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Abstract 
 

Earth’s oceans are predominantly cold, with nearly 90% of their volume having 
temperatures below 5 °C. Microorganisms commonly referred to as psychrophiles 
have adapted to the temperatures of these cold waters. The most extreme 
psychrophiles are found inside the sea ice of polar oceans, where bacterial growth can 
be observed down to -20 °C. Sea ice consists of a matrix of ice and high-saline water 
(brine) that provide a unique habitat for microbial communities. Microscopic algae 
and bacteria dominate these extreme environments, which are considered very 
stressful as they are characterised by large variations in salinity, low temperatures, 
and low radiation levels. However, the brine-filled channels also provide a platform 
from which microscopic algae remain in the euphotic zone and refugees from 
significant grazing, thereby enabling net autotrophic growth. As a result, sea ice hosts 
some of the highest chlorophyll a concentrations on the planet, and is one of the most 
important factors controlling primary production and bloom dynamics in polar areas.  

 
In this thesis, I focus on the ecophysiology of psychrophiles adapted to the sea ice 
environment. Physiological acclimation to environmental change needs to be studied 
in order to address how different stressors may influence organisms’ capacity to 
tolerate both naturally- and climatically-driven changes. Extremophiles growing close 
to their physiological limits may be especially susceptible to environmental stressors, 
such as rapid climate change. Therefore, a series of studies has been performed to 
investigate how environmental stressors, such as increased temperature and elevated 
CO2, affect microbial physiology and community structure in polar areas.  
 
The ecophysiology of sea ice microorganisms has been addressed in laboratory 
experiments (Papers I, II, and IV) and in field measurements (Paper III). In brief, 
relatively small changes in temperature had considerable effects on the physiology of 
sea ice diatoms, and indirectly affected the structure of sea ice bacterial communities. 
Increasing temperature (on both climatic and seasonal scales) positively affected the 
growth and primary productivity of two sea ice diatom species, and negatively 
affected the taxonomic richness and diversity of sea ice bacterial communities, 
probably by the subsequent changes in salinity. 
 
On the other hand, sea ice diatoms seem quite tolerant to changes in pH and partial 
pressure of CO2 (pCO2) in terms of growth, probably due to the fact that they grow in 
an environment with large seasonal variations in the carbonate system. However, 
increased pCO2 resulted in other cellular changes that may have important ecological 
consequences, such as cellular stoichiometry. This includes changes in fatty acid 
composition and dissolved organic carbon exudation, which are important 
components in food webs and biogeochemistry in many marine ecosystems. 
 
Although most studies on marine organisms have focused on short-term responses to 
increased pCO2, acclimation and adaptation are key components in order to identify 
the consequences of climate change in biological systems. In Paper IV, the 
physiological responses to long-term acclimation to high pCO2 were investigated in 
the psychrophilic sea ice diatom Nitzschia lecointei. After long-term acclimation (194 
days), a small reduction in growth was detected at high pCO2. Previous short-term 
experiments have failed to detect altered growth in N. lecointei at high pCO2, which 
illustrates the importance of experimental duration in ocean acidification studies. 



Populärvetenskaplig sammanfattning 
 

Omkring 90 % av världshavens volym är kallare än 5 °C. Köldtåliga mikroorganismer 
(främst bakterier och alger) har anpassat sig till ett liv i dessa kalla vatten. Några av 
de mest köldtåliga organismerna lever i havsisen runt Arktis och Antarktis, där 
bakterier kan växa i -20 °C. Havsis består av en blandning av is och mikroskopiska 
kanaler fyllda med saltlake som bildas när saltvatten fryser. De organismer som lever 
i dessa kanaler är stressade av stora säsongsvariationer i salthalt, temperatur och 
ljusförhållanden. Att leva i denna miljö innebär ständiga fysiologiska anpassningar 
alltifrån att förhindra att cellerna fryser sönder till att cellernas saltinnehåll blir för 
högt. Men dessa kanaler utgör också en unik miljö där de mikroorganismer som klarat 
att anpassa sig också kan frodas tack vare att de kan leva kvar i den ljusa delen av 
havet, samt skyddas från större betare. Detta leder till att höga koncentrationer av 
mikroskopiska alger, ofta kiselalger, ackumuleras i isen och färgar den brun (se bild 
på framsidan). Marina alger bidrar med ca hälften av Jordens syrgasproduktion, och 
utgör basen av polarhavens näringsväv. Havsisen spelar dessutom en viktig roll i 
polarområden genom att bland annat kontrollera var och när algblomningar bildas. 

 
Syftet med min avhandling är att förstå hur köldtåliga mikroalger och bakterier från 
havsis kan påverkas av framtida klimatförändringar. Fysiologisk anpassning till olika 
miljöer (ekofysiologi) är viktigt att studera för att förstå hur en organism kan anpassa 
sig till nya omgivningar. Extremälskande mikroorganismer, t.ex. isalger, lever ofta 
nära sin toleransgräns och kan vara extra känsliga för miljöförändringar, såsom 
snabba klimatförändringar. Därför har vi genomfört en serie studier för att beskriva 
hur olika miljöfaktorer, t.ex. ökad temperatur och koldioxidhalt, påverkar 
organismernas fysiologi och artsammansättning i polarområden. Generellt hade 
relativt små temperaturförändringar ganska kraftiga effekter på fysiologin hos isalger, 
samt förändrade strukturen av islevande bakteriesamhällen. Vi såg bland annat en 
ökning i tillväxt och fotosyntetisk produktion hos två arter av islevande kiselalger. 
När temperaturen ökade, och salthalten indirekt minskade, reducerades också antalet 
bakteriearter i isen i Antarktiska oceanen. Eftersom dessa mikroorganismer utgör 
basen av näringsväven, kan även små förändringar hos dem få stora konsekvenser för 
ekosystemet som helhet. 

 
När koldioxid löser sig i havsvatten bildas kolsyra, vilket leder till att haven också blir 
surare (lägre pH). Detta kan tänkas ha både positiva och negativa effekter på alger, 
eftersom de använder koldioxid för fotosyntesen men får svårigheter att växa om 
vattnet blir för surt. Isalgerna verkade vara ganska tåliga mot framtida förändringar i 
pH, antagligen för att de är anpassade till en miljö med naturliga pH-variationer. Vi 
observerade både positiva, negativa och neutrala förändringar i tillväxt, varav de 
flesta effekterna var relativt små. Men en reducering av pH ledde också till 
förändringar i fettsyresammansättningen och kolfixeringen hos algerna, förändringar 
som inte alltid återspeglades i tillväxt. Detta kan potentiellt ge kraftiga konsekvenser 
högre upp i näringsväven då fettsyresammansättning påverkar födokvalité, och sedan 
kan utsöndring av organiskt kol kan påverka nedbrytningen i viktiga mikrobiella 
näringsvävar. 

 
De flesta studier som fokuserats på havsförsurning har utförts under korta perioder. 
Men för att förstå hur framtida klimatförändringar kommer att påverka olika 
organismer är det otroligt viktigt att ta hänsyn till anpassning under en lång tid (flera 



generationer). I en studie fann vi inga effekter av ökad tillförsel av koldioxid 
(havsförsurning) förrän vi låtit isalgerna anpassa sig till den nya miljön. Det tog till 
exempel 147 dagar innan tillväxten minskade jämfört med kontrollbehandlingen. 
Tidigare korttidsexperiment har inte lyckats upptäcka små förändringar i tillväxt, 
vilket visar betydelsen av experimentens längd när det handlar om anpassning till 
kommande klimatförändringar. 



Papers I and III were re-printed with the kind permission from; I: Springer Science and Business 
Media, III: John Wiley & Sons, Inc. Paper II was published in an open access journal and is reprinted 
with the permission of the co-authors. Due to copyright claims from The Royal Society Publishing, the 
post-print version of Paper IV was printed in this thesis. The final version of Paper IV is available 
online at http://dx.doi.org/10.1098/rspb.2015.1513. 

List of papers 
 
I. Torstensson A, Chierici M, Wulff A (2012). The influence of temperature and 

carbon dioxide levels on the benthic/sea ice diatom Navicula directa. Polar 
Biology 35: 205-214. 

 
II. Torstensson A, Hedblom M, Andersson J, Andersson MX, Wulff A (2013). 

Synergism between elevated pCO2 and temperature on the Antarctic sea ice 
diatom Nitzschia lecointei. Biogeosciences 10: 6391-6401. 

 
III. Torstensson A, Dinasquet J, Chierici M, Fransson A, Riemann L, Wulff A 

(2015). Physicochemical control of bacterial and protist community 
composition and diversity in Antarctic sea ice. Environmental Microbiology 
17: 3868-3881. 

 
IV. Torstensson A, Hedblom M, Mattsdotter Björk M, Chierici M, Wulff A 

(2015) Long-term acclimation to elevated pCO2 alters carbon metabolism and 
reduces growth and in the Antarctic diatom Nitzschia lecointei. Proceedings of 
the Royal Society of London B: Biological Sciences 282: 20151513. 

