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Thesis Abstract 

 

Abstract 

The International Panel on Climate Change (IPCC) predicts that by the year 2100, the oceans 

will be more acidic (lower by ~ 0.4 pH) and 2 — 3°C warmer under a “business as usual” 

(RCP 8.5) scenario. These changing environmental drivers may have a synergistic effect on 

some marine organisms, with changes expected to substantially alter the structure of most 

marine communities. However, there is a paucity of data on in-situ responses of diatoms in 

the Microphytobenthos (MPB) to ocean acidification (OA) and climate change.   Therefore, 

the aim of the present thesis was to study the responses of diatoms to climate change to 

determine; 1) behavioural, photosynthetic and physiological responses of diatoms to climate 

change, 2) biological feedback mechanisms of diatoms on carbonate chemistry and 3) diatom 

community responses to climate change. The present thesis used a combination of field and 

mesocosm laboratory experiments that utilised complete marine communities in Free Ocean 

Carbon dioxide Enrichment (FOCE) style experiments.   In these experiments, measures of 

diatom behaviour, photo-physiology, and MPB community composition are used to assess 

impacts of climate change.  MPB were found to have a preference for OA with Photo-tactile-

response (PTR) increasing which increased photosynthetic yield (ɸPSII). However, once 

temperature increases (2—3 °C) and OA were combined, MPB yield (ɸPSII) decreased, 

especially as temperature increases moved outside the MPB’s thermal tolerance zone (TTZ). 

Important biological buffering feedbacks from MPB on carbonate chemistry were also 

identified, which under some circumstances may decrease the OA severity on other members 

of the community.  Substantial changes in diatom community composition were also 

identified, however diatom communities had a differential response to OA, resulting in only 

some diatom species showing positive responses to OA. The overall conclusions for MPB  
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ecosystems being that if temperature increases are within an autotrophic organism’s TTZ, 

then the photosynthetic performance will increase under OA, resulting in higher primary 

production. However, if temperature increases move outside of an autotrophic organism’s 

TTZ then we should expect to see a decrease in primary production.  Therefore, under the 

“business as usual” scenario of climate change predicted for the year 2100, it is expected that 

MPB ecosystems will likely undergo changes in community composition and be negatively 

affected.
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General introduction 

 

The Intergovernmental Panel on Climate Change (IPCC) predicts that by the year 2100, the 

oceans will be more acidic (0.4 pH units lower), 2 — 3°C warmer, lower in dissolved oxygen 

and have higher fCO2 under  a “business as usual” (RCP 8.5) emissions scenario (Stocker et 

al., 2013, IPCC, 2013). These changing multiple environmental drivers may have a 

synergistic effect on some marine organisms (Boyd and Brown, 2015, Brierley and 

Kingsford, 2009), with changes expected to substantially alter the structure of most marine 

communities (Kroeker et al., 2010, Kroeker et al., 2013). The Southern Ocean is also 

expected to be affected earlier than temperate ecosystems due to 1) solubility of CO2 being 

higher at cooler temperatures, and 2) Antarctic regions having a naturally low carbonate 

saturation state, 3) sensitivity of acid-base disassociation coefficients, and 4) oceanic 

circulation (McNeil, 2008). With the Southern Ocean predicted to be become undersaturated 

in aragonite as early as 2030 during winter months, which has not occurred in the last 

400,000 years (McNeil, 2008). Therefore, the present thesis has focused on climate change 

impacts in Antarctic ecosystems.   

Experimental approaches to studying ocean acidification and climate change 

The majority of climate change research to date has been on single organisms in laboratory-

based studies (Kline et al., 2012, Wernberg et al., 2012). In general, these studies indicate that 

ocean acidification (OA) will be detrimental to some organisms (some calcifying 

heterotrophs) but advantageous to others (non-calcifying algae), creating potential “winners” 

and “losers” in marine communities under future scenarios of higher atmospheric CO2 

(Hoegh-Guldberg and Bruno, 2010). However, single-species laboratory experiments often 
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fail to encompass important ecological and community interactions and carbonate chemistry 

feedbacks that could produce different results in a community experiment compared to a 

single-species experimental setting (Silbiger, 2018).  

Experimental design considerations –  ecologically realistic experiments  

Many of the earlier OA and climate change experiments to date have been carried out under 

simplified artificial conditions in the laboratory. As the field has developed, so too has the 

technical considerations that have made experiments more realistic (Stark and Pierre Gattuso, 

2016, Gattuso et al., 2014). There are a number of factors that need to be carefully considered 

to make an experiment ecologically relevant.  For example, photosynthesis and respiration 

can quickly alter pH in the surrounding area. This is an important aspect of a natural 

ecosystems and should be included in ecologically realistic experiment.  The easiest way to 

replicate this is to enclose the entire community of interest and then change environmental 

stressors and monitor the response (i.e. FOCE). However, this approach is obviously 

prohibitive for larger ecosystem. There has been some research working towards exploring 

the interaction of carbonate chemistry and biology. For example, some researchers have 

developed systems that replicate the natural diel pH variation in the field, then semi-imposed 

OA treatments over the top of that pattern, and investigated an organism’s respond OA 

(McGraw et al., 2010). The present thesis has strived to make experiments as ecologically 

relevant as possible. 

 

Experimental design considerations –Why FOCE systems  

To assess climate change impacts on marine communities we need to study the impacts 

encompassing the whole community structure from the marine environment of interest.  Free 
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Ocean Carbon dioxide Enrichment experiments (FOCE) are a recent technological 

development that offer the most realistic solution to obtain data on the expected changes in a 

natural ecosystem setting (Stark et al., 2018, Gattuso et al., 2014, Stark and Pierre Gattuso, 

2016).  They fulfil the requirements of having a representative ecological community, 

appropriate organism to water volume ratio, natural diel Photo Active Radiation (PAR) 

cycles and natural carbonate chemistry biological feedbacks.   

Experimental design considerations –FOCE historical development   

The concept of community scale climate change experiments began in terrestrial ecosystems 

with Free Air CO2 Enrichment (FACE) experiments. In these experiments communities of 

plants were exposed to a constant supply of CO2 at the concentration predicted for the year 

2100. These experiments consisted of towers that surrounded a community and “bathed” the 

terrestrial community in higher CO2 concentrations. Original FOCE designs copied the open 

plan tower approach of FACE designs. However, early FOCE experiments soon discovered 

that the “open plan” FACE approach was not suitable because the altered carbonate 

chemistry (enriched seawater) was quickly transported out of the tower environment. 

Additionally, these early FOCE designs also used concentrated HCl in a ring style system.   

Therefore FOCE systems required a different approach using chambers that enclosed both a 

body of water and a biological community.  To date there have been FOCE experiments 

performed in the Mediterranean on seagrass, Great Barrier Reef on coral communities 

(cpFOCE), the deep ocean at (dpFOCE), under ice communities in Granite Harbour 

Antarctica and benthic communities in Antarctica in the present study (Stark et al.,2019).  

Experimental design considerations – Limitations of FOCE experiments 

The implementation of FOCE systems is comparatively expensive when compared similar 

laboratory experiments.  For example, the construction cost per replicate for the Antarctic 
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Free Ocean Carbon Enrichment (antFOCE) experiment was > $176,000 AUD per replicate 

(Stark et al., 2019). For most FOCE experiments to date this limits the amount of replication, 

with many FOCE experiments only having 1— 4 replicates (Stark et al., 2019). Limited 

replication complicates statistical approaches and results in low degrees of freedom or un-

unconventional approaches such as using pseudo replicates as replicates.   

FOCE experiments incorporate realistic ecological settings (such as spatial heterogeneity of 

communities) and are carried out under natural environmental conditions (i.e. diel irradiance).  

Issue arise when the study sites have 1) environmental gradients in abiotic parameters (eg. 

Irradiance and temperature) or 2) large spatial heterogeneity of communities. Increased 

replication can decrease these issues, but it does not eliminate them completely.  The issues 

of low replication is compounded when dealing with natural environmental gradients (i.e. 

irradiance and temperature), as differences between replicates can render replication to one if 

they have a co-varying factor.  There are two potential options to help deal with 

environmental gradients and spatial heterogeneity in FOCE experiments. The first is to 

carefully select chamber sites that have similar biological and abiotic conditions. This is 

practically very challenging. The second is to measure all chamber responses as a relative 

change from the original starting conditions.  Increased replication and analysis using a 

covariate (i.e. for irradiance differences) can help deal with environmental gradients.       

The type of construction materials used in FOCE experiments can also be a limitation.  For 

example, polycarbonate plastic is often used for chamber construction due to its strength.  

However, polycarbonate is known to absorb Photo Active Radiation (PAR).  The use of 

acrylic can avoid this issue but is brittle in colder temperatures.   

Many FOCE experiments to date have employed a single header tank supplying multiple 

replicates to simplify acidification of source water (Stark et al., 2019, Kline et al., 2012, 
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Barry et al., 2014).  There has been some criticism on this design, stating that the header tank 

is the level of replication (Hurd et al., 2011). While the use of a single header tank to supply 

acidified treatments simplifies experimental set ups, this approach can confound experiments 

if the source header tank becomes contaminated.  However, if multiple header tanks are used 

then there will likely be more variation in the acidified treatment replicates.  Therefore, for 

in-situ experiments at least it is practical that a single header tank is used.    

Another limitation of FOCE experiments is that net production measurements are not easily 

obtained. This is due to the FOCE requirement of having a continuous flow of treatment 

water over biological communities.  To obtain respiration/net production measurements a 

community needs to be enclosed for a period of time. This process itself can induce changes 

in pH and oxygen which confound experimental treatments.    

  

Experimental design considerations – multiple environmental drivers 

The majority of published literature on climate change impacts to date is on single 

environmental drivers (i.e. OA only) or are of a short experimental duration (i.e. only two 

weeks of exposure). This creates challenges in interpreting results because ocean acidification 

is not going to occur in isolation, but rather, for example, in combination with increases in 

temperature (Boyd and Brown, 2015).   Multiple environmental drivers can interact in 

different ways to affect organisms, for example, the effect of two drivers may be synergistic 

or antagonistic (Boyd and Brown, 2015). While studying individual stressors does provide a 

mechanistic understanding of impacts of individual stressors, this approach should be applied 

alongside multi-stressor studies. There are now numerous of studies that are multi-stressor 

experiments in the literature (Gunderson et al., 2016, Przeslawski et al., 2015, Boyd et al., 

2018). For example, Provost et al., 2017 performed a mesocosm experiment that exposed 



 

17 

 

kelp forest to both OA and temperature increases predicted for the year 2100. They found that 

elevated temperatures directly reduced kelp biomass, while turf forming algae expanded 

under OA conditions, concluding that kelp forest would need to adapt to ocean warming if 

they were to persist in the future. However, these experiments were of relatively short 

duration (eg. 23 days). A focus of the present thesis has been to perform experiments under 

multiple stressors that are longer (i.e. three months) than available studies in the literature.  

Furthermore, where multiple stressor experimentation is technically prohibitive in-situ, the 

present thesis has explored these effects in the laboratory on representative marine 

communities.  

Study system - Antarctic coastal ecosystems 

Antarctic coastal ecosystems are a unique environment, characterised by slow stable rates of 

change (in temperature, salinity, pH and oxygen), long periods of darkness in the Austral 

winter, slow organism metabolism and season sea-ice cover (Peck et al., 1997, Vincent, 

2004).  However, anthropogenic influence is seeing comparatively fast changes in Antarctic 

coastal ecosystems.  For example, high latitude waters are expected to be affected earlier by 

ocean acidification, changes in seasonal sea-ice dynamics, and changes in temperature, pH, 

salinity and irradiance (McNeil, 2008, Stammerjohn et al., 2008, Vaughan et al., 2003). 

Study system- The Windmill Islands 

The Antarctic coastal ecosystem studied for the present thesis was O’Brien Bay, East 

Antarctica (66.311500° S, 110.514216° E) which is situated within the Windmill islands 

region.  The Windmill Islands is characterised by a deglaciated region, with the offshore 

bathymetry creating a shallow (200 m) bank, with the local bathymetry comprising a complex 

system of islands and shoals (Cunningham, 2003).  The shallow marine environment consists 

of a sedimentary mix of boulders, interspersed with mud and sand substrates (Cunningham, 
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2003).  The study location within O’Brien Bay is known as “OB1”, owing to the fact that 

O’Brien Bay has a number of associated coves within the main bay (see Figure 1). The 

sheltered nature of OB1 results in thick (2—3 m) multi-year sea-ice build-up that typically 

breaks out once every ~5 years. This results in a very low annual irradiance level that ranges 

between < 30-50 µmol photon m-2 s-1 in the summer to complete darkness in the Austral 

winter (Black et al., 2019). The amount of irradiance is not sufficient to support macroalgae 

and the bay is dominated by a dense biofilm of diatoms referred to as the microphytobenthos.  

The benthic marine communities at the site include a range of mobile macrofauna including 

burrowing anemones, asteroids, holothurians, and filter feeding invertebrates (sponges, 

ascidians, polychaetes) (Stark, 2003). 
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Figure 1. O’Brien Bay, Antarctica.  Sampling for experiments occurred between the Antarctic FOCE (antFOCE) 

study site and Outer O’Brien Bay.   Map of O’Brien Bay reproduced from Australian Antarctic Division Data 

centre. 

Study system- The Microphytobenthos

Diatoms in the microphytobenthos (MPB) live in a microenvironment that is characterised by 

much steeper environmental gradients compared to their pelagic counterparts (Marques da 

Silva et al., 2017).  Gradients of light, pH, O2 and DIC change substantially in the MPB after 

the Diffusive Boundary Layer (DBL).  The euphotic zone of MPB mats are typically much 

thinner than pelagic euphotic zones, yet the microbial activity is higher (Jørgensen, 1994). 

This results in rapid and dynamic consumption and production of O2 and CO2, influencing 

pH and DIC differentially down the sediment profile (Jørgensen, 1994, Marques da Silva et 
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al., 2017). These unique micro environmental factors could influence MPB responses to OA, 

yet there is a paucity of information on MPB OA responses (Marques da Silva et al., 2017). 

Additionally, there is also a paucity of information about how the MPB influences pH in the 

DBL.   

Study species  

Benthic diatoms are unicellular, autotrophic algae with silica frustules belonging to the class 

Bacillariophyceae of the division Chrysophyta and are one of the most abundant algal groups 

with more than 10,000 taxa described (Round F. E. , 1990). Diatoms have wide distributions, 

occurring in rivers, oceans and lakes and typically can be solitary or colonial, with some 

colonial species forming biofilms on the benthos (Cremer et al., 2003, Jones, 1996, Potapova 

and Charles, 2002). Benthic diatoms can become established on any benthic sessile object 

(plants, rocks and sediment), with some species specialising in attaching themselves to 

individual grains of sand, and others free living on the sediment (Cremer et al., 2003, 

Cummings et al., 2011, Marques da Silva et al., 2017). Species that attach themselves to the 

substrata are generally found in areas of dynamic water movement, whereas by comparison, 

motile free living forms are generally found in areas where sediment burial is frequent 

(Round F. E. , 1990). Motile free living forms also have the capacity to migrate up and down 

in the sediment in response to external stimuli (i.e. sunlight, temperature, nutrients), to seek 

out optimum or beneficial physiological conditions (Ezequiel et al., 2015, Cartaxana et al., 

2011, Serôdio et al., 2006, Marques da Silva et al., 2017). 

 

 Benthic diatoms play a vital role in ecosystem functioning (Finkel et al., 2009, Johnson, 

2012), especially in the microphytobenthos (MPB) in Antarctic benthic ecosystems, which in 

low-light habitats under sea-ice are the dominant autotroph in the absence of macro algae 



 

21 

 

(McMinn and Hegseth, 2004, Mcminn et al., 2004). Microphytobenthic biofilms comprise of 

many different diatom species, for example, 137 different diatom species are known from the 

Windmill Islands in Eastern Antarctica (Polmear et al., 2015, Cremer, 2003).  

Microalgae acquire carbon (CO2 and HCO2
3-), light and nutrients from their surroundings to 

use in photosynthetic processes, with the use of carbon concentrating mechanisms (CCM) 

assisting the assimilation of carbon.    

Microalgae acquire carbon (CO2 and HCO2
3-), light and nutrients from their surroundings to 

use in photosynthetic processes, with the use of carbon concentrating mechanisms (CCM) 

assisting the assimilation of carbon.   In Future OA scenarios, in an ocean that is also ~ 3°C 

warmer, the carbon available for photosynthesis (CO2 and HCO2
3-) will increase by ~ 109  

and ~ 4.5 % (for CO2 and HCO2
3- respectively) (Calculations based on a ∆pH of 0.34, 

temperature difference of 3°C, salinity of 33.5 and an alkalinity of 2250 µmol/kg). This is 

expected to saturate RuBisCO pathways (currently only 50 % saturated) with CO2 and reduce 

energy demands for concentrating CO2 via CCMs for photosynthesis (Hepburn et al., 2011, 

Raven et al., 2005). While diatom communities have been shown to be resilient to 

environmental change, individual species often have narrow environmental tolerances 

(Cremer, 2003).  Different microalgae species have different CCM capacity and this is 

expected to drive differing responses among species (Trimborn et al., 2013, Tortell et al., 

2008).  Additionally, according to Finkel et al. (2009) if uptake of CO2 is limited by diffusion 

then diatoms cells with a larger surface area to volume ratio (i.e. smaller cells) will respond 

more to increases in CO2.  

 

Diatom physiology and environmental preferences  

A review by Marques da Silva et al. (2017) highlights the fact that we know very little about 

how MPB behaviour may change under OA scenarios. However,  behaviour is known to have 
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substantial inflence on photo-physiology (Black et al., 2019), and therefore is an important 

gap in our knowledge that needs to be addressed. Photo-physiology of phytoplankton is a 

relatively well studied field, with an adequte amount of research on effects of OA and related 

studies already available (Tortell et al., 2008). However, as discussed above the MPB is a 

vastly different environment to the pelagic environment, and phytoplankton results can’t 

necessarily be generalized to incorporate benthic systems. It is now becoming well 

established that some autotophic organisms may be relative winners under OA, due to their 

ability to utilise increases in CO2 and HCO2
3- from OA under most circumstances (Black et 

al., 2019).  By comparison, heterotrophic organisms receive no physiological benefit from 

OA induced changes in carbonate chemistry, requiring changes in metabolisms and pH 

homeostasis (Cummings et al., 2011).  Additionally, calcium and aragonite saturation states 

(Ω) are predicted to decrease under future OA scenarios, which is expected to have negative 

effects on the ability of calcifying organisms to maintain calcium carbonate structures 

throughout their life cycles (Orr et al., 2005). 

Detecting changes in community composition  

Ocean acidification effects on MPB have been demonstrated on community composition, 

primary production, cell stoichiometry, photo-physiology, and pigment composition 

(Beardall et al., 2009, Gao and Campbell, 2014, Hallegraeff, 2010, Gao and Zheng, 2010, 

Gao et al., 2012). It is expected that ocean acidification will drive substantial changes in 

microalgal community composition (Trimborn et al., 2013, Tortell et al., 2008). However, 

there is a paucity of field experiments examining benthic microalgae species pigment and 

species composition changes in response to climate change and OA (Gattuso et al., 2014b). 

