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Abstract
Antarctic waters are amongst the most vulnerable in the world to ocean acidification
due to their cold temperatures, naturally low levels of calcium carbonate and upwelling
that brings deep CO2 -rich waters to the surface. A meta-analysis demonstrated groups
of Antarctic marine biota in waters south of 60 S have a range of tolerances to ocean
acidification. Invertebrates and phytoplankton showed negative effects above 500 µatm
and 1000 µatm CO2 respectively, while bacteria appear tolerant to elevated CO2 . Phytoplankton studied as part of a natural microbial community were found to be more
sensitive than those studied as a single species in culture. This highlights the importance of community and ecosystem level studies, which incorporate the interaction and
competition among species and trophic levels, to accurately assess the effects of ocean
acidification on the Antarctic ecosystem.
Antarctic marine microbes (comprising phytoplankton, protozoa and bacteria) drive
ocean productivity, nutrient cycling and mediate trophodynamics and the biological
pump. While they appear vulnerable to changes in ocean chemistry, little is known
about the nature and magnitude of their responses to ocean acidification, especially for
natural communities. To address this lack of information, a six level, dose-response
ocean acidification experiment was conducted in Prydz Bay, East Antarctica, using 650
L incubation tanks (minicosms). The minicosms were filled with Antarctic nearshore
water and adjusted to a gradient of carbon dioxide (CO2 ) from 343 to 1641 µatm. Microscopy and phylogenetic marker gene sequence analysis found the microbial community composition altered at CO2 levels above approximately 1000 µatm. The CO2 induced responses of microeukaryotes (>20 µm) and nanoeukaryotes (2 to 20 µm) were
taxon-specific. For diatoms the response of taxa was related to cell size with micro-sized
diatoms (>20 µm) increasing in abundance with moderate CO2 (506 to 634 µatm),
while above this level their abundance declined. In contrast, nano-size diatoms (<20
µm) tolerated elevated CO2 . Like large diatoms, Phaeocystis antarctica increased in
abundance between 343 to 634 µatm CO2 but fell at higher levels. 18S and 16S rDNA
sequencing showed that picoeukaryotic and prokaryotic composition was unaffected by
CO2 , despite having higher abundances at CO2 levels 634 µatm. This was likely due
to the lower abundance of heterotrophic nanoflagellates at CO2 levels exceeding 953
µatm, which reduced the top-down control of their pico- and nanoplanktonic prey. As a
result of the differences in the tolerance of individual taxa/size categories, CO2 caused a
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significant change in the microbial community structure to one dominated by nano-sized
diatoms, picoeukaryotes and prokaryotes.
Based on the CO2 -induced changes in the microbial community, modelling was performed to investigate the future effects of different levels of elevated CO2 on the structure and function of microbial communities in Antarctic coastal systems. These models
indicate CO2 levels predicted toward the end of the century under a“business as usual
scenario” elicit changes in microbial composition, significantly altering trophodynamic
pathways, reducing energy transfer to higher trophic levels and favouring respiration of
carbon within the microbial loop. Such responses would alter elemental cycles, jeopardise the productivity that underpins the wealth and diversity of life for which Antarctica
is renowned. In addition, it would reduce carbon sequestration in coastal Antarctic waters thereby having a positive feedback on global climate change.

This thesis contains no material which has been accepted for a degree or
diploma by the University or any other institution, except by way of background information and duly acknowledged in the thesis, and to the best
of my knowledge and belief no material previously published or written by
another person except where due acknowledgement is made in the text of
the thesis, nor does the thesis contain any material that infringes copyright.

Signed:
Alyce Meredith Hancock
Date: 21 June, 2019

The publisher of the paper comprised in Chapter 3 hold the copyright for
that content, and access to the material should be sought from the respective
journals. The remaining non published content of the thesis may be made
available for loan and limited copying and communication in accordance
with the Copyright Act 1968.

Signed:
Alyce Meredith Hancock
Date: 21 June, 2019

Statement of Co-Authorship
The following people contributed to the publication of work undertaken as part of this
thesis:

Chapter 3 (Ocean acidification changes the sturcture of an Antarctic coastal protistan
community):
• Alyce M. Hancock, University of Tasmania (82%)
• Andrew T. Davidson, Australian Antarctic Division (8%)
• John McKinlay, Australian Antarctic Division (5%)
• Andrew McMinn, University of Tasmania (1%)
• Kai G. Schulz, Southern Cross University (3%)
• Rick van den Enden, Australian Antarctic Division (1%)

Details of the authors roles:
ATD designed the research and led the minicosm experiment at Davis Station, Antarctica and all carbonate chemistry measurements, calculations and manipulations were
performed by KGS. ATD collected the samples during the experiment and AMH performed all light and electron microscopy work with assistance from ATD and RLvdE.
AMH conducted the data and statistics analysis using R code and the statistical approach
was developed by JM. ATD and JM provided assistance and guidance with data and statistical analysis and interpretation. AMH prepared the manuscript with contributions
from all co-authors.

vu
We, the undersigned, agree with the above stated "proportion of work undertaken" for
each of the above published peer-reviewed manuscripts contributing to this thesis:

Signed:
Prof. Andrew McMinn
Primary Supervisor
Professor of Antarctic Science
Institute for Marine and Antarctic Studies
Associate Dean Global, College of Science and
Engineering University of Tasmania
Date: 21 June, 2019

Signed: _·
Prof. Craig

_____

Head, Ecology & Biodiversity Centre
Associate Director
Institute for Marine and Antarctic Studies
University of Tasmania
Date:

Nov 12, 2019

Acknowledgements
I would like to sincerley thank all my PhD supervisors, Professor Andrew McMinn,
Dr Andrew Davidson, Professor John Bowman and Dr Paul Dennis, for their continual
support, guidance and advice through my PhD. A special thanks to Andrew Davidson,
Clobbs, for his massive support prior and during my PhD. Despite being retired for
much of my PhD, Clobbs was always there to support me, be someone for me to bounce
ideas off, provide guidance and advice and help me through all the good times and bad
of the PhD. Clobbs always has a welcome smile, kind word to say and is one of the
most sincere people I know. I am proud to have been one of Clobbs’ PhD students, a
Clobbette, and apart of Clobbs’ final trip to Antarctica. I hope to inspire, support and
guide students of my own in the future, in the way that Clobbs has all of his.
In addition to my supervisors there have been many valued advisors during my PhD who
have provided guidance and technical assistance, without which I would not have been
able to complete the work I have. Rick van den Enden for his assistance and support in
the scanning electron microscopy work and Dr Kai Schulz for his expertise in carbonate
chemistry and reviewing publications. Dr Cath King and Dr Jonny Stark for agreeing to
work with me on the meta-analysis and support me with the knowledge of the Antarctic
ecosystem, non-microbial organisms and guidance in conducting and writing the metaanalysis. A special thanks to John McKinlay, who despite being having an already very
busy workload, provided an immense amount of advice, guidance and support in all
the statistical analysis conducted as part of the PhD. Dr Jess Melbourne-Thomas for
assisting and guiding the qualitative network modelling work conducted. Thank you to
my GRCs for all your support throughout the PhD; Kelvin Michael, Simon Wotherspoon
and especially Delphine Lannuzel.
Thank you to all of the minicosm experiment members for allowing me to join their
team at Davis and continuing to support me throughout the PhD; Dr Andrew Davidson,
Dr Kai Schulz, Dr Katherina Petrou, Dr Stacy Deppeler, Cristin Sheehan and Penelope
Pascoe. Thank you to the Helicopter Resources team for the collection of the seawater used in the experiment, without which we wouldn’t have had the fabulous microbial
community that allowed such amazing results from the experiment. Thank you to all the
Davis Station 2014/15 summer expeditioners for their support and assistance through
the minicosm experiment. In particular, thank you to the “lingerers” for lingering with
me over the summer. A huge thank you to Sarah Payne, who took over running our

project at Davis during the minicosm experiment so I could be part of this amazing experiment. Thank you also to the Australian Antarctic Division marine microbial group;
Dr Andrew Davidson, Dr Simon Wright, Dr Karen Westwood, Dr Imogen Pearce, Dr
Stacy Deppeler and Rick van den Enden, for being a great work group to be apart of
during my PhD.
No PhD is possible without an incredible support network both of supervisors and advisors, but also personal network to celebrate your highlights and be there during the
hards times. Thank you to Stacy Deppeler who not only was a fantastic co-member of
the minicsom team, lab-buddy, coffee/tea and lunch mate, someone to chat, cry, celebrate and rage with, Tassie and New Zealand adventure partner and so much more. To
Eva Cougnon and Javier Porobic, thank you for the many lunches and coffees that kept
me sane, for always having the best advice during my PhD particularly when it came to
anything coding related! Thank you for the many camping adventures, dinners, hikes,
fishing trips and being all round amazing friends. You guys always made sure I was
supported during my PhD and kept me sane throughout (well mostly!). Thank you to
my amazing housemate through the early stages of my PhD, Julie Janssens, for being
a smiling face and fantastic company to come home to, your many cute messages on
the fridge chalkboard, for the best friend anyone could ask for and of course, Belgium
waffles. Thank you to all the other students and researchers at IMAS for creating a great
workplace to do your PhD.
A very special thank you to my partner, Josh Foster. Whilst the PhD was often a hard,
and you struggled to understand what I was doing, you were always there for me. You
moved down to Tasmania, created a life for us in Hobart and made sure I had a loving
house to come home to everynight. Thank you to my family, Mum, Dad and Michelle,
for always being there on the other side of the phone when I needed someone to talk to
and providing me all the oppotunities that led me to be where I am today. Lastly, thank
you Bandit for always being an excited, wagging and happy (if demanding) face when
I get home.
To my many funding sources, thank you for providing me the opportunity to conduct this
research and PhD. The Australian Government Department of Environment and Energy
as part of the Australian Antarctic Science project 4026 at the Australian Antarctic Division, the Australian Research Council’s Special Research Initiative for Antarctic Gateway Partnership (Project ID SR140300001), and the Antarctic Climate and Ecosystems
Cooperative Research Centre (ACE CRC).
Finally, thank you to whoever reads the acknowledgements this far and I hope you can
share my graditude to the many people/groups I have thanked above.

TABLE OF CONTENTS
TABLE OF CONTENTS

i

LIST OF TABLES

v

LIST OF FIGURES

ix

1

Introduction

1

1.1

Ocean Acidification Background . . . . . . . . . . . . . . . . . . . . .

1

1.2

Ocean Acidification Studies Past to Present . . . . . . . . . . . . . . .

5

1.3

Effect of Ocean Acidification on Marine Organisms . . . . . . . . . . .

6

1.4

Importance of Marine Microbes . . . . . . . . . . . . . . . . . . . . .

9

1.5

Effect of Ocean Acidification on Marine Microbes . . . . . . . . . . . .

11

1.6

Multiple Stressors . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

13

1.7

Thesis Aims and Structure . . . . . . . . . . . . . . . . . . . . . . . .

14

2

Effects of ocean acidification on Antarctic marine organisms: a meta-analysis 18
2.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

19

2.2

Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

20

2.2.1

Data selection and suitability criteria . . . . . . . . . . . . . . .

20

2.2.2

CO2 treatment levels and organism responses . . . . . . . . . .

21

2.2.3

Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . .

22

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

25

2.3.1

31

2.3

Bacteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
i

TABLE OF CONTENTS

2.4

3

ii

2.3.2

Phytoplankton . . . . . . . . . . . . . . . . . . . . . . . . . .

32

2.3.3

Macroalgae . . . . . . . . . . . . . . . . . . . . . . . . . . . .

35

2.3.4

Invertebrates . . . . . . . . . . . . . . . . . . . . . . . . . . .

37

2.3.5

Fish . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

37

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

39

2.4.1

Bacteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

40

2.4.2

Phytoplankton . . . . . . . . . . . . . . . . . . . . . . . . . .

41

2.4.3

Macroalgae . . . . . . . . . . . . . . . . . . . . . . . . . . . .

43

2.4.4

Invertebrates . . . . . . . . . . . . . . . . . . . . . . . . . . .

44

2.4.5

Fish . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

46

2.4.6

Conclusions and Future Directions . . . . . . . . . . . . . . . .

46

Ocean acidification changes the structure of an Antarctic coastal protistan
community
49
3.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50

3.2

Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

52

3.2.1

Minicosm operation . . . . . . . . . . . . . . . . . . . . . . .

52

3.2.2

Carbonate chemistry manipulation, measurements and
calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . .

54

3.2.3

Macronutrients sampling and measurements . . . . . . . . . . .

55

3.2.4

Protistan community structure . . . . . . . . . . . . . . . . . .

55

3.2.5

Statistical analysis . . . . . . . . . . . . . . . . . . . . . . . .

58

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

59

3.3.1

Protistan community overview . . . . . . . . . . . . . . . . . .

59

3.3.2

Species-specific ƒCO2 tolerances . . . . . . . . . . . . . . . .

59

3.3.3

Community-level responses . . . . . . . . . . . . . . . . . . .

67

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

74

3.4.1

Acclimation to high ƒCO2 . . . . . . . . . . . . . . . . . . . .

74

3.4.2

Autotrophic protist taxa-specific responses . . . . . . . . . . .

74

3.4.3

Response of heterotrophic protists . . . . . . . . . . . . . . . .

77

3.3

3.4

TABLE OF CONTENTS

3.4.4
3.5
4

Community-level responses . . . . . . . . . . . . . . . . . . .

77

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

79

Effect of ocean acidification on an Antarctic marine microbial community
structure: a molecular approach
81
4.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

82

4.2

Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

84

4.2.1

Experimental Design . . . . . . . . . . . . . . . . . . . . . . .

84

4.2.2

Sample Collection . . . . . . . . . . . . . . . . . . . . . . . .

84

4.2.3

DNA Extraction and Sequencing . . . . . . . . . . . . . . . . .

85

4.2.4

Bioinformatics . . . . . . . . . . . . . . . . . . . . . . . . . .

86

4.2.5

Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . .

87

4.2.6

Network analysis . . . . . . . . . . . . . . . . . . . . . . . . .

87

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

89

4.3.1

Eukaryotic Microbial Community . . . . . . . . . . . . . . . .

89

4.3.2

Prokaryotic Microbial Community . . . . . . . . . . . . . . . .

97

4.3

4.4

4.5
5

iii

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.4.1

Micro- and Nanoeukaryotes . . . . . . . . . . . . . . . . . . . 102

4.4.2

Picoeukaryotes . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.4.3

Prokaryotes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.4.4

Molecular approach . . . . . . . . . . . . . . . . . . . . . . . 106

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

Implications of CO2 -induced change in Antarctic marine microbial communities for the Antarctic coastal food web and biological pump: insights
from network modelling
109
5.1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.2

Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
5.2.1

Experimental Design . . . . . . . . . . . . . . . . . . . . . . . 111

5.2.2

Model development . . . . . . . . . . . . . . . . . . . . . . . . 112

TABLE OF CONTENTS

5.3

5.4

5.5
6

iv

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
5.3.1

The 506-634 µatm Scenario . . . . . . . . . . . . . . . . . . . 120

5.3.2

The 953-1140 µatm Scenario . . . . . . . . . . . . . . . . . . . 121

5.3.3

The 1641 µatm Scenario . . . . . . . . . . . . . . . . . . . . . 121

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
5.4.1

Trophodynamics . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.4.2

Bacterial abundance . . . . . . . . . . . . . . . . . . . . . . . 125

5.4.3

Macronutrient availability and remineralisation . . . . . . . . . 126

5.4.4

Biological Pump . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.4.5

Caveats and Future Steps . . . . . . . . . . . . . . . . . . . . . 129

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

Conclusion

132

A Supplementary Material: Effects of ocean acidification on Antarctic marine organisms: a meta-analysis
137
B Supplementary Material: Ocean acidification changes the structure of an
Antarctic coastal protistan community
160
C Supplementary Material: Effect of ocean acidification on Antarctic marine
bacterial, archaeal and microeukaryotic communities
167
D Supplementary Material: CO2 -induced microbial community structural
change has cascading effects for the Antarctic nearshore ecosystem
182
E Supplementary Material: Conclusion

185

REFERENCES

188

LIST OF TABLES
2.1

Biological responses used for each taxonomic group in the meta-analysis. 23

2.2

The effect of ocean acidification on bacteria, phytoplankton, macroalgae, invertebrates and fish at different CO2 levels. Responses are either
positive (green), negative (red), no effect (grey), or no data (blank). Responses based on few data points with consequently high variance are
marked with *. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

30

Threshold levels of CO2 (µatm) for a range of biological responses for
phytoplankton separating results of studies on single species from those
at a community-level. Responses are either negative (red), no effect
(grey) or uncertain/no data (blank). . . . . . . . . . . . . . . . . . . . .

35

3.1

Protistan group abbreviations. . . . . . . . . . . . . . . . . . . . . . .

57

3.2

Canonical analysis of principal coordinates (CAP) axis significance against
covariates. Permutation tests assessing the significance of each constrained axis in CAP using the covariates ƒCO2 , P and Si as constraints
upon community structure. . . . . . . . . . . . . . . . . . . . . . . . . 73

3.3

Permutation tests assessing the significance of each environmental covariate (constraint) in determining protistan community structure using
principal co-ordinates (CAP), with significance of each term when (a)
sequential added (b) marginal effects for ƒCO2 , P and Si. . . . . . . . .

2.3

4.1

73

Canonical analysis of principal coordinates (CAP) axis significance against
covariates. Permutation tests assessing the significance of each constrained axis in CAP using the covariates ƒCO2 , P and Si as constraints
upon eukaryotic community structure of the 3.0 µm fraction. . . . . . . 95

v

LIST OF TABLES

4.2

Permutation tests assessing the significance of each environmental covariate (constraint) in determining eukaryotic community structure of
the 3.0 µm fraction using principal co-ordinates (CAP), with significance of each term when (a) sequential added (b) marginal effects for
ƒCO2 , P and Si. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vi

95

5.1

Microbial loop and Antarctic ecosystem interactions represented in the
overarching model (Figure 5.1). . . . . . . . . . . . . . . . . . . . . . 114

5.2

Variable data included in the network models from the minicosm experiment, variables with no experimental observations and those to be
tested by the model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.3

Experimental outcomes that each simulation had to meet for the three
ƒCO2 scenarios. ‘+’ indicates a positive response and ‘-’ a negative
response. No outcome was specified for Fragilariopsis (>20 µm) in the
506-634 µatm scenario as there was no discernible response for these
taxa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

A.1 Database search strategy with main themes (top line) and synonyms
below. Searches were conducted using ‘and’ betwee columns and ‘or’
between rows for each column e.g. ocean or marine and acid* or pH
and “Southern Ocean”. For Scopus database “ ” were replaced with { }. 137
A.2 Q test and random effects model results for bacteria. . . . . . . . . . . . 151

A.3 Q test and random effects model results for phytoplankton. CO2 levels
are in µatm, Pos = positive effect, Neg = negative effect, and NE = no
effect. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
A.4 Q test and random effects model results for macroalgae. . . . . . . . . . 156
A.5 Q test and random effects model results for invertebrates. . . . . . . . . 157
A.6 Q test and random effects model results for fish. . . . . . . . . . . . . . 159
B.1 Measurements of seawater conditions at time of sampling from Prydz
Bay, East Antarctica (19th November 2014). Data are mean ± one standard deviation of all six minicosm measurements. . . . . . . . . . . . . 161
B.2 Mean carbonate chemistry speciation of pHT and DIC (measured) and
ƒCO2 and practical alkalinity (PA, calculated) for each minicosm tank
after acclimation (days 8 to 18). Data are mean ± one standard deviation
of day 8 to 18 measurements in each minicosm. . . . . . . . . . . . . . 161

LIST OF TABLES

vii

C.1 Analysis of variance (ANOVA) of full model with covariates (a) ƒCO2 ,
NOx , P and Si and (b) reduced model ƒCO2 and NOx determining eukaryotic community structure of the 0.1 µm fraction using principal coordinates (CAP). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
C.2 Canonical analysis of principal coordinates (CAP) axis significance against
covariates. Permutation tests assessing the significance of each constrained axis in CAP using the covariates ƒCO2 and NOx as constraints
upon eukaryotic community structure of the 0.1 µm fraction. . . . . . . 172
C.3 Permutation tests assessing the significance of each environmental covariate (constraint) in determining eukaryotic community structure of
the 0.1 µm fraction using principal co-ordinates (CAP), with significance of each term when (a) sequential added (b) marginal effects for
ƒCO2 and NOx . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
C.4 Analysis of variance (ANOVA) of full model with covariates (a) ƒCO2 ,
NOx , P and Si and (b) reduced model ƒCO2 , NOx and P determining
prokaryotic community structure of the 3.0 µm fraction using principal
co-ordinates (CAP). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
C.5 Canonical analysis of principal coordinates (CAP) axis significance against
covariates. Permutation tests assessing the significance of each constrained axis in CAP using the covariates ƒCO2 , NOx and P as constraints upon prokaryotic community structure of the 3.0 µm fraction. . 177
C.6 Permutation tests assessing the significance of each environmental covariate (constraint) in determining prokaryotic community structure of
the 0.1 µm fraction using principal co-ordinates (CAP), with significance of each term when (a) sequential added (b) marginal effects for
ƒCO2 , NOx and P. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
C.7 Analysis of variance (ANOVA) of full model with covariates (a) ƒCO2 ,
NOx , P and Si and(b) reduced model ƒCO2 and P determing prokaryotic
community structure of the 0.1 µm fraction using principal co-ordinates
(CAP). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
C.8 Canonical analysis of principal coordinates (CAP) axis significance against
covariates. Permutation tests assessing the significance of each constrained axis in CAP using the covariates ƒCO2 and P as constraints
upon prokaryotic community structure of the 0.1 µm fraction. . . . . . . 180

LIST OF TABLES

viii

C.9 Permutation tests assessing the significance of each environmental covariate (constraint) in determining prokaryotic community structure of
the 0.1 µm fraction using principal co-ordinates (CAP), with significance of each term when (a) sequential added (b) marginal effects for
ƒCO2 and P. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
E.1 Summary of results from the all four ocean acidification minicosm experiments conducted at Davis Station, East Antarctica. . . . . . . . . . 186
E.2 Summary of results from the ocean acidification minicosm experiment
conducted at Davis Station, East Antarctica in December 2014. . . . . . 187

LIST OF FIGURES
1.1

1.2

1.3

2.1

2.2

2.3

2.4

Predicted changes in the surface ocean carbonate system in response to
changes in atmospheric CO2 assuming the IS92a scenario (from Rost
et al. 2008). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3

Present state of knowledge and areas of needs. Red arrows indicate the
direction where we need to expand our understanding (from Riebesell
and Gattuso 2014). . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7

Microbial loop as originally described in Fenchel (2008). DOC refers
to dissolved organic matter. . . . . . . . . . . . . . . . . . . . . . . . .

10

All studies on the effect of ocean acidification on marine organisms
south of 60 S included in the meta-analysis. Pie charts display the relative number of studies per organism at that location. The size of the pie
reflects the total number of studies at that location. Figure created using
the R package ”SOmap” (Maschette et al., 2018). . . . . . . . . . . . .

26

The effect of ocean acidification on heterotrophic and autotrophic eukaryotes, and prokaryotic organisms at different CO2 levels. Mean response ratios and 95% confidence intervals are shown, with the number
of data points in each category given in brackets. A mean response ratio
of zero (hashed line) indicates no effect. . . . . . . . . . . . . . . . . .

27

The effect of ocean acidification on phytoplankton, macroalgae, invertebrates and fish at different CO2 levels. Mean response ratios and 95%
confidence intervals are shown, with the number of data points in each
category given in brackets. A mean response ratio of zero (hashed line)
indicates no effect. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

29

The effect of ocean acidification on the biological responses of bacteria at different CO2 levels. Mean response ratios and 95% confidence
intervals are shown, with the number of data points in each category in
brackets. A mean response ratio of zero (hashed line) indicates no effect. 31
ix

LIST OF FIGURES

2.5

x

The effect of ocean acidification on the biological responses of phytoplankton to increased CO2 levels. Mean response ratios and 95% confidence intervals are shown, with the number of data points in each category in brackets. A mean response ratio of zero (hashed line) indicates
no effect. Refer to Table 2.1 for abbreviation definitions. . . . . . . . .

33

The effect of ocean acidification on the biological responses of phytoplankton to increased CO2 levels, separating studies on single species
(shown in blue triangles) from community-level studies (shown in red
circles). Mean response ratios and 95% confidence intervals are shown,
with the number of data points in each category in brackets. A mean
response ratio of zero (hashed line) indicates no effect. Refer to Table
2.1 for abbreviation definitions. . . . . . . . . . . . . . . . . . . . . . .

34

The effect of ocean acidification on the biological responses of macroalgae. Mean response ratios and 95% confidence intervals are shown,
with the number of data points in each category in brackets. A mean
response ratio of zero (hashed line) indicates no effect. Refer to Table
2.1 for abbreviation definitions. . . . . . . . . . . . . . . . . . . . . . .

36

The effect of ocean acidification on species of macroalgae. Mean response ratios and 95% confidence intervals are shown, with the number
of data points in each category in brackets. A mean response ratio of
zero (hashed line) indicates no effect. . . . . . . . . . . . . . . . . . .

36

The effect of ocean acidification on the biological responses of invertebrates to increased CO2 levels. Mean response ratios and 95% confidence intervals are shown, with the number of data points in each category in level. A mean response ratio of zero (hashed line) indicates no
effect. Refer to Table 2.1 for abbreviation definitions. . . . . . . . . . .

38

2.10 The effect of ocean acidification on the biological responses of fish.
Mean response ratios and 95% confidence intervals are shown, with the
number of data points in each category in brackets. A mean response
ratio of zero (hashed line) indicates no effect. Refer to Table 2.1 for
abbreviation definitions. . . . . . . . . . . . . . . . . . . . . . . . . . .

39

2.6

2.7

2.8

2.9

3.1

Minicosm experimental layout with top: ƒCO2 measurements for each
minicosm, middle: average irradiance at the surface of the minicosms,
and bottom: particulate organic carbon (POC) measurements, indicating the biomass of total eukaryotes and prokaryotes in each minicosm
throughout the experiment. . . . . . . . . . . . . . . . . . . . . . . . .

53

LIST OF FIGURES

3.2

3.3

3.4

3.5

3.6

3.7

3.8

xi

Abundance of total protists over an 18 day incubation of a natural protistan community in tanks maintained at different ƒCO2 levels. Error
bars are standard errors derived from pseudo-replicates undertaken at
each time point for each treatment. . . . . . . . . . . . . . . . . . . . .

60

Abundances of (a) nano-sized diatoms (longest length 20 µm ), (b)
micro-sized diatoms (longest length >20 µm) over days 1 to 18 of the
incubation of a natural protistan community in tanks maintained at different ƒCO2 levels. Error bars are standard errors derived from pseudoreplicates undertaken at each time point for each treatment. . . . . . . .

61

Abundances of (a) Unidentified discoid centric diatoms (valve diameter 2 µm), (b) Thalassiosira antarctica (valve diameter ⇠20 µm),
(c) Lauderia annulata (valve diameter ⇠55 µm), (d) Stellarima microtrias (valve diameter ⇠55 µm), (e) Thalassiosira ritscheri (valve diameter ⇠50 µm) over days 1 to 18 of the incubation of a natural protistan
community in tanks maintained at different ƒCO2 levels. Error bars are
standard errors derived from pseudo-replicates undertaken at each time
point for each treatment. . . . . . . . . . . . . . . . . . . . . . . . . .

62

Abundances of (a) Fragilariopsis spp. (20 µm in length), (b) Fragilariopsis spp. (>20 µm in length) over days 1 to 18 of the incubation
of a natural protistan community in tanks maintained at different ƒCO2
levels. Error bars are standard errors derived from pseudo-replicates
undertaken at each time point for each treatment. . . . . . . . . . . . .

63

Abundances of (a) Odontella spp. (pervalve length ⇠70 µm), (b) Pseudonitzschia subcurvata (⇠55 µm in length), (c) Pseudo-nitzschia turgiduloides (⇠85 µm in length) over days 1 to 18 of the incubation of a natural protistan community in tanks maintained at different ƒCO2 levels.
Error bars are standard errors derived from pseudo-replicates undertaken at each time point for each treatment. . . . . . . . . . . . . . . .

64

Abundances of (a) Proboscia truncata (pervalvar length ⇠130 µm), (b)
Chaetoceros spp. (pervalvar length ⇠10 µm) over days 1 to 18 of the
incubation of a natural protistan community in tanks maintained at different ƒCO2 levels. Error bars are standard errors derived from pseudoreplicates undertaken at each time point for each treatment. . . . . . . .

65

Abundance of Phaeocystis antarctica (colonial form) over days 1 to 18
of the incubation of a natural protistan community in tanks maintained
at different ƒCO2 levels. Error bars are standard errors derived from
pseudo-replicates undertaken at each time point for each treatment. . . .

66

LIST OF FIGURES

3.9

xii

Abundances of (a) Bicosta antennigera, (b) Choanoflagellates (except
Bicosta) over days 1 to 18 of the incubation of a natural protistan community in tanks maintained at different ƒCO2 levels. Error bars are
standard errors derived from pseudo-replicates undertaken at each time
point for each treatment. . . . . . . . . . . . . . . . . . . . . . . . . .

67

3.10 Cluster analysis based on similarity in protistan community structure
among ƒCO2 treatments and times during the acclimation period (days 1
to 8). In this analysis there are three significantly different groups identified by SIMPROF (denoted by grey boxes around clusters and coloured
lines beneath sample labels). Samples are abbreviated according to days
of incubation (D1-8) and ƒCO2 treatment (T1-6 representing 343, 506,
634, 953, 1140, 1641 µatm, respectively). . . . . . . . . . . . . . . . .

68

3.11 Cluster analysis and nMDS based on similarity in protistan community structure among ƒCO2 treatments and times over days 8 to 18 of
the incubation. (a) The cluster analysis with ten significantly different
groups obtained by SIMPROF (denoted by grey boxes around clusters
and coloured lines beneath sample labels). (b) nMDS plot structure
of the unconstrained ordination of dissimilarities in protistan community structure with time and ƒCO2 treatment in 2 dimensions, overlaid
with weighted-averages of the day-treatment scores for each protistan
taxa/functional group (see Table 1 for abbreviations). Samples are abbreviated according to days of incubation (D8-18) and ƒCO2 treatment
(T1-6 representing 343, 506, 634, 953, 1140, 1641 µatm, respectively). .

70

3.12 Canonical analysis of principal co-ordinates (CAP) based on the similarity in protistan community structure among ƒCO2 treatments and
times over days 8 to 18 of the incubation, showing the trajectory of
change in the protistan community for each ƒCO2 level (coloured arrows) based on the abundance of the component taxa/functional groups.
Arrow starting points are day 8 and all arrows end on day 18 of the experiment. Linear projections of significant constraints CO2 , Si and P
appear as blue linear arrows. . . . . . . . . . . . . . . . . . . . . . . .

72

LIST OF FIGURES

4.1

4.2

4.3

4.4

xiii

Heatmap of the eukaryotic community from the 3.0 µm throughout the
minicosm experiment on rarefied, square-root transformed 18S rDNA
data. Operational taxonomic units (OTUs) were assigned unique numbers (shown as numbers in brackets on the left side of the figure) along
with their taxonomic identification, to the lowest possible level, for
each OTU. Broader phylum (and class for Chlorophyta and Ochrophyta)
groupings are also provided. Only OTUs with a total relative abundance
>0.05% are shown. Each column shows a different ƒCO2 treatment and
day of the experiment with the initial community shown on the left. . .

90

Heatmap of the eukaryotic community from the 0.1 µm throughout the
minicosm experiment on rarefied, square-root transformed 18S rDNA
data. Operational taxonomic units (OTUs) were assigned unique numbers (shown as numbers in brackets on the left side of the figure) along
with their taxonomic identification, to the lowest possible level, for
each OTU. Broader phylum (and class for Ochrophyta) groupings are
also provided. Only OTUs with a total relative abundance >0.05% are
shown. Each column shows a different ƒCO2 treatment and day of the
experiment with the initial community shown on the left. . . . . . . . .

91

Cluster analysis and nMDS based on similarities in the eukaryotic community from the 3.0 µm throughout the minicosm experiment on rarefied, square-root transformed 18S rDNA data. (a) The cluster analysis with five significantly different groups obtained by SIMPROF (grey
boxes). (b) nMDS plot structure of the unconstrained ordination of dissimilarities in eukaryotic community structure with time and ƒCO2 in
two dimensions with significant SIMPROF groupings depicted. Overlaid in red are the weighted-averages of the day-treatment scores for eukaryotic OTUs with a total relative abundance >0.05% with taxonomic
classifications to the lowest level possible (those OTUs with the same
taxonomic classification, i.e. Bacillariophyceae, have the OTU unique
number in brackets). Samples are abbreviated according to days of incubation (D0, D12 and D18) and ƒCO2 treatment (T-6 representing 343,
506, 634, 953, 1140, 1641 µatm respectively). . . . . . . . . . . . . . .

92

Canonical analysis of principal co-ordinates based on the similarity in
the eukaryotic 3.0 µm community structure among ƒCO2 treatments and
time over the experiment, showing the trajectory of change in the community for each ƒCO2 treatment. Arrow starting points are day 0 and
all arrows end on day 18 of the experiment. Linear projections of significant constraints CO2 , Si and P appear as blue linear arrows. . . . . .

94

LIST OF FIGURES

4.5

4.6

4.7

xiv

Cluster analysis and nMDS based on similarities in the eukaryotic community from the 0.1 µm throughout the minicosm experiment on rarefied, square-root transformed 18S rDNA data. (a) The cluster analysis
with eight significantly different groups obtained by SIMPROF (grey
boxes). (b) nMDS plot structure of the unconstrained ordination of dissimilarities in eukaryotic community structure with time and ƒCO2 in
two dimensions with samples from days 0, 12 and 18 depicted. Overlaid in red are the weighted-averages of the day-treatment scores for eukaryotic OTUs with a total relative abundance >0.05% with taxonomic
classifications to the lowest level possible (those OTUs with the same
taxonomic classification, i.e. Bacillariophyceae, have the OTU unique
number in brackets). Samples are abbreviated according to days of incubation (D0, D12 and D18) and ƒCO2 treatment (T-6 representing 343,
506, 634, 953, 1140, 1641 µatm respectively). . . . . . . . . . . . . . .

96

Heatmap of the prokaryotic community from the 3.0 µm throughout the
minicosm experiment on rarefied, square-root transformed 16S rDNA
data. Operational taxonomic units (OTUs) were assigned unique numbers (shown as numbers in brackets on the left side of the figure) along
with their taxonomic identification, to the lowest possible level, for
each OTU. Broader phylum (and class for Proteobacteria) groupings
are also provided. Only OTUs with a total relative abundance >0.05%
are shown. Each column shows a different ƒCO2 treatment and day of
the experiment with the initial community shown on the left. . . . . . .

98

Heatmap of the prokaryotic community from the 0.1 µm throughout the
minicosm experiment on rarefied, square-root transformed 16S rDNA
data. Operational taxonomic units (OTUs) were assigned unique numbers (shown as numbers in brackets on the left side of the figure) along
with their taxonomic identification, to the lowest possible level, for
each OTU. Broader phylum (and class for Proteobacteria) groupings
are also provided. Only OTUs with a total relative abundance >0.05%
are shown. Each column shows a different ƒCO2 treatment and day of
the experiment with the initial community shown on the left. . . . . . .

99

LIST OF FIGURES

xv

4.8

Cluster analysis and nMDS based on similarities in the prokaryotic
community from the 3.0 µm throughout the minicosm experiment on
rarefied, square-root transformed 16S rDNA data. (a) The cluster analysis with eight significantly different groups obtained by SIMPROF (grey
boxes). (b) nMDS plot structure of the unconstrained ordination of dissimilarities in prokaryotic community structure with time and ƒCO2 in
two dimensions with samples from days 0, 12 and 18 depicted. Overlaid in red are the weighted-averages of the day-treatment scores for
prokaryotic OTUs with a total relative abundance >0.05% with taxonomic classifications to the lowest level possible (those OTUs with the
same taxonomic classification, i.e. Colwellia, have the OTU unique
number in brackets). Samples are abbreviated according to days of incubation (D0, D12 and D18) and ƒCO2 treatment (T-6 representing 343,
506, 634, 953, 1140, 1641 µatm respectively). . . . . . . . . . . . . . . 100

4.9

Cluster analysis and nMDS based on similarities in the prokaryotic
community from the 0.1 µm throughout the minicosm experiment on
rarefied, square-root transformed 16S rDNA data. (a) The cluster analysis with eight significantly different groups obtained by SIMPROF (grey
boxes).(b) nMDS plot structure of the unconstrained ordination of dissimilarities in prokaryotic community structure with time and ƒCO2 in
two dimensions with samples from days 0, 12 and 18 depicted. Overlaid in red are the weighted-averages of the day-treatment scores for
prokaryotic OTUs with a total relative abundance >0.05% with taxonomic classifications to the lowest level possible (those OTUs with the
same taxonomic classification, i.e. Colwellia, have the OTU unique
number in brackets). Samples are abbreviated according to days of incubation (D0, D12 and D18) and ƒCO2 treatment (T-6 representing 343,
506, 634, 953, 1140, 1641 µatm respectively). . . . . . . . . . . . . . . 101

5.1

Overarching qualitative network model representing known interactions
among chemical and biological elements of the microbial loop linkages
to the Antarctic food web and carbon sequestration. ! signifies a positive interaction and —• a negative interaction between two components.
This model represents an ambient ƒCO2 scenario without any changes
in microbial community composition. . . . . . . . . . . . . . . . . . . 116

LIST OF FIGURES

xvi

5.2

Qualitative network model for the 506-634 µatm ƒCO2 scenario with
ƒCO2 -induced effects on the microbial community structure. Green !
signifies a positive ƒCO2 effect, red —• a negative ƒCO2 effect, while
black ! and —• signify the positive and negative interactions, respectively, between variables in the overarching ambient network model
(Figure 5.1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.3

Qualitative network model for the 953-1140 µatm ƒCO2 scenario with
ƒCO2 -induced effects on the microbial community structure. Green !
signifies a positive ƒCO2 effect, red —• a negative ƒCO2 effect, while
black ! and —• signify the positive and negative interactions, respectively, between variables in the overarching ambient network model
(Figure 5.1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.4

Qualitative network model for the 1641 µatm ƒCO2 scenario with ƒCO2 induced effects on the microbial community structure. Green ! signifies a positive ƒCO2 effect, red —• a negative ƒCO2 effect, while black
! and —• signify the positive and negative interactions, respectively,
between variables in the overarching ambient network model (Figure 5.1).119

5.5

Summary of results from 10000 simulation runs of the three ƒCO2 scenario qualitative network models (Figures 5.2 - 5.4). The coloured
squares represent the sign of responses of each taxa/functional group
in the model (y-axis) in each ƒCO2 scenario (x-axis): grey for ambiguous; red for negative; blue for positive response to changed microbial
composition observed in the minicosm experiment. When responses are
positive or negative, the degree of shading increases with the prediction
of certainty (full results shown in Appendix D Figures D.1-D.3). . . . . 122

6.1

Effects of elevated CO2 on microbes (bacteria, phytoplankton and protozoa) and flow on effects for the food web, nutrient cycling and carbon sequestration in coastal Antarctic waters. Panels reflect (a) current
conditions and (b) 2100 under a “business as usual scenario”. Colours
indicate a negative (red) or positive (green) effect on these stocks and
flows in the food web. Shading over a variable indicates direct effects of
ocean acidification on abundance of this variable, and arrows represent
the effects these changes in abundance will have on other variables in
the Antarctic system. . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

LIST OF FIGURES

xvii

A.1 Forest plots of all bacterial response ratios and variance included in the
meta-analysis. The data is separated by CO2 treatment at which the
response was measured and information is provided on the study paper,
experiment and biological measurement from which the response ratio
is calculated. At the end of each CO2 bracket summary statistics from
weighted, random effects are provided including the Q statistic, degrees
of freedom, p-value, I2 , mean response ratio and 95% confidence interval.144
A.2 Forest plot of all phytoplankton response ratios, 95% confidence intervals and variance (v) included in the meta-analysis. . . . . . . . . . . . 145
A.2 Forest plot of all phytoplankton response ratios, 95% confidence intervals and variance (v) included in the meta-analysis. . . . . . . . . . . . 146
A.2 Forest plot of all phytoplankton response ratios, 95% confidence intervals and variance (v) included in the meta-analysis (A: pre-industrial
and 500-800 µatm, B: 801-1000 µatm, C: 1001-1500, 1501-2000 and
>2000 µatm). The data is separated by CO2 level at which the response
was measured and information is provided on the study paper and biological response from which the response ratio is calculated. At the
end of each CO2 level summary statistics from weighted random effects
models are provided including the Q statistic, degrees of freedom, pvalue, I2 , mean response ratio and 95% confidence interval. Summary
statistics are also provided at the bottom of the figure for all phytoplankton response ratios with all CO2 levels together. . . . . . . . . . . . . . 147
A.3 Forest plots of all macroalgal response ratios and variance included in
the meta-analysis. The data is separated by CO2 treatment at which the
response was measured and information is provided on the study paper,
species and biological measurement from which the response ratio is
calculated. At the end of each CO2 bracket summary statistics from
weighted, random effects are provided including the Q statistic, degrees
of freedom, p-value, I2 , mean response ratio and 95% confidence interval.148
A.4 Forest plots of all invertebrate response ratios and variance included in
the meta-analysis. The data is separated by CO2 treatment at which the
response was measured and information is provided on the study paper,
organism and biological measurement from which the response ratio is
calculated. At the end of each CO2 bracket summary statistics from
weighted, random effects are provided including the Q statistic, degrees
of freedom, p-value, I2 , mean response ratio and 95% confidence interval.149

LIST OF FIGURES

xviii

A.5 Forest plots of all fish response ratios and variance included in the metaanalysis. The data is separated by CO2 treatment at which the response
was measured and information is provided on the study paper, species
and biological measurement from which the response ratio is calculated.
At the end of each CO2 bracket summary statistics from weighted, random effects are provided including the Q statistic, degrees of freedom,
p-value, I2 , mean response ratio and 95% confidence interval. . . . . . . 150
B.1 Temporal development of DIC within each minicosm throughout the
experimental period. . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
B.2 Temporal development of pHT (total scale) within each minicosm throughout the experimental period. . . . . . . . . . . . . . . . . . . . . . . . 163
B.3 Nitrate/nitrite (NOx ) concentrations within each minicosm throughout
the experimental period. . . . . . . . . . . . . . . . . . . . . . . . . . 164
B.4 Dissolved reactive phosphorus (P) concentrations within each minicosm
throughout the experimental period. . . . . . . . . . . . . . . . . . . . 165
B.5 Molybdate reactive silica (Si) concentrations within each minicosm throughout the experimental period. . . . . . . . . . . . . . . . . . . . . . . . 166
C.1 Ecological network for the 3.0 µm fraction microbial community for
day 18 of the minicosm experiment. Each node represents a taxa and
node colour indicates the correlation of that node ƒCO2 , with the stronger
the correlation the stronger the red. Each line connects two taxa where
there is a positive interaction between two individual taxa. . . . . . . . 168
C.2 Alpha diversity measures of the eukaryotic community from the 3.0
µm throughout the minicosm experiment on rarified, square-root transformed 18S rDNA data. (a) Observed number of OTUs (Sobs) (b)
Chao1 estimator of richness (c) Berger-Parker index of richness and
evenness (d) Simpson’s diversity index. . . . . . . . . . . . . . . . . . 169
C.3 Alpha diversity measures of the eukaryotic community from the 0.1
µm throughout the minicosm experiment on rarefied, square-root transformed 18S rDNA data. (a) Observed number of OTUs (Sobs) (b)
Chao1 estimator of richness (c) Berger-Parker index of richness and
evenness (d) Simpson’s diversity index. . . . . . . . . . . . . . . . . . 170