 
Related publications not included in this thesis 
 
Granfors A, Andersson M, Chierici M, Fransson A, Gårdfeldt K, Torstensson A, 

Wulff A, Abrahamsson K (2013). Biogenic halocarbons in young Arctic sea ice 
and frost flowers. Marine Chemistry 155: 124-134. 

 
Garrard SL, Hunter RC, Frommel AY, Lane AC, Phillips JC, Cooper R, Dineshram 

R, Cardini U, McCoy SJ, Arnberg M, Rodrigues Alves BG, Annane S, de Orte 
MR, Kumar A, Aguirre-Martínez GV, Maneja RH, Basallote MD, Ape F, 
Torstensson A, Mattsdotter Björk M (2013). Biological impacts of ocean 
acidification: a postgraduate perspective on research priorities. Marine Biology 
160: 1789-1805. 

 
Mattsdotter Björk M, Fransson A, Torstensson A, Chierici M (2014). Ocean 

acidification state in the western Antarctic surface waters: controls and 
interannual variability. Biogeosciences 11, 57-73. 

 
Fransson A, Chierici M, Abrahamsson K, Andersson M, Granfors A, Gårdfeldt K, 

Torstensson A, Wulff A (2015). CO2-system development in young sea ice and 
CO2-gas exchange at ice/air interface through brine and frost flowers in 
Kongsfjorden, Spitsbergen. Annals of Glaciology 56: 245-257. 

 
Webster C, Silva T, Ferreria AS, Wiedmann I, Juul-Pedersen T, Varpe Ø, Gislason A, 

Saiz E, Calbert A, Sainmont J, Dalgaard Agersted M, Helenius L, Tammilehto A, 
Torstensson A, Brierley AS, Engel Arendt K, Gissel Nielsen T. Fate of an Arctic 
spring bloom (Revised manuscript submitted to Marine Ecology Progress Series). 



Table of contents 

1. Introduction ............................................................................................................. 1 

1.1. The sea ice ecosystem ......................................................................................... 1 

1.2. Physicochemical properties of sea ice ................................................................ 1 

1.3. Adaptation to an extreme environment ............................................................... 3 

1.4. Climate change ................................................................................................... 5 

1.5. Study organisms .................................................................................................. 7 

1.6. Summary ............................................................................................................. 8 

2. Aim of the thesis ....................................................................................................... 9 

3. Methodological considerations ............................................................................. 11 

3.1. Sea ice sampling ............................................................................................... 11 

3.2. Experimental CO2 manipulation ...................................................................... 12 

3.3. Sea ice diatom culturing ................................................................................... 15 

4. Results and discussion ........................................................................................... 17 

4.1. Approaches to study the ecophysiology of sea ice microorganisms ................. 17 

4.2. Combined effects of increased temperature and pCO2 on sea ice diatoms ...... 17 

4.3. Perspective of time ............................................................................................ 18 

4.4. Small temperature changes affect physiology and diversity of sea ice algae and 

bacteria .................................................................................................................... 19 

4.5. Dominance of kleptoplastic dinoflagellates in Antarctic sea ice ..................... 21 

5. Conclusions and future perspectives .................................................................... 23 

Acknowledgements .................................................................................................... 25 

References ................................................................................................................... 26 



A. TORSTENSSON 2015 

1  

1. Introduction 

 
1.1. The sea ice ecosystem 
 
The extensive sea ice cover in polar areas provides a unique habitat for microbial 
assemblages. Sea ice is one of the largest biomes on the planet, as it covers 13% of 
the Earth’s surface at its maximum extent (Lizotte, 2001). When sea ice forms and 
ages, channels containing highly saline water (brine) establish and create distinct 
habitats for microbial communities, encompassing members from multiple trophic 
levels such as small metazoans, unicellular algae, protozoa, bacteria, fungi, and 
viruses (Horner et al., 1992; Bachy et al., 2011; Bowman et al., 2012). Different algal 
assemblages generally dominate these communities and play an important role in 
polar ecology and biogeochemistry (Arrigo & Thomas, 2004; Arrigo et al., 2010; 
Riaux-Gobin et al., 2011). For instance, sea ice algae are crucial food sources for 
many species of fish and invertebrates, such as krill (O'Brien, 1987), especially during 
winter and spring, when the surrounding water column does not support sufficient 
phytoplankton production (O'Brien, 1987; Marschall, 1988). Microalgal biomass can 
reach extreme values in sea ice, with volumetric chlorophyll a concentrations well 
above 1,000 µg l-1 (Arrigo et al., 2010). Many attempts have been performed to 
estimate the sea ice algal contribution to primary production in polar areas. Although 
estimates are variable due to the fact that sea ice is a highly variable and patchy 
environment, ice algal production is believed to account for 5-25% of seasonally ice 
covered areas in the Southern Ocean (Arrigo et al., 1997; Lizotte, 2001). 
 
Most sea ice is formed annually, and the presence of ice has a large influence on the 
location of primary production in polar areas, creating a seasonal succession in algal 
growth in sea ice-covered oceans (Figure 1). During wintertime, sea ice is primarily 
regarded as heterotrophic, with high abundances of bacteria and heterotrophic 
flagellates. In early spring, light conditions are still too low for any significant 
phytoplankton production to occur. However, sea ice provides a platform from which 
microscopic algae can remain in the euphotic zone, and refugees from significant 
grazing (Krembs et al., 2000). A strong low-light adaptation enables net autotrophic 
production, and as the ice becomes warmer and more permeable to the underlying 
nutrient-rich water, high sea ice algal biomasses accumulate in the microscopic brine 
channels. At this point, the ice is coloured a characteristic brown shade primarily due 
to the antenna pigments of diatoms such as fucoxanthin (Figure 2), and is an 
important grazing site for sympagic and pelagic fauna. As the ice starts to melt, sea 
ice algae are dispersed in the water column and seed the pelagic spring bloom, which 
generally occurs just after the sea ice break-up (Figure 1). Hence, the extent of sea ice 
is one of the most important factors in controlling primary production in polar areas. 

1.2. Physicochemical properties of sea ice 
 
In order to address ecological and physiological dynamics in the sea ice ecosystem, 
key environmental properties of sea ice must be understood. Sea ice is characterised 
by large temporal and spatial variations in physicochemical properties. When sea ice 
forms, salts are excluded from the ice matrix and become concentrated in brine 
channels and pockets. The channels can be up to a few hundreds of micrometers in 
diameter, although the majority are considerably smaller (< 40 µm) (Krembs et al., 
2000). At the same time, gases, particles, and microorganisms present in the freezing
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Figure 1. Schematic view of a general succession pattern of microalgal biomass and production in 
Antarctic pack ice and phytoplankton. Sea ice is considered to be primarily heterotrophic during 
wintertime (indicated by black points). During spring, sea ice algal biomass begins to accumulate in 
bottom sea ice, becoming an important food source for grazers, such as krill. As the ice becomes top-
flooded and more permeable, biomass accumulates throughout the ice floe. When the ice is melting, 
algae are dispersed into the water column and seed an emerging phytoplankton bloom close to the sea 
ice edge. 

 

 
Figure 2. Turning sea ice floe with an internal brown layer of ice algae. The brine-filled channels 
provide a unique platform of which microscopic algae can remain in the euphotic zone, and refugees 
from significant grazing. As a result, high amounts of algal biomass can accumulate in the sea ice.  
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water become concentrated in the liquid brine, creating enrichment in the brine 
compared with surrounding water. Temperature controls the enrichment factor and 
brine salinity, which can exceed 150 under cold conditions (Thomas & Dieckmann, 
2002; Granfors et al., 2013). Due to its high density, brine is also excluded from the 
ice through gravitational drainage, creating a net transport of salts and gases, such as 
CO2, to deeper waters – a process referred to as the Sea ice CO2 pump (Fransson et 
al., 2013). The sea ice permeability to liquids and gases increases as it becomes 
warmer. When columnar sea ice temperature is above -5 °C, and has a brine volume 
fraction of > 5% and a bulk salinity of < 5, the ice reaches a tipping point where it 
becomes permeable to liquids, also known as the Rule of Fives (Golden et al., 1998). 
As long as the ice is permeable, nutrient-rich water can infiltrate the ice and dilute the 
brine. When the ice is melting, the organisms in sea ice experience hypo-osmotic 
conditions due to freshwater dilution, where the salinity of brine can be < 10 (Paper 
III). 
 
Physicochemical properties of sea ice vary spatially and are dependent on ice type and 
age. For instance, there are fundamental differences between the sea ice of the two 
polar regions, notably affecting the sea ice community. These differences are mainly 
consequences of geographical factors due to the fact that the Arctic is an ocean 
surrounded by land, and Antarctica is a continent surrounded by an ocean. This results 
in high amounts of precipitation in Antarctica, and sea ice in that region is generally 
covered with more snow than in the Arctic. The large masses of snow affect the 
buoyancy of the ice, causing surface flooding and mixed slushy layers on top of the 
ice. The slushy layers are often characterised by low salinity and generally contain 
high abundances of flagellates, such as the colony-forming nanoflagellate Phaeocystis 
antarctica. Surface flooding also enhances the permeability and nutrient transport of 
the ice when seawater infiltrates from the top. This well-drained ice enables 
significant ice algal production in the interior sea ice. In the Arctic, on the other hand, 
less precipitation limits seawater intrusion from the surface. There are also large 
differences between land fast and pack ice. Since fast ice is anchored to a landmass, 
surface flooding and permeability are very limited. Therefore, the majority of the ice 
algal biomass is located in bottom sea ice, i.e. at the intersection between ice and 
water, where conditions are favourable for net autotrophic growth. Snow cover also 
affects light penetration significantly, and results in a strong low-light adaptation in 
ice algae (Palmisano et al., 1985; Thomas & Dieckmann, 2002; Lazzara et al., 2007).  
 