The majority of data on microalgae that exists is from closed bottle incubation experiments 
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that exclude species interactions (i.e. microbial processes (Liu et al., 2010), don’t include 

important ecological processes and are performed under artificial environmental conditions.   

The use of diatom pigments to identify broad patterns in community composition provides a 

useful overview of community composition. However, many microalgal species share similar 

pigments which therefore limits the taxonomic resolution in some circumstances. Despite 

these limitations, diatom pigments like Chl a have long been established as a good indicator 

of biovolume and/or cell concentration (Roy et al., 2011). Diatom pigments have been used 

as indicators of algal and bacterial community composition in eutrophication studies, food 

web interactions, lake acidification and now ocean acidification studies (Sherrard et al., 2006, 

Roy et al., 2011, Moline et al., 2004). Some pigments are better suited as total biomass 

indicators (BB-carotene, chl a) and others suited as proxies for taxonomic composition 

because they only occur in some taxa (e.g. allocanthin, lutein, echinenone, prasinanthin, 

peridinin) (Roy et al., 2011). The use of pigment data can be used to define changes to class 

and genus level (i.e. CHEMTAX (Wright et al., 1996)) as diatom species contain certain 

ratios of each pigment. However, caution is required in speculating on which classes are 

changing due to pigments being common to many classes of eukaryotes (Roy et al., 2011). 

Furthermore, diatom pigment concentrations are dependent on environmental conditions. For 

example, the pigment concentration of Antarctic diatoms decreases over the Austral winter 

due to the lack of irradiance (Roy et al., 2011). Additionally, pigment concentrations can 

increase before cell specific changes are observed. The MPB is a particularly complicated 

pigment habitat to study due to a higher abundance of pigment breakdown products both 

from the MPB and pelagic phytoplankton (Roy et al., 2011).  
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The aim of the present thesis was to study the responses of diatoms to climate change in their 

natural community settings to determine: 

1. Behavioural, photosynthetic and physiological responses of diatoms to climate 

change. 

2. Biological feedback mechanisms of diatoms on carbonate chemistry.   

3. Diatom species community composition changes in relation to climate change.  

 

The first two chapters of this thesis focuses on the natural in-situ and in-vivo physiological, 

behavioural and ecological processes of MPB, identifying how OA as a single stressor may 

change these processes. Chapter two further explores these processes in two laboratory 

mesocosm experiments under multiple environmental stressors (OA and temperature 

increases). Chapter one uses novel sensing technology in in-situ experimental chambers to 

track diatom movement in relation to OA and irradiance received. The chapter then explores 

what impacts this has on photosynthesis and net production. Chapter two focuses on the 

photosynthetic response of diatoms to OA over longer time periods (3 months), under 

multiple stressors (OA and temperature).   

Chapter three and four focuses on how OA affects community composition in MPB biofilms.  

Chapter three uses High performance Liquid Chromatography (HPLC) techniques to explore 

broad changes in pigments as a proxy for change in MPB communities under OA as a single 

stressor.  Chapter four uses FlowCam technology to look how OA effects at diatom species 

composition.  
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Chapter one 

In-situ behavioural and physiological responses of Antarctic 

microphytobenthos to ocean acidification. 

 

Abstract 

Ocean acidification (OA) is predicted to alter benthic marine community structure and 

function, however, there is a paucity of field experiments in benthic soft sediment 

communities and ecosystems. Benthic diatoms are important components of Antarctic coastal 

ecosystems, however very little is known of how they will respond to ocean acidification. 

Ocean acidification conditions were maintained by incremental computer controlled addition 

of high fCO2 seawater representing OA conditions predicted for the year 2100. Respiration 

chambers and PAM fluorescence techniques were used to investigate acute behavioural, 

photosynthetic and net production responses of benthic microalgae communities to OA in in-

situ field experiments. We demonstrate how OA can modify behavioural ecology, which 

changes photo-physiology and net production of benthic microalgae.  Ocean acidification 

treatments significantly altered behavioural ecology, which in term altered photo-physiology.  
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Introduction 

 

Ocean acidification (OA) is the change in seawater carbonate chemistry, including a 

reduction in pH, as a result of the absorption of atmospheric CO2 into the oceans (Caldeira 

and Wickett, 2003). Ocean acidification is predicted to cause a 0.2—0.4 decrease in ocean pH 

and a 190 % increase in dissolved inorganic carbon (DIC) by 2100 under a scenario of 

“business as usual” CO2 emissions, as modelled by the IPCC AR5 RCP 8.5 (IPCC, 2013). 

This change is expected to substantially alter the structure of most marine communities 

(Kroeker et al., 2013, Kroeker et al., 2010).  

 

The majority of OA research to date has been on single organisms in laboratory-based studies 

(Kline et al., 2012). In general, these studies indicate that reduced pH will be detrimental to 

some organisms (some calcifying heterotrophs) but advantageous to others (non-calcifying 

algae), creating potential “winners” and “losers” in marine communities under future 

scenarios of higher atmospheric CO2 (Brierley and Kingsford, 2009, Guinotte and Fabry, 

2008, Hoegh-Guldberg and Bruno, 2010). Whether these single organism responses will 

translate to actual changes in natural communities, once all ecological interactions are 

included, is largely untested. If they do, however, it could result in altered ecosystem 

services, functioning and community structure (Bellerby et al., 2008, Jokiel et al., 2008, 

Langdon et al., 2003). Therefore, community-scale OA experiments are an important gap in 

our current knowledge (Riebesell, 2015). Even though the effects of OA are predicted to 

affect higher latitude waters sooner than elsewhere, there has been little in-situ OA research 

on Antarctic benthic marine ecosystems (McNeil and Matear, 2008). The few community-

scale OA studies that have utilised an in-situ field approach have been undertaken in tropical, 
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deep sea or pelagic ecosystems (Barry et al., 2014, Brewer et al., 2014, Kline et al., 2012), 

with no published polar research.  

 

Microalgae and most autotrophic algae are generally expected to benefit under OA conditions 

in comparisons to heterotrophic organisms. This is likely the result of the increase in carbon 

sources (CO2 and HCO3-), used for photosynthesis, under OA conditions. However, different 

species of marine algae show different sensitivities to OA (Finkel et al., 2009c, Hurd et al., 

2009), with beneficial and detrimental effects of ocean acidification on photosynthesis 

reported for different algal species (Cartaxana et al., 2015, Vieira et al., 2013, Cartaxana et 

al., 2011, Hurd et al., 2009, Johnson et al., 2013). Most studies attribute the different reponses 

to species specific differences in the efficiency of carbon utilisation of CO2 and HCO3
-, via 

carbon concentrating mechanisms (CCM) (Doney et al., 2009, Hurd et al., 2009, Mercado 

and Gordillo, 2011). Different experimental protocols may also be a factor in some 

circumstances (Hurd et al., 2009).  While these factors will likely contribute to responses to 

OA, attributing a generalised response of all algae to OA is confounded by the fact that 

marine algae (including microalgae) inhabit a diverse range of microenvironments.   

 

Microalgae in the microphytobenthos (MPB) live in a microenvironment that is characterised 

by much steeper environmental gradients compared to their pelagic counterparts (Marques da 

Silva et al., 2017).  Gradients of light, pH, O2 and DIC change substantially in the MPB after 

the Diffusive Boundary Layer (DBL).  The euphotic zone of MPB mats are typically much 

thinner than pelagic euphotic zones, yet the microbial activity is higher (Jørgensen, 1994). 

This results in rapid and dynamic consumption and production of O2 and CO2, influencing 

pH and DIC differentially down the sediment profile (Jørgensen, 1994, Wang et al., 2012, 

Marques da Silva et al., 2017). These unique micro environmental factors could influence 
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MPB responses to OA, yet there is a paucity of information on MPB OA responses (Marques 

da Silva et al., 2017).  Additionally, the ability of microalgae to deal with OA in the short 

term may be very different to longer term responses. A review of MPB responses to OA by 

Marques da Silva et al. (2017) stongly emphazies the need for a better understanding of MPB 

response to OA.   

 

Microalgae play a vital role in ecosystem functioning (Finkel et al., 2009c, Johnson et al., 

2013), especially in the MPB in Antarctic benthic ecosystems, which in low-light habitats 

under sea ice are the dominant autotroph in the absence of macro algae (McMinn and 

Hegseth, 2004, Mcminn et al., 2004). Microalgae form the basis of many marine food webs 

and perform key ecological roles in fixing carbon, recycling nutrients, stabilising sediments 

and contribute to modifying global climates via their role in the carbon cycle (McMinn et al., 

2000, Mcminn et al., 2004). While the uptake of carbon by microalgae is essential for their 

photosynthesis, it is also intrinsically linked to ocean carbon cycling and will interact with 

OA (Mercado and Gordillo, 2011, Moerdijk-Poortvliet, 2016, Raven and Geider, 2003, 

Roberts et al., 2007). Microalgae have a number of ecologically linked processes that may be 

altered by OA. For example, MPB photosynthetic yield, primary production and net 

production drive vital ecosystem services in soft sediment communities, which if altered will 

have flow on effects to the whole community (Barranguet and Kromkamp, 2000). Changes to 

these ecosystem services will be positive or negative dependent largely on whether conditions 

are more or less preferential for microalgae (Wynne and Rhee, 1986).  

 

Understanding the physiological preferences for microalgae in the context of carbonate 

chemistry is essential to understand the likely community shifts in response to future OA 

conditions (Kroeker et al., 2010). Microalgal physiological preferences can be inferred from a 
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range of quantitative measures such as the effective quantum yield of photosystem II light 

conversion efficiency (ϕ PSII) and biomass changes (Boyd et al., 2015b, J.Geider and Osborne, 

1989, Johnson et al., 2013). However, inferring short term (i.e. within hours) algal responses 

to OA would benefit from a behavioural indicator (i.e. avoidance/attraction behaviour). 

Active behaviour may seem unlikely for single celled marine algae, however many marine 

benthic diatoms have the capacity to migrate up and down in the sediment in response to 

external stimuli (i.e. sunlight, temperature, nutrients), to seek out their optimum or beneficial 

physiological conditions (Cartaxana et al., 2015, Cartaxana et al., 2011, Serôdio et al., 2006, 

Marques da Silva et al., 2017).  Photo Active Radiation (PAR) is normally the primary driver 

of this vertical migration behaviour, which is referred to as the photo tactile response. This 

behaviour provides an additional measure of microalgal response to environmental conditions 

that is otherwise difficult to measure in most phytoplankton and macroalgae. Photo Tactile 

Response (PTR) in benthic diatoms has been used to measure responses to changed 

environmental conditions in other studies (Serôdio et al., 2006, Marques da Silva et al., 

2017), however, it has not previously been used to examine responses to OA in-situ.  

 

The purpose of this study was to identify eco-physiologically relevant trends in MPB 

responses to OA in-situ.   The specific aims were to investigate if OA alters the already 

recognized PTR relationship to PAR; and to determine what effect changes in PTR may have 

on photosynthetic yield and net production. To test this a series of in-situ mesocosm 

experiments were performed in a sea ice covered benthic habitat in East Antarctica. Novel 

technology was used to provide insights into MPB community respiration, photosynthetic and 

behavioural responses to OA. This study provides the first measurements of in-situ effects of 

ocean acidification on MPB in a community context.  
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Materials and Methods 

 

Study site 

Field experiments were conducted at O’Brien Bay, near Casey Station, East Antarctica 

(66.311500° S, 110.514216° E) between 1st December 2014 and 1st March 2015. The site was 

characterised by 2.5 m thick multiyear sea ice and the depth ranged from 12 to 14 m. The 

dominant primary producers at the study site were microphytobenthos (MPB) and sea ice 

algae, with a complete absence of macroalgae due to the low PAR conditions at the site, 

which rarely exceeded 10 μmol photons m–2 s–1 at the seafloor (see (Stark et al., 2018)). The 

MPB at the site formed a dense mat (~0.5-1 mm) on top of the sediment. The benthic marine 

communities at the site include a range of mobile macrofauna including burrowing 

anemones, asteroids, holothurians, and filter feeding invertebrates (sponges, ascidians, 

polychaetes) (Stark, 2003). A previous study indicated significant spatial variation in infaunal 

communities at scales as small as 10 m, but such differences were small compared to those 

evident at larger spatial scales (Stark, 2003). The treatment chambers in the current study 

were side by side (i.e. < 75 cm apart), therefore we make the assumption that heterotrophic 

and autotrophic communities were relatively similar between treatments, within deployments. 

A general description of the diatom communities present at the site can be found in Polmear 

et al. (2015) or supporting species list (Table 1.2). Snow cover and thickness on the sea ice 

varied over the experimental period, resulting in different PAR exposures for each 

experiment. Water flow rate at the site was 2-3 cm s-1. Temperature, alkalinity, pH, salinity, 

dissolved oxygen, were recorded continuously and were considered stable during the study 

period (see Stark et al., 2018). 
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Experimental design 

Experiments were conducted in two sealed respiration incubation chambers with a volume of 

27 litres (Submersible Photosynthesis-Respiration System, Aquation Pty Ltd, Umina Beach, 

Australia), deployed on the seabed over patches of MPB. The chambers were made of UV-

transparent acrylic with 25 cm diameter (chamber diameter) stainless steel sleeves on the 

base for insertion into the sediment. The chambers pumped acidified or control water from a 

larger long-term CO2 enrichment experiment (Antarctic Free Ocean Carbon Enrichment 

antFOCE) via automated pumps (see (Stark et al., 2018)). A five hour acclimation period was 

used to introduce water from the antFOCE system gradually, with an increasing ratio of 

treatment: ambient water pumped into chambers every 5 minutes.  

 Chamber deployment sites were within 15 m of the antFOCE experimental site. Treatments 

were placed side by side to reduce spatial differences in species abundance and irradiance. 

All experiments were conducted at a depth of 12—14 m. Acidified treatments maintained a 

pH reduction of 0.2—0.4 from ambient, in line with IPCC predictions under business as usual 

emissions scenarios for the year 2100. This reduction in pH, which equates to atmospheric 

CO2 levels of approximately 936 ppm (IPCC, 2013), is hereafter referred to as the acidified 

treatment. Control treatments maintained an ambient pH level of 8.019 to 8.130, hereafter 

referred to as the control treatment. These experiments were repeated 4 times (deployments 

A-D), for periods between 72-144 hours, in the same area between January and February 

2015. Figure 1 shows the pH offset for each deployment, as well as other water quality 

parameters (i.e. salinity and temperature), which did not change between deployments. The 

Submersible Photosynthesis-Respiration System comprised of two chambers, which each 

included a Shutter PAM fluorescence sensor (model Aquation V.1) to record fluorescence 

parameters and a dissolved oxygen (DO) probe (In-Situ Inc. Fort Collins, Colorado, USA) 

and two LI-192SA planar PAR sensors (Li-COR Inc., Lincoln, Nebraska, USA) to record 
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environmental variables. These sensors were coupled to an underwater programmable data 

logger (Submersible data logger, Aquation Pty Ltd, Umina Beach, Australia) which recorded 

measurements over the following time scales: ϕ PSII (F0 and Fm) every 30 minutes, Dissolved 

oxygen (DO) every 5 minutes, PAR every 5 minutes, temperature every 5 minutes. The 

chambers were flushed (for six minutes) every 6 hours with appropriate treatment or control 

water. 

Chlorophyll fluorescence measurements 

All in-situ Pulse Amplitude Modulated (PAM) fluorescence measurements (ϕ PSII) are based 

on samples that had been exposed to natural irradiances, followed by 2-4 seconds of shading 

as the sensor closes into position prior to measurement. This brief interval of low to zero 

PAR had no detectable influence on photo acclimation, hence F0 and F’q are reported as 

steady state minimum (F0) and Maximum (Fm) fluorescence (see Consalvey et al., 2005 for 

PAM fluorescence terminology). Yield ϕ PSII was determined by the equation: ϕ PSII = (Fm-

F0/Fm). Maximum photochemical quantum yield of PSII dark-adapted yield (Fv/Fm) was 

determined after 20 minutes of dark adaption and was calculated as ϕ PSII = (Fm-F0)/Fm.  

The minimum fluorescence value (F0) was used as a proxy for biomass of MPB biofilms at 

the surface. This technique was validated by Serôdio et al. (2006) and was used to determine 

MPB sediment migration patterns. Concurrent time lapse photography (Cannon EOS600D 

and using a digisnap 2000) visually confirmed that the diel migration of MPB corresponded 

to a measurable F0 diel pattern (unpublished data). Changes in F0 under different PAR 

environments are expected to be minimal and consistent across both treatments. At the start 

of each deployment the Aquation software (Aquation Direct V2.0, Umina Beach, Australia) 

automatically adjusted the gain and auto zero. Rapid light curves (RLC) were used to 

calculate the relative Electron Transport Rate (relETR), which was calculated as: relETR= 
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(F0/Fm x PAR) (where values of absorbance and PSI:PSII are assumed to be in unity). Rapid 

light curves (RLCs) consist of eight steps of increasing actinic PAR for 10 seconds, with a 

saturating pulse measurement at the end of each actinic step. In all figures and tables the time 

of day is presented as Coordinated Universal Time (UTC+8 hours) or elapsed time since 

beginning of deployment.  

Net production  

Dissolved oxygen sensors recorded every 5 minutes in each chamber. Linear regressions 

were applied to discrete blocks of data (180 minutes) with the slope coefficient used to 

measure the rate of change of Net production. These values were standardised by total 

microalgal sediment Chl a content. 

Sample Collection  

At the end of each experiment, five core samples for species identification and biomass and 

one core sample for grain size analyses were taken using PAR-proof syringes (3cm x 10cm) 

and carefully extracted from the sediment, placed in a dark container and returned to the 

surface. Dark acclimated yield measurements (Fv/Fm) were taken for surface MPB after 20 

minutes and then the cores were sliced every 2 mm down to 20 mm in the field. Each 2 mm 

section was immediately placed in the dark in cryotubes at -20 and divided in half for species 

identification and chlorophyll a (Chl a). These sample were then transported back to a -80 °C 

freezer (within 3 hours). Samples used for species identification were preserved in 

glutaraldehyde (4%) and stored at ~10 °C for later analyses. The remaining section of each 

core was placed on ice and transported back to a -80 °C freezer. All analyses were conducted 

at the Australian Antarctic Division (Hobart, Australia) or the Institute for Marine and 

Antarctic Studies laboratories (University of Tasmania, Hobart). 
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Environmental water and carbonate chemistry analysis 

Sea water pH (total scale), salinity and temperature were recorded every 30 minutes via the 

antFOCE system (Stark et al., 2018). Dissolved inorganic carbon and total alkalinity samples 

were taken regularly to quantify the carbonate chemistry of treatments. The CO2SYS 

function in MATLAB (version 9.4.0) was used to calculate pH (from DIC, TA data). The pH 

(total scale) and salinity in each antFOCE chamber was determined at the time when water 

was pumped into the deployment chambers (Figure 1). The fCO2 was calculated for each 

antFOCE chamber and is presented in Stark et al., 2018.  