LIST OF FIGURES

xix

C.4 Canonical analysis of principal co-ordinates based on the similarity in
the eukaryotic 0.1 µm community structure among ƒCO2 treatments and
time over the experiment, showing the trajectory of change in the community for each ƒCO2 treatment. Arrow starting points are day 0 and
all arrows end on day 18 of the experiment. Linear projections of significant constraints CO2 , Si and P appear as blue linear arrows. . . . . . 171
C.5 Alpha diversity measures of the prokaryotic community from the 3.0
µm throughout the minicosm experiment on rarefied, square-root transformed 16S rDNA data. (a) Observed number of OTUs (Sobs) (b)
Chao1 estimator of richness (c) Berger-Parker index of richness and
evenness (d) Simpson’s diversity index. . . . . . . . . . . . . . . . . . 174
C.6 Alpha diversity measures of the prokaryotic community from the 0.1
µm throughout the minicosm experiment on rarefied, square-root transformed 16S rDNA data. (a) Observed number of OTUs (Sobs) (b)
Chao1 estimator of richness (c) Berger-Parker index of richness and
evenness (d) Simpson’s diversity index. . . . . . . . . . . . . . . . . . 175
C.7 Canonical analysis of principal co-ordinates based on the similarity in
the prokaryotic 3.0 µm community structure among ƒCO2 treatments
and time over the experiment, showing the trajectory of change in the
community for each ƒCO2 treatment. Arrow starting points are day 0
and all arrows end on day 18 of the experiment. Linear projections of
significant constraints CO2 , NOx and P appear as blue linear arrows. . . 176
C.8 Canonical analysis of principal co-ordinates based on the similarity in
the prokaryotic 0.1 µm community structure among ƒCO2 treatments
and time over the experiment, showing the trajectory of change in the
community for each ƒCO2 treatment. Arrow starting points are day 0
and all arrows end on day 18 of the experiment. Linear projections of
significant constraints CO2 , NOx and P appear as blue linear arrows. . . 179
D.1 Results from 10,000 simulations runs of the 506-634 ƒCO2 scenario
qualitative network model (Figures 5.2). Results are shown as probability of positive (orange) or negative (blue) response to changed microbial
composition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
D.2 Results from 10,000 simulations runs of the 953-1140 ƒCO2 scenario
qualitative network model (Figures 5.3). Results are shown as probability of positive (orange) or negative (blue) response to changed microbial
composition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

LIST OF FIGURES

xx

D.3 Results from 10,000 simulations runs of the 1641 ƒCO2 scenario qualitative network model (Figures 5.4). Results are shown as probability
of positive (orange) or negative (blue) response to changed microbial
composition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

C HAPTER 1

Introduction
1.1

Ocean Acidification Background

Current atmospheric CO2 levels, which are higher than have been recorded for the last
⇠450,000 years, are changing at a rate tenfold faster than during the past 300 million
years (Petit et al., 1999; Siegenthaler, 2010; Hönisch et al., 2012). This increase in
atmospheric CO2 levels is mainly due to anthropogenic drivers such as increases in
population size, changes in economic activity, lifestyle, energy use, land use patterns
and the introduction of climate policies (IPCC, 2014). Projections of future greenhouse
gas concentration trajectories based on these anthropogenic drivers have been developed to provide four pathways to 2100 for greenhouse gas emissions and atmospheric
concentrations, air pollutant emissions and land use (IPCC, 2014). These Representative Concentration Pathways (RCPs) used in the Intergovernmental Panel on Climate
Change (IPCC) 5th Assessment Report to provide an integrated view of climate change
(IPCC, 2014). The four RCPs show scenario-based projections based on a stringent
mitigation scenario (RCP2.6), two intermediate scenarios (RCP4.5 and RCP6.0) and a
high emissions or “business as usual scenario” (RCP8.5) (IPCC, 2014). For 2018, the
Global Carbon Budget indicates an increase in CO2 emissions of 2.7% with an increase
of 1.6% in 2017, putting the growth of CO2 emissions in line with the RCP8.5 trajectory (Le Quéré et al., 2018; IPCC, 2019). Current models are predicting that levels could
reach 750 to 1000 µatm by the end of the twenty-first century (Caldeira and Wickett,
2003; IPCC, 2014).
This atmospheric CO2 has three fates: absorption by the terrestrial biosphere, absorption
by the oceans or remaining in the atmosphere, which according to the latest global
carbon budget account for 45%, 24% and 30% of the total, respectively (Le Quéré et al.,
2018). When atmospheric CO2 is absorbed by the ocean it undergoes a number of
chemical reactions (Equations 1-2).
1

1.1. OCEAN ACIDIFICATION BACKGROUND

Equation 1: H2 O + " CO2 ! H2 CO3 ! " H+ + HCO3
Equation 2: CO23 + "H+ ! "HCO3

The uptake of anthropogenic CO2 by the oceans is affecting oceanic carbonate chemistry, specifically increasing oceanic partial pressure of CO2 , dissolved inorganic carbon
and bicarbonate ions as well as decreasing pH and the concentration of carbonate ions
(Figure 1.1) (Zeebe and Wolf-Gladrow, 2001; Gattuso and Lavigne, 2009; Gattuso and
Hansson, 2011; IPCC, 2014). Oceanic pH has already decreased by an average by of
0.1 pH units (or ⇠30% increase in H+ ) from pre-industrial times and it is this decrease
in ocean pH which gives ocean acidification its name, despite the fact only the most extreme anthropogenic release of CO2 would cause ocean pH to become acidic (<pH 7)
(IPCC, 2014). On average, under the “business as usual” emissions scenario (RCP8.5),
oceanic pH is predicted to decrease by a further 0.3 pH units (⇠100% increase in H+ ),
equating to between 750 and 1000 µatm by 2100 (Haugan and Drange, 1996; Orr et al.,
2005; IPCC, 2008, 2011; Kawaguchi et al., 2013; IPCC, 2019). In low latitude waters,
coupled intercomparsion projections version 5 (CMIP5) show that pH could decrease
from preindustrial levels of 8.17 to 7.77 by 2100, or 880-930 µatm CO2 (Hartin et al.,
2016). Only under RCP2.6 with stringent mitigations will these negative effects be
avoided (IPCC, 2019).
Declining ocean pH has wide ranging effects on seawater chemistry, especially the
bioavailability of minerals such as calcium carbonate and iron (Gattuso and Hansson,
2011; Rost et al., 2008). Under ocean acidification the saturation state of calcium carbonate (⌦) decreases due to the decrease the concentration of carbonate ions which are
being taking up by hydrogen ions to form bicarbonate (Equation 2). There are three
forms of calcium carbonate: aragonite, calcite and biogenic magnesium calcite (Feely
et al., 2004; Gattuso and Hansson, 2011). Each biogenic form of calcium carbonate has
different saturation states. Aragonite is 1.5 times more soluble that calcite, and when
the ⌦ < 1, for that state that form of calcium carbonate starts to dissolve. The saturation state of calcium carbonate, particularly aragonite, has been a focus of particular
concern within the scientific community. There has also been rising concern over the
bioavailability of other minerals such as iron, which is sensitive to changes in pH (Shi
et al., 2010). A decrease in ocean pH will alter both the speciation and solubility of iron,
with the predicted 0.3 pH unit decrease likely to slightly increase the solubility of iron,
but the increased concentration of CO23 could co-limit iron update (Shi et al., 2010;
Hutchins and Boyd, 2016; McQuaid et al., 2018).
Some oceanic areas have already been identified as areas at risk of heightened acidity
and calcium carbonate under-saturation (IPCC, 2011). The largest pH change is predicted to occur in subtropical waters at a depth between 200-500m as water remains at
the surface longer in these regions allowing more time for the CO2 to equilibrate with
the atmosphere. In comparison, high latitude waters spend less time at the surface due
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Figure 1.1: Predicted changes in the surface ocean carbonate system in response to
changes in atmospheric CO2 assuming the IS92a scenario (from Rost et al. 2008).

3

1.1. OCEAN ACIDIFICATION BACKGROUND

to effects such as upwelling and subduction. However, polar waters are particularly
vulnerable as the solubility of CO2 is much greater at cold temperatures and calcium
carbonate concentrations are naturally low, and are very likely to experience year-round
aragonite undersaturation by 2090-2100 (Orr et al., 2005; Dore et al., 2009; Byrne et al.,
2010; Ishii et al., 2011; Orr et al., 2014; IPCC, 2019). Upwelling in polar regions also
brings deep CO2 rich water to the surface (Orr et al., 2005). These conditions are exacerbated in Antarctic coastal waters where several effects, such as colder temperatures,
freshwater input from ice and glacial melt as well as coastal upwelling and a lack of
draw-down of CO2 by primary production, combine (Gibson and Trull, 1999; McNeil
et al., 2010; IPCC, 2011; Gruber et al., 2012; Melzner et al., 2013; Roden et al., 2013).
In the Arctic, melting sea-ice and rivers also have the capacity to influence ocean acidification by further decreasing pH and aragonite saturation, although in some areas (i.e.
Greenland Sea) reduced sea-ice cover can lead to increased vertical mixing and primary
production which minimises the reduction in pH and undersaturation of aragonite (Tank
et al., 2012; Azetsu-Scott et al., 2014; Popova et al., 2014). These attributes render these
waters among the most vulnerable to ocean acidification, and organisms living inhabiting these waters will be exposed to damaging pH and calcium carbonate conditions
earlier than elsewhere in the world.
In Antarctic coastal waters ocean acidification is superimposed upon large natural seasonal variations in carbonate chemistry. During winter and autumn sea ice covers the
ocean surface and this limits light and air-sea gas exchange as well as CO2 drawdown
by primary production; this reduces pH and carbonate ion concentration. In spring and
summer when sea ice retreats, light and nutrients become more available stimulating
high biological productivity and drawdown of CO2 , driving pH and carbonate ion concentrations up (Gibson and Trull, 1999; McNeil et al., 2010; IPCC, 2011; Roden et al.,
2013). In Prydz Bay, East Antarctica, these conditions have resulted in levels of CO2 as
high as 450 µatm during winter and as low 100 µatm during summer (Gibson and Trull,
1999; Roden et al., 2013; Davidson et al., 2016). In addition, Kapsenberg et al. (2015)
showed that over the summer season in McMurdo Sound there is a marked short-term
pH variability, similar in magnitude to the diurnal pH cycles observed in temperature
kelp forests and trophical coral reefs. Ocean acidification is occurring on top these large,
natural seasonal variations and can also amplify the seasonal variability of CO2 (Hauck
and Völker, 2015; McNeil and Sasse, 2016).
Organisms occupying Antarctic coastal waters will be exposed to damaging levels of
ocean acidification during winter-months, much earlier than elsewhere in the Earth’s
oceans. Future predictions indicate that winter Southern Ocean surface waters in winter
could be under-saturated in aragonite at atmospheric CO2 levels above 450 µatm, predicted to be as early as 2030. Under the IPCC “business as usual scenario”, RCP8.5,
more than 70% of the Southern Ocean will be under-saturated for six months of the year
by 2100 (Cao and Caldeira, 2008; McNeil and Matear, 2008; IPCC, 2011; Hauri et al.,
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2016). Sasse et al. (2015) suggest that even this could even be an under-estimation and
show that when the large seasonal changes are taken into account, large-scale aragonite
under-saturation could occur within the Southern Ocean at atmospheric CO2 levels of
just over 500 µatm, not much higher than current day levels. Even calcite is predicted to
start becoming under-saturated in the Southern Ocean by 2095 (Hauri et al., 2016). In
addition, much of the coastal Antarctic waters could reach CO2 levels over 1000 µatm
by 2100 when seasonal CO2 cycles are incoporated in model predictions (Kawaguchi
et al., 2013; McNeil and Sasse, 2016). The implications for such changes in carbonate
chemistry within the Southern Ocean will not only be significant for the organisms living there but also for the role of the Southern Ocean plays as a CO2 sink in the future,
as discussed in more detail below (Doney et al., 2009).

1.2

Ocean Acidification Studies Past to Present

The first known study of the effects of pH on marine organisms was conducted by McClendon (1917), who investigated the oxygen consumption of marine invertebrates at
varying pH. This and later studies concluded that pH combined with temperature could
affect survival, reproduction, growth, size and shell structure of calcifying organisms
(McClendon, 1917; Gail, 1919; Powers, 1920). Direct evidence of increases in partial
pressure of CO2 in the oceans, due to increased atmospheric CO2 , has been available
since 1978 (Brewer, 1978), yet the term “ocean acidification” wasn’t coined until 2001
by Broecker and Clark (2001). Since 2001, there has been a surge of interest in the
effects of increased partial pressure of CO2 in the oceans due to its increasing concentrations in the ocean as a result of the anthropogenic release of CO2 . Studies by Caldeira
and Wickett (2003) and Orr et al. (2005), which predicted future levels of CO2 to the
end of the 21st century, have provided estimates in the rate and magnitude of change in
the carbonate chemistry of the oceans.
Research into ocean acidification is now one of the fastest growing fields in marine science and is among the top three global ocean research priorities (Rudd, 2014). However,
the rapid increase in ocean acidification experiments, each using different methods to
measure and manipulate carbonate chemistry, has led to a call for the scientific community to adopt the recommendations outlined in a best practices guide for methods to
simulate and measure future changes in ocean acidification (Kleypas et al., 2005; Dickson et al., 2007; Riebesell et al., 2010; Boyd, 2013). The research into the effects of
ocean acidification has expanded rapidly with most studies examining the short-term
responses of single species or strains in culture to changes in CO2 alone. These studies,
however, are limited in their ability to predict the future effects of ocean acidification on
natural systems where multiple stressors are slowly imposed on entire natural communities of organisms (Riebesell and Gattuso, 2014; Schulz et al., 2017). Three aspirations
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have been suggested for future ocean acidification research that would enhance our understanding of the effect of changing ocean conditions to ecosystem services (Boyd,
2011; Riebesell and Gattuso, 2014). Firstly, to incorporate competitive and trophic interactions by moving from single species studies to studies investigating the effects on
communities and ecosystems; then extend the duration of the experiments to better understand the effects of acclimation and adaptation on the vulnerability of organisms.
Lastly, to simultaneously exposed organisms to multiple stressors that are predicted to
be experienced as a result of climate change (i.e. ocean acidification and warming)
(Figure 1.2). The greater ecological relevance of such studies means that the results are
better able to predict the global effects of ocean acidification on natural communities
and ecosystems which in turn helps to inform end-users (the public, peers, fishermen,
modellers, ecosystem managers and policy makers) of the economic and environmental
ramifications of ocean acidification (Doney et al., 2012; Riebesell and Gattuso, 2014).
However, such studies are expensive, difficult to conduct and interpret due to the complexity of factors they encompass (Boyd, 2013).

1.3

Effect of Ocean Acidification on Marine Organisms

Ocean acidification is predicted to effect larval production and survival, calcification and
altered behaviour of fish, molluscs, crustaceans and shellfish, and in some cases these
effects have already been observed (Cooley and Doney, 2009; Kite-Powell, 2009; Hendriks et al., 2010; Kroeker et al., 2010; Munday et al., 2010; Cooley et al., 2012; Narita
et al., 2012; Branch et al., 2013). Marine life residing near the surface or in shallow waters is expected to experience the greatest pH change, although deep-ocean biota may
potentially be more sensitive to pH changes due to the already low pH levels they experience (Riebesell et al., 2000). Studies have shown that ocean acidification affects marine
organisms in many ways, changing their thermal tolerance, their metabolic allocation of
energy, behaviour, morphology, calcification, fertility and mortality (e.g. Findlay et al.
2009; Moy et al. 2009; Ries et al. 2009; Berge et al. 2010; Hendriks et al. 2010; Kroeker
et al. 2010; Chan et al. 2011; Whiteley 2011; Parker et al. 2012). Global meta-analyses
conducted by Kroeker et al. (2010, 2013) found widespread negative impacts of ocean
acidification on marine biota, with the largest effects observed on heavily calcified organisms, such as calcified algae, corals, molluscs and echinoderms. Investigations of
coral reef systems have found that ocean acidification causes bleaching, decreased productivity, calcification, growth and survival (e.g. Gattuso et al. 1998, Hoegh-Guldberg
et al. 2007, Anthony et al. 2008, De’ath et al. 2009, Kleypas and Yates 2009, Movilla
et al. 2012, Shaw et al. 2012, Bramanti et al. 2013 and Albright et al. 2018). Deleterious
effects been observed on other groups of invertebrates, such as molluscs (e.g. Byrne
et al. 2010; Gazeau et al. 2013) and echinoderms (e.g. Byrne et al. 2010; Byrne 2011;
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Figure 1.2: Present state of knowledge and areas of needs. Red arrows indicate the direction where we need to expand our understanding (from Riebesell and Gattuso 2014).
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Dupont et al. 2010; Byrne et al. 2013b; Dupont and Pörtner 2013). Reviews on the
effects of ocean acidification on marine organisms have found early life history stages
to be particularly sensitive, with exposure to increased CO2 negatively affecting settlements success, larval development and sensory functions (Kurihara, 2008; Byrne, 2011;
Ross et al., 2011; Ashur et al., 2017; Espinel-Velasco et al., 2018). In addition, the
lifecycle of an organisms is likely to influence its sensitivity to ocean acidification, as
organisms with more complex lifecycles are thought to be the more sensitive to ocean
acidification (Hofmann et al., 2010; Byrne, 2011; Przeslawski et al., 2015; Byrne et al.,
2017). Most of these investigations have been laboratory studies, although field studies
of CO2 -vent communities have shown similar responses (e.g. Hall-Spencer et al. 2008;
Fabricius et al. 2015; Lamare et al. 2016; Foo et al. 2018). Studies of fish have also
shown negative effects of elevated CO2 on larval olfactory ability, swimming ability,
growth and behavioural responses of fish effected by elevated CO2 (e.g. Munday et al.
2009; Pimentel et al. 2014; Jarrold and Munday 2018). Little is still known of the effect ocean acidification will have on top predators, with many suggesting effects will
be indirect via changes in trophic dynamics (Rossoll et al., 2012). However, a study on
the effect of increased CO2 on sharks found direct impairment of hunting behaviour and
growth suggesting that top predators may also be directly affected by ocean acidification
(Pistevos et al., 2015).
The effects of elevated CO2 can also be indirect through mechanisms such as habitat
modifications, changes in resource availability, altered predation pressure as well as
shifts in the abundance, composition and nutritional quality of their prey (Nagelkerken
et al., 2015). For example, copepods are thought to be resilient to acidification, but CO2 induced changes in the phytoplankton community could reduce food availability and
thus indirectly affect copepods (Dupont and Pörtner, 2013). Nagelkerken et al. (2015)
show that elevated CO2 can have many indirect effects which have positive feedbacks
to other trophic levels. For example, the CO2 -induced shift in benthic algae community
composition from kelp to turf algae had a positive effect on fish abundance (Nagelkerken et al., 2015). However, whilst ocean acidification is not universally inhibitory
to marine organisms, a change in the composition to communities dominated by ocean
acidification tolerant species could significantly alter the structure and function of these
communities by changing trophic interactions (Connell and Russell, 2010; Dupont and
Pörtner, 2013; Russell et al., 2013).
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Importance of Marine Microbes

Marine microbes drive ocean productivity, underpin biodiversity mediate local and global
climate, and are critical determinants of nutrient and elemental cycles (Ducklow et al.,
2001; Pomeroy et al., 2007; Cooley and Doney, 2009). Carbon fixation within the
oceans is primarily performed by phytoplankton, especially within the Southern Ocean,
and most of this carbon drawn-down by phytoplankton photosynthesis is recycled via
the “microbial loop” or consumed by higher trophic levels (Azam, 1998; Arrigo and
Thomas, 2004; Arrigo et al., 2008; Fenchel, 2008; Kirchman, 2008). However, some
of this carbon enters the vertical flux via dead phytoplankton cells and sinking faecal
matter driving the biological pump that sequestrates carbon to the deep ocean (Ducklow
et al., 2001; Fenchel, 2008). Phytoplankton composition and size structure significantly
impacts whether this fixed carbon is cycled through the microbial loop or is sequestrated to the deep ocean via the biological pump (Buesseler and Boyd, 2009; Miklasz
and Denny, 2010; Passow and Carlson, 2012; Basu and Mackey, 2018). Large phytoplankton cells and/or those ballasted with dense mineral shells, such as diatoms and
coccolithophores, are main contributors to the biological pump. Smaller phytoplankton
are less negatively buoyant, are readily kept in suspension by mixing, and thus are more
likely to grazed in near-surface waters by micro- and nano-sized heterotrophs, or enter
the microbial loop as dissolved organic matter, via sloppy feeding, cell leakage and lysis
(Figure 1.3) (Sherr and Sherr, 1988; Azam, 1998; Fenchel, 2008). Marine microbes also
provide feedbacks into the atmosphere via the draw-down of carbon dioxide through
photosynthesis as well as the release of climate influencing gases such as dimethyl sulphide (DMS) (Wingenter et al., 2007). Some phytoplankton (i.e. Phaeocystis spp. and
Emiliana huxleyi) manufacture dimethylsulfoniopropionate (DMSP), the precursor for
DMS, as a major osmolyte, antioxidant and as a grazing deterrent (Evans et al., 2006).
DMSP is largely broken down by bacteria and DMS is then released to the atmosphere
where it is oxidised to sulphate aerosols that act as cloud condensation nuclei.
The microbial community structure in East Antarctic waters is bimodal with a baseline assemblage of nano-planktonic flagellates which are always present enhanced by
diatom and Phaeocysits antarctica blooms during summer months (Kopczynska et al.,
1986; Lancelot et al., 1989; Smetacek et al., 1990; Mengesha et al., 1998; Waters et al.,
2000; Wright and van den Enden, 2000; Davidson et al., 2010). This community structure is affected primarily by upwelling, light availability and water column stratification
by sea-ice retreat, mixing factors such as storms and oceanographic processes as well
as grazing largely by euphausiids, salps and copepods (Smetacek et al., 1990; Waters
et al., 2000; Wright and van den Enden, 2000; Davidson et al., 2010). During winter
months when the sea-ice is present, light is limiting and temperatures are low, phytoplankton biomass is at its’ miminal and dominated by nanoplankton in both the sea-ice
and water column (Perrin et al., 1987). Come spring and summer, when the sea-ice is
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Figure 1.3: Microbial loop as originally described in Fenchel (2008). DOC refers to
dissolved organic matter.

broken and receding, light and nutrients become more available, the water column is
stable and highly stratified allowing Phaeocystis antarctic to bloom (Perrin et al., 1987;
Waters et al., 2000; Wright and van den Enden, 2000; Davidson et al., 2010). This P.
antarctica bloom is commonly followed by a bloom of pennate diatoms composed of
such species as Nitzschia spp. or Fragilariopsis spp. (Perrin et al., 1987; Waters et al.,
2000; Davidson et al., 2010) during which there is a high specific nitrate uptake driving
a sharp decline in nitrate as well as silicate which coincides with these diatom blooms
(Perrin et al., 1987; Mengesha et al., 1998). As the season transitions to summer this
high specific nitrate uptake is significantly reduced but phosphate is also sharply drawn
down (Mengesha et al., 1998; Perrin et al., 1987). These phytoplankton blooms in
spring and summer are drivers of the Antarctic food web, being the main source for
many zooplankton including euphausiids, salps and copepods, as well as drivers nutrient and carbon cycling in these waters through the microbial loop and the biological
pump (Arrigo and Thomas, 2004; Arrigo et al., 2008; Kirchman, 2008; Rossoll et al.,
2012; Caron and Hutchins, 2013; Bermúdez et al., 2016; Davidson et al., 2016). Thus, a
change in their community structure and function would have significant flow on effects
to the Antarctic and Southern Ocean ecosystem (Cooley and Doney, 2009; Ducklow
et al., 2001; Pomeroy et al., 2007).
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Effect of Ocean Acidification on Marine Microbes

The reported response of microbes to increasing CO2 differs among studies. This range
in responses appears to be primarily due to three underlying factors, namely differences
in: the experimental methodology including experimental duration, the target species
or starting community, and the starting conditions such as nutrient levels. Each ocean
acidification study on phytoplankton has been conducted with species or communities
exposed to different physical and biological environments at the start (i.e. nutrient levels
and the successional state of the culture or community). In addition, many monospecific studies have used old or long-established standing phytoplankton cultures which
coud produce dubious physiological responses, for example Heiden et al. (2016) used a
Fragilariopsis curta culture isolated in 1999 and Koch et al. (2019) used a Phaeocystis
antarctica culture isolated in 1992. Others have used freshly collected phytoplankton,
which inevitably are from different environments with different ambient environmental conditions. The majority of ocean acidification experiments have added nutrients at
the start of the experiment to alleviate nutrient limitation, but ocean acidification can
influence nutrient uptake rates in phytoplankton, and therefore the availability of nutrients could significantly impact the response of phytoplankton to ocean acidification
(Burkhardt and Riebesell, 1997; Riebesell et al., 2007; Bellerby et al., 2008; Paulino
et al., 2007). A few studies have undertaken experiments without altering the nutrient
levels. These have shown interesting responses to increasing CO2 depending on the nutrient level and the stage within the seasonal succession cycle (i.e. Paulino et al. 2007,
Egge et al. 2009, Feng et al. 2009, Brussaard et al. 2013, Leu et al. 2013, Schulz and
Riebesell 2013, Schulz et al. 2013, Bach et al. 2016, Bermúdez et al. 2016, Hama et al.
2016, Sala et al. 2016 and Bach et al. 2019). Sala et al. (2016) conducted two mesocosm
experiments in the Mediterranean: one during summer when nutrients where low and
the community was dominated by small pico- and nanoflagellates, and the other during
winter, when nutrients levels were high, and the phytoplankton bloom was near its peak
(dominated by diatoms Thalassiosira, Chaetoceros and Pseudonitzschia). During the
winter mesocosm experiment the concentration of chlorophyll a (Chl a) decreased with
increasing CO2 , whereas during the summer experiment Chl a levels were remained
unchanged among CO2 treatments during the summer experiment, irrespective of CO2
treatment. Similarly, during the EPOCA mesocosm study in Svalbard, the response of
the phytoplankton community appeared to be partially affected by nutrient levels and
community succession. During the first bloom nutrients were limited and there was no
effect of CO2 concentration of Chl a. During the second bloom, after nutrients were
added to the mesocosms, there was increase in Chl a concentration with increasing CO2
(Schulz et al., 2013). While it is impossible to untangle whether this response was due to
differences in nutrient levels or phytoplankton community composition, it does suggest
that oligotrophic phytoplankton communities have a lower sensitivity to ocean acidifica-
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tion. Alternatively, nutrients could be a limiting factor to phytoplankton growth, thereby
precluding expression of CO2 -related stress.
The key finding from most community-level ocean acidification studies is that CO2 can
elicit changes in the phytoplankton community composition. However, there are conflicting results regarding which species are promoted or inhibited. Tortell et al. (2002)
found an increase in diatoms with increasing CO2 , whereas Feng et al. (2009) and Endo
et al. (2015) found a decrease. Riebesell (2004) found coccolithophores were promoted
by enhanced CO2 while Feng et al. (2009) and Bermúdez et al. (2016) found they were
inhibited. Several studies on dinoflagellates found they were promoted by elevated CO2
(Rose et al., 2009; Brussaard et al., 2013; Schulz and Riebesell, 2013), yet Tarling et al.
(2016) found they were inhibited. Many of these apparently conflicting results may
be explained by differences in the nutrient conditions, or species- and/or strain-specific
differences in the tolerance of organisms to changes in CO2 . For instance, Müller et al.
(2015) found strain-level variations in the sensitivity of Southern Ocean Emiliana huxleyi ecotypes to increased CO2 . Despite these differences, there is a general consensus
in general picoeukaryotes are promoted at high CO2 levels (Paulino et al., 2007; Egge
et al., 2009; Feng et al., 2009; Brussaard et al., 2013; Schulz and Riebesell, 2013; Bach
et al., 2016; Bermúdez et al., 2016; Davidson et al., 2016; Hama et al., 2016; Sala et al.,
2016; Schulz et al., 2017; Heiden et al., 2019). One potential explanation for this outcome in smaller phytoplankton cells is that they rely more on diffusive uptake of CO2
than via carbon concentration mechanisms and thus would directly benefit from an increase in availability of CO2 (Rost et al., 2008).
While most ocean acidification studies have focused on the effects of increasing CO2
on phytoplankton, there is growing evidence that cyanobacteria and bacterial communities may also be affected. Overall, studies have concluded that cyanobacteria will be
promoted by increased CO2 (Barcelos e Ramos et al., 2007; Fu et al., 2007; Hutchins
et al., 2007; Levitan et al., 2007; Kranz et al., 2009; Lomas et al., 2012; Biswas et al.,
2015; Dutkiewicz et al., 2015). Like phytoplankton studies, there are differences among
cyanobacteria studies that may reflect species-specific differences (Fu et al., 2007).
Originally, it was thought that ocean acidification would have little direct effect on bacterial communities. Instead, changes to the bacterial community were thought to be
driven indirectly by CO2 -induced changes in the phytoplankton community, to which
they were tightly coupled (Grossart et al., 2006). Recent studies show that while in
general bacterial abundance and growth rates are either not effected or promoted by increasing CO2 (i.e. Grossart et al. 2006, Paulino et al. 2007, Allgaier et al. 2008, Maas
et al. 2013, Baragi et al. 2015, Thomson et al. 2016, Wang et al. 2016 and Westwood
et al. 2018), elevated CO2 can cause an increase in cellular activities such as protein
and enzyme production (i.e. ↵ - and glucosidase) (Paulino et al., 2007; Allgaier et al.,
2008; Motegi et al., 2013; Piontek et al., 2013; Roy et al., 2012; Maas et al., 2013; Sperling et al., 2013; Zhang et al., 2013). This indicates that the cellular demand of protein

1.6. MULTIPLE STRESSORS

13

and enzyme production in the bacterial community increases as CO2 rises. There is
also increasing evidence that CO2 can also alter the composition of bacterial communities and the observed changes in proteins and enzymes may reflect taxonomic shifts.
A number of ocean acidification experiments on natural microbial communities have
found evidence that future ocean acidification conditions will alter bacterial community composition. Increased CO2 has been found to favour an increase in the relative
abundance of heterotrophic bacteria (Biswas et al., 2015; Sala et al., 2016), but Zhang
et al. (2013) found a decrease in the relative abundance of two heterotrophic bacterial
groups, Bacteriodetes and Polaribacter, at elevated CO2 levels. Sperling et al. (2013)
also found compositional shifts in free-living bacterial communities during the PeECE
II mesocosm experiment but not the attached bacteria. Thus, like phytoplankton, it
would appear the sensitivity of bacteria may vary among taxa and nutritional status.
The effects of elevated CO2 concentration on viruses has received little attention. Larsen
et al. (2008) investigated the effects of CO2 on viral communities within the PeECE III
experiment and found a decrease in EhV and CeV viruses despite the fact that their
hosts (Emiliana huxleyi and Chrysochromulina ericina, respectively) were increasing in
abundance. Interestingly this suggests that viruses might be more vulnerable to ocean
acidification than previously thought. This contrasts with the suggestion by Danovaro
et al. (2011) who claimed that the effects of ocean acidification on viruses were indirectly determined by its impact on their hosts. Given their important role in regulating
pro- and eukaryotic mortality, maintaining microbial diversity and influencing the transfer of organic carbon between particulate and dissolved pools, the lack of information
about viral responses to CO2 comprises a substantial knowledge gap to our understanding of the effects of ocean acidification on microbial communities.

1.6

Multiple Stressors

Climate change is altering the oceans in complex ways, exposing marine organisms to
multiple, simultaneous changes in their environment. In the Southern Ocean organisms are subject to ocean warming, changes to ocean circulation, alterations to sea-ice
expanse and timing, ice-shelf disintegration, increased ice-berg scouring and drifting,
changes to tidewater input from glaciers, increased UV-B, changes to water column
stratification, the availability of iron and other nutrients as well as ocean acidification
(Doney et al., 2012; Boyd et al., 2014; Gutt et al., 2014; IPCC, 2014; Deppeler and
Davidson, 2017). These different environmental drivers do not necessarily act independently but can interact to cause non-linear effects on organisms (Boyd et al., 2015).
Multiple stressors could interact to provide a synergistic effect on an organism, where
their combined effect of stressors is greater than the sum of their separate effects (Boyd
et al., 2015). Alternatively, the effects may be antagonistic, where their combined effect
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is less than the sum of their separate effects on organisms (Boyd et al., 2015). Hence,
these interactions are likely to be far more complicated to predict (Boyd, 2013). When
experiments are undertaken, the more stressors that are incorporated into an experiment,
the more complex the array of interactions there are, making it difficult to predict the
effect of multiple stressors, particularly on entire communities and ecosystems (Boyd,
2013).
Rose et al. (2009) conducted an experiment where the effects of increased iron and
temperature individually and concurrently were investigated on a natural microplankton
communities in the Ross Sea. They found increased iron supply and temperature acted
synergistically to strongly amplify increases in both phytoplankton growth and productivity. Similarly, Feng et al. (2009) found a synergistic effect of increased temperature
and CO2 on the decline in calcification by coccolithophores. However, Deppeler and
Davidson (2017) found that the timing and extent of these environmental changes was
likely to differ among regions in the Southern Ocean, and therefore the order and magnitude in which environmental stressors are imposed must be taken into account. For
example, the sub-Antarctic zone is likely to be affected predominantly by an increase
in iron availability and temperature, whereas the seasonal sea-ice zone will be more affected by impacts associated with a decline in sea-ice thickness and extent (review by
Deppeler and Davidson 2017, and refs therein). The coastal Antarctic zone, on which
this thesis focuses, will be predominantly affected by ocean warming, freshening and
acidification with an exception being the Ross Sea where the dominant controlling factors for phytoplankton growth are light and iron (Smith Jr et al., 2000; Feng et al., 2010;
Sedwick et al., 2011; Deppeler and Davidson, 2017). The latest IPCC Special Report on
“The Ocean and Cryosphere in a Changing Climate” identified, with a high confidence,
that a decline in pH associated with ocean acidification will affect Southern Ocean and
Antarctic waters into the future (IPCC, 2019). This thesis focuses on quantifying the effects of ocean acidification on the entire microbial community in coastal East Antarctic
waters.

1.7

Thesis Aims and Structure

Antarctic marine microbes (phytoplankton, protozoa and bacteria) are likely to be vulnerable to changes in ocean chemistry due to their small size and lack of protection compared to higher Antarctic organisms, while their rapid growth means they will quickly
express CO2 -induced stress as changes in community composition and abundance (Moline et al., 2004; Deppeler and Davidson, 2017). Marine microbes are the base of the
Antarctic food web and are key drivers of productivity, nutrient cycling and ocean biogeochemistry (Arrigo and Thomas, 2004; Arrigo et al., 2008; Kirchman, 2008; Rossoll
et al., 2012; Caron and Hutchins, 2013; Bermúdez et al., 2016; Davidson et al., 2016).
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Their composition and abundance of marine microbes determines the quality and quantity of food available to higher trophic levels, effecting fishery productivity and the
conservation of threatened species (Cooley and Doney, 2009; Ducklow et al., 2001;
Pomeroy et al., 2007). They also mediate global climate via the drawdown of carbon
dioxide and release of cloud formation-associated gases such as dimethyl sulphide (Liss
et al., 1994). The extensive influence of these organisms on the ecology and biogeochemistry of the Southern Ocean means it is essential that we understand the effects
of increased concentration of CO2 and acidity on marine microbes, if we are to predict
the likely consequence of global change on the Antarctic ecosystem. Yet, despite their
importance, and the vulnerability of nearshore Antarctic waters to ocean acidification,
there have been few studies investigating the effects of ocean acidification on Antarctic
marine microbes, and those that have been conducted are commonly mostly restricted
to the responses of single species or a single trophic level. By definition these studies do not include the effect of increased CO2 on competitive interactions, predation or
infection, and are therefore of limited predictive value.
A series of large-scale, community-level experiments were conducted at Davis Station
during the austral summer 2008-9 to examine the response of Antarctic pelagic marine
microbes to increases in CO2 (Davidson et al., 2016; Thomson et al., 2016; Westwood
et al., 2018). These experiments consistently showed little change in microbial communities to CO2 concentrations from preindustrial times to those predicted by 2100.
Further increases in CO2 above this level caused a significant decline in phytoplankton productivity and biomass as well as changes in microbial community composition
favouring small phytoplankton taxa. In 2014, this study was repeated to examine interannual variability in CO2 tolerance at a single location but also using improved methods.
These experiments included sampling of a wide range of physical, chemical and biological parameters that provide crucial insights into the factors driving CO2 -induced change
in the growth, succession and associations within nearshore Antarctic marine microbial
communities.
This thesis aims to investigate the effect of ocean acidification on Antarctic microbial communities. Specifically, whether increased CO2 alters the microbial community structure and function and determine the CO2 levels which induces these changes.
Firstly, meta-analytic techniques are used to combine and compare results from previously conducted microbial ocean acidification studies conducted in the Southern Ocean
and nearshore Antarctic waters. Then, results obtained from the 2014 ocean acidification experiment at Davis Station, East Antarctica, were used to investigate the effect
of increased CO2 on a nearshore Antarctic microbial community structure and function
and to compare these findings with those obtained by Davidson et al. (2016), Thomson et al. (2016) and other Southern Ocean and Antarctic microbial, ocean acidification
studies. Lastly, qualitative modelling is used to investigate the flow-on effects of the
microbial community structural changes observed in the 2014 ocean acidification ex-
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periment to carbon sequestration, nutrient cycling and the cascading effects through the
pelagic food web to higher trophic levels.
Chapter 2: Effects of ocean acidification on Antarctic marine organisms: a metaanalysis
This chapter presents a comprehensive meta-analysis of the response of Antarctic marine organisms to ocean acidification using results from all studies investigating the
effects of altered seawater carbonate chemistry on marine organisms south of 60 S.
Specifically:
1. Provide a synthesis of the literature to bench-mark the current understandings of
the effects of increased CO2 on Antarctic marine organisms.
2. Determine the response of Antarctic marine organisms to future CO2 concentrations.
3. Identify tipping points in these responses to predict at what time in the future they
are likely to be affected based on current CO2 and earth system model projections.
4. Highlight current knowledge gaps and uncertainties in the effect of ocean acidification on Antarctic marine organisms, and provide suggestions for future research
directions.
Chapter 3: Ocean acidification changes the structure of an Antarctic coastal protistan community
This chapter reports the effects of ocean acidification on a protistan community during
the minicosm experiment using microscopy techniques. Specifically, it aims to address
the following questions:
1. Do individual species of a natural Antarctic protistan community show speciesspecific differences in CO2 tolerance?
2. Does the protistan community composition and abundance change with increased
levels of CO2 ? What CO2 level elicits this change?
3. When compared to Davidson et al. (2016) and Thomson et al. (2016), does this
experiment indicate that the response by the protistan community at this site is
consistent in nature and threshold, irrespective of seasonal and interannual differences in the composition of the community and the availability of nutrients?
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Chapter 4: Effect of ocean acidification on an Antarctic marine microbial community structure: a molecular approach
This chapter builds on the findings of chapter 2 to investigate the effects of ocean acidification on both the eukaryotes and prokaryotes within the minicosm community using
phylogenetic marker gene sequencing (16S and 18S rDNA). Specifically, this chapter
aims to;
1. Investigate the effect of increased CO2 on the picoplankton and prokaryotic community composition within the minicosm community.
2. When compared to the findings from the microscopy analysis presented in Chapter 2, does the 18S sequence data agree with the response of micro- and nanoeukaryotic composition response to increased CO2 .
Chapter 5: Implications of CO2 -induced Antarctic marine microbial communities
for the Antarctic coastal food web and biological pump: insights from network
modelling
This chapter employs qualitative models to study the effect of ocean acidification on the
structure and function of the microbial communities and ramifications for the Antarctic
nearshore ecosystem. Specifically, the effect of the CO2 -induced shift in the microbial
community composition on:
1. Antarctic food web
2. Nutrient dynamics
3. Biological pump

C HAPTER 2

Effects of ocean acidification on Antarctic
marine organisms: a meta-analysis
Alyce M. Hancock1,2,3 , Catherine K. King4 , Jonathan S. Stark4 , Andrew McMinn1,2,3 ,
and Andrew T. Davidson3,4
Abstract: Southern Ocean waters are amongst the most vulnerable to ocean acidification. The projected increase in the CO2 level will cause changes in carbonate chemistry
that are likely to be damaging to organisms inhabiting these waters. A meta-analysis
was undertaken to examine the vulnerability of Antarctic marine biota occupying waters south of 60 S to ocean acidification. This meta-analysis showed that ocean acidification negatively affects autotrophic organisms, mainly phytoplankton, at CO2 levels
above 1000 µatm and invertebrates above 500 µatm, but appears to have little effect
on fish, and positively affects bacterial abundance. The sensitivity of phytoplankton to
ocean acidification was influenced by the experimental procedure used. Natural, mixed
communities were more sensitive than single species in culture, and showed a decline in
chlorophyll a concentration, productivity and photosynthetic health, as well as a shift in
community composition at CO2 levels above 1000 µatm. Invertebrates showed reduced
fertilization rates and increased occurrence of larval abnormalities, as well as decreased
calcification rates and increased shell dissolution with any increase in CO2 level above
current naturally occurring levels in Antarctic waters. Assessment of the vulnerability of fish and macroalgae to ocean acidification was limited by the number of studies
available. Overall, this analysis indicates that many marine organisms in the Southern
Ocean are likely to be susceptible to ocean acidification and thereby likely to change
their contribution to ecosystem services in the future. Further studies are required to
address the poor spatial coverage, lack of community or ecosystem level studies, and
the largely unknown potential for organisms to acclimate and/or adapt to the changing
conditions.
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Introduction

The pH of Southern Ocean surface waters has already decreased by ⇡ 0.1 pH units
and is predicted to decrease by a further ⇡ 0.3 units by 2100 under the IPCC RCP8.5
“business as usual” scenario, equating to surface water CO2 levels >1000 µatm (McNeil and Matear, 2007, 2008; Kawaguchi et al., 2013). In addition, there is a large
natural seasonal variability in pH. During winter pH is reduced and the concentration
of carbonate ions is naturally low in the Southern Ocean and nearshore Antarctic waters. In contrast, during summer, pH and carbonate ion concentrations are higher due to
changes in seasonal mixing and biological productivity (Gibson and Trull, 1999; McNeil and Matear, 2007; McNeil et al., 2010; Roden et al., 2013). Future predictions of
acidification indicate that winter surface waters south of 60 S could be under-saturated
in aragonite by as early as 2030 under the IPCC RCP8.5 (McNeil and Matear, 2008).
Aragonite under-saturation could occur in ⇡ 30% of the Southern Ocean by 2060, and
>70% by 2100 (Hauri et al., 2016). The duration of this surface under-saturation is
predicted to increase in duration from 1 month to 6 months within the next 20 years
(Hauri et al., 2016). Surface waters of the Southern Ocean are even predicted to become under-saturated in calcite (the more stable form of calcium carbonate) by 2095,
which is several decades earlier than elsewhere in the world’s oceans (Hauri et al., 2016;
Negrete-Garcı́a et al., 2019). The implications of this early under-saturation could be
significant in the Southern Ocean where many invertebrates require calcium carbonate
for shell formation and growth (Wittmann and Pörtner, 2013).
Meta-analyses are a useful tool to synthesize the results of multiple studies, to provide
meaningful comparisons to determine the overall state of knowledge in an area and
highlight areas of uncertainty. A number of meta-analyses have focused on the global
effects of ocean acidification on marine organisms (i.e. Kroeker et al. 2010 and Kroeker
et al. 2013). These analyses have found that ocean acidification has a negative effect
on the survival, calcification, growth and reproduction of marine biota but with significant variation in sensitivity among taxonomic groups. All calcifying organisms except
crustaceans had larger negative responses than non-calcifying organisms (Kroeker et al.,
2010, 2013) and those calcifying organisms that utilised less soluble forms of calcium
carbonate were more resilient than those that used more soluble forms (Kroeker et al.,
2010). Larval and early life stages are also highly sensitive, particularly in molluscs
(Kroeker et al., 2013). No meta-analysis has yet been conducted to specifically examine the effects of ocean acidification on marine organisms in the Southern Ocean and
nearshore Antarctic waters, despite the high vulnerability of these regions.
This study presents a comprehensive meta-analysis of the effect of altered seawater carbonate chemistry on marine organisms south of 60 S. It aims to provide a synthesis of
current understanding in the area, and highlights knowledge gaps and future research
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directions. As part of this meta-analysis, this study will attempt to determine if there are
tipping points in the response of marine organisms to ocean acidification, and therefore
predict at what future CO2 concentration and time organisms inhabiting the Southern
Ocean and nearshore Antarctic ecosystems may be significantly affected by ocean acidification.