Sea ice organisms are, thus, experiencing large spatial and temporal variations in 
physicochemical properties, such as temperature, salinity, and pH (Gleitz et al., 1995; 
Thomas & Dieckmann, 2002). These factors affect the sea ice microbial community 
significantly, and create spatial patchiness in sea ice ecosystems. Both seasonal and 
environmental changes are strong drivers for structural and functional variables in sea 
ice. In order to predict how cold-adapted microbial ecosystems may respond to 
climate and seasonal change, key environmental drivers need to be identified and 
responses need to be quantified. 
 
1.3. Adaptation to an extreme environment 
 
Many people associate the sea with warm beaches in tropical paradises and relaxing 
summer days, although this constitutes only a very small part of the marine 
environment. In fact, approximately 90% of all marine water masses (by volume) are 
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permanently colder than 5 °C (Schlegel & Jannasch, 1981). Specialised 
microorganisms have successfully colonised all of these cold waters, and will from 
hereon be referred to as psychrophiles. As there is no single definition of a 
psychrophilic organism, in this thesis this term will be used to refer to organisms 
capable of growing well at temperatures close to the freezing point of water.  
 
Due to the highly dynamic physicochemical properties of sea ice, sympagic organisms 
have adapted to the extreme environment of sea ice. Sea ice microorganisms must 
cope with low temperatures, low radiation levels, and large variations in salinity 
(Figure 3). One of the greatest challenges at low temperatures is to maintain 
functionality and fluidity of lipid membranes. In order to retain membrane fluidity at 
low temperatures, psychrophiles alter the composition of their fatty acids and 
membrane phospholipids. Psychrophilic bacteria and algae are known to produce high 
amounts of unsaturated and polyunsaturated fatty acids (PUFAs) (Fahl & Kattner, 
1993; Bowman, 2008), a production that may be promoted by the low irradiance, low 
temperature, and high salinities experienced in sea ice (Kaiser et al., 2011). As 
PUFAs are essential for all organisms, and are especially important in polar areas, sea 
ice algae are important components in the diets of grazers, such as krill (O'Brien, 
1987). Sea ice organisms (algae and bacteria) also produce large amounts of 
extracellular polymeric substances (EPS), which are a broad group of compounds 
primarily composed of polysaccharides. EPS are mostly known for the establishment 
of the structural integrity of biofilms, of which 50 to 90% of the organic matter can 
consist of EPS (Flemming et al., 2000). On a cellular level, EPS are believed to have 
an important role relevant to sea ice environments in terms of motility (Lind et al., 
1997), adhesion (Mora et al., 2008), cryoprotection (Marx et al., 2009; Aslam et al., 
2012), and osmoprotection (Ozturk & Aslim, 2010; Aslam et al., 2012). It is also 
believed that EPS derived from diatoms can be used for manipulating the cells 
physicochemical environment and sea ice microstructure by release of anti-freeze 
proteins and pore clogging (Krembs et al., 2011). Hence, EPS are essential 
compounds in sea ice biology. In addition, enzymes in psychrophiles have a high 
catalytic efficiency at low temperatures (Huston et al., 2000), and key enzymes, such 
as ribulose-1,5-bisphosphate carboxylase/oxygenase (RUBISCO), are synthesised in 
higher concentrations at low temperature (Devos et al., 1998). Enzymes in sea ice 
microorganisms are also well-adapted for large salinity variations, as changes in  
 

 
Figure 3. Simplified vertical gradients of temperature, salinity, and brine volume experienced in 
~1.5 m thick sea ice. As temperature decreases in the vertical profile of the ice, salinity increases and 
brine volume decreases. Snow coverage significantly reduces the incident radiation (Io). Reprinted 
from Mock and  Junge (2007), with permission from Springer Science and Business Media. 

trapped within brine channels. Pennate diatoms are the most conspicuous organ-
isms in sea ice along with other microalgae (e.g., flagellates), heterotrophic protists
(e.g., ciliates), and bacteria (Thomas and Dieckmann, 2002). These micrometer-
sized algae with their main light harvesting pigment being fucoxanthin can reach
such concentrations in sea ice that they discolor the ice visibly brown (Fig. 5).

The time for acclimation to the new conditions in sea ice is not very long
since day light hours are continually decreasing as winter approaches.
Nevertheless, diatoms at the ice–water interface, where conditions are most
similar to the water below the ice, are often able to adapt fast and can accumulate

348 THOMAS MOCK AND KAREN JUNGE

Figure 4. Vertical gradients of temperature, salt content, brine volume, and irradiance through sea ice.
These general patterns may vary due to changes in temperature.
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Figure 3. In situ micrograph of a brine pocket that is filled with pennate diatoms.
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temperature are often accompanied by changes in salinity (Helmke & Weyland, 
1995). An efficient osmolyte regulation is used to respond to this effect. For instance, 
dimethylsulfonioproprionate (DMSP) is a cryoprotectant and osmolyte found in high 
concentrations in sea ice algae (Kirst et al., 1991), especially under stressful 
conditions (Lyon et al., 2011). DMSP is the precursor of the climate-active gas 
dimethyl sulfide (DMS), and the biogenic production by algae is one of the major 
sources of sulfur in the atmosphere. Therefore, sea ice algae are believed to play an 
important role in the sulfuric cycle. 
 
1.4. Climate change 
 
Anthropogenically-driven climate change is one of the largest threats to marine 
environments on Earth, and will fundamentally alter ocean ecosystems (Hoegh-
Guldberg & Bruno, 2010). As changes are occurring more rapidly than in the 
geological past, there is risk of irreversible ecological transformation in many 
ecosystems. On an ecological scale, climate change is believed to negatively affect
ecosystem functioning and habitat complexity, and to increase the establishment of 
invasive species (Hoegh-Guldberg & Bruno, 2010). Increasing temperature and CO2 
levels are two climate change variables that are believed to strongly affect various 
marine organisms, and will be the main factors discussed in this thesis. 
 
Since the beginning of the industrial period, atmospheric levels of CO2 have increased 
by approximately 30%, and the world’s oceans have absorbed similar proportions of 
the total anthropogenic CO2 emissions (Sabine et al., 2004; IPCC, 2013). This 
increased oceanic CO2 concentration has caused a change in the marine carbonate 
system and resulted in a less alkaline state. As CO2 dissolves into seawater (Equation 
1.1), it takes part of the oceanic carbonate system, which acts to buffer against 
changes in acid-base equilibria according to the following set of equations:  
 
CO2 g ↔ CO2 aq         (1.1) 
CO2 aq + H2O ↔ H2CO3       (1.2) 
H2CO3 ↔ H+ + HCO3

−       (1.3) 
HCO3

− ↔ H+ + CO3
2−        (1.4) 

 
At normal seawater pH (close to 8), the major component of the carbonate system is 
in the form of bicarbonate, HCO3 

– (90%). The remainder consists of carbonate ions, 
CO3

2– (9%), and total dissolved CO2, commonly denoted as the sum of CO2 and 
carbonic acid, H2CO3

* (1%) (Figure 4). Dissolved CO2 hydrates to form carbonic acid, 
H2CO3 (Equation 1.2), which quickly dissociates twice and produces hydrogen ions 
according to Equations 1.3 and 1.4. These reactions act as a buffer to maintain a 
constant pH according to Figure 4. However, this neutralisation is not complete, and 
the remaining hydrogen ions reduce the pH of the water, a phenomenon referred to as 
ocean acidification. 
  
The increase of atmospheric CO2 levels since society’s industrialisation corresponds 
to an average global sea surface pH reduction of ~0.1 units, and with the current 
increase of atmospheric CO2 levels by ~0.4% per year, models have projected a 
further decrease of approximately 0.3–0.4 pH units by the year 2100 (Caldeira & 
Wickett, 2003). Additional models have predicted that atmospheric partial pressure of
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Figure 4. Dissolved inorganic carbon speciation for different seawater pH values (total scale) at 0 °C 
and salinity 35. Normal seawater pH of 8.022 (at 0 °C, salinity 35, 403 µatm pCO2 and AT of 2300 
µmol kg-1) is indicated in the graph as “Seawater pH”. As ocean acidification progresses, the carbonate 
system changes towards a state with lower pH, lower CO3

2– concentration, and higher HCO3
– 

concentration. The dissociation constants for SO4
- were determined by Dickson (1990), and K1 and K2 

were determined by Roy et al. (1993) and are indicated as “pK1” and “pK2” in the graph. H2CO3* 
denotes the sum of dissolved CO2 and H2CO3. The CO2 speciation was calculated in R (R Core Team, 
2014) using the seacarb package (Gattuso et al., 2015). 

