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ABSTRACT 

 

 

Antarctic sea ice algae: Primary production and carbon allocation 

by 

Sarah Caroline Ugalde 

 

Sea ice is a semi-solid matrix of brine-filled channels, typically displaying strong 

vertical gradients in temperature, salinity, light, and space.  Prolonged biological 

activity within the confines of the brine channels itself alters the micro-

environment and physicochemistry.  To be able to cope with these changes, ice 

algae display a complex suite of physiological and metabolic adaptations.  One 

such adaptation is the exudation of photosynthetically-derived organic carbon.   

 

Research undertaken for the thesis details primary production and carbon 

allocation of ice algal communities in laboratory and field conditions, and 

discusses the relationships between microbial growth dynamics, responses to 

physicochemical change, and ecosystem dynamics.    

 

The thesis finds that sea ice algae are capable of exuding large quantities of 

photosynthetically-derived organic carbon.  Allocation to exuded organic carbon 

is highest during times of adverse conditions, such as challenging biochemical and 

physicochemical conditions.  The composition of exuded carbon varies between 



 

iii 

 

defined pools, including dissolved organic carbon, colloidal organic carbon, and 

extracellular polymeric substances.  The observed magnitude of changes in carbon 

allocation indicates that each extracellular carbon pool imparts different 

ecological roles and/or benefits to the producer organism.   

 

The thesis highlights the complexity of sea ice primary productivity, subsequent 

carbon allocation, and the driving factors within the diverse sea ice habitat.  With 

an increased ability to quantify direct exudation of organic carbon, the 

contribution of sea ice algae to total primary production and carbon flux dynamics 

across ice-covered seas could now be estimated. 
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CHAPTER 1 

General Introduction 

 

 

 

Antarctic sea ice is an extensive, yet ephemeral, habitat covering approximately 

4.1 to 6.1 % of the total surface area of the global ocean (Arrigo 2014).  Unlike 

freshwater ice, frozen seawater forms a semi-solid matrix of brine-filled channels, 

typically exhibiting strong vertical gradients in temperature, salinity, light, and 

importantly, space (Thomas and Dieckmann 2010).  Despite these challenging 

conditions, photosynthetic microbes exist within sea ice, often concentrating at the 

ice-water interface, and are capable of reaching high standing stocks (Saenz and 

Arrigo 2014).  Sea ice primary production and cell metabolism can be high during 

autumn ice formation, and then slow with the approaching winter in response to 

altering brine physicochemical conditions (Krell et al. 2008; McMinn and Martin 

2013).  With the onset of spring, light levels increase and primary production 

resumes to reach a maximum rate in spring – early summer (Arrigo et al. 1997; 

McMinn et al. 2010, Petrou and Ralph 2011). 

 

The primary production rate of any photosynthetic biomass is largely determined 

by two factors; the amount of biomass and the amount of light available to that 

biomass (Antoine and Morel 1996).  But it is also sensitive to a multitude of other 

factors, including temperature, nutrient availability, and carbonate chemistry.  In 
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the sea ice habitat, a consequence of photosynthetic activity within the confines of 

brine channels is that the fluid becomes increasingly depleted in dissolved CO2, 

with high concentrations of dissolved organic matter, low concentrations of 

inorganic nutrients, high ammonia concentrations, and elevated pH (Gleitz et al. 

1995; Papadimitriou et al. 2007; Thomas and Dieckmann 2010).  To not only 

cope with, but to thrive in such extreme and variable conditions, microbial 

survival and functioning requires a complex suite of physiological and metabolic 

adaptations.  Today, little is understood about these putative microbial 

adaptations, and how they are linked to ecosystem function and environmental 

change.  

 

One such adaptation expressed by sea ice algae is the exudation of 

photosynthetically-derived organic carbon.  Sea ice algae are believed to exude 

large quantities of organic carbon, based on observations that concentrations of 

extracellular organic carbon in sea ice may be much higher than those in the 

underlying water column (Meiners et al. 2003; Riedel et al. 2006; Underwood et 

al. 2010).  However, the ecological advantage of exuding organic carbon, both on 

a cellular and community level is not clear.  There have been very few attempts to 

quantify sea ice algal exudation rates and composition, and incorporation of this 

source of bio-active energy into ecosystem function. 

 

Organic carbon exudation associated with sea ice algae may be diverse and 

variable.  Exuded cell-associated organic carbon is thought to be important for 

aiding cellular attachment and motility (Decho 2000), and may also provide a 
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protective coating capable of buffering adverse physicochemical conditions, such 

as temperature, salinity, pH, and nutrients (Krembs and Deming 2008; Krembs et 

al. 2011; Underwood et al. 2004).  Carbon-based material may also provide a 

substrate for an active bacterial loop, whereby bacteria utilise the material and in 

turn, replenish vitamins and minerals required for algal growth (Giesenhagen et 

al. 1999; Martin et al. 2009, 2011).  Sea ice algae can also take up extracellular 

organic carbon, independent of light availability (Palmisano and Garrison 1993), 

presenting a potential advantage under conditions of light limitation during 

overwinter survival.  Structurally complex molecules (i.e. extracellular polymeric 

substances, EPS) may have the potential to influence the sea ice micro-

morphology, creating a more suitable algal habitat by increasing concentrations of 

organic carbon that restrict the flow of fluid within the brine channel system, 

increasing bulk salinity (thereby reducing the brine freezing temperature), and 

increasing brine channel structural complexity (Ewert and Deming 2013; Krembs 

and Deming 2008; Krembs et al. 2001, 2002, 2011).  Finally, exuded organic 

carbon may be an end-product of an overflow metabolism, whereby cells release 

the carbon derived from primary production that is excessive to their growth 

requirements (Fogg 1983). 

 

Not surprisingly, quantities of extracellular organic carbon in sea ice show high 

spatial and temporal variation, and are positively correlated with algal biomass, 

represented through both particulate organic carbon and chlorophyll a (Meiners et 

al. 2003; Riedel et al. 2006, 2007, Van der Merwe et al. 2009).  However, this 

apparent association between intra- and extracellular organic carbon pools has not 
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been well explored, and the level of dependence between them is not known.  This 

is important, because if exudation of organic carbon reflects an ecological 

adaptation, then the exudation ratio between intra- and extracellular organic 

carbon could very well vary depending on physiological and metabolic pressures. 

 

The thesis consists of three data studies, each incorporating a different 

methodological approach.  The methods applied in each study had their strengths, 

as well as possible limitations, and a different set of assumptions and 

uncertainties.  Each study is reported in the thesis as a separate chapter.  Study 1 

(chapter 2) was carried out in a controlled laboratory environment, and is well 

suited to test initial biogeochemical hypotheses.  Study 2 (chapter 3) expands 

methods and experimental protocols to a relatively homogenous small-scale field 

station.  Finally, study 3 (chapter 4) contributes to a large-scale ecosystem study 

and was undertaken as part of an interdisciplinary voyage.  Therefore, the thesis 

demonstrates the evolution of technical methods, accumulation of new 

knowledge, and increasing logistical complexity.   
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Figure 1.1: Thesis mind map indicating three phases; in vitro study (Chapter 2), in 

situ study (Chapter 3), and ecosystem study (Chapter 4). 

 

The aim of the thesis is to examine and quantify primary production and 

subsequent carbon allocation of Antarctic sea ice algae.  The objectives are to 

develop accurate methods of measuring primary production and carbon allocation 

of ice algal assemblages in laboratory and field conditions.  The derived 

production measurements of algal assemblages are discussed in relation to 

microbial growth dynamics, responses to physicochemical change, and allocation 

of carbon into specified intra- and extracellular carbon pools.  Therefore, the 

thesis spans variable spatial and temporal scales, encompassing multiple scientific 

disciplines and collaborations. 

 

Chapter 2:  This chapter quantifies primary production and carbon allocation by a 

common Antarctic sea ice diatom, Fragilariopsis cylindrus.  The laboratory-based 

study was the first attempt to apply developed methods using a radioactive tracer 

(
14

C), and determine production rates over the algal growth cycle while exposing 

assemblages to increasing biogeochemical stress. 
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Chapter 3:  This chapter describes extracellular carbon dynamics of an Antarctic 

bottom ice algal assemblage.  The study was conducted on fast ice in the vicinity 

of Turtle Rock (77° 44’ S, 166° 46’ E), McMurdo Sound, Antarctica, during the 

spring-summer transition (November to December 2011).  A detailed description 

of the sea ice physicochemistry and microbial community, within 0.15 m from the 

ice-water interface is provided.  

 

Chapter 4:  This chapter quantifies primary production and carbon allocation by 

Antarctic bottom ice algal assemblages, using 
14

C methods developed in chapter 

1.  The study was conducted in pack ice in East Antarctica (64.42 to 65.27 °S and 

116.27 to 121.15 °E) during the winter-spring transition (October to September 

2012).  A description of pack ice physio-biogeochemical characteristics, and rates 

of primary production and carbon allocation within 0.02 m from the ice-water 

interface are provided.    

 

Chapter 5:  This chapter brings together the findings from each of the studies 

reported in the previous chapters to build a more comprehensive knowledge base 

on physio-biogeochemistry, primary production, and the synthesis of extracellular 

organic carbon dynamics in Antarctic sea ice. 

 

At the time of submitting this thesis, chapters 2 and 3 have been published 

(journals: Experimental Marine Biology and Ecology and Aquatic Microbial 

Ecology).  Chapter 4 has been submitted to a special edition (journal: Deep Sea 
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Research II).  Differences between chapter text formats (e.g. reference structure) 

are attributed to requirements for journal submissions.  Study citations are at the 

start of each chapter, and copies of published material are held inside the back 

cover of the thesis.  
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CHAPTER 2 

Photosynthetic carbon allocation of an Antarctic sea ice 

diatom (Fragilariopsis cylindrus) 

 

 

Citation: Ugalde SC, Meiners KM, Davidson AT, Westwood KJ, McMinn A (2013). Photosynthetic carbon 

allocation of an Antarctic sea ice diatom (Fragilariopsis cylindrus). Journal of Experimental Marine Biology 

and Ecology. 446:228–235.  

 

 

2.1 ABSTRACT 

Antarctic sea ice provides an ephemeral but important habitat for algal 

productivity and is characterised by extreme physicochemical variations.  In this 

study, we assess the ability of a sea ice diatom (Fragilariopsis cylindrus) to cope 

with physicochemical changes through examination of physiological status and 

allocation of 
14

C-incorporated organic carbon into particulate and extracellular 

fractions, using closed-bottle incubations over 49 d.  Carbon allocation was found 

to vary with growth stage and shifts in the physicochemical environment, in 

particular the carbonate system.  Total extracellular organic carbon was comprised 

of at least 85 % low molecular weight 
14

C-colloidal organic carbon.  The relative 

contribution of 
14

C-extracellular polymeric substances and 
14

C-total extracellular 

organic carbon to 
14

C-total primary production varied from lag to senescent 

growth phases, increasing from 0 to 5.7 % and 32.9 % to 69.5 %, respectively.  
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Carbon allocation into 
14

C-extracellular polymeric substances was correlated with 

a decline in CO2 availability and increased pH.  Overall, the results demonstrate 

that carbon exudation may play an important role in adaptive algal physiology by 

buffering cells against biogeochemical shifts within brine channels, induced 

through photosynthetic activity. 

 

 

2.2 KEY WORDS 

Antarctica 

Carbon fractionation 

Extracellular polymeric substances 

Microalgae 

pH 

Primary production 

Sea ice  

    

 

2.3 INTRODUCTION 

 The variable extent of Antarctic sea ice is a significant seasonal event, advancing 

to ~18-19 x 10
6
 km

2
 at its maximum in September-October and retreating to ~3-4 

x 10
6
 km

2
 each summer (Comiso 2010).  This process has critical effects on 

ocean-atmosphere interactions (Thomas and Dieckmann 2010), and is integrally 

linked to productivity and ecosystem dynamics of the Southern Ocean (Bluhm et 

al. 2010; Frazer et al. 1997; Loeb et al. 1997).   
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Antarctic sea ice is structurally complex, comprised of a network of brine 

channels which provide an extensive habitat for microbial communities (Horner et 

al. 1992; Thomas and Dieckmann 2010).  Pennate diatoms typically dominate the 

sea ice flora, comprising > 90 % of standing stocks during austral spring and often 

exceed 300 mg Chl a m
3

 (Arrigo et al. 2010; Palmisano and Sullivan 1983; 

Trenerry et al. 2002).  An abundant Antarctic diatom, Fragilariopsis cylindrus 

(Grunow) Krieger (Bacillariophyceae), occurs commonly in both sea ice and open 

water column assemblages (Kang and Fryxell 1992).  It is therefore an ideal 

representative organism for physiological studies related to sea ice research 

(Mock and Valentin 2004). 

 

Prolonged photosynthetic activity within the confines of brine channel systems 

can result in the alteration of brine biogeochemical properties, such as depletion 

of carbon dioxide, increased pH, reduced availability of nitrate and silicate, high 

ammonia concentrations, and high concentrations of dissolved organic matter (e.g. 

Gleitz et al. 1995; Thomas and Dieckmann 2010; Meiners et al. 2009; 

Papadimitriou et al. 2007).  The mechanisms employed by sea ice algae to tolerate 

these biogeochemical extremes are poorly understood, however high cell 

abundances within brine channels infer significant adaptation.  

 

Arctic and Antarctic sea ice characteristically contain high concentrations of 

mucilage and dissolved organic carbon, which is thought to be comprised of 

extracellular polymeric substances (EPS; Krembs et al. 2002; Meiners et al. 2003; 
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Underwood et al. 2010).  EPS are produced by a range of micro-organisms, 

including bacteria and algae (Aslam et al. 2012a,b; Collins et al. 2010; Krembs 

and Deming 2008), and are defined as extracellular organic compounds that 

precipitate in a polar solvent, usually 70 % ethanol (Decho 1990; Underwood and 

Paterson 2003).  The compounds are large and complex macromolecules, 

encompassing a wide range of polysaccharides, uronic acids, and sulphated sugars 

(Underwood and Paterson, 2003).  Numerous studies have reported significant 

variability with respect to the abundance and composition of ice-associated EPS 

(Aslam et al. 2012a; Krembs et al.2002; Meiners et al. 2003; Underwood et al. 

2010) and this is likely to reflect the spatial and temporal variability that 

characterises the sea ice matrix (Herborg et al. 2001; Kattner et al. 2004; Meiners 

et al. 2003).   

 

In marine environments, EPS have multiple ecological functions, including aiding 

cell attachment and motility, buffering against pH/chemical variances, increasing 

grazer protection, and providing a mechanism for metabolic overflow (Cooksey 

and Wigglesworth-Cooksey 1995; Decho 1990; Hoagland et al. 1993; Riedel et al. 

2006; Smith and Underwood, 1998, 2000; Staats et al. 2000).  EPS may also 

affect sea ice microstructure, potentially influencing sea ice habitability and 

primary productivity (Krembs et al. 2011).  Furthermore, EPS have an important 

carbon source in sea ice (Mock and Thomas, 2005), and are associated with 

higher rates of bacterial activity and growth (Martin et al. 2008, 2011; Meiners et 

al. 2008).  
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The aim of this study was to quantify photophysiology and organic carbon 

allocation by a common Antarctic sea ice diatom, F. cylindrus.  It was 

hypothesised that increased physiological stress associated with 

photosynthetically-induced environmental changes would induce variation in 

carbon allocation between particulate and extracellular carbon fractions.  To this 

end, we determined rates of 
14

C-total primary production (TPP) and carbon 

allocation among 
14

C-particulate organic carbon (POC) and 
14

C-total extracellular 

organic carbon (TEOC; extracellular dissolved organic carbon [EDOC], colloidal 

organic carbon [COLLOC] and EPS) fractions. Rates were determined during lag, 

exponential, stationary and senescent phases of culture growth over 49 days.  

Changes in carbon allocation are related to coincident changes in the 

physicochemical environment, and results considered in terms of the ability of F. 

cylindrus to inhabit the sea ice environment.     

 

 

2.4 METHODS 

2.4.1 Experimental Set-up 

Triplicate sterile polycarbonate vessels (Nalgene, 30 L) were inoculated with ca. 

100 cells ml
-1

 F. cylindrus grown in f/2 medium (Guillard and Ryther 1962).  The 

cultures were incubated for 49 days (d) at constant temperature (0 ± 1 °C) on an 

18:6 light-dark cycle (irradiance: 40 μmol photons m
-2 

s
-1

) using cool-white 

fluorescent tubes, and gently mixed daily.  Subsamples were taken at intervals 

from 4 to 11 d for measurements of cell abundance, carbonate chemistry, 

photosynthetic physiology, and carbon allocation using 
14

C bicarbonate 
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incorporation.  Care was taken to ensure all subsamples were taken consistently at 

12 ± 1 hours (h) into the light cycle.  Until the final sampling day, less than 20 ± 3 

% of the initial culture volumes had been removed.  

 

2.4.2 Definition of Photosynthetically Produced Organic Carbon Fractions  

For the purposes of this study, 
14

C-total primary production (
14

C-TPP) is defined 

as the sum of 
14

C-particulate organic carbon (
14

C-POC) and 
14

C-total extracellular 

organic carbon (
14

C-TEOC).  
14

C-TEOC is defined as the sum of 
14

C-extracellular 

dissolved organic carbon (
14

C-EDOC) and 
14

C-colloidal organic carbon (
14

C-

COLLOC).  A subtracted proportion of 
14

C-colloidal-OC was defined as 
14

C-

extracellular polymeric substances (
14

C-EPS), and was precipitated using 70 % 

ethanol (Decho 1990; Underwood et al. 1995).  

 

2.4.3 Fractionation of Photosynthetically Produced Organic Carbon 

Organic carbon components (
14

C-POC, 
14

C-EDOC, 
14

C-COLLOC, and 
14

C-EPS) 

were isolated using a modified method of Goto et al. (1999).  For each replicate 

culture, five 20 ml subsamples were inoculated with an aqueous antibiotic cocktail 

of penicillin (benzylpenicillin potassium, CSL Ltd, final concentration 75 µg ml
-1

) 

and streptomycin (streptomycin sulfate, Sigma USA, final concentration 125 µg 

ml
-1

), and incubated in glass vials for 1 h, according to Goto et al. (1999).  One 

subsample was incubated in darkness, whilst the other four were exposed to the 

same incubation conditions as the parent cultures.  After initial incubation, 

samples were spiked with 200 μl 
14

C-NaHCO3 (activity = 148 kBq ml
-1

), and 

incubated for a further 10 h with gentle agitation.   
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At the termination of incubations, samples were filtered using GF/F (Whatman) 

filters under minimal light and low pressure (< 0.13 bar).  0.005 l of filtrate was 

then acidified with 200 μl 32 % HCl and bubbled with nitrogen for 20 min.  This 

fraction was defined as 
14

C-EDOC.  Extracellular organic carbon was solubilized

(
14

C-EPS and 
14

C-COLLOC) using the method of Decho (1993), whereby the

remaining filter was submerged in 0.075 l of 4 nmol l
-1

 EDTA for 1 h at 40 ± 1 °C

and gently agitated every 15 min.  The extracellular organic carbon was then 

separated from algal cells by centrifugation (4000 x g for 10 min) and 

resuspended three times in the same supernatant. The supernatant was then 

filtered using GF/F (Whatman) filters under low pressure (< 0.13 bar).  Hence, 

14
C-COLLOC (low molecular weight) and 

14
C-EPS (high molecular weight) are

comprised of carbon extracted from both colloidal and cell-associated material.   

The collected filtrate was acidified with 300 μl HCl and bubbled with nitrogen for 

20 mins. Three ml of the acidified filtrate was placed in a scintillation vial and this 

fraction was defined as 
14

C-COLLOC.  Another 3 ml was placed in a capped 15

ml falcon tube and precipitated following Goto et al. (1999), in which cold (- 20 

°C) ethanol (70 % final concentration) was added for 10 h and subsequently 

centrifuged (4000 x g for 10 min). This was followed by a single wash with cold 

70 % ethanol and resuspended in distilled water.  The extraction was repeated 

twice. The precipitate obtained was defined as 
14

C-EPS.  Allocation to 
14

C-

COLLOC was calculated by subtraction of the 
14

C-EPS fraction.
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The 
14

C-POC fraction was determined from filters used to separate the 

supernatant for extracellular organic carbon determination. After removing the 

filtrate for 
14

C-EPS and 
14

C-COLLOC determination (see above), 0.05 l 2 % HCl 

was drawn through the 
14

C-POC filter to acidify the remaining material.  The filter 

was then placed in a scintillation vial for radioactive counts.   

 

For radioactive counts of aqueous 
14

C-EDOC and 
14

C-COLLOC fractions, 0.015 l 

of Aquassure (Amersham) liquid scintillation cocktail was added to scintillation 

vials.  For radioactive counts of 
14

C-POC filters and 
14

C-EPS precipitations, 0.002 

l acetone was added to vials and allowed to solubilise for 24 h, with 0.010 l of 

Aquassure later added. All samples were briefly mixed and protected from the 

light prior to measurement.  Radioactivity of each fraction was measured using a 

calibrated liquid scintillation counter (Beckman LS 6500), ensuring lumex errors 

were < 3.00 %.  Radioactive decays per min (DPM) were used to calculate rates 

of production using the following equation: 

 

   

           

        
            

 
 

       

 

Where P was the rate of production, DPM was the count from the sample 

incubated in the light, DPMT=0 was the background count, DIC was the dissolved 

inorganic carbon of the sample (µg l
-1

), k1 was the correction factor (1.05) for the 
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5 % metabolic discrimination for the uptake of 
14

C relative to 
12

C (Ertebjerg-

Nielsen and Bresta 1984), k2 was the correction factor for subsampling given that 

only part of the incubated sample was utilised, T was the incubation time, and 

DPM100% was the total radioactivity added to each vial. Carbon uptake rates were 

then normalised to cell abundance (pg C cell
-1

 h
-1

) and chl a concentrations (mg C 

(mg chl a)
-1

 d
-1

).  

