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It is not the strongest of the species that
survives, nor the most intelligent that survives.
It is the one that is most adaptable to change.

Charles Darwin



ABSTRACT

Sea ice algal communities play a very significant role in primary production in the
Southern Ocean, being the only source of fixed carbon for all other life in this habitat
and contributing up to 22% of Antarctic primary production in ice-covered regions.
Therefore it is important to understand how these organisms adapt to this highly
variable and harsh environment. Previous studies have described their acclimation to
changes in environmental conditions but we still do not understand the physiological
basis of these responses. This study examines the effects of varying levels of
photosynthetically active radiation (PAR), ultraviolet-B (UV-B) radiation and
temperature on bottom ice algal communities and individual algal species using pulse-
amplitude modulation (PAM) fluorometry, the production of mycosporine-like amino

acids (MAAs) and superoxide dismutase (SOD) activity.

The experiments conducted in this thesis show that bottom ice algae are capable of
acclimating to the higher levels of PAR and temperature that would likely be
experienced during sea ice melt. As temperature was increased past a threshold
temperature of thylakoid integrity, it became the major stressor, causing decreases in
photosynthetic yield at around 14°C, even at ambient PAR exposure. Similarly, a
thylakoid integrity experiment independently suggested that the critical temperature
for the onset of thylakoid damage was 14°C, which correlated well to the 14°C
incubation observations, although this is a temperature that sea ice algae are unlikely to

encounter in the polar regions.

It is likely that sea ice algae produce additional MAAs, known to be cellular sunscreens,
in response to increasing levels of UV-B, allowing tolerance of this stressor. This is the
first study in the marine environment to demonstrate that algae can produce MAAs in
response to increasing PAR and temperature, even in the absence of UV-B, indicating
that MAAs may be more than just sunscreen compounds. The levels of UV-B used in this
study were representative of those likely to be faced by the algae during sea ice melt.
With increasing temperature, the algae maintained photosynthetic yield and decreased

MAA production, implying that the rise in temperature aids the algae with another



element of photoprotection such as enzymatic repair. As these results contrasted with
previous studies of bottom ice algae that showed no additional MAA production in
response to higher levels of PAR and UV-B, it was hypothesized that this difference was
attributed to variations in species composition that could modify the productivity of the

community.

The short-term effects of increasing PAR and UV-B on three unialgal cultures of
Thalassiosira sp., Fragilariopsis sp. (from the Ross Sea), and Chaetoceros sp. (from the
Antarctic Peninsula) were therefore examined. In unialgal culture studies, these three
algal species showed higher tolerance to PAR and UV-B compared to that of the mixed
culture of bottom ice algae, although there remained species-specific variation. Both
Ross Sea species showed increasing photosynthetic yield with increasing PAR and UV-B
exposure, but there was a difference in the tolerance shown by the two species.
Thalassiosira sp. tolerated higher PAR and lower UV-B and Fragilariopsis tolerated
lower PAR and higher UV-B. Both species produced MAAs in response to these stressors,

indicating that these compounds allowed the algae to decrease levels of photoinhibition.

In comparison to the Ross Sea, the Antarctic Peninsula is an area of higher
environmental variability and change, meaning that the species in both regions could
have varying acclimatory capabilities. Although data from three species alone cannot
conclusively demonstrate that algae from different regions have different acclimatory
capabilities, they do illustrate considerable variation between species. Chaetoceros sp.
from the Antarctic Peninsula region showed a higher tolerance to PAR and UV-B
compared to the Ross Sea species. The former species showed an increase in
photosynthetic yield in response to increasing PAR and this was accompanied by a lack
of MAA production in response to the experimental levels of PAR, which indicates that
the two Ross Sea species have a higher tolerance to PAR compared to the Antarctic
Peninsula species. Chaetoceros sp. from the Antarctic Peninsula showed an increase in
photosynthetic yield in response to high UV-B exposures, accompanied by MAA

production and had no signs of photoinhibition.

A further experiment was conducted to address the weaknesses in the initial
methodologies, particularly related to control conditions in the short-term experiments.
Common species from the Ross Sea, Antarctic Peninsula and the Arctic were exposed to

a combination of increased PAR and UV-B over a period of seven days to compare



acclimatory abilities using PAM and SOD activity. Thalassiosira antarctica from the Ross
Sea, Chaetoceros socialis from the Antarctic Peninsula and C. socialis from the Arctic
showed no significant change in quantum yield over the incubation period. This further
highlights the importance of running experiments with compounding factors, as an
increase in one factor could alleviate the negative effect of the other. There was an
unexpected lack of change in SOD activity for all species under all treatments applied,
which could indicate that the levels of PAR and UV-B used were not high enough to
cause stress in these species. This work also points to the need to assay for various
antioxidants, as algae are known to rely on a network of antioxidants in their defence

against environmental stresses.