CO2 (pCO2) may reach well above 900 ppm by the end of this century (IPCC, 2013). 
As the world’s oceans absorb atmospheric CO2, causing major impacts on marine 
biogeochemistry, effects may be profound for several marine organisms. High-
latitude marine environments are particularly vulnerable to ocean acidification, 
primarily due to the already-low carbonate ion concentration and high solubility of 
CO2 in cold waters (Orr et al., 2005). For instance, the surface water of the polar 
Southern Ocean has a naturally low carbonate saturation state and, together with the 
Arctic Ocean, is believed to be one the first oceans to become persistently 
undersaturated with respect to the carbonate mineral aragonite (Orr et al., 2005; 
Steinacher et al., 2009; Mattsdotter Björk et al., 2014), which is often used as a proxy 
for ocean acidification.  
 
Along with elevated levels of greenhouse gases in the atmosphere, an increase in 
average sea surface temperature (SST) of 0.74 °C has been recorded from the years 
1906 to 2005 (IPCC, 2013). Mean SST is predicted to rise 1–4 °C by the year 2100, 
and the largest impacts are predicted to occur in polar areas (IPCC, 2013). For 
instance, the summer sea ice extent in the Arctic has declined since the late 1970s, 
and recent models have predicted a sea ice-free Arctic Ocean during the summer, 
within the next 30 years (Wang & Overland, 2009). During the last 100 years, average 
Arctic temperatures have increased at almost twice the global average rate (IPCC, 

2 4 6 8 10 12

0
20

40
60

80
10

0

pH

Pr
op

or
tio

n 
of

 D
IC

 (%
)

pK1
Seawater pH

pK2

H2CO3*
HCO3

−

CO3
2−



A. TORSTENSSON 2015 

7  

2013). Hence, as the most rapid environmental changes are occurring in polar areas, 
they are believed to be particularly susceptible to climate change. 
 
Climate change has been identified as a potential threat to marine ecosystems, and 
substantial scientific efforts have been expended on experimentally determining its 
effects on the physiology and ecology of many marine species (Hoegh-Guldberg & 
Bruno, 2010; Riebesell & Gattuso, 2015). The effects of global warming and ocean 
acidification are relatively well studied in microscopic algae. For instance, increased 
temperature influences microorganisms both directly by altered physiology, and 
indirectly by changes in ocean stratification in many areas. This process will in turn 
affect light intensities and nutrient levels. Due to species-specific responses to these 
factors, changes in species composition are expected (Beardall & Stojkovic, 2006). 
Such changes in species composition may have impacts on biogeochemistry and 
ecology through bottom-up effects. In the western shelf of Antarctica, for instance, 
recent climate change has reduced primary production, as derived from satellite 
chlorophyll a measurements, and is believed to affect krill and penguin populations 
(Montes-Hugo et al., 2009). Hence, in order to predict future changes in polar 
ecosystems, it is crucial to understand physiological and ecological responses in the 
base of the marine food chain. 
 
1.5. Study organisms 
 
In this thesis, I focus on algae and bacteria from Arctic and Antarctic sea ice, using 
both laboratory cultures of ice algae and natural community samples. The two main 
cultured species in this thesis, Navicula directa (W. Smith) Ralfs 1861 and Nitzschia 
lecointei van Heurck 1909 (Figure 5A and B, respectively), are both free-living 
pennate diatoms frequently occurring in sea ice (Melnikov, 1997; Riaux-Gobin & 
Poulin, 2004; Ralph et al., 2005; Riaux-Gobin et al., 2011). N. lecointei can be found 
in high densities in Southern Ocean sea ice, and are often associated with platelet ice 
and the bottom ice horizons (Ralph et al., 2005; Riaux-Gobin et al., 2011). Upon 
seasonal sea ice melting, high abundances of N. lecointei can also be observed in the 
under-ice waters, and is believed to play an important role in planktonic ecology and 
particle flux (Riaux-Gobin et al., 2011). N. directa is a somewhat larger but also more
 
 

 
 

Figure 5. Silica frustules of the cultured sea ice diatom species Navicula directa (A) studied in Paper I, 
and Nitzschia lecointei (B) studied in Papers II and IV. Photos taken by Professor Adil Al-Handal. 
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variable in size, reputedly benthic diatom occurring from polar to temperate areas (Al-
Handal & Wulff, 2008; Poulin et al., 2011). Although primarily benthic, it is 
commonly observed in sea ice environments (Melnikov, 1997; Poulin et al., 2011).  
Due to their ecological relevance and importance to the sea ice ecosystem, these 
species were chosen as model organisms for studying sea ice algal ecophysiology 
under climate change (Papers I, II, and IV). 
 
1.6. Summary 
 
Sea ice is the one of the most important factors controlling primary production and 
bloom dynamics in polar areas. The sea ice ecosystem is mainly comprised of a 
unique microbial community with extreme adaptations to low temperature, high 
salinity, and low-light conditions. This ecosystem is dominated (by biomass) by 
microscopic algae, which are important primary producers in polar oceans, sustaining 
the grazer community with food when phytoplankton biomass is scarce. When the ice 
is breaking up, sea ice algae are dispersed in the water column and seed a subsequent 
pelagic bloom. The high amounts of unsaturated fatty acids they contain make ice 
algae an important component of the diets of grazers, and play an important role in the 
ecology of polar oceans. However, future climate change will affect the physiological 
and ecological dynamics in polar areas. Both experimental and field samplings are 
needed to understand to what extent environmental changes will affect microbial 
communities. 
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2. Aim of the thesis 
 
The main aim of this thesis is to study the ecophysiological responses of sea ice 
microorganisms (microalgae and bacteria) exposed to environmental changes. It 
mainly focuses on two factors (both independently and in combination) that will 
likely have the largest impact on marine primary producers, namely increased 
temperature and CO2. As anthropogenic stressors rarely occur individually, the 
combined stressors are also addressed, and may strengthen or weaken the effects of 
the individual stressors. These issues have primarily been addressed experimentally 
using algal cultures, but also with the sampling of natural microbial communities in 
the field. More specifically, the aims and approaches of this thesis are: 
 
Paper I: To investigate the short-term (7 days) ecophysiological response of the 
Arctic benthic/sea ice diatom N. directa to the combination of elevated temperature 
and pCO2 in terms of growth, photosynthetic activity, and photosynthetic pigment 
concentration. Hence, we were interested to see if ocean warming and acidification 
affected the photosynthetic compartments in N. directa, and tested the interactions 
and main effects in a laboratory full-factorial experimental design (n = 4). Statistical 
testing was performed using two-factor analysis of variance (two-factor ANOVA). As 
the coupling of several global change aspects is significant, it is necessary to study the 
stressors in combinations. Increased temperature and pCO2 are two consequences of 
global change that can have major effects on photosynthesis and the physiology of 
primary producers, and are preferably addressed simultaneously. 
 
Paper II: To study the potential synergism between increased temperature and pCO2, 
and to estimate optimal growth temperature on a newly isolated strain of the Antarctic 
sea ice diatom N. lecointei. The efficiency of carbon concentrating mechanisms 
(CCMs) will play a key role in algal responses to high CO2. One of the most studied 
CCMs is the enzyme carbonic anhydrase (CA). CA catalyses the reversible 
interconversion of CO2 and HCO3

–, and thereby facilitate many physiological 
functions, such as photosynthesis and respiration. It has also been suggested that 
microalgal fatty acid stoichiometry may change in a high-CO2 world (Rossoll et al., 
2012), which could have major consequences in cold waters. This study emphasises 
growth, photosynthetic activity, primary productivity, external CA activity, and fatty 
acid composition. We tested the hypothesis that potential effects of elevated CO2 were 
temperature-dependent in an orthogonal laboratory experimental design (n = 4), using 
two-factor ANOVA, with two temperature treatments (-1.8 and 2.5 °C) and two pCO2 
treatments (390 and 960 µatm). 
 