Carbonate chemistry measurements  

TRIS and AMP buffers were prepared at the Australia Antarctic Division by senior analytical 

chemists and the accuracy of these buffers was checked with UV-Vis spectrophotometric 

methods on a weekly basis or when a new buffer batch was opened (Dickson et al., 2007).   

 

Total alkalinity (TA): Open cell potentiometric titration (Dickson et al., 2007) was used to 

determine TA using certified reference material provided by A. Dickson, Scripps Institution 

of Oceanography. The analytical precision of these CRM measurements was better than 1 

μmol kg-1. The sample precision was 2-3 μmol kg-1 based on duplicate samples.   

Dissolved Inorganic carbon (DIC): A Single Operator Multi-parameter Metabolic Analyzer 

(SOMMA) using coulometric methods were used to determine total carbon (Dickson et al., 

2007).  The analytical precision of CRM measurements was better than 1 μmol kg-1. The 

sample precision was 2 μmol kg-1 based on duplicate samples.  
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Chlorophyll a analysis 

Sediment pigment samples were extracted in methanol (99% HPLC grade Sigma Aldrich) for 

18 hours then analysed by fluorometer (Turner 10AU, San Jose, California, USA). The 

fluorometer was calibrated with a Chl a standard (Sigma Aldrich Chl a) and a solid standard 

(Turner) was used between each measurement to determine drift in signal. Hydrochloric acid 

(0.1%) was added to determine the phaeophytin component of each sample. These values 

were standardised by sediment weight. 

Species identification 

Samples for MPB species identification were centrifuged at low revolutions (300 rpm) for 15 

minutes (1 gram in 10  ml of filtered seawater) to remove the larger sediment particles. The 

MPB cells were then diluted in 50 ml of filtered seawater.  Subsequent aliquots (1 ml) of this 

dilution was then analysed on a Flowcam (Benchtop B3 series) with associated software 

(Visual spreadsheet, version 3.4).  Only cells that had complete unbroken frustules with intact 

cell contents were counted.  Species were identified according to taxonomic species keys in 

Scott and Marchant (2005).  Total abundance was calculated from the cell counts of each 

species as a percentage of total cells counted.   

Data analysis  

Extracting first derivatives from individual deployment models 

Separate generalized additive model (GAMs) were fitted to each deployment response (i.e. 

diel F0, ϕ PSII and PAR) using elapsed time since the start of the deployment as the 

independent variable.  Models assumed a Gaussian family for the response, with an identity 

link function, which proved adequate for these data. Each response variable was regressed 

against elapsed time of deployment using an adaptive P-spline with 20 basis functions, and 5 
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penalty basis functions determining the degree to which that flexibility was allocated across 

the covariate space (Wood, 2006). This type of adaptive smooth allows the degree of 

smoothing to vary along the covariate range, as dictated by the variability in the response. An 

optimal degree of smoothing was determined via Generalized Cross-Validation, with final 

model fit and residuals assessed as suggested by Wood (2006) (via k-index, adjusted R2, and 

standard residual diagnostics). A temporal influence identified from these GAM model 

residuals directed us to allow effective degrees of freedom to be set at individual time points 

(using bs=”ad”). The final models had R-squared values between 0.7-0.88. The first 

derivative (d/dt , i.e. the slope) for each response variable (diel F0, ϕ PSII and PAR) in each 

deployment model above was extracted for 200 equally spaced segments on the predictor axis 

(elapsed time). This was carried out using the package Deriv R (Simpson, 2018) in R. The 

first derivative, denoted here as d/dt represents the rate of change of each variable over the 

same elapsed time segment for each deployment.   The function ‘SignifD’ in R was used to 

identify significant rates of change in PTRd/dt over time, with no PTR within a 12-hour period 

classed as non-migratory MPB. The data was then grouped into two separate categories 

(migrating MPB and non-migrating MPB). The first derivative data from the migrating 

deployments (A, B and D) were merged into a single dataset for analysis. The non-migrating 

MPB (deployment C) was examined separately. 

Examining trends of diel F0 and ϕ PSII rates of change 

To examine how the rate of change of PAR and the rate of change of MPB migration co-

varied, we regressed the first derivatives of these variables in a combined dataset model. 

These GAMs were then used to identify the relationship between the rate of change in PAR 

and the rate of change in photo tactile behaviour or yield (ϕPSII) between treatments. Models 

assumed a Gaussian family for the response, with an identity link function, which proved 
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adequate for these data. Each response variable was regressed against the corresponding first 

derivative of PAR using an adaptive P-spline with 8 basis functions, and 5 penalty basis 

functions (Wood, 2006). Both treatments were allocated the same basis function and model 

parameters. The model fit, residuals and effective degree of freedom were checked as above 

and as suggested by Wood (2006).   

To determine the rate of change of net production, coefficients of the regression of oxygen 

consumption in discrete 180 minute data blocks were determined. R squared values for fitted 

regressions of these coefficients were consistently high (>0.9). We make two assumptions 

with calculation of net production rates: the first is that heterotrophic community members do 

not change their metabolism under OA; and the second is that the heterotrophic communities 

are similar between treatments. 

Fv/Fm was analysed using a nested ANOVA with deployment nested within treatment (n=4).  

Vertical sediment Chl a profiles were analysed on raw Chl a, and the percentage of Chl a 

present at each depth relative to the total Chl a in each core (relative Chl a). The data was 

grouped in migrating and non-migrating MPB biofilms. Core Chl a data was analysed by a 

two-way ANOVA with depth, treatment (n=4).  

All statistical analyses were carried out in R (version 3.2). 
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Figure 1.1. The pH (Total scale), salinity and temperature of control (black diamonds) and acidified (lower red 

cycles) in deployments A, B, C, D (from left to right respectively). 

 

Rapid light curves:  In-situ rapid light curves indicated that the electron transport rate of MPB 

approached maximium relative electron transport rate after 25 μmol photons · m-2 · s-1 (Figure 

1.2). 
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Figure 1.2. In-situ relETR of microphytobenthos under control conditions. A GAM model has been applied to 

estimate an average response (solid line) with 95% confidence intervals (broken lines). 

Diatom species composition: Microscope counts of diatom cells indicated 15 dominant 

species (i.e. >1% abundance) (see Table 1.2).  Trachyneis aspera, Cocconeis fasciolata, 

Pleurosigma elongatum and Cymbella species were the most common species at the study 

site with 21, 17,14 and 9 % relative abundance respectively.  There were a total of 104 

species found at this site within the study peroid.  There were also low abundances in the 

MPB community of species commonly refered to as being associated with  sea-ice  (i.e. 

Fragilariopsis cylindrus). 

Table 1.2. Microphytobenthic species at study site.  

Microphytobethos species Relative 

Abundance 

(%) 

 

Trachyneis aspera 21 

Cocconeis fasciolata 17 

Pleurosigma elongatum 14 

Cymbella sp 9.3 

Achnanthes brevipes 4 

Amphora libyca 3.5 

Eucampia antarctica 3.5 

Pinnularia quadratarea 3.1 

Synedropsis recta 2.8 

Pleurosigma obscurum 2.3 

Navicula directa 1.8 

Fragilariopsis sublinearis 1.5 

Actinocyclus curvatulus  1.4 

Fragilariopsis cylindrus 1 

Diploneis splendida 0.7 

Actinocyclus actinochilus 0.7 

Odentella weissflogii 0.5 

Pinnularia quadratarea (variant 

constricta) 

0.5 

Cocconeis pinnata 0.4 

Fragilariopsis kerguelensis 0.3 

Licmophora belgicea 0.2 

Thalassionema gelida 0.1 

Fragilariopsis ritscheri  0.1 

Manguinea fusiformis 0.1 

Auricula compacta 0.1 

Fragilariopsis obliquecostata 0.1 

Dicyocha sp 0.1 

Biddulphia areolata 0.1 

Fragilariopsis rhombica 0.05 

Melosira adeliae 0.05 

Pseudogomphonema 

kamtschatica  

0.05 
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Photo tactile response 

Photo tactile response measured simultaneously in both treatments showed a significant 

relationship to the diel rate of change in PAR (i.e. first derivative of PTR is changed with the 

first derivative of PAR) (p= <2e-16) (Figure 1.3). Stated more simply, as light increased 

MPB biofilms migrated towards the surface, as light decreased MPB migrated away from the 

surface. However, acidified PTR displayed a much stronger relationship to PAR d/dt (p= 2e-

16, F=447.8), compared to the relationship in the control treatments (p= <2e-16, F=80) (see 

Figure 1.3).  The relationship between diel PAR and diel migration decreases in the control at 

higher diel PAR rates of change (i.e. higher PAR values).  By comparison the acidified diel 

migration rate maintains a more significant relationship to diel PAR rate even at higher PAR 

d/dt. Deployment C had a substantially different and irregular light regime, which resulted in a 

noncyclic and non-significant PTR pattern not seen in other deployments. This resulted in the 

MPB biomass staying at the surface for both treatments, with PTR to PAR being similar 

between treatments. Additionally as deployment time elapsed beyond 80 hours PTR was also 

non-significant in both treatments.  Therefore, the effect of OA was explored on two MPB 

behavioural states, where MPB were either displaying normal PTR-PAR migration behaviour 

or not. 
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Figure 1.3. Rate of change of photo tactile response (PTR) when migrating (red line, pink confidence interval) 

and non- migrating (black line, grey confidence interval) in relation to the rate of change of PAR. The y-axis is 

the first derivative (F0 d/dt) of migration rate, with positive values indicating migration towards the surface, 

negative values migration away from the surface.  The x-axis is the first derivative PAR (PAR d/dt), with positive 

values when PAR increases, negative values for decreasing PAR. The colour of each test statistic (eg. p, F-value 

and Adjusted R-squared) represents it associated treatment. Normal PTR in acidified treatment (Red line, with 

pink solid shaded 95% confidence intervals), normal PTR in control treatment (black line, with solid grey 95% 

confidence intervals). Absent PTR in acidified treatment (red line, with red dashed 95 % confidence intervals), 

absent PTR in control treatments (blue line, with dashed black 95% confidence intervals).  

 

Diel rate of change of yield ϕ PSII  

The effective quantum yield showed a diel rate of change that related to the diel change in 

PAR (i.e. first derivative of PAR was significantly related to the first derivative of diel yield 

ϕ PSII) (p= <2e-16). Stated more simply, as PAR increased, the rate of photosynthesis (yield 

ϕ PSII) also increased. The acidified treatment diel yield rate did show a more significant 

relationship to diel PAR (p =<2e-16, F-value=545), compared to the control treatment 

(p=<2e-16, F-value=10).     
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Yield ϕ PSII maxima    

Yield (ϕ PSII) increased as PAR increased until ~ 2 μmol photons m-2 s-1 in both treatments 

when MPB were migrating normally.  There was no substantial difference between 

treatments in yield maxima until PAR was higher than ~ 6 μmol photons m-2 s-1, at which 

point control treatment yield then shows lower photosynthetic yield (Figure 1.4). This is also 

observable at PAR maxima in Figure 1.5 (B and D). However, without PTR the acidified 

yield (ϕ PSII) was trending lower than controls (Figure 1.4), demonstrating that without PTR, 

there is a negative effect of OA on yield (ϕ PSII).  Under these conditions the PTR-PAR 

relationship had decreased and yield (ϕ PSII) was found to be negatively affected in the 

acidified treatment compared to the control (Figure 1.4).  

 

Figure 1.4. Effective quantum yield (ϕ PSII) in relation PAR. Acidified treatment under normal PTR (Red line, 

with pink 95% confidence interval), control treatment under normal PTR (Black line, with grey 95% confidence 

interval). Non-PTR in acidified treatment (red line, with red dashed 95% confidence intervals), non-PTR in 

control treatment (grey line, with grey dashed 95% confidence intervals).  
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Net production rate 

Under low PAR conditions (i.e. < 10 μmol photons m–2 s–1) a negative net production of 

oxygen was observed in all treatments/deployments. There did not appear to be a detectable 

pattern (from 20 cm above the sediment) of net production matching yield measurement 

under low PAR in deployments A, B and C (Figure 1.5). However, under higher PAR 

conditions in deployment D (i.e. 8-10 μmol photons m–2 s–1), a difference in the diel rate of 

net production was detected in the control, with an increase in the rate of net oxygen 

production observed in the acidified treatment (Figure 1.5 d).  
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Figure 1.5. Stacked graphs of PTR, photosynthetic yield (ϕPSII) and net production rate within each experimental 

deployment (a), (b), (c) and (d). X-axis is elapsed time (hours) from start of deployment. Grey lines are 

Photosynthetic Active Radiation (PAR) with the scale on the right hand side of the graphs in μmol photons m-2 

s-1. Black lines (with grey 95% confidence intervals) are the control treatment and red lines (with pink 95% 

confidence intervals) are the acidified treatments.  
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Dark adapted yield (ϕ PSII)  

There was no significant treatment effect on Fv/Fm. (see Table 1.3, Figure 1.6). 

 

Figure 1.6. Fv/Fm (ϕPSII) of Control (black box) and Acidified (red box) treatments. Error bars +/- standard 

error.  

 

Vertical sediment profile of Chl a  

The vertical distribution of Chl a in the sediment decreased significantly below 8 mm (Figure 

1.7), with significant difference between treatments (p=0.001, n = 4). However, these 

significant differences need to be considered in the context of starting heterogeneity of MPB 

biofilms, in addition to these samples being taken at the end of the deployment. The 

distribution of the Chl a at each depth relative the total Chl a in each sample core (Relative 

distribution of Chl a) is the more appropriate comparison. While there was no significant 
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difference in relative Chl a profiles between treatments, figure 1.7 shows that Chl a in 

acidified treatments have redistributed from deeper to shallower sediment depths (12-14 to 4-

8 mm). There was no significant interaction between treatment and sediment depth for Chl a 

(i.e. profiles are similar, see table 1.3).  

 

Figure 1.7. (A) Average chlorophyll a sediment profile of PTR deployments (A, B, and D). (B) Relative Chl a 

concentration at each depth in relation to total core Chl a in PTR deployments. (C) Non-migrating PTR Chl a 

sediment profiles and (D) Non-migrating PTR relative Chl a. Control (black lines) and acidified (red lines) 

treatments in all plots. Error bars +/- standard error of subsamples. 
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Discussion  

 

MPB microalgae demonstrated an ability to detect altered DIC states and actively changed 

their natural photo tactile behaviour to account for OA. Diel yield showed a strong 

relationship to diel PTR, with PTR and yield (ϕ PSII) both having significant relationships with 

PAR. The changes in PTR under OA corresponded to increases in both diel yield rate and 

yield (ϕ PSII) maxima. This was most pronounced under higher PAR. A number of external 

abiotic factors (such as irregular PAR cycles) can disrupt the normal PTR patterns. Under 

these circumstances, when the PTR-PAR relationship was not significant, yield (ϕ PSII) was 

lower in the acidified treatments.  This demonstrates the fundamental role of PTR in 

maintaining photo-physiology and how it interacts with OA.  A minimal diel net production 

relationship (under high PAR only) was also observed.  

Photo tactile response displayed a significant PAR driven diel pattern in both treatments 

(p=<2e-16) (Figure 1.3), which has previously been reported in other ecosystems (Cartaxana 

et al., 2015, Ezequiel et al., 2015, Jesus et al., 2009, Marques da Silva et al., 2017). However, 

the acidified treatment had a significant relationship with PAR (with an F-value of 447.8 and 

80 for acidified and control treatments respectively). Photo tactile responses in this study was 

not correlated with temperature or tide patterns, as found in other systems (Jesus et al., 2009, 

Perkins et al., 2001). This is likely due to the very stable environmental conditions in 

Antarctica compared to other environments (i.e. temperature variation 0.1°C-d, < 1 m tidal 

change and a low flow rate 2-3 m s-1).  Microalgae were typically found down to 6-8 mm into 

the sediment, with Chl a content decreasing substantially after 10 mm (Figure 1.7).  

Photosynthetic yield (ϕ PSII) showed a significant diel yield relationship to PAR in both 

treatments (p = <2e-16 in both treatments).  This was evidently intrinsically linked to PTR 



 

54 

 

and demonstrated why behaviour of an MPB biofilm is a very important consideration for 

MPB primary producers under OA.   

Yield (ϕ PSII) of MPB is proportional to the amount of PAR, nutrients and carbon available for 

photosynthesis (Geider et al., 1997).  According to Hancke et al. (2014) the prior PAR regime 

(i.e. previous ~12 hours) will dictate the current microalgae PTR.  Therefore MPB migration 

through the sediment enables moderation of exposure to PAR, nutrients and carbon in the 

overlying water (i.e. OA treatment) (Serôdio et al., 2006, Marques da Silva et al., 2017) and 

will influence MPB primary production.  

The majority of studies on microalgae have illustrated either positive or negligible effects of 

OA on their physiology (Finkel et al., 2009), with some reporting that many phytoplankton 

species are insensitive to OA (Rost et al., 2008, Trimborn et al., 2013). However, our results 

clearly show that Antarctic MPB are very responsive to OA. The variable response among 

diatoms is reported to be due to the poor affinity of ribulose 1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) for CO2 substrates used for photosynthesis, being only 

~50% saturated under current CO2 levels (Finkel et al., 2009c). Therefore many diatoms 

operate carbon concentrating mechanisms (CCMs) which concentrate CO2 around sites of 

photosynthesis. In future OA scenarios the DIC available for photosynthesis increases by 

~130% (although only 1% of this is CO2), and this is expected to saturate RuBisCO with CO2 

and reduce energy demands for concentrating CO2 for photosynthesis. According to 

Cartaxana et al. (2015), in a crowded MPB community, carbon may be a limiting resource 

even for organisms with highly efficient CCMs. Carbon limitation may explain why the 

results presented here indicate an initial increased diel PTR and yield with elevated fCO2 (i.e. 

OA conditions), followed by signs of acclimatisation. MPB biofilms can be up to ~1mm 

thick, with an area of 1 m2 representing a cell density equivalent to ~34,000 litres of high 

chlorophyll-a content open ocean water. Thus it is likely that carbon may be limited in these 
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biofilms, and short term responses in PTR and yield (ϕ PSII) are likely to be indicative of the 

relief of carbon limitation in these MPB biofilms.      

The microalgal OA photo tactile response in the current study needs to be considered in the 

context of microalgae DIC/pH preferences and sediment pH gradients.  Microalgae 

photosynthesis has the capacity to deplete DIC in the few millimetres either side of the DBL, 

with DIC depletion at the surface and increasing with depth with strong vertical gradients 

(Marques da Silva et al., 2017). We would expect microalgae to seek out higher DIC/low pH 

regions when photosynthesising, yet avoid the energetic cost of pH homeostasis from low 

pH/high DIC when in other cellular cycles (i.e. Krebs or xanthophyll cycles).   

A greater initial change in PTR and higher photosynthetic yields (ϕ PSII) in the OA treatments 

occurred during periods of higher PTR d/dt (Figure 1.3 and 1.5 d). In this context it appears 

that initially, under higher PAR, microalgae are selecting environments with more available 

carbon and utilising this for increased photosynthetic rates.  This corresponds with research 

by Cook and Røy (2006) who found that increased rates of pore-water advection or addition 

of HCO3 increased photosynthesis.  Interestingly, experiments investigating the impact of 

increasing inorganic CO2 on growth have produced a range of positive and negative results, 

which could be due to physiological variation between species or experimental protocols 

(Finkel et al., 2009c). There are very few long-term studies of OA on photosynthetic yield.  