The data from this thesis clarify the influence of PAR, UV-B and temperature on sea ice
algae, and could help better evaluate the fate of these communities under various
climate change scenarios. This study has made important steps towards understanding
the acclimatory abilities of sea ice algae. Increasing knowledge of sea ice algal
physiology, particularly of photosynthetic health in response to environmental change,
will help improve predictions of productivity in the most productive ocean on this
planet. Algal tolerance to increasing PAR, UV-B and temperature is remarkable, and this
ability could be crucial in the context of future climate change. The productivity of these
autotrophic microorganisms strongly influences secondary production that ties their

fate to that of all other life in the Southern Ocean.



I would like fo dedicate this PhD fo the itwo niost
Important men in my lite:

My tather, Amarnath, without his inspiration, I would
not have had this dream

and

My grandtather, Govindaiah, without him, I would not
have realized this dream.




ACKNOWLEDGEMENTS

While PhDs are thought fo measure your intelligence, I have learnt that it really is a test of
endurance. One that I would have failed without all the support I received.

[ am extremely grateful to my mentor, supervisor and friend, Dr. Peter Convey for taking
me under his wings and showing faith in my abilities. Thank you for teaching me how to be
a scientist and never loosing faith. I would not have made it without you.

Thank you to my supervisor, Prof. Phil Lester for guiding me through this process and for
all the advice and motivation. You took me under your wings when I thought all was lost.

Dr. Claire Hughes and Associate Professor Else Hegeth for providing me with unialgal
cultures. Dr. Dalice Sim for endless hours of support and rescuing me from Statistics! David
Flynn for endless hours of help and company at the Electron Microscopy unit. Dr St John
Wakefield from Wellington Hospital for countless hours at the transmission electron
microscope. Thomas Krueger for helping me navigate the jungles of antioxidant assays.
Thank you Dr Mike Sparrow for the encouragement and proof reading my thesis.

All my fellow field researchers, thank you for all the help and company on the ice. Thank
you Antarctic NZ, expecially Shulamit Gordon and Paul Woodgate for all the logistic
support in the field.

The SBS community without whom I would have gone insane. Craig Doney, Shaun Graham,
Derek Heath, Neville Higgison, Alan Hoverd, Cameron Jack, Sushila Pillai and Chris Thorn
for helping me in the lab. Paul Marsden, Mary Murray, Mark Stephen and Lesley

Thompson for assisting me always. Sandra Taylor, for always rescuing me from anything
that came my way! At VUW, Shone de Sain, Maria Goncalves-Rorke, and Patricia Stein. Liz
Medford and Kent Smith for their unshakeable support and encouragement.

For funding, I would like to thank FRST grant VICX07-06, Victoria University, the Trans-
Antarctic Association, the Antarctic Research Center (VUW) Endowed Development Fund,
Education NZ, the Kathleen Stewart postgraduate award, Vice Chancellor Professor Pat
Walsh and Deputy Vice Chancellor (Research) Neil Quigley.

Assistant Vice Chancellor (Research) Charles Daugherty for helping me past the line. My
boss, Jon Winnall and Universities New Zealand for being incredibly supportive through
the hardest period of my lifel

My school teachers, Dr. Sudha Premnath and Mrs. Mallika Sen, you inspired and nurtured
me through all my formative years.

[ would like to thank my friends for tolerating and supporting me always. You know who
you are.

A special thank you to the Bhagavans, Milosevics and the Atreshes, you were my ‘family’
away from home and I'll never forget the number of times you have fed me! Wilbert, for
providing me refuge when I needed it most. I will never be able to thank you enough!

I would like to thank my family — thata, avva, amma and varsha for standing by me, not
only during my PhD, but also throughout my life. You believed in me even when I didn’t
believe in myself. For supporting me across the oceans, you guys are wonderful and I
couldn’t do it without you!