   

2.4.4 Nutrient Parameters and Pigments   

Filtered nutrients samples (NOx [NO2 + NO3], NH4, Si(OH)4, and PO4) were 

collected and stored at – 20 °C in acid washed polypropylene vials.  Analysis was 

performed according to Eriksen (1997) using an Alpkem auto-analyser (Trevena 

et al. 2000). For determination of chl a, light-protected samples of 0.015 – 0.120 l 

were filtered onto GF/F (Whatman) filters and stored at -80 °C for fluorometric 

analysis.  Chl a was later extracted in the dark at 4 °C using HPLC-grade 

methanol for 20 h.  Concentrations were measured using a Turner Design Model 

10-AU digital fluorometer calibrated against chl a standards (Sigma Chemicals 

Co., St Louis), according to Holm-Hansen et al. (1978).   

 

2.4.5 Carbonate System 

Culture pH was determined using a bench top meter (Mettler Toledo, S20-KS), 

calibrated daily using three-point standard buffer solutions.  The carbonate system 

was also characterised by measuring total alkalinity (TA) and dissolved inorganic 

carbon (DIC) to calculate pCO2.  Acid washed glass bottles (0.25 l) were rinsed 

with sample then gently filled while avoiding air contact. For preservation, 100 μl 
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saturated mercuric chloride solution was then added and the bottles sealed using 

lids with convex inserts to exclude air. Samples were stored at 4 °C in the dark 

until analysis.     

 

To quantify DIC concentrations, subsamples were drawn from bottles using a 

0.025 l disposable syringe to avoid air contact. Each subsample was then filtered 

through a sterile 0.22 μm syringe filter (Pall Acrodisc).  DIC was analysed using 

an Apollo SciTech's DIC analyser (USA), corrected against seawater certified 

reference material (prepared by A. G. Dickson, Scripps Institution of 

Oceanography). Multiple measurements of subsamples were taken and the results 

averaged.  

` 

TA was measured using the remaining sample (> 0.2 l) according to the 

potentiometric titration method described by Dickson (1981).  pCO2 was 

calculated using the software program CO2sys (version 1.05 by E. Lewis and 

D.W.R Wallace, 2006), with dissociation constants for carbonic acid described by 

Roy et al. (1993). 

 

2.4.6 Photophysiological Parameters, Algal and Bacterial Abundance   

Photophysiological parameters were determined using a Water-Pulse Amplitude 

Modulated (PAM) fluorometer (Waltz, GmbH, Effeltrich, Germany; gain setting 5 

- 25) on triplicate subsamples, dark-adapted for 30 min.  Algal cell counts were 

determined from samples of 1 - 5 ml preserved with Lugol’s iodine solution, and 

allowed to settle for at least 12 h in 27 mm diameter Utermöhl chambers. Cell 
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counts were performed on live cells at 400 x magnitude on a Zeiss Axiovert 

inverted microscope.  Counts were conducted either over 20 random fields of 

view, or until at least 100 cells had been counted.  Intrinsic growth rates were 

calculated according to Laundry and Hassett (1982). 

 

For bacterial cell counts, samples were preserved with formaldehyde (3 % final 

concentration) and stored at – 20 °C.  Thawed samples were subsequently stained 

with SYBR Green I nucleic acid gel (Molecular Probes, USA) spiked with green 

reference beads (Molecular Probes, USA), and incubated in the dark for 20 mins.  

Cells were then counted using a Becton Dickinson flow cytometer, according to 

Thomson et al. (2010). 

 

2.4.7 Statistical analyses 

Statistical analyses were performed using SAS (v9.2).  One-way analysis of 

variance (ANOVA) and post-hoc Tukey tests were used to examine changes in 

culture characteristics and productivity in relation to the various carbon fractions 

and culture growth phases. 

 

 

2.5 RESULTS 

2.5.1 Culture Growth   

Algal growth phases were identified based on statistically significant changes in 

algal cell abundance: 0 - 6 d lag phase, 17 – 25 d exponential phase, 33 - 37 d 

stationary phase, and 43 - 49 d senescent phase (p < 0.001).  Algal intrinsic 
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growth rates fluctuated throughout the experiment, and was highest from 0 to 6 d 

(µ = 0.47 d
-1

 ± 0.02), after which growth rates declined during the stationary 

phase (µ = 0.1 d
-1

 ± 0.03 33 – 37 d; Table 2.1).  Algal abundance increased 

exponentially to 945 ± 49 cells ml
-1

 during exponential growth, and then declined 

by 26 %
 
during the senescent phase (Figure 2.1).  The initial bacterial count was 

55.1 ± 10.5 x 10
3
 cells ml

-1
, and increased to a final abundance of 1496 ± 15.7 x 

10
3
 cells ml-1 (Figure 2.1).  Algal and bacterial abundances were significantly 

correlated (Pearson’s r = 0.657, p < 0.001, n = 24).  

 

 

 
 

 

Figure 2.1: Temporal changes of Fragilariopsis cylindrus and bacterial cell 

abundance (means ± stderr). 
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2.5.2 Nutrients 

NH4 and Si(OH)4 concentrations varied significantly between the lag to 

exponential phase, and the stationary to senescent phase (p < 0.001).  NOx and 

PO4 declined significantly between the lag to exponential, stationary, and 

senescent phases (p < 0.001).  Ammonium concentrations increased from an 

initial concentration of 0.48 ± 0.17 to 4.25 ± 0.53 μmol l
-1

 in the senescent phase 

(Table 2.1).  Si(OH)4 and NOx were at initial concentrations of 60.4 ± 0.49 and 

1142 ± 1.89 μmol l
-1

, respectively, and reduced during exponential growth by 57 

% and 15 %, respectively (Table 2.1).  The initial concentration of phosphate was 

36.4 ± 0.01 μmol l
-1

 which
 
decreased by 41 % in the stationary phase.  During the 

senescent phase, there was a slight increase to 21.1 ± 1.60 μmol l
-1

 (Table 2.1).  

NH4, Si(OH)4, NOx, and PO4 were correlated with algal cell abundance (Pearson‘s 

r = 0.770, -0.923, -0.941, -0.778, respectively; p < 0.001, n = 24).     

 

2.5.3 Carbonate System   

Media pH, DIC, and pCO2 changed significantly between the lag, exponential, 

and stationary to senescent phases (p < 0.001).  After an initial decline in pH 

during the lag phase (8.33 ± 0.2 to 8.05 ± 0.06), values increased rapidly to 9.29 ± 

0.07 by the end of the exponential phase, and remained relatively constant 

thereafter (Figure 2.2).  DIC declined from 1980 ± 14 μM kg
-1

 at the onset of 

exponential phase by 32 % during the stationary phase (Figure 2.2).  Calculated 

values of pCO2 were initially 379.5 ± 30.9, declining by 95 % during exponential 

growth (Figure 2.4).  Media pH, DIC, and pCO2 were negatively correlated with 
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algal cell abundance (Pearson’s r = 0.940, -0.957, -0.926, respectively; p < 0.001, 

n = 24).  

 

 

 
 

Figure 2.2: Temporal changes in the concentration of dissolved inorganic  

carbon (DIC) and media pH (means ± stderr) 
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2.5.4 Algal Photophysiology   

Maximum potential photosynthetic yield (Fv/Fm) was below detection limits (gain 

= 25) during lag phase, but increased to a maximum of 0.63 ± 0.01 during 

exponential growth (25 d).  Thereafter, the yield steadily declined and was 0.33 ± 

0.04 by the end of the senescent phase (Figure 2.3).  Chl a concentrations 

increased from an initial value of < 0.1 μg l
-1

 during the lag phase to 60.9 ± 0.3 μg 

l
-1

 in the senescent phase (Table 2.1).  Cell-specific chl a increased from 20.6 ± 

6.8 pg chl a cell
-1

 in the lag phase to 99.6 ± 6.8 pg chl a cell
-1

 during exponential 

growth. This then declined to 59.8 ± 8.3 pg chl a cell
-1 

in stationary phase (Figure 

2.4). 

 

 

 
 

Figure 2.3: Temporal changes in maximum fluorescent yield (Fv/Fm)  

(means ± stderr) 
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Figure 2.4: Temporal changes in pCO2 (μmol atm) and chlorophyll a per cell  

(pg chl a cell 
-1

) (means ± stderr). 

 

 

2.5.5 Rates of Total Primary Production and Extracellular Organic Carbon 

To incorporate temporal changes in the cell-specific chlorophyll content (Figure 

2.4), carbon uptake rates were normalised to both cell abundance (pg C cell
-1

 h
-1

) 

and chl a (mg C (mg chl a)
-1

 d
-1

). Cell-specific rates of 
14

C-TPP increased from an 

initial value of 61.8 ± 7.7 pg C cell-1 h
-1

 to 326.6 ± 60.4 pg C cell
 -1

 h
-1

 during the 

exponential phase (Table 2.2).  Chl a-specific rates of 
14

C-TPP decreased from an 

initial 80.12 ± 2.23 in the lag phase by 57 % at the early stationary phase.  

Thereafter, 
14

C-TPP continued to decline with the exception of a peak in late 

stationary phase, at which time 
14

C-TPP and 
14

C-TEOC peaked at 126.90 ± 20.44 

mg C (mg chl a)
-1

 d
-1

 and 83.51 ± 11.03 mg C (mg chl a)
-1

 d
-1

, respectively (Table 

2.2).   
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The relative contribution of chl a-specific production of 
14

C-TEOC to 
14

C-TPP 

increased from 33 ± 1 % at the end of the lag phase to 69 ± 4 % in the senescent 

phase (Figure 2.5; Table 2.2).        
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Figure 2.5: 
14

C-total primary production fractions as 
14

C-POC and 
14

C-TEOC (%; 

A); and 
14

C-TEOC fractions of 
14

C-COLLOC, 
14

C-EDOC, and 
14

C-EPS (%; B). 
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2.5.6 
14

C-Colloidal Organic Carbon and 
14

C-Particulate Organic Carbon 

 Cell-specific rates of 
14

C-POC production peaked during early exponential phase 

at 174.4 ± 11.2 pg C cell
-1

 h
-1

, and then reduced by 86 % during culture decline 

(Table 2.2).  Similarly, cell-specific rates of 
14

C-COLLOC production increased 

from 20.5 ± 2.9 pg C cell
-1

 h
-1

 during late lag phase by a factor of > 7 in late 

exponential phase (Table 2.2).  Chl a-specific rates of 
14

C-POC production were 

highest during early growth at 53.68 ± 9.79 mg C (mg chl a)
-1

 d
-1

 (Table 2.2).  

They then generally declined to 6.66 ± 1.27 mg C (mg chl a)
-1

 d
-1

 in the senescent 

phase, with the exception of a peak during the stationary phase (Table 2.2).     

 

The relative contribution of 
14

C-POC and 
14

C-COLLOC to 
14

C-TPP did not vary 

significantly throughout the experiment (p = 0.187; p = 0.270, respectively).  The 

relative contribution of 
14

C-POC to 
14

C-TPP was highest at the end of the lag 

phase with 67 ± 1 %. This then declined during the stationary and senescent 

phases by 48 % and 55 %, respectively (Figure 2.5, Table 2.2).  Accordingly, 
14

C-

TOEC contributed to 33 ± 1 % of 
14

C-TPP at the end of the lag phase, and 65 to 

69 % during the stationary and senescent phases.  
14

C-COLLOC constituted at 

least 84 % of 
14

C-TEOC throughout the study, with 
14

C-EDOC contributing the 

remainder.  At the end of the lag phase, 
14

C-COLLOC accounted for 30 ± 2 % of 

14
C-TPP, thereafter steadily increasing to 58 ± 1 % of 

14
C-TPP during the 

stationary phase and 61 ± 2 % during senescent phase (Figure 2.5; Table 2.2).  
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Table 2.1: Chlorophyll a concentration (chl a), algal intrinsic growth rate (IGR) and nutrient concentrations (means ± SE) during growth phases. 
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Table 2.2: Carbon uptake rates and fractions (means ± SE) normalised to cell abundance (expressed as pg C cell
-1 

h
-1

) and chlorophyll a 

(expressed as mg C(mg chl a)
-1 

d
-1

).  BD = below detection. 
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2.5.7 
14

C-Extracellular Organic Carbon and 
14

C-Extracellular Polymeric 

Substances 

Cell- and chl a-specific rates of 
14

C-EDOC and 
14

C-EPS exudation were 

undetectable in the early lag and the lag and the early exponential phases, 

respectively (Table 2.2).  Rates of 
14

C-EDOC exudation reached 13.3 ± 4.70 pg C 

cell
-1

 h
-1

 or 5.18 ± 1.16 mg C (mg chl a)
-1

 d
-1

 during the stationary phase, but 

declined rapidly thereafter.  Similarly, rates of 
14

C-EPS exudation reached 9.90 ± 

1.73 pg C cell
-1

 h
-1

 or 4.08 ± 0.69 mg C (mg chl a)
-1

 d
-1

 during the stationary 

phase, then decreased by the end of the senescent phase by 76 % and 83 %, 

respectively (Table 2.2).     

 

Percentages of 
14

C-EPS exudation relative to 
14

C-TPP changed significantly 

between the lag to exponential and stationary to senescent phases (p < 0.001).  

14
C-EPS production increased from the first detectable value of 0.75 ± 0.31 % of 

14
C-TPP (0.83 ± 0.25 % of 

14
C-TEOC) during the late exponential phase to 3.4 ± 

0.75 % (6.12 ± 0.60 % of 
14

C-TEOC) during the stationary phase.  It then 

increased further to 5.7 ± 0.75 % (1.74 ± 0.27 % of 
14

C-TEOC) during the early 

senescent phase (Table 2.2).  The relative contribution of 
14

C-EPS to 
14

C-TPP was 

strongly correlated with carbonate system components (Pearson’s pH r = 0.846; 

DIC r = -0.879; pCO2 r = -0.824; p < 0.000, n = 24), nutrient concentrations 

(Pearson’s NH4 r = 0.734; Si(OH)4 r = -0.892; NOx r = -0.849; PO4 r = -0.776; p < 

0.000, = 24), Fv/Fm (Pearson’s r = -0.745, p < 0.000, n = 21), and biomass 

characteristics (Pearson’s algal abundance r = 0.818; chl a r = 0.864; bacterial 

abundance r = 0.762; p < 0.000, n = 24). 
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2.6  DISCUSSION 

This is the first study to quantify rates of carbon allocation among intra- and 

extracellular organic carbon fractions by a cultured Antarctic sea ice diatom under 

deteriorating carbonate conditions.  Here, it is shown that increased physiological 

stress associated with photosynthetically-induced environmental changes has the 

potential to alter carbon allocation amongst particulate and extracellular carbon 

fractions.     

 

Allocation into extracellular organic carbon is an important ecological strategy of 

diatoms to survive harsh environmental conditions, alter habitat structure and 

support increased biomass (Decho 1990; Hoagland et al. 1993; Krembs et al. 

2011; Riedel et al. 2006; Smith and Underwood 1998, 2000).  If this is the case, 

then a measurable shift in carbon allocation should be observed with changes in 

algal growth phase and physiological stress in our experiments.  This is clearly 

demonstrated in our study by an observed increase in the relative contribution of 

14
C-TEOC to 

14
C-TPP between the lag phase (33 %) and the early senescent phase 

(69 %).  Other studies on both temperate and polar species have also identified an 

increase in extracellular carbon allocation under changes in cell physiology and 

growth (e.g. Underwood et al. 2004; Aslam et al. 2012b).  Goto et al. (1999) 

reported that the relative contribution of 
14

C-TEOC to 
14

C-TPP for a temperate 

tidal flat community increased from the exponential phase (22 %) to the stationary 

phase (51 %).  Interestingly, 
14

C-TEOC exudation in marine diatoms is generally 

low (Goto et al. 1999; Granum et al. 2002).  One exception was the marine diatom 

Chaetoceros affinis, which was observed to excrete 10 to 58 % of 



 

31 

 

photosynthetically-produced carbon from the exponential to stationary phases, 

respectively (Myklestad et al. 1989).  Thus, while the allocation of carbon into 

extracellular organic components may be species specific, in all cases the highest 

percentages were observed following exponential growth.  This pattern in carbon 

allocation may reflect both a response to algal growth phase or increase in 

environmental stress, such as nutrient limitation or changes in carbonate 

chemistry.   

 

This study shows that the sea ice diatom, F. cylindrus, may exude EPS and 

colloidal-OC at similar relative ratios when compared with other diatoms.   

Although total concentrations of high molecular weight material have recently 

been quantified for sea ice assemblages (Aslam et al. 2012a; Underwood et al. 

2010), exudation rates have not previously been reported.  In our study, the 

relative contributions of 
14

C-EPS and 
14

C-COLLOC to 
14

C-TPP increased with 

growth phase from ca. 0 to 6 % and 30 to 61 %, respectively.  These values are 

comparable to short-term radioactive labelling studies for estuarine benthic 

diatoms (
14

C-COLLOC:
14

C-TPP 30 – 60 %, 
14

C-COLLOC:
14

C-EPS 16 %; Smith 

and Underwood, 2000) and tidal flat diatoms (
14

C-COLLOC:
14

C-TPP 39 %, 
14

C-

COLLOC:
14

C-EPS 41%; Goto et al. 1999).  Studies using short pulse-chase 

incubations of intertidal epipelic diatoms have reported relatively low 

contributions of extracellular carbon fractions to 
14

C-TPP values (
14

C-

COLLOC:
14

C-TPP 8.0 – 11 %, 
14

C-EPS:
14

C-TPP 0.8 – 1.0 %; Smith and 

Underwood, 1998).  However longer incubations, more comparable to the present 
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study, have indicated higher values (
14

C-colloidal-OC:
14

C-TPP 32 - 37 %, 
14

C-

EPS:
14

C-TPP 4 - 18 %; Perkins et al. 2001).   

 

For sea ice diatoms, cell-specific yields of extracellular polysaccharides of three 

common species (Synedropsis sp., Fragilariopsis curta, and F. cylindrus) were 

reported by Aslam et al. (2012a).  While our results indicate extracellular carbon 

allocation increases with culture growth phase, Aslam et al. (2012a) reported 

carbon yields decrease from exponential growth (COLLOC:total carbohydrates 

67, 75, 53 %, respectively) to the commencement of stationary phase 

(COLLOC:total carbohydrates 62, 35, 40 %, respectively).  The contrasting 

results probably reflect differences in the methods used to isolate and quantify 

extracellular organic carbon fractions, but may also be due to growth-related 

changes in culture physiology and environmental factors (e.g. carbonate chemistry 

and nutrients).  Overall our study supports the finding that growth phase and 

environmental factors have the potential to influence carbon allocation by cultured 

sea ice diatoms.     

 

In our study, an increase in physiological stress was experienced by F. cylindrus 

as the culture matured. This was demonstrated by a decline in maximum potential 

photosynthetic yield (Fv/Fm) from exponential to senescent phases.  During 

exponential growth, Fv/Fm measurements were comparable to the theoretical 

optimal of 0.65 for marine microalgae (Schreiber 2003).  Previously reported 

values for Antarctic sea ice in early spring were 0.28 ± 0.13 and 0.37 ± 0.13 for 

sackhole and bottom communities, respectively (Meiners et al. 2009).  Higher 
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values during spring for bottom ice communities have been reported for both 

Antarctic coastal fast ice (0.45 ± 0.15, McMinn et al. 2003) and East Antarctic 

offshore pack ice (0.47 ± 0.04, McMinn et al. 2007).  The inconsistencies in these 

values may reflect the highly variable micro-environment of sea ice, which 

demonstrate seasonal shifts in algal community composition, and extremes of 

temperature, salinity, light, and chemistry.  These shifts impose physiological 

stresses on biota, which can affect the physiological state of micro-organisms 

inhabiting the sea ice. 

   

It is unlikely that macronutrient availability was limiting growth during our study.  

Sarthou et al. (2005) also reported half saturation constants for phytoplankton 

nutrient uptake as 1.6 ± 1.9 μmol l
-1

 for N, 0.24 ± 0.29 μmol l
-1

 for P, and 3.9 ± 

5.0 μmol l
-1

 for Si.  In our study, nutrient concentrations exceeded these half 

saturation constants during all phases of growth indicating that, despite draw-

down during the incubation (Table 2.1), nutrients were not limiting.  The observed 

increase in NH4
+
 concentrations observed during incubation was most possibly the 

result of bacterial nitrogen remineralisation (Table 2.1).    

 

Physiological stress experienced by the F. cylindrus culture was likely caused 

through shifts in carbonate chemistry given that other factors remained sufficient 

(i.e. macronutrient, temperature and light availability). Throughout our study, the 

cultures experienced severely depleted CO2, reduced DIC, and elevated pH 

(Figure 2.2, 2.4).   These shifts were a consequence of photosynthesis within the 

confines of closed-bottle incubations and provide a useful proxy of processes 
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within a brine channel environment.  Such shifts in the carbonate chemistry have 

the potential to inhibit algal growth and photosynthetic rates (Gleitz et al. 1995; 

Riebesell et al. 1993; Chen and Durbin, 1994).  Although some diatoms have been 

shown to expend energy to increase the CO2 concentrations (CO2 concentrating 

mechanisms) in the proximity of RUBISCO (for example through utilising HCO3
-
 

ions), it is currently unclear if F. cylindrus has such potential (Giordano et al. 

