctic sea ice algal populations. A similar salinity trend was 405 

detected in this study, where rETR and α were highest in the sea ice and lowest in the 406 

meltwater environments for F. cylindrus (Table 2). This same trend was observed in α, 407 

determined from the oxygen data, in Chaetoceros sp. (Table 2). However, for P. subcurvata, 408 

maximum values of all parameters were detected under meltwater conditions, further 409 

implying adaptation to lower salinities. This response correlates well with a previous study 410 

where increased salinity retarded growth more than lowered temperatures (Aletsee and 411 

Jahnke 1992) assuming photosynthetic activity as a proxy for growth.  412 

Phytoplankton photosynthetic efficiency is influenced by both temperature and 413 

salinity, as both factors affect rates of photosynthesis. Factors can act independently (one has 414 

an effect, while the other doesn’t), synergistically (the combined affect is greater than the 415 

individual) or antagonistically (where one stress offsets the damage of the other). Interactive 416 

effects between temperature and salinity were detected in F. cylindrus, where elevated 417 

salinity mitigated the effects of lower temperatures (Fig. 7). This demonstrates a situation in 418 

which multiple stressors, rather than causing a synergistic effect, can actually be less stressful 419 

than the individual stress. These data suggest that this mitigative response in F. cylindrus is 420 

linked with a greater adaptability to the sea ice environment (which naturally has 421 

simultaneously low temperatures and high salinities), supporting the observed dominance of 422 
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this species in the Antarctic sea ice. In contrast, the same combination of low temperature and 423 

high salinity in P. subcurvata yielded low, α O2, O2max, and EK O2 values having more of a 424 

negative effect. At low salinities and warmer temperatures, P. subcurvata showed less 425 

photosynthetic stress, indicating temperature and salinity sensitivity and suggesting that its 426 

preferred ecological niche is somewhere between meltwater and pelagic conditions (Fig. 7). 427 

Chaetoceros sp. responded in a similar manner as F. cylindrus, but showed greater sensitivity 428 

towards low salinities, a situation in which an individual factor is responsible for negative 429 

responses alone.  430 

It should be noted that this study compared acclimation capacity after only 3 days, 431 

and therefore cannot rule out the possibility that all species could in fact acclimate 432 

successfully to all conditions given more time. However, what this study does highlight is 433 

that there are species-specific differences in rapid acclimation capacity, which could have 434 

implications for an ecological competitive advantage. In addition, it must be noted that the 435 

short-term (72 h) acclimation period used in this study may have led to the experimental 436 

conditions slightly over-estimated the stress of the sea ice environment, as the shift from 437 

growth environment (+4˚C at 34) to the low temperature/high salinity sea ice conditions (-438 

1.5˚C at 70) would likely take longer to reach acclimation than to the meltwater conditions 439 

(+2˚C at 32). However, this would not have affected differences in the short-term acclimation 440 

capacity between the three species. 441 

Daily integrated NPP was greatest in the summer pelagic environment and lowest 442 

under the winter sea ice conditions for F. cylindrus and Chaetoceros sp., while maximal NPP 443 

was calculated for P. subcurvata under meltwater conditions (Fig. 8). The light-dependent 444 

response of F. cylindrus and Chaetoceros sp. highlights the strong link between light 445 

availability and NPP. For these two species, low irradiances limited the amount of active 446 
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photosynthesis. In contrast, P. subcurvata showed an interactive effect of salinity and 447 

temperature with light, where the low temperature and high salinities of the sea ice 448 

environments drastically reduced NPP regardless of available irradiance. It is important to 449 

note that the growth irradiance in this experiment was not representative of field conditions 450 

and was instead kept constant throughout the salinity and temperature manipulations, 451 

potentially influencing the photoacclimation potential of the phytoplankton. Furthermore, the 452 

irradiance level used was below light saturation for photosynthesis in all species under all 453 

environmental conditions. Thus, it is possible that when acclimated to different light 454 

intensities, the diatoms may show entirely different photosynthesis versus irradiance 455 

characteristics, particularly with respect to photochemical efficiency at low irradiances and 456 

photoinhibition at higher light levels. Future studies should aim to combine light, temperature 457 

and salinity shifts to provide greater insight into the true photoacclimation potential and NPP 458 

of each species.Photoinhibition was not great enough to affect the light-dependent response 459 

of NPP in this study, but this could be an artefact of the constant photon fluence rates used. 460 