Paper III:  To understand how the sea ice microbial community responds to 
environmental and seasonal changes, natural communities’ sensitivity to changes in 
the physicochemical environment is crucial to address. In this study, we investigated 
environmental control of microbial diversity and community structure (with respect to 
16S and 18S rRNA genes) in bottom sea ice from the Amundsen and Ross Seas 
during the Oden Southern Ocean 2010/2011 expedition. More specifically, we tested 
the correlation between bacterial taxonomic richness and sea ice temperature and 
brine salinity. We also described microbial diversity and the relationships between 
eukaryotes and environmental variables, and explored potential linkages between the 
most common taxa of eukaryotes and bacteria using canonical correspondence 
analysis (CCA). 
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Paper IV: Most ecophysiological studies on marine algae are performed on a short-
term time scale, normally ranging between 7 and 15 days. However, in order to 
address how climate change will affect marine organisms within the next century, 
acclimation and adaptation to environmental stressors need to be studied. Due to long-
term acclimation to experimental conditions, we hypothesized that the effect of 
increased pCO2 was dependent on experimental duration. To test this hypothesis, we 
investigated growth and carbon metabolism during long-term acclimation (194 days, 
~60 asexual generations) to elevated pCO2 in the sea ice diatom N. lecointei (n = 5). 
Individual and combined effects of CO2 treatment and sampling day were analysed 
with linear mixed effects (LME) models, which are useful tools that can provide a 
better fit than traditional generalized linear models (e.g. repeated-measure ANOVA). 
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3. Methodological considerations 
 
3.1. Sea ice sampling 
 
Measurement of biological processes and diversity in sea ice samples can be 
challenging, not only due to the remote locations, but also due to the complex 
structure of sea ice and the high degree of spatial patchiness. Ideally, the sea ice 
microbial community is studied in situ to fully understand the ecophysiology of sea 
ice organisms. However, most traditional sampling and concentration methods used 
by marine scientists are developed for measurements via liquid samples, e.g. filtration 
and centrifugation. Hence, in order to quantify many functional biological variables, 
sea ice samples are preferably processed as liquid samples. Several techniques are 
available to acquire a liquid sample from sea ice, including melting, and brine 
drainage using centrifugation or sack holes (produced by partially drilling through the 
ice). All techniques have different pros and cons. The major concern when processing 
biological samples is to avoid osmotic and thermal shock when organisms are 
extracted from the brine-filled ice channels. The chosen technique may vary 
depending on the measured variable and the physicochemical properties of the sea ice. 
For instance, if the ice is very cold and saline, melting will cause significant shock 
unless salinity is controlled during thawing, e.g. by the addition of highly saline 
water. Therefore, brine drainage by centrifugation (Granfors et al., 2013) or collection 
of brine from sack holes (Becquevort et al., 2009; Granfors et al., 2013) may be 
preferred. However, brine drainage has been shown to remove only approximately 
80% of the brine, probably due to entrapment in pockets not connected to the 
channels (Weissenberger et al., 1992). Hence, it is likely that larger organisms are 
trapped in the channels when being extracted. When the ice becomes warmer, brine 
salinities can be < 35 (Paper III), and is thus technically not brine any longer. At this 
point, melting together with filtered seawater is a suitable choice for both functional 
and structural variables (Paper III), optimally reaching a final salinity of > 28 for 
experimental work (Ryan et al., 2004). However, it should be noted that fast 
responses of some variables, such as photophysiology (e.g. xanthophyll cycle activity, 
variable fluorescence), may be lost during ex situ melting, and alternative methods 
should therefore be considered.  
 
Spatial patchiness is high in sea ice, and can be explained by high spatial variability in 
sea ice physicochemical properties. Consequently, patchiness has major implications 
on sampling design. In order to reduce spatial variability between sea ice cores in 
Paper III, homogenous sampling plots were selected based on Light Detection And 
Ranging (LiDAR) scanning (Weissling & Ackley, 2015). LiDAR scanning thereby 
amended the comparison between sea ice cores from the sampling plot. This scanning 
was crucial, since the processing of physicochemical and microbiologic parameters 
differ considerably, and could not be sampled from the same ice cores. 
 
A more realistic, but also more complicated, method that is an alternative to 
transferring sea ice communities to liquid samples (e.g. melting) is to measure directly 
in the ice. This method is preferred for many functional variables such as community 
primary productivity. For instance, microelectrodes can be used under the ice to 
estimate in situ oxygen production and export (McMinn et al., 2010). However, the 
latter method is only effective for measuring primary productivity in bottom ice 
communities, and might not be appropriate if the biomass in interstitial layers is high. 



ECOPHYSIOLOGY OF POLAR SEA ICE MICROORGANISMS IN A CHANGING WORLD 

12 

 

In addition, metabolic rates can be estimated by in situ incubations with isotopic 
labelling (Mock, 2002). This technique inevitably provides more realistic estimates of 
in situ production rates, but is still a rather invasive method. Hence, sampling and 
processing techniques need to be chosen carefully depending on the measured 
variable. 
 
3.2. Experimental CO2 manipulation 
 
One of the most significant challenges in simulating ocean acidification projections is 
that the seawater carbonate system must be appropriately manipulated and measured 
in order to simulate realistic changes in the carbonate system projected in a high-CO2 
world. Many previous studies have used inappropriate manipulation techniques, but 
the publication of The Guide to Best Practices for Ocean Acidification Research and 
Data Reporting has significantly improved the choice of manipulation and measuring 
techniques (Gattuso et al., 2010; Cornwall & Hurd, 2015). Several procedures are 
available for manipulating the carbonate system in seawater with different pros and 
cons depending on the studied system (Gattuso et al., 2010). The most common 
methods to manipulate CO2 levels in seawater are by aeration of the targeted pCO2, 
addition of CO2-rich water, and addition of acid, CO3

2–, and HCO3 
–. By definition, CO2 

is not parameterised in seawater total alkalinity (AT) (Dickson, 1981), and remains 
unaffected by CO2 changes. Hence, it is favourable if all of the manipulated carbonate 
system species resemble the projected values of the climate scenario we are 
simulating. For instance, several studies have implemented the addition of strong 
acids (i.e. adding hydrogen ions) in systems closed from the atmosphere to achieve a 
simple and relatively precise control of pCO2 (Riebesell et al., 2000; Langer et al., 
2006; Czerny et al., 2009). However, unless the addition of acid is counterbalanced 
by the addition of CO3

2–/HCO3 
–, AT will decrease and consequently result in lower DIC 

concentrations than what could be expected during the climate scenarios. This finding 
is especially important when working with primary producers capable of utilising 
HCO3

– for photosynthesis. Therefore, it has been suggested that gas bubbling is 
superior to acid addition when experimenting with algae (Iglesias-Rodriguez et al., 
2008). In Papers I, II, and IV, constant bubbling of pre-mixed gases of different pCO2 
controlled the carbonate system. In systems capable of substantial CO2 perturbation 
(e.g. photosynthesis, respiration), constant bubbling is preferred over an initial 
equilibration of the water, as CO2 uptake will significantly affect the manipulations 
during algal growth. 
 
When manipulating pCO2 levels in algal cultures, it is crucial that the biomass is kept 
sufficiently low so that the drawdown of CO2 due to primary production does not 
affect the carbonate system substantially (Gattuso et al., 2010). This observation is 
especially important to consider when CO2 levels are manipulated by constantly 
bubbling the growth medium with pre-mixed gases (as in Papers I, II, and IV), since 
the equilibration rate of CO2 must not exceed primary productivity in the system. For 
example, high primary productivity resulted in slightly lower CO2 levels compared 
with the pre-mixed gases in the latter papers, although values were within the 
expected ranges of pCO2 changes within the next century (IPCC, 2013, Paper II and 
IV). However, this was a more significant issue in high-temperature treatments when 
N. directa reached cell densities of approximately 105 cells ml-1, which resulted in 
depletion of CO2 (Paper I). On the contrary, one of the main advantages of constant 
bubbling compared with maintaining a fixed pH is that the natural diurnal cycle of pH 
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levels is sustained (Figure 6A). Microorganisms, and especially sea ice algae that 
accumulate high densities in a medium with restricted gas transport, never experience 
a fixed pH in the field. Therefore, it could be ambiguous to expose the organism to a 
static pH. In addition, the gradual equilibration of the carbonate system that follows 
constant bubbling with pre-mixed gases (Figure 6B) gives the organisms time to 
slowly acclimate to the experimental conditions, which may take a few days 
depending on manipulation technique. 
 
 
 
 
 
 
 

 
Figure 6. pHT data from two CO2 enrichment experiments in which the carbonate system was 
manipulated by continuous bubbling of pre-mixed air with pCO2 of 390 (Ambient CO2) or 960 ppm 
(High CO2). A) Diurnal variation of pHT (at 25 °C) in a mesocosm experiment with a blooming Baltic 
Sea phytoplankton community. The continuous bubbling enables a natural fluctuation of pH from the 
diurnal cycle of photosynthesis. B) pHT (at 15 °C) equilibration during the first 72 h of a laboratory 
experiment with Navicula directa (Paper I). Equilibration of the carbonate system may take several 
days depending on manipulation technique, and enables the organisms to gradually adjust to altered 
pH. Error bars in indicate standard error (n = 3). 
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Although CO2 levels were controlled by the aeration of pre-mixed gases (i.e. no 
change in AT), a relatively high AT was present in Papers I, II, and VI. The increase of 
AT was caused by two reasons, the addition of H2SiO4 in the form of Na2SiO3 × 9H2O, 
and organic alkalinity. When Na2SiO3 × 9H2O is dissolved in water, SiO3

2– combines 
with H2O and forms H2SiO4

2–. This form quickly converts into H3SiO4
– and thereby 

consumes one proton (Equation 2.1). Most of the H3SiO4
– is further converted into 

H4SiO4 at the normal seawater pH range, consuming yet another proton (Equation 
2.2).  
 