2005).  Nonetheless, our study shows that photosynthetic-induced changes in 

carbonate chemistry within a closed system does not only affect algal production 

and growth, but also induces shifts in carbon allocation into particulate and 

extracellular organic carbon fractions, including EPS.      

 

In both the sea ice and pelagic realm, extracellular organic carbon has been 

suggested to provide a potentially important link between algal and bacterial 

communities (Grossart et al. 2003; Junge et al. 2002; Plough and Grossart, 1999; 

Meiners et al. 2004, 2008).  In our study bacterial cell abundance was observed to 

exponentially increase, with some evidence of nutrient remineralisation 

represented by an increase in NH4 (Figure 2.1; Table 2.2).  Consequently, 

aggregating bacterial colonies may have influenced some measured parameters.  

However, photosynthetic carbon allocation incubations were treated with 

antibiotics prior to the addition of 
14

C, which was used to inhibit the bacterial 

uptake of algal extracellular organic carbon (Goto et al. 1999).  Extracellular 

organic matter may serve as a carbon source for bacteria and account for high 

bacterial activity and diversity within sea ice systems (Bowman et al. 1997; 

Brown and Bowman, 2001; Martin et al. 2008).  Colloidal organic carbon may 
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also provide an important substrate for bacteria, encouraging respiration and 

nutrient remineralisation compared with the surrounding water (Alldredge 2000; 

Ploug and Jørgensen 1999).  Within sea ice, high bacterial activity could enhance 

remineralisation of nutrients, which is significant given inorganic carbon and 

nutrient replenishment are often restricted to the ice-water interface (McMinn et 

al. 2007, Vancoppenolle et al. 2010). 

 

In our study EPS exudation was observed to increase with photosynthetically-

induced environmental stress, which supports the hypothesis that extracellular 

organic carbon exudation is a response to unfavourable conditions.  While algal 

growth phase and other potential factors (e.g. bacterial metabolites) may affect 

extracellular organic carbon exudation, our study strongly suggests that the 

carbonate system was the major driver of algal physiology.  Previous studies on 

temperate diatoms have identified similar responses, and suggested that EPS may 

assist in the mediation of large shifts in pH (Braissant et al. 2007; Cummingham 

and Munns, 1984) and ion limitation (Mehta and Gaur 2007; Mohamed, 2001; 

Zinkevich et al. 1996).  During unfavourable growth conditions, EPS exudation 

may be the consequence of metabolic over-flow, in which excess carbon dioxide 

is fixed relative to cellular growth requirements (Staats et al. 2000; Underwood et 

al. 2003).  Although the concept of overflow metabolism has previously been 

applied to diatoms (Myklestad et al. 1989), this is an unlikely explanation of 

extracellular organic carbon allocation in this study as the culture experienced 

carbon limitation.  
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2.7 CONCLUSION 

This is the first study to quantify rates of carbon allocation by an Antarctic sea ice 

diatom.  The results provide an insight into allocation of carbon into particulate 

and extracellular organic fractions under increasing culture maturity and 

environmental stress induced by photosynthesis within confinement.  This study 

shows that the physiology and carbon allocation of F. cylindrus is influenced by 

chemical shifts.  Allocation of carbon into EPS and COLLOC fractions increased 

with environmental stress associated with carbonate chemistry, specifically 

elevated pH and the depletion of available DIC and CO2.  Although further work 

is clearly required, EPS exudation is thought to play an important role in algal 

physiology, and may represent an important adaptive response to the 

physiochemical extremes of the sea ice habitat and may facilitate sustained 

growth in sea ice algae.   
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CHAPTER 3 

Extracellular organic carbon dynamics during a bottom-ice 

algal bloom (Antarctica) 

 

 

Citation: Ugalde SC, Martin A, Meiners KM, McMinn A, Ryan KG.  Extracellular organic carbon dynamics 

during a bottom ice algal bloom (Antarctica).  Aquatic Microbial Ecology. 73(3): 195 – 210. 

 

 

3.1 ABSTRACT 

Antarctic fast ice provides a habitat for diverse microbial communities, the 

biomass of which is mostly dominated by diatoms capable of growing to high 

standing stocks, particularly at the ice-water interface.  While it is known that ice 

algae exude organic carbon in ecologically significant quantities, the mechanisms 

behind its distribution and composition are not well understood.  The current 

study investigates extracellular organic carbon dynamics, microbial 

characteristics, and ice algal photophysiology during a bottom ice algal bloom at 

McMurdo Sound, Antarctica.  Over a two week period (November – December, 

2011), ice within 15 cm from the ice-water interface was collected and sliced into 

nine discrete sections.  Over the observational period, the total concentrations of 

extracellular organic carbon components (dissolved organic carbon [DOC] and 

total carbohydrates [TCHO]; sum of monosaccharides [CHOMono] and 

polysaccharides [CHOPoly]) increased, and were positively correlated with algal 
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biomass.  However, when normalised to chlorophyll a, the proportion of 

extracellular organic carbon components substantially decreased from initial 

measurements.  Concentrations of DOC generally consisted of < 20 % TCHO, 

typically dominated by CHOMono which decreased from initial measurements.  

This change was coincident with improved algal photophysiology (maximum 

quantum yield [Fv/Fm]) and an increase in sea ice brine volume fraction indicating 

an increased capacity for fluid transport between the brine channel matrix and the 

underlying seawater.  Our study supports the suggestion that microbial exudation 

of organic carbon within the sea ice habitat is associated with vertical and 

temporal changes in brine physicochemistry. 
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3.3 INTRODUCTION 

Antarctic sea ice, permeated by a system of brine-filled pockets and channels, 

provides an extensive habitat for diverse microbial assemblages that play a 

significant role in the ecology and biogeochemistry of the Southern Ocean 

(Delille et al. 2002; Palmisano and Garrison 1993; Thomas and Dieckmann 2010; 

Vancoppenolle et al. 2013).  The most conspicuous fast ice-bound organisms are 

micro-algae (hereafter referred to as ‘algae’; Arrigo et al. 2010) that form 

communities that are usually densest near the ice-water interface.  These are 

referred to as bottom ice communities (Thomas and Dieckmann 2010), and are 

able to achieve high biomass due to their proximity to inorganic nutrients in the 

underlying water column (Kattner et al. 2004; McMinn et al. 1999).  

Consequently, chlorophyll a (chl a) concentrations in the bottom ice can exceed 

300 mg chl a m
-2

 (Arrigo et al. 2010; Palmisano and Sullivan 1983; Trenerry et al. 

2002).   

 

High concentrations of chl a in sea ice are often correlated with copious 

extracellular organic carbon, which is exuded by sea ice algae and other microbes 

(e.g. Krembs et al. 2002; Meiners et al. 2004; Underwood et al. 2010, 2013; 

Figure 3.1).  The ecological functions of the high extracellular organic carbon in 

sea ice remain unclear; it might aid in cell motility and attachment (Hoagland et 

al. 1993; Underwood and Paterson 2003), or alternatively, provide a protective 

coating, which may be a mechanism to cope with variable physicochemical 

conditions including low temperature, salinity, pH, or nutrient concentrations 

(Krembs and Deming 2008; Krembs et al. 2002, 2011; Ugalde et al. 2013).  
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Alternatively, the high degree of metabolic activity in ice-associated bacteria 

(Martin et al. 2008, 2009; Meiners et al. 2008) and tight seasonal coupling 

between the relative abundance of bacteria and algae is suggestive of an active 

microbial loop, similar to that of temperate oceanic systems (Azam et al. 1991; 

Christaki et al. 1998; Smith et al. 1995; Sullivan and Palmisano 1984).  This 

relationship may develop when bacteria assimilate extracellular organic carbon 

exuded by algae, and in return, provide vitamins and/or recycled nutrients that are 

required for algal growth (Archer et al. 1996; Kottmeier et al. 1987; Taylor and 

Sullivan 2008).  Finally, exuded organic carbon may also be an end-product of 

overflow metabolism, whereby cells release the carbon derived from primary 

production that is excessive to their growth requirements (Fogg 1983), as has been 

previously reported for planktonic and benthic diatoms (e.g. Bucciarelli and 

Sunda 2003; Myklestad et al. 1989; Staats et al. 2000).   

 

The identification of specific mechanisms behind exudation of organic carbon by 

ice algae has been impeded by the complexity and confinement of the sea ice 

habitat.  Laboratory-based studies of ice-associated diatoms have shown that both 

exudation rates and the molecular composition of organic carbon vary in response 

to physicochemical conditions, algal growth phase, and photosynthetic activity 

(Aslam et al. 2012; Ugalde et al. 2013).  A significant component of sea ice 

dissolved organic carbon (DOC) contains carbohydrates (total carbohydrates 

[TCHO]) comprised of mono- (CHOMono) and polysaccharides (CHOPoly; Herborg 

et al. 2001), which vary in complexity, from short-chain (less than 10 monomers) 

and long-chain (from 40 up to many 1000s monomers) molecules, to high 
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molecular weight compounds (Decho 2000; Bellinger et al. 2005; Underwood et 

al. 2010).  The adhesive properties of exuded carbohydrates have the potential to 

coagulate into gels and to bind microbial aggregates, which, under natural 

conditions can be modified through biotic (e.g. microbial modification) and 

abiotic (e.g. hydrolysis, photolysis) catalysts (Underwood et al. 2010).  The non-

carbohydrate component of DOC may include an array of proteins, lipids, and free 

DNA (Abdullahi et al. 2006; Hoagland et al. 1993; Underwood and Paterson 

2003).   

 

Substantial concentrations of particulate organic carbon (POC) and DOC have 

been measured in most types of sea ice.  Several studies have reported large 

variability in the distribution and composition of DOC, possibly due in part to 

strong spatial (vertical and horizontal) and temporal gradients in sea ice and brine 

physicochemistry (Aslam et al. 2012; Juhl et al. 2011; Krembs et al. 2011; 

Underwood et al. 2010).  Contrary to earlier laboratory-based studies (e.g. Aslam 

et al. 2012; Krembs et al. 2011), the high spatial heterogeneity of extracellular 

organic carbon composition and distribution in Antarctic sea ice showed no 

correlation with temperature or salinity gradients (Underwood et al. 2010).  

However from data collated from both poles, heterogenic extracellular organic 

carbon concentrations showed robust relationships with algal biomass gradients 

(Underwood et al. 2013).  The development of these gradients is dependent on the 

physical properties of the ice, which can restrict the exchange of liquid between 

brine channels and underlying seawater (Gleitz et al. 1995; Meiners et al. 2009; 

Papadimitriou et al. 2007).  A theoretical threshold of 5 % brine volume fraction 
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(Vb/V; i.e. the relative contribution of brine volume to total ice volume) may 

inhibit brine percolation in columnar ice (Golden et al. 1998, 2007; 

Vancoppenolle et al. 2010).  Early spring sea ice is generally characterised by 

strong vertical gradients in temperature, brine salinity, and overall lower brine 

volumes when compared to later in the season (Eicken 1992), and this affects sea 

ice permeability, biological activity and biogeochemistry (Gleitz et al. 1995; 

Meiners et al. 2009; Papadimitriou et al. 2007, 2009).   

 

This study assesses the dynamics of extracellular organic carbon and algal 

photophysiology of an Antarctic bottom ice algal community.  The concentration 

of DOC and the relative contribution of total carbohydrates (TCHO; sum of 

mono- [CHOMono] and polysaccharides [CHOPoly]) are documented for discrete 

sections of sea ice over a period of two weeks during the spring-summer 

transition.  The current study also provides a description of the microbial 

community (algal biomass and species composition, maximum quantum 

photosynthetic yield [Fv/Fm], bacterial abundance, particulate organic carbon 

[POC] and nitrogen [PON], particulate carbon isotopic composition [δ
13

C]) and 

brine physicochemistry (Vb/V, ice temperature, bulk ice and brine salinity).  It was 

hypothesised that DOC concentrations and the relative contribution of TCHO 

would increase with a substantial rise in seasonal algal biomass and 

photosynthetic activity, influenced by changes in sea ice physical and chemical 

parameters.     

 

 



 

44 

 

 

 

Figure 3.1: The bottom of a melting sea ice core at day 14 shows ice-associated 

algae (brown) and extracellular organic carbon (blue; Alcian Blue stained). 

Image: Sarah C. Ugalde 

 

 

3.4 METHODS 

3.4.1 Site Description and Sampling Regime 

Samples were collected in the vicinity of Turtle Rock (77° 44’ S, 166° 46’ E) in 

McMurdo Sound, Antarctica, between 16
th

 November and 2
nd

 December 2011.  A 

30 m
2
 area was sampled three times over a period of two weeks.  On each 

sampling day, three replicate parallel transects each constituting four bottom ice 

cores (12 cores total) were extracted using an Kovacs ice corer (13 cm internal 

diameter).  To avoid light-shock, cores were stored in clean black plastic tubing 

for transport to the field camp.  Two additional cores were collected for a 
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temperature/salinity profile and qualitative Alcian Blue imagery following a 

modified protocol of Juhl et al. (2011; Figure 3.1). 

 

The transect ice cores were subsequently sliced into discrete sections in a dark 

room using a purpose-build support frame to allow for accurate and repeatable 

sectioning.  Nine sections were taken from the base of each core; five 1 cm thick 

sections from 1 – 5 cm; three 2 cm thick sections from 5 – 11 cm; and one 5 cm 

thick section from 11 – 16 cm.  Corresponding sections from the four ice cores of 

each replicate transect were combined and then melted over a 12 h period at 4 °C 

with the addition of 0.22 µm filtered seawater (0.2 l of filtered sea water added 

per cm of ice core section) in polypropylene containers, which had been rinsed 

thoroughly with Milli-Q water and autoclaved.  The addition of filtered seawater 

was used to minimise changes in organic carbon exudation as a response to 

osmotic and temperature stress (Garrison and Buck 1986; Ryan et al. 2004).  All 

particulate analyses were corrected for dilution factors.  The dissolved carbon 

analyses were corrected for the added 0.22 µm filtered seawater, which was 

collected, filtered, and cooled prior to sampling each day (Riedel et al. 2006).  

Filtered sea water contained DOC (100 ± 10.14 [SE], 100.83 ± 9.51, and 102.50 ± 

14.13 µmol C l
-1

 for initial, 7 d and 14 d, respectively), CHOMono (1.63 ± 0.23, 

1.82 ± 0.47, and 2.75 ± 0.94 µmol C l
-1

 for initial, 7 d and 14 d, respectively), and 

CHOPoly (5.73 ± 0.83, 5.21 ± 1.05, and 6.54 ± 0.94 µmol C l
-1

) for initial, 7 d and 

14 d, respectively).   
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3.4.2 Physicochemical Profiles and Ice Core Imagery 

Two additional ice cores were extracted on each sampling day; a full-length core 

for ice temperature/salinity profiles, and a 30 cm bottom ice section for 

visualising extracellular organic carbon.  Ice temperature was recorded 

immediately following core extraction.  Holes to the centre of the core were 

produced with a battery-operated hand drill, and a thermometer probe (Hanna 

HI93510) was inserted into each hole and the temperature was recorded once 

stabilised.  The temperature cores were then transported back to the field camp 

and sectioned for direct melting in polypropylene containers which had been 

rinsed thoroughly with Milli-Q water.  Once melted, bulk ice salinity was 

measured with a digital seawater refractometer (Hanna HI96822).  Brine salinity 

(Sb) was estimated from the in situ ice temperature measurements (t) as Sb = 

1000(1-54.11/t)
-1

 (Petrich and Eicken 2010).  The brine-volume fraction, 

expressed as relative fraction of brine to ice volume (Vb/V), was calculated from 

the measured ice temperatures and bulk salinities using the equations in Cox and 

Weeks (1983) and Leppäranta and Manninen (1988).    

 

For visualising extracellular organic carbon, the bottom 30 cm of the core was 

kept cool to prevent ice melt and placed in a light-protected container with Alcian 

Blue solution diluted with 0.22 µm filtered seawater for 12 h, following the 

protocol of Juhl et al. (2011).  The stained core was then suspended from a 

horizontal beam and left to slowly melt at approximately 4 °C (Figure 3.1).       
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3.4.3 Maximum Quantum Yield (Fv/Fm) 

Maximum quantum yield (Fv/Fm) was measured using a Pulse Amplitude 

Modulated fluorometer (WaterPAM, Waltz, Effeltrich).  Ice shavings from the 

four cores of each replicate transect were collected during sectioning, and 

immediately measured with the addition of filtered sea water according to 

McMinn et al. (2010).  Instrument gain settings were between 4 and 17. 

 

3.4.4 Algal Biomass and Bacterial Abundance  

For each core section, algal species composition, abundance and biovolume were 

determined from subsamples of 0.03 l, preserved with glutaraldehyde (0.2 % final 

concentration).  For species counts, a subsample of 0.002 – 0.020 l was allowed to 

settle for > 6 h in a 37 mm diameter Utermöhl chamber, and counted at a 

magnification of 400 x using a Zeiss Axiovert inverted microscope at the 

Australian Antarctic Division (Tasmania).  Both live and dead cells were counted 

(e.g. Oppenheim and Ellis-Evans 1989).  Dead cells were those with no 

observable cell contents.  Counts were conducted over random fields of view, 

until at least 400 (mean 742 ± 55 [standard error]) cells had been counted.   

 

Subsamples of 0.01 l, used for measuring total brine biovolume, were pre-filtered 

through 50 µm mesh disks in a 47 mm filter holder, fixed to a sterile syringe.  

From each sample, the biovolume of particles measuring 3.74 to 60.00 µm in 

diameter was calculated from three 0.002 l subsamples using a Beckman Coulter 

Counter (Multisizer 3), and corrected for the ice dilution factor.      
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Samples for chl a analysis (0.03 – 0.05 l) were filtered onto 47 mm GF/F 

(Whatman) filters, and stored at - 20 °C.  Chl a was extracted from each filter 

within 48 hrs of the initial freezing using HPLC-grade methanol (20 h in the dark 

at 4 °C).  Chl a concentrations were determined fluorometrically using a Turner 

Design Model 10-AU digital fluorometer, calibrated against chl a standards 

(Sigma Chemicals Co., St Louis; Holm-Hansen and Riemann 1978).  

 

Bacterial abundance samples (0.01 l) were preserved with glutaraldehyde (2 % 

final concentration) and stored at - 20 °C for later analysis at the Australian 

Antarctic Division (Tasmania).  500 µl of thawed samples were stained with Xul 

SYBR Green I nucleic acid gel (Molecular Probes, USA) and incubated in the 

dark at room temperate for 20 mins (Thomson et al. 2010)  Cells were then 

counted using a Becton Dickinson FACScan flow cytometer, according to the 

protocol of Thomson et al. (2010).  Green reference beads (Molecular Probes, 

USA) were added to each sample prior to staining.  Manual gating was used to 

discriminate between bacterial cells of high and low nucleic acid content (HNA; 

LNA) according to Bouvier et al. (2007).    

 

3.4.5 Particulate Organic Carbon/Nitrogen and Carbon Isotopes 

Particulate organic carbon (POC) and nitrogen (PON) samples (15 – 400 ml) were 

filtered onto pre-combusted (12 h at 450 °C) 25 mm diameter quartz filters 

(Sartorius, Germany), and stored at - 80 °C.  Thawed sample and blank filters 

were acidified with fuming 37 % HCl in a bell apparatus for 24 h, and dried in a 

clean oven (15 h at 60 °C).  Filters were pressed into 5 x 9 mm pre-combusted 
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silver capsules (SerCon, United Kingdom), and analysed at the Central Science 

Laboratory (University of Tasmania) by combustion in oxygen-enriched helium 

atmosphere using a Haereus CHN-O-Rapid analyser.    

 

Carbon isotopic composition of 
13

C relative to 
12

C (δ
13

C) samples (0.015 – 0.5 l) 

were filtered onto 25 mm diameter pre-combusted quartz filters (Sartorius), and 

prepared as above.  Analysis was performed by continuous flow mass 

spectrometry with a Fisons 1500 elemental analyser coupled to a Finigan MAT 

Delta S mass spectrometer.  Calibration was made by comparison with 15-µg 

aliquots of NBS22 oil (δ
13

C = -29.7 NIST USA), which was run before and after 

the sea ice samples.   

 

3.4.6 Extracellular Organic Carbon  

DOC and CHO samples (0.1 – 0.6 l) were filtered through pre-combusted 45 mm 

GF/F filters (Whatman) under gentle vacuum pressure (< 200 mm Hg) and stored 

at - 20 °C for later analysis at the University of Tasmania and the Australian 

Antarctic Division (Tasmania).  Samples were thawed, and DOC subsamples 

(0.02 – 0.03 l) were decanted into clean 0.04 l glass vials (Shimadzu, Japan; acid 

washed overnight and rinsed three times with Milli-Q water, followed by 

overnight pre-combustion at 500 °C).  The concentration of DOC in each sample 

was measured using a Total Organic Carbon Analyser (Shimadzu, L-Series), as 

described by Qian and Mopper (1996).   
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Carbohydrate composition (CHOMono and CHOPoly) was determined using the 

2,4,6-tri pyridyl-s-triazine (TPTZ) spectroscopic method developed by Myklestad 

(1977) and modified by Hung and Santschi (2001).  Prior to use, all glassware was 

acid washed overnight and rinsed three times with Milli-Q water, followed by pre-

combustion (12 h at 500 °C).  The carbohydrate concentration was measured 

against Milli-Q water using a Beckman spectrophotometer (DU640), and fitted to 

a D-glucose calibration curve.  Due to the high light sensitivity of the analytical 

reagents, reactions were carried out either in the dark or with minimal red light 

(van Oijen et al. 2004).  Total concentrations are expressed as µmol C l
-1

, and 

have been normalised to chl a concentrations (mg C(mg chl a)
-1

).   