The greatest average daily irradiance of 232 µmol photons m-2 s-1 in the pelagic environment 461 

resulted in the highest NPP regardless of high photoinhibition, with the exception of P. 462 

subcurvata, where salinity concentrations and constant high light had a greater influence over 463 

NPP (Fig. 8). Even with the fluctuations in light, the total irradiance was still greater than in 464 

the meltwater environment. Photoinhibition was present under all conditions with the 465 

exception of the winter sea ice scenario, which had a calculated daily mean irradiance of just 466 

3.4 µmol photons m-2 s-1. Therefore, the contribution of photoinhibition can be entirely 467 

ignored in the winter sea ice scenario. However, the low NPP values for P. subcurvata in 468 

both (autumn/early spring) sea ice environments is indicative of sensitivity to the high 469 

salinity and low temperatures, but also shows high light adaptation and limited 470 

photosynthetic plasticity for low light conditions.   The higher NPP values of P. subcurvata 471 
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compared to Chaetoceros sp. in the high light meltwater conditions is largely due to higher 472 

photoinhibition in Chaetoceros sp.. Whereas values are relatively similar in the pelagic 473 

waters as a result of the intermittent low light that drastically lowers NPP in P. subcurvata.  474 

While there are many recognised limitations to these modelled data, the derived 475 

values of NPP are consistent with the fluorescence and oxygen physiological data and all tell 476 

a similar story. Fragilariopsis cylindrus possesses a highly plastic photosystem and while 477 

well-adapted for the sea ice environment, remains the most productive species under all three 478 

conditions. Based on this study, the results show that F. cylindrus is able to acclimate to the 479 

new salinity and temperature conditions more rapidly than the other two species, potentially 480 

giving it a competitive advantage in the marine environment. This strongly supports its wide 481 

distribution as a generalist species and upholds its prevalence throughout the Antarctic 482 

marine ecosystem (Lizotte, 2001; Kopczynska et al., 2007; Roberts et al., 2007; Beans et al., 483 

2008). In contrast, P. subcurvata showed a particular adaptation to meltwater characteristics 484 

with a much lower level of photosynthetic plasticity for changes in salinity, temperature and 485 

light, perfectly matching its geographical environment of known greatest abundance 486 

(Almandoz et al., 2008). Finally, Chaetoceros sp. expressed an ability to adjust to sea ice 487 

conditions, but displayed a clear preference toward the more pelagic environment with 488 

sensitivity to low saline conditions, correlating with its known distribution in the Antarctic 489 

coastal pelagic environment.  490 

Knowledge of species-specific photosynthetic capacity is essential to obtain good 491 

estimates of primary productivity (Juneau and Harrison 2005). This study has shown that 492 

photosynthesis in three Antarctic diatoms is sensitive to rapid changes in temperature and 493 

salinity that occur in the Antarctic ecosystem during an annual cycle. Better understanding 494 

the influence these changes can have on photosynthesis and NPP may shed some light on the 495 
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physiological mechanism controlling the distribution of phytoplankton in the Antarctic 496 

marine environment. The species-specific sensitivities to changes in salinity and temperature 497 

uncovered in this study have strengthened the link between phytoplankton photosynthetic 498 

capacity and ecological niche occupancy.  499 
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 657 

 658 

Table 1. Summary of data used to model seasonal daily solar irradiance in the winter sea ice, 659 

meltwater, pelagic and new sea ice environments for estimations of NPP [µmol O2 (mg chl 660 

a)-1 d-1] for Fragilariopsis cylindrus, Pseudo-nitzschia subcurvata and Chaetoceros sp.. 661 

Environment Month  Photoperiod (h)a Maximum IO 
b k (m-1) 