X7



TABLE OF CONTENTS

720 7] 1 1 U R
ACKNOWIedgemENtS.......cccvivercrees s mrssas s sessssse srasssas ns e svmsns sas snsses ns sns sns e svnans snssns sesss snssesl V
List of figures......cccc i i s s s s s s s s s s X
| T 0 3 = 1) PR 4 14 ) |
PN 0] 0) @37 - 10 10 01 ¢ ¢ b. 4

CHAPTER 1: Antarctic sea ice algae

1.1.  Seaice in ANTarCtiCa......ccci i s s sssseases L

1.2. 1.2 Effect of climate Change 0N SEA ICE....cumrnremessesssssessesssrsssrss see e es e e srsesssrsessssssssaseass 5

1.3.  Microbial diversity in sea ice and its role in the ecosystem...........cocccevvcvvninneiieiriinnn 7
1.4, MiCroalgae IN SEA ICE....mmmmrsmmesssess e et s et s s e e s s ssssassnss L O
1.5. The influence of PAR 0n s€a ice al@ae......cccicveviriiieiriin et e 14
1.6.  The effects of ultraviolet radiation (UVR) 0N S€a iCE..uuuirrerrirerireirriririiessir e e 16
1.7.  Other factors affecting sea ice algae..........ccurriiiiiiiiinici 21
1.8.  Ecological importance of sea ice algae..........ccuvriiir i 22
1.9, SCOPE Of ThESIS ettt e e 25
110, RELEIEICES ... ettt ettt et et este e s e see e s e sae e en e saeeense s ean e nneaneeseeeens 26

CHAPTER 2: Can bottom ice algae tolerate changes in PAR and temperature during
the melting of sea ice?

0 TR o 1] o i T PSPPSR 35

P20 1 oL 0 7o 11 Lot [ ) o FO TSSOSO 36
0 TR0 L L4 4 o 16 £ USSR 40
S T Y w0 T 720 B Yor= Y (o) o RSP 40
2.3.2. Field parameters and algal community taxonomic COMpOSition......cue cemeeessesssesseesns 40
2.3.3. Collection MethOds. ......coiiieeee ettt e e e e e e e e eeen 41
2.3.4. Algal Exposure Methodology ..o e 41
2.3.5. PAM fluorometry in bottom ice algae..........cocevriiiiiii i 42



2.3.5. 1. MEaSUTIEINEIL Of MA S ... e eee ettt ettt e e et ee e eeeeseessee e aesseseesseennnsaseessnesnn i senssseesnnnnnnin 44

2.3.5.2. ThylaKoid INEEGIILY ...ccuviiiiiee it e e e e e e s en e 44
2.3.6. StatistiCal ANALYSES....cciitiiii ittt e e e 45
2.4, RESUILS ..ot e e e e e 46

2.4.1. Field parameters and taxonomic COMpPOSIitioN.......cccceeeeericeriveiriss e e sersssssssssssssesssssssssesnnenn 40

2.4.2. Response of algae to temperature and light changes during melting of sea ice.......... 47
2 50770 N 0 10 1 o it 005 0 6 1<) o 47
2.4.2.2 RelatiVe ETRmax s e eeeeeerrerseraeesieeieessie s sueessess e sessaeseeessessessnesneees e snesneeeseessessnsseesnsensnes 52
2.4.2.3 MAAS oot ettt e ee £ ea e e e s £ ea e e e en e Re eaeeaeeene s e naeeneens 57
2.4.3. Higher temperature EXPOSUIES .......cceuuerseeruereeeesseeessesssesessensssessssessssesssessssessessssssssnens 60
7 0% 0 U0 1= 1 ot 0o ' (=) o 60
2.4.3.2 MAA PrOAUCLION ...cutiiecie ittt e s s es e e s e e sre s n s e e n s 62
2.4.4. ThylaKoid INEEEIIEY ..cccviirieii e e e e e s 65
BT D T oD 1) (0 ) o DO OPRPPN 67
2.6, REIEIEINICES ...ttt ettt ettt et et eae s e e e e eeeas e seeeenees saeens e e eneeeneeene 71