 

3.4.7 Statistical Analysis 

All statistical analyses were performed using SAS (v.9.2).  Only non-parametric 

statistics (Mann-Whitney U-test, p) were used to determine the statistical 

significance of vertical and temporal variations in extracellular organic and 

microbial physiological parameters, given the high variability and non-normal 

distribution of the data.  Correlations were examined by Pearson’s correlation 

analyses. 

 

 

3.5 RESULTS 

3.5.1 Physicochemical Profiles 

Fast ice thickness was 1.90, 1.89, and 1.87 m for the initial, 7 d and 14 d sampling 

dates, respectively.  The temperature at the ice-water interface was -1.7 °C, -1.1 
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°C, and -1.3 °C, for initial, 7 d, and 14 d, respectively (Figure 3.2A).  Sea ice 

brine salinities ranged from 20 to 77 (mean: 37 ± 2) and showed profiles with the 

maxima towards the interior of the ice.  Ice bulk salinities showed a reduction 

from the ice interior to the ice-water interface, with 14 d measurements beyond 4 

cm from the ice-water interface not determined due to a sensor failure (Figure 

3.2B).  Calculated brine volume fraction (mean: 22 %; range: 9 to 52 %) 

decreased exponentially from the ice-water interface for all sampling dates by 38 

%, 52 %, and 43 % for initial, 7 d, and 14 d, respectively (Figure 3.2C).        

 

 

Figure 3.2: Vertical and temporal profiles of ice temperature (A), ice bulk salinity 

(B), and calculated brine volume percentage (Vb/V [%]; C). Error bars = ± SE. 

 

 

3.5.2 Algal Biomass and Photophysiology  

Profiles of chl a concentrations (mean: 97.99 µg l
-1

; range: 0.26 to 635.16 µg l
-1

) 

and Fv/Fm (mean: 0.16; range: 0.05 to 0.45) varied vertically and temporally (p < 
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0.001; Figure 3.3A, B). The vertical profiles of chl a concentrations showed an 

exponential decrease from the ice-water interface, although they did not 

significantly vary between 7 and 14 d.  Initial chl a concentration at the ice-water 

interface was 211.80 ± 65.73 µg l
-1

, reducing by 97 % within the first vertical 2 

cm.  At 7 d, chl a concentrations at the ice-water interface (635.16 ± 136.51 µg l
-1

) 

reduced by 91 % within the first vertical 4 cm, thereafter remaining < 20 µg l
-1

.  

At 14 d, chl a concentrations also reduced, declining by 92 % within 7 cm from 

the ice-water interface (Figure 3.3A).  For each sampling date, Fv/Fm values 

showed an exponential decrease from the ice-water interface; with maximum 

values of 0.24 ± 0.01, 0.35 ± 0.05, and 0.45 ± 0.01, for initial, 7 d and 14 d, 

respectively (Figure 3.3B).          

 

Molar POC to PON (C:N) ratios of melted ice cores are shown in Figure 3.3C.  

Means for the combined dataset were 8.40, 8.75, and 9.08 for initial, 7 d and 14 d, 

respectively (range: 6.89 to 12.08).  The high standard errors between replicate 

cores resulted in no significant vertical or temporal variation.   

 

The vertical profiles of initial δ
13

C were relatively constant (range: -23.3 to -

25.95), with one exception at 9 – 11 cm above the ice-water interface (Table 3.1).  

δ
13

C values of 7 and 14 d increased from the ice-water interface towards the 

interior of the sea ice.  δ
13

C values at 7 d then declined from 2 – 3 cm above the 

ice-water interface to -21.0 at 11 – 16 cm above (Table 3.1).  Similarly, 14 d δ
13

C 

values declined between 2 – 7 cm above the ice-water interface, followed by a 

steady increase between 7 – 16 cm (Table 3.1).  δ
13

C values were positively 
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correlated with C:N ratios (Pearson Correlation Coefficient (rp) = 0.559, 

significance level (p) = 0.002, sample size (n) = 81), and CHOMono (rp = 0.522, p = 

0.002, n = 81). 
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Figure 3.3: Vertical and temporal profiles of chlorophyll a (chl a; A), maximum 

photosynthetic yield (Fv/Fm; B), particulate organic carbon (POC): particulate 

organic nitrogen (PON) ratio (C:N; C), dissolved organic carbon (DOC; D), 

dissolved monosaccharides (CHOMono; E), dissolved polysaccharides (CHOPoly: F), 

and extracellular carbon components normalised to chl a concentrations; DOC (G), 

CHOMono (H) and CHOPoly (I).   Error bars = ± SE.           
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Table 3.1: Temporal changes in δ
13

C, algal cell abundance, ratio of live:dead algal cells (live algal abundance %), total brine biovolume (3.74 to 

60.00 µm diameter), and relative contribution of dominant algal groups to total cell abundance. Error bars = ± SE. 
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3.5.3 Microalgal Taxa and Bacterial Abundance  

Microscopic analysis showed the bottom ice algal community was dominated by 

Entomoneis kjellmanni, Nitzschia stellata, Berkeleya adeliense, Mangulinea spp., 

and Fragilariopsis spp. (Table 3.1), with other notable taxa including 

Chaetoceros spp., Pleurosigma spp., Pinnularia quadreata, and Porosira 

glacialis. Vertical and temporal cell abundance measurements varied significantly 

(p < 0.001) and decreased exponentially from the ice-water interface.  Algal cell 

abundance decreased by ca. 99 % at 11 – 16 cm above the ice-water interface for 

all sampling dates (Table 3.1).  The proportion of live algal cells relative to the 

total abundance (i.e. % live cells) ranged from 69.3 to 93.3 % (p < 0.0001; mean: 

91.8 %; Table 3.1).  For initial and 7 d, the % live cells were highest at the ice-

water interface (98.0 %; Table 3.1), strongly declining with distance above this 

level.  For 14 d, the % live cells showed a similar pattern to chl a concentrations, 

and was highest at 2 – 3 cm above the ice-water interface (98.3 %; Table 3.1).  

 

Total brine biovolume is shown in Table 3.1, and ranged from 0.4 to 113.3 x 10
4
 

µm
3 
ml

-1
 (mean: 15.7 x 10

4 
µm

3 
ml

-1
).  Total brine biovolume measurements at the 

ice-water interface for initial (41.6 x 10
4
 µm

3 
ml

-1
) and 7 d (113.3 x 10

4
 µm

3 
ml

-1
) 

declined by 98 % and 76 % at 11 – 16 cm above, respectively.  14 d total brine 

biovolume measurements were highest at 2 – 3 cm above the ice-water interface 

(44.5 x 10
4
 µm

3 
ml

-1
), thereafter reducing by 91 % at 11 – 16 cm (Table 3.1).  

Total brine biovolume was significantly positively correlated with chl a, POC and 

maximum quantum yield (chl a [rp = 0.721, p < 0.001, n = 27]; POC [rp = 0.834, p 

< 0.001, n = 27]), Fv/Fv (rp = 0.750, p < 0.001, n = 27), and extracellular organic 
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carbon concentrations (DOC [rp = 0.811, p < 0.001, n = 27]; CHOMono [rp = 0.745, 

p < 0.001, n = 27] and CHOPoly [rp = 0.627, p < 0.001, n = 27]). 

 

Total bacterial abundance fractionated into high and low nucleic acid content 

(HNA; LNA) varied between sections and ranged from 0.54 to 28.90 x 10
5
 cells 

ml
-1

 (mean = 6.05 x 10
5 
cells ml

-1
) and 0.49 to 48.47 x 10

5
 cells ml

-1
 (mean: 16.22 

x 10
5 

cells ml
-1

), respectively.  Initial HNA and LNA bacterial abundance was 

highest at the ice-water interface (mean: 28.90 ± 28.73 and 20.56 ± 19.51 x 10
5
 

cells ml
-1

, respectively) reducing by 94 and 91 % within 4 cm from the ice-water 

interface.  HNA bacterial abundance for 7 d (mean: 6.20 ± 1.39 x 10
5
 cells ml

-1
) 

and 14 d (mean: 6.69 ± 0.96 x 10
5
 cells ml-1) were reducing by 81 % and 36 % at 

4 – 5 cm and 6 – 7 cm above the ice-water interface, respectively (Figure 3.4A).  

LNA bacterial abundance for 7 d (mean: 19.65 ± 16.01 x 10
5
 cells ml

-1
) and 14 d 

(25.19 ± 17.63 x 10
5
 cells ml

-1
) showed high standard errors, increasing by 72 % 

and 52 % at 3 – 4 cm above the ice-water interface, respectively (Figure 3.4B).  

HNA bacterial abundance was correlated with ice temperature (rp = 0.503, p = 

0.010, n = 27) and chl a concentration (rp = 0.363, p = 0.001; n = 81).  LNA 

bacterial abundance was positively correlated with C:N ratio (rp = 0.293, p = 

0.012, n = 81).   
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Figure 3.4: Vertical and temporal profiles of high nucleic acid bacterial cell 

abundance (A); low nucleic acid bacterial abundance (B). Error bars = ± SE 

 

 

3.5.4 Extracellular Organic Carbon Components  

Vertical and temporal measurements of DOC concentrations showed significant 

variation (p < 0.005; mean: 0.71 ± 0.08 mmol C l
-1

), with each sampling date 

showing dissimilar vertical profiles (Figure 3.3D).  Initial DOC concentrations 

ranged between 0.16 to 1.06 mmol C l
-1

 (mean: 0.51 ± 0.09 mmol C l
-1

), and 
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showed no significant vertical variation.  7 d DOC concentrations showed 

significant decline, reducing by 89 % at 4 – 5 cm above the ice-water interface (p 

< 0.005; mean: 0.67 ± 0.17 mmol C l
-1

; range: 0.21 to 1.88 mmol C l
-1

).  14 d 

DOC concentrations reached 1.35 ± 0.14 mmol C l
-1

 at 2 – 3 cm above the ice-

water interface (p < 0.005; mean: 0.94 ± 0.11 mmol C l
-1

), thereafter declining by 

79 % at 11 – 16 cm above (Figure 3.3D).  DOC concentrations were correlated 

with chl a concentrations (rp = 0.649, p < 0.001, n = 81), Fv/Fm (rp = 0.574, p < 

0.001, n = 81), and dissolved carbohydrates (CHOMono [rp = 0.766, p < 0.001, n = 

81]; CHOPoly [rp = 0.738, p < 0.001, n = 81]).  

 

Values of CHOMono ranged between 7 to 278 µmol C l
-1

 (mean: 52 ± 11 µmol C l
-

1
), and CHOPoly ranged between 30 to 341 µmol C l

-1
 (mean: 86 ± 13 µmol C l

-1
; 

Figure 3.5).  Initial CHOMono values were low (range: 7 to 26 µmol C l
-1

; mean: 

161 ± 2 µmol C l
-1

) and were highest at 1 – 2 cm above the ice-water interface 

(Figure 3.3E).  CHOPoly initial values ranged between 31 to 120 µmol C l
-1

 (mean: 

67 ± 10 µmol l
-1

), and were highest at 2 – 3 cm above the ice-water interface 

(Figure 3.3F).  At 7 d dissolved carbohydrates were highest at the ice-water 

interface; CHOMono (range: 20 to 278 µmol C l
-1

; mean: 84 ± 29 µmol C l
-1

) and 

CHOPoly (range: 30 to 341 µmol C l
-1

; mean: 110 ± 34 µmol C l
-1

), reducing by 92 

% and 91 % at 11 – 16 cm above, respectively.  14 d CHOMono values were highest 

at 2 – 3 cm above the ice-water interface (range: 20 to 127 µmol C l
-1

; mean: 57 ± 

12 µmol C l
-1

), reducing by 91 % at 11 – 16 cm above (CHOPoly range: 344 to 150 

µmol C l
-1

; mean: 83 ± 16 µmol C l
-1

).  Concentrations of CHOMono and CHOPoly 

both showed correlations with ice temperature (rp = 0.408, p = 0.043, n = 27), chl 
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a concentrations (rp = 0.74 and 0.471, respectively, p < 0.001, n = 81) and Fv/Fm 

(rp = 0.449 and 0.516, respectively, p < 0.001, n = 81).   

 

3.5.5 Biomass-Normalised Extracellular Organic Carbon Components 

Chl a-normalised DOC concentrations showed significant vertical and temporal 

variation (p < 0.005; mean: 4019 ± 1772 mg C(mg chl a)
-1

; range: 23 to 39401 mg 

C(mg chl a)
-1

; Figure 3.3G).  Chl a-normalised DOC was lowest at the ice-water 

interface; 33 ± 27, 39 ± 9, and 23 ± 3 mg C(mg chl a)
-1

, for initial, 7 d, and 14 d, 

respectively (Figure 3.3G).  Initial chl a-normalised DOC concentrations 

vertically increased to reach a maxima of 44888 ± 13357 mg C(mg chl a)
-1

 at 9 – 

11 cm above the ice-water interface.  7 d and 14 d chl a-normalised DOC also 

strongly increased from the ice-water interface (p < 0.005), to reach 2809 ± 251 

and 2539 ± 1796 mg C(mg chl a)
-1

 at 11 – 16 cm above, respectively (Figure 

3.3G).       

 

Chl a-normalised CHOMono concentrations were low at the ice-water interface; 1.6 

± 1.0, 5.2 ± 0.2, and 2.0 ± 0.8 mg C(mg chl a)
-1 

for initial, 7 d, and 14 d, 

respectively (Figure 3.3H).  Initial chl a-normalised CHOMono concentrations 

(range: 1.6 to 525.5 mg C(mg chl a)
-1

; mean: 202.1 ± 67.7 mg C(mg chl a)
-1

) were 

highest at 7 – 9 cm above the ice-water interface, and CHOPoly concentrations 

(range: 3.7 to 1849.0 mg C(mg chl a)
-1

; mean: 287.9 ± 99.3 mg C(mg chl a)
-1

) 

were highest at 5 – 7 cm above the ice water interface (Figure 3.3H, I).  In 

comparison, chl a- normalised dissolved carbohydrates for both 7 d (CHOMono 

range: 5.2 to 128.0 mg C(mg chl a)
-1

; mean: 46.2 ± 15.0 mg C(mg chl a)
-1

, and 

CHOPoly range: 7.7 to 208.3 mg C(mg chl a)
-1

; mean: 80.7 ± 28.7 mg C(mg chl a)
-
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1
) and 14 d (CHOMono range: 2.0 to 47.7 mg C(mg chl a)

-1
; mean: 16.1 ± 4.7 mg 

C(mg chl a)
-1

, and CHOPoly range: 3.7 to 71.2 mg C(mg chl a)
-1

; mean: 24.4 ± 7.5 

mg C(mg chl a)
-1

) were low (Figure 3.3H, L). 

   

 

3.5.6 Dissolved Organic Carbon Composition  

The relative contribution of TCHO to DOC had significant spatial and temporal 

variation (p < 0.005; mean: 24.9 % ± 3.4 %; range: 5.6 % to 76.3 %; Figure 3.5A).  

This portion of TCHO had high CHOPoly contributions for initial measurements 

(mean: 78.8 % ± 2.2 %; range: 66.9 to 89.06 %; Figure 3.5B).  At 7 d, the relative 

proportion of CHOPoly to TCHO reached maxima at 9 – 11 cm above the ice-water 

interface, ranging between 49.3 % and 70.4 % (mean: 59.22 % ± 2.62 %; Figure 

3.5B).  At 14 d, the relative proportion of CHOPoly to TCHO increased from the 

ice-water interface to reach 67.3 % ± 8.2 % at 2 – 3 cm above, ranging between 

46.01 % and 67.3 % (mean: 59.6 % ± 3.0 %; Figure 3.5B). 
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Figure 3.5: Temporal and vertical profiles of dissolved organic carbon (DOC) 

composition; relative contribution of total carbohydrates (TCHO) to DOC (A); and 

relative contribution of dissolved monosaccharides (CHOMono) and polysaccharides 

(CHOPoly) to TCHO (B). Error bars = ± SE. 
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3.6  DISCUSSION 

Seasonal changes in sea ice physical parameters create strong physicochemical 

gradients that affect biological activity and biogeochemistry (Fritsen et al. 1994; 

Gleitz et al. 1995; Papadimitriou et al. 2007, 2009; Vancoppenolle et al. 2010, 

2013).  At McMurdo Sound in November-December 2011, the calculated Vb/V 

fraction was well above the theoretical percolation threshold of 5 % (Golden et al. 

1998, 2007; mean range: 28 % to 32 % at 0 – 4 cm above the ice-water interface 

for sampling dates), and is interpreted as an open brine channel network (i.e. ice 

melting), allowing for increased capacity for fluid transport across the ice-water 

interface by mixing nutrient-poor brine with comparatively fresh nutrient-rich 

seawater (Vancoppenolle et al. 2010).  This fluid transport potential can be 

impeded by the development of brine salinity stratification caused by melting sea 

ice during warmer temperatures.  Nonetheless, the observed increase in algal 

biomass (as indicated by chl a concentration and algal cell abundance) increased 

to within expected ranges for a bottom ice community at the ice-water interface 

(e.g. McMinn et al. 1999; Ryan et al. 2006).  The taxonomic composition was 

comparable to previous studies in this area, although the relative abundance of the 

major taxa varied considerably over the period of two weeks.  At Cape Evans over 

the spring-summer transition, McMinn et al. (2000) reported that Nitzschia 

stellata dominated the algal community (up to 94 % of cells), with Berkeleya 

adeliensis, Pleurosigma antarctica, Entomoneis kjellmannii, and N. lecoitei also 

present.  Fiala et al. (2006) reported Fragilariopsis, Nitzschia, Navicula and 

Pseudonitzschia were dominant at Adélie Land during April to December, and 

was influenced by large spatial variability.  In the current study, the bottom ice 

community was dominated by colony-forming diatoms; N. stellata (51 % max), E. 
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kjellmannii (46 % max), and B. adeliensis (56 % max).  These particular species 

may exude organic carbon for the purpose of cell-attachment (Hoagland et al. 

1993), and formation of colonies may partly account for the spatial heterogeneity 

within measured particulate (e.g. C:N, δ
13

C, chl a) and dissolved (e.g. DOC, 

CHOmono/poly) parameters.     

        

The photosynthetic parameter, Fv/Fm, was lower than expected (mean at the ice-

water interface = 0.35), which for unstressed marine microalgae is typically 0.65 

(Schreiber 2003).  McMinn et al. (2003) reported Fv/Fm values of 0.45 ± 0.15 in 

over a hundred dark adapted samples from Antarctic fast ice.  In the Arctic, 

McMinn and Hegseth (2004) have also reported similar values from apparently 

healthy sea ice communities.  Therefore, the results herein are consistent with the 

suggestions that in situ ice algal communities have naturally low Fv/Fm values, 

possibly due to a temperature influence on photosynthetic performance (McMinn 

et al. 2010, Ralph and Gademann 2005).  In the current study, the vertical 

reduction in Fv/Fm values demonstrated a clear coupling with algal biomass, and 

is interpreted as a consequence of increasing restrictive brine dynamics above the 

ice-water interface (i.e. Vb/V). 

 

Fast ice algal communities exhibit a seasonal trend with respect to nutrient stress 

(Lizotte and Sullivan 1992).  Typically, nitrogen limitation is evident when C:N 

ratios are greater than 7.7 (Redfield et al. 1963).  For congelation ice, high ratios 

have been reported (e.g. Cota and Sullivan 1990; range = 8.8 to 16; and Lizotte 

and Sullivan 1992; range = 7.8 to 14.6).  In the current study, although slightly 

elevated C:N ratios were measured (mean: 8.4, 8.7, and 9.1 for initial, 7 d, and 14 
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d, respectively), the high spatial heterogeneity suggests skewed abundances of 

colony-forming cells and/or cell associated- or colloidal extracellular organic 

carbon were captured on the filters during sampling.  This may have resulted in an 

over-estimation of C:N ratios, and as such, the bottom ice community is 

considered to have experienced a reduced nutrient availability, but was not 

necessarily nutrient limited.  

   

Along with nutrient drawdown, bottom ice assemblages may also be limited by 

the supply of CO2 (Riebesell et al. 1993).  Any reduction in aqueous CO2 will be 

reflected in more positive δ
13

C of the algae (Popp et al. 1999).   In the current 

study, the δ
13

C profiles showed an increase within 3 cm above the ice-water 

interface for 7 d and 14 d.  This trend implies that demand for CO2 exceeded 

supply (i.e. drawdown, Kennedy et al. 2002); either the demand for CO2 is 

increased due to high algal growth, or alternatively, the supply of CO2 across the 

ice-water interface is limited due to restrictive brine dynamics.  In the current 

study, although a combination of both factors is likely, the latter maybe more 

important as algal growth rates need to be high to influence carbon isotopic 

composition (McMinn et al. 1999).  For example, culture experiments with 

Phaeodactylum tricornutum revealed that growth rates in excess of 0.5 d
-1

 were 

needed to affect δ
13

C values (Laws et al. 1995).  This rate was not exceeded in the 

current study, with average ice algal in situ net cell growth rate estimates 

(calculated from changes in algal cell abundance) of 0.19 ± 0.02 (range: 0.12 to 

0.30) and 0.05 ± 0.02 (range: -0.03 to 0.17) for initial to 7 d, and 7 to 14 d, 

respectively.  These growth rates are comparable to typical values of 0.1 to 0.2 d
-1
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previously observed in Antarctic fast ice (Palmisano and Sullivan 1983; Sullivan 

et al. 1985). 