H3SiO4

− ↔ H+ + H2SiO4
2−,         𝑘A = 10−12.6     (2.1) 

H4SiO4  ↔ H+ + H3SiO4   
− ,        𝑘A = 10−9.5      (2.2) 

 
These equations show that for each mole of Na2SiO3 × 9H2O that is added, AT 
increases by two moles. In the f/2 medium (Guillard, 1975) that was used in Papers I, 
II, and IV, we added 108 µmol kg-1 Na2SiO3 × 9H2O and thereby increased the 
alkalinity by approximately 217 µmol kg-1 in seawater. Although CO2 (aq) and pCO2 
will not be affected, it inevitably results in higher CO3

2– and HCO3 
–  levels than what 

would be expected in a high-CO2 world. Hence, if the utilisation of HCO3
– is 

significant in the algae, this artefact may result in an overestimation of the response. 
The addition of two moles of HCl per mole of Na2SiO3 × 9H2O will counterbalance 
the problem, and should be considered for future experiments with high silicate 
concentrations. 
 
As cells are growing, the AT changes in a complex manner due to a combination of 
nutrient transformations and from the production and exudation of organic bases. For 
instance, nitrogen assimilation affects AT depending on the nitrogen source and may 
be one of the major contributors to AT in algal cultures (Brewer & Goldman, 1976). If 
nitrate (NO3

–) is assimilated, AT will increase by the equimolar amount of removed 
NO3

– from the medium, due to the production of hydroxide ions (OH–). On the other 
hand, if ammonia (NH4

+) is the nitrogen source, AT will decrease due to the release of 
hydrogen ions (H+) during protein synthesis. We observed increased AT values during 
algal growth in Papers I, II, and IV, which correlates well with cell density (Figure 7).  
 

 

Figure 7. Unpublished data. Not available electronically.  
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Figure 8. Unpublished data. Not available electronically.  

 

 

This increase is probably due to a combination of nitrate uptake and organic 
alkalinity, and may result in an overestimation of AT derived from potentiometric 
titration. When over-determining the carbonate system with data from three 
parameters (pH, AT, DIC) in one experiment, the error in AT measurements results in 
an underestimation of pCO2 (Figure 8). Hence, biologically mediated changes in AT 
are an additional explanation of why pCO2 is lower than expected in all experiments 
included in this thesis. Therefore, it is recommended to use additional parameters 
beyond AT and pH, such as DIC, for a higher accuracy when describing the carbonate 
system in samples with high levels of organic alkalinity, such as algal cultures. By 
overestimating the carbonate system, we can estimate the error from organic AT, and 
could potentially predict its influence via cell number and growth rate.  

 
3.3. Sea ice diatom culturing 
 
Due to the complex microstructure of brine channels that was described above, the 
ecophysiology of sea ice algae is difficult to study in their natural environment. 
Experiments on community responses are often performed directly in the field (Ryan 
et al., 2004; McMinn et al., 2014), but in order to isolate mechanistic physiological 
responses to environmental changes, single-species experiments are more desirable. 
Therefore, sea ice algae are often cultured in seawater at low temperature (Mitchell & 
Beardall, 1996; Mock & Hoch, 2005; Lyon et al., 2011, Paper I, II and IV). Strains of 
psychrophilic sea ice diatoms in Papers I, II, and IV were isolated from ice cores that 
were thawed with 0.2 µm filtered seawater for 12-20 h to avoid osmotic stress. 
Cultures were subsequently established by single cell isolation and maintained 
at -1.8 °C and salinity of 34 until the start of experiments (from 18 to 24 months, i.e. 
relatively fresh cultures). Hence, it should be highlighted that the experimental  
conditions in this thesis (Papers I, II, and IV) do not completely mimic the extreme
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Figure 9. Cell concentration in semi-continuous dilution cultures during 194 days of experiment (Paper 
IV). Cultures were diluted with fresh f/2 medium twice a week for 194 days, thereby maintaining 
active growth at cell concentration between 3 × 107 to 2 × 108 cells L-1. Error bars indicate standard 
error (n = 15). 

conditions that can occur in sea ice. However, the conditions in Papers II and IV 
closely resemble the temperatures and salinities found in Antarctic summer pack ice 
(Paper III), or conditions similar to what occurs when sea ice algae are dispersed into 
the water column after ice breakup. It should also be noted that these diatom species 
do not exclusively grow in sea ice, but are also abundant in shallow benthic 
ecosystems (Horner & Schrader, 1982; Al-Handal & Wulff, 2008; Wulff et al., 2008) 
and as phytoplankton upon ice breakup (Horner & Schrader, 1982; Riaux-Gobin et 
al., 2011). 
 
To exclude the interference of growth limitation in experimental set-ups, algal 
cultures were maintained in nutrient-replete growth media, i.e. f/2 medium (Guillard, 
1975). These nutrient levels are substantially higher than what algae experience in 
summer sea ice (Fransson et al., 2011). Different culturing techniques are available 
for allowing the cultures to continue growing in the exponential phase. Batch culture 
techniques were used in Papers I and II, and are easy to use and reliable for short-term 
experiments. However, when performing longer experiments (Paper IV), continuous 
or semi-continuous cultures are preferred to maintain the cultures in the exponential 
phase over a longer period. Semi-continuous cultures were established in Paper IV by 
diluting the cultures with fresh medium roughly twice a week (Figure 9). 
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4. Results and discussion 
 
4.1. Approaches to study the ecophysiology of sea ice microorganisms  
 
Physiological measurements under climate change scenarios and community 
composition of natural sea ice microbial ecosystems are required to address how 
different stressors may influence organisms’ capacity to tolerate both naturally- and 
climatically-driven changes. The responses of sea ice microorganisms to 
environmental changes are complex and include influences from interacting factors, 
acclimation, and adaptation. In laboratory experiments (Papers I, II, and IV) and field 
measurements (Paper III), the ecophysiological responses of sea ice microorganisms 
were addressed and are discussed in detail below.  
 
4.2. Combined effects of increased temperature and pCO2 on sea ice diatoms 
 
Growth of both of the sea ice diatoms N. directa (from Svalbard) and N. lecointei 
(from Ross Sea) responded positively to temperature increased by approximately 4 °C 
(Papers I and II). In addition, N. lecointei had an optimal growth around 5 °C (Paper 
II), which illustrates the psychrophilic character of this species. Increased temperature 
also stimulated primary productivity, as well as maximum and effective quantum 
yield of photosystem II (PSII) (Papers I and II). Measurements of chlorophyll 
fluorescence provide information about the efficiency of PSII and thereby the 
photosynthetic capacity, which was assessed through different quantum yields 
depending on the cells’ light adaptation state. In addition, concentration of 
polyunsaturated fatty acids (PUFAs) was four times higher at low temperature 
(-1.8 °C) compared with 2.5 °C (Paper II), which illustrated the requirement of 
unsaturated fatty acids at low temperature to maintain membrane fluidity (Bowman, 
2008).  
 
On the other hand, increased pCO2 resulted in various responses in the two diatom 
species on a short time scale. First of all, growth rates in N. directa were significantly 
reduced by 5% when cultures were bubbled with an air mixture of 960 µatm pCO2 
(Paper I). Although CO2 was drawn down in the high-temperature treatment (~ 20% 
of the DIC), this effect persisted, suggesting that differences in the carbonate system 
were apparent earlier in the experiment. The effect could potentially be an artefact 
resulting from improper acclimation (as discussed under Section 3.2. Experimental 
CO2 manipulation). However, due to the relatively slow equilibrium of the carbonate 
system (Figure 6B), we exposed the cells to a gradual change in pH instead of a rapid 
change that could trigger shock responses. We also showed that the effect of increased 
pCO2 could depend on experimental temperature and may affect organisms in an 
antagonistic manner (Paper II). At low temperature (-1.8 °C), elevated pCO2 did not 
have an effect on growth in N. lecointei. On the other hand, there was a positive effect 
(6% increase) at high temperature (2.5 °C) and elevated CO2. In addition, synergism 
between the two treatments was also observed in fatty acid (FA) content (Paper II); 
when grown at -1.8 °C, cellular FA content was reduced by 37% at elevated CO2. 
Nevertheless, at 2.5 °C there was no effect of CO2 level on FA content. Changes in 
the environment seldom occur individually, and this study illustrates the importance 
of synergism in physiological responses to climate change. As many physiological 
responses in polar areas are limited by narrow thermal windows (e.g. Pörtner, 2002), 
synergism with temperature may be especially important for psychrophiles. 
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Therefore, it is important to select relevant experimental temperatures when designing 
and interpreting culture experiments, as the response of elevated pCO2 may depend on 
it. Temperature should be chosen from ecologically relevant scales (e.g. carefully 
considering the site of origin for the strain) to correctly mimic changes that may occur 
in the future. Hence, growing psychrophiles at optimal growth temperature may 
thereby yield little ecological relevance when combined with additional stressors. 
 