CHAPTER 3: Effects of increasing UV-B and temperature on bottom ice algae in the

Ross Sea
700 B o 1 o ¢ U o U OR YOS TP PP 77
I J7 0oL oo o 11 (ot 1o ) s WP REPY TP 77
T8 T 1Y =1 o Lo 1o £ PP P RO PP ORI 82
3.3.1. SEUAY LOCATION ...ttt sttt e e s e e s e e sre s en e sre e 82
3.3.2. Culture Methodology .......ccuuiiiii it s e 82
3.3.3. Sub-sampling, PAM fluorometry and statistical analysis.........c.ccccocrivrieininiinin i 83
B4 RESUIES .. e et et e e e e e e e e e e nee e s e eae £ eane e sn e s e eneeennneeneeeas 83
3.4.1. Field parameters and taxonomic COMPOSItiON.......cccrrieeriiriieeriensrens e eseies e e e 83
3.4.2. Cape EVAns 20710 ...t et s n e e nn e e nn e e s e e nn e e s 84
3.4.2.1. Exposure to UV-B level of 5 mW m-2 at three temperatures..........cccecceeveeerversveenienns 84
1 7R 90770 W00 TR 0 1 0P 1 o Lt 000 6 =) o 84
3.4.2.1.2. RelatiVe ETRmax. cceeseeseereerieersrenenseeeeersiesesseeseessesissee e ess e essaesnsessseessessnsenssesnesseens 87
3.4.2.2. Exposure to UV-B level of 5, 50 or 100mW m 2 at 2°C....cccecerieereniniinine e e e 90
3.4.2.2.1. QUANTUM YIEId .. oottt et e e e e n e e 90

3.4.2.2.2. RelatiVe ETRmax. .« oeereroriecieiisiies et s nn e e s nr e s e 92



3.4.2.2.3. MAA PrOQUCEION ..ottt s e e e e e s en e e sre s n e en s 94
ST D) T 01§ 1) (o ) o 97

ST e (<) (=) (oL TR 101

CHAPTER 4: The effects of PAR and UV-B on sea ice algal cultures from contrasting

areas of the Antarctic and Arctic

T ] 0 = o o TR 104
L 1 Y 0T L Tod U ) o U SRR 105
0 TR0 1= o o oY £ PP 111
4.3.1. Culture methodology .......ccceicriieiriiir i e e e srsssssssssessssssesssssssssssssessssssesenss L L L
4.3.2. Sub-sampling, PAM fluorometry and statistical analyses......c..cccccervvrrverrieniieinienin 112
A RESUIES ...ttt et et et e ae e hae s eae e e e e e ee e s e e e e eneen sreean e eanens 112
4.4.1. Effect of different PAR levels on Thalassiosira sp. and Fragilariopsis Sp...........cc....... 112
4.4.2. Effect of PAR on photosynthetic performance of Thalassiosira sp. and

FragilariOPSIs SP ...ucveeuiieesieiee ittt et ses et st ss s e sae s een e e shese e e e s n e nn s 114
4.4.3. Effect of UV-B on photosynthetic performance of Thalassiosira sp. and

FragilarioPsSis SP ....cuecueecee i eeiisieis e ettt et e e s nr e e sre e er e e sre s r e nn e e 122
4.4.4 Effect of PAR on photosynthetic parameters of Chaetoceros sp........c.cccccuuvceniniieinns 129

4.4.5 Effect of UV-B on photosynthetic parameters on Chaetoceros Sp. . ussmessmnessnnnn 132

4.5 IS CUSSIOMN . creureurresresseesseesreessesseessesseessesssesseessesssesssessesssessesssesseessesssesssessesssesssesssessessseas seessessesssesssessesssesssesnesses 135
4.5.1. Effect Of PAR ..ottt e e er e e s e e en e sre e 135
4.5.2. EffeCt Of UV=B ...ttt e e e e e e en e e e nn e e e enne e 137
S I 000 3 Tod 1013 o) 4 TSRS 142
4.6, REFEIEIICES ...t ettt ettt e st et e s e e see e s e e seeeenees sre e s e saeen 143

CHAPTER 5: Title: Photo-protective responses in polar unialgal cultures

Lot L 13 o 7 U ! 210

LSRZZ 6015 oo Yo 18 Lot {0} o LU 151
LI T LY <] o o Lo Yo KRR 156
5.3.1. Culture methodology .........ccuiiii it e e e es e e 156

5.3.2. Liht treatMents ......cccueiiucmmrmmeemnesssssesssesssssessssssessssssesssssssessssssessssssassssssssss e sssssssessssssssnssssssssnsns LD 7
5.3.3. Chlorophyll @ CONTENT ... s 157
5.3.4. Superoxide diSmMUtaSe ACTIVILY .. s 158



LTS 20 B 0= 5] T3 158

5.3.4.2. Superoxide diSMULASE (SOD)urmesessersesssesssssssssesssssssssssessesssssssssssssssssssssssssssssssssssssesns 158
5.3.5 Sub-sampling, PAM fluorometry, MAA analysis and statistical analyses.......couuunseseens 159
ST 2101 159