2.2
2.2.1

Methods
Data selection and suitability criteria

Comprehensive database searches were conducted to compile all English language,
peer-reviewed journals articles and literature reviews that investigated the effect of altered seawater carbonate chemistry on Southern Ocean and/or Antarctic marine organisms. Searches were conducted using the ISI Web of Science [v.5.27.2], Scopus and
ASFA (Aquatic Sciences and Fisheries Abstracts) databases using the search terms
given in Appendix A Table A.1 (all searches were completed by the 31st May 2018).
The OA-ICC bibliographic database (https://www.iaea.org/ocean-acidification/) was also
searched along with literature cited in bibliographies of all the articles and reviews identified in the literature search. Articles were then screened to only include studies that
manipulated the carbonate chemistry to investigate the effects of ocean acidification on
marine organisms collected, or experiments conducted south of 60 S. Some studies that
included a number of species and/or locations, some of which were in the Arctic or
north of 60 S. For these only data from south of 60 S was included in the meta-analysis
and each species was included seperately. After this manual screening, 52 papers remained for inclusion in the meta-analysis. For studies that included more than one
experiment or species, each individual experiment/species was included in the analysis.
A number of studies investigated the effects of multiple stressors (i.e. ocean acidification and warming). The data associated with the effect of ocean acidification for these
studies was included only if all other stressors were at ambient levels. For example,
Torstensson et al. (2013) investigated the effect of elevated CO2 and temperature on
an Antarctic diatom, for this study the only the ambient temperature treatments were
used. Any studies that did not have a treatment approximate to ambient levels for the
co-stressor were not included in the meta-analysis, such as Kapsenberg and Hofmann
(2014), who investigated the effects of elevated CO2 and temperature but included no
ambient temperature treatment. Only studies conducted over weeks (up to month) were
included in the analysis, longer experiments studying chronic acclimation and/or adaptation responses of organisms to ocean acidification, were excluded (only two papers,
Trimborn et al. 2014 and Torstensson et al. 2015 both investigating long-term effects of
elevated CO2 on phytoplankton cultures).
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CO2 treatment levels and organism responses

The main aim of this study was to determine tolerance of Antarctic marine organisms
to increased CO2 and if there were tipping points in their response, therefore analyses
were conducted over a range of CO2 treatments above ambient. Ambient was identified
as the CO2 treatment reported in the study as being either the “control” or “ambient”
(all ambient levels were below ⇡ 500 µatm). The CO2 treatment levels used in studies
were separated into the following CO2 categories for the meta-analysis: pre-industrial
(found in phytoplankton studies only), 500-800 µatm, 801-1000 µatm, 1001-1500 µatm
, 1501-2000 µatm and >2000 µatm. If studies reported the level of CO2 in units other
than µatm, or if pH was reported, then the CO2 levels were converted into µatm of
CO2 using CO2 Sys v2.1.xls (Pierrot et al., 2006). The data required for the conversion
was reported within all papers except for two, and these were removed from the metaanalysis as the corresponding author for these papers could not be contacted. If a study
did not specify an ambient/control level then the CO2 treatment closest to the ambient
level at time of sample collection was used. Any studies using an ambient CO2 treatment which substantially exceeded 500 µatm were excluded from the meta-analysis. If
a study included multiple treatments in one CO2 category then the highest treatment was
used in the meta-analysis, except for the pre-industrial CO2 category in which the lowest was used. Study mean, standard error and sample size for each experiment/species,
biological response (described below) and CO2 category was used in the meta-analysis.
Data reported in graphs was extracted using the software WebPlotDigitizer v1.7.9 (Rohatgi). A number of studies reported biological response data in boxplots with medians
and interquartile ranges rather than reporting the mean, standard error and sample size.
These were converted using the method of Luo et al. (2018a) for the estimation of mean
and Luo et al. (2018b) for estimating the standard error. The equations were as follows:
0.39 q1 +q3
0.39
Estimation of mean: X̄(w) ⇡ (0.7 +
) 2 + (0.3
)m
n
n
q3 q1
0.75n 0.125
Estimation of standard error: S ⇡
where ⌘ = ⌘(n) = 2 1[
]
⌘
n + 0.25
The final number of studies included in the meta-analysis was 48 after manual screening
and removal of studies that did not meet the above criteria (full list in Appendix A
Supplementary Document 1).
Data for several taxonomic groups were included in the analysis, including prokaryotes;
bacteria, autotrophic eukaryotes; phytoplankton and macroalgae, and heterotrophic eukaryotes; invertebrates and fish (Appendix A Figures A.1-A.5). The invertebrates included amphipods (Arthropoda; Crustacea; Amphiphoda), krill (Arthropoda; Crustaceae;
Euphausiacea), brachiopods (Brachiopoda), sea stars (Echinodermata; Asteroidea), sea
urchins (Echinodermata; Echinoidea), bivalves (Mollusca; Bivalvia), pteropods (Mol-

2.2. METHODS

22

lusca; Gastropoda; Orthogastropoda; Opisthobranchia; Pteropoda), limpets (Mollusca;
Gastropoda; Patellogastropoda), sea snails (Mollusca; Gastropoda; Orthogastropoda;
Mesogastropoda; Trochidae) and nemertean worms (Nemertea). The effects of ocean
acidification on different biological responses from each taxonomic group were investigated (Table 2.1). While most studies were conducted on a single species, a number of
phytoplankton studies used natural or mixed species communities. These multi-species
studies were included in the overall meta-analysis. Further analyses were then conducted separating single species and multi-species phytoplankton studies to compare
the difference in responses.

2.2.3

Data analysis

The data was analysed following the methods of Kroeker et al. (2010) and Kroeker et al.
(2013). For each biological response in each CO2 category, the ln-transformed response
ratio to ocean acidification was calculated for each study (or experiment/species within
a study) using the formula:
LnRR = ln(R) = ln(X̄E )

ln(X̄C )

where X̄E and X̄C are the mean value for the biological response in the CO2 experimental treatment and the ambient (control) treatment respectively (Hedges et al., 1999).
The log response ratio (LnRR) was used due to its robustness to small sample sizes and
its ability to detect true effects (Lajeunesse and Forbes, 2003). For all means an increase
in the mean is a positive response, i.e. increased growth rate between control and experimental treatments is a positive response. If this was not true, i.e. increase in dissolution
of shells is a negative response, the mean was made negative. Thus, a positive response
ratio represents a positive response of the organisms to ocean acidification, and a negative response ratio represents a negative effect of ocean acidification. The larger the
response ratio (either positive or negative), the stronger the response and the effect of
ocean acidification.
These response ratios (LnRR) were then weighted by the inverse of the effect size variance (v), calculated by their associated standard error and sample size using:
v=

(SE )2
(SC )2
+
nE X̄E2
nC X̄C2

where SE and SC are the standard error for the experimental treatment mean and ambient (control) treatment mean respectively, and nE and nC are the sample sizes for the
experimental mean and ambient (control) mean respectively (Hedges and Olkin, 1985).
As above X̄E and X̄C are the mean value for the biological response in the CO2 experimental treatment and the ambient (control) treatment respectively. This weighting
ensured that studies with a lower standard error and higher sample size (data with greater
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Table 2.1: Biological responses used for each taxonomic group in the meta-analysis.
Taxonomic group
Prokaryotes
Autotrophic
Eukaryotes

Heterotrophic
Eukaryotes

Biological Response
Bacteria

Abundance
Productivity

Phytoplankton Chlorophyll a concentration (Chl a)
Net primary productivity (NPP)
Gross primary productivity (GPP)
Effective quantum yield (Fv /Fm )
Relative electron transport rate (rETR)
Extracellular carbonic anhydrase activity (eCA)
Total fatty acid content (fatty acids)
Particulate organic carbon concentration (POC)
Growth rate*
Macroalgae
Growth rate
Chlorophyll a concentration (Chl a)
Effective quantum yield (Fv /Fm )
Relative electron transport rate (rETR)
Protein content (Protein)
Invertebrates

Fish

Development (fertilisation rate or normal
development)
Shell state (adult calcification or dissolution rate)
Growth Rate (in adults)
Survival (in adults)
Behaviour (adult maximal escape speeds)
Feeding (adult consumption rate or energy
absorbed)
Survival (of embryos)
Oxygen (O2 ) consumption rates (in adults)
Gill & liver tissue lactate dehydrogenase activity
(adult tissue content)
Growth rate (in adults)
Heart rate (in adults)

Nt
*if cell concentration was reported then growth rate was calculated using µ = 1t ln( N
)(Pearce et al., 2007)
0
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certainty) were weighted more heavily in the analysis than those with higher standard
error and lower sample size (lower certainty). The meta-analysis was conducted on both
weighted and unweighted response ratios, with no significant difference between the results, therefore like Kroeker et al. (2010) and Kroeker et al. (2013) weighted analyses
are presented.
The summary response ratio for each biological response in each CO2 category, within
each organismal group (see below) was estimated using a random effects model. A
random effects model was used as it accounts for both random sampling variation in
each study and the variation among studies in estimating the effect size. In this model
the true variation in effect size is calculated by the between-study variance (using the
ln-transformed response ratios, LnRR), with each study weighted by the inverse sum
of the individual study variance (v). Restricted maximum likelihood estimator (REML)
was used to estimate the amount of (residual) heterogeneity (Q), which tests whether the
variability in the effect size is larger than would be expected based on sampling variance alone (Brown and Kempton, 1994). Statistical significance of the mean response
ratio was based on the 95% confidence interval on the estimated summary response ratio (Viechtbauer, 2010). Based on the availability of studies, organisms were assigned
to functional groups at increasing levels of taxonomic resolution and the summary response ratios of each of these groups was determined for each CO2 category. The groups
were:
1. Prokaryotes (bacteria), eukaryotic autotrophs (phytoplankton and macroalgae)
and eukaryotic heterotrophs (invertebrates and fish), with all biological responses
combined.
2. Bacteria, phytoplankton, macroalgae, invertebrates and fish, with all biological
responses combined.
3. Bacteria, phytoplankton and invertebrates for each biological response. Due to the
lack of studies, macroalgae and fish biological responses were investigated with
all CO2 categories combined, and for each macroalgal species with all biological
responses and CO2 categories combined.
4. Single species vs community-level biological responses of phytoplankton.
Statistical analyses were conducted using the R v.1.0.136 (R Core Team, 2016) and the
add-on package “Metafor” (Viechtbauer, 2010).
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Results

Forty-eight papers on the effect of altered carbonate chemistry on marine organisms
south of 60 S were identified that met all the required selection criteria for inclusion in
the meta-analysis (list of papers included in Appendix A Supplementary Document 1).
The majority of these studies were conducted in nearshore Antarctic waters, with only
four offshore, open Southern Ocean waters studies (Figure 2.1). It is also apparent that
most studies were conducted in areas surrounding the Antarctic Peninsula (particularly
King George Island), the Ross Sea and Prydz Bay, East Antarctica with few studies in
the permanently open Southern Ocean waters.
A total of 324 response ratios were calculated from the 48 studies included in the metaanalysis (with a number of articles reporting results of multiple experiments and numerous biological responses). Of these response ratios, 40 were for prokaryotes (bacteria)
and 284 for eukaryotic organisms. Of the eukaryotic response ratios, 215 were for
autotrophic organisms (phytoplankton and macroalgae) and 69 for heterotrophic organisms (invertebrates and fish). Within these groups, there was significant heterogeneity (p <0.001), indicating that variability between studies is greater than expected by
chance alone (Appendix A Table A.2-A.6). Despite this, there are some clear trends in
the response of Antarctic marine organisms to increased CO2 (Figure 2.2). Autotrophs
showed a significant negative response to ocean acidification at CO2 levels >1000 µatm,
whereas in heterotrophs, this negative response is not observed until CO2 levels of 1500
µatm and above. In contrast, the prokaryotes, show an increasingly positive response
with increasing CO2 (Figure 2.2).
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Figure 2.1: All studies on the effect of ocean acidification on marine organisms south
of 60 S included in the meta-analysis. Pie charts display the relative number of studies
per organism at that location. The size of the pie reflects the total number of studies at
that location. Figure created using the R package ”SOmap” (Maschette et al., 2018).
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Figure 2.2: The effect of ocean acidification on heterotrophic and autotrophic eukaryotes, and prokaryotic organisms at different CO2 levels. Mean response ratios and 95%
confidence intervals are shown, with the number of data points in each category given
in brackets. A mean response ratio of zero (hashed line) indicates no effect.
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The eukaryotic responses was subdivided to determine the effect of ocean acidification
on phytoplankton, invertebrates, fish and macroalgae (Figure 2.3). Significant heterogeneity was observed in each of these groups (Appendix A Tables A.3-A.6). Nevertheless, responses to ocean acidification were significant in all groups. Most of the autotrophic responses were from phytoplankton, 201 of the 215 response ratios. Therefore
unsurprisingly, the response of phytoplankton to ocean acidification strongly influenced
the response of autotrophic organisms overall. For phytoplankton, including all the data
and no a priori defined groups, there was significant heterogeneity between studies in
their response to increased CO2 (Q =220036.852, df=200, p <0.001, Appendix A Table
A.3). The response ratios showed an overall negative response to CO2 levels >1000
µatm (Figure 2.3) but still significant heterogeneity at all CO2 levels (p <0.0001, Appendix A Table A.3). For macroalgae only 14 response ratios were calculated from
three studies, with significant heterogeneity across the mean response of macroalgae
both with all response ratios together, as well as when separated by CO2 level (Appendix A Table A.4). Despite this, the response in the 801-1000 µatm CO2 category
was mainly negative but the effect of CO2 in the 1001-1500 µatm level was less clear
(Figure 2.3).
The response of heterotrophic eukaryotic organisms (invertebrates and fish) to CO2 was
negative in CO2 treatments exceeding 1500 µatm. For invertebrates, when these response ratios were combined, irrespective of the species studied or the response measured, their response to increased CO2 was mainly negative (Figure 2.3). Significant
heterogeneity was observed within each CO2 category (p <0.0001 for each CO2 category, Appendix A Table A.5). The response is less clear in fish, where the response
ratios are based on a total of 10 studies from which 18 response ratios were calculated.
These few studies suggest that fish are only affected at CO2 levels exceeding 2000 µatm
(Figure 2.3) but again, there is significant heterogeneity in these mean responses (Appendix A Table A.6) and no studies conducted with CO2 treatments between 1500 and
2000 µatm.
Groups of marine organisms differ greatly in their sensitivity to increased CO2 (Table 2.2). Bacteria are positively affected irrespective of the CO2 concentration. The
few studies of fish also suggest that they are positively affected by CO2 concentrations
<1500 µatm, and negatively affected >2000 µatm, while their responses between 1500
and 2000 µatm are currently unknown. In contrast, phytoplankton, macroalgae and
invertebrates are all negatively affected. Invertebrates are the most sensitive of the taxonomic groups examined to ocean acidification, with a negative response to any increase
in CO2 concentrations exceeding current levels in Antarctic waters (> 500 µatm). Phytoplankton, although less sensitive, were negatively affected at CO2 levels above 1000
µatm. The few studies on macroalgae provide some indication that they may be negatively affected, but the variation around the response is large and further data is required
to gain a more conclusive response.
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Figure 2.3: The effect of ocean acidification on phytoplankton, macroalgae, invertebrates and fish at different CO2 levels. Mean response ratios and 95% confidence intervals are shown, with the number of data points in each category given in brackets. A
mean response ratio of zero (hashed line) indicates no effect.

2.3. RESULTS

30

Table 2.2: The effect of ocean acidification on bacteria, phytoplankton, macroalgae,
invertebrates and fish at different CO2 levels. Responses are either positive (green),
negative (red), no effect (grey), or no data (blank). Responses based on few data points
with consequently high variance are marked with *.

Taxonomic Group

CO2 Categories ( atm)
500 - 800

801-1000

1001 -1500

1501 -2000

>2000

*
Bacteria

*
Phytoplankton

*

*

Macroalgae

*
Invertebrates
Fish

*
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Bacteria

Few studies have been conducted on the effects of ocean acidification on bacteria in
Antarctic and Southern Ocean waters, however these few provide growing evidence that
bacterial communities may also be affected. Four studies met the selection criteria for
the meta-analysis; Maas et al. (2013), Thomson et al. (2016), Deppeler et al. (2018) and
Westwood et al. (2018). These studies reported results that allowed 40 response ratios
to be calculated. There is high heterogeneity in the response of bacteria to increased
CO2 when these are combined, separated by CO2 level and/or biological response (p
<0.05, Appendix A Table A.2). Despite the significant heterogeneity, clear, positive
response to increased CO2 was found for bacteria, (Figure 2.2), particularly the increase
in abundance with increasing CO2 (Figure 2.4). This trend is less clear for productivity
(Figure 2.4).
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Figure 2.4: The effect of ocean acidification on the biological responses of bacteria at
different CO2 levels. Mean response ratios and 95% confidence intervals are shown,
with the number of data points in each category in brackets. A mean response ratio of
zero (hashed line) indicates no effect.
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Phytoplankton

A range of biological responses have been used to quantify the effects of ocean acidification on phytoplankton with the nature and magnitude of the effect differing among
biological responses (Figure 2.5). A negative effect was found on gross primary productivity (GPP), the activity of extracellular carbonic anhydrase (eCA) and the concentration of particulate organic carbon (POC) at CO2 levels above 500 µatm, and above
801-1000 µatm for POC concentration. The concentration of chlorophyll a tended to
increase with moderate increases in CO2 (1000 µatm) but above this level the effect was increasingly negative. Similarly, growth rate had a positive response at CO2
levels between 800 and 1000 µatm but became negative at > 1500 µatm. Although
significant responses were found at a number of CO2 levels, there was still significant
heterogeneity at all CO2 levels for both chlorophyll a concentration and growth rates.
For example, the response ratio of growth rate at pre-industrial levels is significantly
negative (p=0.0417) but there was also significant heterogeneity (Q= 169.987, df = 10,
p <0.001, Appendix A Table A.3), indicating that there is significant variation in the
magnitude that growth rate was reduced in studies. The only biological responses in
which the heterogeneity was not significant when separated by CO2 level were gross
primary productivity at <1000 µatm, Fv /Fm at all levels except 500-800 µatm, POC
concentration in some levels (pre-industrial, 801-1000 and 1501-2000 µatm), fatty acid
content and eCA activity at all levels. All other biological responses other CO2 levels
had significant heterogeneity (Appendix A Table A.3).
Responses of phytoplankton were separated depending on the experimental procedure
comparing studies on a single species in culture to those performed on natural, mixed
communities (Figure 2.6). Biological responses to ocean acidification differed between
the two types of studies, with little response to increased CO2 in single species studies compared to a negative response at a community-level (Figure 2.6). For example,
there is an increasingly negative response in Fv /Fm with increasing CO2 for communitylevel studies, but little response in single species studies (Figure 2.6). Chlorophyll a
concentration is also promoted at intermediate CO2 concentration (500-800 µatm) and
negatively affected above 1000 µatm in community studies, while the response is more
variable in single species studies. In addition, phytoplankton communities exhibited
threshold levels of CO2 for the response of Fv /Fm , rETR and POC, above which negative effects were found, but no significant responses were identified in single species
experiments, with the exception of eCA activity (Table 2.3).
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Figure 2.5: The effect of ocean acidification on the biological responses of phytoplankton to increased CO2 levels. Mean response ratios and 95% confidence intervals are
shown, with the number of data points in each category in brackets. A mean response
ratio of zero (hashed line) indicates no effect. Refer to Table 2.1 for abbreviation definitions.
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Table 2.3: Threshold levels of CO2 (µatm) for a range of biological responses for
phytoplankton separating results of studies on single species from those at a communitylevel. Responses are either negative (red), no effect (grey) or uncertain/no data (blank).
Biological Response
Chlorophyll a
Growth rate
Gross Primary Productivity
Net Primary Productivity
Fv /Fm
rETR
POC concentration
Fatty acid content
eCA activity

2.3.3

Single Species

Community

highly variable

1000
No effect
500

No effect

few studies

No effect
No effect
No effect

highly variable

1500
1000

highly variable

800

800

Macroalgae

Only three studies have investigated the effect of ocean acidification on macroalgae
south of 60 S (Schoenrock et al., 2016; Iniguez et al., 2017; Schram et al., 2017), and
most of which employed CO2 treatment levels between 800 and 1000 µatm. Due the
small data set available, all CO2 treatment levels were combined and data compared
among biological responses (Figure 2.7) and species (Figure 2.8). While the heterogeneity is significant in the response of macroalgae to increased CO2 (Appendix A Table A.4), it appears that rETR is the most sensitive measure in macroalgae to increased
CO2 (Figure 2.7). The concentration of chlorophyll a was also negatively affected by increased CO2 , but there is high variance around this mean response. Comparing among
species, heterogeneity was again high (Appendix A Table A.4). The crustose algal
species, Clathromorphyum obtectulum and Hildenbrandia sp., appear to be more sensitive than fleshy species, Desmarestia anceps and D. menzieseii.
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Invertebrates

For invertebrates, developmental stages, shell state and survival of adults were found
to be particularly sensitive to increased CO2 , with negative responses at CO2 levels
>1000 µatm (Figure 2.9). Larval life stages showed reduced normal development and
fertilization rate with increasing CO2 . As adults, elevated CO2 reduced survival, rates
of calcium carbonate production and increased rates of dissolution and shell damage
in species with calcium carbonate shells (Figure 2.9). Although based on few studies,
other measurements such as growth rate, behaviour and feeding appeared to be unaffected by increased CO2 (Figure 2.9). However, there was significant heterogeneity in
most biological responses when separated by CO2 level and with all CO2 levels pooled
(Appendix A Table A.5). The only exceptions to this was growth rate and lipid/protein
content (Q=1.496, df=5, p=0.914 and Q=0.416, df=1, p=0.519, respectively), but the
lipid/protein results are derived from only a single study only (Schram et al., 2016).

2.3.5

Fish

The effect of ocean acidification on Antarctic and Southern Ocean fish has been little
studied, with only 6 studies and a total of 18 responses available for this meta-analysis
(Enzor et al., 2013; Strobel et al., 2013; Flynn et al., 2015; Davis et al., 2016; Enzor
et al., 2017; Davis et al., 2018). Whilst not ideal, due to the lack of data all the CO2
treatment levels were combined and the results compared among biological responses,
namely embryonic survival (development), gill and liver tissue lactate dehydrogenase
activity (tissue content), growth rate, heart rate and oxygen (O2 ) consumption rate (Figure 2.10). There was no obvious difference in these among CO2 treatments (Figure
2.10). The gill and liver tissue lactate dehydrogenase activity (tissue content) increases
slightly under conditions of elevated CO2 while growth rate declines slightly but there
was high variance surrounding all the biological responses therefore there is no certainty
around this response.
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2.4

Discussion

This meta-analysis shows that marine biota south of 60 S are vulnerable to ocean acidification, with only bacteria being positively affected by increases in CO2 . Autotrophs,
mainly phytoplankton, are negatively affected at CO2 levels above 1000 µatm with decreases in chlorophyll a, gross primary productivity, photosynthetic health (Fv /Fm and
rETR) and POC (Figure 2.5). Invertebrates are particularly sensitive to increased CO2
with decreased survival, reduced calcification rate and increased shell dissolution with
any increase in CO2 above current levels (Figure 2.9). Early life invertebrate life stages
are also vulnerable to ocean acidification with reduced fertilization rates and increased
larval abnormalities found with increased CO2 levels (Figure 2.9). Few studies have
been conducted on the effects of ocean acidification on fish in nearshore Antarctic and
Southern Ocean waters, therefore their response is uncertain. Despite some of the clear
trends found in the response of bacteria, phytoplankton and invertebrates to increased
CO2 , there is high variability in these trends between studies. This high variation is
not surprising as there are relatively few studies investigating the effect of ocean acidification on marine biota in Antarctica (total of 48 studies), and those that have been
conducted differed in the organisms studied, the biological responses measured, experi-
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mental design and/or the location in which the studies were performed. Further studies
are required to understand the most likely magnitude of response, and the affect this will
have on the ecosystem services these marine organisms provide.

2.4.1

Bacteria

Ocean acidification may cause both direct and indirect affects on the bacterial communities. This meta-analysis shows that increases in CO2 have an increasingly positive effect
on heterotrophic bacterial abundance and productivity in Antarctic waters. Numerous
studies in the Arctic have also reported a high resilience of bacteria to ocean acidification
with either no effect or an increase in bacterial abundance, growth rate and productivity
with increases in CO2 (Grossart et al., 2006; Paulino et al., 2007; Allgaier et al., 2008;
Baragi et al., 2015; Wang et al., 2016). Grossart et al. (2006) and Thomson et al. (2016)
suggest that these changes in the bacterial community are indirect and driven by CO2 induced changes in the phytoplankton community, to which they are tightly coupled.
Of the four bacterial studies in this meta-analysis, only Maas et al. (2013) reported biological responses other than abundance and productivity. Maas et al. (2013) found an
increase in the activity of some extracellular enzymes as well as a shift in community
composition with increased CO2 . These trends have also been observed in high latitude
Northern Hemisphere studies, including the PeECE III and EPOCA mesocosm experiments (Paulino et al., 2007; Allgaier et al., 2008; Motegi et al., 2013; Piontek et al.,
2013; Roy et al., 2012; Sperling et al., 2013; Zhang et al., 2013). This suggests that
while changes in abundance may be due to indirect CO2 effects, bacteria can still be
directly affected by ocean acidification. There is some evidence globally that increases
in CO2 can cause shifts in the bacterial community composition, with Bacteriodetes,
Polaribacter and free-living bacteria are reportedly more vulnerable to increased CO2
concentrations than other bacterial groups (Sperling et al., 2013; Zhang et al., 2013).
Bacterial communities exposed to elevated CO2 also had a decrease in diversity and become dominated by CO2 -tolerant species (Maas et al., 2013). This suggests that while
bacterial communities may be quick adapt to increases in CO2 by changing their community structure with resilient taxa compensating for the CO2 -induced stress imposed
on sensitive taxa, this may result in a loss of diversity. However, many studies have also
found no significant change in bacterial community composition with elevated CO2 and
therefore suggest that in many communities bacterial diversity may be resilient to ocean
acidification (Lindh et al., 2013; Roy et al., 2012; Oliver et al., 2014; Wang et al., 2016;
Lin et al., 2018).
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Phytoplankton

There is conflicting evidence in the literature on the sensitivity of non-calcifying phytoplankton to ocean acidification. This meta-analysis shows phytoplankton south of 60 S,
are negatively affected by increases in CO2 at levels above 1000 µatm, but there is often
a positive response below this threshold (Figure 2.5). Therefore, it is important that the
CO2 treatment levels used in studies are taken into account when interpreting potential
effects of increased CO2 and comparing effects between studies. The highest CO2 treatment commonly in ocean acidification experiments is approximately 800 µatm. This
is below the threshold level of 1000 µatm identified in the meta-analysis in this study.
Below 1000 µatm, growth rate, chlorophyll a concentration and the ratio of Fv /Fm are either unaffected or significantly increased, but above growth rates, photosynthetic health
(Fv /Fm and rETR) and POC concentration are reduced (Figure 2.5). This threshold of
1000 µatm is clearly shown in a series of experiments on nearshore, natural microbial
communities in Prydz Bay, East Antarctica, where despite different starting communities and nutrient levels there was a consistent threshold for change in the microbial
community structure and function above 1000 µatm (Davidson et al., 2016; Thomson
et al., 2016; Deppeler et al., 2018; Hancock et al., 2018; Westwood et al., 2018).
This meta-analysis highlights the importance of studying marine organisms as part of
a community or ecosystem, demonstrating that single-species studies often underestimate the effects of ocean acidification as they fail to include complex interactions
among species and trophic levels (Figure 2.6). Single-species studies also miss potential shifts in the community composition, as commonly found in phytoplankton studies.
A number of phytoplankton studies south of 60 S have found a significant shift in the
phytoplankton community composition, however there is disagreement on the direction
of community change. Some studies found an increase in larger diatoms (Tortell et al.,
2008a; Feng et al., 2010; Hoppe et al., 2013; Maas et al., 2013), while other studies
found that smaller cells were promoted at higher CO2 levels (Davidson et al., 2016;
Thomson et al., 2016; Hancock et al., 2018). This may be partially due to regional differences in phytoplankton communities among these studies but again, also reflects the
CO2 levels used relative to the threshold concentration that elicits community change.
Hancock et al. (2018) found that larger diatom species were promoted at intermediate
CO2 concentrations (500-1000 µatm) but above 1000 µatm there was a significant decline in larger diatoms and a shift to a community dominated by smaller cells. This
observation could explain some of the variability in results of the other studies, where
750-800 µatm is commonly the highest CO2 treatment tested (i.e.Tortell et al. 2008a,
Feng et al. 2010, Hoppe et al. 2013 and Young et al. 2015). Studies by Tortell et al.
(2008a), Feng et al. (2010), Hoppe et al. (2013) and Hancock et al. (2018) all show that
larger diatoms are promoted by increases in CO2 up to 1000 µatm. Thus, care must be
taken when comparing the effects of ocean acidification among studies with different
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CO2 treatment levels.
A number of the biological responses of phytoplankton to increased CO2 had a parabolic
trend, with positive responses with moderate increases in CO2 but above 1000 µatm an
increasingly negative response (i.e. chlorophyll a concentration and growth rate, Figure 2.5). A possible explanation for the parabolic responses to increased CO2 could
be the interaction of the beneficial effects of CO2 with the inhibitory effects of the
coincident rise in H+ ions. Current levels of CO2 in ambient seawater is limiting to
phytoplankton growth due to the low affinity of the enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCo) for CO2 (Reinfelder, 2011). This enzyme is involved
in the first major step of carbon fixation and is present in all eukaryotic phytoplankton. Its half-saturation concentration for CO2(aq) is however substantially higher than
present day naturally occurring CO2 levels in seawater (Reinfelder, 2011). To overcome this low affinity of RuBisCo, phytoplankton have developed carbon concentration
mechanisms (CCMs) so high rates of photosynthesis can be maintained, but this is an
energy-consuming process (Raven et al., 2008). At elevated CO2 , cells possessing efficient CCMs can down-regulate these carbon concentrating mechanisms, thereby saving
energy while sustaining photosynthetic rate (Rost et al., 2008). This is supported by
the findings of this meta-analysis where the activity of extracellular carbonic anhydrase
(eCA), an enzyme involved in carbon acquisition and an indicator for CCM activity, is
increased at CO2 levels below ambient, but decreased above ambient, reflecting a downregulation of CCMs at increased CO2 . If the CCMs are down regulated, then photosynthesis and growth would increase due to the energy saved from not having to operate the
CCMs. However, at CO2 levels above 1000 µatm growth rate, chlorophyll a concentration, primary productivity (NPP and GPP) and photosynthetic health declined. It is
likely that the coincident rise in H+ ions with increased CO2 is resulting in the requirement for the phytoplankton to expend energy on proton pumps to maintain intracellular
pH (Taylor et al., 2012; McMinn et al., 2014; Cyronak et al., 2015; Gafar et al., 2017;
Deppeler et al., 2018). The use of CCMs in phytoplankton varies between species and
some studies have found that diatoms and Phaeocystis are capable of indirect or direct
HCO3 uptake and are not limited by CO2 (Tortell et al., 1997; Goldman, 1999; Tortell
et al., 2002; Tortell and Morel, 2002; Cassar et al., 2004; Martin and Tortell, 2006). For
these larger species, the intolerance to increased CO2 is likely to reflect their need to
operate proton pumps to combat the rise in H+ concentration.
The effect of ocean acidification on sea-ice algae and in long-term phytoplankton experiments has not been included in this meta-analysis as they are difficult to compare
to short-term pelagic phytoplankton studies. Sea-ice algae experience large seasonal
fluctuations in pH and ambient CO2 levels can exceed >1000 µatm (Miller et al., 2011;
McMinn et al., 2014; Coad et al., 2016; McMinn et al., 2017). McMinn (2017) provides a review on the effect of ocean acidification on sea-ice microbial communities
and concludes that sea-ice brine algal communities tolerate elevated levels of CO2 with
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negative effects on growth and photosynthesis at only the most extreme CO2 levels,
>2500 µatm. This contrasts with the tolerance of pelagic phytoplankton which were
negatively affected at CO2 levels above 1000 µatm. Also not included in the metaanalysis is data from long-term studies, such as those by Trimborn et al. (2014) and
Torstensson et al. (2015). These studies aim to investigate the acclimation capacity
of phytoplankton to increased CO2 , as opposed to examining the impacts of exposure
to increased CO2 on key biological responses. Torstensson et al. (2015) found only a
small reduction in growth of Nitzschia lecointei after 147 days at 960 µatm (with the
experiment run for 194 days in total), although Trimborn et al. (2014) highlights that responses can be species-specific at 1000 µatm, which is a similar tolerance level found in
this meta-analysis. Studies on the ability of phytoplankton to acclimate and/or adapt to
increased CO2 are rare. The few studies conducted globally suggest that phytoplankton
could adapt, to partially or totally negating the negative effects of increased CO2 over
the longer time scales at which the oceans are actually changing (i.e. Lohbeck et al.
2012).

2.4.3

Macroalgae

Very few studies have been conducted on macroalgae in Antarctic waters. From the
few studies available, it appears crustose algal species are more vulnerable than noncalcifying fleshy species to ocean acidification, but with species specific differences
(Figures 2.7 and 2.8). However, there is high uncertainty around this response and further studies would need to be conducted to accurately predict the response of macroalgae
to ocean acidification in Antarctic waters. Globally, crustose algae have been found to
be sensitive to increases in CO2 with decreases in calcification, increased thalli dissolution and decreased structural integrity (Kuffner et al., 2008; Johnson and Carpenter,
2012; Roleda and Hurd, 2012; Hofmann and Bischof, 2014; Fabricius et al., 2015; McCoy and Kamenos, 2015; Agostini et al., 2018). Ocean acidification reduces biogenic
calcification by decreasing the calcium carbonate saturation resulting in reduced calcification and increased dissolution of crustose algal thalli, This reduces the structural
integrity and protective function of crustose algae making them susceptible to bioerosion and increased grazing (Johnson and Carpenter, 2012; Koch et al., 2013). In the
west Antarctic Peninsula the coverage of crustose algae can reach 77% in some subtidal benthic habitats but unfortunately little is known about the role of crustose algae
in Antarctic benthic ecology (Amsler et al., 1995; Schoenrock et al., 2016). In Arctic
analogs, crustose algae provide an important habitat for benthic invertebrates and fish,
and plays a key role in substrate stabilisation of subtidal habitats (Chenelot et al., 2011;
Teichert and Freiwald, 2014). Schoenrock et al. (2016) suggest that future ocean acidification conditions could alter algal community structure due to the differences in CO2
tolerance among the species. A change in the algal community structure and a decline
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in crustose algal integrity could have significant flow-on effects to the Antarctic benthic
ecosystem, particularly benthic communities which are closely associated with or are
dependent on macroalgae (Schoenrock et al., 2016; Peck, 2018).

2.4.4

Invertebrates

This meta-analysis shows that Antarctic invertebrates are particularly sensitive to ocean
acidification with negative effects on calcification, reproduction and survival. This
agrees with the findings of Kroeker et al. (2010, 2013) but globally the sensitivity of
invertebrates to elevated CO2 is phylum specific, with echinoderms and molluscs less
tolerant than crustaceans (Kroeker et al., 2010, 2013). The lack of studies conducted on
Antarctic invertebrates, and the wide range of biological responses measured, prevented
phylum-specific conclusions from being determined in the current meta-analysis. Despite this, it is clear that invertebrates could be threatened at CO2 concentrations slightly
higher than current levels with reduced fertilization rates, increased larval abnormalities,
decreased calcification and increased shell dissolution (Figure 2.9).
Calcifying organisms are thought to be indicator organisms for ocean acidification as
they are at heightened risk from increasing ocean acidification due to the reduction
in calcium carbonate saturation state (Fabry et al., 2009; Orr et al., 2005; McNeil and
Matear, 2008). Decreases in the saturation state of calcium carbonate due to ocean acidification results in decreased calcification and increased dissolution of calcium carbonate
shells, with some invertebrate taxa more vulnerable than others (Andersson et al., 2011).
Pteropods, for example, are reportedly particularly vulnerable to ocean acidification due
to their weaker aragonite shells (Bednarsek et al., 2014; Gardner et al., 2018). In addition, transcriptomic studies suggest that pteropods may not have the plasticity required
to adapt to ocean acidification over the timescale in which they will be exposed to undersaturated conditions (Johnson and Hofmann, 2017). For Antarctic echinoderms, distributions show that species living at depth below the current calcite saturation horizon,
have thinner, more weakly calcified shells than those living above this horizon (Sewell
and Hofmann, 2011). This response, appears to be species-specific as some Antarctic
echinoderms show no clear trend in calcification with depth or the proportion of highly
soluble magnesium-calcite in their skeletons (Duquette et al., 2018). Furthermore, McClintock et al. (2009) showed that the composition of the invertebrate’s shell (calcite or
aragonite) did not affect the vulnerability of those shells to a decrease in the saturation
state of calcium carbonate. Shell dissolution was greater in the brachiopod Liothyrella
uva than in the bivalve Laternula elliptica, despite L. uva having a potentially less soluble calcite shell than the aragonite shell of L. elliptica (McClintock et al., 2009). This
suggests that the strength of the shell matrix also needs to be considered when assessing the vulnerability of shells to ocean acidification (Harper, 2000; McClintock et al.,
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2009).
Early developmental stages of invertebrates are known to be more sensitive to changes
in their environment as their regulatory mechanisms are still developing (Burggren and
Warburton, 2005; Kurihara, 2008). This trend in sensitivity is consistent with the current
study, which showed negative effects of CO2 concentration on invertebrate development
above 1000 µatm, including decreased rates of fertilisation, egg cleavage and hatching,
decreased survival of larvae, increased abnormalities and delayed development of later
larval stages (Ericson et al., 2010; Kawaguchi et al., 2010; Ericson et al., 2012; Byrne
et al., 2013a; Gonzalez-Bernat et al., 2013; Kawaguchi et al., 2013; Bylenga et al., 2015;
Foo et al., 2016; Bylenga et al., 2017; Karelitz et al., 2016). This contrasts with biological responses of adults which only showed a negative response in shell state and
survival, although comparatively more studies have focused on the effects of ocean
acidification on juveniles than adult invertebrates (Figure 2.9). All the species included
in this meta-analysis are free spawners with planktonic larvae (Quetin and Ross, 1984;
Ansell and Harvey, 1997; Nicol, 2006). Planktonic waters below 100 m can have CO2
levels considerably higher than at the surface (Kawaguchi et al., 2010). This means
larvae and eggs could experience higher CO2 conditions in mid-pelagic waters earlier
than predicted for surface waters (Kawaguchi et al., 2010). The bivalve L. elliptica may
be particularly vulnerable as it uses aragonite to form its shell and spawns during the
winter (Ansell and Harvey, 1997) when seawater pH is at its lowest and aragonite is
predicted to become seasonally under-saturated by 2030 (Gibson and Trull, 1999; McNeil and Matear, 2008; Roden et al., 2013). What remains unclear is whether marine
invertebrates will adapt to reduced pH, and whether individuals that survive the larval phase and grow to adulthood will have stronger, more resilient offspring. Suckling
et al. (2015) showed that S. nemayeri grown at 900-1400 µatm CO2 acclimate both their
metabolic and reproductive physiology, and after two years there was no significant difference in urchins exposed to current day and elevated CO2 conditions. This and other
studies suggest that some invertebrates may be able to adapt over time to ocean acidification conditions and produce more resilient offspring, but further long-term studies are
needed to fully explore this inter-generational adaptive capacity (Peck, 2018).
As invertebrates play an important role in the Antarctic ecosystem, any decline in their
abundance or change in community composition due to ocean acidification could have
significant implications for the Antarctic and Southern Ocean ecosystem and the food
webs they support. For example, pteropods are a major food source for many zooplankton, fish and higher predators (Hopkins, 1987; Falk-Petersen et al., 2001) and play a role
in the export of carbon to the deep ocean (Manno et al., 2010). Invertebrates such as sea
stars, sea urchins, limpets, sea snails, bivalves and brachiopods are important components in benthic communities as bioturbators, major grazers on macroalgae and benthic
diatoms and play a key role in energy transfer in the Antarctic benthos (McClintock,
1994; Widdicombe et al., 2000).
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Fish

Fish appear to tolerate ocean acidification but this is based on few studies on the effect
of altered carbonate chemistry on fish, highlighting the need for more investigations and
on these and other higher trophic level organisms. Global meta-analyses on the effect
of ocean acidification on fish found no effect or only a slight positive effect of increased
CO2 on fish growth, but again from limited data (Kroeker et al., 2010, 2013). Some studies suggest that fish may expend more energy under elevated CO2 condition to maintain
osmo-regulation particularly when exposed for longer periods of increased CO2 (Kidder
et al., 2006; Flynn et al., 2015). Studies conducted on the capacity of Antarctic notothenioids have found that some species (Trematomus newnesi and Notothenia rossi) have
little ability to physiologically adjust to environmental change (Enzor et al., 2013; Strobel et al., 2013), while others (Pagothenia borchgrevinki, T.bernacchii and T.hansoni)
rapidly acclimate (Enzor et al., 2013; Huth and Place, 2016). These may be speciesspecific differences in the tolerance of ocean acidification that favour the increasing
dominance of some taxa in the future. Unfortunately, the present lack of studies reporting the effects of ocean acidification on fish both in Antarctic and globally means the
response of fish is unclear and highlights the need for further investigations.