 

The ecological functions of bacterial communities are influenced by their 

phylogenetic composition, representing a wide range of DNA contents and cell 

sizes (Bouvier et al. 2007).  HNA bacteria are generally larger, more 

metabolically active, and have higher growth rates than their LNA counterparts 

(Bouvier et al. 2007; Lebaron et al. 2002; Servais et al. 2003).  In the current 

study, the HNA bacterial abundance was correlated with chl a concentrations (rp = 

0.363, p = 0.001, n = 81) and ice temperature (rp = 0.503, p = 0.010, n = 27); LNA 

bacterial abundance had no such correlation.  This may infer a direct association 

between the HNA bacteria and algal fractions of the community by means of a 

microbial loop, although this relationship is dependent on microbial composition 

(Martin et al. 2012, Taylor and Sullivan 2008), or alternatively, this association 

may be a consequence of warmer temperatures promoting general microbial 

growth.  The lack of correlation between the bacterial community and exuded 

organic material is inconsistent with findings from other sea ice studies (e.g. 

Meiners et al. 2004), although a complete understanding of microbial and 

extracellular organic carbon dynamics within the sea ice ecosystems clearly 

requires information beyond the use of proxy measurements (Garrison et al. 

2005). 

 

The DOC concentrations in the current study are comparable to other sea ice 

studies from Antarctic and Arctic regions (Carlson et al. 2000; Herborg et al. 

2001; Krembs et al. 2002; Thomas et al. 2001; Underwood et al. 2010).  In 
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comparison to marine environments, DOC concentrations were more than ten-fold 

higher than those measured in surface oceanic water in the circumpolar Southern 

Ocean (Carlson et al. 2000; Doval et al. 2002; Kähler et al. 1997; Kirchman et al. 

2001; Papadimitriou et al. 2007; Pakulski and Benner 1994; Wedborg et al. 1998).  

Given that the high DOC concentrations were present in the samples that had a 

high algal biomass (rp = 0.649, p < 0.001, n = 81), there is clearly a strong link 

between algal activity and DOC accumulation in Antarctic sea ice, although this is 

not always the case in other studies (e.g. Herborg et al. 2001).  Similarly 

carbohydrate accumulation, specifically high-molecular weight carbohydrates 

expressed as exopolymeric substances, in both sea ice (Krembs and Engel 2001; 

Riedel et al. 2006, 2008) and sediments (Underwood and Smith 1998) generally 

show a close correlation with algal biomass.  Carbohydrate enrichment has been 

observed as sea ice ages, and this may be explained by changes in the brine 

environment, such as nutrients limitation, CO2 drawdown, and elevated pH 

(Collins et al. 2008; Riedel et al. 2007; van der Merwe et al. 2009).  In contrast, 

the high DOC concentration towards the ice interior at 14 d may be a due to the 

high Vb/V values at the ice-water interface, allowing for DOC to be released into 

the under-ice water prior to, or during, ice core extraction.  Production studies 

have reported an increase in extracellular organic carbon exudation accompanying 

changes in physiology and growth phase in Antarctic sea ice algae (Aslam et al. 

2012; Ugalde et al. 2013) as also observed in marine diatoms (e.g. Goto et al. 

1999; Granum et al. 2002; Underwood et al. 2004).  In the current study, chl a-

normalised extracellular organic carbon concentrations showed a decrease over 

the sampling period, which coincided with increases in both Fv/Fm values and 

Vb/V, indicating an enhanced capacity for nutrient transport from the under-ice 
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realm into the bottom layers of the sea ice.  This finding supports the notion that 

extracellular organic carbon plays an important role in the microbial response to 

physicochemical conditions (e.g. low temperature, nutrient availability), or 

possibly represents overflow metabolism.  

 

Overflow metabolism is a well-established mechanism, although it has rarely been 

applied to polar environments (Myklestad et al. 1989; Waite et al. 1976).  Fogg 

(1983) proposed that the exudation of organic carbon was an end-product of a 

process whereby photosynthesis takes place more rapidly than is necessary to 

supply the requirements for growth.  Overflow metabolism has since been 

observed in planktonic and benthic diatoms, and can be stimulated by both 

nutrient limiting conditions (e.g. Bucciarelli and Sunda 2003; Myklestad et al. 

1989; Staats et al. 2000) and low temperature (e.g. Wolfstein and Stal 2002).  For 

ice-dwelling microbes, an increase in the exudation of organic carbon has been 

reported at reduced temperatures and nutrient limitation, possibly as a cellular 

survival mechanism (e.g. Aslam et al. 2012; Gleitz and Kirst 1991; Krembs and 

Deming 2008; Krembs et al. 2011; Underwood et al. 2013).  However, as reduced 

growth rates can be associated with low temperatures, metabolic overflow may 

better explain this coupling (Aslam et al. 2012; Krell et al. 2007; Mock and 

Valentin 2004).  Gleitz and Kirst (1991) suggested the prominent observation of 

allocation to carbohydrates may indicate nutrient depletion in ice algal 

assemblages from Weddell Sea pack ice in spring.  In the current study, the 

microbial community was exposed to both reduced, but not limiting, nutrient 

availability (based on C:N ratios of > 7.7) and low temperatures.  Therefore, 

overflow metabolism cannot be excluded as a possible explanation for the 
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observed spatial and temporal trends of chl a-normalised extracellular organic 

carbon. 

 

The proportion of DOC as TCHO was generally < 20 %, and this is comparable to 

previous reported values in Arctic and Antarctic seawater (Engbrode and Kattner 

2005; Herborg et al. 2001; Kirchman et al. 2001; Myklestad and Børsheim 2007; 

Pakulski and Benner 1994; Wang et al. 2006).  In Antarctic sea ice, the mean 

proportion of TCHO to DOC is < 35 %; however it ranges from 1 to 99 % 

(Herborg et al. 2001; Thomas et al. 2001).  In contrast, Underwood et al. (2010) 

reported values from melted ice cores of between 30 % and 50 %, and they 

considered that this variation may be due, in part, to differing methods used to 

isolate and measure carbohydrate concentrations between seawater and ice.  For 

example, the methods used by Underwood et al. (2010) required dialysis to 

exclude salts from the samples. This resulted in low-molecular weight materials, 

including carbohydrates < 8 KDa, being lost prior to TCHO analysis.  In the 

current study, the methods applied did not require dialysis, but this alone does not 

explain the difference in TCHO values reported.  Rather, the current study 

suggests that either the carbohydrate fraction of DOC may have been rapidly 

modified through abiotic (e.g. hydrolysis, photolysis) or biotic (e.g. microbial 

loop) processes.  Alternatively, the bottom ice microbial assemblages may have 

invested heavily into non-carbohydrate DOC, consisting of proteins, lipids, and 

free DNA, possibly also including organic nitrogen-containing carbohydrates (e.g. 

proteoglycans and amino-sugars; Underwood et al. 2010).  The current study 

supports the need for further research and comparison of methods for the isolation 
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and quantification of extracellular organic carbon components, particularly in the 

sea ice habitat.   

 

The current study demonstrates that CHOPoly contributes substantially to TCHO in 

late spring (mean = 79 %), and this contribution rapidly decreases over time 

(mean = 59 %).  If extracellular organic carbon provides protection against 

challenging abiotic conditions (Krembs et al. 2011), then a shift towards 

molecules with greater structural potential (i.e. polysaccharides) might be 

expected in addition to any increase in abundance (Krembs and Deming 2008; 

Krembs and Engel 2001; Underwood et al. 2010).  Gleitz and Kirst (1991) 

reported interior pack ice algal assemblages allocate approximately five times 

higher into extracellular polysaccharides, compared with infiltration assemblages 

(8 and 44 % of total 
14

C uptake, respectively), possibly due to nutrient limitation 

in the interior of the ice.  In the current study, the high relative contribution of 

CHOPoly to TCHO in early season ice indicates that the cells were experiencing 

adverse abiotic conditions, as was reflected by relatively low Fv/Fm values.  This, 

coupled with lower calculated brine volume in early season ice, suggests a limited 

capacity for fluid exchange between brine channels and the underlying seawater.      

 

 

3.7 CONCLUSION 

The current study provides a detailed description of microalgal physiology and 

exuded organic carbon dynamics in an Antarctic bottom ice community, and is the 

first attempt to describe their successive changes during the spring-summer 

transition.  It was hypothesised that sea ice algal would increase carbon allocation 
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to extracellular organic components with an increase in algal biomass.  This 

hypothesis was supported with total concentrations of extracellular organic carbon 

components (DOC and TCHO [sum of CHOMono and CHOPoly]) increasing during 

the sampling period.  However, extracellular organic carbon concentrations 

normalised to chl a showed a substantial decrease during the sampling period.  

This change was associated with improved algal physiology and brine conditions, 

initiated by an increase in brine volume allowing transport across the ice-water 

interface.  These findings support the theory that exudation of organic carbon by 

sea ice algae is associated with adverse brine conditions, either as a direct (in 

response to reduced temperatures or nutrient availability) or indirect (overflow 

metabolism or microbial loop) mechanism.   
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CHAPTER 4 

Characteristics and primary productivity of East Antarctic 

pack ice during the winter-spring transition 

 

 

Citation: Ugalde SC, Westwood KJ, van den Enden R, McMinn A, Meiners KM. Characteristics and 

primary productivity of East Antarctic pack ice during the winter-spring transition. Deep Sea Research II. 

Submitted (special edition).  

 

 

4.1 ABSTRACT 

Microbial communities have evolved mechanisms to allow them to survive within 

the challenging and changing pack ice environment.  One such mechanism may 

be the exudation of photosynthetically-derived organic carbon into various 

extracellular pools.  During the 2
nd

 Sea Ice Physics and Ecosystem eXperiment 

(SIPEX-2), East Antarctic pack ice productivity and subsequent carbon allocation 

were quantified, together with physico-biogeochemical characteristics (29 

September – 28 October, 2012).  Mean ice thickness ranged between 0.87 and 

2.24 m, and typically exhibited a warm ice interior with weak temperature 

gradients.  All stations, with one exception, were layered with granular (mean: 

78%), columnar (mean: 15%), and mixed granular/columnar (mean: 4%) ice.  

Highest ice brine-volume fractions were at the ice-water interface, but all ice had 

high brine-volume fractions conducive for brine percolation (mean: 15 %).  

Dissolved inorganic nutrient concentrations in the brine were scattered around 

theoretical dilution lines (TDLs), with some values of nitrate and nitrite, 
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ammonium and silicic acid falling below TDLs, indicating nutrient depletion.  

Bulk ice dissolved organic carbon was low (mean: 64 µmol kg
-1

), but most 

samples showed enrichment in relation to TDLs.  Microbial biomass (bacterial 

and algal) was low, and generally showed maxima in the sea-ice interior.  Bottom 

ice algal communities were dominated by pennate diatom species (mean: 86 % of 

total cell abundance).  
14

C-total primary productivity (
14

C-TPP) ranged from < 

0.01 to 2.29 mg C (mg chl a)
-1 

d
-1

 (< 0.01 to 5.65 mg C m
-2

 d
-1

).  The relative 

contribution of 
14

C-total extracellular organic carbon (
14

C-TEOC) to 
14

C-TPP 

decreased over the observational period (range: 43% to 21%), with the remaining 

proportion being 
14

C-particulate organic carbon.  
14

C-TEOC composition was 

dominated by low molecular weight 
14

C-extracellular dissolved organic carbon 

(mean: 62%), with the remaining proportion allocated to 
14

C-colloidal organic 

carbon. Production of 
14

C-extracellular polymeric substances was not detected at 

any station.       
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4.3 INTRODUCTION 

Sea ice annually extends over an area of 15 – 22 x 10
6
 km

2
 of the polar oceans 

(Arrigo et al., 2014).  As a result, sea ice is one of the most expansive, yet 

ephemeral, biomes on Earth.  In the Southern Ocean, sea ice reaches its maximum 

coverage in September at ~19 x 10
6
 km

2
, reducing to 4 x 10

6
 km

2
 in February 

(Comiso, 2010).  Of this ice mass, approximately 90 % constitutes pack ice 

(Lizotte and Sullivan, 1992). 

 

Sea ice is comprised of two phases; solid ice and liquid brine (Weeks and Ackley, 

1986).  The fraction of each phase is mostly determined by temperature and sea-

ice bulk salinity (Frankenstein and Garner, 1967; Light et al., 2003).  During sea-

ice formation, salt is actively excluded, leaving a lattice of solid ice crystals that 

are essentially salt- and nutrient-free.  Liquid brine inclusions result from the 

remaining salt being concentrated into channels.  The brine channel system is 

semi-isolated from the underlying water column (Papadimitriou et al., 2007; 

Petrich and Eicken, 2010; Vancoppenolle et al., 2013), the extent to which is 

dependent on the brine-volume fraction (Vb/V).  Theoretically, Vb/V of < 5 % is 

considered sufficient to inhibit brine percolation in columnar ice, but a higher 

fraction is required for granular ice due to the more random orientation of crystals 

and brine channels (Golden et al., 1998).  During winter and early spring the ice is 

generally characterised by low Vb/V and strong vertical gradients in temperature, 

brine salinity, and nutrients (Eicken, 1992; Reeburgh, 1984).  As ice warms 

during spring and early summer, the Vb/V increases and enables more fluid to be 

exchanged between the brine channel system and the underlying seawater. 
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Brine channel systems contain a complex biological community, comprising 

microalgae (hereafter referred to as algae), bacteria, viruses, heterotrophic 

protists, and metazoans (Horner et al., 1992; Mock and Thomas, 2005; Thomas 

and Dieckmann, 2010).  In pack ice, algal communities are generally dominated 

by diatoms, and the highest biomass can be concentrated at the ice-water interface 

(Becquevort et al., 2009; Grose and McMinn, 2003; McMinn et al., 2007).  In 

older sea ice, which has been subject to surface melt and refreezing and/or 

surface-flooding due to heavy snow-loading, surface or interior assemblages can 

dominate (Ackley et al., 2008; Fritsen et al., 1994; Kattner et al., 2004; Meiners et 

al., 2012). 

 

The primary production rate of algal assemblages varies throughout the season.  

Primary production and cell metabolism can be high during autumn ice formation, 

and then slow with the onset of winter in response to altering light and brine 

physicochemical conditions (e.g. increasing salinity, nutrient limitation; Gleitz 

and Thomas, 1992; Krell et al., 2008; McMinn and Martin, 2013).  In spring, light 

levels increase and primary production resumes (McMinn et al., 2010, Petrou and 

Ralph, 2011). 

 

Sea-ice algae have a low photosynthetic capacity and are highly shade adapted 

compared to pelagic phytoplankton (Cota, 1985; McMinn et al., 2000; Palmisano 

et al., 1985; Trenerry et al., 2002).  However, their contribution to total primary 

production in the Antarctic seasonal sea ice zone has been estimated to range 

between 6.1 – 35.0 % in October and 1.1 – 2.1 % in January, and comprise 12 % 

of total annual primary production (Arrigo et al., 1997,1998b; Saenz and Arrigo, 
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2014).  Saenz and Arrigo (2014) estimated sea-ice algal primary production to be 

23.7 Tg C a
-1

, with 80 % of production in the bottom 0.2 m of ice.  The bottom ice 

algal layer, which is considered an important food resource for krill and other 

invertebrates, can have a low biomass or be absent in pack ice, when internal or 

surface assemblages dominate (Arrigo et al., 1997; Jia et al., this issue; Legendre 

et al., 1992).   

 

Microalgae allocate photosynthetically-derived carbon into two general pools; 

particulate organic carbon (POC; biomass) and total extracellular organic carbon 

(TEOC; Aslam et al., 2012; Juhl et al., 2011; Krembs et al., 2011; Underwood et 

al., 2010).  The chemical composition of TEOC is largely uncharacterised, but it 

is known to range from simple molecules (such as glucose) to highly complex 

molecules comprising 1000s of monomers.  It includes compounds such as 

carbohydrates, proteins, lipids, and free DNA (Bellinger et al., 2005; Decho, 

2000; Underwood et al., 2010).  TEOC has the potential to bind together to form 

colloidal material that can be modified through biotic (e.g. microbial activity) 

and/or abiotic (e.g. hydrolysis, photolysis) catalysts (Underwood et al., 2010).  

Typically, precipitation of TEOC, usually in 70 % ethanol, isolates particularly 

heavy molecules, referred to extracellular polymeric substances (EPS; Mancuso 

Nichols et al., 2005; McConville et al., 1985, 1999).  EPS is often tightly bound to 

the producer organism (Decho, 2000), and is considered to have high ecological 

significance, given its molecular complexity and diversity.  Research to date has 

not attempted to directly quantify algal allocation to TEOC within the sea-ice 

habitat. 
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Improved understanding of sea-ice primary productivity, subsequent carbon 

allocation, and driving factors within the diverse pack ice habitat is critical to 

determine the response of the sea ice–covered ecosystem to future environmental 

changes.  TEOC, or an isolated fraction, has been suggested to provide benefits 

directly to the producer organism, such as aiding in cellular motility and 

attachment (either through binding cells together or attachment to ice crystals), as 

well as acting as a layer/buffer to protect against adverse, and potentially harmful, 

physicochemical conditions; e.g. temperature, salinity, pH, and nutrients (Apoya-

Horton et al., 2006; Ewert and Deming, 2013; Krembs and Deming, 2008; 

Krembs et al., 2002, 2011; Mishra and Jha, 2009; Smith and Underwood, 2000; 

Underwood and Paterson, 2003; Underwood et al., 2004).  Its exudation may also 

influence brine channel microstructure, improving sea-icehabitability for the 

producer organism (Krembs et al., 2011).  The high degree of bacterial metabolic 

activity and seasonal coupling between the relative abundance of bacteria and 

algae has also led to the suggestion that TEOC is the primary substrate for an 

active microbial loop, similar to that of temperate oceanic systems (Azam et al., 

1991; Sullivan and Palmisano, 1984; Martin et al., 2008, 2009).  In addition, 

extracellular material may be an end-product of overflow metabolism, in which 

the producer organism releases carbon derived from excessive primary 

production, and uses it to manage growth and abiotic requirements, similar to that 

of marine and benthic diatoms (Bucciarelli and Sunda, 2003; Fogg, 1983; 

Myklestad, 1989; Staats et al., 2000).   

 

The purpose of the current study was to determine the relationships between 

ecological, physical, and biogeochemical parameters of East Antarctic pack ice 



 78 

during the winter-spring transition.  The study quantifies bottom ice 
14

C-primary 

production, and the subsequent allocation into carbon fractions; 
14

C-POC and 
14

C-

TEOC (sum of colloidal organic carbon [
14

C-COLLOC], extracellular dissolved 

organic carbon [
14

C-EDOC], and extracellular polymeric substances [
14

C-EPS]) 

and ice algal species abundance.  It also provides vertical profiles of microbial 

biomass (chlorophyll a [chl a] concentrations, bacterial abundance, particulate 

organic carbon [POC] and nitrogen [PON]), sea-ice physical parameters (ice 

temperature, bulk salinity, brine-volume fraction, sea-ice texture), and 

biogeochemistry (dissolved organic carbon [DOC], dissolved inorganic nutrients).  

These are discussed in relation to carbon dynamics during this important 

transitional period for sea-ice microbial community development. 

 

 

4.4 METHODS 

4.4.1 Site and Sampling 

Data were collected during the 2
nd

 Sea Ice Physics and Ecosystem Experiment 

(SIPEX-2) voyage onboard the RSV Aurora Australis between September and 

October 2012.  Samples were taken within a sector ranging from 64.42 °S to 

65.27 °S and 116 °E to 121 °E off East Antarctica, and floes were selected 

according to accessibility and physical characteristics.  Six ice floes were sampled 

(stations # 2 – 4 and 6 – 8), and on each floe, a ~ 2 m
2
 site, free from deformation, 

was selected.  At each station, snow thickness was recorded (n = 5) and between 

10 and 19 ice cores (A – T) were extracted using a powered Kovacs Mark II ice 

corer (0.09 m internal diameter).  Sea-ice thickness and freeboard measurements 

(n = 5) were recorded from the resulting ice core holes. 
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Four ice cores (C – F) were sectioned into six discrete sections measured from the 

ice-water interface; 0–0.02 m; 0.02–0.10 m; the remainder of each core was 

quartered.  Ice core sections were placed in polyethylene containers, which had 

been rinsed thoroughly with Milli-Q water, and the ice melted in the dark at 4 °C.  

Sections from two ice cores (E – F) were melted as per above, with the addition of 

0.22 µm filtered seawater (0.2 l filtered seawater added per 0.01 m of ice core) to 

avoid cellular osmotic stress (Garrison and Buck, 1986).  Seawater used to melt 

cores was collected at the same site using a seawater line on the ship (5 m below 

the surface), filtered at 0.22 µm, and cooled to 4 °C prior to use.     

 

4.4.2 Temperature Profiles 

Sea-ice temperature was determined on a further ice core (A).  Immediately after 

sampling, holes were drilled into the centre of the core at 0.1 m intervals using a 

manual hand drill, and temperature measured using an electronic thermometer 

(Hanna HI93510).  Thereafter, the core was discarded. 