5.4.1. Effect of different light levels on the photosynthetic performance of Thalassiosira

antarctica (Ross Sea), Chaetoceros socialis (Antarctic Peninsula) and C. socialis

(AT CLIC) seuureusessressesssesssessssssessssssesssessssssesssessssssesssesssessesssessasssesssessesssesans sessessesssesssesaseensssessnsssnsnessnsssssasesnsssnsanes 159
5.4.1.1 QUanNtumM Yield (DPSII) . eeeeeereereereruenirierier et ere st ss s e e s e e sre e s e 161
5.4. 1. 2. TETRMax ceeeeerrerrerserserseesies e ettt 1 st ee s s s aes s e e e e e sn sresresreeneeneennennanes 164
5.4, 2. MAAS......coeeeseesseesseessessssseessess s e s e RS RS R AR ES £ 1 4 RS ER SRR SRR RR AR 167
5.4.3. ChIOTOPRYIL @..eeiieie e e et e e st e e sb e sre e e 167
5.4.4. SUperoxide diSIMULASE.......cccciirririiriee et e e e s e s en e e e 167

LT T B E Y0l 6 Fo7) o ) o TN A |
LTS A EY (<) =) (oL I 4o

CHAPTER 6: Title:Antarctic microalgae: physiological acclimation to environmental

change
B. 1. OVEIVIBW ...t iee ittt ettt e e e sae e s e s eas e s eae e esse s Sanae s sanse eseeeaneesan e e san e e nnneeen 180
O 74 6 1) 01 TN 184
6.3. FULUTE T@SEATCR ...t et e et e e e sre e e e 186
0.4 REIEIEIICES ... cue ettt ettt et et et e e st e es e sae e eeeaseea e snees sheean e e reeeeneen saeeennas 189

APPENDIX 1: Additional data from Chapter 2..........ccovnrmnn s e 193

APPENDIX 2: Additional data from Chapter 3..........cccinimnin e e nn 203

APPENDIX 3: Additional data from Chapter 4.........ccccceimnsnremsmesermmssssens ssssmsssssnssssssnass e 2 17

APPENDIX 4: Additional data from Chapter 5.........ccccnn e s s s s e 23 3



LIST OF FIGURES

CHAPTER 1

1.1: Pack ice and land-fast ice showing the major physical features and locations of

microbial habitats (Arrigo & Thomas, 2004).

1.2: Gradients of temperature, salinity and brine volume across an ice floe. The diagram

also shows the effect of snow cover on attenuation of PAR (Thomas & Dieckmann, 2002).

1.3: Simplified diagram of the ocean food web showing the dominant roles of the microbial
loop. The major fluxes of carbon and energy are represented by continuous lines and fluxes
of lesser magnitude are represented by broken lines. Mucus-net feeders such as salp are
separated from other mesozooplankton because of differences in feeding modes. Other
than the mucus-net feeders, mesozooplankton and fishes, represented by the blue boxes,
the remaining boxes represent organisms that make up the microbial loop, green boxes
representing photosynthetic and yellow representing heterotrophic organisms (from

Pomeroy et al, 2007).

1.4: Components of the biological pump responsible for transforming DIC into organic
biomass and pumping it in particulate or dissolved form into the deep ocean (from

Ducklow et al, 2007).

1.5: Hypothesised relationships between krill recruitment success and environmental (sea

ice) and biological factors (salp abundance, spawning and timing) (after Siegel et al., 2000).

1.6: Standard solar radiation energy spectrum at the Earth’s surface in the visible and
ultraviolet ranges. The UV spectrum in this standard contributes ~17% of the energy

between 250 nm and 700 nm. UV-A accounts for most of this energy, UV-B for 0.3% and



UV-C a non-detectable component. As wavelength decreases, biologically relevant action
spectra for damage increase exponentially. The action spectra for different biological
processes vary. UV-C causes considerably more DNA damage than UV-A and UV-B, whereas
UV-A and UV-B cause inhibition of photosynthesis (from (Gao & Garcia-Pichel, 2011)). No

units are shown in the diagram but are assumed to be representative of irradiance levels.

CHAPTER 2

2.1: (a) Map of the Ross Sea region and (b) Close up of Ross Sea indicating the three sea ice
collection locations of Terra Nova Bay, Granite Harbour and Cape Evans (Maps prepared by

P.Fretwell, BAS).