Sea ice 

Meltwater 

Pelagic 

New sea ice 

August 

November 

January 

March 

8 

18.5 

20 

13 

150 

1500 

2000c 

1800 

1.5d 

0.09e 

0.03e 

1.5d 

a Obtained from www.esrl.noaa.gov/gmd/grad/solcalc for latitude 065°S and longitude 145°E 662 

b Values are in µmol photons m-2 s-1 and were derived from Lizotte and Sullivan (1991) 663 

c Estimated values assuming no cloud cover 664 

d Light attenuation coefficient (k) for sea ice was taken from Maykut (1985) 665 

d Light attenuation coefficients (k) obtained from Rasmus et al (2004) 666 

 667 

 668 

 669 

 670 

 671 

 672 
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Table 2. Photosynthetic parameters maximum electron transport rate (ETRmax), maximum oxygen evolution (O2max), light utilisation 673 

efficiency (α) and minimum saturating irradiance (EK) calculated from light response curves of relative electron transport or oxygen 674 

evolution according to Ralph and Gademann (2005). Data represent means for Fragilariopsis cylindrus, Pseudo-nitzschia subcurvata 675 

and Chaetoceros sp.. ± SD (n=4). 676 

  Light response curve of fluorescence  Light response curve of oxygen evolution 

 

 

 

Ecosystem  

 

 

 

Species 

rETRmax  

[µmol e-  

(mg chl a)-1  h-

1] 

 

 

αETR 

EKETR  

[µmol photons  

m-2 s-1] 

 

O2max 

[µmol O2  

(mg chl a)-1  

h-1] 

 

 

αO2 

EK O2  

[µmol 

photons 

 m-2 s-1] 

 

Sea ice 

 

F. cylindrus 

P. subcurvata 

Chaetoceros sp. 

3105 ± 403 

  603 ± 76 

1577 ± 241 

10.4 ± 3.7 

  4.6 ± 0.3 

10.9 ± 1.6 

315 ± 81 

132 ± 24 

144 ± 17 

 

780 ± 105 

332 ± 39.9 

373 ± 61.9 

12.8 ± 3.9 

  5.1 ± 0.7 

10.0 ± 2.5 

61 ± 3.6 

44 ± 6.8 

37 ± 2.3 

Meltwater 

F. cylindrus 

P. subcurvata 

Chaetoceros sp. 

1929 ± 526 

1163 ± 149 

1265 ± 232 

4.73 ± 0.85 

6.38 ± 0.55 

7.07 ± 0.31 

406 ± 66 

183 ± 28 

178 ± 25 

 

470 ± 62 

449 ± 133 

276 ± 90 

5.22 ± 1.3 

  7.8 ± 1.4 

  4.1 ± 1.8 

89 ± 8.3 

57 ± 6.5 

68 ± 11 

Pelagic 

F. cylindrus 

P. subcurvata 

Chaetoceros sp. 

2382 ± 307 

   877 ± 79 

   643 ± 55 

5.70 ± 1.20 

3.95 ± 0.62 

4.44 ± 0.53 

420 ± 106 

225 ± 35 

145 ± 73 

 1087 ± 106 

  346 ± 33 

  270 ± 36 

6.07 ± 0.43 

  4.8 ± 1.7 

8.01 ± 0.93 

163 ± 3.6 

  50 ± 4 

  56 ± 15 

 677 
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Table 3. Photosynthetic parameters optimal photosynthetic irradiance (EM) and 678 

photoinhibitory irradiance (EB) calculated from light response curves of oxygen evolution 679 

according to Ralph and Gademann (2005). Data represent means or Fragilariopsis cylindrus, 680 

Pseudo-nitzschia subcurvata and Chaetoceros sp. ± SD (n=4). 681 

  Light response curve of oxygen evolution 

 

Environment  

 

Species 

 EM O2  

[µmol photons m-2 s-1] 
 

EB O2  

[µmol photons m-2 s-1] 

 

Sea ice 

 

F. cylindrus 

P. subcurvata 

Chaetoceros sp. 