However, increased diel yield was only apparent while the PTR-PAR relationship was 

maintained under acidified treatment conditions in the current study. After 80 hours, we see 

the acidified PTR decrease and the yield (ϕ PSII) similar or lower than the control yield (ϕ PSII) 

(Figure 1.4 and 1.5 d). We suspect that MPB would be able to utilise extra DIC associated 

with OA for photosynthesis up until they have reached their maximum diel yield capacity. 

Any extra DIC not consumed by photosynthesis would then contribute to pH decreases (i.e. 

ocean acidification).  Thus it is possible that negative diel yield after 80 hours is in part due 
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to: 1) CO2 saturated MPB biofilms not utilising extra DIC which then contributes to a lower 

pH in the diffusive boundary layer, which then requires them to increase proton pumps to 

maintain the intracellular pH homeostasis; or 2) an absence of PTR observed after 80 hours in 

the current study resulting in non-photochemical quenching (NPQ).  If MPB are photo 

inhibited (NPQ) due to lack of PTR, then consequently they would not be using the extra DIC 

for photosynthesis and we would expect condition (1) above to influence yield. For example, 

deployment (C) had variable and non-cyclical PAR cycle events resulting in MPB staying at 

the sediment surface. This demonstrated that, when the diatoms remained on the surface with 

irregular PAR and maximised their exposure to OA and PAR, it resulted in negative 

photosynthetic yield (ϕ PSII). It is possible that this is due to high non-photochemical 

quenching (NPQ) of the MPB as they receive more PAR than could be processed.  Also, as 

stated above, if MPB are not actively using DIC for photosynthesis then it will contribute to 

decreasing pH in surrounding water bodies (i.e. in the Diffusive Boundary Layer). These 

findings are consistent with the findings of Hoppe et al. (2015) who illustrated that irregular 

PAR intensities strongly modulated the effects of OA on marine phytoplankton. They 

demonstrated that irregular/dynamic PAR reduced growth and strongly altered the effects of 

OA on primary production, being unaffected by elevated fCO2 under constant PAR. Positive 

effects of OA on yield (ϕ PSII) observed in the current study are assumed to be due to the 

ability to self-regulate exposure to OA and PAR through PTR. However, if this ability is 

impaired (i.e. no sediment migration) then we assume that MPB have to deal with lower pH 

without photosynthesis to buffer lower pH/high DIC (due to NPQ).  

Previous studies on algae under OA scenarios have generally not found any differences in 

photosynthetic yield (Johnson et al., 2014, Price et al., 2011, Xu and Gao, 2012). However, 

the majority of studies investigating OA effects on yield (ϕ PSII) have used Fv/Fm (Olischläger 

et al., 2012, Olischläger and Wiencke, 2013, Price et al., 2011, Xu and Gao, 2012) rather than 
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light-adapted samples or diel effective quantum yield (ϕ PSII) measurements. There is a 

fundamental physiological difference in what yields signify under dark or light-adapted 

methods. Dark adapted yield (Fv/Fm) represents the maximum capacity of the photosystem to 

convert PAR energy into charged states and direct this into the photochemical pathway. This 

can be used to test the ability of photosystem (II) to function (i.e. if (ϕ PSII) is damaged by a 

stimulus/toxin), with negative dark adapted yield (Fv/Fm) responses typically seen under toxin 

and nutrient stress (Roháček and Barták, 1999). In comparison, diel light-adapted yield is 

testing photosystem (II) rate of functioning at natural irradiances and is ideal for comparative 

OA field studies (Roháček and Barták, 1999). Therefore, we would emphasize that in the 

context of OA and ecosystem responses, it is more appropriate to be examining diel light-

adapted yield (ϕ PSII), especially in the field. In the current study we examined both light and 

dark-adapted yield (ϕ PSII). In contrast to what we observed with light-adapted-yield (ϕ PSII), 

when we examined dark adapted Fv/Fm (20 minutes) we observed no significant difference 

between treatments (Figure 1.6).  

Photosynthetic organisms have a high capacity to modify pH, with evidence that pH is 

regulated at the cell/water interface (Cornwall et al., 2014b, Jørgensen, 1994). Therefore we 

would not expect to see damage to photosystem (II) from more acidic conditions, provided 

they have the ability to buffer this at the cell/water interface using extra DIC for 

photosynthesis. So it is not surprising that there was no difference in dark adapted yield (ϕ 

PSII) in this study or previous studies.  

Photosynthetic yield (ϕ PSII) correlates with oxygen production in most algae (Longstaff et al., 

2002, McMinn and Hegseth, 2004). In the current study, natural communities of heterotrophs 

and autotrophs were enclosed in the same respiration chambers in an ecological setting, 

therefore we can only report net community production rather than individual contributions 

of MPB to net production in relation to increased yield (ϕ PSII). Furthermore, the DO sensors 
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were 20 cm above the sediment in a 27 litre volume of water. It is expected that this reduced 

our detection limit substantially. Repeated 6 hour respiration incubations were always 

negative in net production. This indicates two potential situations: 1) a higher biomass of 

heterotrophs relative to microalgae; or, 2) the irradiance was not sufficient to reach the 

compensation irradiance (Ek), where oxygen production exceeds consumption. The present 

study observed a corresponding diel pattern in the net production rate and yield under higher 

PAR conditions in controls (Figure 1.5 d). This indicates that at higher PAR levels our DO 

detection limit was adequate. In this same deployment the acidified treatment had a higher 

net production rate. Therefore, we are confident that the higher net production rates observed 

in acidified treatments in deployment D are related to corresponding higher yield values.  

Heterotrophic organism metabolic functioning (i.e. respiration) will reduce net production 

and needs to be considered in the context of our results. Metabolic up-regulation or 

depression in response to OA has been documented in many marine species, however some 

species show no change in metabolism (Pörtner et al., 2005, Widdicombe and Spicer, 2008). 

Therefore, increases in net production under OA might be partially attributed to MPB 

increasing O2 production, or a change in heterotrophic O2 consumption. 

Coastal pH often displays a strong short term diel rather than a static pH pattern. The short-

term responses in the current study are a valuable insight into MPB’s capacity to deal with 

short term changes in carbonate chemistry conditions. The results from this study 

demonstrate that MPB communities are not insensitive to higher DIC and lower pH 

associated with OA. Any changes in net production and photosynthetic yield (ϕ PSII ) will 

have flow on effects via changes to dissolved oxygen levels and primary production as 

increased biomass at the base of the food web (Cooley et al., 2009, Guinotte and Fabry, 

2008). With the global importance of MPB in supplying ecosystem services and their role in 

carbon cycling, any change in their physiology or ecology due to environmental changes such 
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as ocean acidification could have potentially widespread consequences. Longer term ocean 

acidification induced changes in MPB physiology will be dependent of the on the following 

factors; 1) ability to migrate effectively through the sediment; and 2) ability to utilise extra 

DIC associated with OA for photosynthesis. 
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Chapter two 

 

The effect of ocean acidification and temperature on 

photosynthetic performance of Antarctic microphytobenthos.   

  

Abstract 

Ocean Acidification (OA) is projected to have profound impacts on marine life.  However, 

there is a paucity of information on longer term responses of Antarctic benthic diatom 

communities to OA, with most studies being only a few weeks in duration. Laboratory 

experiments were conducted on assemblages of Antarctic microphytobenthos to examine 

their response to decreased seawater pH and increased temperature in the context of 

conditions predicted for the year 2100. Assemblages of Antarctic soft sediment microbial 

communities, including diatoms, were transported from O’Brien Bay, East Antarctica, to 

perform multi-stressor climate change experiments in laboratory aquaria. Experiments 

explored the effect of multiple stressors (increased CO2 concentration and temperature) on 

photosynthetic yield (ɸPSII) under two different conditions (high and low diel PAR).  

Furthermore, we also investigated the fine scale carbonate chemistry dynamics in the 

diffusive boundary layer (DBL) above the sediment. Photosynthetic yield (ɸPSII) was not 

significantly different between treatments under lower PAR. However, increased temperature 

reduced the mean ɸPSII value under low PAR.  In the high PAR treatments, the 

photosynthetic yield (ɸPSII) decreased with increasing fCO2. The ability of the 

microphytobenthos (MPB) to tolerate temperature changes was highest under acidified 

conditions at 0°C.  Antarctic microphytobenthos also demonstrated an ability to alter pH in 
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the overlying water column, up to 5 mm above the sediment, depending on PAR.  Under high 

irradiances the pH typically reached ~ 8.3 at distances 1-3 mm above the sediment in both the 

control and acidified treatments. Diel pH in the DBL changed substantially (0.2-0.8 pH) 

within the first few mm’s above the sediment (~5 mm).  However, there was no diel pH 

signal in the sediment at a depth of 45 mm.  These results demonstrate the potential of MPB 

to alter seawater carbonate chemistry in a manner that may buffer the negative effects of 

ocean acidification on other organisms in the sediment community.  There was no evidence 

that MPB maintained the ability to buffer pH conditions under combined OA and temperature 

stressors at lower PAR.   

Abbreviations 

F’q or F0: Steady state minimum fluorescence, Fm: Maximum fluorescence, ɸPII: Effective 

quantum Yield of photosystem two, PAR: Photosynthetically active radiation, DO: Dissolved 

oxygen, relETR: Relative electron transport rate, DIC: Dissolved inorganic carbon, TA: Total 

alkalinity.  
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Introduction 

It is projected that coastal marine environments will be more acidic (0.2 — 0.4 pH lower) and 

warmer (3 +/- 1 ˚C) by the year 2100 under a “business as usual” (RCP 8.5) scenario (Stocker 

et al., 2013, Bopp et al., 2013, IPCC., 2019). This change is predicted to substantially alter 

the structure of most marine communities (Kroeker et al., 2013, Kroeker et al., 2010). The 

majority of ocean acidification (OA) research to date has been on single organisms in 

laboratory-based studies (Kline et al., 2012). In general, these studies found that reduced pH 

was detrimental to some organisms (some calcifying heterotrophs) but advantageous to others 

(non-calcifying algae), creating potential “winners” and “losers” in marine communities 

under future scenarios of higher atmospheric CO2 (Hoegh-Guldberg and Bruno, 2010, 

Brierley and Kingsford, 2009, Guinotte and Fabry, 2008). 

 

Algae perform key ecological roles not only modifying pH but also in supplying fixed carbon 

to the entire marine food web, recycling nutrients, maintaining a positive net production of 

oxygen, and stabilising sediments (Hurd et al., 2009, Smith, 1981, McMinn et al., 2010, 

McMinn et al., 2000).  In Antarctic coastal ecosystems, especially in soft sediment under sea-

ice, microphytobenthos (MPB) perform all these roles (Finkel et al., 2009, Johnson et al., 

2013, Hurd et al., 2009). They can account for up to 90% of the primary production in some 

Antarctic ecosystems (McMinn et al., 2004). Microphytobenthic habitats are an essential part 

of benthic carbon cycling, helping to link pelagic carbon cycles to the sediment carbon cycle 

in coastal regions (Moerdijk-Poortvliet, 2016, Hochard et al., 2010). Microalgae 

photosynthesis utilises inorganic carbon (in the form of CO2 and HCO3-) from the water, 

which can be incorporated into various organic forms (pigment biomass, extracellular 

polysaccharides (EPS), lipids and proteins).   
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The majority of microalgae OA studies have been on pelagic phytoplankton and have found 

either positive or negligible effects of OA on their physiology (Finkel et al., 2009). Some 

studies have reported that many phytoplankton are not sensitive to OA (Trimborn et al., 2013, 

Rost et al., 2008). However, there is relatively little research on the responses of benthic 

MPB to OA, even though they are important primary producers and a vital link in sediment 

biogeochemical cycling (Marques da Silva et al., 2017). Due to the special features of their 

habitat, which includes high cell densities and steep gradients in light, gas concentrations, and 

nutrients, the results of pelagic phytoplankton studies are not an accurate proxy for 

understanding how MPB will respond to climate stressors. There is however growing 

literature which indicates that OA will have some positive effects on MPB. Cartaxana et al. 

(2015) for example, found that elevated pCO2 had a beneficial effect on MPB biomass, 

suggesting that elevated pCO2 alleviated local depletion of dissolved inorganic carbon 

resulting from high cell abundance at the sediment photic layer.  Johnson et al. (2013) also 

demonstrated that periphyton communities were significantly altered with increased pCO2, 

with increases in chlorophyll a concentrations and in diatom abundance.  In-situ changes in 

MPB photo tactile migration behaviour under OA have been demonstrate by Black et al. 

(2019), who also showed that under a consistent diel light regime MPB photosynthesis was 

up-regulated under OA. Furthermore, they also demonstrated down-regulation of 

photosynthesis under irregular/dynamic light regimes, where MPB remained at the surface. 

 

Microphytobenthic microalgae help create steep biogeochemical gradients in the DBL which 

can strongly influence biogeochemical processes (Jørgensen, 1994).  These biofilms typically 

have a high biomass, with 1 m-2 MPB mat at 0.5-1 mm thick representing the phytoplankton 

cell equivalent to ~34 m3 of pelagic surface seawater.  This comparatively dense layer of 

photosynthetic cells has significant implications, creating steep biogeochemical gradients in 
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pH and O2 within the DBL.  According to Jørgensen (1994), the euphotic zone of MPB mats 

is typically 103–105 times thinner than that of the water column, with the microbial activity 

per unit volume correspondingly 103–105 times higher. As a consequence, there is a dynamic 

change between the rapid production and consumption of oxygen, CO2 and in pH.   

Furthermore, the diffusion boundary layer significantly limits gas exchange between 

sediment and overlying water and therefore becomes a bottleneck of diffusive vertical flux at 

the sediment-water interface (SWI) (Wang et al., 2012).  

 

The carbonate chemistry of seawater can be modified by physical drivers (such as 

atmospheric CO2) or biological drivers (such as photosynthesis or respiration) (Cornwall et 

al., 2013, Cornwall et al., 2017, Britton et al., 2016). There is a growing scientific literature 

that indicates that autotrophic organisms have the ability to modify pH in coastal 

environments (Cornwall et al., 2014a, Roleda et al., 2015).  It has been argued that OA could 

be considered an ‘open ocean syndrome’ (Duarte et al., 2013), due to the potential of algae 

(as well as other factors like fresh water input in coastal communities) to modify and increase 

pH with high daily pH fluxes (~1 pH unit).  The scale to which coastal photosynthesis can 

mitigate OA is largely untested, with studies demonstrating diel changes in pH from 

millimetres above the sediment in the diffusive boundary layer of MPB to 10-40 cm above 

macroalgal stands (Pettit et al., 2015, Jørgensen, 1994, Britton et al., 2016, Cornwall et al., 

2017).   

 

Most OA laboratory experiments have used a static pH offset and have ignored any biological 

feedback on their OA treatments. These biological feedbacks are a natural element in marine 

systems and will affect the final OA exposure and so need to be accounted for in the 

experimental design. Therefore, we critique what is required in further research to better 
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understand OA impacts, including the biological feedbacks on carbonate chemistry in coastal 

waters. The current OA literature (mostly single species experiments) is not well suited to 

explore natural biological feedbacks associated with OA and has introduced experimental 

artefacts due to: 1) inappropriate biomass to water volume and 2) inappropriate diel 

irradiance cycles. The consequences of these experimental artefacts will be outlined below.  

Many studies have ignored the consequences of having unrealistic experimental seawater 

volumes to organism biomass ratios. For example, if using a high autotrophic biomass in a 

small volume (i.e. 250 ml) of seawater, in a static renewal system, the carbonate chemistry 

will be quickly and disproportionately be modified, most often increasing pH (Leal et al., 

2015). This is not representative of natural ecosystems because the autotrophic component is 

disproportionately large. As discussed above, autotrophic capacity to decrease fCO2 is 

substantial, and most existing experiments do not represent the ecological scale relevant to 

questions relating to biological buffering capacity.  

Photosynthetically active Radiation (PAR) is an important driver of photosynthesis, yet some 

researchers neglect to account or properly monitor for it in experiments.  For example, Hoppe 

et al. (2015) found that different light intensities strongly modulated the effects of OA on 

marine phytoplankton. They demonstrated that a dynamic light regime reduced the growth 

and strongly altered the effects of OA on primary production, which was unaffected by 

elevated fCO2 under constant light.  Some studies have also found increased photo inhibition 

under elevated fCO2 concentrations (Wu et al., 2010, McCarthy et al., 2012, Li and 

Campbell, 2013). Since the efficiency of photosynthetic light harvesting to carbon fixation 

relies on a balance of cellular processes, changing environmental conditions (i.e. PAR, or 

high fCO2) could potentially disrupt this process (Wagner et al., 2006, Rokitta and Rost, 

2012).  Therefore, it is critical that researchers use natural diel PAR cycles as opposed to 12 

hour on/off PAR cycles.   
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There has been some research exploring the interaction of carbonate chemistry and biology. 

For example, McGraw et al., (2010) developed an experimental laboratory system that 

replicated a natural diel pH, then deducted OA projections from the natural diel pH, and 

investigated an organism’s response to OA. However, in these systems, unrealistic 12 hour 

on/off PAR cycles are often applied at inappropriate PAR wavelengths and levels of radiation 

(McGraw et al., 2010). This could be completely unnatural as the diel pH patterns they base 

the OA experiments on are influenced by biological ratios of organisms consuming carbon 

via photosynthesis (autotrophs), respiration producing CO2 (mostly heterotrophs) and the 

amount of PAR available for photosynthesis in the field.  Therefore, copying this diel pH 

pattern, which was generated by field diel PAR, the biomass of autotrophs as well as other 

factors like nutrient input and freshwater input, and then applying a non-diel PAR cycle (12 

hour cycle), has potential to decouple important carbonate chemistry/physiological 

interactions.  

Experiments also need to structure the OA experimental offset ranges relevant to the 

ecosystem being investigated. The autotrophic biomass and diel PAR will influence the 

natural diel pH, and therefore OA offsets should consider habitat specific information, which 

will be different for each organism and region. However, this complicates an already 

challenging science for the ocean acidification community.  Do we simply subtract OA 

offsets from habitat specific diel pH signals? This is likely to be overly simplistic and not 

representative of the biological feedbacks discussed above. It is more likely that OA and 

natural diel pH will interact, changing the slope and magnitude of change of the diel pH 

signal differentially across the daily PAR cycle. To effectively investigate OA and associated 

biological feedbacks we need to study the biological buffering from complete marine 

communities, encompassing the whole community structure from the marine environment of 

interest. Free Ocean Carbon Enrichment experiments (FOCE) are a recent development that 
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offer the most realistic solution to obtain data on the biological buffering capacity of an 

ecosystem (Stark et al., 2018, Brewer et al., 2014, Stark and Pierre Gattuso, 2016).  They 

fulfil the requirements of having a representative ecological community (i.e. with a truly 

representative biomass ratio), appropriate organism to water volume ratio and natural diel 

PAR cycles.  Laboratory experiments that attempt to investigate biological feedbacks also 

need to mimic these criteria.   