2.2: Quantum Yield (¢ppsi) of bottom ice algae measured at 0, 2, 4, 6, 12, 24 and 48 h.
Cultures were maintained at four PAR levels of 0, 1, 45 or 100 pmol m-2s-1 and at (a) -1°C,

(b) 2°C and (c) 5°C. Error bars indicate standard error.

2.3: Relative ETRmax of bottom ice algae at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were
maintained at four PAR levels of 0, 1, 45 or 100 umol m-2s-1 and at (a) -1°C, (b) 2°C and (c)

5°C. Error bars indicate standard error.

2.4: MAA production of bottom ice algae determined at 0 and 48 h. Cultures were
maintained at four PAR levels of 0, 1, 45 or 100 umol m-2s-1 and at (a) -1°C, (b) 2°C and (c)

5°C. Error bars indicate standard error.

2.5: Quantum yield (¢ppsu) of bottom ice algae determined at 0, 2, 4, 6, 12, 24 and 48 h. The
incubation at 4°C ran for 72 h. Cultures were maintained at three PAR levels of 1, 45 or 100

pmol m-2s-1and at (a) 4°C, (b) 14°C and (c) 24°C. Error bars indicate standard error.

Xi



2.6: MAA production of bottom ice algae determined at 0 and 48 h. The incubation at 4°C

ran for 72 h. Cultures were maintained at three PAR levels of 1, 45, 100 pmol m-2s-1 and at

(a) 4°C, (b) 14°C and (c) 24°C. Error bars indicate standard error.

2.7: Changes in photosynthetic parameters with increase in temperature. (a) Change in
quantum yield. (b) Change in initial fluorescence. T. is the critical temperature where
permanent damage is initiated and there is irreversible reduction in maximum quantum
yield, and Ty is the temperature at which there is complete loss of photosynthesis and

maximum quantum yield becomes zero.

CHAPTER 3

3.1: Quantum Yield (¢ppsi) of bottom ice algae at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were
maintained at 5 mW m-2UV-B and either 1 umol m-2s-1 or at 0 pmol m2s! at (a) -1°C, (b)

2°C and (c) 5°C. Error bars indicate standard error.

3.2: Relative ETRmax of bottom ice algae at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were
maintained at 5 mW m-2UV-B and 1 pumol m-2s-1 or at 0 pmol m2 s-1at (a)1°C, (b) 2°C and

(c) 5°C. Error bars indicate standard error.

3.3: Quantum yield of bottom ice algae at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were
maintained at (a) 50 mW m-2UV-B and a PAR level of 1 pumol m-2s-1or at 0 pmol m-2s-1 and
(b) 100 MW m-2UV-B and a PAR level of 1 umol m-2s-1 or at 0 pmol m-2s-1. Error bars

indicate standard error.

3.4: rETRmax of bottom ice algae at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were maintained at
(a) 50 mW m2UV-B and a PAR level of 1 pmol m2s-1 or at 0 umol m-2s-1 and (b) 100 mW
m2UV-B and a PAR level of 1 umol m2s-1 or at 0 umol m-2s-1. Error bars indicate standard

error.

xii



3.5: MAA production in bottom ice algae at 0 and 48 h. Cultures were maintained at (a) 5
mW m-2UV-B and a PAR level of 1 pmol m-2st or at 0 pmol m-2s-1 and (b) 50 mW m-2UV-B
and a PAR level of 1 pmol m-2s1 or at 0 pmol m-2s1 (¢) 100 mW m-2UV-B and a PAR level of

1 umol m-2s-1 or at 0 pmol m-2s-1. Error bars indicate standard error.

CHAPTER 4

4.1: Quantum Yield (¢ppsu) at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were maintained at PAR
levels of 0, 1, 45 or 100 umol m2 s-1, for (a) Thalassiosira sp. and (b) Fragilariopsis sp. Error

bars indicate standard error.

4.2: Relative ETRmax determined at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were maintained at
PAR levels of 0, 1, 45 or 100 umol m-2 s-1, for (a) Thalassiosira sp. and (b) Fragilariopsis sp.

Error bars indicate standard error.

4.3: MAA production determined at 0 and 48 h. Cultures were maintained at PAR levels of
0,1, 45 or 100 umol m-2 s-1 for (a) Thalassiosira sp. and (b) Fragilariopsis sp. Error bars

indicate standard error.