2.4.6

Conclusions and Future Directions

This meta-analysis highlights the sensitivity of marine organisms in the Southern Ocean
and nearshore Antarctic waters to future ocean acidification conditions. The threshold level for negative responses is ⇡1000µatm for autotrophs and ⇡500 µatm for heterotrophs, with only prokaryotes (bacteria) being positively affected by increased levels
of CO2 . By year 2100 when nearshore Antarctic waters are projected to have CO2 levels
between 880 and 1000 µatm (RCP8.5), these waters could experience an increase in the
abundance of bacteria, reduction in primary productivity, and phytoplankton communities could be become dominated by smaller cells. Invertebrates could be threatened
earlier with reductions in fertilization rate and increased larval abnormalities occurring
at a CO2 concentrations marginally higher than current ambient conditions (500 µatm).
Adult invertebrates may struggle to both make and maintain their shells due to the negative effects on calcification and increased shell dissolution with under-saturation of
aragonite predicted for some areas of the Southern Ocean by 2030 (McNeil and Matear,
2008).
There has been an increasing number of studies focusing on whole ecosystem responses,
which take into account natural variability in CO2 levels into the experimental design.
Nearshore Antarctic waters, where the majority of the studies included in this metaanalysis were conducted, have large annual fluctuations in CO2 due to changes in sea-ice
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coverage and primary production (Gibson and Trull, 1999; McNeil and Matear, 2008;
Roden et al., 2013). Kapsenberg et al. (2015) argues that Antarctic ocean acidification
experiments should incorporate projected pH changes as well as natural temporal pH
variability due to the influence these temporal changes could have on organism’s ability to adapt to future acidification conditions. Superimposing seasonal pH variability on
projected future pH levels has been shown to increase the amplitude of seasonal changes
in pH (Kapsenberg et al., 2015). This could be exacerbated further with the reduction in
primary productivity found in this meta-analysis which would further decrease pH and
aragonite under-saturation in the future (Kapsenberg et al., 2015). Other than in microbial studies, the majority of ocean acidification studies on Antarctic marine biota have
been conducted on a single species in isolation. Such studies are of limited predictive
value as they do not include the complex interactions among species and trophic levels
that occur in nature. Differences in single-species vs natural communities is demonstrated by the observed increase in sensitivity of phytoplankton communities to ocean
acidification compared to monospecific studies described here. This highlights the need
for community- and ecosystem-level studies to better predict the effects of ocean acidification on the nearshore Antarctic and Southern Ocean ecosystem, such as the recent
antFOCE experiment (Stark et al., 2018).
Ocean acidification is not occurring in isolation and changing ocean conditions including increasing temperatures are happening over entire ecosystems and longer time periods than most experiments cover. The Southern Ocean and nearshore Antarctic waters
are also warming, sea-ice is predicted to decline, winds are strengthening, upwelling
and nutrient availability is changing, mixed layer depths are shallowing and the ocean
fronts are moving southward (Deppeler and Davidson, 2017; Stark et al., 2019). These
stressors interact, resulting in additive, synergistic or antagonistic effects on organisms
(Boyd et al., 2015). To better predict the potential response of organisms and ecosystems to global change we need to develop an understanding of how organisms will cope
when exposed to multiple stressors, plus understand the response of organisms to these
stressors over longer time scales, during which organisms have time to acclimate and/or
adapt to the changing environment.
This meta-analysis shows that ocean acidification can detrimentally affect marine organisms south of 60 S and on the ecosystem services they provide in the future. There
is currently poor spatial coverage with most studies conducted in nearshore Antarctic
waters surrounding the Antarctic Peninsula, the Ross Sea and Prydz Bay, East Antarctica where many Antarctic bases are located. In addition, there is an overall lack of data
available on the effect of ocean acidification on Antarctic marine organisms. Consequently, estimates of the effect of elevated CO2 in this meta-analysis are highly variable,
with most studies examining differing organisms and biological responses at different
locations to all other studies. Outside of microbial studies, no studies have been conducted on natural communities or entire ecosystems (although see Stark et al. 2018),
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which could have quite different responses and sensitivities to mono-specific studies.
Better predictions of the future state of the Southern Ocean and nearshore Antarctic
ecosystems necessitate more studies that incorporate entire communities over timescales that allow organisms to acclimate and potentially adapt, to a range of CO2 and
multi-stressor scenarios.
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Abstract: Antarctic near-shore waters are amongst the most sensitive in the world to
ocean acidification. Microbes occupying these waters are critical drivers of ecosystem
productivity, elemental cycling and ocean biogeochemistry, yet little is known about
their sensitivity to ocean acidification. A six-level, dose-response experiment was conducted using 650 L incubation tanks (minicosms) adjusted to a gradient in fugacity of
carbon dioxide (ƒCO2 ) from 343 to 1641 µatm. The six minicosms were filled with
near-shore water from Prydz Bay, East Antarctica and the protistan composition and
abundance was determined by microscopy during 18 days of incubation. No CO2 related change in the protistan community composition was observed during the initial
8 day acclimation period under low light. Thereafter, the response of both autotrophic
and heterotrophic protists to ƒCO2 was species-specific. Diatoms’ response was mainly
cell size-related; microplanktonic diatoms (>20 µm) increased in abundance with low
to moderate ƒCO2 (343 - 634 µatm) but decreased at ƒCO2 953 µatm. Similarly, the
abundance of Phaeocystis antarctica increased with increasing ƒCO2 peaking at 634
µatm. Above this threshold the abundance of micro-sized diatoms and P. antarctica fell
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dramatically, and nanoplanktonic diatoms (20 µm) dominated, therefore culminating
in a significant change in the protistan community composition. Comparisons of these
results with previous experiments conducted at this site show that the ƒCO2 thresholds
are similar, despite seasonal and interannual differences in the physical and biotic environment. This suggests that near-shore microbial communities are likely to change
significantly near the end of this century if anthropogenic CO2 release continues unabated, with profound ramifications for near-shore Antarctic ecosystem food webs and
biogeochemical cycling.

3.1

Introduction

Eukaryotic and prokaryotic microbes are the most abundant organisms in the oceans
and comprise the base of all marine food webs (Kirchman, 2008; Cooley and Doney,
2009; Doney et al., 2012). Their composition and abundance determines the quality
and quantity of food available to higher trophic levels and the conservation of biological diversity (Cooley and Doney, 2009; Doney et al., 2012). Without understanding
the effect of ocean acidification on protistan community structure the indirect effects on
high trophic levels cannot be assessed. In the Southern Ocean, microbes are not only
drivers of productivity but also play key roles in elemental cycling and ocean biogeochemistry, meaning their response to environmental stressors is a key determinant of
Southern Ocean feedbacks to global climate change (Arrigo and Thomas, 2004; Arrigo
et al., 2008; Kirchman, 2008).
The Southern Ocean is particularly vulnerable to ocean acidification due to its cold temperature, naturally low calcium carbonate saturation state, extensive upwelling and naturally large seasonal fluctuations in pH. Cold waters have a higher solubility of carbon
dioxide (CO2 ) meaning that CO2 concentrations are higher in polar waters compared to
warmer waters, and the calcium carbonate saturation is lower. Furthermore, the surface
waters of the Southern Ocean are being exposed to increased CO2 from upwelling of
deep CO2 rich waters (Orr et al., 2005), a phenomenon which is enhanced in near-shore
Antarctica (McNeil et al., 2010; IPCC, 2011). Prydz Bay, off Davis Station East Antarctica, has a large fluctuation in the annual cycle of CO2 concentration (Gibson and Trull,
1999; Roden et al., 2013). During autumn and winter, sea-ice covers the ocean, light is
limiting and the draw-down of CO2 by primary production and air-sea gas exchange is
negligible, resulting in an increase in CO2 to as high as 450 µatm. During spring and
summer the sea-ice retreats and phytoplankton bloom due to the increased light availability, resulting in a decrease in CO2 to levels lower than 100 µatm (Gibson and Trull,
1999; Roden et al., 2013). Thus, phytoplankton in these coastal Antarctic waters are
exposed to highly variable carbonate chemistry conditions over the full annual cycle.
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Studies investigating the effects of ocean acidification on natural Antarctic microbial
communities have mainly been conducted in the Ross Sea and Western Antarctica
(Antarctic Peninsula and Weddell Sea areas). In the Ross Sea, Tortell et al. (2008b)
and Feng et al. (2010) found that the protistan community shifted from being dominated by pennate diatoms to larger chain-forming diatoms with increased CO2 levels,
whereas in the Weddell Sea Hoppe et al. (2013) found a shift from Pseudo-nitzschia
to smaller pennate diatom species. However, there are also studies in both regions that
have found no significant shift in community composition (Tortell et al. 2008a in the
Ross Sea and Young et al. 2015 at Palmer Station, West Antarctic Peninsula). East
Antarctica has received comparatively little attention, with only one series of experiments conducted on pelagic coastal communities in Prydz Bay (Davidson et al. 2016
and Thomson et al. 2016). This study reported significant change in species abundance and biomass with increased CO2 (Westwood et al., 2018; Davidson et al., 2016;
Thomson et al., 2016). Below 643 µatm the community was dominated by micro-sized
diatom species, but above this level nano- and picoplankton dominated. These results
differ from the findings of Tortell et al. (2008b) and Feng et al. (2010) who found a shift
towards larger diatom species, but is consistent with Hoppe et al. (2013) and microbial
communities studied elsewhere in the world, particularly in the Arctic, where a shift to
pico- and nanoplankton at high CO2 has been observed (Hare et al., 2007; Brussaard
et al., 2013). Schulz et al. (2017) recently reviewed 31 community level studies, finding
an increase in picoeukaryotes at high CO2 in most studies, particularly prasinophytes
and chlorophytes. The effects of increased CO2 on larger marine diatoms was less clear
with evidence for both promotion and inhibition. Schulz et al. (2017) concluded that the
effects on marine diatoms are likely to be at a species level rather than the community
level, and therefore could be more difficult to predict.
Incubations of natural communities, which include the effects of interaction and competition among species, are essential to accurately assess and project the effects of ocean
acidification on these communities and future elemental cycling (Schulz et al., 2017).
This study will address the following questions with respect to a natural protistan community from near-shore East Antarctic waters.
1. Do individual species of a natural Antarctic protistan community show speciesspecific differences in CO2 tolerance?
2. Does the protistan community composition and abundance change with increased
levels of CO2 ? What CO2 level elicits this change?
3. When compared to Davidson et al. (2016) and Thomson et al. (2016), does our
experiment indicate that the response by the protistan community at this site is
consistent in nature and threshold, irrespective of seasonal and interannual differences in the composition of the community and the availability of nutrients?
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Methods

A six-level, dose-response experiment was conducted with a natural, near-shore Antarctic protistan community over a gradient of CO2 levels (343, 506, 634, 953, 1140 and
1641 µatm). The experiment was conducted using a temperature controlled shipping
container housing six, 650 L polythene tanks (minicosms). This allowed temperature,
light and mixing to be controlled, and CO2 levels to be varied between minicosm tanks.
Due to the constraint of six minicosms, an unreplicated design with six CO2 levels was
chosen to best identify potential thresholds in protistan response.
The minicosm experiment was conducted between the 19th November and the 7th December 2014. Initially, the microbes in the tanks were given a day at low light to acclimatize to the minicosm conditions. This was followed by a five-day (days 1-5) acclimation period of gradually increasing CO2 levels at low light, precluding phytoplankton
growth while cellular physiology acclimated to the CO2 increase (see below in minicosm operation). Thereafter, CO2 was re-adjusted daily to maintain the CO2 target level
in each treatment for the remainder of the experiment (see below in carbonate chemistry
manipulation, measurements and calculations) (Figure 3.1). To minimise potential effects of sample removal on the competition and succession of microbes, the experiment
was stopped on day 18 before the volume of water in the minicosms dropped below
20% of the initial volume (due to sample collection).

3.2.1

Minicosm operation

Seawater was collected on the 19th November 2014 approximately 1 km offshore from
Davis Station, Antarctica (68 35’ S, 77 58’ E) from an area of ice-free water amongst
broken fast-ice. The seawater was collected using a thoroughly rinsed 720 L Bambi
bucket slung beneath a helicopter and transferred into a 7000 L polythene reservoir
tank. After filling, the contents of the reservoir tank were immediately gravity fed to the
minicosms via a teflon lined hose fitted with an in-line 200 µm Arkal filter to exclude
metazooplankton. Microscopy showed that few metazooplankton passed through the
pre-filter, therefore they are not considered further. Tanks were filled simultaneously to
ensure a uniform starting community, and at a slow flow rate to minimise damage to
delicate cells by turbulence. The ambient water temperature at the time of collection
was -1.03 ± 0.17 C and the minicosms were maintained at a temperature of 0 ± 0.5 C
(full properties of the seawater at the time of collection are provided in the Appendix B
Table B.1). At the centre of each minicosm there was an auger shielded for much of its
length by a tube of polythene. This auger rotated at 15 rpm to gently mix the contents
of the tanks. Each minicosm tank was covered with an acrylic air-tight lid to prevent
out-gassing of CO2 from the minicosm headspace. For a more detailed description of
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Figure 3.1: Minicosm experimental layout with top: ƒCO2 measurements for each minicosm, middle: average irradiance at the surface of the minicosms, and bottom: particulate organic carbon (POC) measurements, indicating the biomass of total eukaryotes
and prokaryotes in each minicosm throughout the experiment.
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the minicosm set-up see Davidson et al. (2016).
Each minicosm was illuminated on a 19:5 hr light:dark cycle using a 150W metal halide
lamp (Osram), which has a spectral emission similar to solar radiation. During the
initial acclimation phase of the experiment (days 1-5) the light was filtered using one
layer of quarter colour temperature (CT) blue filter, two 90% neutral density (ND) filters
(Arri) and a light-scattering filter, resulting in a low light intensity (photosynthetic active
radiation of 0.9 ± 0.2 µmol m 2 s 1 ). Following acclimation to the various CO2
treatments, light was incrementally increased over 24 hrs to 90.52 ± 21.45 µmol m 2
s 1 via the removal of the two 90% ND filters leaving the CT blue and light-scattering
filter on a 19:5 light/dark cycle for the remainder of the experiment. This final light
intensity equates to ⇠50% of the day-time clear-sky irradiation at 5m in Prydz Bay,
and ⇠21% of the average daily dose of photosynthethically active radiations (Thomson
et al., 2008). Despite increasing chlorophyll a concentrations, the light intensity was
found to be saturating for photosynthesis from day 8 to the end of the experiment (see
Deppeler et al. 2018 for details).

3.2.2

Carbonate chemistry manipulation, measurements and
calculations

Fugacity of CO2 ( ƒCO2 ) was adjusted in each minicosm throughout the experiment by
the addition of CO2 enriched natural seawater. During the acclimation phase adjustments were made incrementally until target levels were reached on day 5, and thereafter
re-adjusted on a daily basis. Every morning pH measurements were conducted prior to
regular sampling using a portable, NBS-calibrated probe (Mettler Toledo). This measurement was used to estimate the deviation in ƒCO2 from target levels. Re-adjustments
were then conducted by adding appropriate quantities of 0.2 µm filtered CO2 enriched
natural seawater, fed into the minicosms from 1000 mL infusion bags at a rate of 50 mL
min 1 . Samples were then collected to quantify the carbonate chemistry speciation in
each minicosm using measured DIC, pHT (total scale), temperature and salinity.
DIC was measured by infra-red absorption on an Apollo SciTech AS-C3 analyzer equipped
with a LICOR7000. pHT was measured following the spectrophotometric approach
described in Dickson et al. (2007) using the pH indicator m-cresol purple on a GBC
UV-Vis 916 spectrophotometer in a 10 cm thermostated cuvette. Samples for the carbonate chemistry speciation measurements were collected without headspace in 250 mL
glass bottles with stoppers (Dickson et al., 2007) and daily measurements of certified
reference material (batch CRM127) were used for improved accuracy (Dickson, 2010).
Salinity measurements were made using a WTW197 conductivity meter. Daily carbonate chemistry speciation ( ƒCO2 and practical alkalinity, PA) were calculated from
measured DIC and pHT (for further details see Schulz et al. 2017). The mean carbonate
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chemistry conditions for each minicosm are presented in the (Appendix B Table B.2,
Figure B.1 and B.2).

3.2.3

Macronutrients sampling and measurements

Macronutrient samples were taken by filtration through sterile 0.45 µm Sartorius filters
into 50 mL falcon tubes following the protocol of Davidson et al. (2016). These samples
were frozen at -20 C and transported to the Australian Antarctic Division, Hobart,
Australia. On return to Australia the samples were analysed using flow injection at
Analytical Services Tasmania and the concentrations of nitrate/nitrite (NOx ), dissolved
reactive phosphorus (P) and molybdate reactive silica (Si) were calculated (Appendix B
Figures B.3-B.5).

3.2.4

Protistan community structure

About 960 mL of water were collected from each minicosm on days 1, 3, 5, 8, 10,
12, 14, 16 and 18 for microscopic analysis to determine protistan identity and abundance. Samples were fixed with 40 mL of Lugol’s iodine and allowed to sediment at 4
C for 4 days. Once cells had settled the supernatant was gently aspirated until approximately 200 mL remained. This concentrate was resuspended and transferred to a
250 mL measuring cylinder and again allowed to settle (as above) with the supernatant
gently aspirated. The remaining ⇠20 mL were transferred into a 30 mL amber glass
bottle.
An additional 1 L of water was taken on days 0, 6, 13 and 18 for analysis by Field
Emission Scanning Electron Microscope (FESEM). These samples were concentrated
to 5 mL by filtration over a 0.8 µm polycarbonate filter. Cells were resuspended, the
concentrate transferred to a glass vial and fixed to a final concentration of 1% EM-grade
gluteraldehyde (ProSciTech Pty Ltd).
All samples were stored and transported at 4 C to the Australian Antarctic Division,
Hobart, Australia for analysis.
Electron microscopy
Glutaraldehyde-fixed samples were prepared for FESEM imaging using a modified
polylysine technique (Marchant and Thomas, 1983). In brief, a few drops of glutaraldehydefixed sample were placed on polylysine coated cover slips and post-fixed for 30 min with
OsO4 (4%) vapour, allowing cells to settle onto the coverslips. The coverslips were then
rinsed in distilled water and dehydrated through a graded ethanol series ending with
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emersion in 100% dry acetone. Finally, the samples were critically point dried in a
Tousimis Autosamdri-815 Critical Point Drier to replace acetone molecules with CO2 .
The coverslips were mounted onto 12.5 mm diameter aluminium stubs and coated with
7 nm of platinum/palladium using a Cressington 208HRD coater. Samples were examined using a JEOL JSM6701F FESEM and protists identified using Scott and Marchant
(2005).
Light microscopy
Lugol’s-fixed and sedimented samples were analysed by light microscopy within two
years of collection. Between 2 to 10 mL (depending on cell-density) of Lugol’s-concentrated
samples were placed into a 10 mL Utermöhl cylinder (Hydro-Bios, Kiel) and the cells
allowed to settle overnight using the method of Olrik (1998). Due to the large variation in size and taxa, a stratified counting procedure was employed to ensure both
accurate identification of nanoplanktonic cells and representative counts of rare, larger
microplanktonic cells. All cells greater than 20 µm were identified and counted at 200x
magnification; those less than 20 µm at 400x magnification. To check that abundance
estimates were accurate, mean cell counts of each taxon were recorded versus number
of fields of view (FOVs) counted. These plots showed that the mean stabilised at 10-15
FOVs for small cells and 15-20 for large cells. Consequently, we counted 20 FOVs per
sample for both nano- and microplanktonic cells to ensure that counts gave truly representative estimates of the mean species abundance. For nanoplanktonic cells (20 µm),
each FOV of 2.51 x 105 µ m2 area, provided on average counts totaling approximately
2,000 cells, ranging from 50 for rare taxa and over 1,000 for abundant species. For microplanktonic cells (>20 µm), each FOV of 43.66 x 106 µ m2 area, provided on average
counts of approximately 1,000 cells, ranging from 5 for rare taxa to over 300 for abundant chain forming taxa (i.e. Chaetoceros spp.). Rare taxa with high variance but similar
response to ƒCO2 treatment, were combined into functional groups and abundant taxa
with low variance were examined separately (see Table 3.1 for taxon/functional groups
and abbreviations). Counts were conducted on an Olympus IX 81 microscope with Nomarski interference optics and identifications were based on Scott and Marchant (2005)
and FESEM images. Autotrophic protists were distinguished from heterotrophs via their
taxonomic identity and the presence of chloroplasts.
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Table 3.1: Protistan group abbreviations.
Taxon\Functional Group
Autotrophic Dinoflagellates
Bicosta antennigera
Chaetoceros spp.
Choanoflagellates (except Bicosta)
Ciliates
Unidentified Discoid Centric Diatoms 40 µm
Unidentified Discoid Centric Diatoms 20 to 40 µm
Unidentified Discoid Centric Diatoms 20 µm
Euglenoid
Fragilariopsis spp. >20 µm
Fragilariopsis spp. 20 µm
Heterotrophic Dinoflagellates
Lauderia annulata
Other Centric Diatoms
Odontella spp.
Other Flagellates
Other Pennate Diatoms
Phaeocystis antarctica
Proboscia truncata
Pseudo-nitzschia subcurvata
Pseudo-nitzschia turgiduloides
Stellarima microtrias
Thalassiosira antarctica
Thalassiosira ritscheri

Abbreviation
AD
Ba
Cha
Cho
Cil
DC.l
DC.m
DC.s
Eu
F.l
F.s
HD
La
OC
Od
OF
OP
Pa
Pro
Ps
Pt
Sm
Ta
Tr
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Statistical analysis

The minicosm experiment was a dose-response experiment based on a repeated measures design. Due to the lack of replication, no formal statistics could be undertaken
on the interactions between time and ƒCO2 treatment. Temporal changes in species
abundances between treatment groups were informally assessed by plotting the mean
microbial abundance at each time for each treatment. Means and standard errors were
calculated from separate FOV counts; as these are sub-samples from a single treatment,
they should be considered pseudo-replicates and are indicative of abundance estimate
variability. To avoid over-plotting in the figures, data points from the different ƒCO2
treatments were slightly offset on the x-axis at each sample time. Cluster analyses and
ordinations were performed on Bray-Curtis resemblance matrices formed from squareroot transformed abundance data. This transformation was assessed as appropriate for
reducing the influence of abundant species, as judged from a one-to-one relationship between observed dissimilarities and ordination distances (Shepard diagram, not shown).
The Bray-Curtis metric was used as it is recommended for ecological data due to its
treatment of joint absences (i.e. these do not contribute towards similarity), and giving
more weight to abundant taxa rather than rare taxa (Bray and Curtis, 1957). The effect
of ƒCO2 on protistan community composition was assessed separately for the 8 day
acclimation period and 10 days of growth.
Hierarchical agglomerative cluster analyses were performed using group-average linkage and the Bray-Curtis resemblance matrices. Significantly different clusters of samples were determined using SIMPROF (similarity profile permutations method) (Clarke
et al., 2008) with an alpha value of 0.05 and based on 1000 permutations. An unconstrained ordination by non-metric multidimensional scaling (nMDS) using a primary
(‘weak’) treatment of ties, was repeated over 50 random starts (Kruskal, 1964a,b). The
Procrustean superimposition approach advocated by Peres-Neto and Jackson (2001) was
used to ensure a globally optimal solution. In the nMDS plot, clusters are displayed using colour and weighted averages of species sample scores were plotted to show the
approximate contribution of each species to each sample. The assumption of a linear
trend for covariates in the ordination was checked, and in all instances was found to be
justified.
A constrained canonical analysis of principal coordinates (CAP) was conducted according to the Oksanen et al. (2017) protocol using the Bray-Curtis resemblance matrix.
This analysis assessed the significance of the environmental covariates, or constraints,
in determining the protistan community structure. Unlike the nMDS ordination, the
CAP analysis uses the similarity matrix to partition the total variance into two components, a constrained component that comprises only the variation that can be attributed
to the constraining variables ( ƒCO2 , Si, P and NOx ), and an unconstrained component
not attributed to the constraining variables. Permutation tests were used to assess the
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significance of each environmental constraint (Legendre and Anderson, 1999), with a
minimum subset determined by a forward selection strategy (Legendre et al., 2011).
This provided a final model that included only the significant predictors while still accounting for a majority of the variation potentially explained by constraining covariates.
All analyses were performed using R v.1.0.136 (R Core Team, 2016) and the add-on
package vegan v2.4-2 (Oksanen et al., 2017).

3.3

Results

3.3.1

Protistan community overview

The starting protistan community was characteristic of a post sea-ice break-out community in the near-shore seawater of Prydz Bay (Waters et al., 2000). It was highly diverse
with over 100 species present, ranging from small flagellates (<2 µm) to large diatoms
(>100 µm). The overall protistan abundance at the beginning of the experiment was
quite low (approximately 300 cells mL 1 ), but increased to between 6,400 and 19,000
cells mL 1 towards the end of the experiment, depending on the treatment. Abundances
remained low during the acclimation period (days 1 to 8) then increased exponentially
from days 10 to 16 (Figure 3.2). Between days 16 and 18 there was a decrease in abundance in all treatments except at 634 and 1641 µatm (but with high variance associated
with the day 18 at 634 µatm). From day 14 onwards the total cell abundance increased
with low to moderate ƒCO2 (506 - 953 µm) but in higher ƒCO2 treatments (1140 and
1641 µm) remained either similar to, or lower than that of ambient (343 µm) (Figure
3.2).

3.3.2

Species-specific ƒCO2 tolerances

Diatoms
Diatoms dominated the protistan community and had marked responses to increased
ƒCO2 levels. The response of diatoms was mainly size related, with nanoplanktonic diatoms (20 µm) being more tolerant to higher ƒCO2 exposure than microplanktonic diatoms (>20 µm) (Figure 3.3). Nano-sized diatoms had abundances similar to, or higher
than ambient (343 µatm) in all treatments from days 14 to 18. In contrast, micro-sized
diatoms increased in abundance at moderate ƒCO2 levels (634 µatm) but declined at
the three higher ƒCO2 treatments (Figure 3.3). The abundance of micro-sized diatoms
was particularly low in the highest ƒCO2 treatment from day 10 of the experiment.
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Figure 3.2: Abundance of total protists over an 18 day incubation of a natural protistan
community in tanks maintained at different ƒCO2 levels. Error bars are standard errors
derived from pseudo-replicates undertaken at each time point for each treatment.
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Figure 3.3: Abundances of (a) nano-sized diatoms (longest length 20 µm ), (b) microsized diatoms (longest length >20 µm) over days 1 to 18 of the incubation of a natural protistan community in tanks maintained at different ƒCO2 levels. Error bars are
standard errors derived from pseudo-replicates undertaken at each time point for each
treatment.

This size-related response was also observed at a species level, with the response of
discoid centric diatoms being mainly size-related. Here, centric diatoms with a valve
diameter greater than the pervalvar dimension (i.e. diatoms of the genera Thalassiosira,
Lauderia and Stellarima or similar), have been grouped as “discoid centric diatoms”.
The smallest, unidentified 1 to 2 µm diameter discoid centric diatoms, had no significant response to increasing ƒCO2 (Figure 3.4a). Thalassiosira antarctica, with an average valve diameter of 20 µm also did not respond to increased ƒCO2 except in the
highest treatment level of 1641 µatm (Figure 3.4b). Two larger discoid centric species,
Stellarima microtrias (average valve diameter of 55 µm) and Thalassiosira ritscheri
(average valve diameter of 50 µm), had increased abundances in the low to moderate
ƒCO2 treatments (634 µatm), but decreased in abundance at the three higher ƒCO2
levels (Figure 3.4d and 3.4e, respectively). These responses emerged between days 12
and 14 of the experiment. One discoid centric diatom which did not follow this sizerelated trend was Lauderia annulata, a larger sized cell with an average valve diameter
of 55 µm. Unlike S. microtrias and T. ritscheri, it had a similar abundance in all ƒCO2
treatments except the 634 µatm treatment, where its abundance was higher than the
other treatments on days 16 and 18 of the experiment (Figure 3.4c).
A similar size-related response was observed for Fragilariopsis spp. cells (mostly F.
cylindrus but included occasional F. curta and F. kerguelensis). Fragilariopsis spp.,
which was the dominant diatom, ranged in length from 2 µm to >50 µm and comprised
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Figure 3.4: Abundances of (a) Unidentified discoid centric diatoms (valve diameter
2 µm), (b) Thalassiosira antarctica (valve diameter ⇠20 µm), (c) Lauderia annulata
(valve diameter ⇠55 µm), (d) Stellarima microtrias (valve diameter ⇠55 µm), (e) Thalassiosira ritscheri (valve diameter ⇠50 µm) over days 1 to 18 of the incubation of a
natural protistan community in tanks maintained at different ƒCO2 levels. Error bars are
standard errors derived from pseudo-replicates undertaken at each time point for each
treatment.
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between 15 to 50% of the total phytoplankton abundance. From day 14, the abundance
of nano-sized Fragilariopsis spp. cells (20 µm) was similar or higher in all treatments
exposed to enhanced ƒCO2 compared to that of the ambient (343 µatm) (Figure 3.5a).
In contrast, micro-sized cells of Fragilariopsis spp. (>20 µm) had higher abundance in
the three lower ƒCO2 treatments and considerably lower abundances in the two highest
ƒCO2 treatments on day 18. The abundance of micro-sized cells in the 953 µm treatment
fell between these two extremes (Figure 3.5b). This trend was not evident until day 18
of the experiment.

Figure 3.5: Abundances of (a) Fragilariopsis spp. (20 µm in length), (b) Fragilariopsis spp. (>20 µm in length) over days 1 to 18 of the incubation of a natural protistan
community in tanks maintained at different ƒCO2 levels. Error bars are standard errors
derived from pseudo-replicates undertaken at each time point for each treatment.
Other larger diatoms had a similar response to S. microtrias, T. ritscheri and micro-sized
Fragilariopsis spp.. Odontella spp. (mainly O. weissflogii but also some O. litigiosa)
and the pennate diatoms Pseudo-nitzschia subcurvata and Pseudo-nitzschia turgiduloides (Figure 3.6a, 3.6b and 3.6c, respectively), all had higher abundances in ƒCO2
treatments 343, 506 and 634 µatm but lower abundances in the three highest ƒCO2
treatments (953 - 1641 µatm). The abundance of Proboscia truncata was unrelated to
ƒCO2 despite being a larger diatom species (average pervalvar length of 130 µm) (Figure 3.7a). At day 14, Chaetoceros spp. (mainly C. castracanei but C. tortissimus and C.
bulbosus were also present) had lower abundances in the three higher ƒCO2 treatments
but by day 18 no ƒCO2 related trend was evident (Figure 3.7b).
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Figure 3.6: Abundances of (a) Odontella spp. (pervalve length ⇠70 µm), (b) Pseudonitzschia subcurvata (⇠55 µm in length), (c) Pseudo-nitzschia turgiduloides (⇠85 µm
in length) over days 1 to 18 of the incubation of a natural protistan community in tanks
maintained at different ƒCO2 levels. Error bars are standard errors derived from pseudoreplicates undertaken at each time point for each treatment.
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Figure 3.7: Abundances of (a) Proboscia truncata (pervalvar length ⇠130 µm), (b)
Chaetoceros spp. (pervalvar length ⇠10 µm) over days 1 to 18 of the incubation of a
natural protistan community in tanks maintained at different ƒCO2 levels. Error bars are
standard errors derived from pseudo-replicates undertaken at each time point for each
treatment.
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Flagellates
The colonial life stage of Phaeocystis antarctica occurred in much higher abundances
in the three lower ƒCO2 treatments. It was the most abundant flagellate in this study,
ranging from ⇠100 cells mL 1 at the start of the experiment to 12,600 cells mL 1 on
day 18 in ƒCO2 treatments 634 µatm (Figure 3.8). This starkly contrasted with abundances at ƒCO2 levels 953 µatm which did not exceed 1,600 cells mL 1 . This strong
difference in abundances between the three lower and three higher ƒCO2 treatments
emerged early in the experiment, with a discernible difference by day 12.

Figure 3.8: Abundance of Phaeocystis antarctica (colonial form) over days 1 to 18 of
the incubation of a natural protistan community in tanks maintained at different ƒCO2
levels. Error bars are standard errors derived from pseudo-replicates undertaken at each
time point for each treatment.
Other abundant flagellate taxa in our study had a variety of responses. The choanoflagellate Bicosta antennigera responded similarly to P. antarctica with higher abundances
in ƒCO2 treatments 506 µatm and lower abundances at higher ƒCO2 levels (Figure
3.9a). Other choanoflagellates (mainly Diaphanoeca multiannulata) had no consistent
trend in response to ƒCO2 level (Figure 3.9b).
The abundances of other nanoflagellates and heterotrophic protists were low and seemingly unrelated to ƒCO2 treatment. All other nanoflagellates were low in abundance
and had high variance between field of view counts, therefore these were grouped together. This group, termed “Other Flagellates”, includes gamete and flagellate forms
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Figure 3.9: Abundances of (a) Bicosta antennigera, (b) Choanoflagellates (except Bicosta) over days 1 to 18 of the incubation of a natural protistan community in tanks
maintained at different ƒCO2 levels. Error bars are standard errors derived from pseudoreplicates undertaken at each time point for each treatment.

of P. antarctica, Telonema antarctica, Leucocryptos sp., Polytoma sp., Pyramimonas
gelidicola, Geminigera sp., Mantoniella sp., Bodo sp., Triparma laevis subsp ramisping, T. laevis subsp. pinnatilobata and an unidentified haptophyte. Similarly microheterotrophs comprised only ⇠1% of all cells, of which an unidentified euglenoid was
the most abundant (making up 80% of the total microheterotrophic abundance). Dinoflagellates were grouped into autotrophic dinoflagellates (mainly Gymnodimium and
Heterocapsa) and heterotrophic dinoflagellates (predominantly Gyrodinium spp., G.
glaciale, G. lachryma and Protoperidinum cf. antarcticum). Ciliates were grouped together but were mostly comprised of Strombidium spp. While none of these functional
groups had a response correlated with ƒCO2 treatment, this may be due to uncertainties
related to overall low counts.

3.3.3

Community-level responses

Analyses of the community-level responses have been separated into the 8 day acclimation and 10 day growth periods. During acclimation, the growth of the cells was limited
by low light. SIMPROF analysis of the protistan community over the acclimation period identified three significant groups (p <0.05) (Figure 3.10). Group 1 is comprised
of all the treatments at day 1. Group 3 contains all the treatments over days 3, 5 and 8
except for the lowest ƒCO2 treatment on day 3 (D3T1, group 2).
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Figure 3.10: Cluster analysis based on similarity in protistan community structure
among ƒCO2 treatments and times during the acclimation period (days 1 to 8). In this
analysis there are three significantly different groups identified by SIMPROF (denoted
by grey boxes around clusters and coloured lines beneath sample labels). Samples are
abbreviated according to days of incubation (D1-8) and ƒCO2 treatment (T1-6 representing 343, 506, 634, 953, 1140, 1641 µatm, respectively).
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Cluster analysis and SIMPROF, based on the composition of the protistan community, identified ten significantly different groups of samples (p-value <0.05) during the
growth period (days 8 to 18) (Figure 3.11a). On days 8 and 10 the communities did
not differ among treatments, except for the highest ƒCO2 treatment on day 10 (D10T6),
which was clustered with the day 8 samples (clusters 8 and 9, Figure 3.11a). Day 12
treatments are scattered across the cluster groups but day 14 samples are again grouped
together (all treatments except 634 µatm together in cluster 6). On day 16 the ƒCO2
treatments were clustered together except at the highest ƒCO2 level. By day 18 the
ƒCO2 treatments had separated into two distinctly different groups; one with the three
lowest ƒCO2 treatments and the second with the three highest ƒCO2 treatments. Interestingly, these three highest ƒCO2 treatments fall into the cluster with the day 16
samples (or nearby cluster 2). This means that at day 18 the higher ƒCO2 treatments
( 953 µatm) contained a protistan community more similar to that of day 16, and were
significantly different to that of the day 18 lower ƒCO2 treatments (Figure 3.11a).
A nMDS in two dimensions proved a reasonable approximation to the full multivariate
structure (stress = 0.05), and depicts the similarity among clusters along with the relative
contribution of each specific taxon/functional groups to each cluster (the more closely
species are located to a sample in the nMDS, the more abundant it is in that sample)
(Figure 3.11b). The community at day 8 was dominated by unidentified discoid centric
diatoms with a valve diameter smaller than 40 µm, flagellates, ciliates, P. subcurvata
and dinoflagellates (heterotrophic dinoflagellates are located off to the left of the plot in
Figure 3.11b). By day 18 the community had shifted to be dominated by Fragilariopsis
spp., T. antarctica, T. ritscheri, Odontella spp. and P. antarctica (Figure 3.11b). During
the experiment other taxa emerged between days 10 and 14, including an unidentified
euglenoid, L. annulata, B. antennigera and other centric diatoms. Other taxa increased
in abundance between days 14 and 16, including other choanoflagellates, micro-sized
centric diatoms (i.e. P. truncata and S. microtrias), and pennate diatoms (i.e. P. turgiduloides) (Figure 3.11b). At the end of the experiment (day 18) micro-sized diatoms, T.
ritscheri, Odontella spp. and Fragilariopsis spp. (>20 µm) as well as P. antarctica are
located close to the lower ƒCO2 treatments for day 18 (cluster 1), and resistant nanosized Fragilariopsis spp. (20 µm) is found near the high ƒCO2 treatments (cluster 4).
Interestingly, T. antarctica is also located close to the lower ƒCO2 treatments despite
being quite resistant to increased ƒCO2 when analysed as a single species (Figure 3.11b
and Figure 3.4b).
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Figure 3.11: Cluster analysis and nMDS based on similarity in protistan community
structure among ƒCO2 treatments and times over days 8 to 18 of the incubation. (a) The
cluster analysis with ten significantly different groups obtained by SIMPROF (denoted
by grey boxes around clusters and coloured lines beneath sample labels). (b) nMDS plot
structure of the unconstrained ordination of dissimilarities in protistan community structure with time and ƒCO2 treatment in 2 dimensions, overlaid with weighted-averages of
the day-treatment scores for each protistan taxa/functional group (see Table 1 for abbreviations). Samples are abbreviated according to days of incubation (D8-18) and ƒCO2
treatment (T1-6 representing 343, 506, 634, 953, 1140, 1641 µatm, respectively).
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From the nMDS the lag in community growth and succession in the highest ƒCO2 level
(Tank 6, 1641 µatm) can be seen. At day 10, the community in this treatment is grouped
among all tanks sampled on day 8, likewise at day 12, 14, 16 and 18 it is consistently
closer to samples from the previous time point (Figure 3.11b). Thus, the highest ƒCO2
level inhibits growth and succession in the protistan community such that it is consistently a time point behind the other ƒCO2 treatments.
Differences in the trajectory of the protistan community succession over time in the different ƒCO2 treatments in represented in the CAP analysis (Figure 3.12). This analysis,
using covariates ƒCO2 , NOx , Si and P provided a model which explained 71.61% of
the variation in similarity among samples (F 4,31 = 19.544, p <0.001 based on 999 permutations). However, NOx was not significant (F1,32 = 1.3714, p >0.200 based on 999
permutations) and was therefore dropped from the model. In the reduced CAP model,
CAP1 and CAP2 were both significant (p <0.05) (Table 3.2), and the remaining terms
ƒCO2 , Si and P together accounted for 70.35% of the total variance (F3,31 = 25.308, p
<0.001 based on 999 permutations). Considering each term marginal to all others (i.e.
the contribution of a term after first accounting for all other terms), ƒCO2 accounted
for 2.92%, P 22.68% and Si 5.21% of the variance. The remaining terms present in the
reduced model were all significant when sequentially added, but in the marginal effects
only P and Si were significant, not ƒCO2 (p >0.100) (Table 3.3a and 3.3b, respectively).
The CAP analysis shows a separation of the protistan community between low (506
µatm), medium (634 to 1140 µatm) and high (1641 µatm) ƒCO2 treatments (Figure
3.12). At day 18 there are two distinct treatment groups; those exposed to low and moderate ƒCO2 (343, 506 and 634 µatm) and those exposed to high ƒCO2 (953, 1140 and
1641 µatm).
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Figure 3.12: Canonical analysis of principal co-ordinates (CAP) based on the similarity
in protistan community structure among ƒCO2 treatments and times over days 8 to 18
of the incubation, showing the trajectory of change in the protistan community for each
ƒCO2 level (coloured arrows) based on the abundance of the component taxa/functional
groups. Arrow starting points are day 8 and all arrows end on day 18 of the experiment.
Linear projections of significant constraints CO2 , Si and P appear as blue linear arrows.
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Table 3.2: Canonical analysis of principal coordinates (CAP) axis significance against
covariates. Permutation tests assessing the significance of each constrained axis in CAP
using the covariates ƒCO2 , P and Si as constraints upon community structure.

CAP1
CAP2
CAP3
Residual

df

Variance

F

No. Perm

Pr (>F)

1
1
1
32

2.00156
0.07228
0.05339
1.00992

634212
2.2902
1.6916

999
999
999

0.001
0.038
0.105

Table 3.3: Permutation tests assessing the significance of each environmental covariate
(constraint) in determining protistan community structure using principal co-ordinates
(CAP), with significance of each term when (a) sequential added (b) marginal effects
for ƒCO2 , P and Si.
(a)

df

Variance

F

No. Perm

Pr (>F)

ƒCO2
P
Si
Residual

1
1
1
32

0.25848
1.75541
0.11072
0.89546

6.237
62.7309
3.9566

999
999
999

0.003
0.001
0.03

(b)

df

Variance

F

No. Perm

Pr (>F)

ƒCO2
P
Si
Residual

1
1
1
32

0.06197
0.48178
0.11072
0.89546

2.2144
17.2167
3.9566

999
999
999

0.12
0.001
0.027
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Discussion
Acclimation to high ƒCO2

Changes in the protistan composition and abundance during the acclimation period of
the experiment (days 1 to 8) were likely due to the transfer and establishment of the
natural communities in the minicosm tanks rather than exposure to increasing ƒCO2 .
There was a significant shift in species composition between day one and all other sampling times during acclimation. The collection of seawater and the minicosm conditions
may have been sub-optimal for some species (Kim et al., 2008). It is likely this change
in community composition reflects the change in environmental conditions between the
natural environment and the minicosms (i.e. light, temperature, turbulence etc.).
Throughout the experiment the community structure of the highest ƒCO2 (1641 µatm)
was more closely associated with that of other treatments at the previous time point,
rather than those on the same day. For example, the community structure at 1641 µatm
on day 10 is associated with the community structure of day 8, rather than the other
treatments on day 10. This suggests that the highest ƒCO2 inhibits growth and succession in the protistan community. Deppeler et al. (2018) showed that during acclimation
there was a decrease in the photosynthetic health of the community, but whilst all treatments had recovered by day 12, the highest ƒCO2 treatment had a greater decline in
photosynthetic health and took longer to recover. This was also seen in the increase
in chlorophyll a, rate of productivity and depletion of macronutrients (Deppeler et al.,
2018). Together with the findings reported herein, this data suggests that there is a “lag”
in the development of the protistan community at the highest ƒCO2 treatment.