4.3. Perspective of time 
 
In paper IV, we addressed the long-term acclimation of N. lecointei to three pCO2 
levels (280, 390, and 960 µatm) during an experiment lasting 194 days. These results 
revealed new insights in acclimation rates to ocean acidification. We showed that 
when integrated over a longer time, accumulated generations were reduced by 3–4% 
after long-term cultivation at 960 µatm pCO2 compared with 280 and 390 µatm pCO2. 
Accumulation of generations was performed to acquire a proxy for integrated growth 
rate over time. This observation is complementary to the study in Paper II, where no 
change in growth rate was observed at the same temperature after 14 days of 
experiment, although changes were in a similar range as in N. directa (Paper I). This 
small reduction did not appear until > 140 days, which suggests that it was a result of 
long-term acclimation. Meanwhile, increased pCO2 resulted in carbon 
overconsumption, a process that may occur when the assimilation of carbon relative to 
nitrogen and phosphorus increases as compared with the Redfield ratio of 
106C:16N:1P (Toggweiler, 1993). In this study, DOC release was interpreted as a 
stress response to increased pCO2. In turn, DOC release from N. lecointei promoted 
bacterial productivity rates, probably due to the release of labile dissolved organic 
carbon. Similar observations have recently been described in Arctic planktonic 
communities during a mesocosm experiment (Engel et al., 2013). Elevated CO2 levels 
may lead to a shift in the ocean’s elemental ratios, which could control the fate of key 
biogeochemical cycles such as primary and bacterial productivity. 
 
The majority of all ocean acidification studies are designed to mimic climate change 
scenarios projected to occur within the next century (e.g. ~1,000 µatm pCO2, IPCC 
(2013). Still, experiments addressing such issues are generally performed during 
relatively short experimental durations that do not account for proper acclimation (< 1 
month) (e.g. Yang & Gao, 2012; Trimborn et al., 2013; McMinn et al., 2014, Paper I 
and II). Although short-term changes in physiology give us an idea of how organisms 
may respond initially to environmental change, acclimation and adaptation to climate 
change will play an important role within the next century (Garrard et al., 2013).  
 
The rate of climate change will affect organisms differently depending on life 
strategy, and time is only subjective to its observer. Considering mutation rates, polar 
organisms with slow generation times will probably have less potential to adapt to a 
changing world. Ominously, the rate of climate change is also faster in polar regions 
compared with the rest of the planet. Therefore, polar organisms are particularly 
susceptible to environmental change. However, to date, only a few experimental 
studies have addressed acclimation and adaptation in psychrophiles (Novitsky & 
Morita, 1977; Mock & Hoch, 2005; McKeown et al., 2009). Addressing long-term 
acclimation in psychrophilic organisms is especially important due to their slow 
growth rates. Considering enzymatic and mutational rates at low temperatures, 
acclimation and adaptation will probably occur at a slower rate in psychrophiles 
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compared with temperate and tropical species. However, most previous long-term 
experiments have been performed on fast-growing phytoplankton capable of 
generating high numbers of generations in a relatively short time (Lohbeck et al., 
2012; Low-Décarie et al., 2013; Tatters et al., 2013a; Tatters et al., 2013b; Bermúdez 
et al., 2015). Long-term studies on marine and freshwater phytoplankton have shown 
varying growth responses to high pCO2. For instance, Schaum and  Collins (2014) 
grew the chlorophyte Ostreococcus lineages for 400 generations and observed high 
growth rates, although the growth rate at high pCO2 was not reduced until 100 cell 
cycles had elapsed. In contrast, Low-Décarie et al. (2013) reported increasing growth 
rates after < 340 generations (184 days) of high pCO2 conditioning in various 
freshwater species of diatoms, chlorophytes, and cyanobacteria. In addition, no 
difference in growth rate was reported after 1,000 generations in the chlorophyte 
Chlamydomonas reinhardtii grown at ambient and high pCO2 (Collins & Bell, 2004). 
In contrast to other long-term studies, there were considerably fewer cell cycles in our 
experiment (~60 generations) due to the naturally slow growth rate of ice algae. 
Hence, the potential for biological adaptation is less plausible in our experiment. In 
contrast, slow-growing organisms will also accumulate fewer cell cycles within the 
next century, and acclimation to climate change will be an important factor in 
determining polar species’ responses to climate change. In addition, polar organisms 
already living at the extremes will have less room for mitigation. Many temperate 
species have the potential to change spatial distribution when conditions are 
unfavourable, e.g. shifting pole-wards during ocean warming. As this re-distribution 
is impossible for polar organisms, psychrophiles may be the organism group most 
affected by climate change. 
 
It has previously been noted that responses to elevated pCO2 are highly species- and 
strain-specific (Kremp et al., 2012; Tatters et al., 2013a; Pančić et al., 2015). These 
findings limit the interpretability of single-species laboratory experiments, and 
extrapolations should be performed with care. Although single-species experiments 
provide useful information about mechanistic behaviours related to climate change, 
they do not account for the many indirect ecological effects that may influence 
biological interpretation. In order to understand how environmental and biological 
changes combined with indirect ecological effects (e.g. DOC release from carbon 
overconsumption) will influence ecological processes, there is a need to study 
multiple stressors and multiple species in combination. 
 
4.4. Small temperature changes affect physiology and diversity of sea ice algae and 
bacteria 
 
We showed that temperature plays an important role in controlling the physiology and 
diversity of psychrophilic organisms. For instance, an increase by approximately 4 °C 
resulted in 43 and 50% higher growth rates in N. directa and N. lecointei, respectively 
(Papers I and II). The species ‘temperature window’ for growth is much narrower in 
psychrophiles such as polar algae, compared with species isolated from temperate and 
tropical oceans (Eppley, 1972; Boyd et al., 2013). For instance, Phaeodactylum 
tricornutum is known to grow quickly (> 0.5 day-1) between 5 and 25 °C (Kudo et al., 
2000). These findings mean that the impact of small temperature changes can have 
more severe consequences in cold-adapted species. On the contrary, it might seem 
ambiguous that optimal growth temperature is higher than what the algae would 
experience in the field (e.g. 5 °C in Paper II). This observation is also true for many 



ECOPHYSIOLOGY OF POLAR SEA ICE MICROORGANISMS IN A CHANGING WORLD 

20 

 

mesophillic species, i.e. species that grow best in moderate temperatures. For 
example, the average soil temperature is 12 °C in temperate climate, although the 
optimum growth rate of mesophilic species usually occurs between 20 and 45 °C 
(Schlegel & Jannasch, 1981). Nevertheless, this observation can be explained by the 
large variation in temperature that temperate species are required to cope with. Sea ice 
microorganisms, on the other hand, rarely reach their optimum growth temperature in 
nature. However, it should be noted that the optimal temperature only reflects kinetic 
effects and that optimal growth temperature is not necessarily a sign of optimal 
adaptation. Microorganisms’ growth responses to temperature normally follow the 
bell-shaped relationship between enzyme-catalysed reactions and temperature, i.e. an 
initially exponential response until optimal temperature is reached, followed by more 
a rapid decrease in activity beyond the optimum due to denaturation (e.g. Nichols et 
al., 2000). In addition, it should be noted that the optimal temperatures for growth and 
photosynthesis do not always coincide (Mackey et al., 2013), since growth is also a 
combined result of other metabolic processes such as nutrient assimilation. Therefore, 
cells need to constantly balance photosynthetic rates with other cellular metabolic 
demands (Mackey et al., 2013). From an ecological perspective, it may be 
disadvantageous for an organism to grow at its optimum, as the maximum 
temperature is generally close to the optimum, and a sudden increase may result in the 
denaturation of proteins. In addition, the ability to grow slowly may be advantageous 
in oligotrophic environments, to avoid nutrient exhaustion and starvation. Hence, 
temperature responses may be different in the field compared with the laboratory, 
where cells are grown under optimal conditions. Therefore, data from laboratory 
studies should be treated with care, and the species’ natural temperature environment 
should always be considered.  
 
Temperature also plays an important role in structuring natural sea ice microbial 
communities. In Paper III, we describe how diversity of sea ice bacteria is correlated 
negatively with increased in situ temperatures and positively with theoretical brine 
salinity (Figure 10). As salinity is traditionally described as a function of temperature 
with a series of phase equations (Frankenstein & Garner, 1967), it is impossible to tell 
if this was a direct effect of temperature or an indirect effect from decreased salinity.  
 

 
Figure 10. Environmental control of 16S rRNA gene richness and diversity (from Paper III). A) 
Temperature dependency of taxonomic richness (expressed as number of operational taxonomic units, 
OTUs). Increasing temperature (from -1.8 to -0.5) significantly decreases taxonomic richness (p < 
0.0001, Pearson’s correlation). B) Temperature dependency of calculated brine salinity. Increasing 
brine salinity significantly increases taxonomic richness (p < 0.0001, Pearson’s correlation). Dashed 
lines show ± 95% confidence interval of the fitted line. 
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On the other hand, considering the ranges of salinity (10 to 35) and temperature (-1.8 
to -0.5 °C), it is more likely that salinity exerts a greater physiological stress on the 
sea ice microorganisms. However, it should be noted that these are theoretical 
salinities directly derived from temperature, bulk salinity, and brine volume calculated 
the equations in Frankenstein and  Garner (1967). These relationships assume no 
significant contribution of biomass in the brine, and EPS excreted from 
microorganisms may cause the brine salinity to deviate significantly from this 
relationship (Krembs et al., 2011). 
 