 

4.4.3 Ice Texture and Stable Oxygen Isotopes 

A further ice core (B) was sealed in clean plastic tubing and transported to an 

onboard freezer laboratory (- 24 °C) for analysis of ice texture and stable oxygen 

isotopic composition.  Ice texture was determined by thin-section analysis using 

cross-polarised light (e.g. Lange, 1988; Meiners et al., 2011).  Stratigraphic units 

were determined by crystal size and orientation (Eicken and Lange, 1989).  The 

remaining core material was cut into sections based on the stratigraphic units, and 

melted without the addition of seawater in sealed plastic containers at 4 °C.  
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Subsamples were taken for stable oxygen isotopes (δ
18

O) and stored in sealed 

glass vials for later analysis with a VG Isogas SIRA mass spectrometer (for 

details see Meiners et al., 2011).  Ratios of oxygen isotopes were expressed 

relative to the Vienna Standard Mean Oceanic Water (V-SMOW) standard, with 

standard deviations for repeated measurements < 0.07 ‰.  Based on isotopic 

characteristics, ice sections with granular stratigraphy were classified as either 

granular ice (δ
18

O > 0 ‰) or snow ice (δ
18

O < 0 ‰; Lange et al., 1990).  Hence, 

four ice types were identified: snow ice, granular ice, columnar ice, and 

granular/columnar (g/c) ice. 

 

4.4.4 Chemical Parameters  

Subsamples (0.01 l) of the six melted sections from ice core C were filtered 

through 0.22 µm syringe filters (Acrodisk, Pall Corp.) attached to a sterile 

syringe.  The subsamples were stored frozen at - 18 °C in sterile polypropylene 

vials for subsequent determination of dissolved phosphorus (PO4
3-

), silicic acid 

(Si(OH)4), nitrate and nitrite (NOx), and ammonium (NH4
+
).  PO4

3-
, NOx and 

NH4
+
 analyses were performed using a Lachat Flow Injection analyser based on 

American Public Health Association (APHA) Standard methods (APHA 2005; 

minimum reporting limit: PO4
3-

 0.0646 µmol l
-1

, NOx and NH4
+
 0.1427 µmol l

-1
).  

Si(OH)4 concentrations were determined using an Aquakem 250 and ammonium 

molybdite with tin (II) chloride reduction (APHA 2005; minimum reporting limit: 

Si(OH)4 1.6647 µmol l
-1

).  All nutrient analyses were performed within 4 months 

of sampling.  Ice bulk salinity was measured from the remaining melted sample 

using a conductivity meter (WTW-Tetraconn 325).    
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4.4.5 Particulate and Dissolved Organic Carbon 

Subsamples from the six melted sections of ice core D were used to quantify 

particulate organic carbon (POC), particulate organic nitrogen (PON), and 

dissolved organic carbon (DOC).  POC:PON  subsamples (0.050 to 2.5 l) were 

filtered onto 25 mm diameter pre-combusted (overnight at 450 °C) quartz filters 

(Sartorius), and kept frozen at - 20 °C for later processing.  To dissolve the 

inorganic carbon, thawed filters (sample and blank filters) were acidified for 24 h 

by fuming with 37 % HCl in a bell apparatus, and dried in a clean oven (15 h at 60 

°C).  Filters were pressed into 5 x 9 mm pre-combusted silver capsules (SerCon, 

United Kingdom) and analysed at the Central Science Laboratory, Hobart, by 

combustion in oxygen-enriched helium atmosphere using a Haereus CHN-O-

Rapid analyser.   

 

The POC:PON filtrate was captured for DOC determination, and stored frozen (- 

20 °C) in 40 ml glass vials with rubber septa caps (Shimadzu, Japan).  Vials had 

been acid washed and rinsed three times with Milli-Q water, followed by 

overnight pre-combustion at 500 °C.  Concentrations of DOC were measured 

using a catalytic oxidation combustion Total Organic Carbon Analyser 

(Shimadzu, L-Series), according to Qian and Mopper (1996).  

   

4.4.6 Microbial Biomass 

Corresponding melted sections from ice cores E – F were combined and 

subsampled for determination of chl a by high performance liquid chromography 

(HPLC).  Chl a subsamples (0.07 to 1.68 l) were filtered onto 13 mm GF/F 

(Whatman) filters and stored in liquid nitrogen until analysis.  Sample and blank 
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filters were thawed and extracted by sonication in 1 – 1.5 ml 100 % HPLC-grade 

methanol, using 130 ng apo-8’-carotenal (Fluka) as an internal standard, and 

detected using a Waters996 photodiode array and a Hitachi FT1000 fluorescence 

detector (Wright et al., 2010). 

 

Additional subsamples from the same ice cores (0.25 l) were fixed with acid 

Lugol’s solution and stored at 4 °C in the dark.  Sea-ice algae were subsequently 

counted at the Australian Antarctic Division, Tasmania.  Samples were 

concentrated and allowed to settle for at least 6 h in a 37 mm diameter Utermöhl 

chamber, and counted at a magnification of 600 x using a Zeiss Axiovert inverted 

microscope.  Counts were conducted over random fields of view, until at least 400 

cells had been counted.   

 

Further subsamples (0.002 l) from melted cores E – F were preserved with 

glutaraldehyde (2 % final concentration) and stored at - 20 °C.  Bacterial 

abundances were subsequently determined at the Australian Antarctic Division, 

Tasmania.  Samples were thawed at room temperature and 500 µl were stained 

with SYBR Green I nucleic acid gel (Molecular Probes, USA) and incubated in 

the dark for 20 min.  Cells were then counted using a Becton Dickinson FACScan 

flow cytometer, according to the protocol of Thomson et al. (2010).  Manual 

gating was used to discriminate between nucleic acid content, according to 

Bouvier et al. (2007); Y-Geo mean BactGate1 = 278; BactGate2 = 114; BactGate3 = 49; 

BactGate4 = 12.  Total bacterial abundance (BactTotal) was expressed as the sum of 

all gates.      
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4.4.7 Bottom Ice Algal Primary Production and Carbon Allocation   

Up to 14 ice cores (G – T) were sampled for bottom ice algal 
14

C-photosynthesis-

irradiance (P-E) curves and 
14

C-carbon allocation.  From the resulting core holes, 

water samples were taken for determination of dissolved inorganic carbon (n = 3) 

near the ice-water interface.  Air contact was avoided during collection and the 

samples placed in acid washed glass bottles (250 ml).  Samples were preserved 

using 100 µl saturated mercuric chloride solution and later analysed according to 

Ugalde et al. (2013).   

 

The lowermost 0.02 m from each core was finely shaved off using a stainless steel 

saw and ice core support frame. The loose ice crystals were evenly divided into 

clean opaque polyethylene screw cap containers (n = 3).  Containers were kept 

cool and protected from the light, and immediately transported back to an onboard 

laboratory.  To avoid osmotic stress to algal cells, between 1.5 and 2.0 l of 2 ± 1 

°C, 0.22 µm pre-filtered sea water was added to each container (Kaartokallio 

2004; Kudoh et al., 2003).  To isolate algal biomass from the ice crystals, each 

container was agitated for 5 min at 4 °C and subsequently passed through course 

mesh to separate the intact ice crystals and free-floating biomass.  The volume of 

the filtrate was measured (mean: 105.9 % ± 0.8 % of initial added volume), and 

subsamples were taken to determine 
14

C-photosynthesis-irradiance (P-E) curves 

and 
14

C-carbon allocation.     

     

4.4.8 P-E Curves and Under Ice Irradiance 

P-E incubations were conducted according to the method of Westwood et al. 

(2011), with 1 h incubations under 21 intensities ranging from 0 to 1300 µmol m
-2
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s
-1

. Carbon uptake rates were corrected for chl a concentrations and for total 

dissolved inorganic carbon availability. Curves were plotted and analysed using 

SYSTAT (Version 13). The equation of Platt et al. (1980) was used to fit curves 

to the data using least squares non-linear regression:  

 

              
     
       

     
           

 

Where P was the rate of primary productivity (mg C (mg chl a) 
-1

 h
-1

), Pmax was 

the light-saturated photosynthetic rate (mg C (mg chl a)
-1

 h
-1

), α was the initial 

slope of the light-limited section of the P-E curve (mg C (mg chl a)
-1

 h
-1

 (mmol m
-

2
 s

-1
)
 -1

), E was the light intensity at which carbon-uptake became maximal 

(calculated as Pmax / α = Ek, mmol m
-2

 s
-1

), β was the rate of photoinhibition where 

applicable (mg C (mg chl a)
-1

 h
-1

 (mmol m
-2

 s
-1

)
-1

), and c was the intercept of the 

P-E curve with the carbon uptake axis (mg C (mg chl a)
 -1

 h
-1

).  

 

At each station, incoming surface PAR was recorded from two onboard sensors (2 

pi; accuracy ± 3 %).  The sensor with the highest PAR recording was used for 

subsequent calculations.  PAR at the bottom of the sea ice (i.e. lowermost 0.02 m) 

was calculated for ca. 5 min intervals over a 24 h period using the modified 

equation from Smith et al. (1988): 
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where Iz was the irradiance incident at given depth (i.e. at the bottom of the ice), Io 

was the maximum incoming irradiance measured from ship-board sensors, A was 

the surface albedo constant (0.8; Maykut, 1985), ks was the snow attenuation 

coefficient (10.095 m
-1

; Smith et al., 1988), zs was the snow depth (m), ki was the 

ice attenuation coefficient (1.82 m
-1

; Michael and Higgins, 2014), and zi was the 

midpoint ice section depth (i.e. the lowermost 0.01 m).  

 

For each PAR time interval, the rate of primary productivity was calculated using 

the above P-E equation (2).  The sum of which expressed the primary productivity 

across the 24 h period (i.e. mg C (mg chl a)
-1

 d
-1

).  Integrated chl a values 

determined from the bottom of the sea ice was used to normalise sea ice primary 

productivity, to give sea ice production (i.e. mg C m
-2

 d
-1

).     

 

4.4.9 Definition of 
14

C-Carbon Pools 

14
C-total primary productivity (

14
C-TPP) was determined from P-E curves, and 

defined as the sum of 
14

C-particulate organic carbon (
14

C-POC; intercellular) and 

14
C-total extracellular organic carbon (

14
C-TEOC; extracellular).  

14
C-TEOC is 

defined as the sum of 
14

C-extracellular dissolved organic carbon (
14

C-EDOC) and 

14
C-colloidal organic carbon (

14
C-COLLOC).  

14
C-COLLOC incorporates both 

colloidal and cell-associated carbon that is unable to pass through a GF/F filter.  

The subtracted proportion of 
14

C-EDOC and 
14

C-COLLOC was defined as 
14

C-

extracellular polymeric substances (
14

C-EPS) and was precipitated using 70 % 

ethanol (Decho, 1990; Underwood et al., 1995). 
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4.4.10 
14

C-Carbon Allocation 

Carbon fractions were isolated according to Ugalde et al. (2013), modified from 

Goto et al. (1999).  Three replicates of four 0.02 l subsamples were used to isolate 

carbon fractions; 
14

C-POC and 
14

C-TEOC (sum of 
14

C-EDOC, 
14

C-COLLOC, and 

14
C-EPS).   

 

Subsamples were transferred into clear scintillation vials and inoculated with an 

aqueous antibiotic cocktail of penicillin (benzylpenicillin potassium, CSL Ltd, 

final concentration 75 µg ml
-1

) and streptomycin (strepromycin sulfate, Sigma 

USA, final concentration 125 µg ml
-1

).  After 1 h, 200 µl 
14

C-NaHCO3 (activity = 

148 kBq ml
-1

) was added to each vial and further incubated for a given time 

depending on algal biomass (24 h ± 3 h).  At the end of the incubation period, 

samples were filtered under low pressure (< 0.13 bar).  200 µl 32 % HCl was 

immediately added to the filtrate (0.005 l).  This fraction was defined as 
14

C-

EDOC, and subsequently agitated for 3 h in a custom-built shaker box.  The 

material trapped on the remaining filter was submerged in 4 nmol l
-1

 EDTA 

(Decho 1993), and centrifuged according to Ugalde et al. (2013).  

 

This material was subsequently filtered again, and the filtrate, defined as 
14

C-

COLLOC, was immediately acidified with 300 µl of 32 % HCl prior to agitation 

in the shaker box.  The intact filter was acidified with 50 ml of 2 % HCl, and 

defined as 
14

C-POC.     

 

Three ml of the acidified filtrate of 
14

C-EDOC and 
14

C-COLLOC was transferred 

to capped 15 ml falcon tubes and precipitated following Goto et al. (1999) using 
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cold ethanol (70 % final concentration, - 20 °C) and centrifuged (400 x g for 10 

min) after an incubation of 10 h.  The precipitated material was washed with cold 

70 % ethanol and resuspended in distilled water, repeated twice.  The precipitate 

obtained was defined as 
14

C-EPS, and was undetectable (i.e. < DPMT=0) at all 

stations. 

 

For radioactive counts of aqueous 
14

C-EDOC and 
14

C-COLLOC fractions, 0.015 l 

of Aquassure (Amersham) liquid scintillation cocktail were added to each vial.  

For radioactive counts of 
14

C-POC filters, 0.002 l acetone were added according 

to Ugalde et al. (2013), with 0.001 l Aquassure later added.  All samples were 

briefly mixed and protected from the light prior to measurement, and counted 

using a scintillation counter.  Rates of production used the following equation: 

 

   

           

        
            

 
 

 

Where P was the rate of production, DPM was the disintegrations per minute of 

the sample, DPMT=0 was the background count, DIC was the under ice dissolved 

inorganic carbon (µg l
-1

), k1 was the correction factor (1.05) for the 5 % metabolic 

discrimination for the uptake of 
14

C relative to 
12

C (Ærtebjerg-Nielsen and Bresta, 

1984), k2 was the correction factor for subsampling given that only part of the 

incubated sample was utilised, T was the incubation time factor, and DPM100% 

was the total radioactivity added to each vial.   
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From the above equation (3), the relative contribution of each carbon fraction (%) 

was applied to calculated bottom ice primary productivity rates over a 24 h period, 

derived from P-E curves and estimates of under-ice irradiance.  Rate of carbon 

allocation is expressed as productivity (i.e. mg C (mg chl a)
 -1 

d
-1

).     

 

4.4.11 Statistical Analysis 

All statistical analyses were performed using SPSS (IBM SPSS Statistics, 22.0).  

Non-parametric Spearman-Rank tests were applied to explore correlations 

between response variables.  The non-parametric Kruskal-Wallis test was used to 

test for significant differences between median values of non-normal distributed 

data. 

 

 

4.5 RESULTS 

4.5.1 Physical Properties 

Ice thickness at the sampled sites ranged between 0.80 and 2.16 m (mean: 1.34 m; 

Table 1).  Snow cover ranged between 0.06 and 0.66 m.  With the exception of 

two stations (stations 2 and 7), sea-ice freeboard was positive (range: - 0.09 to 

0.05 m).  The sea ice was generally warm with weak temperature gradients.  Mean 

ice temperatures were high, with measurements ranging between - 6.7 and - 1.2 

°C (Table 1).  Minimum temperatures mostly occurred scattered throughout the 

profiles.  However, stations 2 and 3 had minimum temperatures occurring in the 

upper ice layers, and station 2 had a generally linear temperature increase with ice 

depth (Figure 1A).  With the exception of station 1, sea-ice salinities showed L-

shaped profiles with maxima at the ice-water interface (Figure 2A).   
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Vb/V ranged between 7.6 and 36.1 %, with maxima always occurring at the ice-

water interface (Figure 2B).  Vb/V was correlated with ice depth (rs = -0.339, p = 

0.043, n = 36), nutrient concentrations in brine (Si(OH)4 rs = 0.605, p < 0.001, n = 

36; NOx rs = 0.562, p < 0.001, n = 36; PO4
3-

 rs = 0.583, p < 0.001, n = 35; NH4
+ 

rs 

= 0.705, p < 0.001, n = 35), and brine DOC (rs = -0.336, p = 0.028, n = 36).  Most 

of the sea ice showed Vb/V above the theoretical threshold for brine percolation of 

5 % for columnar ice (Golden et al. 1998; Table 1).  Sea-ice sections with Vb/V of 

≤ 10 % contributed 25 % of total ice core lengths, and sections with Vb/V of > 10 

% to ≤ 20 % contributed 50 %.  Sections with Vb/V of > 20 % contributed 25 % of 

the total core lengths for all stations.   

 

All stations, with the exception of station 7, showed layering of granular, 

columnar, and mixed granular/columnar (g/c) ice (Figure 3).  Granular ice was the 

dominant ice type, contributing 44 % to 97 % of the total core length (mean: 78 

%).  Columnar and g/c ice contributed 0 to 48 % (mean: 15 %) and 0 to 14 % 

(mean: 4 %), respectively.  Snow ice was observed at all stations, with the 

exception of station 3, contributing 0 to 5 % of total core length (mean: 2 %). 

     



 90 

Table 4.1: Station number (#), sampling date (2015), station latitude (mean), station longitude (mean), ice thickness (mean and range (m)), snow 

depth (mean (m)), freeboard (FB; mean (m)), ice bulk salinity (range), ice temperature (mean and range (°C)), brine-volume fraction (Vb/V; mean 

and range (%)), integrated (over entire ice thickness) chlorophyll a (chl a) concentrations (mg chl a m
-2

) and particulate organic carbon (POC) 

concentrations (mg POC m
-2

) for the sea-ice stations sampled during SIPEX-2.  nd = not determined. 
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Figure 4.1: Vertical profiles of ice core temperature (°C) measured from each 

station 

 

 



 92 

 
 

Figure 4.2: Concentrations of bulk salinity (A), brine-volume (B), particulate 

organic carbon (POC, C), molar ratio of POC to particulate organic nitrogen 

(POC:PON; D), chlorophyll a (chl a; E), and total bacterial abundance (BactTotal; F) 

for the relative ice core depths at each station. 
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Figure 4.3: Vertical distribution of ice types determined from each station. 

 

 

4.5.2 Biogeochemical Parameters 

Bulk ice macro-nutrient concentrations of Si(OH)4, NOx, and PO4
3-

 varied 

between ice stations, and ranged from 1.66 to 21.46 µmol kg
-1

 (p = 0.002; mean: 

8.12 ± 0.77 [standard error] µmol kg
-1

), 0.14 to 13.10 µmol kg
-1 

(p = 0.002; mean: 

4.16 ± 0.54 µmol kg
-1

), and 0.10 to 1.22 µmol kg
-1

 (p = 0.027; mean: 0.45 ± 0.04 

µmol kg
-1

), respectively (Figure 4).  NH4
+
 concentrations ranged from 0.21 to 3.67 

µmol kg
-1

 (mean: 0.89 ± 0.12 µmol kg
-1

).  One sample from the ice-water 

interface at station 6 was uncharacteristically high for all analyses; 21.37, 24.74, 

27.74, and 3.67 µmol kg
-1

 for Si(OH)4, NOx, PO4
3-

 and NH4
+
, respectively. It was 

assumed to be contaminated and therefore excluded.  Maximum NOx, NH4
+
 and 

Si(OH)4 concentrations occurred at the ice-water interface, with two exceptions 

(NH4
+
 at station 2 and Si(OH)4 at station 1).   
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Theoretical dilution lines (TDLs) for Si(OH)4, NOx, and PO4
3-

 were calculated 

from under ice seawater measurements at each station (data from Lannuzel et al., 

this issue).  A number of brine nutrient values fell below the TDLs, indicating 

biological uptake of nutrients (Figure 5A.C.D).  NH4
+
 values showed scatter 

above the TDL, indicating enrichment when compared to pure conservative 

behaviour with salinity. (Figure 5B).   

 

The molar ratios of total nitrogen (TN; sum of NH4
+
 and NOx):Si(OH)4 and 

TN:PO4
3-

 ranged between 0.12 to 4.04 (mean: 0.72 ± 0.11) and 2.09 to 28.68 

(mean: 12.13 ± 1.03), respectively.  All bottom ice samples (i.e. 0.00 to 0.02 m 

above the ice-water interface) were above nutrient ratios calculated for sea-ice 

diatoms (e.g., Günther et al., 1999), indicating TN was limiting over Si(OH)4  or 

PO4
3-

 (Figure 6A-B).    
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Figure 4.4: Concentrations of calculated dissolved inorganic nutrients within sea-

ice brines against brine salinity; NOx (sum of NO2
-
 and NO3

-
; A), NH4

+
 (B), 

Si(OH)4
+
 (C), and dissolved inorganic phosphorous (PO4

3-
; D).  Solid squares 

denote samples from 0.00 to 0.02 m above the ice-water interface, transparent 

squares denote samples from 0.02 to 0.10 m above the ice-water interface, and 

triangles indicate samples from above 0.10 m the ice-water interface.  Dashed lines 

indicate theoretical dilution lines (TDL), based on seawater nutrient concentrations 

measured from each station. 
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Figure 4.5: Ratios of salinity-normalised total nitrogen (TN; sum of NOx and 

NH4
+
) to salinity-normalised Si(OH)4

+
 (A), and salinity-normalised TN to salinity-

normalised PO4
3-

 (B).  Solid squares denote samples from 0.00 to 0.02 m above the 

ice-water interface, transparent squares denote samples from 0.02 to 0.10 m above 

the ice-water interface, and triangles indicate samples from above 0.10 m the ice-

water interface.  Dashed lines indicate the calculated nutrient ratios, based on N:Si 

ratio of 16:18.5 and N:P ratio of 16:1 for sea-ice diatoms (e.g. Günther et al., 1999) 

 

 

4.5.3 Microbial Biomass 

Integrated ice core POC and PON concentrations (integrated over the entire ice 

thickness; n = 6) showed high variation, with POC ranging between 321 and 1083 

mg C m
2
 (mean: 663 ± 112 mg C m

2
) and PON ranging between 35 and 120 mg 

m
2
 (mean: 74 ± 5 mg m

2
; Table 1).  Median bulk POC concentrations (Figure 2C) 

varied between stations (Kruskal-Wallis test: p = 0.39), and were significantly 

correlated with Vb/V (rs = 0.420, p = 0.011, n = 36), bacterial abundance (BactTotal 

rs = 0.398, p = 0.016, n = 36), and chl a concentrations (rs = 0.572, p < 0.001, n = 

36).  The molar POC:PON ratio (range: 5.3 to 28.8; mean 11.64 ± 0.9) in the 



 97 

lower most 0.02 m of sea-ice cores averaged 13.4 ± 3.5 (range: 5.3 to 27.0; Figure 

2D).  