3.4.2

Autotrophic protist taxa-specific responses

The protistan community in this study was highly diverse, and the detailed taxonomic
classification employed allowed the range of responses by the individual taxa to be resolved. In diatoms the response was mainly size-related. Nano-sized diatom abundance
was unaffected by ƒCO2 treatment, but the abundance of most mico-sized diatoms increased in abundance at moderate ƒCO2 levels (634-953 µatm) but decreased in higher
ƒCO2 treatments. This trend is even evident in a single species as Fragilariopsis spp.
cells >20 µm had a similar response to other micro-sized centric diatoms, but those 20
µm showed no effect of ƒCO2 . Whilst the response for most diatom taxa was related to
cell size, a couple of species did not follow this trend. Proboscia truncata and Lauderia annulata are both larger diatom species but had no ƒCO2 response. Interestingly,
this size-related trend was not present in non-diatom taxa. Unlike nano-sized diatoms,
the dominant nano-sized autotrophic flagellate, Phaeocystis antarctica, dramatically de-
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clined in abundance at the three highest ƒCO2 levels. P. antarctica had an increase in
abundance with moderate ƒCO2 levels but had a strong threshold level between 634 and
963 µatm, above which abundances were low. This might indicate that the size-related
effect of ƒCO2 is restricted to diatoms.
For some diatom taxa, such as P. truncata and L. annulata, the response to ƒCO2 was
not size-related and other factors effected their abundances. On day 18 of the experiment, NOx levels fell below detection in all ƒCO2 treatments and on day 16 treatments
of 343, 634 and 953 µatm of ƒCO2 had lower NOx concentrations compared to the other
three treatments (Appendix B Figures B.3). The abundances of total cells, Fragilariopsis spp. 20 µm and Chaetoceros spp. all decreased between days 16 and 18. It was
thought that this may have been due to nutrient depletion rather than ƒCO2 , however the
decrease in abundances often did not occur in those tanks with the lowest nutrient levels
on day 16 (343, 634 and 953 µatm). The greatest rate of decline in the total cell abundance between days 16 and 18 was seen at 1140 µatm, not 343, 634 or 953 µatm that
had the lowest NOx concentration. Similarly, the decline in abundance of nano-sized
Fragilariopsis spp. was greatest at 506 µatm, and Chaetoceros spp. had an increase in
abundance at 343 µm despite NOx being lowest at day 16 in these treatments. Thus,
while differences in the concentration of nutrients among tanks may have influenced
the abundance of protists on day 18 of the experiment, the poor correlation of changes
in abundance with nutrient depletion suggest that other factors, such as inter-specific
competition, exerted a greater effect on the community composition.
A number of Antarctic studies may have found the ratio of larger sized diatoms to
smaller diatoms taxa increased with increasing CO2 (Feng et al., 2010; Tortell et al.,
2008b; Hoppe et al., 2013; Trimborn et al., 2013). This study is consistent with that
of Tortell et al. (2008b) where Pseudo-nitzschia subcurvata decreased in abundance
with increased CO2 . However unlike Tortell et al. (2008b), this study shows a shift towards smaller pennate species similar to Hoppe et al. (2013), not larger chain-forming
diatoms. This may be due to the difference in Chaetoceros species between the two
studies: mainly C. castracanei and C. tortissimus here compared to the comparatively
larger C. debilis in the study by Tortell et al. (2008b). This study also contrasts with
other Antarctic ocean acidification studies that found that P. antarctica abundance was
not affected at CO2 levels above that of the current ambient level (Tortell et al., 2008b;
Feng et al., 2010; Trimborn et al., 2013; Young et al., 2015). It is noted that these studies
were conducted in the Ross Sea where the community fluctuates between being diatom
dominant and Phaeocystis dominant dependent on the level of mixing (Arrigo et al.,
1999). This contrasts with other coastal East Antarctic areas, where the summer phytoplankton community is dominated by Phaeocystis and subsequently diatom blooms
which then shifts to small flagellates once nutrients are exhausted, making it a very different system to the Ross Sea (Waters et al., 2000; Wright and van den Enden, 2000;
Davidson et al., 2010; Deppeler and Davidson, 2017). In addition to these regional dif-
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ferences, the ƒCO2 treatments used in this study extend well past the range of other
studies, in which the highest level was typically between 750 and 1000 µatm (compared
to 1641 µatm here). When the results of this study are compared with comparable CO2
levels used in the other studies, the conclusions are mostly in agreement. For example,
the increase in larger diatoms at CO2 levels between 700 and 800 µatm in Antarctica
(Tortell et al., 2008b; Feng et al., 2010), and elsewhere around the world (i.e. Wu et al.
2014), agree with the increase in micro-sized diatoms in this study at ƒCO2 between
343-634 µatm. Trimborn et al. (2017) saw an increase in P. antarctica at 800 µatm CO2
agreeing with the increase in P. antarctica here to CO2 634 µatm. Thus, the different
findings between this study and previous studies are likely due to the choice of experimental CO2 levels relative to the tolerance threshold of the species or community being
studied.
It has been hypothesized that phytoplankton will generally benefit from increased CO2
due to the low affinity of RuBisCO’s for CO2 (Reinfelder, 2011). The half saturation
constant of RuBisCO for CO2 is substantially higher than the concentration of CO2
in ambient seawater, and it has been proposed that the anthropogenic rise in oceanic
CO2 may enhance the rates of phytoplankton photosynthesis (Rost et al., 2008). Most
phytoplankton species have highly regulated carbon concentrating mechanisms (CCMs)
which enhance the CO2 available for photosynthesis by increasing the CO2 supply so
that it is less rate-limiting (Reinfelder, 2011; Trimborn et al., 2013). This was observed
by Tortell et al. (2008a) who found that natural phytoplankton assemblages up-regulated
their CCMs to compensate for low CO2 compared to phytoplankton in higher CO2 conditions (Trimborn et al., 2013). The response of CCM activity to increased ƒCO2 in this
study is reported by Deppeler et al. (2018), and showed that CCM activity was downregulated in the highest ƒCO2 treatment but not at the lowest ƒCO2 . Yet these beneficial
effects of enhanced CO2 availability are offset against the coincident increase of H+ ion
concentration. It is thought that the energy saved by decreased CCM activity will be
off-set against the energy required to increase intracellular processes that mitigate this
H+ increase in the cell (i.e. proton pump) (Taylor et al., 2012; McMinn et al., 2014;
Cyronak et al., 2015; Gafar et al., 2017). McMinn et al. (2014) conducted sea ice incubation experiments with treatments which mimicked future ocean acidification with
changes in both pH and CO2 , whilst in other treatments where the pH was held constant
and only CO2 was increased. These showed that sea-ice algal growth was unaffected
by an increase in CO2 unless there was a consequence decrease in pH (and increase in
H+ ions), as will happen in future ocean acidification conditions. The results from this
experiment suggest a combination of these two effects with a tipping point for this tradeoff between beneficial effects of increase CO2 and the inhibitory effects of increased H+
ion concentration between 634 and 953 µatm or pH 7.85 and 7.69.
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Response of heterotrophic protists

Intriguingly, CO2 -induced different responses in the two dominant choanoflagellate
taxa/groups of this study; Bicosta antennigera abundance declined above 506 µatm,
while other choanoflagellates (>90% being Diaphanoeca multiannulata) were unaffected by ƒCO2 . This is the first study to report differing responses of choanoflagellate
abundances to ocean acidification. Previous studies have reported no effect (MoustakaGouni et al., 2016a,b) or a decrease (Davidson et al., 2016) of choanoflagellates due to
increased CO2 , but not identified taxon specific differences. The reasons for choanoflagellate taxa responding differently to elevated CO2 are unclear. Gong et al. (2010) found
that lorica formation in choanoflagellates can be effected by pH changes but SEM
preparations in this study found no evidence of this. Some studies on the flagella of
sperm from reef invertebrates and oysters have suggested that increased CO2 can slow
metabolic rates or interrupt flagella function (Havenhand and Schlegel, 2009; Morita
et al., 2009). This difference in sensitivity to CO2 may reflect the differences in lorica
complexity, cellular morphology or physiology among taxa.
If the species-specific response of choanoflagellates is indicative of the broader microheterotrophic community, then this finding highlights a previously unseen level of
complexity into the effect of ocean acidification on microbial communities. Previous
studies have observed no direct CO2 related effect on microheterotrophic protozoan
community composition (Suffrian et al., 2008; Aberle et al., 2013). Unfortunately, the
abundance of protistan heterotrophs other than choanoflagellates in this study was generally low and with high variability, making it difficult to detect any CO2 response. If the
species-specific responses observed in choanoflagellates are indicative of CO2 -induced
responses by other microheterotrophic grazers (e.g. heterotrophic dinoflagellates and
ciliates), the implications for top-down control of protists and prokaryotes could be significant.

3.4.4

Community-level responses

In this study there is a significant shift in the protistan community structure with increasing ƒCO2 . The community response is not linear with a general increase in abundances
between 343 to 634 µatm favoring micro-sized centric diatoms and P. antarctica. Above
a threshold of 634 µatm in ƒCO2 there is a decrease in abundance and shift towards
nano-sized Fragilariopsis spp.. While the nMDS and CAP show that the primary driving factor behind community change was sampling day (which covaried with nutrient
concentration), a significant ƒCO2 induced response was observed. Concentrations of
NOx were at a minimum in treatments 343, 634 and 953 µatm on day 16, and dropped
below detection in all treatments between days 16 and 18. Despite this depletion of
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NOx , it is not a significant driver in the shifts of the protistan community structure.
NOx was dropped in the reduced CAP model but P and Si were significant despite
these macronutrients remaining above detectable levels throughout the entire experiment. Community level studies have reported shifts in community composition with
increased ƒCO2 (Schulz et al. 2017 and refs therein), but what has not been reported
before is the parabolic response of a natural Antarctic protistian community to a CO2
gradient (with enhanced abundance at intermediate levels and a decrease at higher).
Davidson et al. (2016) and Thomson et al. (2016) found a significant shift in the structure
of the protistan community at CO2 levels between 750 to 1281 µatm during a similar
series of minicosm experiments at Prydz Bay in 2008-2009. As here, above the threshold there was a shift in the structure of the protistan community towards a picoplankton
dominated community, and an overall decrease in total protistan abundance. Thomson
et al. (2016) reports results from three different starting communities and nutrients levels, but despite these differences the threshold remained the same. This study differs
from that of Davidson et al. (2016) and Thomson et al. (2016) in that it has a narrower
CO2 range in the treatments, and it also included an acclimation period. Despite these
differences, the threshold level found in our study falls in that of Davidson et al. (2016)
and Thomson et al. (2016). Unlike those previous studies, microplankton abundance
increased at moderate CO2 enrichment (506 to 634 ƒCO2 ). This could be due to having
six treatments across a smaller CO2 range, therefore allowing a higher resolution in the
response of the community prior to the threshold. It could also be due to the inclusion
of an acclimation period, giving cells time to adjust to the CO2 level prior to the beginning of growth and therefore allowing them to capitalise on the benefits of moderately
elevated CO2 . In summary, there is a consistent CO2 threshold that elicits changes in
the structure of microbial communities in near-shore waters of Prydz Bay, East Antarctica, both within a season and among seasons. Furthermore, irrespective of including an
acclimation phase, the nature of the change in the protistan communities at high CO2
remains similar, although the magnitude can change greatly.
The flow on effect of decreased abundance and a structural shift in the protistan community to a nano- and picoplankton dominated community could be far-reaching, altering the near-shore Antarctic food web and biogeochemical cycles. Many studies
have found that a shift in protistan community composition can affect the palatability,
nutritional quality and availability of phytoplankton cells available to grazers and the
higher trophic levels (Rossoll et al., 2012; Caron and Hutchins, 2013; Bermúdez et al.,
2016; Davidson et al., 2016). Antarctic microbes are also a vital component of many
elemental cycles and play important roles in the feedback of the Southern Ocean to
global climate change (Arrigo and Thomas, 2004; Arrigo et al., 2008; Kirchman, 2008).
The results of this study suggest that the abundance of P. antarctica could significantly
change with future increases in ƒCO2 . This species is particularly important in a number
of near-shore Antarctic nutrient cycles through their substantial production of dimethyl
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sulfide, which acts as a cloud condensation nuclei when released into the atmosphere
(Liss et al., 1994). P. antarctica also plays a vital role in the carbon flux when in colonial
form. Davidson and Marchant (1992) found that the majority of Phaeocystis biomass
remains unutilized and therefore enters the carbon cycle in a dissolved organic form.
Likewise, micro-sized diatom species are also important in the sequestration of carbon
to the deep ocean through their role in the vertical carbon flux (Passow and Carlson,
2012; Caron and Hutchins, 2013). The effect of a protistan community dominated by
nano- and picoplankton on this vertical flux is uncertain, but any decline in this flux
would have a positive feedback on atmospheric CO2 levels, as instead of being sequestrated to the deep ocean it would be respired in near-surface waters and released into the
atmosphere.

3.5

Conclusions

Returning to the aims of this study, there are four main conclusions;
1. The responses to increased ƒCO2 was taxon-specific in both autotrophic and heterotrophic protists, with different taxa having different tolerance thresholds for
ƒCO2 . In diatoms this response was mainly driven by cell size, with nanoplankton having a high tolerance to increased ƒCO2 while microplanktonic diatoms
were less tolerant. This trend is consistent even within a taxon as demonstrated
by the nano- to micro-sized Fragilariopsis spp. cells in this experiment.
2. An increase in ƒCO2 significantly changes the composition and abundance of
protists in this coastal East Antarctic community, with a threshold for change estimated to be between 634 and 953 µatm. Below this threshold there is an increase
in protistan abundance and the community was characterised by large centric diatoms and Phaeocystis antarctica. Above the threshold there was a decrease in total abundance and the community was dominated by nano-sized diatoms, mainly
Fragilariopsis spp. 20 µm.
3. Comparisons with Davidson et al. (2016) and Thomson et al. (2016) find that this
threshold level is not only consistent across a season but also between years for
protistan communities at Prydz Bay, East Antarctica.
The results of this study suggest that there is a consistent threshold level above which
the structure of this near-shore Antarctic protistan community significantly changes, and
this threshold is around the CO2 level predicted for the end of this century (IPCC, 2014).
This change could have significant flow-on effects to the coastal Antarctic ecosystem as
it could alter the many ecosystem services that marine microbes provide, and result in
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cascading effects through the Antarctic food web and elemental cycling in general, with
feedbacks on global climate.
Acknowledgements
This work was supported by the Australian Government Department of Environment
and Energy as part of Australian Antarctic Science project 4026 at the Australian Antarctic Division, as well as Australian Research Council’s Special Research Initiative for
Antarctic Gateway Partnership (Project ID SR140300001) and the Australian Governments Cooperative Research Centres Program through the Antarctic Climate and
Ecosystems Cooperative Research Centre (ACE CRC). I would like to acknowledge the
Australian Antarctic Division for technical and logistical support, as well as the other
members of the minicosm experimental team at Davis Station 2014 and the expeditioners at Davis Station the summer of 2014 and 2015 for their support and assistance. I
would also like to thank Simon Reeves for providing R code that created the temporal
graphs.
Data and code availability
Abundance data and environmental covariate data used in the statistical analyses is available via the Australian Antarctic Division Data Centre:
Hancock, A.M., Davidson, A.T., McKinlay, J., McMinn, A., Schulz, K., van den Enden, D. (2017, updated 2017) Ocean acidification changes the structure of an Antarctic
coastal protistan community Australian Antarctic Data Centre
doi:10.4225/15/592b83a5c7506.
Environmental data including macronutrient, temperature, light, and carbonate chemistry speciation is available via the Australian Antarctic Division Data Centre:
Deppeler, S.L., Davidson, A.T., Schulz, K. (2017, updated 2017) Environmental data for
Davis 14/15 ocean acidification minicosm experiment Australian Antarctic Data Centre
- doi:10.4225/15/599a7dfe9470
Code used for the statistical analyses is available via the Australian Antarctic Division
Data Centre:
Hancock, A.M., Davidson, A.T., McKinlay, J., McMinn, A., Schulz, K., van den Enden, D. (2017, updated 2017) Ocean acidification changes the structure of an Antarctic coastal protistan community Australian Antarctic Data Centre - CAASM Metadata
https://data.aad.gov.au/metadata/records/
AAS_4026_Microscopy_Multivariate_Statistics_Rcode

C HAPTER 4

Effect of ocean acidification on an
Antarctic marine microbial community
structure: a molecular approach
Alyce M. Hancock1,2,3 , Paul G. Dennis6 , John P. Bowman7 , John McKinlay4 , Andrew
McMinn1,2,3 , Kai G. Schulz5 , and Andrew Davidson3,4
Abstract: Marine microbes play an important role in coastal Antarctic waters, driving
productivity, nutrient cycling and impacting the efficiency of the biological pump. Despite Antarctic waters being among the most vulnerable in the world to increased CO2 ,
little is known about their response to ocean acidification. A dose-response ocean acidification experiment was conducted using 650 L incubation tanks (minicosms) adjusted
to six CO2 levels (ranging 343-1641µatm). Phylogenetic marker gene sequencing (16S
and 18S rDNA) was used to investigate the effects of ocean acidification on the structure of bacterial, archaeal and eukaryotic communities. These analyses showed that
CO2 significantly altered the composition of micro- and nanoeukaryotic communities,
with higher CO2 levels favouring smaller taxa. CO2 was positively association with
picoeukaryotic and bacterial abundance but did not significantly alter their community
composition. Our findings suggest that by 2100 under a “business as usual scenario”,
ocean acidification could change the microbial community structure, thereby altering
the ecosystem services these communities provide. The flow on effects of such changes
could have significant consequences for the nearshore Antarctic food web and elemental
cycling in this region.
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Introduction

Current atmospheric CO2 levels are higher than recorded for the last 450,000 years (Petit
et al., 1999; Siegenthaler, 2010) with predictions that they could reach 750 to 1000 µatm
by the end of the twenty-first century (Caldeira and Wickett, 2003; IPCC, 2014). The
oceanic uptake of anthropogenic CO2 has already caused a pH decline of 0.1 pH units
since pre-industrial times. Under the IPCC “business as usual” emissions scenario it
is predicted to decrease a further 0.3 pH units by the end of the century (Haugan and
Drange, 1996; Orr et al., 2005; IPCC, 2008, 2011). Southern Ocean and nearshore
Antarctic waters are at heightened risk of ocean acidification and calcium carbonate
undersaturation due the increased solubility of CO2 at cold temperatures, and upwelling
that brings deep CO2 rich water to the surface in these regions (Orr et al., 2005; Dore
et al., 2009; Byrne et al., 2010; IPCC, 2011; Ishii et al., 2011; Orr et al., 2014). These
conditions are enhanced in Antarctic coastal waters where there is the combined effect
of colder water temperatures, freshwater input from ice and glacial melt and coastal
upwelling as well as a lack of draw-down of CO2 by primary production for much of
the year during the light limited winter months (McNeil et al., 2010; IPCC, 2011). These
attributes mean that Antarctic coastal waters have large annual pH variations with low
levels during winter months, rendering these waters among the most vulnerable regions
to ocean acidification.
Marine microbes are a vital component of the marine environment due to the ecosystem services they provide. Microbes drive productivity, oceanic biogeochemistry and
affect the conservation of many species through their role in nutrient cycling (Ducklow
et al., 2001; Pomeroy et al., 2007; Cooley and Doney, 2009). Yet, autotrophic marine microbes, are likely to be vulnerable to changes in ocean chemistry due to their
small size and rapid growth meaning they can rapidly express CO2 -induced stress as
changes in community composition and abundance (IPCC, 2011). A number of studies
have reported high tolerance or positive responses of phytoplankton to increased CO2
(i.e. Burkhardt et al., Tortell et al. 2002, Fu et al. 2007, Levitan et al. 2007, Barcelos e
Ramos et al. 2007, Hutchins et al. 2007, Tortell et al. 2008b, Kranz et al. 2009, Wu et al.
2014, and Dutkiewicz et al. 2015). However, the meta-analysis presented in Chapter
2 found that phytoplankton south of 60 S are negatively affected by CO2 levels above
1000 µatm, particularly when investigated in a natural assemblage. Findings presented
in Chapter 3 (Hancock et al., 2018) show that larger, microeukaryotes (>20 µm) are
negatively affected by increased CO2 above 1000 µatm with a shift in the eukaryotic
community composition towards a community dominated by smaller nano-sized cells
( 20 µm). A global review conducted by Schulz et al. (2017), suggests this trend may
continue in smaller, picoeukaryotes (2 µm) as well. Most studies reported a positive
effect of increased CO2 on growth rate of picoeukaryotes, particularly prasinophytes
and chlorophytes, with the smallest profiting most from increased CO2 (Hopkins et al.,
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2010; Brussaard et al., 2013; Schulz et al., 2017). This increase in picoeukaryotic abundance with increased CO2 was also observed in minicosm experiments conducted at
Prydz Bay, East Antarctica in 2008/09 (Thomson et al., 2016).
Unlike eukaryotes, prokaryotes appear to be resistant to increased CO2 . The metaanalysis conducted in Chapter 2 found bacteria were positively affected with higher
abundances and productivity at elevated CO2 . This is mirrored in studies conducted in
the Arctic, where no effect or an increased in bacterial abundance, growth rate and productivity was found with increases in CO2 (Grossart et al., 2006; Paulino et al., 2007;
Allgaier et al., 2008; Baragi et al., 2015; Wang et al., 2016). However, there is some evidence that bacterial community composition may be affected by increased CO2 . Mesocosm experiments conducted in the Arctic showed a decrease in Bacteroidetes and Polaribacter but an increase in Pelagibacter abundance with increased CO2 (Zhang et al.,
2013). Microcosm studies conducted in the North Sea also found a shift in bacterial
community composition with Gammaproteobacteria, Flavobacteriaceae, Rhodobacteraceae and Campylobacteraceae are negatively affected by changes in CO2 (Krause
et al., 2012). However, other studies have found that increased CO2 has limited impact on bacterial composition (Lindh et al., 2013; Roy et al., 2012; Oliver et al., 2014;
Wang et al., 2016; Lin et al., 2018).
A minicosm experiment was conducted on a natural microbial community to investigate the effect of ocean acidification on nearshore Antarctic marine microbes, and to
determine if there is a CO2 level at which the structure and function of the community
significantly changes. In Chapter 3 (Hancock et al., 2018), we found that increased CO2
levels >1000µatm significant changed the microbial community favouring smaller phytoplankton over large diatoms and Phaeocystis antarctica. This supports the findings
of previous minicosm experiments conducted at the same site (Davidson et al., 2016;
Thomson et al., 2016) and shows there is a consistent response and CO2 threshold level
(1000µatm) in Prydz Bay, East Antarctica that is consistent both across a season but
also between years despite different starting community composition and availability of
nutrients (Hancock et al., 2018). However, to date there has been no investigation on
the effect of CO2 on the composition of prokaryotes and picoeukaryotes in the Prydz
Bay minicosms experiments. This chapter builds on the findings of Chapter 3 (Hancock et al., 2018) using phylogenetic gene marker sequencing to investigate the effect
of ocean acidification on the microbial community during the minicosm experiment.
Data from 18S rDNA gene sequences is used to analyse the effect of increased CO2
on large eukaryotes (>3.0µm) to see if there is agreement between compositional data
collected via traditional microscopy techniques and molecular methods. Furthermore,
the 18S and 16S rDNA data is used to investigate the previously unknown effect of increased CO2 on the picoplankton and prokaryotic community composition during the
experiment.
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Methods
Experimental Design

A six-level, dose-response ocean acidification experiment was run on a natural microbial community from nearshore Antarctica, between 19th November and 7th December 2014. Seawater was collected from approximately 1 km offshore of Davis Station,
Antarctica (68 35’ S, 77 58’ E), pre-filtered (200 µm), and transferred into six 650 L
tanks (minicosms) located in a temperature-controlled shipping container. Six CO2 levels were achieved by altering the fugacity of carbon dioxide (ƒCO2 ) within each minicosms. The ƒCO2 was adjusted stepwise to the target concentrations for each minicosm
(343, 506, 634, 953, 1140, 1641 µatm) over a five-day period using 0.2 µm filtered
seawater enriched with CO2 . This acclimation to CO2 was conducted at low light (0.9
± 0.2 µmol m 2 s 1 ) so there was low growth of the phytoplankton. Light levels
were then increased over a further two days to 90.52 ± 21.45 µmol m 2 on a 19:5
light/dark non-limiting light cycle (Chapter 3, Figure 3.1). After this acclimation period, the microbial community was allowed to grow for 10 days (days 8-18), during
which the ƒCO2 levels within each minicosm was adjusted daily to maintain the target
ƒCO2 level for each minicosm, and light levels were kept constant (Chapter 3, Figure
3.1). No nutrients were added during the experiment. The full minicosm experimental
methods are described in Chapter 3 (Hancock et al., 2018).

4.2.2

Sample Collection

Samples of 40-400 L were collected and sequentially size-fractionated filtered onto 293
mm biomass filters with 3.0 and 0.1 µm pore-sized polyethersulfone membrane filters
(Pall XE20206 Disc 3.0 µm Versapor 293 mm and 656552 Disc 0.1 µm Supor 293 mm)
using the design of the Global Ocean Sampling expedition (Rusch et al., 2007). Samples
were collected on days 0 (immediately after seawater collection), 12 (mid-exponential
growth) and 18 (end of experiment). On day 0, 400 L of seawater was collected from
the reservoir tank (pre-filtered 200 µm), from which all the minicosms were filled, to
allow characterisation of the initial community. This sample was collected from the
reservoir, and not the minicosms, due to the large volume needed to collect sufficient
microbial biomass on the filters. On day 12 and 18, 40 L was collected from each minicosm for filtration. The later samples were of a smaller volume due to the increase in
biomass in the minicosms during the experiment, meaning less volume of water was
required to gain sufficient material on the filters to perform molecular analysis. The
filter membranes containing the concentrated microbial biomass were stored in 15 mL
of storage buffer, flash frozen in liquid nitrogen and stored at - 80 C. The storage buffer
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was freshly prepared on each sampling day with a mixture of 2.5 mM EGTA, 2.5 mM
EDTA, 0.1 mM Tris-EDTA, RNA Later (0.5x house prepared), 1 mM PMSF and Protease Inhibitor Cocktail VI (Ng et al., 2010). Between samples, the filtration apparatus
was sequentially washed with 2 x 25 L 0.1 M NaOH, 2 x 25 L 0.07% Ca(OCl)2 and 2 x
25 L fresh water.
All samples were stored and transported at -80 C to the Australian Antarctic Division,
Hobart, Australia for DNA extraction.

4.2.3

DNA Extraction and Sequencing

The DNA was extracted from half of each filter (3.0 and 0.1 µatm per sample) via
the method described in Rusch et al. (2007). In short, the filters were cut into small
pieces and agitated in a lysozyme and sucrose buffer for 60 minutes and underwent
three freeze/thaw cycles in a Proteinase K solution. This was followed by a gentler
agitation at 55 C for 2 hrs to remove all contents from the filter membranes. DNA
was then separated using buffer saturated phenol, pelleted and washed in alcohol. The
final DNA pellet was dissolved and stored in a 3 M sodium acetate (pH 8.0) and 100%
ethanol solution and stored at - 80 C. The DNA was transported and stored at 4 C to
the University of Queensland, St Lucia, Australia for sequencing within two months of
extraction.
Eukaryotic 18S rRNA genes (V8-V9 regions) were amplified using polymerase chain
reaction (PCR) with the primers V8f (5’ - ATA ACA GGT CTG TGA TGC CCT - ’3)
and 1510r (5’ - CCT TCY GCA GGT TCA CCT AC - ’3) (Bradley, 2016). The 16S
rRNA genes V8 region were amplified using PCR and primers 926F (5’-AAA CTY
AAA KGA ATT GAC GG-3’) and 1392wR (5’-ACG GGC GGT GTG RC-3’) (Engelbrektson et al., 2010). PCR was performed using 1 or 1.5 µL of sample DNA, 2.5 µL 1x
PCR buffer minus Mg+2 (Invitrogen), 0.75 µL MgCl2 , 0.5 µL deoxynucleoside triphosphate (dNTPs, Invitrogen), 0.125 µL U Taq DNA Polymerase (Invitrogen), 0.625 µL of
forward/reverse primer and made up to the final volume of 25 µL using molecular biology grade water. Forward and reverse primers were modified at the 5’-end to contain an
Illumina overhang adapter with P5 and i7 Nextera XT indices, respectively. The PCR
thermocycling conditions were as follows: 94 C for 3 min, 35 cycles of 94 C for 45
sec, 55 C for 30 sec, 7 C for 10 min and a final extension of 72 C for 10 min. Amplifications were performed using a Vertiti®96-well Thermocycler (Applied Biosystems)
and success, amplicon size and quality was determined by gel electrophoresis.
The resultant amplicons were purified using Agencourt AMPure magnetic beads (Axygen Biosciences), dual indexed using Nextera XT Index Kit (Illumina). The indexed amplicons were purified using Agencourt AMPure XP beads and quantified using PicoGreen
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dsDNA Quantification Kit (Invitrogen). Equal concentrations of each sample were
pooled and sequenced on an Illumina MiSeq at the University of Queensland’s School
for Earth and Environmental Science using 30% PhiX Control v3 (Illumina) and a
MiSeq Reagent Kit v3 (600 cycle; Illumina).

4.2.4

Bioinformatics

Sequencing data and runs were merged to produced single FASTQ file for 16S and
18S rDNA per sample and imported in QIIME2 (v2019.9) (Caporaso et al., 2010). A
modified version of the UPARSE analysis pipeline was used to analyse the data. Specifically, the primer sequences were removed from forward reads of the 16S rDNA and
reverse complement of the 18S rDNA Illumina read pairs, and chimeras removed using UCHIME2 (Edgar, 2016). These were then trimmed to a length of 200 bp and
high-quality sequences identified using USEARCH (v10.0.240) (Edgar, 2010). Duplicate sequences were removed and a set of unique operational taxonomic units (OTUs)
were generated using USEARCH employing a 97% OTU similarity radius. Mitochondrial and chloroplast OTUs were classified and removed from the 16S rDNA sequence
data using the BIOM tool suite (McDonald et al., 2012). Representative OTU sequences were assigned taxonomy using SILVA132 (Quast et al., 2012) and PR2 (Guillou
et al., 2012) for the eukaryotic group Bacillariophyceae (diatoms). Taxonomic assignments were validated against microscopy identifications conducted on the same samples
(Chapter 3, Hancock et al. 2018) as well as phylogenetic trees built in iTOL (Letunic
and Bork, 2006). Residual eukaryotic chloroplast and mitochondrial sequences were
removed from the 16S rDNA data. Other obvious contaminants were removed manually including: Escherichia-Shigella (16S rDNA OTU75) and Saccharomycetales (18S
rDNA OTU7, 146 and 160). Escherichia-shigella was removed as this group likely represents external contamination, similarly Saccharomycetales are yeast and are obvious
skin-driven contaminants. A total of 9448 OTUs were identified from the 16S rDNA
reads and 232 OTUs from the 18S rDNA read data. The number of reads were rarefied
to 1300 and 1200 reads per sample for the 18S and 16S rDNA datasets respectively.
The following samples were removed due to lack of extracted, amplified and/or sequenced DNA, or due to low quality reads and/or low read numbers:
18S, 3.0 µm, day 18, 634 µatm ƒCO2 treatment
18S, 0.1 µm, day 12, 343 µatm or control ƒCO2 treatment
18S, 0.1 µm, day 18, 343 µatm or control ƒCO2 treatment
16S, 0.1 µm, day 18, 506 µatm ƒCO2 treatment
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Statistical Analysis

The minicosm experiment was based on a repeated measure design, therefore due to
being a dose-response experiment with no replication, no formal statistics could be undertaken on the interactions between time and ƒCO2 . The richness (number of taxa) and
evenness (equivalent to abundances within a sample) of the eukaryotic and prokaryotic
microbial communities within each minicosm over time was estimated using three different alpha diversity indexes: observed number of OTUs (Sobs) (DeSantis et al., 2006),
the Chao1 estimator of richness (Colwell et al., 2004), and Simpson’s diversity index
and Berger-Parker index which account for both richness and evenness (Simpson, 1949;
Berger and Parker, 1970) using QIIME2.
Clustering and ordinations were performed on Bray-Curtis resemblance matrices of the
rarefied, square-root transformed OTU data as per Chapter 3 (Hancock et al., 2018). In
brief, hierarchical agglomerative cluster analyses were performed using group-average
linkage, and significantly different clusters were determined using similarity profile permutations method (SIMPROF) (Clarke et al., 2008). Both unconstrained (non-metric
multidimensional scaling, nMDS) and constrained (canonical analysis of principal coordinates, CAP) ordinations were performed using the Bray-Curtis resemblance matrixes (Kruskal, 1964a,b; Oksanen et al., 2017). The constraining variables in the CAP
analysis were ƒCO2 , Si, P and NOx . All cluster and ordination analyses were performed
using R v.1.1.453 (R Core Team, 2016) and the add-on package Vegan v.2.5-3 (Oksanen
et al., 2017).

4.2.6

Network analysis

To investigate the effect of time and ƒCO2 on the correlations between taxa within the
minicosm experiment, ecological network analyses were attempted, with a separate network for each fraction (3.0 and 0.1 µm) at each day of the experiment (0, 12 and 18).
Due to some of the samples being removed (as described above), the two fractions had
to be kept separate for the network analyses. The first ecological network analyses attempted was on the 3.0 µm fraction for day 18 of the experiment. These analyses proved
unsuccessful (as described in further detail below) and analyses on the other fractions
and days were not attempted. The methods attempted for the 3.0 µm fraction, day 18
network analyses are described below.
A combination of microscopy absolute abundance counts and corrected OTU relative
abundances were used for the 3.0 µm, day 18 network analyses. For the eukaryotes,
absolute abundance counts from the microscopy analysis were used for the diatoms,
choanoflagellates (Bicosta antennigera and other choanoflagellates), the euglenoid and
Phaeocystis antarctica due to the higher taxonomic resolution (Hancock et al., 2018).
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For the all other eukaryotes, 3.0 µm fraction OTU relative abundance counts from the
18S rDNA data was used. To make the OTU relative abundance data comparable to
the microscopy absolute abundance data, a correction factor was performed on the OTU
data using the following equation:
A
=C
B
where A is the total abundance of Fragilariopsis from the microscopy counts (both >20
µm and 20 µm, except the 634 µatm ƒCO2 treatment, as this was removed from the
18S rDNA data; B is the total OTU count from the 18S rDNA, 3.0 µm fraction, and
C is the correction factor. All 18S, 3.0 µm fraction OTU counts to be included in the
network analysis were then multiplied by the correction factor to give corrected OTU
relative abundance counts. For the prokaryotes, the 3.0 µm fraction 16S rDNA data was
corrected used the bacterial absolute abundance count from the flow cytometry (Deppeler et al., 2018). Therefore, the correction equation for the prokaryotes was as follows:
A is the total abundance of bacteria from flow cytometry analysis, B is the total OTU
bacterial counts from the 16S rDNA, 3.0 µm fraction, and C is the correction factor. All
16S rDNA, 3.0 µm fraction OTU counts were then multiplied by the correction factor
to give a corrected OTU relative abundance counts for the prokaryotes.
Ecological network analysis was conducted using the SPIEC-EASI (Sparse Inverse
Covariance Estimation for Ecological Association Inference, Kurtz et al. 2015) and
SparCC (Sparse Correlations for Compositional Data, Friedman and Alm 2012) statistical methods in QIME2 (Caporaso et al., 2010). SPIEC-EASI and SparCC statistical
methods were used as they allow for the fact that microbial abundances are not independent (as OTU counts are normalized) and other techniques can be underpowered for the
amount of data present in a few samples typically measured in sequence-based analyses
(hundreds of OTUs in tens to hundreds of samples) (Kurtz et al., 2015). However, both
of these statistical methods were unsuccessful in producing a network for the 3.0 µm
fraction on the day 18 dataset due to the large depth of data present (152 taxa) but limited number of samples (5 ƒCO2 treatments, with the 634 ƒCO2 treatment removed, see
above). Less robust statistical methods were also attempted using the online tool, Calypso, with Spearman’s rho on square root transformed data (Zakrzewski et al., 2016).
The method did provide a network but taxa that were both abundant and showed strong
responses to increased ƒCO2 in microscopy counts were not identified as important in
ƒCO2 -induced alterations of associations among taxa in the network graph. Thus, this
analysis was not pursued further (the network graph is shown in Appendix C Figure
C.1).
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Results
Eukaryotic Microbial Community

Phylogenetic marker gene sequencing of the V8-9 region of the 18S rDNA was used to
investigate the effect of increased ƒCO2 on a natural, nearshore Antarctic eukaryotic microbial community. The community in the 3.0 µm fraction was dominated by members
of Bacillariophyceae (90.5%). Along with Chlorophyta (24.9%) and MAST-2 (20.4%),
bacillariophytes were also dominant in the 0.1 µm fraction (29.5%) (Figures 4.1 and
4.2). Interestingly, on day 18 of the experiment Micromonas was absent in the 0.1 µm
fraction, despite being dominant earlier in the experiment (Figure 4.2). On day 18 of
the experiment there was higher relative abundances of Entomoneis, Fragilariopsis and
Eucampia in higher ƒCO2 treatments compared to lower ƒCO2 treatments (Figures 4.1
and 4.2). Bacillariophyceae OTU1, was associated with lower ƒCO2 treatments in the
3.0 µm fraction but was more associated with higher ƒCO2 on day 18 in the 0.1 µm
fraction (Figures 4.1 and 4.2). Other eukaryotic taxa that occurred in relatively high
abundances in moderate ƒCO2 treatments occurring in relatively high abundances included Stellarima microtrias, ME-Euk-FW10, Oligotrichia (OTU 15) and MAST-1A
(Figures 4.1 and 4.2). From the four measures of alpha diversity calculated for the 3.0
and 0.1 µm fractions in the 18S rDNA data, there was no were clear trends in taxonomic
richness or diversity among ƒCO2 treatments (Appendix C Figures C.2 and C.3).
Statistical analysis of the eukaryotic community shows that the 3.0 µm fraction of the
community was affected by increased ƒCO2 levels but not for those in the 0.1 µm fraction. Cluster, SIMPROF and nMDS analysis of the 18S rDNA 3.0 µm fraction identified
five significantly different groups of samples (p <0.05), with the community composition changing both over the time of the experiment and with ƒCO2 treatment (Figure
4.3). The community composition was significantly different on day 0 of the experiment
and was characterised by diatoms (phylum: Ochrophyta, class: Bacillariophyceae), in
particular ME-Euk-FW10, Odontella and unidentified Bacillariophyceae (OTU40) (Figure 4.3). The community on day 12 was significantly different in the lower ƒCO2 treatments 343 (ambient) and 506 µatm as well as 1140 µatm, with the moderate ƒCO2
treatments 634 and 953 µatm clustering with the day 18 samples. The highest ƒCO2
(1641 µatm) was significantly different to all other samples. While all ƒCO2 treatments
on day 18 were clustered together, except tank 4, 953 µatm, the higher ƒCO2 (1140 and
1641 µatm) are separated from that of the lower ƒCO2 treatments (343 and 506 µatm).
The lower ƒCO2 treatments were characterised by Chaetoceros sp., Navicula and Thecofilosea compared to that of the higher ƒCO2 treatments which was characterised by
Thalassiosira (OTU13) and Oligotrichia.
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Figure 4.1: Heatmap of the eukaryotic community from the 3.0 µm throughout the
minicosm experiment on rarefied, square-root transformed 18S rDNA data. Operational
taxonomic units (OTUs) were assigned unique numbers (shown as numbers in brackets
on the left side of the figure) along with their taxonomic identification, to the lowest
possible level, for each OTU. Broader phylum (and class for Chlorophyta and Ochrophyta) groupings are also provided. Only OTUs with a total relative abundance >0.05%
are shown. Each column shows a different ƒCO2 treatment and day of the experiment
with the initial community shown on the left.
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Figure 4.2: Heatmap of the eukaryotic community from the 0.1 µm throughout the
minicosm experiment on rarefied, square-root transformed 18S rDNA data. Operational
taxonomic units (OTUs) were assigned unique numbers (shown as numbers in brackets
on the left side of the figure) along with their taxonomic identification, to the lowest
possible level, for each OTU. Broader phylum (and class for Ochrophyta) groupings are
also provided. Only OTUs with a total relative abundance >0.05% are shown. Each
column shows a different ƒCO2 treatment and day of the experiment with the initial
community shown on the left.
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Figure 4.3: Cluster analysis and nMDS based on similarities in the eukaryotic community from the 3.0 µm throughout the minicosm experiment on rarefied, square-root
transformed 18S rDNA data. (a) The cluster analysis with five significantly different
groups obtained by SIMPROF (grey boxes). (b) nMDS plot structure of the unconstrained ordination of dissimilarities in eukaryotic community structure with time and
ƒCO2 in two dimensions with significant SIMPROF groupings depicted. Overlaid in red
are the weighted-averages of the day-treatment scores for eukaryotic OTUs with a total
relative abundance >0.05% with taxonomic classifications to the lowest level possible
(those OTUs with the same taxonomic classification, i.e. Bacillariophyceae, have the
OTU unique number in brackets). Samples are abbreviated according to days of incubation (D0, D12 and D18) and ƒCO2 treatment (T-6 representing 343, 506, 634, 953,
1140, 1641 µatm respectively).
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The CAP analysis also shows a clear difference between the trajectory of eukaryotic
community succession over the time and with increased ƒCO2 (Figure 4.4). The lower
ƒCO2 treatments (343 and 506µatm) have distinctly different trajectories from those
exposed to moderate levels of ƒCO2 (634 and 953 µatm, noting that the sample from
day 18, 634µatm is missing). The two highest ƒCO2 treatments (1140 and 1641 µatm)
are again distinctly different from all low and moderate ƒCO2 treatments, suggesting a
strong threshold for change in the microeukaryotic community at CO2 levels above 953
µatm (Figure 4.4). In this analysis, covariates ƒCO2 , P and Si provide a reduced model
which explained 46.7% of the variation in similarity among samples (F3,8 = 2.7373, p =
0.002 based on 999 permutations), NOx was not significant (p >0.3), and was therefore
dropped from the model. In the reduced model only CAP1 is significant, p = 0.001
(Table 4.1). Considering each term marginal to all others (i.e. the contribution of a
term after first account for all other terms) ƒCO2 accounted for 27.6% of the variation,
P 49.8% and Si 44.1%. When each term is added sequentially in order (ƒCO2 , then P
and finally Si), ƒCO2 significantly affected the eukaryotic, 3.0 µm fraction community
composition (p = 0.045), but not when each term is considered marginally (p = 0.066)
(Table 4.2a and 4.2b, respectively). In both cases, Si significantly affected the community composition (p = 0.002 and p = 0.001) and P is significant when considered
marginally but not sequentially (p = 0.001 and p = 0.074) (Table 4.2).
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Figure 4.4: Canonical analysis of principal co-ordinates based on the similarity in the
eukaryotic 3.0 µm community structure among ƒCO2 treatments and time over the experiment, showing the trajectory of change in the community for each ƒCO2 treatment.
Arrow starting points are day 0 and all arrows end on day 18 of the experiment. Linear
projections of significant constraints CO2 , Si and P appear as blue linear arrows.
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Table 4.1: Canonical analysis of principal coordinates (CAP) axis significance against
covariates. Permutation tests assessing the significance of each constrained axis in CAP
using the covariates ƒCO2 , P and Si as constraints upon eukaryotic community structure
of the 3.0 µm fraction.