 

Community field and laboratory mesocosm studies offer important insights into natural 

ecological responses and have significant advantages over single species experiments.  Field 

and laboratory mesocosm approaches both have limitations which should be considered in 

interpreting results.  Field experiments are the most realistic yet often suffer from low 

replication, inability to manipulate all environmental conditions (e.g. temperature) and 

difficultly in taking certain fine scale measurements in the field.  By comparison, laboratory 

mesocosm experiments offer increased replication and the ability to manipulate a wider range 

of experimental parameters.  For example, recent developments in FOCE technology has 

enabled field ocean acidification experiments in Antarctica (Stark et al., 2018, Stark et al., 

2019).  However, the application of a multi-stressor field experiment (temperature increases 

and acidification) in an Antarctic setting is currently technically and financially prohibitive.  

Therefore, the investigation of multiple stressors on these communities is best carried out in 

the laboratory at the current time.   
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The aims of this experiment were to investigate the long term responses of MPB photo-

physiology to multiple stressors (OA and increased temperature) predicted for the year 2100.  

The specific null hypotheses were: 

1. MPB photo-physiology does not change under OA and temperature increases 

predicted for the year 2100 under RCP 8.5.  

2. High and low diel PAR does not affect photo-physiology under multiple 

environmental stressors predicted for the year 2100 under RCP 8.5. 

3. Exposure to OA and temperature increases predicted for the year 2100 under 

RCP 8.5 do not change the sensitivity of yield (ɸPSII) to acute temperature 

increases (i.e. thermal tolerance zone).   

4. OA and temperature increases predicted for the year 2100 under RCP 8.5 do 

not change pH in the DBL.   
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Methods 

Sample collection and culturing 

Cultures were collected from O’Brien Bay (Casey Station, East Antarctica, (66.311500 

°S,110.514216 °E) (see Figure 2.1) over two field seasons between 1st November and 16th 

November 2015 and 20th November and 9th December 2016. They were maintained at 0 +/- 1 

°C and aerated (with 400 ppm CO2) until transported back to the Australian Antarctic 

Division (AAD) (Kingston, Australia) within 7 days. Sediment infauna was collected with a 

Van Veen sampler from depths between 10-15 m.  MPB were collected with a remotely 

operated vehicle and a custom made suction device. MPB biofilms were pumped to the 

surface with an inline impellor pump (model: Rule inline submersible pump) without going 

through pump impellors, then left to settle in the dark on sediment in plastic containers.  MPB 

were transported on a layer of sediment in the dark to culture cabinets, first at Casey Station, 

then the Australian Antarctic Division in Kingston, Tasmania.  The collection site was 

characterised by 2.5 m thick multiyear sea-ice and water depth ranged from 12 to 14 m.  The 

dominant primary producers at the site were microphytobenthos (MPB) and sea-ice algae, 

with an almost complete absence of macroalgae due to the low light conditions, which rarely 

exceeded 10 μmol photons m–2 s–1 (Stark et al., 2018).  The MPB at the site formed a dense 

mat (~0.5-1 mm) on top of the sediment.  The benthic marine invertebrate communities 

included a range of mobile macrofauna, such as anemones, asteroids, holothurians, and filter 

feeding invertebrates (sponges, ascidians, polychaetes).  Water flow rate at the site was 2-3 

cm s-1 (Stark et al., 2018).  Sample cultures were maintained at 0 °C +/- 1°C for 2 and 4 

months for the first and second MPB experiments respectively, with water exchanged every 7 

days with fresh filtered seawater (0.45 μm) from (43 09.2782°S, 147 23.5152°E) with weekly 

addition of F2 and monthly addition of L1 media (Guillard, 1975).   



 

78 

 

 

Figure 2.1. O’Brien Bay, Antarctica.  Sampling for experiments occurred between the antFOCE study site and 

Outer O’Brien Bay.   Map of O’Brien Bay reproduced from Australian Antarctic Division Data centre.   

 

Sample cultures were transferred into replicate experimental containers (polycarbonate 30 x 5 

x 30 cm, see Figure 2.2) one month prior to experiments that were performed in the 

laboratory to allow the organisms to establish a natural sediment stratigraphy.  Experimental 

replicates were then placed into the experimental system and monitored under natural 

ambient CO2 conditions (400 ppm) for one month before starting an acclimatization period of 

20 and 12 days to treatment conditions for high light (HPAR) and low light (LPAR) 

experiments, respectively.    
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removing the autotrophic component of an ecosystem would have on the carbonate 

chemistry. Experiment one is referred to as the high PAR (HPAR) experiment.   

Experiment two: The second experiment had a lower diel PAR (8 μmol photons m-2 s-1) and 

had two orthogonal factors, OA (400 ppm and 900 ppm) and temperature (0 °C and ~2.5 °C).  

The increased temperature treatments in experiment two was within the oceanic range 

predicted for the year 2100 (3 +/- 1˚C) (under RPC 8.5) and had an average of 2.5˚C. 

Therefore, hereafter the increased temperature treatments are referred to as the 2.5˚C 

treatments. Each factor had five replicates. Table 2.1 demonstrates differences in nutrients 

between experiments. Experiment two is referred to as the Low PAR (LPAR) experiment.   

Replicate aquaria were exposed to a continuous laminar flow of seawater, with pH controlled 

via CO2 bubbling in independent header tanks with the desired atmospheric CO2 

concentration.  Each replicate aquaria had its own independent header tank and never came 

into contact with water from other replicates.  Replicates were filled with 10 cm of sediment, 

which included infauna communities, with 5 cm of seawater remaining over the sediment in 

all replicates. Sediment was gently mixed prior to placement in replicates. The control of 

flow into the replicates was regulated via a micro float valve. Water was circulated 

continuously via a 20 channel peristaltic pump (Masterflex).  All replicates were housed in a 

temperature controlled (150 litre) water bath. The temperature was control by a chiller unit 

(Raytek) coupled to heat exchange coils, which was connected to a water bath holding the 

replicates. The entire experimental system was housed in a temperature-controlled room (1 

+/- 2 °C) under a light proof cover.  Experimental treatment water was renewed every seven 

days with fresh filtered (0.2 µm), UV treated seawater.   
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respectively, to allow quantification of dissolved inorganic carbon (DIC) and total alkalinity 

(TA) (subsets of these samples were analysed for final carbonate chemistry calculations).   

Regular (every 5 and 8 hours for LPAR and HPAR experiments respectively) automated 

measurement of pH (total sale), O2 and salinity were made by durafet pH probe, Aandera O2 

probe and Seabird 45 salinity meter from each replicate and the water was then disposed to a 

waste tank. The pH in the header tanks was checked every three days with a handheld pH 

meter (Teledo), calibrated daily with TRIS and AMP buffers.  

During the acclimatization phase, the pH of the experimental replicates was slowly lowered 

by incrementally increasing the amount of CO2 by 50 ppm/day until the target pH offset from 

the control was reached for each treatment. The header tank pH conditions were not 

monitored in the HPAR experiment.   

Carbonate chemistry measurments 

TRIS and AMP buffers were prepared and measured according to methods outlined in 

chapter one (Dickson et al., 2007).  These were used to calibrate all pH electrodes to the total 

pH scale on a daily basis.   

 

Total alkalinity (TA) and Dissolved Inorganic carbon (DIC) were measured according to the 

methods outlined in chapter one (Dickson et al., 2007).  The analytical precision of CRM 

measurements was better than 1 μmol kg-1. The sample precision was 2 μmol kg-1 based on 

duplicate samples. An infrared Li-cor based instrument (Apollo instruments) was also used to 

analyse some DIC samples, which had a precision of +/- 8 μmol kg-1. 

Nutrient analysis 

Nutrient contents (phosphate, silica and nitrate) were preserved at -80°C in 10 ml plastic 

tubes. Nutrients were measured via Flow injection analysis (FIA) at Analytical Services 
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Tasmania (AST) using CRM nutrient standards (NIST SRM 3185 (nitrate), NIST SRM 3186 

(phosphate) and NIST SRM 3100 (silica)) to ensure accuracy of measurements. 

Sample blanks, duplicates and matrix spikes were also used for quality assurance. Replicates 

were sampled every two weeks for nutrients with treatments averaged over this two-week 

period and are assumed to have remained stable over this period. 

Pulse Amplitude Fluorometry (PAM) 

An automated imaging PAM (IMAG K, Allied Vision Technologies), diving PAM (Walz) 

and shutter PAM (Aquation, model V.1) were used to measure MPB biomass (F0) and yield 

(ɸPSII), rapid light curves and dark adapted yield (Fv/Fm).  

Imaging PAM (IPAM) diel measurements: An IPAM was coupled to a single axis robotic 

arm (Yamaha, series one), which was automated via a computer controlled custom python 

program. Every hour the IPAM system would take F0 and Fm images from each replicate, this 

data was compiled to create the diel changes in F0 and Fm measures (Figure 2.4).  A light 

shield was fitted to the PAM sensor head to prevent the saturating pulse influencing the 

surrounding replicates.  The IPAM was programmed to measure replicates at opposite ends of 

the experimental system to minimise potential light contamination.  IPAM measurements 

were less frequent in the HPAR experiment due to multiple breakdowns of the IPAM system.   
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Figure 2.4. (A) Automatic robotic IPAM and experimental setup, (B) Imaging PAM replicate image (F0) with 

green (high) to red (low) colour spectrum for chlorophyll a.   

 

Thermal tolerance zones: A sample of MPB biofilm (~ 0.1 g) was transferred from each 

replicate into three separate 12 well culture plates at the end of the LPAR experiment. Each 

plate was then placed at -2, 0, and +2°C for 24 hrs. Yield (ɸPSII) responses were then 

measured to assess the photosynthetic performance at each temperature to determine the 

thermal tolerance zones.  

Sediment DBL pH(t) measurements: Unisense microelectrodes (tip diameter 50 µm) were 

calibrated with TRIS and AMP buffers at 0 °C before use.  Sediment pH profiles were started 

30 mm above the sediment at the same irradiance in each profile.  Linear pH drift was 

adjusted each day. A manual micromanipulator was used to take graduated measurements 

every 1 mm down to a sediment depth of 45 mm.  The electrode was allowed 3 minutes to 

stabilise and an average of the next two minutes was used for each depth.  Time series 

measurements over the diel irradiance period were also carried out at the SWI/DBL and at 45 

mm depth.   

(A) (B) 
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Data analysis 

Carbonate chemistry  

All analysis and calibration were performed in R (version 3.4.1). 

The R computer package seacarb was used to calculate final pH conditions and other 

carbonate chemistry parameters. The dissociation constants of Roy et al. (1993) were used for 

calculations.  All pH measurements were back calculated to in-situ bath temperature using 

“insitu” in seacarb using TA values. The error propagation on pH was calculated using the 

“error” function in seacarb from standard deviation of samples. 

 

Replicate water pH data analysis 

Generalized additive models (GAMs) were fitted to each treatment to obtain an average pH 

of the five replicate aquaria, using elapsed time since the start of the experiment as the 

independent variable.  Models assumed a Gaussian family for the response, with an identity 

link function. Each response variable was regressed against elapsed time using an adaptive P-

spline with 30 basis functions, and 5 penalty basis functions determining the degree to which 

that flexibility was allocated across the covariate space (Wood, 2006). This type of adaptive 

smooth allows the degree of smoothing to vary along the covariate range, as dictated by the 

variability in the response. Final model fit and residuals were assessed, as suggested by Wood 

(2006), via k-index, adjusted R2, and standard residual diagnostics. 

Sediment pH profile data 

Generalized additive model (GAMs) were fitted to each treatment to obtain an average pH of 

sediment profiles using sediment depth as the independent variable. Final model fit and 
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residuals were assessed as suggested by Wood (2006), via k-index, adjusted R2, and standard 

residual diagnostics. 

Statistical parametric tests for final yield (ɸPSII) data for each experiment were assessed via 

a two-way ANOVA and a one-way ANOVA for the LPAR and HPAR experiments 

respectively.  Tukeys Honest Significant Difference (HSD) were used to investigate 

significant differences between treatment levels.  Residual diagnostic plots were used to 

check ANOVA assumptions were adequately met. 
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Results  

Header tank carbonate chemistry 

The experimental pH offsets were maintained in line with conditions expected for the year 

2100 under RCP 8.5. The control header tank in the LPAR experiments maintained a pH 

between 7.95 and 8.2 with a mean pH of 8.06 +/- 0.06 (Figure 2.5). The acidified + 0°C 

treatment maintained a pH of 7.73 +/- 0.08 after the acclimatization phase.  The acidified + 

2°C treatment maintained a pH of 7.76 +/- 0.07 after the after the acclimatization phase. 

 

Figure 2.5. Header tank pH. Control +2 C (Black line), Control 0 C (light blue line), Acidified + 2C (red line), 

Acidified 0°C (brown line). Error bars +/- standard error.   
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Replicate carbonate chemistry of  each  t r ea tment  

The biogeochemical parameters in each treatment of the two experiments are displayed in 

Figure 2.6 (A & B) and Table 2.1.  During the experimental phase in the HPAR experiment, a 

mean pH of 7.93, 7.77, 7.75 and 7.75 ± 0.05 was achieved for the control, 800 ppm, 850 ppm 

and 900 ppm without added diatom treatments respectively. This resulted in mean aragonite 

saturation states (Ωar) of 1.193, 0.84, 0.84 and 0.84 and mean fCO2 values of 535, 808, 874, 

and 904 µatm for control, 800 ppm, 850 ppm and 850 without added diatom treatments 

respectively (Table 2.1). During the experimental phase in the LPAR experiment, a mean pH 

of 7.75, 7.74, 7.98 and 7.96 was achieved for 900 ppm, 913 ppm, control and control + 2 °C 

treatments respectively. This resulted in mean aragonite saturation states (Ωar) of 0.895, 

0.852, 1.423 and 1.354 (Table 2.1) and mean fCO2 values of 908 ppm, 913 ppm, 517 ppm 

and 529 ppm (Table 2.1) for 900 ppm, 913 ppm, control and control + 2°C treatments 

respectively. 
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Temperature monitoring  

The LPAR experiment maintained a control temperature mean below 0°C for the duration for 

the experiment.  The increased temperature treatments maintained a temperature between 

2.5—3°C.  The HPAR experiment maintained a temperature of 2°C for all experimental 

treatments (Figure 2.7).  

 

Figure 2.7. Temperature offsets for HPAR experiment (Dark red), and LPAR experiment (light red, + 2° C 

treatments), (blue, 0°C).  
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Figure 2.7A. Salinity of the HPAR (red circles) and LPAR (green circles).  

Photosynthesis (PAM fluorescence)   

In the LPAR experiment the acidified 0 °C treatment had the highest mean photosynthetic 

yield (ɸPSII), with the control 0 °C, acidified + 2 °C and control + 2 °C treatments each 

having lower yields (Figure 2.8). The acidified treatments were not significantly different 

from the controls (p=0.57, n=5). There was no treatment interaction between OA and 

temperature (see Table 2.2).   

In the HPAR experiment the photosynthetic yield (ɸPSII) was significantly higher in the 

control compared to the acidified treatments (p=0.004, f=10, n=5) (Figure 2.9).   The yield in 

the high CO2 treatment with limited diatom cover was significantly lower than the control 

and acidified treatments with more abundant diatom communities (Fig. 9, Table 2.3).  
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Figure 2.8. Effect of OA and temperature on effective quantum yield (ɸPSII) in the LPAR experiment.  Pink 

circle acidified 0°C, red open circle acidified + 2°C, blue square control 0°C, black open square control + 2°C.  

 

 

 

Figure 2.9. Effective quantum yield under OA conditions from the HPAR experiment.  Pink circle (800 ppm), 

red circle (850 ppm), red triangle (850 ppm ND with limited diatom cover), blue circles (control 400 ppm). 

Error bars +/- standard error.   

 









 

97 

 

 

Figure 2.11. The effect of OA, temperature and OA/Temperature environmental drivers on relative Electron 

Transport Rate (relETR).  Black line (control + 2 °C), blue line (control 0°C), orange line (Acidified 0 °C), red 

line (Acidified + 2 °C).   

 

Figure 2.11 A. Alpha parameter from rapid light curves. Grey box (control + 2 °C), blue box (control 0°C), 

orange box (Acidified 0 °C), red box (Acidified + 2 °C). 
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Diffusive boundary layer pH 

Under the higher irradiances in the HPAR experiment, the DBL pH profiles demonstrated a 

high capacity of MPB to modify the carbonate chemistry and pH (Figure 2.12A). This 

capacity was highest at the DBL/SWI with MPB biofilms demonstrating the capacity to 

increase pH up to 8.5 in the acidified treatment.  The increase in DBL pH in the acidified 

treatment also diffused higher into the water column, showing gradually increasing pH from 

7.7 to ~ 7.9 from 20 mm to 10 mm above the SWI.  The 95% confidence intervals showed 

substantial overlap between the control and acidified treatments.   Below the DBL/SWI the 

pH was similar with 95 % confidence intervals overlapping up until 10 mm into the sediment. 

Below 10 mm the 800 ppm treatment demonstrated higher sediment pH, with the 95% 

confidence intervals not overlapping.  

The diffusive boundary layer pH demonstrated a standard sediment pH profile in the LPAR 

experiment, with pH decreasing below the SWI to a pH of ~6.8-7.6.  There was no indication 

that MPB were increasing pH at the SWI, with acidified 0 °C and + 2 °C treatments having 

similar profiles, decreasing to a pH of ~7 (Figure 2.12B). There was minimal overlap of the 

95 % confidence intervals between OA treatment profiles, especially above the SWI, and pH 

was lower in the acidified treatments above the SWI (Figure 2.12B). Therefore, at lower 

irradiances the capacity of MPB to modify the carbonate chemistry in the DBL was low and 

not different to the controls.   
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Figure 2.12. (A) HPAR experiment pH sediment profiles, 400 ppm (blue line) and 850 ppm (red line), 850 ppm 

with limited diatom cover (black line), 800 ppm orange line. (B) LPAR experimental pH sediment profiles, 400 

ppm (blue line), 400 ppm + 2 C (black line), 850 ppm + 0 C (red line), 850 ppm + 2 C (red line). 95% 

Confidence intervals light grey and light red for control or acidified treatment line respectively. Negative depths 

are above the sediment and positive depths are distance into the sediment.  
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Discussion 

 

Photosynthetic yield (ɸPSII) is a key photo-physiological parameter of diatoms, which relates 

to their photosynthesis. The first hypothesis in this chapter focused on whether ɸPSII 

changed under single (OA) or multiple stressors (OA and Temperature). The present study 

found that exposure to OA as a single stressor only did not significantly alter yield (ɸPSII) 

compared to the controls, however the acidified treatment at 0°C (i.e. single OA stressor) had 

the highest mean yield (ɸPSII) under low PAR (Figure 2.8-2.9).  The relETR of the acidified 

treatment at 0°C was also slightly higher than the control and acidified +2°C treatments 

(Figure 2.11). These findings are consistent with previous short-term in-situ experiments 

demonstrating that OA as a single stressor has positive or negligible effects on ɸPSII (Black 

et al., 2019, Hoppe et al., 2015, Tortell et al., 2008, Trimborn et al., 2013). As discussed in 

previous chapters, the increased photosynthetic yield (ɸPSII) under OA conditions is likely 

due to an increase in available photosynthetic substrates (CO2 and HCO3
-) and the down 

regulation of CCM activity.   