 

Chl a concentrations varied between stations (p = 0.012), and profiles showed 

maximum concentrations in the sea-ice interior, with two exceptions (station 3 

and 6; Figure 2E).  Concentrations of chl a (range: 0.34 to 195.79 mg m
-3

, mean: 

18.90 ± 6.52 mg m
-3

) were significantly correlated with bacterial abundance 

(BactTotal rs = 0.529, p = 0.001, n = 36).  Total algal cell abundance for the 

lowermost 0.02 m of cores was correlated with chl a concentrations (rs = 0.886, p 

= 0.019, n = 6), and was dominated by pennate diatoms (Table 2).  Dominant 

species were Fragilariopsis spp., Nitzschia longissima, and Entomoneis 

kjellmanni (Table 3).  Berkeleya adeliensis was the dominant species at station 6 

and only found at this site (Table 3).          

 

Mean POC:chl a ratios were 290 ± 71, ranging between 15 and 2147 (Figure 7A).  

POC:chl a ratios were negatively correlated with bacterial cell abundance 

(BactTotal rs = -0.447, p = 0.006, n = 36).  

 

Total bacterial cell abundances varied between 19 and 237 x 10
4
 cells ml

-1
 (mean: 

76 ± 9 x 10
4
 cells ml

-1
), and profiles of total bacterial cell abundances generally 

showed lowest concentrations in the sea-ice interior (Figure 2F). Bacterial 

biomass was dominated by bactGate3 cells (range 44 and 75 %; mean 59 ± 1 %; 

Figure 8A-D). 
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Table 4.2: Descriptive statistics of biogeochemical and biological characteristics 

of bottom ice algal communities sampled from the lowermost 0.02 m of the ice 

cores.  Algal cell counts; total, pennate, centric and flagellate cell counts, 

chlorophyll a (chl a), particulate organic carbon (POC), ratios of POC and 

particulate organic nitrogen (PON; POC:PON), dissolved organic carbon (DOC), 

ratios of DOC:chl a concentrations, total bacterial cell counts (BactTotal), and 

brine-volume fraction (Vb/V). 

 

 

 

Table 4.3: Relative contribution of dominant algal taxa groups to total algal cell 

abundance (%) from the lowermost 0.02 m of the ice cores at each station. 
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Figure 4.6: Chlorophyll a (chl a)-normalised particulate organic carbon (POC; A) 

and chl a-normalised dissolved organic carbon (DOC; B) for the relative ice core 

depths at each station.   
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Figure 4.7: Total bacterial abundance and the relative contribution of bacterial 

abundance in gate 1 (BactG1; A), gate 2 (BactG2; B), gate 3 (BactG3; C), and gate 4 

(BactG4; D) for the relative ice core depths at each station. 

 

 

4.5.4 Dissolved Organic Carbon  

DOC concentrations ranged between 7.5 and 184.8 µmol kg
-1

 (mean: 64.4 ± 7.9 

µmol kg
-1

; Figure 9A).  One internal ice sample at station 3 was 

uncharacteristically high and was presumed an outlier (597.2 µmol kg
-1

).  It was 

therefore excluded. 

 

Brine DOC:POC ratios ranged between 0.06 and 7.02 (mean: 1.34 ± 0.23; Figure 

9B).  The overall contribution of bulk DOC to total carbon (TC = DOC / DOC + 
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POC) was 49 ± 3 % (range: 6 to 88 %; Figure 9C).  The lowermost 0.02 m of the 

ice had a mean relative contribution of DOC to TC of 30 ± 9 % (range: 6 to 45 

%), with all stations showing a decrease at the ice-water interface, with one 

exception (station 7).   

 

A TDL for DOC was determined from under-ice water measurements recorded 

during SIPEX  (Norman et al., 2011). Sea-ice DOC values fell above the TDL, 

indicating enrichment within brine channels (Figure 10). 

 

Bulk DOC:chl a ratios varied between stations (p = 0.022; range: 10 to 3654; 

mean: 393 ± 115; Figure 7B), and were negatively correlated with bacterial 

abundance (rs = -0.552, p = 0.001, n = 36). 
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Figure 4.8: Concentrations of dissolved organic carbon (DOC, A), ratios of DOC 

to particulate organic carbon (POC; DOC:POC), and the relative contribution of 

DOC to total carbon (TC = DOC / DOC + POC) for the relative ice core depths at 

each station.    
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Figure 4.9: Calculated DOC within sea-ice brine against brine salinity.  Solid 

squares denote samples from 0.00 to 0.02 m above the ice-water interface, 

transparent squares denote samples from 0.02 to 0.10 m above the ice-water 

interface, and triangles inidcate samples from above 0.10 m the ice-water interface.  

Dashed line indicates the theoretical dilution line (TDL), based on seawater DOC 

concentrations measured during SIPEX voyage (2007; Norman et al., 2011). 

 

 

4.5.5 Bottom Ice Algal Primary Production and Carbon Allocation 

Ice algal production (mg C m
-2

 d
-1

) and productivity (mg C (mg chl a)
-1

 d
-1

), and 

subsequent carbon allocation, were determined from bottom sections of ice cores 

sampled at all stations (< 0.02 m of ice floes).  A summary of bottom ice 

biogeochemical/biological descriptive statistics at the ice-water interface is given 

in Table 2.  Tables 4 and 5 give model outputs and primary production/carbon 

allocation, respectively.  Ice algal production ranged from << 0.01 to 3.03 mg C 

m
-2

 d
-1

 (mean: 0.78 ± 0.58 mg C m
-2

 d
-1

), excluding a negative production value 

recorded at station 4.  
14

C-TPP ranged from < 0.001 to 2.218 mg C (mg chl a)
-1

 d
-1

 

(mean: 0.892 ± 0.489 mg C (mg chl a)
-1

 d
-1

), excluding station 4.  The relative 

contribution of 
14

C-TEOC to 
14

C-TPP decreased over the observational period, 
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ranging from 44 % (station 1) to 21 % (station 8; mean: 38 ± 4 %).  The 

remaining contribution to 
14

C-TPP constituted an increase in 
14

C-POC over the 

observational period (Table 5; Figure 11A).   

 

14
C-TEOC constituted carbon fractions of 

14
C-COLLOC and 

14
C-EDOC only, 

with 
14

C-EPS not detected at any station (Table 5; Figure 11B).  The relative 

contribution of 
14

C-EDOC varied between stations, ranging from 2 to 99 % of 

14
C-TEOC (mean: 55 ± 18%).  Carbon isotope fractionation did not show any 

correlations with other measured parameters.        
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Figure 4.10: 
14

C-total primary production fractions of 
14

C-total extracellular 

organic carbon (TEOC) and 
14

C-particulate organic carbon (POC, A), and 
14

C-

TEOC fractions of 
14

C- colloidal organic carbon (COLLOC) and 
14

C- extracellular 

dissolved organic carbon (EDOC, B) at each station, exluding station 4.     
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Table 4.4: Bottom  ice (lowermost 0.02 m) photosynthesis-irradiance (P-E) modelling outputs. Station number (#), snow depth (zs), ice depth (zi), 

maximum incoming irradiance measured from onboard sensors (Io), calculated irradiance incident at the bottom of the ice (Iz; mean and 

maximum), the sea-ice algal photosynthetic modelling outputs of maximum photosynthetic rates (Pmax), initial slope of the light-limited section 

of the P-E curve (α), rates of photoinhibition (β), intercept of the P-E curve with the carbon uptake axis (c), light intensity at which carbon-uptake 

became saturated (Ek), and R
2
 value. 
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Table 4.5: Bottom  ice (lowermost 0.02 m) production and carbon allocation into various fractions. Station number (#), bottom ice 
14

C-total 

primary productivity  (
14

C-TPP), integrated chlorophyll a (chl a) concentrations measured using HPLC, rates of 
14

C-production, and carbon 

allocation fractions of total extracellular organic carbon  [
14

C-TEOC; mean ± STDERR (% of 
14

C-TPP)], particulate organic carbon [
14

C-POC; 

mean ± STDERR (% of 
14

C-TPP)], extracellular organic carbon [
14

C-EDOC; mean ± STDERR (% of 
14

C-TPP)], and colloidal organic carbon 

[
14

C-COLLOC; mean ± STDERR (% of 
14

C-TPP)].  bd = below detection. 
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4.6  DISCUSSION 

The aim of the current study was to determine the relationships between physical, 

biogeochemical, and photophysiological parameters of East Antarctic pack ice 

during the winter-spring transition.  It quantified bottom ice 
14

C-total primary 

productivity (
14

C-TPP), and subsequent allocation into carbon fractions 

(particulate organic carbon [
14

C-POC], colloidal organic carbon [
14

C-COLLOC], 

extracellular dissolved organic carbon [
14

C-EDOC], and extracellular polymeric 

substances [
14

C-EPS]).      

 

4.6.1 Ice Characteristics 

Physical ice floe characteristics reflected the regionally variable conditions (Table 

1).  Sea-ice thickness (range: 0.80 to 2.16 m) and snow depth (range: 0.06 to 0.66 

m) were high compared to other research programs; e.g. East Antarctic pack ice 

during September - October (ice thickness range: 0.59 to 2.22 m; snow depth 

mean: 0.02 to 0.22 m; Worby et al., 2011), and Antarctic sea-ice generally (ice 

thickness range: 0.59 to 0.78 m; snow depth range: 0.12 to 0.13 m; Worby et al., 

2008).   Extremes in pack ice thickness are rarely sampled as thinner ice (ca. 0.5 

m) can be unsafe to gain sampling access and thick ice ridges prevent ship access 

and are difficult to sample (Worby et al., 2011).  Therefore, current average 

values of sea-ice parameters are not necessarily representative of overall pack ice 

characteristics (e.g. Meiners et al., 2012).     

 

Sea ice typically consists of two horizontally stratified layers; granular and 

columnar ice (e.g. Eicken and Lange, 1989).  Granular ice formation is a result of 

dynamic ice growth, consisting of randomly oriented, fine-grained crystals which 
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are formed by turbulent mixing of surface waters, capable of scavenging high 

concentrations of particulate organic matter during formation (Garrison et al., 

1990).  This contrasts with columnar ice which forms under calm conditions, and 

may reject particles during initial growth (Weissenberger and Grossmann, 1998).  

This suggests that ice type is an important factor determining biological 

assemblages (Scott et al., 199).  In the current study there was no statistical 

difference in chl a and POC concentrations between granular and columnar ice 

(Figure 3), which is consistent with other pack ice studies off East Antarctica (e.g. 

Becquevort et al., 2009; Meiners et al., 2011).  This may indicate that 

phytoplankton and POC concentrations of the surrounding water, during ice 

formation and growth, were low.  

 

In the current study, heavy snow loading was identified as a key  factor affecting 

sea ice physical properties, in particular temperature profiles.  Station 2, which 

had the lowest snow loading (mean snow depth: 0.06 m), was the only station to 

exhibit a strong linear profile with temperatures increasing with depth. (Figure 1).  

All other stations had heavy snow loading (mean snow depth: 0.46 m) and warm 

ice interiors with weak temperature profiles. At thermal equilibrium, the 

temperature profiles were linear, with temperatures at the ice-water interface at 

freezing point and the upper ice surface near atmospheric temperature (Maykut, 

1986).  The ice interior can be warmed and temperature profiles minimalised 

through conductive heat fluxes from the relatively warm seawater in comparison 

to the cool atmosphere.  A warm interior may also reflect a thermal adjustment to 

a previous surface temperature.  This influence can be exaggerated by the addition 

of heavy snow loading, capable of providing an insulative layer between the ice 
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surface and the atmosphere.  Heavy snow loading can also depress ice, causing 

surface flooding and increasing the ice surface temperature with warm seawater 

(Fritsen et al., 1994; Massom et al., 2001).  Snow-covered sea ice rarely exhibits a 

simple linear vertical temperature gradient (Arrigo et al., 2014).  

 

Brine volumes across all sea-ice stations were highest at the ice-water interface 

(mean: 26 %) compared with values > 0.1 m above the ice-water interface (mean: 

11 %; Figure 2B).  While sea-ice temperature and brine salinity are co-dependent, 

Vb/V is a function of temperature and bulk-ice salinity.  At a bulk salinity of 5 and 

a temperature of - 5 °C, sea ice has a theoretical Vb/V of only 5 % and this is 

considered to be the threshold for brine percolation in columnar ice (Golden et al., 

1998).  In the current study, 78 % of ice sampled was granular ice, which has a 

higher theoretical percolation threshold than columnar ice due to a more random 

distribution of brine inclusions (Golden et al., 1998, 2007). The very high brine-

volume fraction of most of the ice sampled indicates that the sea-ice algal 

community had access to resupplied nutrients from under-ice seawater (Tison et 

al., 2008; Vancoppenolle et al., 2010).    

 

4.6.2 Chemical Parameters 

Inorganic nutrient concentrations in the brine showed wide variations, although 

they were within expected concentrations for East Antarctic pack ice (Becquevort 

et al., 2009; Meiners et al., 2011; Figure 5A–D).  Concentrations within brine 

channels are a function of initial concentrations trapped within the sea ice during 

formation, brine percolation, autotrophic drawdown, and heterotrophic 

remineralisation (Gleitz et al., 1995; Lannuzel et al., 2008; Meiners et al., 2009; 
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Papadimitriou et al., 2007; Thomas and Dieckman, 2010; Vancoppenolle et al., 

2010).  Molar POC:PON ratios are indicative of a response to nutrient availability, 

with values over 7.7 generally considered to reflect nitrogen limitation (Redfield 

et al., 1963).  Measured values in the current study (mean: 11.6 ± 0.9; range: 5.3 

to 28.9) exceeded this threshold, and may indicate that the algal community was 

experiencing nitrogen limitation at the time of sampling (Figure 2D).  POC:PON 

ratios were comparable to previous studies; McMinn et al. (1999; 6.5 to 8.5), Cota 

and Sullivan (1990; 8.8 to 16), and Lizotte and Sullivan (1992; 7.8 to 14.6).  

Roukaerts et al. (this issue) also reported high POC:PON values for the sea-ice 

interior recorded during SIPEX-2.  Unlike other studies (e.g. McMinn et al., 

1999), the POC:PON ratios showed significant vertical trends.  The high 

POC:PON ratios observed, may also be the result of colloidal or cell-associated 

extracellular organic carbon trapped on the filters during sampling,  heterotrophic 

biomass, and detrital material accumulated in the sea ice.  

 

When physical processes alone control nutrient concentrations, they behave 

predictably and should follow theoretical dilution lines (TDLs, Gleitz et al., 1995; 

Granskog et al., 2003).  Dissolved NOx, NH4
+
, Si(OH)4 and PO4

3-
 showed positive 

(indicating remineralisation) and negative (indicating nutrient uptake) values in 

relation to TDLs, with more negative values for ice sections < 0.10 m above the 

ice-water interface.  This indicated nutrient drawdown through biological uptake 

in the bottom sections of the sea ice.  In comparison to the TDL, NH4
+
 was 

predominantly enriched in ice core sections.  Elevated NH4
+
 in sea-ice brines has 

been associated with heterotrophic nitrogen remineralisation and grazing activity 

(Schnack-Schiel et al., 2004).  In conclusion, nutrient concentrations within the 
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brine channel system were driven by a combination of physical nutrient 

replenishment, ice algal uptake and heterotrophic remineralisation. 

 

Comparison of dissolved nutrient ratios and elemental ratios reported for sea-ice 

diatoms (Günther et al., 1999) showed some scatter.  Total nitrogen (TN; sum of 

NOx and NH4
+
) was generally depleted, though modestly in comparison to 

Si(OH)4 and PO4
3-

 (Figure 6A–B).  However, values generally aligned with 

elemental ratios, indicating that the brine microbial community was mostly 

experiencing balanced nutrient growth, and was not heavily nitrogen limited at the 

time of sampling.  This observation was further supported by sea-ice brine 

concentrations with TN (range: 3.1 to 83.5; mean: 31.3) being higher than the 

average nitrogen half-saturation constant reported for oceanic phytoplankton 

(Ks(N) = 1.6 ± 1.9 µmol kg
-1

; Sarthou et al., 2005). 

 

4.6.3 Microbial Biomass 

Integrated sea-ice algal biomass varied between 3 and 30 mg chl a m
-2

 (mean: 13 

± 2 mg chl a m
-2

) and was within ranges reported by other studies; 2 – 23 mg chl 

a m
-2

 along the Western Antarctic Peninsula (August/September; Kottmeier and 

Sullivan, 1987), and 1 – 14 mg chl a m
-2

 in East Antarctica (September/October, 

Meiners et al., 2011).  Collations of large biological datasets provide further 

comparisons. Ice algal biomass values measured in this study were consistent with 

values reported in Dieckmann et al. (1998), McMinn et al. (2007) and Meiners et 

al., 2012.   
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Highest algal biomass was generally located at the surface or interior of ice cores.  

The large ice thickness (range: 0.80 to 2.16 m) indicated that the ice was relatively 

old and deformed, which presumably would have allowed sufficient time for a 

bottom ice community to accumulate.  This also meant that there was more time 

for a heavy snow load to develop (snow thickness range: 0.06 to 0.66 m) which 

was capable of depressing the surface of the ice. Subsequent flooding enabled the 

development of surface algal communities.  High ice thickness, snow cover, and 

the development of surface algal communities caused significant attenuation of 

down welling light to the bottom ice algal community, thus restricting their 

growth.  This finding is important as the distribution of algae within ice is critical 

for zooplankton grazers and other invertebrates that rely on this food resource.  

While some crustaceans and protozoa are able to graze on biomass within the 

brine channels, most of the algal biomass is only available to higher trophic levels 

if it is present on the bottom of the ice or once the ice melts.  However, some 

studies have shown that bottom ice communities may be absent, or insignificant. 

Therefore, the bottom ice algal community may be inconsequential to total chl a 

standing stocks (Arrigo et al., 1998b; Legendre et al., 1992).  In contrast, Grose 

and McMinn (2003) showed that bottom communities dominated in East 

Antarctica, contributing an average of 76 % of total production.  This was 

supported by McMinn et al. (2007) who reported that 44 % of total algal biomass 

was located in the bottom 0.01 m of ice.  In the current study, 21 % of total algal 

biomass was located in the bottom 0.01 m of ice (7 % in the bottom 0.002 m). 

This infers that during SIPEX-2, the lower pack ice layers harboured ecologically 

significant microbial concentrations, despite being clearly dominated by internal 

and surface communities.   
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The bottom ice algal community in the current study was dominated by pennate 

diatoms, such as Fragilariopsis spp..    Dominant diatoms species observed were 

consistent with previous studies on East Antarctic pack ice (e.g. Scott et al., 1994; 

McMinn et al., 2007; Meiners et al., 2011).  The POC:chl a ratio (mean: 212 ± 46; 

Figure 7A) was comparable to other studies in the Amundsen Sea (mean: 214 ± 

191; Arrigo et al., 2014) and the Weddell Sea (mean: 284 ± 351; Kennedy et al., 

2002).  However, values were lower than previously recorded in East Antarctic 

pack ice (mean: 400 ± 113; Meiners et al., 2011).   

 

Bulk ice DOC concentrations (range: 8 to 184 µmol kg
-1

; mean: 64 µmol kg
-1

; 

Figure 9A) were considerably lower than other surveys; in East Antarctica (range: 

17 – 812 µmol kg
-1

; mean: 105 µmol kg
-1

; Norman et al., 2011), in the Weddell 

Sea during winter (range: 1500 – 1950 µmol kg
-1

; mean: 110 µmol kg
-1

; Lemke, 

2009) and in the Western Weddell Sea during spring (range: 50 to 393 µmol kg
-1

; 

mean: 118 µmol kg
-1

; Hellmer et al., 2008).  However, based on the TDL 

(calculated from mean under ice DOC concentrations; Norman et al., 2011), brine 

channel DOC concentrations were enriched (Figure 10).  The overall relative 

contribution of DOC to total carbon (TC = DOC / DOC + POC; 48 %, Figure 

10C) was comparable to previous observations; 50 % for bulk ice (56 % for 

seawater) in East Antarctica (Norman et al., 2011), 27 % for bulk ice (93 % for 

seawater) in Weddell Sea during spring (Hellmer et al., 2008), and 36 % in 

Weddell Sea during winter (Lemke, 2009).  In the current study in the lowermost 

0.02 m of the ice, 33 % of the TC was DOC compared with 29 % 
14

C-EDOC to 

14
C-TPP (i.e. productivity).  This implies that algal-exudation of DOC may be 
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equivalent to DOC loss, either through loss to the underlying seawater through 

brine drainage or carbon remineralisation by heterotrophs.  Both are evident in the 

current study, but the latter may be the more dominant process given that both 

DOC and NH4
+
 showed positive deviations from TDLs, suggesting heterotrophic 

activity. 