CAP1
CAP2
CAP3
Residual

df

Variance

F

No. Perm

Pr (>F)

1
1
1
8

0.138370
0.058737
0.032864
0.262523

4.2166
1.7899
1.0015

999
999
999

0.001
0.201
0.400

Table 4.2: Permutation tests assessing the significance of each environmental covariate
(constraint) in determining eukaryotic community structure of the 3.0 µm fraction using
principal co-ordinates (CAP), with significance of each term when (a) sequential added
(b) marginal effects for ƒCO2 , P and Si.
(a)

df

Variance

F

No. Perm

Pr (>F)

ƒCO2
P
Si
Residual

1
1
1
8

0.063453
0.114538
0.101478
0.262523

1.9336
3.4904
3.0924

999
999
999

0.066
0.001
0.001

(b)

df

Variance

F

No. Perm

Pr (>F)

ƒCO2
P
Si
Residual

1
1
1
8

0.069857
0.058636
0.101478
0.262523

2.1288
1.7869
3.0924

999
999
999

0.045
0.074
0.002

The eukaryotic community composition in the 0.1 µm fraction of the community changed
over the time during the experiment but was not affected by ƒCO2 treatment. Cluster analysis and SIMPROF identified eight significantly different groups of samples (p
<0.05), with most clusters containing only one sample (Figure 4.5). nMDS and CAP
analyses showed that community composition changed with time over the period of the
experiment but was not significantly affected by ƒCO2 . The only significant covariate was identified was NOx (p = 0.001) (Figure 4.5, Appendix C Figure C.4, Tables
C.1-C.3).
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Figure 4.5: Cluster analysis and nMDS based on similarities in the eukaryotic community from the 0.1 µm throughout the minicosm experiment on rarefied, square-root
transformed 18S rDNA data. (a) The cluster analysis with eight significantly different
groups obtained by SIMPROF (grey boxes). (b) nMDS plot structure of the unconstrained ordination of dissimilarities in eukaryotic community structure with time and
ƒCO2 in two dimensions with samples from days 0, 12 and 18 depicted. Overlaid in red
are the weighted-averages of the day-treatment scores for eukaryotic OTUs with a total
relative abundance >0.05% with taxonomic classifications to the lowest level possible
(those OTUs with the same taxonomic classification, i.e. Bacillariophyceae, have the
OTU unique number in brackets). Samples are abbreviated according to days of incubation (D0, D12 and D18) and ƒCO2 treatment (T-6 representing 343, 506, 634, 953,
1140, 1641 µatm respectively).
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Prokaryotic Microbial Community

Phylogenetic marker gene sequencing V8 region of the 16S rDNA was used to investigate the effect of increased ƒCO2 on a natural, nearshore Antarctic prokaryotic community. The prokaryotic community was dominated by bacteria with archaea comprising of <1% of the community. The most abundant prokaryotes for both size fractions
were members of the Bacteroidetes (54.5% and 48.9%) particularly the NS3a marine
group (41.3% and 42.4%), and classes Alphaproteobacteria (22.6% in both fractions)
and Gammaproteobacteria (20.2% and 23.3%) (Figure 4.6 and 4.7). In the 3.0 µm
fraction on day 18, there was higher abundances of Sulfitobacter in the higher ƒCO2
treatments whereas Glaciecola and Shewanella were more abundant in the lower ƒCO2
treatments (Figure 4.6). In contrast, in the 0.1 µm fraction there was higher abundances
in the higher ƒCO2 treatments of NS3a marine group (OTU2), SAR11 (OTU7) and Balneatrix (OTU8) on day 12, and OTU4 of the SAR9 clade, had higher abundances in the
moderate ƒCO2 on day 12 (643 and 953 µatm)(Figure 4.7).
There were no obvious clear trends in alpha diversity with ƒCO2 in the prokaryotic
community, but there were changes over time during the 18 day incubation (Appendix
C Figures C.5 and C.6). In the 3.0 µm fraction, the temporal decrease in the BergerParker index and increase in the Simpson’s index, suggests there maybe a decline in the
abundance of dominant taxa, potentially due to grazing pressure (Appendix C Figures
C.5a and C.5d ), but there was no change in the richness measures Sobs and Chao1
(Appendix C Figures C.5a and C.5b).
The prokaryotic community structure changed during the time of the experiment but was
not significantly affected by ƒCO2 in either size fraction. nMDS analysis showed that
the community structure changed over the time of the experiment with the day 0 and 12
samples characterised by various Gammaproteobacteria and Bacteroidetes whereas the
day 18 samples were more diverse and was characterised by both Gammaproteobacteria
and Bacteroidetes as well as Alphaproteobacteria (Figure 4.8). This is further supported
by the CAP analysis in which NOx is the only significant covariate, p=0.002 (Appendix
C Figure C.7, Table C.4-C.6). Similarly, the 0.1 µm fraction of the prokaryotic community structure changed during the time of the experiment but was not significantly
affected by ƒCO2 . Nine significantly different clusters were identified by cluster analysis and SIMPROF (Figure 4.9), and in the nMDS analysis there is a clear difference
between days of the experiment (Figure 4.9). Day 12 is characterised by various Alphaproteobacteria, Gammaproteobacteria and Bacteroidetes, whereas day 18 is characterised mainly by Gammaproteobacteria with a few Bacteroidetes (Figure 4.9). The
CAP analysis also supports that ƒCO2 is not significantly changing the community composition of the 0.1 µm fraction of the prokaryotic community structure, with P being the
only significant covariate (Appendix C Figure C.8, Table C.7-C.9).
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Figure 4.6: Heatmap of the prokaryotic community from the 3.0 µm throughout the
minicosm experiment on rarefied, square-root transformed 16S rDNA data. Operational
taxonomic units (OTUs) were assigned unique numbers (shown as numbers in brackets
on the left side of the figure) along with their taxonomic identification, to the lowest
possible level, for each OTU. Broader phylum (and class for Proteobacteria) groupings
are also provided. Only OTUs with a total relative abundance >0.05% are shown. Each
column shows a different ƒCO2 treatment and day of the experiment with the initial
community shown on the left.
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Figure 4.7: Heatmap of the prokaryotic community from the 0.1 µm throughout the
minicosm experiment on rarefied, square-root transformed 16S rDNA data. Operational
taxonomic units (OTUs) were assigned unique numbers (shown as numbers in brackets
on the left side of the figure) along with their taxonomic identification, to the lowest
possible level, for each OTU. Broader phylum (and class for Proteobacteria) groupings
are also provided. Only OTUs with a total relative abundance >0.05% are shown. Each
column shows a different ƒCO2 treatment and day of the experiment with the initial
community shown on the left.
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Figure 4.8: Cluster analysis and nMDS based on similarities in the prokaryotic community from the 3.0 µm throughout the minicosm experiment on rarefied, square-root
transformed 16S rDNA data. (a) The cluster analysis with eight significantly different
groups obtained by SIMPROF (grey boxes). (b) nMDS plot structure of the unconstrained ordination of dissimilarities in prokaryotic community structure with time and
ƒCO2 in two dimensions with samples from days 0, 12 and 18 depicted. Overlaid in
red are the weighted-averages of the day-treatment scores for prokaryotic OTUs with a
total relative abundance >0.05% with taxonomic classifications to the lowest level possible (those OTUs with the same taxonomic classification, i.e. Colwellia, have the OTU
unique number in brackets). Samples are abbreviated according to days of incubation
(D0, D12 and D18) and ƒCO2 treatment (T-6 representing 343, 506, 634, 953, 1140,
1641 µatm respectively).
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Figure 4.9: Cluster analysis and nMDS based on similarities in the prokaryotic community from the 0.1 µm throughout the minicosm experiment on rarefied, square-root
transformed 16S rDNA data. (a) The cluster analysis with eight significantly different groups obtained by SIMPROF (grey boxes).(b) nMDS plot structure of the unconstrained ordination of dissimilarities in prokaryotic community structure with time and
ƒCO2 in two dimensions with samples from days 0, 12 and 18 depicted. Overlaid in
red are the weighted-averages of the day-treatment scores for prokaryotic OTUs with a
total relative abundance >0.05% with taxonomic classifications to the lowest level possible (those OTUs with the same taxonomic classification, i.e. Colwellia, have the OTU
unique number in brackets). Samples are abbreviated according to days of incubation
(D0, D12 and D18) and ƒCO2 treatment (T-6 representing 343, 506, 634, 953, 1140,
1641 µatm respectively).
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Discussion

This study shows that increases in CO2 cause a significant shift in community composition of natural Antarctic marine microbes, with some microbes being resistant to
changes in CO2 while others are highly sensitive. The response of eukaryotes was based
on the cell size. Micro- and nanoeukaryotic (>3 µm) composition was significantly affected by changes in CO2 , but picoeukaryotes (<3 µm) were unaffected. Prokaryotes
showed a high tolerance to increased CO2 with no CO2 -induced changes in composition
observed. The response of each of these microbial groups to increased CO2 is discussed
in detail below along with the potential consequences for the ecosystem services they
provide in Antarctic coastal waters.

4.4.1

Micro- and Nanoeukaryotes

The overall response of the larger eukaryotes (>3 µm), micro- and nanoeukaryotes,
mirror the findings of microscopy analysis presented in Chapter 3 (Hancock et al.,
2018). There is a significant change in the community composition of the micro- and
nanoeukaryotes with increased ƒCO2 , however the threshold for this change differs
slightly from the microscopy analysis conducted on the same samples. Phylogenetic
marker sequence (18S rDNA) data from the 3.0 µm fraction showed that the community composition changed both with time (from day 0 to 18) and ƒCO2 level. By day 18
of the experiment, the community composition of the lower ƒCO2 treatments was characterised by Chaetoceros, Navicula and Thecofilosea, and was different to the higher
ƒCO2 treatments which were characterised by Thalassiosira and Oligotrichia. While
the main driving force of composition change was time (which covaried with nutrient
concentration), ƒCO2 was also significant. It was thought that nutrient depletion may be
driving the change in community composition, with the concentrations of NOx dropping
below detection between days 16 and 18. However, NOx was not a significant driver
of the micro- and nanoeukaryotic community composition in either the microscopy and
18S rDNA in the CAP analyses of the 3.0 µm size fraction and was therefore dropped in
the reduced CAP models. Instead P and Si were significant despite both these macronutrients remaining at detectable levels through the entire experiment.
While the overall ƒCO2 -induced response of micro- and nanoeukaryotes was the same
between the microscopy and molecular analysis, there is a slightly higher threshold for
this change in the 18S rDNA data compared to that of the microscopy. In Chapter 3
(Hancock et al., 2018) the threshold for ƒCO2 -induced change in community structure
was between 634 µatm and 953 µatm ƒCO2 , whereas a slightly higher threshold between 953 µatm and 1140 µatm is found here in the 3.0 µm fraction using 18S rDNA
analysis (Figure 4.4). This could be due to the ability of the 18S rDNA to distinguish
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among very small microeukaryotic species, while this is not possible using light microscopy. In Chapter 3 (Hancock et al., 2018), the smallest size at which protists were
distinguished by light microscopy on the basis of cell morphology was ⇠5 µm. Another potential reason for this difference is the presence of smaller picoeukaryotic taxa
on the 3.0 µm filter. For example, Micromonas is present on the 3.0 µm fraction, despite
being <3.0 µm. This presence of picoeukaryotes, which were found to be resilient to
increased ƒCO2 , could result in the higher threshold for change in the molecular analysis compared to that of the microscopy. Added to this, a number of microeukaryotes had
increased abundances with moderate increases in ƒCO2 634 µatm Chapter 3 (Hancock
et al., 2018) and when this is combined with the presence of tolerant picoeukaryotes on
the 3.0 µm filter, the 953 µatm day 18 community composition may reflect a community where there is an overlap between promoting larger eukaryotes ( 634 µatm) and
enhanced abundance of picoeukaryotes ( 634 µatm, described further below). The
composition of 953 µatm treatment on day 18 is significantly different to all other day
18 samples in the SIMPROF analysis and has a completely different trajectory between
days 12 and 18 in the CAP analysis.
There appears to be a consistent threshold for change in Antarctic phytoplankton at
ƒCO2 levels above approximately 1000 µatm. The meta-analysis, presented in Chapter 2, found that phytoplankton south of 60 S were negatively affected by increases in
CO2 above 1000 µatm. The results from the microscopy analysis in this experiment
found a significantly shift in the protistan community composition between 634 and
953 µatm (Hancock et al., 2018), and here the molecular analysis has found a similar
shift in the micro- and nanoeukaryotic abundance between 953 µatm and 1140 µatm.
It is hypothesized that this threshold is the tipping point for the trade-off between the
beneficial effects of increased CO2 and the inhibitory effects of increased H+ ion concentration induced by ocean acidification. Ambient oceanic CO2 is currently limiting
to phytoplankton and therefore they have to employ energy costly carbon concentrating mechanisms (CCMs) for photosynthesis and growth (Reinfelder, 2011). Therefore,
an increase in the concentration of oceanic CO2 will reduce the need to operate these
CCMs and therefore conserve energy (Rost et al., 2008). However, increasing oceanic
CO2 concentrations also increases in H+ ion concentration (Introduction, Equation 1).
Thus, it is suggested that the reduction in energy required for operating CCMs becomes
outweighed by the energetic cost of operating proton pumps to maintain intracellular
pH homeostasis (Taylor et al., 2012; McMinn et al., 2014; Cyronak et al., 2015; Gafar
et al., 2017; Deppeler et al., 2018).

4.4. DISCUSSION

4.4.2

104

Picoeukaryotes

Picoeukaryotes have a high tolerance to increased ƒCO2 , with no change observed in
the community composition of the 18S rDNA 0.1µm fraction. Both nMDS and CAP
analyses show that while the community composition of picoeukaryotes changed significantly over the time during the experiment there was no significant effect of ƒCO2 . The
only significant covariate identified by the CAP analysis was NOx suggesting that nutrient limitation may have been the largest driver of compositional change as NOx dropped
below the level of detection between days 16 and 18 of the experiment. However, picoeukaryotic abundance data obtained via flow cytometry (Deppeler et al., submitted)
show their abundance declined after day 14 and prior to the depletion of NOx . This
suggests that that the decline in picoeukaryotes is instead due to top down control by
grazing. This may also explain the absence of Micromonas on day 18, if this small
flagellate was preferred by grazers over other picoeukaryotes.
While there was no ƒCO2 -induced change in picoeukaryotic community composition,
the overall abundance of picoeukaryotes was promoted in ƒCO2 treatments 634 µatm
(Deppeler et al., submitted). This promotion of picoeukaryotic abundance at elevated
CO2 has been a consistent finding over many ocean acidification studies (Engel et al.,
2008; Paulino et al., 2007; Schulz et al., 2008; Brussaard et al., 2013; Maugendre et al.,
2017; Sala et al., 2016; Crawfurd et al., 2017; Thomson et al., 2016; Bermúdez et al.,
2016; Bach et al., 2017; Schulz et al., 2017), and is independent of nutrient availability (Sala et al., 2016; Thomson et al., 2016). In both previous minicosm experiments
conducted in Prydz Bay and others, the promotion of picoeukaryotic abundance with elevated CO2 was detected early in the experiment (Crawfurd et al., 2017; Thomson et al.,
2016; Schulz et al., 2017). Schulz and Riebesell (2013) and Schulz et al. (2017) speculate that the observed tolerance of smaller phytoplankton to increases in oceanic CO2
could be due to picoeukaryotes refraining from operating CCMs for CO2 and HCO3
uptake. The large cell surface area to volume ratio of picoeukaryotes instead allows
them to rely on diffusion of CO2 into their cells rather than operating CCMs, and also
accelerates the rate of diffusion of H+ ions out of their cell rather than operating proton
pumps. However, Thomson et al. (2016) also suggests that this promotion may be due to
release of these cells from top down control by heterotrophic nanoflagellates. Such inhibition of heterotrophic nanoflagellates was also observed in this experiment (Deppeler
et al., submitted), and again coincides with the promotion of picoeukaryotes. Unfortunately, grazing experiments were not conducted as part of this experiment, and were
unsuccessful in the previous minicosm experiments conducted in Prydz Bay. Thus, it is
impossible to determine whether the observed increased picoeukaryotic abundance was
due to stimulating effects of increased ƒCO2 concentration, reduced grazing pressure by
heterotrophic nanoflagellates, or other factors such as decreased rates of viral lysis, or
a combination of these factors (Engel et al., 2008; Larsen et al., 2008; Thomson et al.,
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2016).
There is increasing evidence that picoeukaryotic composition may be affected by increased levels of CO2 , with some taxa profiting more from elevated CO2 than others, but
no such change was observed in this study. Meakin and Wyman (2011) observed a shift
in picoeukaryotic community with the two dominant prasinophyte phylotypes responding differently to elevated CO2 . The abundance of a Micromonas-like phylotype was
significantly higher under elevated CO2 compared to that of a Bathycoccus-like phylotype, which was more evenly distributed across CO2 treatments (Meakin and Wyman,
2011). Micromonas are thought to inefficiently operate CCMs and therefore will benefit
from increased concentrations of CO2 (Engel et al., 2008). No CO2 -induced change in
the relative abundance of Micromonas was observed in this study, nor was there a shift
in dominance between Micromonas and Bathycoccus. The abundance of such a change
may be due to the early peak and rapid decline in picoeukaryotic abundance, which limited the time for picoeukaryotic community composition to respond to increased CO2
such that has been observed by Meakin and Wyman (2011) and others (i.e. Newbold
et al. 2012).

4.4.3

Prokaryotes

Like the picoeukaryotes, the prokaryotic community composition tolerated changes in
ƒCO2 within the minicosm experiment. Cluster, SIMPROF, nMDS and CAP analysis
showed that the prokaryotic community composition changed significantly during the
time of the experiment but not in response to changes in ƒCO2 . P was the only significant driver of change in the community composition, however as P covaried with
time it is likely that this is a proxy for the significant effect of time on the community
composition. Interestingly, this ƒCO2 -tolerance in prokaryotic composition is observed
despite there being higher abundances of prokaryotes in the higher ƒCO2 treatments (
953 µatm) (Deppeler et al., 2018). This is hypothesized to be due to a reduction in grazing pressure by heterotrophic nanoflagellates which had lower abundances at these high
ƒCO2 treatments (Deppeler et al., submitted), and is again consistent with the findings
and conclusions of Thomson et al. (2016) in the previous minicosm experiments conducted at Prydz Bay, East Antarctica. However, like the picoeukaryotes, direct ƒCO2 related responses or decreased rates of viral lysis cannot be discounted (Thomson et al.,
2016).
The high tolerance of prokaryotic communities to elevated CO2 is a common finding
among ocean acidification studies. Positive responses or no significant effects have
been observed elsewhere in Antarctica (reviewed in the meta-analysis, Chapter 2) and
elsewhere in the world (Grossart et al., 2006; Paulino et al., 2007; Allgaier et al., 2008;
Newbold et al., 2012; Roy et al., 2012; Baragi et al., 2015; Wang et al., 2016). A
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number of studies have reported CO2 does not significantly alter bacterial community
composition (Lindh et al., 2013; Roy et al., 2012; Oliver et al., 2014; Wang et al., 2016;
Lin et al., 2018), although there are some studies that suggest that community composition and diversity may be effected (Zhang et al., 2013; Krause et al., 2012). As for
the picoeukaryotes, bacterial abundance peaked early in the experiment and abundance
declined after day 14 to low numbers by day 18 (Deppeler et al., 2018). Therefore, it
is possible that the prokaryotic community did not have sufficient time to respond to
increased ƒCO2 such that the community composition would be altered.

4.4.4

Molecular approach

Results from the 18S rDNA 3.0 µatm and microscopy analyses agree in the overall response of micro- and nanoeukaryotes, but the cell-size and detail of species-specific
responses observed in the microscopy analysis were not clear in the sequence data.
This highlights the weakness of molecular approaches for pelagic microbial eukaryotic
community analysis due to both the lack of high taxonomic resolution in the genetic reference databases as well as the ability to gain cell-size information from microscopy approaches. Microscopic eukaryote reference databases are limited, and currently restrict
the usefulness of molecular techniques for gaining high resolution taxonomic data like
that gained in Chapter 3 (Hancock et al., 2018). For many eukaryotic groups phylumlevel classification is achievable but identification to species or even genus-level is rare.
Added to this, environmental samples such as those analysed here, often return few,
if any, good matches to reference databases (Bik et al., 2012). Accurate and detailed
taxonomic classifications can only be gained using molecular approaches if greater effort is invested in collecting full-length eukaryotic reference sequences and matching
these with morphological data (Bik et al., 2012). It is recognised that only one 18S
rDNA subregion was sequenced here and ideally other regions (i.e. the V4 subregion)
should also be sequenced to increase taxonomic resolution across all eukaryotic groups
(Zimmermann et al., 2011).
A size fractionated filtering approach was used in this study to assess the different sizeclasses to elevated CO2 . This approach has been widely used as part of the Global Ocean
Sampling Expedition (Rusch et al., 2007). Yet, in this study we found that this approach
did not completely fractionate the community as designed. A number of picoeukaryotic
taxa were found on the 3.0 µm filter i.e. Micromonas, and microeukaryotic taxa larger
than 3 µm such as Eucampia and Stellarima microtrias were observed on the 0.1 µm
filter fraction. Small eukaryotes can aggregate and form larger clumps which would be
caught on the 3.0 µm filter (Hill, 1992; Richardson and Stolzenbach, 1995; Richardson
and Jackson, 2007; Kriest and Evans, 1999). These cells could also have been caught
towards the end of the filtration process, when biomass was high on the filter therefore
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blocking and reducing the effective filter pore-size. The appearance of large eukaryotic
taxa (above) were also present on the 0.1 µm filter, despite being much larger than 3 µm
in size, was likely due to cell fragments that have passed through the 3.0 µm filter.
There are some taxa which were present in high relative abundances in the 18S rDNA
data but were not identified as being dominant in the microscopy abundance estimates
i.e. Eucampia. It has been shown that not all DNA extraction methods extract equally
from all diatom taxa and can vary depending on the diatom shape, size, thickness and
proportions of silica (Vasselon et al., 2017). Some diatom cells have robust silica valves
that limit the ability of some DNA extraction methods to disrupt the diatom cell and
release the DNA (Eland et al., 2012; Vasselon et al., 2017). Eucampia is known for
having heavily silicified cell walls (Fryxell and Prasad, 1990) so this is unlikely to be the
reason for the high relative abundance of Eucampia in the 18S rDNA data compared to
light microscopy. Harsh DNA extraction methods, such as bead beating, can be known
to shear the DNA of lightly silicified diatoms and cells with thin, fragile cell walls
(Yuan et al., 2015). Hence a gentler approach was used here. Results showed this was
sufficient to efficiently disrupt and extract the DNA from heavily silicified diatoms such
as Eucampia, but it is unlikely it was vigorous enough to shear the DNA of thin, fragile
cells. Thus, we are unsure to the reason why some taxa, i.e. Eucampia, were more
dominant in the 18S rDNA data but were rare in the microscopy abundance estimates
presented in Chapter 3 (Hancock et al., 2018).

4.5

Conclusions

The results of this study show that ocean acidification could significantly alter the community structure of nearshore Antarctic marine microbes. Microeukaryotes were found
to be resilient to changes in ƒCO2 at levels 634 but there was a threshold for change
between 634 and 1140 µatm, or at CO2 levels predicted for the end of this century under
a ”business as usual scenario” (IPCC, 2011). Thus, agreeing with the findings presented
in Chapter 3 (Hancock et al., 2018). Unlike microeukaryotes, the community composition of picoeukaryotes and prokaryotes was resilient to changes in ƒCO2 , with no
significant ƒCO2 -induced effects detected. These findings suggest that only the larger
size fraction of the microbial community, microeukaryotes, may be sensitive to ocean
acidification in the future.
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C HAPTER 5

Implications of CO2-induced Antarctic
marine microbial communities for the
Antarctic coastal food web and biological
pump: insights from network modelling
Alyce M. Hancock1,2,3 , Jessica Melbourne-Thomas1,3 , Stacy Deppeler8 , Andrew
McMinn1,2,3 , John P. Bowman7 , Paul G. Dennis6 , John McKinlay4 , Kai G. Schulz5 ,
and Andrew Davidson3,4
Abstract: Antarctic waters are among the most vulnerable to ocean acidification and in
coastal areas elevated CO2 has been shown to alter the composition of microbial communities. A six level, dose-response ocean acidification experiment was conducted on
a natural marine microbial community in Prydz Bay, East Antarctica. Analysis of the
community structure during the experiment indicated that elevated CO2 led to a shift in
microbial community composition towards smaller cells. This data was used to model
the CO2 -induced changes in microbial communities on the Antarctic food web and biogeochemical cycles. Three qualitative network models were constructed to represent
the effects of the observed microbial community change at three CO2 scenarios; 506634 µatm, 953-1140 µatm and 1641 µatm. These models and scenarios suggest that
the changes in microbial community structure observed during the ocean acidification
experiment would significantly alter trophodynamic pathways by changing the quality
and quantity of energy available to higher trophic levels. Changes in nutrient uptake
and bacterial abundance resulted in change in the availability and remineralisation of
macronutrients through the microbial loop. ln addition, a shift to a community dominated by smaller cells could favour respiration of carbon in the microbial loop and reduce the rate of carbon sequestration in nearshore Antarctic waters. Thus, CO2 -induced
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changes in the microbial community composition in coastal Antarctic waters could reduce the energy available to higher trophic levels and the efficiency of the biological
pump, resulting in a positive feedback to atmospheric CO2 levels and global climate
change.

5.1

Introduction

Earth’s oceans absorb 25% of atmospheric CO2 , and of this, 40% is attributed to the
Southern Ocean alone (Le Quéré et al., 2018; Raven and Falkowski, 1999; Sabine et al.,
2004; Takahashi et al., 2009; Frölicher et al., 2015). The Southern Ocean is particularly
vulnerable to ocean acidification as CO2 is more soluble in cold water and there is
persistent upwelling in the region that brings deep CO2 -rich waters to the surface (Orr
et al., 2005; McNeil and Matear, 2008; Fabry et al., 2009; Doney et al., 2009). As such,
the Southern Ocean and nearshore Antarctic waters have been suggested to serve as a
bellweather for ecosystem impacts of ocean acidification as they are likely to be affected
sooner than the rest of the world (Fabry et al., 2009).
Microorganisms are a vital component of nearshore Antarctic marine ecosystems, driving productivity, nutrient cycling and the biological pump in these waters. Therefore,
marine microbes control the quality and quantity of energy available to higher trophic
levels as well as mediating the vertical carbon flux (Ducklow et al., 2001; Pomeroy
et al., 2007; Cooley and Doney, 2009; Jiao et al., 2010). Microbes are the base of the
Antarctic food web with all Antarctic marine wildlife, from krill to penguins, whales
and seals, relying directly or indirectly on phytoplankton as their food source (Ducklow
et al., 2001; Pomeroy et al., 2007; Cooley and Doney, 2009). Phytoplankton are the primary source of carbon fixation in the Southern Ocean. Some of this carbon is grazed by
microheterotrophs or zooplankton, which can subsequently flow to higher trophic levels
in the Antarctic food web. However, much of this carbon and other nutrients contributes
to the dissolved organic matter pool via sloppy feeding, cell leakage and lysis, and are
recycled via the microbial loop (Sherr and Sherr, 1988; Lochte et al., 1997; Azam, 1998;
Arrigo and Thomas, 2004; Arrigo et al., 2008; Christaki et al., 2008; Fenchel, 2008).
Some of this organic matter sinks to depth as dead cells, marine snow or faecal pellets, thus sequestrating some of the carbon fixed by phytoplankton into the deep ocean
(Ducklow et al., 2001; Fenchel, 2008). This vertical export of carbon is responsible for
approximately 10% of the oceanic uptake of atmospheric CO2 (Cox et al., 2000; Siegel
et al., 2014). Any change in the microbial community structure is likely to change the
quality and quantity of food available to higher trophic levels as well as affect nutrient
cycling and the efficiency of the biological pump. Yet, marine microbes are likely to be
vulnerable to changes in ocean chemistry, and through their short generation times, will
rapidly respond by changes in their community structure and function.
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A natural community of Antarctic marine microbes from nearshore waters in Prydz Bay,
East Antarctica was incubated in tanks (minicosms) to determine their response to elevated CO2 . Results from this experiment are presented in Chapters 3 (Hancock et al.,
2018) and Chapter 4 of this thesis, and show that the composition and abundance of microbes significantly changed with increased CO2 , with a threshold for change above 634
µatm. Below this threshold there was a high diversity in the community including large
centric diatoms and Phaeocystis antarctica (Chapter 3, Hancock et al. 2018). Above it
there was a significant shift in the microbial community composition towards a community dominated by smaller cells, including the nano-sized diatom, Fragilariopsis (
20 µm), picoeukaryotes and prokaryotes (Chapter 3, Hancock et al. 2018, and Chapter
4). This threshold level of CO2 was similar to those obtained in previous experiments at
the same site, 635 µatm (Davidson et al., 2016) and 750 µatm (Thomson et al., 2016),
indicating that it remained consistent in and among sampling seasons. This chapter
uses the results reported in Chapters 3 (Hancock et al., 2018) and Chapter 4 of this
thesis, together with flow cytometry data presented in Deppeler et al. (2018) and Deppeler et al. (submitted), to develop models of the interactions among biotic and abiotic
components of the food web for three different CO2 scenarios. The responses among
models were then compared. Qualitative network modelling was chosen to examine
interactions as this is a useful approach for understanding feedbacks in the absence of
detailed quantitative information about the strength of linkages between system components (i.e. Dambacher et al. 2002, Melbourne-Thomas et al. 2012, Reum et al. 2015
and Subramaniam et al. 2017). This modelling approach was used to investigate the effect of CO2 -induced change in the microbial community composition observed during
the minicosm experiment on the food web, biological pump and nutrient dynamics in
Antarctic coastal waters.

5.2
5.2.1

Methods
Experimental Design

The effect of ocean acidification was investigated during an 18-day incubation experiment conducted on a natural community of Antarctic marine microbes. Six, 650 L
incubation tanks (minicosms) were filled with prefiltered (200 µm) nearshore water at
Davis Station, Prydz Bay, East Antarctica. In each minicosm, the fugacity of carbon
dioxide (ƒCO2 ) was raised to target levels (343, 506, 634, 953, 1140, 1641 µatm) over
a five-day period to mimic future ocean acidification conditions. Irradiances in all tanks
were then increased to saturating levels on a 19:5 hr light:dark cycle over two days. Following this acclimation, the microbial community underwent exponential growth for
a further ten days, with daily monitoring and adjustment of ƒCO2 levels to maintain
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constant ƒCO2 . All other factors were kept constant during the experiment; and no nutrients were artificially added during incubation. Samples were collected throughout the
minicosm experiment and analysed using microscopy and flow cytometry to investigate
the effect of ƒCO2 on the microbial abundance and composition (Chapter 3, Hancock
et al. 2018, Deppeler et al. 2018 and Deppeler et al. submitted). The full minicosm
experimental methods are described in Chapter 3 (Hancock et al., 2018).

5.2.2

Model development

Models were constructed in Dia (http://dia-installer.de/) comprising variables (or nodes)
and linkages (or directed edges) that indicate a positive
or negative —• effect from
one node to another. An overarching model was constructed based on the microbial
loop and taxa/functional groups observed in the experiment (Figure 5.1) as well as other
Antarctic ecosystem components; seasonal macronutrients, remineralised macronutrients, metazooplankton, higher trophic levels, organic matter and sequestration. These
were added to the model as the aim of this chapter was to investigate the effect of the
observed ƒCO2 -induced change in the microbial community during the minicosm experiment on the linkages and feedbacks to these system components. The variables and
interactions represented in the overarching model are described in Table 5.1. From this
overarching model, three qualitative network models were developed for three ƒCO2
scenarios (506-634 µatm, 953-1140 µatm and 1641 µatm) reflecting the observed effects of elevated ƒCO2 on microbial community structure at the end of the 18 day incubation experiment compared to that of the ambient treatment, 343 µatm ƒCO2 (Table
5.2, Table 5.3, Figures 5.2-5.4). No direct ƒCO2 effect on bacteria was included in the
models as bacterial responses are believed to be due to an indirect effect of reduced
grazing pressure by heterotrophic nanoflagellates (Thomson et al. 2016; Deppeler et al.
submitted). Whilst there is no direct effect of ƒCO2 on bacteria (reflected as no direct
link from CO2 to bacteria in the models), the indirect effects of ƒCO2 on bacteria can be
captured by the models and can influence the food web, biological pump and nutrient
dynamics. In all models, self-limitation was applied to all variables by drawing negative
self-effect interaction coefficients from a uniform distribution (Raymond et al., 2011).
Self-limitation represents processes such as within-variable competition (i.e. competition between individuals within a single taxa/functional group), and other processes
not included in the model that limit uncontrolled increase of a particular variable (i.e.
disease or predation/grazing by other groups no represented in the model).
The QPress R package for qualitative network modelling (Melbourne-Thomas et al.,
2012; Wotherspoon, 2016) was used to simulate the response of the three models to a
sustained increase in ƒCO2 . This method uses a simulation approach to sample many
iterations of the community interaction matrix that corresponds with a particular model
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specification. Only those iterations that are stable are maintained, and the responses
are aggregated to provide a probabilistic interpretation of qualitative outcomes (as summarised in Melbourne-Thomas et al. 2012), i.e. the probability of a long-term population increase or decrease of each group in the model under a given ƒCO2 scenario.
Each community matrix was also checked to see if they met the observed experimental
outcomes (Table 5.3) and model runs that did not produce these outcomes were discarded. Sampling was repeated until 10000 stable simulations, that met the observed
experimental outcomes, were generated. The outcomes from these 10000 simulations
were aggregated and the likelihood of the various outcomes under each ƒCO2 scenario
provided (Appendix D Figures D.1-D.3). Simulations were also performed on networks
with weighted linkages determined by the relative magnitude of the response of a variable between ambient (343 µatm), and the ƒCO2 scenario being modelled. These magnitudes were based on the ratio between the abundance of a taxa/functional group in
the ambient treatment (343 µatm) and the highest ƒCO2 for each scenario (634, 1140
and 1641 µatm) in the minicosm experiment presented in Chapters 3 and 4. Results
showed there were no significant differences between the results of the weighted and
unweighted model scenario outcomes. Therefore, the unweighted perturbations are presented here. Model results are visualised using the method described by Marzloff et al.
(2016).
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Table 5.1: Microbial loop and Antarctic ecosystem interactions represented in the overarching model (Figure 5.1).
Interaction

Function and Reference

Seaonsal Macronutrients
Pseudo-nitzschia
Seasonal Macronutrients
Large Diatoms
Seasonal Macronutrients
Phaeocystis antarctica
Seasonal Macronutrients
Pico-autotrophic Flagellates
Seasonal Macronutrients
Fragilariopsis (20 µm)
Seasonal Macronutrients
Thalassiosira antarctica
Seasonal Macronutrients
Fragilariopsis (>20 µm)
Seasonal Macronutrients
Micro-autotrophic Flagellates
Remineralised Macronutrients
Pico-autotrophic Flagellates
Remineralised Macronutrients
Phaeocystis antarctica
Bacteria
Remineralised Macronutrients
Bacteria
Seasonal Macronutrients
Bacteria
Fragilariopsis (20 µm)
Bacteria
Thalassiosira antarctica
Bacteria
Pico-autotrophic Flagellates
Organic matter
Pseudo-nitzschia
Organic matter
Large Diatoms
Organic matter
Phaeocystis antarctica
Organic matter
Fragilariopsis (>20 µm)
Organic matter
Micro-autotrophic Flagellates
Organic matter
Sequestration
Organic matter
Bacteria
Bacteria
Heterotrophic Nanoflagellates
Heterotrophic Nanoflagelllates
Pico-autotrophic Flagellates
Heterotrophic Nanoflagellates
Microzooplankton
Microzooplankton
Pico-autotrophic Flagellates
Microzooplankton
Fragilariopsis (20 µm)
Microzooplankton
Thalassiosira antarctica
Microzooplankton
Mesozooplankton
Mesozooplankton
Pseudo-nitzschia
Mesozooplankton
Large Diatoms
Mesozooplankton
Fragilariopsis (>20 µm)
Mesozooplankton
Phaeocystis antarctica
Mesozooplankton
Micro-autotrophic Flagellates
Higher trophic levels
Mesozooplankton

Growth (Falkowski et al., 1998)

Remineralisation (Fenchel, 2008)
Remineralisation (Falkowski et al., 1998)
Mortality (Falkowski et al., 1998)

Biological pump (Basu and Mackey, 2018)
Remineralisation (Fenchel, 2008)
Grazing (Pearce et al., 2010)

Grazing (Hopkins, 1985)

Grazing (Siegfried et al., 2013)
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Table 5.2: Variable data included in the network models from the minicosm experiment,
variables with no experimental observations and those to be tested by the model.
Variable

Experimental Observation and Reference

Large diatoms

Microscopy analysis - all micro-sized diatoms
(>20µm) except Fragilariopsis and
Pseudo-nitzschia spp. (Hancock et al., 2018)
Microscopy analysis (Hancock et al., 2018)
Microscopy analysis - Pseudo-nitzschia subcurvata
and Pseudo-nitzschia turgiduloides
(Hancock et al., 2018)
Microscopy analysis (Hancock et al., 2018)
Microscopy analysis (Hancock et al., 2018)
Microscopy analysis (Hancock et al., 2018)
Flow cytometry (Deppeler et al. submitted)
Flow cytometry (Deppeler et al., 2018)
Flow cytometry (Deppeler et al. submitted)
No experimental observations
No experimental observations
To be tested by model
To be tested by model
To be tested by model
To be tested by model
To be tested by model
To be tested by model

Fragilariopsis (>20 µm)
Pseudo-nitzshia
Phaeocystis antarctica
Fragilariopsis ( 20 µm)
Thalassiosira antarctica
Pico-autotrophic Flagellates
Bacteria
Heterotrophic Nanoflagellates
Micro-sized autotrophic Flagellates
Microzooplankton
Mesozooplankton
Higher Trophic Levels
Organic Matter
Sequestration
Remineralised Macronutrients
Seasonal Macronutrients

Table 5.3: Experimental outcomes that each simulation had to meet for the three ƒCO2
scenarios. ‘+’ indicates a positive response and ‘-’ a negative response. No outcome
was specified for Fragilariopsis (>20 µm) in the 506-634 µatm scenario as there was
no discernible response for these taxa.
Variable

ƒCO2 Scenario
506-634 µatm 953-1140 µatm
Large Diatoms
Fragilariopsis (>20 µm)
Pseudo-nitzshia
Phaeocystis antarctica
+
Fragilariopsis ( 20 µm)
+
+
Thalassiosira antarctica
+
+
Pico-autotrophic Flagellates
+
+
Heterotrophic Nanoflagellates
-

1641 µatm
+
+
-

Remineralised
Macronutrients

Seasonal Macronutrients

Pico-autotrophic
Flagellates

Thalassiosira antarctica

Fragilariopsis (<20 m)

Bacteria

Micro-autotrophic
Flagellates

Phaeocystis antarctica

Pseudo-nitzschia

Fragilariopsis (>20 m)

Large Diatoms

Sequestration

Organic Matter

Mesozooplankton

Figure 5.1: Overarching qualitative network model representing known interactions among chemical and biological elements
of the microbial loop linkages to the Antarctic food web and carbon sequestration. ! signifies a positive interaction and
—• a negative interaction between two components. This model represents an ambient ƒCO2 scenario without any changes
in microbial community composition.

Heterotrophic
Nanoflagellates

Microzooplankton

Higher Trophic Levels
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Remineralised
Macronutrients

Seasonal Macronutrients

Microzooplankton

Pico-autotrophic
Flagellates

Thalassiosira antarctica

Fragilariopsis (<20 m)

Bacteria

Micro-autotrophic
Flagellates

Phaeocystis antarctica

Pseudo-nitzschia

Fragilariopsis (>20 m)

Large Diatoms

Sequestration

Organic Matter

Mesozooplankton

Higher Trophic Levels

Figure 5.2: Qualitative network model for the 506-634 µatm ƒCO2 scenario with ƒCO2 -induced effects on the microbial
community structure. Green ! signifies a positive ƒCO2 effect, red —• a negative ƒCO2 effect, while black ! and —•
signify the positive and negative interactions, respectively, between variables in the overarching ambient network model
(Figure 5.1).

Heterotrophic
Nanoflagellates

CO2

506 - 634 atm
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Remineralised
Macronutrients

Seasonal Macronutrients

Microzooplankton

Pico-autotrophic
Flagellates

Thalassiosira antarctica

Fragilariopsis (<20 m)

Bacteria

Micro-autotrophic
Flagellates

Phaeocystis antarctica

Pseudo-nitzschia

Fragilariopsis (>20 m)

Large Diatoms

Sequestration

Organic Matter

Mesozooplankton

Higher Trophic Levels

Figure 5.3: Qualitative network model for the 953-1140 µatm ƒCO2 scenario with ƒCO2 -induced effects on the microbial
community structure. Green ! signifies a positive ƒCO2 effect, red —• a negative ƒCO2 effect, while black ! and —•
signify the positive and negative interactions, respectively, between variables in the overarching ambient network model
(Figure 5.1).

Heterotrophic
Nanoflagellates

CO2

953 - 1140 atm

5.2. METHODS
118

Remineralised
Macronutrients

Seasonal Macronutrients

Microzooplankton

Pico-autotrophic
Flagellates

Thalassiosira antarctica

Fragilariopsis (<20 m)

Bacteria

Micro-autotrophic
Flagellates

Phaeocystis antarctica

Pseudo-nitzschia

Fragilariopsis (>20 m)

Large Diatoms

Sequestration

Organic Matter

Mesozooplankton

Higher Trophic Levels

Figure 5.4: Qualitative network model for the 1641 µatm ƒCO2 scenario with ƒCO2 -induced effects on the microbial community structure. Green ! signifies a positive ƒCO2 effect, red —• a negative ƒCO2 effect, while black ! and —• signify
the positive and negative interactions, respectively, between variables in the overarching ambient network model (Figure
5.1).

Heterotrophic
Nanoflagellates

CO2

1641 atm

5.2. METHODS
119

5.3. RESULTS

5.3

120

Results

The qualitative models for the three ƒCO2 scenarios indicate that a ƒCO2 -induced shift
in microbial community composition could significantly affected macronutrient availability and recycling, organic matter production, carbon sequestration and the availability of energy to higher trophic levels (Figure 5.5). Each scenario is discussed in detail
below.