4.5. Dominance of kleptoplastic dinoflagellates in Antarctic sea ice 
 
In Paper III, we described protist diversity in bottom sea ice of the Amundsen and 
Ross Seas (Figure 11) using 454-sequencing of the 18S ribosomal RNA gene. The 
pack ice was in a break-up stage, with relatively warm ice temperatures (-1.8 
to -0.5 °C), and was exclusively dominated by a dinoflagellate closely related to the 
kleptoplastic phylotype described in Gast et al. (2006). It is generally believed that 
diatoms dominate the polar oceans, including the sea ice ecosystem (Arrigo et al., 
2010). Diatoms are the most studied sea ice organisms, although a vast diversity of 
flagellated species are associated with sea ice. For instance, the upper and slushy 
layers of sea ice are often dominated by dinoflagellates, such as the unique sea ice 
species Polarella glacialis (Montresor et al., 1999; McMinn et al., 2014) and a  
 

 
Figure 11. Sea ice sampling stations (station numbers 1-15) during the Oden Southern Ocean 2010/11 
cruise. Bottom sea ice was sampled for microbial diversity at all stations (16S and 18S rRNA genes, 
Paper III). Nitzschia lecointei was isolated from sea ice at station 13 and used for experimental studies 
(Papers II and IV). Data of average sea ice extent from December 2010 were provided by the National 
Snow and Ice Data Center (www.nsidc.org). Map was created using the Quantarctica QGIS package, 
developed by the Norwegian Polar Institute (www.quantarctica.org). 



ECOPHYSIOLOGY OF POLAR SEA ICE MICROORGANISMS IN A CHANGING WORLD 

22 

 

kleptoplastic dinoflagellate phylotype (Gast et al., 2006; Gast et al., 2007). 
Dominance of heterotrophic dinoflagellates has also been recorded in Arctic sea ice 
during the polar night (Bachy et al., 2011), and of small unidentified flagellates 
(< 6 µm) in the Beaufort Sea (Horner & Schrader, 1982). However, interior and sea 
ice are generally reported to be exclusively dominated by diatoms in the growing 
season of ice algae. Although cyanobacteria are abundant and play an important role 
in many freshwater polar ecosystems, they are often rare in sea ice (Koh et al., 2012, 
Paper III).  
 
As discussed in Paper III, naked dinoflagellates have previously been observed in 
high abundances in the slush layer of sea ice (Garrison & Buck, 1989; Gast et al., 
2006). From 18S rRNA gene clone library data, Gast et al. (2006) reported the 
dominance of a novel dinoflagellate phylotype, closely related to Karenia and 
Karlodinium species, in the slush layer of sea ice in the Ross Sea. Previously, this 
phylotype had been believed to be rare in interior and bottom Antarctic sea ice (Gast 
et al., 2006). Other dinoflagellates such as Polarella glacialis have also been 
observed in high abundances, but have been primarily restricted to the upper section 
of land-fast ice (Montresor et al., 1999; McMinn et al., 2014). It is still unknown why 
the prevalence of dinoflagellates in sea ice that has been reported using molecular 
techniques (Gast et al., 2006; Bachy et al., 2011) is not always reflected in traditional 
microscopy approaches. One possible explanation could be that dinoflagellates are 
under-sampled due to their fragile cell structures, and may not remain structurally 
intact during the stressful processing techniques of sea ice samples (e.g. thawing or 
centrifuging; see Section 3.1. Sea ice sampling) (Garrison & Buck, 1986). In addition, 
the lack of distinctive morphologies of gymnodinoid dinoflagellates makes them very 
difficult to identify using light microscopy (Gast et al., 2006). The presence of 
dinoflagellates and their ecological importance in Southern Ocean sea ice may be 
underestimated and need to be further addressed, especially in summer pack ice.  
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5. Conclusions and future perspectives 
 
In this thesis, I focus on the ecophysiology of sea ice-associated microorganisms 
(primarily algae, but also bacteria). On the basis of laboratory and field studies, 
conclusions can be drawn about the acclimation to environmental stressors affecting 
the physiology and community composition of sea ice organisms. First of all, 
increasing temperature (on both climatic and seasonal scales) positively affected the 
physiology of two sea ice diatom species (Papers I and II), but negatively affected the 
taxonomic richness and diversity of sea ice bacterial communities (Paper III), likely 
by the subsequent change in salinity. On the other hand, increased pCO2 had only 
minor effects (positive and negative) on growth, ranging from 3–6% (Papers I, II and 
IV). In addition, pH did not explain much of the variability in the microbial 
community composition of Antarctic sea ice (Paper III). In terms of growth, sea ice 
algae seem quite tolerant to changes in pH and pCO2 (Paper I, II and IV), probably 
due to the fact that they grow in an environment with large seasonal variations in the 
carbonate system. Other climate-related problems, such as ice thinning and increased 
temperature, probably play a greater role than ocean acidification in sea ice algal 
growth. However, increased pCO2 also resulted in other physiological changes that 
may have important ecological consequences, such as cellular stoichiometry. For 
instance, we observed changes in carbon metabolism (Paper IV), and fatty acid 
content and composition (Paper II), that did not affect the growth rate. As sea ice 
algae are an important food source for many grazers, changes in their fatty acid 
profile may have large ecological consequences through bottom-up effects. Bottom-
up effects have already been observed in western Antarctica, where phytoplankton 
primary production has been reduced by rapid climate change, and is believed to have 
affected krill and penguin populations (Montes-Hugo et al., 2009). In addition, the 
reduction of unsaturated fatty acids may reduce their thermo-tolerance, which remains 
to be tested. Changes in carbon metabolism, such as carbon overconsumption, may 
have significant effects on bacterial mineralisation of primary-produced organic 
matter and could indirectly affect the microbial loop. Although growth rate is a 
principal variable in this thesis, it does not always reflect the large number of cellular 
changes that occur in diatoms at reduced pH. Therefore, we might underestimate the 
ecological consequences of ocean acidification by only interpreting the growth rate 
data of algae.  
 
When interpreting results from experiments involving simulated climate change, it is 
also important to consider the targeted organisms’ natural environment. For instance, 
many studies use the Mauna Loa Observatory pCO2 measurements (today 403 µatm) 
as a reference for the control group. As pCO2 varies greatly globally, it is important to 
consider the natural levels and variation of the targeted species when interpreting 
climate change experiments. Since pCO2 is highly variable in sea ice, a larger span of 
different pCO2 values could provide more insight into tolerance levels and reveal 
physiological tipping points of the cells. For instance, pCO2 may be much higher than 
960 µatm in the brine when the ice is forming and CO2 is being enriched (e.g. 
Fransson et al., 2015). We also showed that the choice of temperature may influence 
the outcome of the experiment (Paper II). Therefore, it is crucial to select realistic and 
ecologically relevant temperatures in laboratory experiments, based on the 
temperature range at the origin of collection of the organism. In addition, we also 
showed that experimental duration is crucial when performing laboratory-based ocean 
acidification experiments (Paper IV). Acclimation and adaptation to global change are 
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therefore key components in understanding how organisms will respond to a future 
ocean, and cannot be neglected when interpreting short-term experiments. 
 
Data from sequencing of the 18S and 16S rRNA genes from natural communities 
revealed that both the diversity and the complexity of sea ice microbial communities 
might be greater than previously believed in the Southern Ocean sea ice (Paper III). 
However, sequencing of DNA only reflected the standing stock community of 
microorganisms in sea ice. Due to the fact that sea ice is also an important medium for 
many protist resting stages (Buck et al., 1992) and can contain high amounts of 
metabolically inactive material (Melnikov, 1997; Granfors et al., 2013), DNA 
sequencing may be biased towards the inactive ecosystem. Therefore, sequencing of 
RNA could supply more information about the active ecosystem, and RNA sequence 
diversity would provide an important dimension in the understanding of microbial sea 
ice ecosystems.  
 
In summary, my studies of the ecophysiology of sea ice microorganisms provide new 
insights into how psychrophilic species may respond and acclimate to a changing 
environment. Since sea ice microbial communities also seed the pelagic production 
(Riaux-Gobin et al., 2011) and provide a direct link to higher trophic levels through 
grazing (O'Brien, 1987), changes in these communities may have significant 
consequences for the biogeochemistry (e.g. primary production) of polar ecosystems 
as such (Montes-Hugo et al., 2009). Global warming is a key factor that is affecting 
many polar microorganisms, and will significantly change the polar environment. 
However, sea ice diatoms appear rather tolerant to increased CO2 levels and decreased 
pH (Papers I, II and IV), although processes that could have important ecological 
consequences may be affected (Papers II and IV). To fully understand the 
consequences of ocean acidification in polar areas, the ecological and biogeochemical 
importance of carbon overconsumption and fatty acid stoichiometry in a high-CO2 
world should be further addressed and quantified. This may be accomplished by 
multi-trophic experimental setups capable of tracing fatty acids, carbon trough food 
webs, and biogeochemical cycles. 
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