  

In the current study, there was no correlation between DOC and POC or PON 

(overall mean ratio: 1.3; Figure 9B) and this was also observed by Lannuzel et al. 

(this issue).  In East Antarctica during SIPEX, a correlation between DOC and 

POC was reported, and this may have indicated algal exudation of DOC (van der 

Merwe et al., 2009).  The lack of correlation in the current study may have been 

the result of low biomass and exudate concentrations.  

 

Interest in sea-ice DOC has highlighted a potential microbial loop between 

bacteria and algal-derived exudates (e.g. Giesenhagen et al., 1999; Martin et al., 

2009, 2011).  That is, the bacterial assimilation of exudates may provide the algal 

community with a source of remineralised vitamins and/or nutrients, similar to 

that observed in temperate oceanic systems (Azam et al., 1991; Smith et al., 

1995).  In the current study, a positive correlation between algal biomass and 

bacteria (p < 0.001) implied the presence of an active microbial loop at the time of 

sampling.  However, there was no association between DOC and bacterial 

abundance.  This observation is consistent with other findings (e.g. Meiners et al., 

2004; Ugalde et al., 2014) and may be due to the low microbial biomass measured 

in the current study, or bacteria utilising particulate (e.g. colloidal organic carbon 
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or transparent exopolymer particles; Meiners et al., 2008), rather than dissolved 

material.   

 

The separation of bacterial populations based on DNA content has been used to 

describe communities based on phylogentics (Bouvier et al., 2007; BactGate 1 = 

high nucleic acid (HNA) content, BactGate 4 = low nucleic acid (LNA) content; 

Figure 8A–D).  In the current study, the bacterial gating was not correlated with 

any measured parameters, leaving the factors influencing bacterial community 

composition undetermined.   

 

4.6.4 Bottom Ice Primary Production 

There have been limited direct measurements of primary production in Antarctic 

pack ice.  In the current study, bottom ice 
14

C-production (mean: 0.78 ± 0.58 mg 

C m
-2

 d
-1

; Table 5) was broadly comparable to other pack ice studies; Mock 

(2002) reported autumn production rates of 0.27 mg C m
-2

 d
-1

 in young (< 0.4 m 

ice thickness) sea ice.  McMinn and Hegseth (2003) reported much higher values 

for Prydz Bay bottom ice during spring.  In Eastern Antarctica over three years 

(2002 – 2004), McMinn et al. (2007) reported considerably higher daily spring 

production rates for bottom ice communities (mean: 51 mg C m
-2

 d
-1

), although 

this was associated with high chl a concentrations (mean: 2.20 mg m
-2

 for 2004) 

and thin ice (0.63 m for 2004).  Ice algal primary production in the early season is 

influenced by low algal biomass and irradiance.  In the current study, light 

availability at the ice-water interface was low due to thick ice coupled with heavy 

snow loading.  Importantly, there would have been attenuation of light from 

internal and surface microbial communities (93 % of algal biomass > 0.02 m 
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above the ice-water interface) and temperature-driven optical backscattering 

(Buckley and Trodahl, 1987) not accounted for in the calculated irradiance 

incident at the bottom of the ice, possibly resulting in an overestimation of 

reported production rates   

 

In the current study, station 4 exhibited negative production (-0.04 mg C m
-2

 d
-1

).  

Low chl a values (0.03 mg m
-2

) likely reduced the accuracy and precision of the 

modelling output (R
2
 = 0.70; Figure 5).  In addition, a considerable proportion of 

14
C that was incorporated into the photosynthetic cells was exuded as organic 

material, and bacteria were able to utilise this carbon source.  While no antibiotic 

treatment was applied during the P-E incubations, antibiotics were used during the 

14
C incubations in the carbon allocation experiments (e.g. Goto et al., 1999; 

Ugalde et al., 2013).       

 

14
C-TPP values determined in the current study (mean: 0.89 ± 0.49 mg C (mg chl 

a)
-1

 d
-1

; Table 5) were significantly lower than previous studies; 0.03 and 0.73 mg 

C (mg chl a)
-1

 h
-1

 in Eastern Antarctica for the lowermost 0.05 m of ice (McMinn 

and Hegseth, 2003), and 0.02 and 1.2 mg C (mg chl a)
-1

 h
-1

 in the Weddell Sea for 

the lowermost 0.30 m of ice (Mock, 2002).  This suggested that the photosynthetic 

cells were predominantly restricted by light availability (e.g. McMinn et al., 

2007), and the high variations between stations reflected the patchy and dynamic 

pack ice environment. 

 

Modelled Ek values may be an indicator of photoacclimation (Sakshaug et al., 

1997). Therefore, the incident irradiance available to cells should theoretically be 
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reflected in the calculated Ek values.  However, since irradiance fluctuates and 

acclimation takes some time, Ek is constantly changing and rarely matches the 

instantaneous irradiance (Sakshaug et al., 1997).  In the current study, calculated 

Ek values (mean: 16.20 µmol m
-2

 s
-1

; Table 4) were much higher than irradiances 

available to bottom ice communities (maximum mean: 7.27 µmol m
-2

 s
-1

; mean: 

1.82 µmol m
-2

 s
-1

).  High Ek values have been previously observed in other studies 

(e.g. Meiners et al., 2009; McMinn et al., 1999), and indicate that the algal 

communities were capable of photosynthesising at much higher rates than those 

experienced by the cells during the time of sampling.   

   

4.6.5 Bottom Ice Carbon Allocation 

Bottom ice photosynthetic communities (i.e. lowermost 0.02 m of the ice) 

contributed a significant proportion of their fixed carbon to extracellular organic 

products (range: 21 to 47 % of 
14

C-TPP; mean 38 ± 4 %; Figure 11A; Table 5).  

Values were within the expected range, despite a considerable increase over the 

sampling period.  Ugalde et al. (2013) reported an allocation of 36 % of 
14

C-TPP 

into 
14

C-TEOC during the lag phase for a common sea-ice diatom (Fragilariopsis 

cylindrus), increasing to 72 % in the stationary phase.  Goto et al. (1999) reported 

a mean allocation of 22 % of 
14

C-TPP into 
14

C-TEOC during the exponential 

phase for microphytobenthos, increasing to 51 % in the stationary phase.  This 

infers that the growth status of a photosynthetic community is a primary driver in 

determining carbon allocation to extracellular material.          

 

The composition of 
14

C-TEOC indicated that there were two low molecular 

weight (LMW) carbon pools present; extracellular dissolved organic carbon (
14

C-
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EDOC) and colloidal or cell-associated organic carbon (
14

C-COLLOC; Figure 

11B; Table 5).  Neither pool contained high-molecular weight (HMW) material, 

defined as extracellular polymeric substances (
14

C-EPS).  When compared with 

14
C-EPS, LMW material may have less biochemical potential due to lower 

structural complexity of exuded molecules.  In the current study, allocation to 
14

C-

EDOC may reflect the seasonal microbial growth cycle, in which the algal 

community limits growth during winter by varying their contribution to intra- (i.e. 

particulate organic carbon) and extracellular organic material.  Specifically, the 

photosynthetic cells pass simple carbohydrates (or possibly other molecules, such 

as proteins) across their cell walls, and therefore, are able to effectively lag their 

growth rate during the colder months.  This is described as ‘overflow 

metabolism’, a well-established mechanism which has rarely been applied to the 

sea-ice habitat (Myklestad et al., 1989; Staats et al., 2000).   

 

In the current study, increased allocation to bottom ice 
14

C-COLLOC towards the 

end of the sampling period (stations 7 and 8; Figure 11B; Table 5) may indicate 

pre-bloom conditions, in which the photosynthetic community prepares for 

elevated spring growth.  Photosynthesis within the confines of a brine channel can 

induce adverse physicochemical changes, such as depleted CO2, elevated pH and 

nutrient limitation (Gleitz et al., 1995; Krembs and Deming, 2008; Krembs et al., 

2002, 2011; Underwood et al., 2004).  Extracellular cell-associated organic carbon 

may act as a buffer against such changes. The COLLOC fraction is typically 

caught on a GF/F filter during sampling, and hence is quantified as a contribution 

to POC.  This suggests that previous studies may have underestimated the 

contribution of sea-ice algae to extracellular material.    
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Attempts to isolate 
14

C-EPS (HMW material) from both 
14

C-EDOC and 
14

C-

COLLOC by precipitating in 70 % ethanol produced negligible quantities.  

However, other studies have identified large quantities of HMW material in 

Antarctic sea ice during the spring-summer transition; Underwood et al. (2010) 

reported that high molecular weight EPS (precipitated in 70 % ethanol) 

contributed 23 % of EDOC in Antarctic ice brine, and Ugalde et al. (2014) 

reported polysaccharides contributed 68 % of EDOC in Antarctic bottom ice.  The 

lack of 
14

C-EPS was not unexpected, as exudation is known to increase with 

adverse physicochemical conditions, such as nutrient drawdown, CO2 limitation, 

low temperatures, and salinity (Decho, 1990; Smith and Underwood, 2000; Staats 

et al., 2000; Ugalde et al., 2013).  In the current study, there was limited 

indication of these physicochemical limitations capable of inducing significant 

cellular stress.  Negligible EPS production indicated either that the photosynthetic 

community was not exuding EPS (e.g. exudation may be species-specific, or only 

occurs during particular circumstances), or that the rate of exudation was below 

detection limits for the applied methods.  A similar observation was also reported 

by Ugalde et al. (2013), where 
14

C-EPS exudation was undetectable for 

Fragilariopsis cylindrus during the lag phase, increasing to 5.7 % of 
14

C-TEOC 

during the senescent phase.  

 

 

4.7 CONCLUSION 

The data collected in the current study over a one month period showed high 

spatiotemporal variation which is characteristic of pack ice.  The sea-ice interior 
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was generally warm with weak temperature gradients, due predominantly to 

heavy snow loading, which provided an insulating surface layer and depressed 

floes.  The ice texture was stratified and dominated by granular ice.  Brine-volume 

fractions (Vb/V) were above the theoretical threshold of 5 % (Golden et al., 1998) 

allowing brine percolation and the resupply of nutrients from the underlying 

seawater, particularly close to the ice-water interface.  There was partial evidence 

for brine nutrient limitation (NOx, Si(OH)4 and PO4
3-

), however NH4
+
 was 

enriched.  Overall algal biomass was low, and highest concentrations were located 

in the ice interior or surface which was supported by warm temperatures and 

increased light.  Rates of bottom ice (lowermost 0.02 m) primary productivity 

were broadly comparable to other studies, although low biomass resulted in 

extremely low production.  The microbial community allocated considerable 

amounts of photosynthetically-derived organic carbon to extracellular organic 

carbon components, constituting low molecular weight material, either dissolved 

or cell-associated/colloidal.  Exudation of high molecular weight material (i.e. 

extracellular polymeric substances) was not detected.  The observed patterns in 

organic carbon allocation inferred that the photosynthetic community was 

effectively lagging their growth prior to the onset of spring, supportive of pre-

bloom conditions.   
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CHAPTER 5 

Consolidation 

 

 

The aim of the thesis was to examine and quantify primary production and 

subsequent carbon allocation of Antarctic sea ice algae.  This was achieved by 

integrating three independent studies; in vitro study (Chapter 2), in vivo study 

(Chapter 3), and ecosystem study (Chapter 4).  Each chapter described alternative 

approaches to the thesis aim, and the key findings of each can be found at the 

conclusion section at the end of each chapter.  This final chapter consolidates the 

studies to provide new information and understandings of sea ice algal allocation 

of carbon into specified intra- and extracellular organic carbon pools, and how 

this relates to microbial growth dynamics and responses to physicochemical 

change. 

 

 

 

 

Microbes, predominantly photosynthetic algae, existing within the sea ice brine 

channel system can reach high standing stocks (Arrigo et al. 2010).  But 

prolonged photosynthetic activity within the confines of brine channels can alter 

the biogeochemical properties of the liquid inclusions; depletion of CO2, 

increased pH, reduced nutrient availability, high ammonia concentrations, and 

high concentrations of dissolved organic matter (Gleitz et al. 1995; Thomas and 
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Dieckman 2010).  These alterations have the potential to adversely affect primary 

production and cell metabolism.  Therefore, microbial survival and functioning 

would require a complex suite of physiological and metabolic adaptations which 

would not only allow them to survive, but thrive, within such biogeochemical 

extremes. 

     

The thesis demonstrated that exudation of photosynthetically-derived carbon is an 

adaptive mechanism employed by sea ice algae to allow them to manage adverse 

conditions.    Four key findings are discussed in turn: 

1. Sea ice algae adjust allocation between intra- and extracellular organic 

carbon, 

2. Exuded carbon composition varies in response to adverse conditions, 

3. Exuded carbon composition has varying benefits to the producer organism, 

and  

4. Current research underestimates ecological significance of extracellular 

carbon. 

 

Key Finding 1: Sea ice algae adjust allocation between intra- and 

extracellular organic carbon 

 

Within the thesis, two approaches were used to quantify sea ice algal carbon 

allocation into intra- (i.e. biomass) and extracellular pools; quantifying 

concentration and production.  The majority of research endeavours to quantify 

the concentration of microbial biomass (e.g. particulate organic carbon, 

chlorophyll a concentrations) and dissolved organic carbon, and these are used as 
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proxies of intra- and extracellular organic carbon, respectively (Chapter 3).  The 

thesis also quantified production by applying 
14

C-methods to provide, for the first 

time, insight into real-time carbon allocation and functional responses to the 

surrounding physico-biogeochemical conditions (Chapter 2, 4). 

 

The modified 
14

C-methods showed that photosynthetic algae purposely vary 

allocation between intra- and extracellular organic carbon pools (range: 33 – 69 % 

of photosynthetically-derived carbon exuded, Chapter 2).  Allocation into exuded 

organic carbon was highest during times of adverse conditions, such as 

challenging biochemical (Chapter 2; e.g. carbonate chemistry) and 

physicochemical conditions (Chapter 4; e.g. snow and ice thickness).  With the 

onset of improved conditions in spring, photosynthetic algae may reduce 

exudation of organic carbon, thereby allowing for increased capacity and 

resources for microbial growth and cell maintenance (Chapter 4). 

 

Key finding 2: Exuded carbon composition varies in response to 

adverse conditions 

 

The thesis isolated three extracellular organic carbon pools; extracellular 

dissolved organic carbon (EDOC or DOC), colloidal organic carbon (COLLOC), 

and extracellular polymeric substances (EPS; Figure 5.1).  These pools were 

isolated by a series of filtration and dissolution/precipitation steps, making 

isolation simple and accurate to reproduce (standard error between replicates 

typically < 5 %, Chapter 4).   
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The thesis clearly demonstrated through the use of isolates, that sea ice alga varies 

the composition of extracellular organic carbon in response to surrounding 

conditions (Chapter 2, 3, 4).  The observed magnitude of changes in extracellular 

allocation indicated that each isolate imparts different ecological roles and/or 

benefits to the producer organism.  While this in itself is an important finding, 

major questions still remain relating to the molecular composition and 

physiological triggers that induce the different synthetic pathways within the 

producer organisms. 

 

 

 

 

Figure 5.1: Isolated carbon pools  
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Key finding 3: Exuded carbon composition has varying benefits to the 

producer organism 

 

The distinct patterns in carbon allocation observed in this thesis undoubtedly 

reflect benefits to the producer organism.  However, discussing these benefits 

requires some speculation, due to the complex nature and limited knowledge of 

the topic.  The following considers each extracellular isolate defined above, its 

likely ecological role, and how it directly benefits the producer organism within 

the sea ice habitat.    

 

Extracellular dissolved organic carbon (EDOC or DOC) is commonly quantified 

within the sea ice habitat, but its specific ecological role has remained obscure.  

This is partly due to its all-inclusive molecular assay, grouping carbohydrates 

(constituting up to 30 % of DOC, Chapter 3), proteins, lipids, and a range of other 

long and short chain carbon-based molecules.  Predominantly containing low 

molecular weight material (i.e. EPS was not detected; Chapter 2, 4; Figure 5.1), 

DOC dominated early in the winter-spring transition (Chapter 4).  But with the 

onset of spring/summer and improved conditions suitable for microbial growth, 

allocation to this carbon isolate decreased (Chapter 3, 4).  The most suitable 

explanation for this observation is overflow metabolism; a ‘starvation’ response 

during adverse conditions whereby the microbial photosynthetic community 

allocated carbon to extracellular material, thereby reducing their growth rate and 

cellular requirements (Chapter 2, 4).  Overflow metabolism has been identified 

predominantly in non-photosynthetic microbes (e.g. yeasts, bacteria), but has not 

previously been found in the sea ice habitat.  This new and exciting observation of 
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sea ice microbial ecology raises many additional questions relating to sea ice algal 

adaptive strategies, and consequential ecosystem impacts and carbon flux 

dynamics. 

 

Colloidal organic carbon (COLLOC) is a collective term for organic carbon that is 

either (1) colloidal or (2) cell-associated, and is below the size fraction of EPS 

(i.e. cannot be precipitated in 70 % ethanol; Figure 5.1).  Due to the particulate 

nature of this isolate, the methods applied within this thesis could not separate 

these two carbon groups.  The relative contribution of each group to overall 

COLLOC remains unclear, and this is important as each is likely to have different 

benefits to the producer organism.   

 

(1) Colloidal materials are carbon-based aggregates that contribute to carbon 

cycling, particle/trace metal scavenging, and may act as a substrate for bacteria 

contributing to an active microbial loop (Chapter 3, 4).  But by this definition, 

some colloidal material may also be present in isolated DOC.  The presence of a 

microbial loop would be particularly important during times when nutrient 

availability is low.  This thesis does not provide direct evidence to support (or 

otherwise) the presence of a microbial loop associated with either COLLOC or 

DOC isolates.  Granted, no direct correlations were present between the bacterial 

community and extracellular organic carbon, other parameters (such as NH4
+
 

concentrations and algal biomass) may have indicated the presence of a microbial 

loop within the sea ice habitat. 
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On the other hand, (2) cell-associated material directly interacts with the producer 

organism, and its associated benefits may be simpler to describe.  A minimum 

quantity of cell-associated material is required by some producer organisms, and 

this is important for aiding in cell attachment (e.g. chain forming cells and 

adhering to ice crystals) and motility.  However, this material may become 

increasingly significant during times of adverse physicochemical conditions, 

where the producer organism becomes wrapped in extracellular material in an 

attempt to protect or buffer against potentially harmful conditions.  This may be 

particularly important within the sea ice habitat, where increased photosynthetic 

activity within the confines of brine channels, triggered by improved seasonal 

changes, induces rapid changes in biogeochemical properties (e.g. carbonate 

chemistry, nutrient availability, salinity).  This thesis provided evidence to support 

this concept, with an increase in COLLOC observed with the onset of spring 

(Chapter 4).  This suggests the producer organisms were preconditioning 

themselves for increased photosynthetic activity (Chapter 4). 

 

Extracellular polymeric substances (EPS) have received recent scientific attention, 

and are described as high-molecular weight material (dissolved or colloidal) that 

can be precipitated in 70 % ethanol (Figure 5.1).  This thesis has demonstrated 

that, although the relative contribution of EPS to total primary production is low 

(up to 6%, Chapter 2), it is likely to have high ecological significance since it is 

only exuded in detectable quantities during times of severe adverse 

physicochemical conditions (Chapter 2, 3, 4).  As such, the lack of EPS detected 

does not provide any evidence to support (or otherwise) its exudation as a means 

to manipulate the micro-morphology of brine channels, or alternatively, as a 



 130 

potential energy source during times of low primary production due to light 

limitation (Chapter 4).  This infers that the specific benefits to the producer 

organism may be diverse, particularly given the complexity of the molecules and 

the energy required to manufacture and exude that material.   

 

Regardless, this thesis demonstrated that the sea ice algal community varies their 

carbon allocation between three extracellular isolates, with each isolate likely to 

have varying benefits to the producer organism (Chapter 2, 3, 4).         

 

Key finding 4:  Current research underestimates ecological significance 

of extracellular carbon 

 

The thesis has clearly demonstrated that Antarctic sea ice algae are capable of 

exuding high quantities of photosynthetically-derived organic carbon (Chaper 2, 

3, 4).  The work reported here is the first attempt to directly quantify exudation 

into isolated carbon pools within the Antarctic sea ice habitat. 

 

Importantly, this thesis has highlighted the complexities of organic carbon 

exudation.  Generally in other studies, only the dissolved fraction of organic 

carbon is routinely quantified within the sea ice and underlying seawater.  The 

estimates of extracellular organic carbon allocation reported (Chapters 2, 3, 4) 

shows that limiting quantification to dissolved material is likely to substantially 

underestimate the significance of extracellular organic carbon (
14

C-EDOC < 10 % 

of 
14

C-TPP, Chapter 2, 4).   
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The thesis, a collation of three peer-reviewed papers/manuscripts, has provided a 

sound foundation in this under-studied topic.  With an increased ability to 

quantify exudation of organic carbon, large scale estimates of the contribution of 

sea ice algae to total primary production and carbon flux dynamics within ice 

covered areas could be achieved (e.g. Saenz and Arrigo 2014; Underwood et al. 

2013).  Furthermore, the methods presented herein can be used to develop and test 

new, and more efficient, technologies, such as microsensors and fluorometry 

analysis.  It is my sincere wish that the work reported here can help to provide the 

rationale for this future research. 
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