4.4: Quantum Yield (¢ppsu) at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were maintained in the
dark and at 0, 50 mW m-2 or 150 mW m= UV-B and a PAR level of 1 umol m2s-1 for the 2
UV-B treatments, for (a) Thalassiosira sp. and (b) Fragilariopsis sp. Error bars indicate

standard error.
4.5: Relative ETRmax at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were maintained at 0, 50 mW m-2,

150 mW m2 UV-B and a PAR level of 1 umol m-2s-1 for the 2 UV-B treatments, for (a)

Thalassiosira sp. and (b) Fragilariopsis sp. Error bars indicate standard error

Xiii



4.6: MAA production determined at 0 and 48 h. Cultures were maintained at 0, 50 mW m-2,
150 mW m-2and a PAR level of 1 pmol m-2s-1 for the 2 UV-B treatments, for (a) for

Thalassiosira sp. and (b) Fragilariopsis sp. Error bars indicate standard error.

4.7: Photosynthetic parameters of Chaetoceros sp. at 0, 2, 6, 12, 24 and 48 h. Cultures were
maintained at PAR levels of 0, 1, 45 or 100 pumol m-2 s-! and the graphs indicate (a) ¢psi, (b)

Relative ETRmax, (c) MAAs. Error bars indicate standard error.

4.8: Photosynthetic parameters of Chaetoceros sp. at 0, 2, 4, 6, 12, 24 and 48 h. Cultures
were maintained in the dark and at 50 mW m-2 and 150 mW m-2 UV-B and a PAR level of 1
umol m-2s-1 and the graphs indicate (a) drpsi, (b) rETRmax, (c) MAAs. Error bars indicate

standard error.

CHAPTER 5

5.1: Quantum Yield (¢psn) at 0, 2, 4, 6,12, 24,48, 72,96, 120, 144 and 168 h. Cultures were
maintained at different combinations of PAR and UV-B levels (0 pmol m-2 s-1; 1 pumol m-2 s-1;
45 pmol m=2 s'Tand 50 mWm-2; 100 pumol m-2 s-1 and 100 mWm-2), for (a) Thalassiosira
antarctica (Ross Sea), (b) Chaetoceros socialis (Antarctic Peninsula) and (c) C. socialis

(Arctic Ocean). Error bars indicate standard error.

5.2: tTETRmaxat 0, 2,4, 6,12, 24,48, 72,96, 120, 144 and 168 h. Cultures were maintained at
light levels (0 pumol m2 s1; 1 umol m2 s-1; 45 umol m-2 s'1and 50 mWm-2; 100 umol m-2 s-1
and 100 mWm-2), for (a) Thalassiosira antarctica (Ross Sea), (b) Chaetoceros socialis

(Antarctic Peninsula) and (c) C. socialis (Arctic Ocean). Error bars indicate standard error.

5.3: SOD activity per cell at 0, 48, and 168 h. Cultures were maintained at different
combinations of PAR and UV-B levels (0 pmol m-2 s-1; 1 pmol m-2 s-1; 45 pmol m2 s-1and 50

mWm-2; 100 pumol m-2 s-1 and 100 mWm-2), for (a) Thalassiosira antarctica (Ross Sea), (b)
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Chaetoceros socialis (Antarctic Peninsula) and (c) C. socialis (Arctic Ocean). Error bars

indicate standard error.

APPENDIX 1

A1.1: Photosynthetic efficiency () of bottom ice algae at 0, 2, 4, 6, 12, 24 and 48 h. Cultures
were maintained at four PAR levels of 0, 1, 45 or 100 pmol mZ2 st and at (a) -1°C, (b) 2°C

and (c) 5°C. Error bars indicate standard error.

A1.2: Photoacclimation Index (Ex) of bottom ice algae at 0, 2, 4, 6, 12, 24 and 48 h. Cultures
were maintained at four PAR levels of 0, 1, 45 or 100 pmol m2st and at (a) -1°C, (b) 2°C

and (c) 5°C. Error bars indicate standard error.

A2: Algal cell sections as viewed under the transmission electron microscope, showing (a)
An entire algal cell with a chloroplast at the left margin and (b) Details of thylakoids in the

chloroplast.

APPENDIX 2

A2.1: Photosynthetic efficiency (a) of bottom ice algae at 0, 2, 4, 6, 12, 24 and 48 h. Cultures
were maintained at 5 mW m-2and 1 pmol m-2s-1 or at 0 pmol m-2s-1 (a) -1°C, (b) 2°C and (c)

5°C. Error bars indicate standard error.