Increased temperature as a single stressor had the most pronounced effect on ɸPSII with a 

non-significant very weak trend of lower yield (ɸPSII) in the LPAR experiment (p=0.09, 

n=5, F=2.772) (Figure 2.8). Interestingly, the relETR rate of the increased temperature only 

treatment had the highest rate of any treatment, indicating that the photosynthetic rate was 

higher than other treatments.   These findings indicate that a 2°C increase in temperature is 

moving the diatoms away from their optimum temperature in their TTZ.  By comparison, 

Salleh and McMinn (2011) found that large temperature increases (8°C) had negligible 

effects of the photosynthetic performance (Fv/Fm) of benthic Antarctic microalgae. However, 
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as discussed in previous chapters, Fv/Fm is not sensitive to OA and yield (ɸPSII) should be 

used for OA related studies.  

The Combined effect of both stressors (OA and temperature) was not significantly different 

from controls and there was not an interaction effect of OA and temperature on ɸPSII in the 

LPAR experiment (Table 2.2).  However, yield (ɸPSII) had a higher mean in the multiple 

stressor (Acidified +2°C) treatment compared to the temperature only stressor. This indicated 

that the associated positive effects of OA discussed above may have alleviated some of the 

negative effects of increased temperature in the LPAR experiment.  

The second hypothesis focused on the effect of high and low diel PAR on photosynthetic 

yield. The HPAR experiment produced contrasting results to the LPAR experiment, 

demonstrating that multiple stressors had an increasingly negative affect as pCO2 increased 

under higher diel PAR (Figure 2.9).  It is suspected that photo tactile response (PTR) 

behaviour was limited in the HPAR experiment, meaning diatoms would have remained on 

the surface. As demonstrated in chapter one, if PTR is limited then ɸPSII would be expected 

to be negative under OA conditions.   

The thermal tolerance zone of an organism is the temperature window in which a particular 

physiological response (like photosynthesis or respiration) performs normally. Thermal 

tolerance zones normally follow a bell shape curve with an optimum temperature at which the 

physiological parameter performs the best (Koch et al., 2013). The third hypothesis of this 

chapter focused on whether TTZ changed under single or multiple stressors. The thermal 

tolerance of MPB was tested via two methods. The first was to expose MPB to long term 

treatments of increased temperature (+2.5°C) and then examine the photosynthetic 

performance (Yield ɸPSII and relETR).  The second was to test ɸPSII response to acute 

thermal stress after long term exposure to treatments discussed above.   
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The TTZ of yield (ɸPSII) in the controls indicates that the thermal tolerance zone optimum 

was around 0°C, decreasing at -2 and +2°C. The TTZ of the acidified 0°C treatment 

demonstrated that it was better able to cope with increased temperature stressors, having a 

higher yield (ɸPSII) at +2°C compared to the controls (Figure 2.10 A). The control +2 °C 

treatment had a thermal optimum at 0°C, however yield (ɸPSII) was higher at +2°C 

compared to the controls.  This indicates that long term exposure at +2°C had an 

acclimatizing effect on the diatoms in this treatment. The combined stressor treatment 

(acidified +2°C) demonstrated a change in the shape of the thermal tolerance zone with the 

thermal optimum being at -2°C (Figure 2.10 A).  It therefore appears that as a sole stressor, 

ocean acidification has beneficial effects on MPB yield (ɸPSII). This is not surprising 

considering OA is providing more carbon in useable forms for photosynthesis (i.e. CO2), 

meaning that MPB can down regulate carbon concentrating mechanisms (CCMs). However, 

temperature increases of 2.5°C appears to have moved the MPB photosynthetic response 

away from its thermal optimum.    

The fourth hypothesis of this chapter focused on whether MPB communities had the capacity 

to alter carbonate chemistry.  The MPB displayed the greatest ability to increase and buffer a 

reduced pH at their daily irradiance maximums, under both higher and lower PAR (Figure 

2.13).  Under high light (30 µmols photons m-2 s-1) in the HPAR experiment, MPB biofilms 

were found to have a significant ability to buffer OA conditions of the surrounding seawater, 

increasing pH up to ~8.5 within 3 mm of the DBL regardless of pH treatment (Figure 2.12). 

However, under lower PAR (8 µmols photons m-2 s-1) in the LPAR experiment this capacity 

was greatly reduced (Figure 2.12). MPB photo tactile response (PTR) behaviour is 

hypothesised to be limited in the HPAR experiment, meaning that MPB were present at the 

surface for the majority of the diel PAR cycle.  By comparison, the LPAR experiment is 

expected to have had normal PTR behaviour, meaning the MPB were present at the surface 
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only during the diel PAR maxima.  It would be expected that this would reduce pH buffering 

capacity in the LPAR experiment since MPB are not at the SWI consuming DIC during the 

whole diel PAR cycle.  Therefore, it is hypothesised that active PTR in addition to lower 

PAR may have contributed to reducing the biological buffering in the LPAR experiment.   

The carbonate chemistry of marine ecosystems is defined by multiple chemical, physical and 

biological factors. While anthropogenic-induced ocean acidification projected for the year 

2100 under a range of RCP scenarios will increase ocean acidity, there are multiple factors 

which will alter and in some cases buffer the seawater chemistry marine organisms are 

exposed to.   Microphytobenthic biofilms may offer significant biological buffering capacity 

under certain combinations of environmental drivers predicted for the year 2100 under a 

range of IPCC scenarios. This capacity will likely be a function of the biomass of the 

microalgae in the MPB biofilm present at the SWI, available nutrients and the diel irradiance 

received. In the present study diel pH changes mirrored diel irradiance levels, with increasing 

PAR resulting in pH increases in the DBL (0-3 mm above SWI). However, there was no diel 

pH signal in the sediment related to irradiance below a depth of 45 mm under high or low 

PAR.  This demonstrates that under a high PAR MPB biofilms have a substantial potential to 

protect some elements of the sediment epifaunal and infauna communities from ocean 

acidification expected for the year 2100.   

The pH sediment profiles in Figure 2.12 are likely to produce a similar but inverse profile for 

DIC, and pCO2.  However, caution should be applied to estimating DIC, pCO2 and Ω for 

aragonite saturation within the sediment from pH profiles, since it assumes TA is not 

changing.  It nevertheless provides context to the type of environments sediment-dwelling 

organisms would be exposed to at different sediment depths.  Furthermore, it demonstrates 

how multiple environmental drivers may change these profiles.    The pH around the DBL is 

of concern for sedimentary ecosystems because the majority of sediment infauna live within 
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the first 5 cm of the surface, with species abundance decreasing quickly below 50 mm 

(Filgueiras et al., 2007).  There are organisms that live deeper in the sediment (> 45 mm), 

however research has shown that they normally employ pH buffering systems in their 

burrows to avoid low pH (i.e. < 7.5 pH) (Dashfield et al., 2008).  Diel pH patterns are 

influenced by daily consumption and production of DIC by a marine community and will 

vary with changes in community composition.  The consumption of DIC (by algae) is crucial 

to increasing pH during the day and is a function of available PAR, nutrients and 

temperature. Therefore, it is critical to study organisms in a natural ecological setting with a 

diel PAR cycle representative of the natural habitat.   

While there is a good understanding, and well-defined terms, for how photosynthesis relates 

to oxygen (i.e. Net production and the compensation irradiance Ek), there is a relatively poor 

understanding of pH dynamics in relation to photosynthesis, as affected by irradiance and 

biomass, especially in the context of ocean acidification.  The addition of fCO2 into seawater 

can come from biological sources (heterotrophic respiration) or physical addition 

(anthropogenic CO2). The main mechanism for its removal from seawater is via the 

biological carbon pump (Basu and Mackey, 2018). Thus, a marine ecosystem with mostly 

autotrophic components (i.e. algae), will continue to consume fCO2, locally raising the pH of 

seawater. By comparison, marine ecosystems that have only heterotrophic components will 

lower pH locally due to the addition of CO2 by respiration.  While these are extreme 

examples of each situation, real world examples are easy to find in places like the open ocean 

and deep-sea for high stable pH and low stable pH respectively.  However, the majority of 

ecosystems are not solely autotrophic or heterotrophic but rather a ratio of the two.  It is 

argued here that this ratio is critical for determining diel pH changes, in conjunction with the 

amount of irradiance and nutrients available for photosynthesis.  

We propose here the following terms to help contextualise diel pH changes: 
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(1) pH compensation irradiance (EpH) is the minimum irradiance needed to increase pH in 

the DBL.   

(2) Biomass ratio is the minimum autotrophic:heterotrophic ratio needed under normal 

pH compensation irradiance to increase pH (i.e. buffer OA). 

 

The conclusions for MPB ecosystems are that the photosynthetic performance will increase 

under OA, resulting in higher primary production, if temperature increases are within the 

autotrophic organism’s TTZ. This increase in primary production will change the biomass 

ratio in favour of more autotrophs and increase biological buffering of OA, protecting other 

members of marine MPB communities, and forming a positive feedback loop. However, if 

temperature increases move outside of an autotrophic organism’s TTZ (as they have done in 

the current experiments) then we should expect to see a decrease in primary production under 

OA, this will mean a negative change in the biomass ratio providing a negative feedback 

loop, and less biological buffering for all components of marine MPB ecosystem. Therefore, 

under a business as usual scenario of temperature and pH changes predicted for the year 2100 

(RCP 8.5), it is expected that MPB biofilms would be negatively affected and likely have 

reduced primary production.   
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Chapter three 

 

The effect of ocean acidification on Antarctic 

microphytobenthic community composition: A pigment 

perspective. 

 

Abstract 

Ocean acidification (OA) is projected to cause a 0.2 — 0.4 reduction in pH and change the 

carbonate chemistry of seawater by the year 2100 (IPCC., 2019).  Benthic diatoms play an 

integral role in coastal primary production and under future OA conditions changes in diatom 

community composition will have flow on effects to coastal marine communities.  Free 

Ocean Carbon Enrichment (FOCE) technology has recently made in-situ community 

investigations possible and was used to investigate OA effects on diatom community 

composition.  The present chapter examines the response of benthic diatom communities to a 

pH decrease of 0.4 as predicted for the year 2100 under business as usual emissions scenarios 

(RCP 8.5). High Performance Liquid Chromatography (HPLC) protocols were used to 

analyse diatom pigments from the sediment. There were no significant differences between 

treatments, however there was substantial differences between treatments and a trend of 

higher biomass (Chl a) in the acidified treatments.  Ocean acidification was deemed 

beneficial to microphytobenthos as assessed by the relatively higher biomass of most 

pigments in acidified treatments.    
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Introduction 

The oceans absorb up to 28% of anthropogenic CO2 emissions annually, which changes the 

carbonate chemistry of seawater, reducing pH and thereby increasing its acidity, referred to 

as Ocean Acidification (OA) (Raven et al., 2005, Doney et al., 2009).  It is projected that by 

the year 2100 the oceans will be more acidic (0.4 pH lower) under a “business as usual” 

(RCP 8.5) scenario (Stocker et al., 2013).    Numerous studies have already shown that 

reduced pH will be detrimental to some species (like calcifying heterotrophs) and 

advantageous to others (i.e. some microalgae) (Hofmann et al., 2010, Hoegh-Guldberg and 

Bruno, 2010, Guinotte and Fabry, 2008, Brierley and Kingsford, 2009). Shifts in competitive 

fitness of different species in marine communities may have implications for marine 

community ecosystem services, functioning and community structure (Langdon et al., 2003, 

Jokiel et al., 2008, Bellerby et al., 2008).   

There are few field experiments examining benthic microalgae species and pigment 

composition changes in response to climate change and OA (Brewer et al., 2014). The 

majority of data on microalgae that exists is from closed bottle incubation experiments that 

exclude species interactions (i.e. microbial processes (Liu et al., 2010)), don’t include 

important ecological processes (like herbivory of microalgae and “community erosion” 

discussed below) and are performed under artificial environmental conditions.  However, 

field experiments also have limitations and caveats.  For example, changes in microalgae 

biomass have to be interpreted in context of 1) rate of herbivory, 2) amount of light, nutrients 

and photosynthetic substrates available in field treatments and 3) ensuring field treatments 

have similar starting conditions (i.e. accounting for spatial differences in field communities). 

Interpretation of both lab and field experiments will be required to determine the likely 

impacts of OA.  To understand with more certainty how OA will impact MPB communities, 

their responses should be integrated across both lab and field experiments.  However, there is 
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currently a lack of field OA experiments, which makes it difficult to find a consensus on 

microalgae responses to OA (Gattuso et al., 2014, Russell et al., 2013).  

Microalgae responses to ocean acidification (as a single stressor) are currently generally 

interpreted as positive, due to a speculated down regulation of carbon concentrating 

mechanisms (CCMs) with the increased availability of CO2, which is expected to reduce CO2 

limitations (Doney et al., 2009, Hurd et al., 2009, Mercado and Gordillo, 2011). Since 

aqueous CO2 concentrations are about two times higher at -1.8 compared to 25°C, in addition 

to slower growth at lower temperatures, it is possible that Antarctic microalgae may be less 

affected by CO2 limitation than tropical microalgae (Young et al., 2015). However, MPB are 

particularly susceptible to CO2 limitation as the dense laying of cells has been reported to 

make CO2 a limiting resource (Cartaxana et al., 2015, Marques da Silva et al., 2017, 

Jorgensen, 1994). There is a considerable amount of within and between species variation in 

microalgae responses to OA.  Ocean acidification is projected to occur simultaneously with 

deoxygenation (Keeling et al., 2009), nutrient limitation (Moore et al., 2013, Boyd et al., 

2015a), increasing UV (Häder et al., 2011), decreased iron and increased temperature (Bopp 

et al., 2013, Hoppe et al., 2013).   The combinations of these factors could alter responses in 

synergistic, additive or antagonistic ways (Bopp et al., 2013, Russell et al., 2009).    

Ocean acidification effects on MPB have been demonstrated on community composition, 

primary production, cell stoichiometry, photo-physiology, and pigment composition 

(Beardall et al., 2009, Gao and Campbell, 2014, Hallegraeff, 2010, Gao and Zheng, 2010, 

Gao et al., 2012). A review by Marques da Silva et al. (2017) stongly emphazies the need for 

a better understanding of MPB responses to OA. A number of reviews document positive 

responses for some species and negative for others (Beardall et al., 2009, Gao and Campbell, 

2014).  Many studies attribute responses to: 1) differences in Carbon Concentrating 
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Mechanisms (CCM) (Raven and Beardall, 2014) or 2) differences in experimental protocols 

(Hurd et al., 2009). Earlier experimental protocols for ocean acidification studies often used 

addition of HCL rather than bubbling with enriched CO2, this creates ~23% difference in 

pCO2 and HCO3
- between methods (Hurd et al.,2009). Therefore direct comparisons between 

experiments with different acidification protocols is challenging.  While both these factors 

will likely contribute to responses, attributing a generalised response of all algae to OA is 

confounded by the fact that marine algae (including microalgae) inhabit a diverse range of 

microenvironments all with substantially different abiotic conditions.   

Microalgae species use a range of light harvesting pigments (i.e. chl a) which are 

taxonomically specific and therefore serve as useful biomarkers for changes in MPB primary 

production and community structure (Roy et al., 2011).  Table 3.1 provides a general 

overview of the pigments which occur in each algal division. Microalgae pigments have long 

been established as a good indicator of biovolume and/or cell concentration (Verleyen et al., 

2004). Thus, they have been used as indicators of algal and bacterial community composition 

in eutrophication studies, food web interactions, lake acidification and now ocean 

acidification studies (Roy et al., 2011, Sherrard et al., 2006, Moline et al., 2004). 
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Table 3.1. Pigment composition of Eukaryote division and classes 

 

Some pigments are better suited as total biomass indicators (BB-carotene, chl a) and others 

suited as proxies for taxonomic composition because they only occur in some taxa (e.g. 

allocanthin, lutein, echinenone, prasinanthin, peridinin) (Roy et al., 2011). For example, 

increases in fucoxanthin or chl a would indicate an increase in diatoms, prymnesiophytes, 

chrysophytes, raphidophytes and several dinoflagellates.  Since these pigments occur in most 

photosynthetic algae and higher plants, they therefore offer little in terms of taxonomic 

determination.  While attempts have been made to use this type of pigment data to define 

changes to class and genus level (i.e. CHEMTAX (Wright et al., 1996)), caution is required 

in speculating on which classes are changing due to pigments being common to many classes 

of eukaryotes (Roy et al., 2011) (Table 3.1). However, HPLC pigment data composition 

offers a very useful broad overview of community composition.   

The aim of the current study was to determine if OA changed microalgae community 

structure under natural field conditions, using pigments as proxies for taxon abundance and 

composition. 

Pigment Abbreviation Occurrence 

Chlorophyll a Chl a All photosynthetic algae, higher plants 

 

Chlorophyll c1 Chl c1 Dinoflagellates, Diatoms, Chrysophytes 

Chlorophyll c2 Chl c2 Dinoflagellates, Diatoms, Chrysophytes 

Chlorophyll c3 Chl c3 Dinoflagellates, Diatoms, Chrysophytes 

Fucoxanthin  Fuco Diatoms, Prymnesiophytes, Chrysophytes, Raphidophytes  

several dinoflagellates 

BB-carotene  BB-caro Most algae and plants 

Diatoxanthin Dtx Diatoms, dinoflagellates, Chrysophyte, the xanthophyll cycle 

Mg-DVP Mg-DVP Dinoflagellates 

Zeaxanthin Zea Cyanobacteria and some diatoms, also part of the xanthophyll cycle 

Epi Epi Chlorophyll epimer  

Pransanthin  Pras Prasinophytes, also part of the xanthophyll cycle  

Gyroxanthin  Gyro Dinoflagellates  
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The specific hypothesis were: 

1. Ocean acidification conditions expected for the year 2100 under RCP 8.5 will change 

diatom community composition.  

a. The null hypothesis being tested is that there will be no treatment effect, either 

as: i) differences in absolute pigment concentrations; or ii) differences in 

relative changes in pigment concentrations. 

2. Chamber and experimental equipment may influence diatom communities.  

a. The null hypothesis being tested is that there will be no chamber effect. 

3. There is significant spatial variation of diatom communities across the experimental 

site.  

a. The null hypothesis being tested is that there are no spatial differences in 

pigment concentrations. 