5.3.1

The 506-634 µatm Scenario

Elevated ƒCO2 634 µatm had a negative effect on the abundance of large diatoms,
Pseudo-nitzschia and heterotrophic nanoflagellates. In contrast, there was a positive
effect on the abundance of Phaeocystis antarctica, Fragilariopsis (<20 µm), Thalassiosira antarctica and pico-autotrophic flagellates, compared to that of ambient (343
µatm) (Figure 5.2). The influence of ƒCO2 -induced change in the microbial community structure on mesozooplankton and higher trophic levels was uncertain (Figure 5.5).
While there was a reduction in the energy available to mesozooplankton and higher
trophic levels directly from large diatoms (Pseudo-nitzschia and other large diatoms)
this was compensated for by the increase in abundance of P. antarctica (Figure 5.2).
In addition, microzooplankton increased in 97% of the simulations, due the increase
in smaller phytoplankton particularly pico-autotrophic flagellates (Figure 5.5). This
allowed mesozooplankton and higher trophic levels to benefit from the increased abundance of microzooplankton, despite the decline in larger phytoplankton. The reduced
abundance of larger phytoplankton, specifically Pseudo-nitzschia and other large diatoms, also resulted in a reduction of organic matter and subsequently carbon sequestration in 85% of the simulations (Figure 5.5).
Bacteria were found to be positively affected by elevated ƒCO2 634 µatm, due to a
reduction in grazing pressure from heterotrophic nanoflagellates (Figure 5.5). This increase in bacteria, as well as the reduction in larger phytoplankton, resulted in a positive
effect on the seasonal macronutrient pool in 69% of the simulations (Figure 5.5). Thus,
in this scenario there was an increase in the amount of seasonal macronutrients available due to both the reductions in their uptake and increases in their remineralisation by
bacteria (Figure 5.2). However, the response of the remineralised macronutrient pool
is less clear. This pool reflects macronutrients remineralised by bacteria and available
immediately to smaller phytoplankton, as opposed to the seasonal macronutrient pool
which is replenished over winter and forms the background nutrient availability upon
which the remineralised nutrients are superimposed (described in more detail below,
Section 5.4.3 Macronutrient availability and remineralisation). The effect on the remineralised macronutrient pool is unclear in this scenario (Figure 5.5), while there was
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increased remineralisation by the more abundant bacteria, there was also high consumption, mainly by P. antarctica, whose abundance increased in this ƒCO2 scenario.

5.3.2

The 953-1140 µatm Scenario

In the 953-1140 µatm ƒCO2 scenario, there was an increased negative effect on the
micro- and nanoeukaryotic size fractions with negative effects of ƒCO2 on Fragilariopsis (<20 µm) and P. antarctica as well as Pseudo-nitzschia and other large diatoms.
As in the 506-634 µatm ƒCO2 scenario, all smaller eukaryotes, Fragilariopsis (<20
µm), T. antarctica and pico-autotrophic flagellates, were positively affected by elevated
ƒCO2 with heterotrophic nanoflagellates being the only exception (Figure 5.3). In this
scenario the response of mesozooplankton, and higher trophic levels to the change in
microbial structure was approximately half positive and half negative (47% and 53%,
respectively) (Figure 5.5). Large phytoplankton abundance is further reduced in this
scenario, with a decline in the abundance of Fragilariopsis (>20 µm), further reducing
the contribution from larger phytoplankton to higher trophic levels. There is also a decline in the abundance of P. antarctica, further reducing substrates for grazers (Figure
5.3). The negative effect of elevated ƒCO2 on all larger phytoplankton also resulted in
a strong negative effect on the organic matter pool and carbon sequestration in 95% of
the simulations for this ƒCO2 scenario (Figure 5.5).
The response of both the seasonal macronutrient pool and the remineralised macronutrient pool was positive to elevated ƒCO2 of 953-1140 µatm (80% and 71%, respectively)
(Figure 5.5). There is still a reduction in uptake of seasonal macronutrients by larger
phytoplankton but also reductions in uptake of both macronutrient pools by P. antarctica, which declined in abundance in this ƒCO2 scenario (Figure 5.3). An increase in
bacterial numbers in all simulations also means that there is high remineralisation of
macronutrients in this scenario (Figure 5.5). Therefore, with high rates of macronutrient remineralisation and lower uptake by P. antarctica, there is an increase in the
remineralised macronutrient pool and the seasonal macronutrient pool (Figure 5.5).

5.3.3

The 1641 µatm Scenario

The response of the microbial community to the highest ƒCO2 scenario, 1641 µatm, was
similar to that in the 953-1140 µatm scenario, except that the abundance of the small
centric diatom, Thalassiosira antarctica, also fell. The decline in T. antarctica resulted
in a smaller increase in microzooplankton. Hence, there was a reduction in energy
flowing to microzooplankton from smaller phytoplankton, and consequently, less energy transfer to micro- to mesozooplankton and higher trophic levels (Figure 5.4). This
effect was further exacerbated by the reductions in large phytoplankton that are prey
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Bacteria
Heterotrophic Nanoflagellates

Positive

Fragilariopsis (<20 m)
Thalassiosira antarctica
Pico-autotrophic Flagellates
Large Diatoms
Fragilariopsis (>20 m)
Pseudo-nitzschia

Ambiguous

Phaeocystis antarctica
Micro-autotrophic Flagellates
Microzooplankton
Mesozooplankton
Higher Trophic Levels
Organic Matter
Sequestration

Negative

Seasonal Macronutrients

1641

953-1140

506-634

Remineralised Macronutrients

fCO2 Scenario ( atm)

Figure 5.5: Summary of results from 10000 simulation runs of the three ƒCO2 scenario
qualitative network models (Figures 5.2 - 5.4). The coloured squares represent the sign
of responses of each taxa/functional group in the model (y-axis) in each ƒCO2 scenario
(x-axis): grey for ambiguous; red for negative; blue for positive response to changed
microbial composition observed in the minicosm experiment. When responses are positive or negative, the degree of shading increases with the prediction of certainty (full
results shown in Appendix D Figures D.1-D.3).

5.4. DISCUSSION

123

for mesozooplankton. The lower abundances of all larger phytoplankton also resulted
in a decline the number of dead cells entering the organic matter pool and reduced the
amount of organic matter and carbon sequestration in 94% of the simulations (Figure
5.5). The only phytoplankton that contribute significantly to the organic matter pool
and carbon sequestration that were positively affected at this ƒCO2 level were microautotrophic flagellates. Fragilariopsis (<20 µm) and pico-autotrophic flagellate dead
cells were more likely to be remineralised by bacteria than to be sequestrated (see below in the discussion).
Interestingly, in the highest ƒCO2 treatment scenario there was not a positive effect on
bacteria like in the other two models and the minicosm experiment (Deppeler et al.,
2018). Only 59% of the simulations had a positive response of bacteria, therefore making the response ambiguous. This was due to the reduction in organic matter available
to bacteria via the organic matter pool (described below) and the decline in substrate
availability due to the decline in T. antarctica abundance (Figure 5.4). Thus, while there
is a decline in bacterivory by heterotrophic nanoflagellates, bacteria were instead limited by the availability of organic matter in this higher ƒCO2 scenario. This reduction in
the abundance of bacteria resulted in slower rates of macronutrient remineralisation in
this highest ƒCO2 scenario (Figure 5.4), therefore making the response of both the seasonal and remineralised macronutrient pools uncertain. Both macronutrient pools had a
reduced uptake but the decline in bacterial abundance meant there were lower rates of
recycling in these macronutrient pools.

5.4

Discussion

Qualitative modelling is an effective method to evaluate and predict ecosystem impacts
of a community shift within single trophic level and makes qualitative predictions on
the feedback effects this will have on the rest of the ecosystem. Overall, qualitative
model predictions for the three model scenarios showed that an ƒCO2 -induced shift in
the microbial community composition can significantly affect the availability of energy
available to higher trophic levels (trophodynamics), bacterial abundance, availability
and remineralisation of macronutrients as well as the production of organic matter and
carbon sequestration (biological pump) within coastal Antarctic waters. The response
of each of these variables to increases in ƒCO2 is discussed here.
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Trophodynamics

A shift in the microbial community composition and size structure alters the quality and
quantity of food available to the higher trophic levels. The models showed that elevated
ƒCO2 alters the pathway and efficiency of energy transfer to higher trophic levels due
to the ƒCO2 -induced change in size structure of the phytoplankton community. The
decline in the availability of larger phytoplankton and P. antarctica available as prey to
mesozooplankton shifts the flow of energy to an alternative energy pathway via microzooplankton. At elevated ƒCO2 microzooplankton benefit from the increased abundance
of nano-sized diatoms and pico-autotrophic flagellates, thus causing the main source of
prey for mesozooplankton to become microzooplankton rather than larger phytoplankton. What is not incorporated in this model is the loss of energy through the addition of
extra steps in the food web. The Second Law of Thermodynamics explains that only a
small part (usually a maximum of 15%) of the energy contained within an organism can
be transferred to the consumer and the rest is lost (DeAngelis, 2012). Hence, the more
steps in a trophic pathway, the more the original energy supplied by primary production
(phytoplankton) is lost and the less energy is available to higher level predators. Thus,
a ƒCO2 -induced change in the microbial community to one dominated by smaller cells
would favour a longer pathway via microzooplankton rather than the shorter pathway
where large phytoplankton are consumed directly by mesozooplankton. By adding this
extra step in the food chain (microzooplankton) there will be a loss of energy and thus
a decline in the amount of energy available to the higher trophic levels.
An altered microbial composition also has the potential to alter the mesozooplankton
community structure. Observations made as part of the Palmer Long Term Ecological
Research program showed a positive correlation between increased numbers of larger
diatoms with krill recruitment (Moline et al., 2004; Saba et al., 2014). Antarctic krill,
Euphusia superba, rely on large phytoplankton as their food source as their grazing efficiency declines significantly with particles <20 µm (Meyer1983, Boyd et al., 1984;
Quetin1985, Weber1985, Kawaguchi et al., 1999). A shift towards a community dominated by smaller cells could reduce the food available to E. superba and reduce their
recruitment success (Saba et al., 2014). Conversely, salps are more efficient grazers of
smaller particles and salp blooms appear to be related to low chlorophyll concentrations
and small food particles (Deibel, 1985; Harbison et al., 1986; Kremer and Madin, 1992;
Madin and Kremer, 1995; Quetin and Ross, 1985; Ross et al., 1996). Therefore, a shift
in the microbial community composition to one dominated by smaller cells could result
in a shift in the community composition of mesozooplankton, favouring the presence
of salps over krill (Moline et al., 2004). Salps have been previously described as a
‘trophic dead ends’ (Verity and Smetacek, 1996), but later studies have found that salps
are more nutritious than previously thought (Henschke et al., 2016). Yet, a change in
the mesozooplankton community composition is likely to have significant effects on the
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higher trophic levels and a decline in krill numbers has been shown to negatively affect
penguins, albatross, seals and whales in the Southern Ocean (Reid and Croxall, 2001;
Fraser and Hofmann, 2003; Everson, 2008).
In all the model perturbations, micro-autotrophic flagellates were positively affected by
an increase in ƒCO2 , due to a reduction in competition for macronutrients from other
larger phytoplankton. The number of micro-autotrophic flagellates in the experimental community was low and no ƒCO2 -induced increase in micro-flagellate abundance
was observed (Hancock et al., 2018). This could have been due to the inherently high
variance associated with counts of such rare cells, thus their true sensitivity to ƒCO2 exposure may have been obscured. Few studies have investigated the response of microautotrophic flagellates to ƒCO2 . Schulz et al. (2013) showed that dinoflagellates and
other autotrophic flagellate abundance increased under elevated ƒCO2 , however the size
of these autotrophic flagellates is unknown. Brussaard et al. (2013) also showed that
there was an overall shift towards a community dominated by smaller cells in the same
experiment, suggesting that these autotrophs were small in size. Tatters et al. (2013)
found a high resilience to ƒCO2 in four mixotrophic dinoflagellate taxa and Sala et al.
(2016) observed a similar response of dinoflagellates in a natural community, but only
during nutrient-enriched, winter conditions. These few studies suggest that autotrophic
flagellates may tolerate elevated ƒCO2 and could therefore respond in accordance with
the model outputs, where an increase in their abundance, at least in part, compensated
for the loss of the large diatoms. If instead, micro-autotrophic flagellates are negatively
affected by increased ƒCO2 , they would fail to compensate for the decline in large diatoms as food for mesozooplankton, resulting in a greater negative response effect on
grazers and the higher trophic levels they support.

5.4.2

Bacterial abundance

The abundance of bacteria was found to be positively affected by increased ƒCO2 >634
µatm in the minicosm experiment (Deppeler et al., 2018). However, this is hypothesized to be an indirect effect due to the coincident decline in abundance of heterotrophic
nanoflagellates, which exert significant top-down control on bacterial productivity (Safi
et al.; Pearce et al., 2010; Thomson et al., 2016). This hypothesised absence of a direct effect of ƒCO2 on bacterial abundance was incorporated in the models. In both
the 506-634 µatm and 953-1140 µatm scenarios the response of bacteria reflected the
observations made during the minicosm experiment, with an increase in bacteria in all
simulations. This positive response was driven by the lower abundance of heterotrophic
nanoflagellates, that reduced the rates of grazing mortality of their bacterial prey, as hypothesized by Thomson et al. (2016). Interestingly, this trend did not continue in the
1641 µatm scenario due to the reduction in organic matter available to the bacteria via
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the organic matter pool and directly from T. antarctica deceased cells. Therefore, despite a reduction in grazing pressure from heterotrophic nanoflagellates, bacteria were
limited by the availability of organic matter. This was not observed in the minicosm
experiment, but it is possible that this was due to the low number of bacteria present at
the end of the experiment. Bacterial numbers declined dramatically between days 14
and 16 of the experiment, coinciding with an increase in abundance of heterotrophic
nanoflagellates (Deppeler et al., 2018). Heterotrophic nanoflagellates are very efficient
bacteriovores and can consume between 27 and 100% of bacterial productivity (Christaki et al., 2008; Pearce et al., 2010; Garzio et al., 2013). Despite the reduction of
heterotrophic nanoflagellates with elevated ƒCO2 , they could still exert substantial topdown control on bacteria even in this highest ƒCO2 treatment. Therefore, any other
indirect response of bacteria due to changes in organic matter availability may have
been overshadowed by the strong grazing pressure in the experiment.

5.4.3

Macronutrient availability and remineralisation

The response of seasonal and remineralised macronutrient pools to the ƒCO2 -induced
shift in the microbial community was driven by altered rates of nutrient uptake by eukaryotes and remineralisation rates by bacteria. However, all these responses were weak
in magnitude. In each of the models there were two macronutrient pools; namely the
seasonal and remineralised macronutrient pools. The seasonal macronutrient pool reflects those macronutrients that are regenerated over winter and are available to support
phytoplankton production at the start of the spring (Falkowski et al., 1998; Deppeler
and Davidson, 2017). These seasonal macronutrients were available at replete levels
at the start of the experiment and were drawn-down by phytoplankton growth during
the experiment (Deppeler et al., 2018). These nutrients are depleted by blooms of large
phytoplankton and Phaeocystis antarctica (Pearce et al., 2010; Wright et al., 2010).
Bacterial remineralisation of macronutrients later in the season supplies sufficient recycled nutrition to sustain a community of small diatom cells (Azam, 1998; Waters et al.,
2000; Wright and van den Enden, 2000; Davidson et al., 2010). It is this bacterially remineralised nutrients in which the “remineralised macronutrient pool” refers. The amount
of nutrients needed to support a bloom of large diatoms requires bacterial remineralisation, upwelling of deep, nutrient rich water over winter, and the release of nutrients
locked in winter sea-ice (Azam, 1998; Waters et al., 2000; Wright and van den Enden,
2000; Davidson et al., 2010). Remineralised macronutrients were not discernible during the minicosm experiment as the only macronutrient that dropped below detection
during the experiment was nitrate/nitrite and this was only on the last day of the experiment (Hancock et al., 2018). The modelling showed that increasing ƒCO2 raised
seasonal macronutrient availability in ƒCO2 1140 µatm, but the mechanism causing
this response varied among scenarios. For 506-634 µatm, there was a small positive

5.4. DISCUSSION

127

effect on the macronutrient pool due to a reduction in uptake by larger phytoplankton, Fragilariopsis (>20 µm), Pseudo-nitzschia and other large diatoms. This uptake
was reduced further in the 953-1140 µm scenario with a decline in abundance of P.
antarctica. These findings are consistent with other studies conducted in Prydz Bay,
East Antarctica, where the rates of macronutrient uptake declined with elevated ƒCO2
(Davidson et al., 2016; Deppeler et al., 2018). However, it contrasts with similar experiments conducted in the Arctic, where nutrient uptake was either not sensitive to
elevated CO2 (Bellerby et al., 2008) or increased at high CO2 levels, due to the increase
in pico-autotrophic flagellate abundance with elevated CO2 (Schulz et al., 2013).
The remineralised macronutrient pool responded differently to that of the seasonal macronutrient pool. Only in the 953-1140 ƒCO2 scenario was a response discernible, with a positive response due to high remineralisation by bacteria but low uptake due to the reduced
abundance of P. antarctica. It is recognised that the minicosm experiments were run for
an insufficient time to investigate the effect of ƒCO2 on nutrient recycling through the
microbial loop, and therefore the observations of changes in the remineralised macronutrient pool to elevated ƒCO2 cannot be confirmed by experimental observations. As described above, changes in nutrient uptake have been observed in many previous experiments with varying results. A review of microbial nutrient cycling under a CO2 -enrich
ocean conducted by Hutchins et al. (2009) showed that results from natural community
experiments are not as clear-cut as those from monospecific culture studies, due to the
species-specific responses of microbes to elevated CO2 . One aspect of nutrient cycling
that the modelling approach employed here does not take into account, is differences in
the cycles of individual macronutrient and if they respond differently to elevated CO2 .
Previous studies have suggested that the nitrogen cycle may be particularly sensitive to
elevated CO2 , and ocean acidification may cause a ‘nitrogen cycle bottleneck’ (Hutchins
et al., 2009). In contrast, the phosphorus and silica cycle are thought to be less affected.
However, a recent study found elevated CO2 reduced diatom silicification, highlighting
a previously unknown sensitivity of the silica cycle to ocean acidification (Petrou et al.
submitted).

5.4.4

Biological Pump

The efficiency of the biological pump and subsequently the quality and quantity of organic matter that sinks to depth, is largely a function of phytoplankton physiology and
community structure (Basu and Mackey, 2018). Buesseler and Boyd (2009) show that
its’ efficiency is determined by a combination of seasonality, phytoplankton composition, fragmentation of particles by zooplankton and solubilization of particles by heterotrophic microbes. The main phytoplankton groups which contribute to the biological
pump globally are diatoms and coccolithophores (Miklasz and Denny, 2010; Passow
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and Carlson, 2012). Here we showed that a decline in the abundance of Fragilariopsis (>20 µm), Pseudo-nitzschia, other large diatoms and P. antarctica results in a clear
negative effect on the organic matter pool and carbon sequestration in all elevated ƒCO2
scenarios. Small cells contribute little to carbon export due to their small size, slow
sinking velocities (<0.5 m/day) and rapid utilization in the microbial loop (Richardson and Jackson, 2007). In contrast, micro-sized diatoms have faster sinking velocities
ranging from 0.4 to 35 m/day due to their biogenic silica frustules which act as ballast (Miklasz and Denny, 2010). This means diatoms spend less time in surface waters
and are less likely to be consumed and remineralised by the microbial loop (Ragueneau
et al., 2006; Miklasz and Denny, 2010; Passow and Carlson, 2012; Caron and Hutchins,
2013). P. antarctica colonies, which were the dominant life-stage of P. antarctica in
the minicosm experiment, also have the potential to play an important role in the vertical flux through their resistance to rapid microbial breakdown (Thingstad and Billen,
1994; Kiørboe, 1993; Asper and Smith Jr, 1999; DiTullio et al., 2000). Studies have
reported a wide range of sinking velocities for Phaeocystis colonies from -0.37 to 200
m/day (Schoemann et al., 2005). Thus, estimated rate of vertical flux of this taxa varies
enormously. Most studies have been performed in the Ross Sea, reporting that Phaeocystis sinks, with several suggest the rate of sinking is rapid (Kiørboe, 1993; Asper and
Smith Jr, 1999; DiTullio et al., 2000; Schoemann et al., 2005). Such rapid export has
the potential to contribute significantly to the vertical carbon flux as it carries both the
Phaeocystis cells and the extracelluar mucous associated with their colonies, which can
comprise more than 50% of their photoassimilated carbon (Matrai et al., 1995). Although, Reigstad and Wassmann (2007) show that whilst the vertical flux attenuation
efficiency is high for Phaeocystis, much of this material does not sink to depth and
therefore has only a small contribution to the vertical flux. However, it is likely that a
decline in larger diatom and P. antarctica abundance with elevated ƒCO2 as well as an
increase in smaller diatoms and pico-autotrophic flagellates could result in a significant
decline in the efficiency of the vertical carbon flux. This shift to a community dominated by smaller cells is not isolated and is a common finding across ocean acidification
studies (see Schulz et al. 2017 for a review), with observations also of a decrease in
the efficiency of the biological pump at elevated CO2 (Riebesell et al., 2013). Such a
decline in the efficiency of the biological pump and carbon sequestration would have a
positive feedback on atmospheric CO2 levels and climate.
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Caveats and Future Steps

Qualitative network modelling is a useful tool to combine experimental data and a modelling approach to understand linkages between variables and investigate areas of uncertainty and feedbacks on system behaviour. These models provide a general, holistic
understanding of system dynamics and can provide a mechanistic understanding of the
effect of environmental perturbations on couteracting feedback loops that contribute to
a variables response and the overall system dynamics (Dambacher et al., 2002; Marzloff
et al., 2016). However, they have a limited capacity to incorporate large complex systems as predictions can become ambiguous, and they lack the inclusion of quantitative
data in the model (Marzloff et al., 2016). Simulations were performed on networks with
weighted linkages (as described above in the Methods, Section 5.2.2 Model Development), but that there was no difference between the results of weighted and unweighted
model scenario outcomes. A useful extension to this work would be to increase the
model complexity and employ quantitative dynamic modelling. This would allow the
inclusion of more complex variable interactions, additional processes and pathways and
use of quantitative data to capture unknown feedback effects that could be important in
determining community level outcomes to a perurbation. Currenty these extensions are
limited by the experimental and observation data required to inform the model variables,
linkages and quantitative information.
Another limitation of the qualitative network modelling approach is the simplification
of many proccess and pathways which are potentially sensitive to ocean acidification,
many of which were not measured during the minicosm experiment. For example, only
two nutrient variables were included in the model, seaonsal macronutrient pool and remineralised macronutrient pool, not individual nutrients and their complete cycles (Figure
5.1). These were not included in the model to avoid the model becoming too complex
and giving ambiguous outcomes (as described above), and a number of these processes
are still being understood. Yet elevated CO2 has been known to alter individual nutrient
uptake and cycling, complex organic matter dynamics and changes in enzymatic activity (Hutchins et al., 2009; Piontek et al., 2010; Engel et al., 2014; Wannicke et al., 2018;
Petrou et al.). A meta-analysis investigating the effect of ocean acidification on nitrogen cycling, found that elevated CO2 could shift the relative nitrogen pools and alter
nitrogen cycling (Wannicke et al., 2018). This shift is due to strain- and species-specific
responses of nitrogen fixers to elevated CO2 as well as overall declines in nitrification
rates, despite no response in nitrifier abundance (Wannicke et al., 2018). The silica cycle may also be affected by ocean acidification with a recent study finding that elevated
CO2 decreases diatom silificiation, although like nitrification, this response varies between taxa (Petrou et al.). Like nutrients, only a simplified organic matter system was
included in the model with only one variable included (Figure 5.1). Again this to avoid
adding complexity to the model and due to only particulate organic matter being mea-
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sured during the mincosm experiment, not dissolved organic matter (Deppeler et al.,
2018). Ocean acidification has been shown to affect microbial dissolved organic carbon
consumption and exudation with elevated CO2 increasing production and exudation of
carbon-rich components which enhance particule aggregation and settling (Engel et al.,
2014). Additionally, elevated CO2 has been observed to accelerate bacterial extracellular ↵ - and -glucosidase enzymes, thus increasing the speed of bacterial turnover of
substrates and reducing carbon export (Piontek et al., 2010). The effects of ocean acidification on the microbial community, nutrient dynamics, the foodweb and biological
pump are broad, with many complex interactions which could potentially be impacted
by elevated CO2 , but the nautre and magnitude of the effect of ocean acidification on
many of these processes is currently poorly understood. While the qualitative network
modelling approach here does lacks the ability to incorporate large complex simulations,
it does provide a useful insight into the effect of a CO2 -induced shift in the microbial
community to system feedbacks that impact the Antarctic foodweb, nutrient dynamics
and biological pump. This modelling approach is a useful first step to understanding the
effect of ocean acidification on the nearshore Antarctic ecosystems.

5.5

Conclusions

The empirical data from our minicosm study shows that acidification changes the composition and abundance of microbial communities in Antarctic coastal waters (Deppeler
et al. 2018; Chapter 3, Hancock et al. 2018; Chapter 4). Qualitative models based on
this data show that the ƒCO2 -induced changes in the microbial community structure can
significantly alter trophodynamic pathways and elemental cycling. Chapter 3 (Hancock
et al., 2018) reports a shift in the microbial structure to one dominated by smaller cells
at CO2 levels predicted for the end of this century under a “business as usual scenario”.
Model results indicate that such a change would reduce the energy transferred to higher
trophic levels and alter the availability and remineralisation of macronutrients. In addition, increased CO2 levels could have a positive feedback on climate change due to a
decline in the efficiency of the biological pump in nearshore Antarctic waters.
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C HAPTER 6

Conclusion
This thesis shows there is a threshold for change in microbial communities above 634
µatm of carbon dioxide (CO2 ) in coastal Antarctic waters, with a significant shift in
the microbial community structure to one dominated by smaller cells above the threshold. Whilst the response to CO2 in nano- and microeukaryotes was taxon specific, this
response was mainly driven by cell size. Micro-sized diatoms (>20 µm) declined in
abundance at ƒCO2 634 µatm, whereas nano-sized diatoms (<20 µm) showed a high
tolerance to increased CO2 (Chapter 3, Hancock et al. 2018). This response was even
observed within a single taxon, Fragilariopsis spp. (which consisted mainly of F. cylindrus but included the occasional F. curta). Fragilariopsis spp. spanned a wide range
of cell sizes including nano- and micro-sized categories. This highlights that the response to elevated CO2 is predominantly driven by cell size, at least among diatom
taxa. Micro-sized diatoms benefited from moderate increases in CO2 and had higher
abundances at moderate CO2 levels (634 µatm) but abundances fell dramatically at
higher CO2 . The increase in micro-sized diatom abundance at moderate CO2 levels
probably reflects the beneficial effects of increased CO2 availability, which is limiting
to photosynthesis at current ambient levels. With increased CO2 concentration, phytoplankton can down-regulate energy intensive carbon concentrating mechanisms (CCMs)
used to mitigate the limitation of lower seawater CO2 concentrations (Reinfelder, 2011;
Rost et al., 2008; Trimborn et al., 2013). This is supported by the findings of Deppeler
et al. (2018), who observed a down-regulation CCM activity in the highest CO2 treatment compared to that of ambient in the minicosm experiment. However, above the
threshold ( 634 µatm) there is a decline in the abundance of larger diatoms which appears likely due to the inhibition by the associated increase in H+ ions, and thus larger
diatoms have to operate cell pH homeostasis mechanisms such as proton pumps (Taylor
et al., 2012; McMinn et al., 2014; Cyronak et al., 2015; Gafar et al., 2017). Smaller
cells are tolerant to elevated CO2 as they have a larger cell surface area to volume ratio and can actively diffuse H+ ions out of their cell over the cell membrane without
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employing energy-expensive proton pumps (Schulz et al., 2017). Intriguingly, despite
being a nano-sized cell, Phaeocystis antarctica was sensitive to CO2 levels 953 µatm.
P. antarctica was mainly in its’ colonial life-stage in the experiment and these colonies
can be quite large, therefore collectively the P. antarctica colonies could behave in a
similar fashion to large diatoms (Davidson and Marchant, 1992; Hamm et al., 1999;
Hamm, 2000). Alternatively, a mechanism other than cell size could be resulting in the
sensitivity of P. antarctica.
In contrast to nano- and microeukaryotes, there was no effect of elevated CO2 on
picoeukaryotic and prokaryotic community composition despite having higher abundances at CO2 levels 634 µatm (Chapter 4). The resilience of picoeukaryotes and
prokaryotes to elevated CO2 is not a unique finding to just this study, but is commonly
observed across microbial ocean acidification studies (i.e. Chapter 2; Schulz et al. 2017;
Grossart et al. 2006; Allgaier et al. 2008; Paulino et al. 2007; Baragi et al. 2015; Wang
et al. 2016). It is hypothesized that these higher abundances are due to a reduction in
grazing pressure from heterotrophic nanoflagellates which had lower abundances at CO2
634 µatm, although as no grazing experiments were conducted as part of the study it is
impossible to discount any direct CO2 -related responses or changes in rates of viral lysis (Thomson et al. 2016; Deppeler et al. submitted). In addition, despite having higher
abundances at higher CO2 levels, the level of bacterial productivity was similar among
CO2 treatments and appeared to be controlled more by grazing and nutrient availability
than CO2 (Deppeler et al., 2018).
Based on the results of the minicosm experiment, qualitative network modelling showed
that a CO2 -induced change in the microbial community composition could have significant ramifications on the nearshore Antarctic ecosystem (Figure 6.1). A change in the
microbial community abundance and composition would significantly alter the quality and quantity of energy available to mesozooplankton and higher trophic levels. In
addition, a change in microbial community structure will alter the availability and remineralisation of macronutrients through the microbial loop as well as alter organic matter
production and the efficiency of the biological pump. Deppeler et al. (2018) and Westwood et al. (2018) also show that there is a CO2 -induced impact on the function of
the microbial community resulting in a reduction in photosynthetic performance and
gross primary productivity at CO2 levels above ⇠1000 µatm. This further supports that
ocean acidification will have a significant impact on the ecosystem services provided by
microbial communities in coastal Antarctic waters.
The findings of the minicosm experiment, along with those of the meta-analysis presented in Chapter 2, highlight the need for community-level studies as they include not
only the direct CO2 effect on individual species but also the effects on the interactions
and competition among species such as the change top-down control by heterotrophic
nanoflagellate grazing on picoeukaryotes and prokaryotes at elevated CO2 . Further,
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the meta-analysis (Chapter 2) shows that some higher trophic level organisms, such as
invertebrates, may be more sensitive than microbes to ocean acidification with negative impacts reported for CO2 levels not much higher than current ambient levels. This
would add a further level of complication to the response of nearshore Antarctic ecosystems to ocean acidification. A change in metazooplankton abundance and composition
would affecting the top-down control of metazooplankton on larger phytoplankton and
if affected by increased CO2 first, could have add another level of complexity to the response of microbial communities to ocean acidification (noting this is beyond the scope
of this thesis). The mechanism behind the decline in heterotrophic nanoflagellate abundance due to elevated CO2 is unknown and requires further investigation to determine
the physiological driver for this response.
However, ocean acidification is not occurring in isolation but along with increased freshening, stratification as well as modest warming in coastal East Antarctic waters (Deppeler and Davidson, 2017; Stark et al., 2019). There has been much push for multistressor studies which include the interactions between these drivers of change and the
various impacts they may have on organisms (Boyd et al., 2015). But, the results from
this style of experiment at a community level remain challenging to understand due to
the combination between interactions among species as well as the interactions among
stressors. It is critical to first build a mechanistic understanding of the effect of single
stressors at a community and ecosystem level to have the theoretical framework necessary to predict the effects of multiple stressors (Kroeker et al., 2017). Nearshore Antarctic and Southern Ocean waters are among the most vulnerable in the world to ocean
acidification with organisms within these waters predicted to face potentially damaging
levels of pH and calcium carbonate undersaturation earlier than elsewhere in the world’s
oceans (Hauri et al., 2016; Negrete-Garcı́a et al., 2019). Thus, these waters have been
suggested to serve as a bellweather for impacts of ocean acidification globally (Fabry
et al., 2009; Negrete-Garcı́a et al., 2019). This thesis focuses on the effects of ocean
acidification for this reason, but with its’ findings, other stressors could now be investigated knowing the threshold, direction and magnitude of change induced by elevated
CO2 on microbial communities.
The findings of this thesis as well as other studies show there is a solid understanding
on the impacts of ocean acidification of the nearshore Antarctic microbial community in
East Antarctica. Previous studies (Davidson et al. 2016;Thomson et al. 2016;Westwood
et al. 2018 and shown in Appendix E Table E.1) and the physiological measurements
also made during the experiment in which this thesis focuses (Deppeler et al. 2018 and
Appendix E Table E.2) agree and support the findings of this thesis. The experimental
design shown for these experiments was specifically chosen to detect critical thresholds
in the microbial community response to ocean acidification. This precluded replication of treatments as the number of incubation tanks (minicosms) was limited but the
trends in the composition and abundance of microbes among treatments, as well as the
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agreement with previous studies performed at this site (Davidson et al., 2016; Thomson et al., 2016; Westwood et al., 2018), provided confidence that the results obtained
were reliable. Obvious and useful extensions of this research are to conduct the same
study, using the same methodology, at other sites, such as offshore, oligotrophic Southern Ocean waters. This would allow a comparison of the effect of ocean acidification
on marine microbial communities between coastal Antarctica and open Southern Ocean
waters where the microbial community composition and environmental constraints on
primary production, such as nutrient concentration, are significantly different (Waters
et al., 2000; Wright and van den Enden, 2000; Davidson et al., 2010). Another future direction would be to build on the outcomes of this thesis by adding an additional
stressor to the experimental design. Now knowing the CO2 -induced thresholds in the
microbial community, other stressors can be added as experimental factors, especially
temperature, to determine mulit-stressor responses and likely future ecosystem states in
Antarctic coastal waters as a result of climate change.
In conclusion, this thesis first identifies the taxon-specific responses of microbes in a
natural community to ocean acidification and hypothesizes on the potential mechanisms
behind these responses. This is then broadened to the community level response, identifying a threshold for change in the microbial composition between 634 µatm and 953
µatm, or CO2 levels predicted for at the latest 2100 under a “business as usual scenario”.
Above this threshold the community is dominated by smaller cells, specifically nanosized diatoms, picoeukaryotes and prokaryotes. When compared to previous studies
at this site, this response and threshold is not only consistent across a season but also
between years suggesting a consistent threshold for change to ocean acidification in marine microbes at Prydz Bay, East Antarctica. Lastly, it is shown that the flow-on effects
of such a change in microbial community composition would have profound ramifications for the ecosystem system services they provide including supporting the Antarctic
food web, driving nutrient cycling and impacting the efficiency of the biological pump
which in turn impacts the feedback of these waters to global climate change.
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Figure 6.1: Effects of elevated CO2 on microbes (bacteria, phytoplankton and protozoa) and flow on effects for the food
web, nutrient cycling and carbon sequestration in coastal Antarctic waters. Panels reflect (a) current conditions and (b) 2100
under a “business as usual scenario”. Colours indicate a negative (red) or positive (green) effect on these stocks and flows
in the food web. Shading over a variable indicates direct effects of ocean acidification on abundance of this variable, and
arrows represent the effects these changes in abundance will have on other variables in the Antarctic system.
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A PPENDIX A

Supplementary Material: Effects of ocean
acidification on Antarctic marine
organisms: a meta-analysis
Table A.1: Database search strategy with main themes (top line) and synonyms below.
Searches were conducted using ‘and’ betwee columns and ‘or’ between rows for each
column e.g. ocean or marine and acid* or pH and “Southern Ocean”. For Scopus
database “ ” were replaced with { }.
ocean
marine
pelagic
coast*
nearshore

acid*
pH
?CO2
DIC
“carbon dioxide”
“dissolved inorganic carbonate chemistry”
“carbonatte chemistry”

137

“Southern Ocean”
Antarctic*
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Figure A.1: Forest plots of all bacterial response ratios and variance included in the
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Figure A.2: Forest plot of all phytoplankton response ratios, 95% confidence intervals
and variance (v) included in the meta-analysis.
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Figure A.2: Forest plot of all phytoplankton response ratios, 95% confidence intervals
and variance (v) included in the meta-analysis.
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Figure A.2: Forest plot of all phytoplankton response ratios, 95% confidence intervals
and variance (v) included in the meta-analysis (A: pre-industrial and 500-800 µatm, B:
801-1000 µatm, C: 1001-1500, 1501-2000 and >2000 µatm). The data is separated by
CO2 level at which the response was measured and information is provided on the study
paper and biological response from which the response ratio is calculated. At the end of
each CO2 level summary statistics from weighted random effects models are provided
including the Q statistic, degrees of freedom, p-value, I2 , mean response ratio and 95%
confidence interval. Summary statistics are also provided at the bottom of the figure for
all phytoplankton response ratios with all CO2 levels together.
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Figure A.3: Forest plots of all macroalgal response ratios and variance included in the
meta-analysis. The data is separated by CO2 treatment at which the response was measured and information is provided on the study paper, species and biological measurement from which the response ratio is calculated. At the end of each CO2 bracket summary statistics from weighted, random effects are provided including the Q statistic,
degrees of freedom, p-value, I2 , mean response ratio and 95% confidence interval.
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Figure A.4: Forest plots of all invertebrate response ratios and variance included in
the meta-analysis. The data is separated by CO2 treatment at which the response was
measured and information is provided on the study paper, organism and biological measurement from which the response ratio is calculated. At the end of each CO2 bracket
summary statistics from weighted, random effects are provided including the Q statistic,
degrees of freedom, p-value, I2 , mean response ratio and 95% confidence interval.

150

Paper and Species

Biological Measurement

Response Ratio [95% CI]

V

500 800 µatm
Flynn et al, 2015, Gymnodraco acuticeps

Development

0.01 [ 0.01, 0.01]

Davis et al, 2016, Trematomus bernacchii

Heart Rate

0.03 [ 0.00, 0.05]

0.000

Flynn et al, 2015, Gymnodraco acuticeps
Davis et al, 2016, Trematomus bernacchii

Oxygen Consumption
Oxygen Consumption

0.23 [ 0.00, 0.46]
0.25 [ 0.82, 0.33]

0.0138
0.0873

RE Model for Subgroup (Q = 6.37, df = 3, p = 0.10; I2 = 31.0%)

0.000

0.02 [0.00, 0.03]

801 1000 µatm
Flynn et al, 2015, Gymnodraco acuticeps

Development

0.03 [ 0.03, 0.03]

0.000

Enzor et al, 2017, Trematomus bernacchii
Enzor et al, 2017, Trematomus newnesi
Enzor et al, 2017, Pagotheni borchgrevinki

Tissue Content
Tissue Content
Tissue Content

0.36 [ 0.28, 0.44]
0.00 [ 0.09, 0.09]
0.03 [ 0.08, 0.13]

0.002
0.002
0.003

Enzor et al, 2017, Trematomus bernacchii

Growth Rate

1.36 [ 3.48, 0.77]

1.179

Davis et al, 2016, Trematomus bernacchii

Heart Rate

0.01 [ 0.03, 0.01]

0.000

Flynn et al, 2015, Gymnodraco acuticeps
Davis et al, 2016, Trematomus bernacchii
Davis et al, 2018, Trematomus bernacchii

O2 Consumption
O2 Consumption
O2 Consumption

0.14 [ 0.18, 0.45]
0.45 [ 0.99, 0.10]
0.11 [ 0.08, 0.14]

0.026
0.078
0.000

RE Model for Subgroup (Q = 111.84, df = 8, p = 0.00; I2 = 98.5%)

0.07 [ 0.04, 0.17]

1001 1500 µatm
Enzor et al, 2013, Trematomus bernacchii
Enzor et al, 2013, Trematomus hansoni
Enzor et al, 2013, Pagotheni borchgrevinki
Davis et al, 2018, Trematomus bernacchii

O2
O2
O2
O2

Consumption
Consumption
Consumption
Consumption

0.85 [ 0.66,
0.52 [ 0.28,
0.06 [ 0.14,
0.34 [ 0.53,

RE Model for Subgroup (Q = 111.84, df = 8, p = 0.00; I2 = 98.5%)

1.04]
0.76]
0.03]
0.16]

0.009
0.015
0.002
0.009

0.07 [ 0.04, 0.17]

>2000 µatm
Strobel et al, 2013, Notothenia rossii

O2 Consumption

0.66 [ 0.80, 0.52]

2

RE Model for Subgroup (Q = 0.00, df = 0, p = 1.00; I = 0.0%)

0.66 [ 0.80, 0.52]

RE Model for All Studies (Q = 1420.20, df = 17, p = 0.00; I2 = 100.0%)

4

0.005

3

0.04 [ 0.13, 0.20]

2

1

0

Response Ratio

1

2

Figure A.5: Forest plots of all fish response ratios and variance included in the metaanalysis. The data is separated by CO2 treatment at which the response was measured
and information is provided on the study paper, species and biological measurement
from which the response ratio is calculated. At the end of each CO2 bracket summary
statistics from weighted, random effects are provided including the Q statistic, degrees
of freedom, p-value, I2 , mean response ratio and 95% confidence interval.
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Table A.2: Q test and random effects model results for bacteria.
Q-Test Results
df

Model Results

Q

p

39 12427.0
13 1242.1
7
128.8
7 2696.9
7 4150.1
7
50.3

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

Positive
Positive
Positive
Positive
Positive
Positive

per Biological Measurement
Abundance
19 4505.4
Productivity
19 4201.6

<0.0001
<0.0001

Positive
No effect

per CO2 Level and Biological Measurement
Abundance
500-800 µatm
6
58.6 <0.0001
801-1000 µatm
3
69.5 <0.0001
1001-1500 µatm
3
37.2 <0.0001
1501-2000 µatm
3
90.6 <0.0001
>2000 µatm
1 study
N/A

Positive
Positive
Positive
Positive
Positive

per CO2 Level
All levels
500-800 µatm
801-1000 µatm
1001-1500 µatm
1501-2000 µatm
>2000 µatm

Productivity
500-800 µatm
6
801-1000 µatm
3
1001-1500 µatm
3
1501-2000 µatm
3
>2000 µatm
1 study

1163.5 <0.0001
1.7
0.647
275.0 <0.0001
2334.5 <0.0001
N/A

No effect
Negative
No effect
Positive
Positive

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
0.0016
<0.0001
<0.0001
0.0004
<0.0001

220036.9
278.4
21749.5
155671.2
1684.6
1989.2
293.0

per CO2 Level
All levels
200
Pre-industrial
35
500-800
54
801-1000
60
1001-1500
20
1501-2000
20
>2000
6

per Biological Measurement
Chlorophyll a
43
481.9
Growth
44 152489.7
GPP
19
23994.4
NPP
9
112.4
Fv /Fm
18
40.9
rETR
13
194.6
POC
25
3029.7
Fatty Acids
7
26.7
eCA
14
70.2

p

Q

df

Q-Test Results

NE
NE
Neg
Neg
NE
NE
Neg
NE
NE

Neg
NE
NE
NE
Neg
Neg
Neg

Model
Results
Q

p
NE
NE
NE
NE
NE
Neg

Model
Results

per Biological Measurement(Single Species Studies Only)
Chlorophyll a 16
41.2 <0.0001
NE
Growth
24 149291.5 <0.0001
NE
GPP
0 studies
N/A
NPP
0 studies
N/A
Fv /Fm
7
3.3
0.86
NE
rETR
7
53.2 <0.0001
NE
POC
4
5.4
0.2493
NE
Fatty Acidst
1
3.8
0.0517
NE
eCA
7
26.7 0.00054
Neg

per CO2 Level (Single Species Studies Only)
All levels
72 157657.5 <0.0001
Pre-industrial 10
97.2 <0.0001
500-800
29
19254.8 <0.0001
801-1000
22 130150.1 <0.0001
1001-1500
4
15.3
0.0042
1501-2000
3
15.5
0.0014
>2000
0 studies
N/A

df

Q-Test Results
Q

p
Neg
NE
NE
Neg
Neg
Neg
Neg

Model
Results

per Biological Measurement(Community Level Studies Only)
Chlorophyll a
26
436.7 <0.0001
NE
Growth
19
28.1
0.0554
NE
GPP
19 23994.4 <0.0001
Neg
NPP
9
112.4 <0.0001
Neg
Fv /Fm
10
27.3
0.0023
NE
rETR
5
116.7 <0.0001
NE
POC
20
2994.9 <0.0001
Neg
Fatty Acids
0 studies
N/A
eCA
12
58.8 <0.0001
Neg

per CO2 Level (Community Level Studies Only)
All levels
125 30970.3 <0.0001
Pre-industrial
24
994.9 <0.0001
500-800
24
994.9 <0.0001
801-1000
37
365.4 <0.0001
1001-1500
16
840.8 <0.0001
1501-2000
6
1749.1 <0.0001
>2000
6
293.0 <0.0001

df

Q-Test Results

Table A.3: Q test and random effects model results for phytoplankton. CO2 levels are in µatm, Pos = positive effect, Neg =
negative effect, and NE = no effect.
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Q

p

2
3
3
3
3
1 study

GPP
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000
0.7
3.4
3.1
14.7
8.5

10
169.0
12
19061.2
16 123257.0
1 study
2
11.5
0 studies

Growth
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000

23.6
29.8
30.2
51.0
81.6

5
15
9
4
5
1 study

Chlorophyll a
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000

0.7016
0.3374
0.3797
0.0021
0.0361
N/A

<0.0001
<0.0001
<0.0001
N/A
0.0032
N/A

0.003
0.0125
0.004
<0.0001
<0.0001
N/A

per CO2 Level and Biological Measurement

df

Q-Test Results

Table A.3 continued.