 124 ± 10 

62 ± 17 

36 ± 4.4 

 

138 ± 21 

155 ± 35 

403 ± 192 

Meltwater 

F. cylindrus 

P. subcurvata 

Chaetoceros sp. 

 185 ± 21 

64 ± 38 

132 ± 31 

 

969 ± 77 

554 ± 156 

201 ± 28 

Pelagic 

F. cylindrus 

P. subcurvata 

Chaetoceros sp. 

 366 ± 9.8 

48 ± 11 

86 ± 38 

 

367 ± 9.9 

1077 ± 477 

756 ± 86 

 682 

 683 

 684 

 685 

 686 

 687 
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Figure legends 688 

Figure 1. Spatial and temporal evolution and decay of sea ice in the Antarctic marine 689 

ecosystem. Mixed layer depth and light attenuation are depicted. The seasonal pathway of 690 

phytoplankton from the winter sea ice to the meltwater and pelagic environments are shown.  691 

Temperature, salinity and irradiance properties for each environment are described in the 692 

table below. Figure adapted from Eicken (1992). 693 

 694 

Figure 2. Modelled daily in situ solar irradiance for microalgae in the sea ice (August - late 695 

winter), meltwater (November - spring), pelagic (January - summer) and new sea ice (March 696 

- autumn) environments at 065°S and 145°E. Fluctuations in irradiance are shown by the 1:1 697 

h mixing pattern for PAR at 15 and 60 m.  698 

 699 

Figure 3. Relative electron transport rates (rETR) as a function of irradiance in the Antarctic 700 

diatoms Fragilariopsis cylindrus, Pseudo-nitzschia subcurvata and Chaetoceros sp. . under 701 

A) sea ice B) meltwater and C) pelagic conditions. Maximum electron transport rate 702 

(ETRmax), and saturating irradiance (EKETR) are shown (dotted lines). Data represent mean ± 703 

SD (n = 4). 704 

 705 

Figure 4. Net primary production (measured as oxygen evolution) as a function of irradiance 706 

in the Antarctic diatoms Fragilariopsis cylindrus, Pseudo-nitzschia subcurvata and 707 

Chaetoceros sp. exposed to A) sea ice B) meltwater and C) pelagic conditions. Maximum 708 
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oxygen evolution rates (O2max), and saturating irradiance (EKO2) are shown (dotted lines). 709 

Data represent mean ± SD (n = 4).  710 

 711 

Figure 5. Comparison of light response curves for oxygen and fluorescence-based 712 

photosynthesis in Fragilariopsis  cylindrus under sea ice-like conditions. Light curves were 713 

fitted according to Ralph and Gademann (2005). The relationship between rETR and O2 714 

evolution at low irradiance (initial points of light curve) are fitted with a linear regression 715 

(inset). Data represent means ± SD (n = 4).  716 

 717 

Figure 6. Correlation between pooled means of oxygen and fluorescence-based 718 

photosynthesis of A) the values in the light curve below EK (black circles) and B) remaining 719 

points above EK (white circles) after which the oxygen and fluorescence deviate. Data are 720 

fitted with a linear regression. Data represent the mean of all species under sea ice meltwater 721 

and pelagic conditions (n = 4). 722 

 723 

Figure 7. Contour plots of the oxygen derived parameters α, O2max [µmol O2 (mg chl a)-1 h-1] 724 

and EK [µmol photons m-2 s-1] in Fragilariopsis cylindrus (A, D, G), Pseudo-nitzschia 725 

subcurvata (B, E, H) and Chaetoceros sp. (C, F, I) exposed to 31, 34, 55, and 70 at -1.5, +2 726 

and +5°C.  727 

 728 

 Figure 8. Daily integrated net primary production as a function of modelled seasonal light 729 

climate (see Fig. 2) in the sea ice (late winter), meltwater (spring), pelagic (summer) and new 730 
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sea ice (autumn) environments for Antarctic diatoms Fragilariopsis  cylindrus, Pseudo-731 

nitzschia. subcurvata and Chaetoceros sp. exposed to altered salinity and temperature.  732 
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