4. Examining data as relative change in pigments from the start of the experiment does 

not reveal any change in diatom abundance.  

a. The null hypothesis being tested is that there is no significant trends in relative 

change in pigment composition.  
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Methods 

Study site 

The antFOCE field experiment was deployed at O’Brien Bay (Eastern Antarctica, Casey 

Station, (66.311500 S, 110.514216 E) between 1/12/2014 and 1/3/2015 with the experimental 

acidification period running for 8 weeks. All data from this chapter refers to the antFOCE 

experiment. The site was considered free of anthropogenic impact and was characterised by 

thick (2.5 m) multiyear sea-ice.  The predominant primary producers at the site were 

microphytobenthos (MPB) and sea-ice algae, with an almost complete absence of macroalgae 

due the low light conditions at the site, with light levels rarely exceeding 10 μmol photons · 

m–2 · s–1.  The MPB mats in O’Brien Bay formed a dense layer (~ 0.5-1 mm) on top of the 

sediment.  The marine benthic communities were generally invertebrate rich with an absence 

of macroalgae and high abundance of MPB.  A general description of the diatom 

communities can be found in Polmear et al. (2015).  Snow cover on the sea-ice over the 

experiment was variable over the study period ranging from no snow to ten centimetres thick. 
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Experimental design 

The experiment consisted of three treatments (acidified, control and open plots) with two 

plots (2m x 0.5m x 0.5m) within each treatment level. Chambers in the acidified and control 

treatments enclosed a section of the seabed (2 m x 0.5 m x 0.5 m). Open plots had no 

chamber but were designated the same area of seabed as other treatment chambers. 

Additionally, there was an adjacent plot beside each treatment except the open plots, referred 

to as ambient chamber X (See Figure 3.1A).  The chambers were at a depth of ~13 m beneath 

sea-ice approximately 2.6 m thick.  Photoactive radiation (PAR) sensors (Dataflow 390) were 

placed within and beside each treatment plot.  

The pH within the treatment chambers was manipulated by computer controlled incremental 

adjustment of CO2 enriched seawater (ESW) on a feedback control algorithm. The pH was 

measured within all experimental chambers regularly (every 30 minutes).  The chambers 

were placed on patches of sediment with at least 10 cm depth.  

pCO2 treatment scenarios 

The pH offset for the acidified treatment of 0.4 was chosen to represent the pCO2 levels 

predicted by the IPCC under the Representative Concentration Pathway (RCP) 8.5 (i.e. 

“business as usual emissions”).  They represent predicted atmospheric CO2 concentrations of 

936 ppm CO2 in the year 2100 (IPCC AR4, SRES A1FI, and AR5 RCP8.5) (IPCC, 2013b).  

To create these conditions, seawater from mid water column in O’Brien Bay was pumped up 

to the surface and saturated with CO2 in a pressurized cylinder via a water aspirator and bio-

balls (OVI Flow ball 2 Biologic Media), which contained roughly equal mix of air and CO2 

held at ~ 1.6 atmospheres. A mass flow controller (Alicat M series) was used to measure the 

amount of CO2 being used. The ESW which had a pH of ~5.5 was introduced to a ducting 
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system that was 40 m long, which connected to each acidified chamber. A controlled volume 

of ESW was added to treatment chambers to achieve the desired pH offsets.  Details of the 

technical manipulation of pH and experimental treatment data can be found in Stark et al 

(2018).   

Pigment sample collection  

At the start and end of the experiment, four sediment core samples were taken from inside 

and outside each chamber or open plot by divers. The top 1 cm of the cores was then 

removed and placed in the dark, first at -20ºC for 2 hours, then at -80ºC until analysis at the 

Australian Antarctic division.   

Pigment analysis  

Frozen samples were transported under liquid N2 to a freeze drier (Dynavac, model FD-5), in 

pre-chilled flasks with a small amount of liquid N2 added.  Custom made plumbing fitted to 

the freeze drier enabled samples to be purged with N2 to prevent photo-oxidation up until 

solvent extraction. 

Prior to pigment extraction five 2 g stainless steel ball bearings were added to homogenise 

the freeze dried sediment. The samples were bead beaten for 1 minute (Biospec products).  

Subsamples (~0.05 g) were immediately transferred to cryotubes with 700 µl of 

dimethylformamide (DMF) for two hours.  Samples were kept at -80ºC and under a safe light 

(IFORD 902) at all times.  All pigment concentrations are standardised to sediment weight. 

Pigments were extracted with dimethylformamide (DMF 700 µl) over a two hour period at -

20ºC.  Zirconia beads, and 100 µl of Apo 8 and an internal standard were added to each sub-

sample.  After a two hour extraction, sub-samples were bead beaten for 20 seconds and then 

placed in a centrifuge with filter cartridge inserts for 14 minutes at 2500 rpm at -9ºC to 
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separate the solvent from the sediment.  The supernatant was transferred into to a vial and 

placed in a precooled rpHPLC autosampler.  The rpHPLC system used is described in 

Hodgson et al. (1997). Pigment detection was at 435, 470 and 665 nm for all chlorophylls and 

carotenoids, with spectra from 300–700 nm being collected every 0.2 seconds.  Pigment 

identification was carried out using a combination of rpHPLC and normal phase HPLC 

retention times, light absorbance spectra and reference standards (see Hodgson et al., 1997). 

These techniques assisted in the accurate identification of pigments and their derivatives to a 

molecular level and enabled several pigment derivatives to be analysed. The HPLC was 

previously calibrated with authentic standards and protocols outlined in SCOR (1988). 

 

Data analysis 

Two approaches to data analysis were undertaken: 1) analysis of absolute pigment 

concentrations (using pseudo replicates n=4), 2) analysis of relative differences from starting 

concentrations that takes into account the spatial variation between plots at the beginning of 

the experiment (true level of replication n=2). It is important to note that method one is using 

pseudo replicates as replicates and method two is using the true level of replication (n=2). 

The authors acknowledge that the use of pseudo replicates in this fashion is controversial, 

which is why a parallel analysis using the true level of replication (n=2) is presented to the 

reader.  Method (2) enables investigation of the absolute changes in pigment abundance by 

using average of subsamples taken within and outside of each plot and thus reduces the 

power of the statistical tests as it reduces the number of replicates to two in each treatment.   

The ambient plots outside each chamber were used to represent community starting 

conditions inside the chambers, as no samples were taken from within chambers at the 
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beginning to prevent disturbance to the communities within them.  Each plot was calculated 

as the relative change from its starting conditions.   

 

This was calculated as: 

ᾱ Start ambient chamber A - ᾱ End chamber A = ∆ Relative change of pigments at site A over experimental period (1) 

Transformations (square root) were applied to the raw pigment concentrations in PRIMER. 

A distance-based resemblance matrix was generated on Euclidean distances for 

multivariate analysis including Non-metric multidimensional scaling (MDS) and 

Canonical analysis of principle coordinates (CAP), which were performed on starting and 

final pigment concentrations. All statistical analyses were carried out in R (version 3.6) or 

PRIMER 7.   

Canonical analysis of principle coordinates (CAP): According to Anderson and Robinson 

(2003) the purpose of CAP is to find axes through the multivariate cloud of points that either: (i) are 

the best at discriminating among a priori groups (discriminant analysis) or (ii) have the strongest 

correlation with some other set of variables (canonical correlation). These diagnostics and an 

appropriate choice for m (default = number of factors tested -1) are provided by the routine. The trace 

statistic routine performs a permutation test for the significance of the canonical relationship, using 

either the trace statistic (sum of canonical eigenvalues) or the first canonical eigenvalue as test 

statistics (Anderson and Robinson 2003).  

A CAP analysis is designed to orientate the data cloud to show the axis with the maximum 

amount of separation. When differences between groups is small, it a CAP analysis can 

reveal a pattern when a nMDS does not. 
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control chambers were 354 ± 42 µatm (1 s.d.), which, like fCO2 values in the ambient 

environment, were undersaturated with respect to the mean atmospheric fCO2 value of 379 ± 

3 µatm (1 s.d.). 

For comprehensive reporting of chemical parameters in the antFOCE system see (Stark et al., 

2018).  

 

 

Figure 3.3. antFOCE experiment conditions. Experimental chambers (red line; mean of chambers A and B) and 

control chambers (blue line; chambers C and D combined). Top pannel, measured pHtotal scale. Middle pannel, 

calculated saturation state of aragonite (Ωar). Third pannel, calculated fugacity of CO2 (fCO2) (µatm) of 

seawater. 

 

 

 

Treatment effect 

The first hypothesis of this chapter focused on whether there were differences in pigment 

concentrations in the main chambers between the control and acidified treatments at the end 
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of the experiment. The treatments were found to be significantly different, however it was the 

open plots that were significantly different from the treatment plots (Figure 3.4) (CAP 

analysis: Trace statistic p= 0.002, n=4).  The control and acidified treatments were not 

significantly different from each other (CAP analysis: Trace statistic p=0.28, n=4, first 

squared canonical correlation = 0.86, p = 0.002) but there was some difference between them 

as seen in the separation on the CAP2 axis (second squared canonical correlation  = 0.43). A 

SIMPER analysis in PRIMER demonstrated that the pigments contributing to the difference 

between the open plots and treatments were Chl a, Fucoxanthin and Chl c3.  A SIMPER 

comparison between the acidified and control treatments indicated that Chl a, Fucoxanthin 

and BB carotene contributed to the group separation evident in Figure 3.4. A PERMANOVA 

analysis confirmed the same results as the CAP test above, with the open plots being 

significantly different (p= 0.001, n=4) and control and acidified not significantly different. 

 

Figure 3.4. Canonical analysis of principle coordinates (CAP) of pigments with chamber and open plot 

treatments  Red triangles (acidified treatment), blue triangles (control treatment), green circles (open plots). 
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Figure 3.5. MDS of treatments at the end of the experiment.  Red triangles (acidified treatment), blue squares 

(control treatment), green circles (open plots). 

 
 

The chamber effect  

The second hypothesis of this chapter focused on whether the chambers and experimental 

equipment had an influence on diatom communities within chambers (i.e. chamber effect).  

This was tested by comparing communities from within control chambers at the end of the 

experiment to communities outside the control chambers at the end. A secondary chamber 

effect test was a comparison between inside the control chambers and the open plots at the 

end of the experiment.   However, this test is subject to being confounded if there are spatial 

differences in pigments at the site. There was no significant difference between inside the 

control chamber and outside the control chamber at the end of the experiment 

(PERMANOVA p=0.27, n=4). However, the open plots were significantly different from 

both the inside and outside on the control chambers (CAP analysis: Trace statistic p=0.007, 
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n=4), indicating both spatial variability in ambient plots and a possible chamber effect 

(Figure 3.6-3.7).  

 

Figure 3.6. Canonical analysis of principle coordinates (CAP) analysis of chamber effects at the end of the 

experiment. 

 

Figure 3.7.  MDS comparison of communities within chambers to communities outside chambers at the end of 

the experiment. 
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Figure 3.8. Canonical analysis of principle coordinates (CAP) of starting spatial variation in pigments between 

chamber sites. 

 

Figure 3.9. MDS plot of spatial variation of communities at the start of the experiment. 
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Table 3.3. Pairwise comparisons of ambient chamber plots at the start of the experiment. 

 
 

Pairwise comparisons 
Within level 'Start' of factor 'date' 

Unique 
Groups        t P(perm)  perms 
A, B   2.1093   0.036     35 
A, C   1.0902   0.301     35 
A, D 0.051418       1     10 
A, E  0.79115   0.462     35 
A, F    2.207    0.06     35 
B, C  0.94743   0.517     35 
B, D   2.4518   0.046     35 
B, E  0.82223   0.872     35 
B, F  0.57023   0.552     35 
C, D   1.2147    0.26     35 
C, E  0.13894    0.82     35 
C, F    1.127    0.33     35 
D, E  0.86603   0.388     35 
D, F   2.5398   0.046     35 
E, F  0.96096     0.465     35 

 

Within level 'End' of factor 'date' 
Unique 

Groups       t P(perm)  perms 
A, B 0.27426   0.809     35 
A, C  0.5665   0.606     35 
A, D  1.4696   0.171     35 
A, E  1.3177    0.23     35 
A, F  3.2373   0.033     35 
B, C 0.21601   0.845     35 
B, D 0.96163   0.429     35 
B, E 0.54385   0.593     35 
B, F  2.6447   0.089     35 
C, D 0.90605   0.451     35 
C, E  0.3498   0.891     35 
C, F  3.0443   0.024     35 
D, E 0.89607   0.517     35 
D, F   2.659    0.03     35 
E, F  3.0472   0.029     35 

 

 

 

A univariate test of differences in chlorophyll a between plots across the study site at the start 

of the experiment (in ambient plots) also indicated significant spatial variation (chl a, p= 

0.0109, F= 3.25, n=4) (across chamber sites 30-60 meters) (Figure 3.11). Mean differences in 

Chl a as high 22 µg/g were found between chamber D and chamber B (Figure 3.11).   
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treatments demonstrated decreases in pigments (Chl a, Fucoanthin, Ch c1-3 and Dtx) over the 

course of the experimental period (Figure 3.13). There was also a trend of greater pigment 

loss in the control chambers. 

 

Figure 3.12. Canonical analysis of principle coordinates (CAP) of relative change in pigment concentrations. 

Red triangles (acidified treatment), blue squares (control treatment), green circles (open plots). 

 

 
Table 3.4. PERMANOVA table of results for relative change dataset.  

 
Source df SS MS Pseudo-F P(perm) Unique 

perms 

Treatment 4 1345.6 336.4 1.0049 0.5129 942 

Residual 5 1673.8 334.77    

Total  9 3019.4     
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Figure 3.13.  Average relative change in pigment concentrations. All pigment unit’s µg/g. Black squares=Individual replicates, n=2.     
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Figure 3.14. Average relative change in minor pigment concentrations. All pigment unit’s µg/g. Black squares = individual replicates, n=2.     
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Discussion 

FOCE experiments offer an ecologically relevant method to investigate the effects of OA at a 

community level. However, as will be discussed, there are a number of aspects to their 

experimental design which require careful interpretation of results. Therefore, the following 

discussion is structured in order of the null hypothesis outlined in the introduction.  

The first hypothesis of this chapter that ‘Ocean acidification conditions expected for the year 

2100 under RCP 8.5 will change diatom community composition’ was not supported, as there 

was no significant difference in diatom communities between acidified and control chambers 

due to OA.    While the first null hypothesis was not rejected, indicating no effect of OA on 

main treatments, there was some evidence of acidified and control treatments being dissimilar 

(Figure 3.4).The main differences between treatments was in pigments Chl a, Fucoxanthin, 

Chl c3 and BB-carotene, indicating that there were some differences in diatom communities 

between treatments.  

Hypothesis two of this chapter that ‘Chamber and experimental equipment may influence 

diatom communities’ focused on whether the chambers themselves had an effect on diatom 

community composition.  While the direct comparison of inside v’s outside the control 

chambers at the end of the experiment was non-significant (indicating no effect), the 

secondary test (comparing inside controls v’s open plots) was significant (CAP analysis : 

Trace statistic p=0.007, n=4), indicating both spatial variability in ambient plots and a 

possible chamber effect (Figure 3.6-3.7).  Additionally, the open plots were significantly 

different from both treatment chambers (Figure 3.4) (CAP analysis: Trace statistic p= 0.002, 

n=4).  Therefore, there was some process occurring within the chambers that caused them to 

be different from the open plots. For example, if there was no site or chamber effect, we 
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should expect to see control chambers having similar community composition as the open 

plots. Therefore we reject the null hypothesis two and accept that chambers may have had an 

effect on diatom community composition. The chambers were made of polycarbonate plastic 

which is known to absorb some wavelengths in the PAR spectrum. Based on PAR 

measurements from within and adjacent to the chambers, there was a 30% attenuation of 

PAR (Figure 3.2), so some artefact of the chambers on the treatments due to reduced PAR 

would be expected. While a 30% difference in PAR is substantial and confounds comparisons 

made between the inside and outside of chambers (i.e. chamber effect), all comparisons made 

between chambers (i.e. treatment effect) will be equally affected. The chambers also had a 

continuous unidirectional flow of water (2-3 cms-1) over MPB communities. The ambient and 

open plots did not have a unidirectional flow of water but were open to ambient flow 

regimes. Therefore, it is probable that some MPB biomass may have been transported out of 

the chambers from the unidirectional water movement. This MPB attrition from the chambers 

was confirmed by personal observations in laboratory experiments (discussed in chapter two).  

Two potential chamber effects (i.e. reduced PAR and attrition of cells from unidirectional 

water flow) have thus been identified and need to be accounted for in the interpretation of the 

main results.   

Hypothesis three of this chapter that ‘There is significant spatial variation of diatom 

communities across the experimental site’ focused on the effects of spatial variation. The null 

hypothesis of no differences between plots was rejected due to significant spatial variability 

in starting pigment concentrations between chamber sites at the start of the experiment. For 

example, a CAP analysis and PERMANOVA test comparing chamber sites at the start of the 

experiment demonstrates significant variability of pigments between chamber sites 

(p=0.0242, F=3.7543) (Figure 3.8-3.9 and Table 3.2). Furthermore, the starting 

concentrations of Chl a were significantly different across chamber sites (p= 0.0109, F= 3.25, 
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n=4) (Figure 3.11). Chl a is clearly the most important pigment since it relates to the primary 

production of a marine ecosystem.  Therefore, null hypothesis three was rejected and the 

original experimental design (comparing control and acidified chambers at the end) needs to 

account for spatial variation at the start of the experiment. To account for this spatial 

variation, the data was examined as a change from starting conditions (i.e. relative change in 

pigments at each site over the course of the experiment). 

Analysis of the relative change in pigment concentrations in the main treatments indicated no 

significant difference, despite strong separation of treatment groups, indicating there was 

some dissimilarity between treatments (Figure 3.12). However, it is important to note that the 

statistical power of the test above is very low due to low replication (n = 2).  Therefore, while 

there was no significant effect of OA on diatom community composition, there were trends of 

an effect evident, and these were thus further explored.  

Firstly, the CAP analysis of the relative change in pigments indicates that the open plots, 

acidified, and control plots are all dissimilar (Figure 3.12).  It is hypothesised that the open 

plots are different from the treatment plots due to a chamber effect. As discussed above there 

are two aspects to potential chamber effects (PAR reduction and attrition of cells due to water 

movement). The effect of reduced PAR on pigment concentration would be expected to 

produce higher pigment concentrations in the open plots compared to the chambers, due to 

more irradiance being available for photosynthesis. This appears to be the case, with most 

pigments in open plots increasing over the experimental period as would be expected for this 

period of the Antarctic summer (McMinn, Runcie et al. 2004, Roy, Llewellyn et al. 2011) 

(Figure 3.13-3.14). It is worth noting that if irradiance was too high, then concentration of 

some pigments may decrease.  However, in addition to the effect of reduced PAR, there is 

also evidence of cell attrition from both control and acidified chambers.  For example, most 

pigments in acidified and control chambers demonstrate a reduction in pigments (Figure 
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3.13-3.14). It is suspected that the unidirectional water flow may have transported diatoms 

out of the chambers resulting in an overall decrease in pigments. Therefore, in the relative 

change dataset at least, there is some evidence of chamber effects.  

The CAP analysis of the relative change dataset also indicates that the control and acidified 

treatments are dissimilar (Figure 3.12). As discussed above, both the control and acidified 

treatments have demonstrated a relative reduction in most pigments. However, the control 

chamber demonstrates a higher reduction (i.e. loss of more pigments) of most pigments 

compared to the control.  There were larger decreases in fucoxanthin, chl a, BB carotene, and 

chl c2-3 in the control chambers in comparison to the acidified chambers (Figure 3.13-3.14). 