A2.2: Saturation irradiance (Ex) of bottom ice algae at 0, 2, 4, 6, 12, 24 and 48 h. Cultures
were maintained at 5 mW m-2and 1 pmol m-2s-1 or at 0 pmol m-2s1 (a) -1°C, (b) 2°C and (c)

5°C. Error bars indicate standard error.
A2.3: MAA production of bottom ice algae determined at 0 and 48 h. Cultures were

maintained at 5 mW m-2UV-B and a PAR level of 1 uE m-2s-1 at (a) -1°C, (b) 2°C and (c) 5°C.

Error bars indicate standard error.
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A2.4: Photosynthetic efficiency (o )of bottom ice algae at 0, 2, 4, 6, 12, 24 and 48 h. Cultures
were maintained at (a) 50 mW m-2UV-B and a PAR level of 1 pumol m-2s-1 or at 0 pmol m-2s-
Land (b) 100 mW m-2UV-B and a PAR level of 1 pmol m-2s-1 or at 0 pmol m-2s-L. Error bars

indicate standard error.

A2.5: Saturation irradiance (Ex) of bottom ice algae at 0, 2, 4, 6, 12, 24 and 48 h. Cultures
were maintained at (a) 50 mW m-2UV-B and a PAR level of 1 pmol m-2s-1 or at 0 pmol m-2s-
Land (b) 100 mW m-2UV-B and a PAR level of 1 umol m-2s-1 or at 0 umol m-2s-1, Error bars

indicate standard error.

APPENDIX 3

A3.1: Photosynthetic efficiency (a) determined at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were
maintained at PAR levels of 0, 1, 45 or 100 pE m2 s-1 for (a) Thalassiosira sp. and (b)

Fragilariopsis sp. Error bars indicate standard error.

A3.2: Saturation irradiance (Ex) determined at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were
maintained at PAR levels of 0, 1, 45 or 100 pE m2 s-1 for (a) Thalassiosira sp. and (b)

Fragilariopsis sp. Error bars indicate standard error.

A3.3: Photosynthetic efficiency at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were maintained at 0,
50 mW m-2, 150 mW m-2 UV-B and a PAR level of 1 pE m-2s-1 for (a) Thalassiosira sp. and

(b) Fragilariopsis sp. Error bars indicate standard error.
A3.4: Photacclimation Index (Ex) at 0, 2, 4, 6, 12, 24 and 48 h. Cultures were maintained at

0,50 mW m-2, 150 mW m-2 UV-B and a PAR level of 1 uE m-2 s-1 for (a) Thalassiosira sp. and

(b) Fragilariopsis sp. Error bars indicate standard error.
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A3.5: (a) Photosynthetic Efficiency (a) and (b) Saturation irradiance (Ex) determined at 0,
2,4,6,12,24 and 48 h. Cultures were maintained at PAR levels of 0, 1, 45 or 100 pE m-2 s-1

for Chaetoceros sp. Error bars indicate standard error.

A3.6: (a) Saturation irradiance () and (b) Photacclimation Index (Ex) at 0, 2, 4, 6, 12, 24
and 48 h. Cultures were maintained at 0, 50 mW m-2, 150 mW m-2 UV-B and a PAR level of 1

UE m-2 s'1 for Chaetoceros sp. Error bars indicate standard error.

APPENDIX 4

Fig A4.1. Alpha(a) at0, 2,4, 6,12,24,48,72,96,120, 144 and 168 h. Cultures were
maintained at light levels (0 pmol m2 s-1; 1 pumol m=2 s1; 45 umol m2 sand 50 mWm-Z;
100 pmol m2 st and 100 mWm-2), for (a) Thalassiosira antarctica (Ross Sea), (b)
Chaetoceros socialis (Antarctic Peninsula) and (c) C. socialis (Arctic Ocean). Error bars

indicate standard error.

Fig A4.2. Ex at 0, 2,4,6,12,24,48,72,96,120, 144 and 168 h. Cultures were maintained at
light levels (0 pmol m-2 s1; 1 umol m-2 s1; 45 pmol m2 s-1and 50 mWm-2; 100 pmol m2 s-1
and 100 mWm-2), for (a) Thalassiosira antarctica (Ross Sea), (b) Chaetoceros socialis

(Antarctic Peninsula) and (c) C. socialis (Arctic Ocean). Error bars indicate standard error.
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