NE
Neg
Neg
Neg
Neg
Neg

Neg
Neg
NE
NE
NE

NE
Pos
NE
NE
Neg
Neg

Model
Results
Q

p

Growth
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000
5
22.2
8
19059.7
7 118521.0
0 studies
1
11.5
0 studies

0.0005
<0.0001
<0.0001
N/A
0.0007
N/A

per CO2 Level and Biological Measurement
(Single Species Studies Only)
Chlorophyll a
Pre-industrial
7
10.7
0.0071
500-800
7
10.7
0.1511
801-1000
2
4.2
0.1246
1001-1500
1 study
N/A
1501-2000
1
2.9
0.0909
>2000
0 studies
N/A

df

Q-Test Results

NE

Neg
NE
NE

NE
NE
NE
Pos
Neg

Model
Results
Q

p

Model
Results

GPP
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000

Growth
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000

2
0.7
3
3.4
3
3.1
3 14.7
3
8.5
1 study

4 21.6
3
0.7
8
5.4
1 study
1 study
0 studies

0.7016
0.3374
0.3797
0.0021
0.0361
N/A

0.0002
0.8792
0.7124
N/A
N/A
N/A

NE
Neg
Neg
Neg
Neg
Neg

NE
NE
NE
NE
NE

per CO2 Level and Biological Measurement
(Community Level Studies Only)
Chlorophyll a
Pre-industrial
2 13.7
0.0011
NE
500-800
7 19.0
0.0081
Pos
801-1000
6 26.0
0.0002
Pos
1001-1500
3 43.1 <0.0001
NE
1501-2000
3 78.2 <0.0001
Neg
>2000
1 study
N/A
Neg

df

Q-Test Results
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Q

Q-Test Results
p

4
14.6
4
26.1
0 studies
0 studies
0 studies
0 studies

1 study
6
14.9
3
1.5
2
2.2
2
0.3
1
3.1

0 studies
3
41.8
4
32.5
2
1.6
1 study
1 57.45

NPP
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000

Fv /Fm
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000

rETR
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000
N/A
<0.0001
<0.0001
0.2069
N/A
<0.0001

N/A
0.0209
0.6823
0.336
0.5769
0.0807

0.0055
<0.0001
N/A
N/A
N/A
N/A

NE
NE
NE
Neg
NE

NE
Pos
NE
NE
NE
Neg

Neg
Neg

Model
Results

per CO2 Level and Biological Measurement

df

Table A.3 continued.

Q

p

rETR
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000

Fv /Fm
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000
0 studies
2 15.5
3 28.4
1 study
0 studies
0 studies

1 study
3
0.4
1
0.9
1 study
0 studies
0 studies
N/A
0.0004
<0.0001
N/A
N/A
N/A

N/A
0.9494
0.3542
N/A
N/A
N/A

NE
NE
NE

NE
NE
NE
Pos

Model
Results

per CO2 Level and Biological Measurement
(Single Species Studies Only)

df

Q-Test Results
Q

p

Model
Results

rETR
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000

Fv /Fm
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000

0 studies
1 study
1 study
1 study
1 study
1 57.4

0 studies
2
2.2
1
0.1
1
0.6
1
0.3
1
3.1

N/A
N/A
N/A
N/A
N/A
<0.0001

N/A
0.3307
0.8071
0.4573
0.5769
0.0807

Pos
Neg
Pos
Neg
NE

Pos
NE
NE
NE
Neg

per CO2 Level and Biological Measurement
(Community Level Studies Only)
NPP
Pre-industrial
4 14.6
0.0055
Neg
500-800
4 26.1 <0.0001
Neg
801-1000
0 studies
N/A
1001-1500
0 studies
N/A
1501-2000
0 studies
N/A
>2000
0 studies
N/A

df

Q-Test Results
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Q

p

3
4.3
7 111.45
3
4.2
4
12.6
3
3.0
1 study

5
7.8
0 studies
6
5.9
1 study
1 study
0 studies

0 studies
2
0.5
4
21.9
0 studies
0 studies
0 studies

POC
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000

eCA
Pre-industrial
500-800
801-1000
801-1000
1501-2000
>2000

Fatty Acids
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000
N/A
0.7806
0.0002
N/A
N/A
N/A

0.1703
N/A
0.4318
N/A
N/A
N/A

0.2302
<0.0001
0.2414
0.0132
0.3976
N/A

NE
Neg

Neg
Neg
Neg

Pos

NE
NE
NE
Neg
Neg
Neg

Model
Results

per CO2 Level and Biological Measurement

df

Q-Test Results

Table A.3 continued.

Q

p

Model
Results

Fatty Acids
Pre-industrial
500-800
801-1000
1001-1500
1501-2000
>2000

eCA
Pre-industrial
500-800
801-1000
801-1000
1501-2000
>2000
0 studies
2
0.5
4 21.9
0 studies
0 studies
0 studies

0 studies
0 studies
1 study
1 study
0 studies
0 studies
N/A
0.7806
0.0002
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A

NE
Neg

Neg
Neg

per CO2 Level and Biological Measurement
(Single Species Studies Only)
POC
Pre-industrial 1 study
N/A
NE
500-800
2
4.0 0.1325
NE
801-1000
0 studies
N/A
1001-1500
1 study
N/A
NE
1501-2000
0 studies
N/A
>2000
0 studies
N/A

df

Q-Test Results
Q

p

eCA
Pre-industrial
500-800
801-1000
801-1000
1501-2000
>2000

5
0 studies
5
0 studies
1 study
0 studies

5.3

7.8

0.1703
N/A
0.3853
N/A
N/A
N/A

per CO2 Level and Biological Measurement
(Community Level Studies Only)
POC
Pre-industrial
2
2.4
0.3019
500-800
4
105.3 <0.0001
801-1000
3
4.2
0.2414
1001-1500
3 3.0*0.3976
Neg
1501-2000
3
3.0
0.3976
>2000
1 study
N/A

df

Q-Test Results

Neg

Neg

Pos

Neg
Neg

Neg
Neg
NE

Model
Results
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Table A.4: Q test and random effects model results for macroalgae.
Q-Test Results
df
per Biological Measurement
All measurements
Chlorophyll a concentration
Growth Rate
Protein content
rETR
Fv /Fm
per Species
Clathromorphum obtectulum
Desmarestia anceps
Desmarestia menziesii
Hildenbrandia sp.

13
2
2
1
2
2

Q

Model Results
p

184.5 <0.0001
80.0 <0.0001
13.5
0.0012
3.6
0.0578
7.7
0.0208
19.6 <0.0001

Negative
Negative
No effect
No effect
Negative
No effect

3 151.7 <0.0001
4 19.4
0.0006
1 study
N/A
3 11.9
0.0079

Negative
No effect
No effect
Negative
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Table A.5: Q test and random effects model results for invertebrates.
Q-Test Results
df

Q

Model Results
p

Total Invertebrates
per CO2 Level
All levels
500-800 µatm
801-1000 µatm
1001-1500 µatm
1501-2000 µatm
>2000 µatm

51 13544.8 <0.0001
6
167.4 <0.0001
17
139.6 <0.0001
14
471.5 <0.0001
4 11910.7 <0.0001
6
369.6 <0.0001

Negative
Negative
No effect
Negative
Negative
Negative

per Biological Measurement
Development
Behaviour
Feeding
Growth Rate
Lipid and Protein Content
Shell State
Survival

18 12450.6 <0.0001
1
35.4 <0.0001
5
80.6 <0.0001
5
1.5
0.9136
1
0.4
0.5191
10
216.8 <0.0001
3
65.8 <0.0001

Negative
No effect

per CO2 Level and Biological Measurement
Development
500-800 µatm
3
28.6 <0.0001
801-1000 µatm
3
19.1
0.0003
1001-1500 µatm
3
131.1 <0.0001
1501-2000 µatm
4 11910.7 <0.0001
>2000 µatm
1
9.2
0.0024
Behaviour
500-800 µatm
801-1000 µatm
1001-1500 µatm
1501-2000 µatm
>2000 µatm

0 studies
1
0 studies
0 studies
0 studies

N/A
35.4 <0.0001
N/A
N/A
N/A

Feeding
500-800 µatm
801-1000 µatm
1001-1500 µatm
1501-2000 µatm
>2000 µatm

0 studies
1
3
0 studies
0 studies

N/A
21.4 <0.0001
45.3 <0.0001
N/A
N/A

Negative
No effect
Negative
Negative
Negative

No effect

No effect
No effect
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Table A.5 continued.
Q-Test Results
df

Q

Model Results
p

per CO2 Level and Biological Measurement continued
Growth Rate
500-800 µatm
1 study N/A
801-1000 µatm
1 0.2
0.6883
1001-1500 µatm
2 0.2
0.8945
1501-2000 µatm
0 studies N/A
>2000 µatm
0 studies N/A
Lipid and Protein Content
500-800 µatm
0 studies
801-1000 µatm
1
1001-1500 µatm
0 studies
1501-2000 µatm
0 studies
>2000 µatm
0 studies

N/A
0.4

No effect
No effect
No effect

0.5191
N/A

Negative

0.2923
0.0007
N/A

Negative
No effect
Negative

N/A
N/A

Shell State
500-800 µatm
801-1000 µatm
1001-1500 µatm
1501-2000 µatm
>2000 µatm

1 1.1
2 14.5
1 study
0 studies N/A
1 study N/A

Survival
500-800 µatm
801-1000 µatm
1001-1500 µatm
1501-2000 µatm
>2000 µatm

0 studies N/A
1 study N/A
2 63.5 <0.0001
0 studies N/A
0 studies N/A

Negative

Negative
Negative
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Table A.6: Q test and random effects model results for fish.
Q-Test Results
df
per CO2 Level
All levels
500-800 µatm
801-1200 µatm
>2000 µatm

Q

Model Results
p

16 1385.8 <0.0001
3
6.4
0.095
11 191.1 <0.0001
1 study
N/A

No effect
Positive
No effect
Negative

per Biological Measurement
Development
1 1102.2 <0.0001
Gill and Liver Tissue
2
40.4 <0.0001
Growth Rate
1 study
N/A
Heart Rate
1
6.4
0.0115
Oxygen Consumption
8 199.1 <0.0001

Positive
Positive
Negative
No effect
No effect

per CO2 Level and Biological Measurement
Development
500-800 µatm
1 study
N/A
801-1200 µatm
1 study
N/A
>2000 µatm
0 studies
N/A
Gill and Liver Tissue
500-800 µatm
801-1200 µatm
>2000 µatm

0 studies
2
0 studies

N/A
40.4 <0.0001
N/A

Growth Rate
500-800 µatm
801-1200 µatm
>2000 µatm

0 studies
1 study
0 studies

N/A
N/A
N/A

Heart Rate
500-800 µatm
801-1200 µatm
>2000 µatm

1 study
1 study
0 studies

N/A
N/A
N/A

Oxygen Consumption
500-800 µatm
801-1200 µatm
>2000 µatm

1 study
5
1

N/A
109.5 <0.0001
2.3
0.1324

Positive
Positive

Positive

Negative

Positive
No effect

No effect
No effect
Negative
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Table B.1: Measurements of seawater conditions at time of sampling from Prydz Bay,
East Antarctica (19th November 2014). Data are mean ± one standard deviation of all
six minicosm measurements.
Condition

Value

ƒCO2 (µatm)
pHT
DIC (µmol kg 1 )
PA (µmol kg 1 )
Temperature ( C)
NOx (µM)
Phosphorus (µM)
Silicate (µM)

356 ± 6
8.08 ± 0
2187 ± 6
2317 ± 6
-1.03 ± 0.17
26.19 ± 0.74
1.74 ± 0.02
60.75 ± 0.91

Table B.2: Mean carbonate chemistry speciation of pHT and DIC (measured) and ƒCO2
and practical alkalinity (PA, calculated) for each minicosm tank after acclimation (days
8 to 18). Data are mean ± one standard deviation of day 8 to 18 measurements in each
minicosm.
Minicosm
1
2
3
4
5
6

pHT

DIC
(µmol kg 1 )

ƒCO2
(µatm)

PA
(µmol kg 1 )

8.10 ± 0.04
7.94 ± 0.03
7.85 ± 0.04
7.69 ± 0.07
7.61 ± 0.04
7.45 ± 0.04

2188 ± 6
2243 ± 8
2270 ± 5
2314 ± 11
2337 ± 5
2377 ± 8

343 ± 30
506 ± 43
634 ± 63
953 ± 148
1140 ± 112
1641 ± 140

2324 ± 11
2325 ± 10
2325 ± 12
2321 ± 11
2320 ± 10
2312 ± 10
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Figure B.1: Temporal development of DIC within each minicosm throughout the experimental period.
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Figure B.2: Temporal development of pHT (total scale) within each minicosm throughout the experimental period.
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Figure B.3: Nitrate/nitrite (NOx ) concentrations within each minicosm throughout the
experimental period.
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Figure B.4: Dissolved reactive phosphorus (P) concentrations within each minicosm
throughout the experimental period.

166

Figure B.5: Molybdate reactive silica (Si) concentrations within each minicosm
throughout the experimental period.
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Figure C.1: Ecological network for the 3.0 µm fraction microbial community for day
18 of the minicosm experiment. Each node represents a taxa and node colour indicates
the correlation of that node ƒCO2 , with the stronger the correlation the stronger the red.
Each line connects two taxa where there is a positive interaction between two individual
taxa.
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Figure C.2: Alpha diversity measures of the eukaryotic community from the 3.0 µm
throughout the minicosm experiment on rarified, square-root transformed 18S rDNA
data. (a) Observed number of OTUs (Sobs) (b) Chao1 estimator of richness (c) BergerParker index of richness and evenness (d) Simpson’s diversity index.
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Figure C.3: Alpha diversity measures of the eukaryotic community from the 0.1 µm
throughout the minicosm experiment on rarefied, square-root transformed 18S rDNA
data. (a) Observed number of OTUs (Sobs) (b) Chao1 estimator of richness (c) BergerParker index of richness and evenness (d) Simpson’s diversity index.
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Figure C.4: Canonical analysis of principal co-ordinates based on the similarity in the
eukaryotic 0.1 µm community structure among ƒCO2 treatments and time over the experiment, showing the trajectory of change in the community for each ƒCO2 treatment.
Arrow starting points are day 0 and all arrows end on day 18 of the experiment. Linear
projections of significant constraints CO2 , Si and P appear as blue linear arrows.
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Table C.1: Analysis of variance (ANOVA) of full model with covariates (a) ƒCO2 , NOx ,
P and Si and (b) reduced model ƒCO2 and NOx determining eukaryotic community
structure of the 0.1 µm fraction using principal co-ordinates (CAP).
(a) ƒCO2 +NOx +P+Si df

Sum of Squares

F

No. Perm

Pr (>F)

Model
Residual

4
6

0.71491
0.62260

1.7224

999

0.041

(b) ƒCO2 +NOx

df

Sum of Squares

F

No. Perm

Pr (>F)

Model
Residual

2
8

0.51817
0.81933

2.5297

999

0.001

Table C.2: Canonical analysis of principal coordinates (CAP) axis significance against
covariates. Permutation tests assessing the significance of each constrained axis in CAP
using the covariates ƒCO2 and NOx as constraints upon eukaryotic community structure
of the 0.1 µm fraction.

CAP1
CAP2
Residual

df

Variance

F

No. Perm

Pr (>F)

1
1
8

0.37701
0.14116
0.81933

3.6811
1.3783

999
999

0.001
0.208

173

Table C.3: Permutation tests assessing the significance of each environmental covariate
(constraint) in determining eukaryotic community structure of the 0.1 µm fraction using
principal co-ordinates (CAP), with significance of each term when (a) sequential added
(b) marginal effects for ƒCO2 and NOx .
(a)

df

Variance

F

No. Perm

Pr (>F)

ƒCO2
NOx
Residual

1
1
8

0.14596
0.37222
0.81933

1.4251
3.6343

999
999

0.198
0.001

(b)

df

Variance

F

No. Perm

Pr (>F)

ƒCO2
NOx
Residual

1
1
8

0.14121
0.37222
0.81933

1.3787
3.6343

999
999

0.222
0.001
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Figure C.5: Alpha diversity measures of the prokaryotic community from the 3.0 µm
throughout the minicosm experiment on rarefied, square-root transformed 16S rDNA
data. (a) Observed number of OTUs (Sobs) (b) Chao1 estimator of richness (c) BergerParker index of richness and evenness (d) Simpson’s diversity index.
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Figure C.6: Alpha diversity measures of the prokaryotic community from the 0.1 µm
throughout the minicosm experiment on rarefied, square-root transformed 16S rDNA
data. (a) Observed number of OTUs (Sobs) (b) Chao1 estimator of richness (c) BergerParker index of richness and evenness (d) Simpson’s diversity index.
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Figure C.7: Canonical analysis of principal co-ordinates based on the similarity in the
prokaryotic 3.0 µm community structure among ƒCO2 treatments and time over the experiment, showing the trajectory of change in the community for each ƒCO2 treatment.
Arrow starting points are day 0 and all arrows end on day 18 of the experiment. Linear
projections of significant constraints CO2 , NOx and P appear as blue linear arrows.
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Table C.4: Analysis of variance (ANOVA) of full model with covariates (a) ƒCO2 , NOx ,
P and Si and (b) reduced model ƒCO2 , NOx and P determining prokaryotic community
structure of the 3.0 µm fraction using principal co-ordinates (CAP).
(a) ƒCO2 +NOx +P+Si df

Sum of Squares

F

No. Perm

Pr (>F)

Model
Residual

4
6

0.42906
0.29049

2.954

999

0.001

(b) ƒCO2 +NOx +P

df

Sum of Squares

F

No. Perm

Pr (>F)

Model
Residual

3
9

0.40710
0.31245

3.9088

999

0.001

Table C.5: Canonical analysis of principal coordinates (CAP) axis significance against
covariates. Permutation tests assessing the significance of each constrained axis in CAP
using the covariates ƒCO2 , NOx and P as constraints upon prokaryotic community structure of the 3.0 µm fraction.

CAP1
CAP2
CAP3
Residual

df

Variance

F

No. Perm

Pr (>F)

1
1
1
9

0.33245
0.04880
0.02585
0.31245

9.5762
1.4057
0.7445

999
999
999

0.001
0.377
0.756
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Table C.6: Permutation tests assessing the significance of each environmental covariate (constraint) in determining prokaryotic community structure of the 0.1 µm fraction
using principal co-ordinates (CAP), with significance of each term when (a) sequential
added (b) marginal effects for ƒCO2 , NOx and P.
(a)

df

Variance

F

No. Perm

Pr (>F)

ƒCO2
NOx
P
Residual

1
1
1
9

0.043281
0.285878
0.077941
0.312449

1.2467
8.2346
2.2451

999
999
999

0.268
0.001
0.068

(b)

df

Variance

F

No. Perm

Pr (>F)

ƒCO2
NOx
P
Residual

1
1
1
9

0.033181
0.065919
0.077941
0312449

0.9558
1.8988
2.2451

999
999
999

0.399
0.119
0.076
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Figure C.8: Canonical analysis of principal co-ordinates based on the similarity in the
prokaryotic 0.1 µm community structure among ƒCO2 treatments and time over the experiment, showing the trajectory of change in the community for each ƒCO2 treatment.
Arrow starting points are day 0 and all arrows end on day 18 of the experiment. Linear
projections of significant constraints CO2 , NOx and P appear as blue linear arrows.
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Table C.7: Analysis of variance (ANOVA) of full model with covariates (a) ƒCO2 , NOx ,
P and Si and(b) reduced model ƒCO2 and P determing prokaryotic community structure
of the 0.1 µm fraction using principal co-ordinates (CAP).
(a) ƒCO2 +NOx +P+Si df

Sum of Squares

F

No. Perm

Pr (>F)

Model
Residual

4
7

0.59703
0.59765

1.7482

999

0.036

(b) ƒCO2 +P

df

Sum of Squares

F

No. Perm

Pr (>F)

Model
Residual

2
9

0.43831
0.75637

2.6077

999

0.003

Table C.8: Canonical analysis of principal coordinates (CAP) axis significance against
covariates. Permutation tests assessing the significance of each constrained axis in CAP
using the covariates ƒCO2 and P as constraints upon prokaryotic community structure
of the 0.1 µm fraction.

CAP1
CAP2
Residual

df

Variance

F

No. Perm

Pr (>F)

1
1
9

0.38473
0.05357
0.75637

4.5779
0.6375

999
999

0.002
0.782
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Table C.9: Permutation tests assessing the significance of each environmental covariate (constraint) in determining prokaryotic community structure of the 0.1 µm fraction
using principal co-ordinates (CAP), with significance of each term when (a) sequential
added (b) marginal effects for ƒCO2 and P.
(a)

df

Variance

F

No. Perm

Pr (>F)

ƒCO2
P
Residual

1
1
9

0.07055
0.36775
0.75637

0.8395
4.3759

999
999

0.544
0.002

(b)

df

Variance

F

No. Perm

Pr (>F)

ƒCO2
P
Residual

1
1
9

0.05727
0.36775
0.75637

0.6815
4.3759

999
999

0.728
0.001
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Thalassiosira antarctica
Recycled macronutrients
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Pico-autotrophic flagellates
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Bacteria

Simulations
Figure D.1: Results from 10,000 simulations runs of the 506-634 ƒCO2 scenario qualitative network model (Figures 5.2). Results are shown as probability of positive (orange)
or negative (blue) response to changed microbial composition.
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Figure D.2: Results from 10,000 simulations runs of the 953-1140 ƒCO2 scenario qualitative network model (Figures 5.3). Results are shown as probability of positive (orange)
or negative (blue) response to changed microbial composition.
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Figure D.3: Results from 10,000 simulations runs of the 1641 ƒCO2 scenario qualitative
network model (Figures 5.4). Results are shown as probability of positive (orange) or
negative (blue) response to changed microbial composition.
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Threshold for community
structural change

Duration
Starting composition

Acclimation
Ambient seawater CO2
CO2 treatments

Light
Nutrients

Time of year

634 - 1281 µatm

30 Dec - 9 Jan
(sea-ice receded)
200 µmol m 2 s 1
Replete
(NOx drawn down by day 8)
None
102 µatm
84, 643, 1281,
1848, 1942, 2423 µatm
10 days
Diverse with diatoms dominant

2008 early spring

None
118 µatm
120, 406, 754,
1130, 1162, 1530 µatm
12 days
Heterotrophic community with
high abundance of bacteria
754 - 1130 µatm

20 Jan - 1 Feb
(open water)
200 µmol m 2 s 1
Low NOx and P

2008 mid summer
19 Nov - 7 Dec
(open water)
200 µmol m 2 s 1
Replete
(drawn down by day 6)
None
232 µatm
250, 474, 864,
1240, 1232, 1711 µatm
10 days
Nano- and Picoplankton dominant
Phaeocystis antarctica dominant
474 - 1240 µatm

2008 late summer

634 µatm

(sea-ice receding)
90 µmol m 2 s 1
Replete
(Drawn down by day 16)
8 days (see Chapter 3 Methods)
356 µatm
343, 506, 634,
953, 1140, 1641 µatm
18 days
Diverse with diatoms and

2014 early summer

Table E.1: Summary of results from the all four ocean acidification minicosm experiments conducted at Davis Station, East
Antarctica.
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Gross primary productivity
(Deppeler et al., 2018)
Chlorophyll a concentration
(Deppeler et al., 2018)
Bacterial productivity
(Deppeler et al., 2018)
POC Concentration
PON Concentration
C:N ratio
Nutrient Concentration (NOx , Si and P)
Diatom silica production
(Petrou et al.)

Microeukaryotes >20 µm
(Chapter 3 Hancock et al. 2018)
Nanoeukaryotes <20 µam
(Chapter 3 Hancock et al. 2018)
Picoeukaryotes <3 µatm
(Chapter 4)
Heterotrophic Nanoflagellates
(Chapter 3 Hancock et al. 2018 and Deppeler et al., submitted)
Prokaryotes
(Chapter 4 and Deppeler et al. 2018)

Eukaryotes
>3 µm
(Chapter 3 and 4 Hancock et al. 2018)

1140 µatm
634 µatm

1140 µatm
1140 µatm

Decrease
Decrease
No change
Slower drawdown
Decline in diatom silica production

634 µatm treatment had high production but all other ƒCO2 treatments were the same

Decrease

1140 µatm

Increase in abundance but no change in community composition

634 - 953 µatm
Decrease

Decrease in abundance and change in community composition of choanoflagellates

634 - 953 µatm

1140 µatm

Increase in abundance but no change in community composition

No change in abundance

Paraoblic response in abundance with an increase 634 µatm and decrease
953 µatm to approximately the same as ambient. Shift in community composition
to a community dominated by smaller cells > 634 µatm.
Decline in abundance

Response

634 - 953 µatm

506-634 µatm

634 - 1140 µatm

Threshold

Table E.2: Summary of results from the ocean acidification minicosm experiment conducted at Davis Station, East Antarctica in December 2014.
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Krause, E., Wichels, A., Giménez, L., Lunau, M., Schilhabel, M. B., and Gerdts, G. (2012).
Small changes in pH have direct effects on marine bacterial community composition: a microcosm approach. PLoS ONE, 7(10):1–12.
Kremer, P. and Madin, L. P. (1992). Particle retention efficiency of salps. Journal of Plankton
Research, 14(7):1009–1015.
Kriest, I. and Evans, G. T. (1999). Representing phytoplankton aggregates in biogeochemical
models. Deep Sea Research Part I: Oceanographic Research Papers, 46(11):1841–1859.
Kroeker, K. J., Kordas, R. L., Crim, R., Hendriks, I. E., Ramajo, L., Singh, G. S., Duarte, C. M.,
and Gattuso, J. P. (2013). Impacts of ocean acidification on marine organisms: quantifying
sensitivities and interaction with warming. Global Change Biology, 19(6):1884–1896.
Kroeker, K. J., Kordas, R. L., Crim, R. N., and Singh, G. G. (2010). Meta-analysis reveals
negative yet variable effects of ocean acidification on marine organisms. Ecology Letters,
13(11):1419–1434.
Kroeker, K. J., Kordas, R. L., and Harley, C. D. (2017). Embracing interactions in ocean acidification research: confronting multiple stressor scenarios and context dependence. Biology
Letters, 13(3):1–4.

REFERENCES

205

Kruskal, J. B. (1964a). Multidimensional scaling by optimizing goodness of fit to a nonmetric
hypothesis. Psychometrika, 29(1):1–27.
Kruskal, J. B. (1964b). Nonmetric multidimensional scaling: a numberical method. Psychometrika, 29(2):115–129.
Kuffner, I. B., Andersson, A. J., Jokiel, P. L., Rodgers, K. S., and MacKenzie, F. T. (2008). Decreased abundance of crustose coralline algae due to ocean acidification. Nature Geoscience,
1(2):114–117.
Kurihara, H. (2008). Effects of CO2 -driven ocean acidification on the early development stages
of invertebrates. Marine Ecology Progress Series, 373:275–284.
Kurtz, Z. D., Müller, C. L., Miraldi, E. R., Littman, D. R., Blaser, M. J., and Bonneau, R. A.
(2015). Sparse and compositionally robust inference of microbial ecological networks. PLoS
Computational Biology, 11(5):e1004226.
Lajeunesse, M. J. and Forbes, M. R. (2003). Variable reporting and quantitative reviews: a
comparison of three meta-analytical techniques. Ecology Letters, 6(5):448–454.
Lamare, M. D., Liddy, M., and Uthicke, S. (2016). In situ developmental responses of tropical sea urchin larvae to ocean acidification conditions at naturally elevated pCO2 vent sites.
Proceedings of the al Society B: Biological Sciences, 283(1843):20161506.
Lancelot, C., Billen, G., and Mathot, S. (1989). Ecophysiology of phyto-and bacterioplankton
growth in the Southern Ocean.
Larsen, J. B., Larsen, A., Thyrhaug, R., Bratbak, G., and Sandaa, R. A. (2008). Response of
marine viral populations to a nutrient induced phytoplankton bloom at different pCO2 levels.
Biogeosciences, 5:523–533.
Le Quéré, C., Andrew, R., Friedlingstein, P., Sitch, S., Hauck, J., Pongratz, J., Pickers, P., Ivar
Korsbakken, J., Peters, G., Canadell, J., Arneth, A., Arora, V., Barbero, L., Bastos, A., Bopp,
L., Ciais, P., Chini, L., Ciais, P., Doney, S., Gkritzalis, T., Goll, D., Harris, I., Haverd, V.,
Hoffman, F., Hoppema, M., Houghton, R., Hurtt, G., Ilyina, T., Jain, A., Johannessen, T.,
Jones, C., Kato, E., Keeling, R., Klein Goldewijk, K., Landschützer, P., Lefèvre, N., Lienert,
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I., Séférian, R., Skjelvan, I., Steinhoff, T., Sutton, A., Tans, P., Tian, H., Tilbrook, B., Tubiello,
F., Van Der Laan-Luijkx, I., Van Der Werf, G., Viovy, N., Walker, A., Wiltshire, A., Wright,
R., Zaehle, S., and Zheng, B. (2018). Global Carbon Budget 2018. Earth System Science
Data, 10(4):2141–2194.
Legendre, P. and Anderson, M. J. (1999). Distance-based redundancy analysis: testing
multispecies responses in multifactorial ecological experiments. Ecological Monographs,
69(69):1–24.

REFERENCES

206

Legendre, P., Oksanen, J., and ter Braak, C. J. F. (2011). Testing the significance of canonical
axes in redundancy analysis. Methods in Ecology and Evolution, 2(3):269–277.
Letunic, I. and Bork, P. (2006). Interactive Tree Of Life (iTOL): an online tool for phylogenetic
tree display and annotation. Bioinformatics, 23(1):127–128.
Leu, E., Daase, M., Schulz, K. G., Stuhr, A., and Riebesell, U. (2013). Effect of ocean acidification on the fatty acid composition of a natural plankton community. Biogeosciences,
10(2):1143–1153.
Levitan, O., Rosenberg, G., Setlik, I., Setlikova, E., Grigel, J., Klepetar, J., Prasil, O., and
Berman-Frank, I. (2007). Elevated CO2 enhances nitrogen fixation and growth in the marine
cyanobacterium Trichodesmium. Global Change Biology, 13(2):531–538.
Lin, X., Huang, R., Li, Y., Li, F., Wu, Y., Hutchins, D. A., Dai, M., and Gao, K. (2018). Interactive network configuration maintains bacterioplankton community structure under elevated
CO2 in a eutrophic coastal mesocosm experiment. Biogeosciences, 15(2):551–565.
Lindh, M. V., Riemann, L., Baltar, F., Romero-Oliva, C., Salomon, P. S., Granéli, E., and Pinhassi, J. (2013). Consequences of increased temperature and acidification on bacterioplankton
community composition during a mesocosm spring bloom in the Baltic Sea. Environmental
Microbiology Reports, 5(2):252–262.
Liss, P., Malin, G., Turner, S., and Holligan, P. (1994). Dimethyl sulphide and Phaeocystis: a
review. Journal of Marine Systems, 5(1):41–53.
Lochte, K., Bjørnsen, P. K., Giesenhagen, H., and Weber, A. (1997). Bacterial standing stock
and production and their relation to phytoplankton in the Southern Ocean. Deep Sea Research
Part II: Topical Studies in Oceanography, 44(1-2):321–340.
Lohbeck, K. T., Riebesell, U., and Reusch, T. B. H. (2012). Adaptive evolution of a key phytoplankton species to ocean acidification. Nature Geoscience, 5:346–351.
Lomas, M. W., Hopkinson, B. M., Losh, J. L., Ryan, D. E., Shi, D. L., Xu, Y., and Morel, F.
M. M. (2012). Effect of ocean acidification on cyanobacteria in the subtropical North Atlantic.
Aquatic Microbial Ecology, 66(3):211–222.
Luo, D., Wan, X., Liu, J., and Tong, T. (2018a). Optimally estimating the sample mean from the
sample size, median, mid-range, and/or mid-quartile range. Statistical methods in medical
research, 27(6):1785–1805.
Luo, D., Wan, X., Liu, J., and Tong, T. (2018b). Testing normality using the summary statistics
with application to meta-analysis. arXiv preprint arXiv:1801.09456.
Maas, E. W., Law, C. S., Hall, J. A., Pickmere, S., Currie, K. I., Chang, F. H., Voyles, K. M., and
Caird, D. (2013). Effect of ocean acidification on bacterial abundance, activity and diversity
in the Ross Sea, Antarctica. Aquatic Microbial Ecology, 70(1):1–15.

REFERENCES

207

Madin, L. and Kremer, P. (1995). Determination of the filter-feeding rates of salps (tunicata,
thaliacea). ICES Journal of Marine Science, 52(3-4):583–595.
Manno, C., Tirelli, V., Accornero, A., and Fonda Umani, S. (2010). Importance of the contribution of Limacina helicina faecal pellets to the carbon pump in Terra Mova Bay (Antarctica).
Journal of Plankton Research, 32(2):145–152.
Marchant, H. J. and Thomas, D. P. (1983). Polylysine as an adhesive for the attachment of
nanoplankton to substrates for electron microscopy. Journal of Microscopy, 131(1):127–129.
Marshall, G. J., Orr, A., van Lipzig, N. P. M., and King, J. C. (2006). The impact of a changing
Southern Hemisphere Annular Mode on Antarctic Peninsula summer temperatures. Journal
of Climate, 19(20):5388–5404.
Martin, C. L. and Tortell, P. D. (2006). Bicarbonate transport and extracellular carbonic anhydrase activity in bering sea phytoplankton assemblages: Results from isotope disequilibrium
experiments. Limnology and oceanography, 51(5):2111–2121.
Marzloff, M. P., Melbourne-Thomas, J., Hamon, K. G., Hoshino, E., Jennings, S., Van Putten, I. E., and Pecl, G. T. (2016). Modelling marine community responses to climatedriven species redistribution to guide monitoring and adaptive ecosystem-based management.
Global change biology, 22(7):2462–2474.
Maschette, D., Sumner, M., and Raymond, B. (2018). SOmap: Southern Ocean maps. R package
version 0.1.3.9000. https://github.com/AustralianAntarcticDivision/SOmap.
Matrai, P., Vernet, M., Hood, R., Jennings, A., Brody, E., and Saemundsdottir, S. (1995). Lightdependence of carbon and sulfur production by polar clones of the genus Phaeocystis. Marine
Biology, 124(1):157–167.
Maugendre, L., Guieu, C., Gattuso, J.-P., and Gazeau, F. (2017). Ocean acidification in the
Mediterranean Sea: pelagic mesocosm experiments. A synthesis. Estuarine, Coastal and
Shelf Science, 186:1–10.
McClendon, J. (1917). Physical chemistry of vital phenomena. Princeton University Press,
Princeton.
McClintock, J. B. (1994). Trophic biology of Antarctic shallow-water echinoderms. Marine
Ecology Progress Series, 111(1):191–202.
McClintock, J. B., Angus, R. A., Mcdonald, M. R., Amsler, C. D., Catledge, S. A., and Vohra,
Y. K. (2009). Rapid dissolution of shells of weakly calcified Antarctic benthic macroorganisms indicates high vulnerability to ocean acidification. Antarctic Science, 21(5):449–456.
McCoy, S. J. and Kamenos, N. A. (2015). Coralline algae (Rhodophyta) in a changing world:
integrating ecological, physiological, and geochemical responses to global change.

REFERENCES

208

McDonald, D., Clemente, J. C., Kuczynski, J., Rideout, J. R., Stombaugh, J., Wendel, D., Wilke,
A., Huse, S., Hufnagle, J., Meyer, F., et al. (2012). The Biological Observation Matrix
(BIOM) format or: how I learned to stop worrying and love the ome-ome. GigaScience,
1(1):7.
McMinn, A. (2017). Ice Acidification: A review of the effects of ocean acidification on sea ice
microbial communities. Biogeosciences, 14:3927–3935.
McMinn, A., Müller, M. N., Martin, A., and Ryan, K. G. (2014). The Response of Antarctic Sea
Ice Algae to Changes in pH and CO2 . PLoS ONE, 9(1).
McMinn, A., Müller, M. N., Martin, A., Ugalde, S. C., Lee, S., Castrisios, K., and Ryan, K. G.
(2017). Effects of CO2 concentration on a late summer surface sea ice community. Marine
Biology, 164(4):87.
McNeil, B. I. and Matear, R. J. (2007). Climate change feedbacks on future oceanic acidification.
Tellus, Series B: Chemical and Physical Meteorology, 59(2):191–198.
McNeil, B. I. and Matear, R. J. (2008). Southern Ocean acidification : A tipping point at 450ppm atmospheric CO2 . Proceedings of the National Academy of Sciences of the United States
of America, 105(48):18860–18864.
McNeil, B. I. and Sasse, T. P. (2016). Future ocean hypercapnia driven by anthropogenic amplification of the natural CO2 cycle. Nature, 529(7586):383.
McNeil, B. I., Tagliabue, A., and Sweeney, C. (2010). A multi-decadal delay in the onset of corrosive acidified waters in the Ross Sea of Antarctica due to strong air-sea CO2 disequilibrium.
Geophysical Research Letters, 37(19):1–5.
McQuaid, J. B., Kustka, A. B., Obornı́k, M., Horák, A., McCrow, J. P., Karas, B. J., Zheng, H.,
Kindeberg, T., Andersson, A. J., Barbeau, K. A., and Allen, A. E. (2018). Carbonate-sensitive
phytotransferrin controls high-affinity iron uptake in diatoms. Nature, 555(7697):534–537.
Meakin, N. G. and Wyman, M. (2011). Rapid shifts in picoeukaryote community structure in
response to ocean acidification. ISME Journal, 5(9):1397–1405.
Melbourne-Thomas, J., Witherspoon, S., Raymond, B., and Constable, A. J. (2012). Comprehensive evaluation of model uncertainty in qualitative network analyses. Ecological Monographs, 82(4):505–519.
Melzner, F., Thomsen, J., Koeve, W., Oschlies, A., Gutowska, M. a., Bange, H. W., Hansen,
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F. O. (2012). The silva ribosomal rna gene database project: improved data processing and
web-based tools. Nucleic acids research, 41(D1):D590–D596.
Quetin, L. and Ross, R. (1985). Feeding by Antarctic krill, Euphausia superba: Does size
matter? Springer, Berlin, Heidelberg.
Quetin, L. B. and Ross, R. M. (1984). Depth distribution of developing Euphausia superba
embryos, predicted from sinking rates. Marine Biology, 79(1):47–53.

REFERENCES

213

R Core Team (2016). R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing, Vienna, Austria.
Ragueneau, O., Schultes, S., Bidle, K., Claquin, P., and Moriceau, B. (2006). Si and C interactions in the world ocean: Importance of ecological processes and implications for the role of
diatoms in the biological pump. Global Biogeochemical Cycles, 20(4).
Raven, J. and Falkowski, P. (1999). Oceanic sinks for atmospheric CO2 . Plant, Cell & Environment, 22(6):741–755.
Raven, J. A., Cockell, C. S., and De La Rocha, C. L. (2008). The evolution of inorganic carbon
concentrating mechanisms in photosynthesis. Philosophical Transactions of the Royal Society
B: Biological Sciences, 363(1504):2641–2650.
Raymond, B., McInnes, J., Dambacher, J. M., Way, S., and Bergstrom, D. M. (2011). Qualitative modelling of invasive species eradication on subantarctic Macquarie Island. Journal of
Applied Ecology, 48(1):181–191.
Reid, K. and Croxall, J. P. (2001). Environmental response of upper trophic-level predators
reveals a system change in an Antarctic marine ecosystem. Proceedings of the Royal Society
of London. Series B: Biological Sciences, 268(1465):377–384.
Reigstad, M. and Wassmann, P. (2007). Does phaeocystis spp. contribute significantly to vertical export of organic carbon? In Phaeocystis, major link in the biogeochemical cycling of
climate-relevant elements, pages 217–234. Springer.
Reinfelder, J. R. (2011). Carbon concentrating mechanisms in eukaryotic marine phytoplankton.
Annual Reviews in Marine Science, 3(1):291–315.
Reum, J. C., Ferriss, B. E., McDonald, P. S., Farrell, D. M., Harvey, C. J., Klinger, T., and Levin,
P. S. (2015). Evaluating community impacts of ocean acidification using qualitative network
models. Marine Ecology Progress Series, 536:11–24.
Richardson, L. L. and Stolzenbach, K. D. (1995). Phytoplankton cell size and the development
of microenvironments. FEMS microbiology ecology, 16(3):185–191.
Richardson, T. L. and Jackson, G. A. (2007). Small phytoplankton and carbon export from the
surface ocean. Science, 315(5813):838–840.
Riebesell, U. (2004). Effects of CO2 enrichment on marine phytoplankton. Journal of Oceanography, 60(4):719–729.
Riebesell, U., Fabry, V. J., Hansson, L., and Gattuso, J.-P. (2010). Guide to Best Practices in
Ocean Acidification Research and Data Reporting.
Riebesell, U. and Gattuso, J.-P. (2014). Lessons learned from ocean acidification research.
Nature Climate Change, 5(1):12–14.

REFERENCES

214

Riebesell, U., Gattuso, J.-P., Thingstad, T., and Middelburg, J. (2013). Arctic ocean acidification:
pelagic ecosystem and biogeochemical responses during a mesocosm study. Biogeosciences,
10(8):5619–5626.
Riebesell, U., Schulz, K. G., Bellerby, R., Botros, M., Fritsche, P., Meyerhöfer, M., Neill, C.,
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