These pigments are indicative of many groups of eukaryotes (Roy et al., 2011) (see Table 

3.1), and thus it is not possible to resolve which divisions, classes or species were changing in 

the chambers.  However, these pigments all occur commonly in diatoms, which dominate 

most MPB communities (class Bacillariophyceae) (Roy et al., 2011), and it is probable that it 

is changes within this group that is reflected in the changing pigment compositions. 

Furthermore, chlorophyll c1 also decreased in similar proportions to chl a and fucoxanthin, 

which again indicates that Bacillariophyta is the group changing.  While there is substantial 

variation in these responses, the mean difference in chl a and fucoxanthin between control 

and acidified treatments of 4-5 µg/g is actually a very large change. To put this into context, 

high oceanic chl a concentrations are rarely above 6-8 µg/L (Roy et al., 2011). The relative 

change in pigment abundance indicates that there is substantial variation in response (i.e. 

large standard error).  This could be interpreted as a differential response among the diatom 

community (e.g. some species increasing and some decreasing) to OA. However, this is only 

able to be determined by an analysis of the diatom community composition (see chapter 

four).  Examining the trend of pigment change over the course of the experiment, it is 
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interpreted that higher pigment concentrations in the acidified treatments is having a more 

positive effect on diatom communities in comparison to controls.   

The trends in pigment concentrations between treatments could potentially be attributed to: 

1) Polycarbonate material changing light spectra or reducing light. 

2) Natural flow rates of 2-3cm s-1 carrying more buoyant diatom species out of chambers (i.e. community 

migration/erosion. 

3) Higher herbivore biomass in control chambers. 

4) Increased rates of herbivory in control chambers/reduced in acidified. 

5) Higher primary production in acidified treatments with community erosion being equal. 

6) Decreased migration/erosion/attrition of species from acidified chambers. 

 

Exploring these hypotheses, the attenuation of light received in each treatment chamber 

would contribute equally to all within chamber comparisons.  Therefore, it is unlikely 

scenario 1) above would contribute to differences between treatments.  The assumption was 

also made that herbivore biomass was similar between treatments.  Therefore, it is unlikely 

that scenario (3) would be the cause of the differences.  This leaves the possibility of 4) 

increased rates of herbivory in controls or reduced herbivory in the acidified treatment; 5) 

increased primary production in acidified treatments; or 6) reduced community 

migration/erosion/attrition in acidified as viable explanations of observed trends. These three 

hypotheses (4, 5 and 6) all concern the effect of acidification on MPB communities. 

Ultimately, the main research question is focused on the net result of OA on MPB 

communities. Therefore, the exploration of which of the above factors is contributing to more 

positive responses of MPB to OA is not essential, nor possible given the design of the 

experiment, as these were not factors that were intended to be tested. However, identifying 

the mechanisms will help inform future climate change studies.  It is possible that (2), (4), (5) 

and (6) all made some contribution to the final result. Therefore, while attributing the main 

driver of differences between treatments is difficult and ultimately not testable within our 
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experimental design, we can infer which is the most likely reason based on a priori 

knowledge of the influence of OA on each process, which will be explored below.   

Ocean acidification is thought to induce additional energetic costs in many heterotrophic 

consumers due to the increased need to reallocate energy to acid-base regulation/homeostasis 

(Doney et al., 2016). However, in general, many heterotrophic consumers are reported to be 

robust to OA effects, with negligible or varied effects on different species (Doney et al., 

2016). For example, there does appear to be a relatively consistent response in the depression 

of feeding rates among echinoderms (Appelhans et al., 2014). For example, changing 

metabolic rates and depressed feeding rates have been reported for some infaunal species like 

echinoderms (Clements, 2016), yet no change in feeding rates of other echinoderm species 

like Pisaster ochraceus (Dupont et al., 2010). According to Philippe et al. (2017) there is no 

indication that another Abatus species (Abatus cordatus) will be affected by ocean 

acidification, however they did not examine feeding rates.  It would seem counter intuitive 

that ocean acidification would depress feeding as OA is predicted to increase energetic costs 

and hence would be expected to require more food.  However, according to Cummings et al. 

(2011) down regulation of metabolism is a common Antarctic species response to increased 

routine maintenance.  Therefore, depression of feeding rates may be reflective of metabolic 

down regulation in response to routine maintenance dealing with increased pH homeostasis.  

Therefore, it is possible that a decrease in herbivory has contributed to the higher microalgae 

biomass seen in the acidified treatments. However, considering the inconsistent and minimal 

response among microalgae consumers to OA, it is unlikely that this is the main driver of the 

observed response in the present study.   

Ocean acidification (as a sole stressor) has been shown to have positive or negligible effects 

on microalgae communities (Raven et al., 2017, Young et al., 2015, Li et al., 2018).  It can 

cause a down regulation of CCMs, which decreases the need for the operation of the costly 
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carbon concentrating mechanisms (CCMs).  However, according to a review by Raven et al. 

(2017) this does not always result in an increase in microalgae biomass (and by default 

pigments). According to Raven et al. (2017) microalgae often increase their organic carbon 

content, even if the specific or absolute growth rate is not increased. For example, according 

to Piontek et al. (2010) changes in microalgae extra cellular polysaccharides (EPS) under 

ocean acidification are likely.  Furthermore, EPS production can also be the result of 

unbalanced growing conditions. For example, it occurs when the availability of light and CO2 

exceeds that of the nutrients necessary for the synthesis of structural cell material. According 

to Staats et al. (2000) excess fixed CO2 is diverted to polysaccharide excreted as EPS, rather 

than to protein or other structural compounds. So, while a decrease in primary production 

under OA is not expected, an increased rate of primary production could be the main driver 

of the substantial difference between chambers.   

 

Extracellular polysaccharides have long been known to play a substantial role in stabilising 

sediments (Russell et al., 2013). While the present study does not have EPS data, it is 

suspected that the acidified treatments would have produced more EPS, which resulted in 

increased retention of microalgae communities. It is hypothesised that in the present study a 

down regulation of CCM’s in the MPB communities resulted in more organic carbon export 

as EPS rather than in chl a increases. FOCE experiments by nature are open to the 

environment and in the present study organisms < 10,000 µm were free to come and go 

within chamber plots.  The unidirectional flow out of chambers would be expected to 

facilitate passive movement outwards of diatoms in the size range of 1-300 µm. The ability of 

diatoms to maintain their positions is linked to their secretion of EPS. The hypothesis of a 

reduction of community erosion under ocean acidification conditions in the present study is 
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interpreted here as a potentially positive outcome for the MPB under ocean acidification 

scenarios.   

While the retention of higher biomass in acidified plots is a positive outcome for that 

particular area, consideration needs to be given to where the biomass would have ended up 

downstream.  For example, did OA disrupt natural biomass dispersion and redistribution 

within MPB communities? Additionally, consideration needs to be given to which diatom 

species were leaving, as HPLC methods do not provide sufficient taxonomic resolution to 

make this determination. If for example, fallen sea ice and pelagic species were trying to 

leave MPB in their natural ecological return to their normal habitats, then the reduction of 

community erosion would in fact be negative because it would be preventing sea-ice species 

reaching their habitats.   

The potential for OA to increase primary production via the indirect mechanisms discussed 

above and decrease consumer performance (depressing herbivory rates) could simultaneously 

influence both bottom up and top down processes in Antarctic benthic ecosystems (Doney et 

al., 2016).  The end result of this process will likely be higher primary production in MPB 

communities, which could possibly have indirect effects at higher trophic levels (Doney et 

al., 2016). As discussed in previous chapters changes to the biomass ratio that result in a 

higher biomass of autotrophs will result in positive feedbacks to marine communities.  

However, it is important to highlight that the present study was examining responses to a 

single stressor only (OA only) and increased temperature may further change or alter 

responses.  
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Chapter four 

 

Ocean acidification effects on Antarctic benthic diatom 

species composition 

 

Abstract 

Ocean acidification (OA) is predicted to cause a 0.2 — 0.4 reduction in pH and change the 

carbonate chemistry of seawater by the year 2100. This will have effects on coastal marine 

communities including benthic diatoms, which play an integral role in coastal primary 

production.  Changes in diatom species composition have rarely been investigated in 

microphytobenthic communities, with many researchers assuming that they will simply 

behave the same as pelagic microalgae, however unique benthic micro-environmental 

conditions may elicit different responses than phytoplankton. In-situ FOCE technology was 

applied to MPB sediment communities to assess the impacts on MPB community 

composition. The present study found that over an 8-week period OA had only small effects 

on diatom community composition. Not all species responded in the same manner, with some 

species increasing in abundances and some decreasing. These results suggest that over longer 

experimental time scales this may lead to communities becoming significantly different, and 

potentially dominated by larger cells.  
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Introduction 

 

The oceans absorb up to 28% of atmospheric CO2, which changes its chemistry, reducing pH 

and thereby raising acidity, referred to as ocean acidification (OA) (Raven et al., 2005, Doney 

et al., 2009).  It is predicted that by the year 2100, under a “business as usual” (RCP 8.5) 

scenario, we will have oceans that will be more acidic (0.4 pH) (Stocker et al., 2013).    

Numerous studies have already shown that a reduced pH will be both detrimental to some 

species and advantageous to others (Hofmann et al., 2010, Hoegh-Guldberg and Bruno, 2010, 

Guinotte and Fabry, 2008, Brierley and Kingsford, 2009).  Not only is ocean acidification 

predicted to change pH, it is also predicted to increase fCO2, which could drive species 

specific changes in microalgal community composition. This could have implications for 

marine communities, ecosystem services and functioning in addition to changes to 

community structure (Langdon et al., 2003, Jokiel et al., 2008, Bellerby et al., 2008).   

 

Ocean acidification is generally expected to be beneficial to microalgae due to a down 

regulation of their carbon concentrating mechanisms (CCMs) (Trimborn et al., 2013, Tortell 

et al., 2008).  However, the energy saved by decreased CCM activity could be outweighed by 

the energy required to increase intracellular processes that mitigate hydrogen ion increase 

within the cell (i.e. the proton pump) (Taylor et al., 2012). While most ocean acidification 

research is focused on pelagic phytoplankton, these responses should not be automatically 

assumed to affect MPB diatoms in the same way, due to the vastly different 

microenvironments.  The present thesis argues that pelagic and sea-ice community responses 

should not be used as a proxy for MPB communities. However, a discussion on sea-ice algae 

responses are included here as they represent the most similar habitat to MPB microalgae.  A 

review by McMinn (2017) highlights that higher pCO2 resulted in either no change or and 
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increases in growth of sea-ice communities.  However, a study by Torstensson et al., 2015 

demonstrates that pCO2 above 1000 ppm has negative effects on growth and photosynthesis 

In comparison to other heterotrophic groups, microalgae are expected to have a relative 

competitive advantage (i.e. least affected) due to reasons cited above (Trimborn et al., 2013, 

Tortell et al., 2008). While there is some variation within algae responses to OA (i.e. some 

positive and negative), relative to other groups (i.e. heterotrophs) they are generally expected 

to respond positively (Table 4.1).
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It is expected that ocean acidification will drive substantial changes in microalgal community 

composition (Trimborn et al., 2013, Tortell et al., 2008). Different microalgae species have 

different CCM capacity and this is expected to drive differing responses among species 

(Trimborn et al., 2013, Tortell et al., 2008).  Additionally, according to Finkel et al. (2009) if 

uptake of CO2 is limited by diffusion then diatom cells with a larger surface area to volume 

ratio (i.e. smaller cells) will have greater response to increases in CO2. Elevations in pCO2 

levels may therefore change the competitive interactions among different size classes of 

diatoms (Johnson et al., 2013).  However, diatom community experiments have shown 

competitive advantages of both small and large diatom species in different studies (see Table 

4.1).  For example, the effect of OA on diatom community composition, morphology and cell 

size is currently inconclusive, with some studies reporting increases in the number of large 

cells, some increases of small cells and others no effect (Finkel et al., 2009a, Boyd et al., 

2015a, Schulz et al., 2017).  Many studies have attempted to identify a common trend of 

microalgae OA responses from the literature, but this is confounded by the co-varying 

conditions (across microalgae habitats, light, nutrients and experimental methods). 

While changes in primary production have been the main focus of microalgae OA studies, 

community composition changes are also expected to have substantial impacts.  For example, 

changes in specific taxa in a community can impact the cycling of elements and the flow of 

nutrients and energy through the marine food web (Trimborn et al., 2013, Tortell et al., 

2008).  According to Dutkiewicz et al. (2015) pCO2 related differences in competitive fitness 

are of sufficient magnitude to considerably alter phytoplankton community function over the 

coming decades. Additionally, a shift away from diatom-based communities would bring a 

dramatic reduction in the ability of ocean biota to sequester CO2 from the atmosphere, 

exacerbating climate change (Armbrust, 2009). 
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The majority of studies on ocean acidification have been based on single diatom species (see 

Table 4.1).  The relatively few studies that have explored diatom community changes can be 

grouped technically into two types of experiments; 1) Small bottle incubations that normally 

exclude bacterial interaction, ecological processes and are undertaken using established 

strains of isolated diatoms, 2) larger ecosystem scale community experiments with natural 

communities of diatoms and associated micro biota.  In laboratory studies, grazing, attrition 

of diatom species from the community and ecological interactions are not included. By 

comparison field and mesocosm lab approaches both have limitations which should be 

considered in interpreting results.  Field experiments are often the most realistic yet often 

suffer from low replication, inability to manipulate other environmental conditions (i.e. 

temperature) and inability to take certain fine scale measurements in the field.  By 

comparison, laboratory mesocosm experiments offer increased replication and a wider range 

of experimental parameters.   

 

The aim of this chapter was to investigate the effects of OA on diatom community species 

composition in the antFOCE experiment.  The specific hypotheses were: 

1. Ocean acidification conditions expected for the year 2100 under RCP 8.5 will change 

diatom community composition.  

a. The null hypothesis being tested is that there will be no treatment effect, either 

as: 

 i) differences in absolute diatom species composition; or  

ii) differences in relative changes in species composition, i.e. examining data as 

relative change in species from the start of the experiment does not reveal a 
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change in diatom abundance. The null hypothesis being tested is that there are no 

significant differences in relative change in species composition. 

 

2. Chamber and experimental equipment will have an influence on diatom communities 

(i.e. chamber effect). 

a. The null hypothesis being tested is that there will be no chamber effect. 

3. Spatial variation of diatom communities is different across the experimental site and 

has not confounded interpretation of results.  

a. The null hypothesis being tested is that there are no spatial differences in 

diatom communities. 
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Methods 

Experimental design and study site 

The antFOCE field experiment was deployed at O’Brien Bay (Eastern Antarctica, Casey 

Station, (66.311500 S, 110.514216 E) between 1/12/2014 and 1/3/2015 with the experimental 

acidification period running for 8 weeks. All data from this chapter refers to the antFOCE 

experiment.  

The experiment consisted of three treatments (acidified, control and open plots) with two 

plots (2m x 0.5m x 0.5m) within each treatment level. Chambers in the acidified and control 

treatments enclosed a section of the seabed (2 m x 0.5 m x 0.5 m). Open plots had no 

chamber but were designated the same size of seabed as other treatment chambers. 

Additionally there was an adjacent plot beside each treatment except the open plots, referred 

to as ambient chamber X (See Figure 4.1A).  The chambers were at a depth of ~13m beneath 

sea-ice approximately 2.6 m thick.  Photosynthetically active radiation (PAR) sensors 

(Dataflow 390) were placed within and beside each treatment plot.  

pCO2 treatment scenarios 

The pH (total scale) offset for the acidified treatment of 0.4 was chosen to represent the pCO2 

levels predicted by the IPCC under the Representative Concentration Pathway (RCP) 8.5 (i.e. 

“business as usual emissions”).  They represent predicted atmospheric CO2 concentrations of 

936 ppm CO2 in the year 2100 (IPCC AR4, SRES A1FI, and AR5 RCP 8.5) (IPCC, 2013).  

To create these conditions, seawater from mid water column in O’Brien Bay was pumped up 

to the surface and saturated with CO2 in a pressurized cylinder via a water aspirator and bio-

balls (OVI Flow ball 2 Biologic Media), which contained a roughly equal mix of air and CO2 

held at ~ 1.6 atmospheres. A mass flow controller (Alicat M series) was used to measure the 

amount of CO2 being used. The ESW, which had a pH of ~ 5.5, was introduced to a ducting 

system that was 40 m long, which connected to each acidified chamber. A controlled volume 
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of ESW was added to treatment chambers to achieve the desired pH offsets.  The pH within 

the treatment chambers was manipulated by computer controlled incremental adjustment of 

CO2 enriched seawater (ESW) on a feedback control algorithm. The pH was measured within 

all experimental chambers regularly (every 30 minutes).  The chambers were placed on 

patches of sediment with at least 10 cm depth.  

Details of the technical manipulation of pH and experimental parameters can be found in 

chapter three and Stark et al (2018).   

  





 

160 

 

 

antFOCE sample collection and analysis 

At the start and end of the antFOCE experiment three sediment core samples were taken from 

inside and outside each plot by divers.  The top 5 cm of the cores was then removed and 

placed in glutaraldehyde (4%) until analysis at the Australian Antarctic division.   

Samples were gently mixed for 3 minutes and left to settle for 24 hours.  One gram of 

sediment from each replicate was combined with 10 ml of filtered seawater and then 

centrifuged (300 rpm for 15 minutes). Samples were standardised by sediment weight. The 

top supernatant (diatoms) was pipetted off and diluted in 50 ml of filtered seawater.   This 

diluted sample was then mixed for 1 minute and 10ml of sample was filtered through a 90 µm 

plankton mesh filter.  This was analysed in 1 ml subsamples through a FlowCam (Version 

3.1) which identified species based on software that been previously calibrated with species 

reference libraries.   

Data analysis 

Two approaches to data analysis were undertaken: 1) analysis of using core sub-samples from 

each chamber which are non-independent but which were assumed to be representative of 

community response within the chambers, and 2) examining data as relative difference in 

abundances from start to end of the experiment that takes different starting conditions into 

account, as described in chapter three. A suite of multivariate tests were used including 

parametric statistical tests (e.g. Permanova), and non-parametric tests including Canonical 

analysis of principle coordinates (CAP) and nMDS.  Method (2) enables us to look at the 

absolute changes in abundance yet eliminates our ability to use replicate sub samples and 

results in only one replicate per chamber, making the chambers the replicates. All data 

handling and analysis for method one was carried out in Primer.  Data was square root 
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transformed and resemblance matrices were was created using Bray-Curtis similarity. CAP 

and PERMANOVA were then used to test null hypotheses. All data handling for method two 

was carried out in R (version 3.4.1, R core team), with mean starting conditions from outside 

each chamber deducted from final within chamber diatom species counts.   
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Results 

Species diversity within the MPB was relatively high with a total of 107 species identified 

out of the 140 known species from this location.  The relative abundances of species (Table 

2) indicated that only 18 species had a relative abundance over 1%.  
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Table 4.2 Relative species abundances  

Abbreviated 

code  

Species Total count Relative abundance 

sp 32 Pleurosigma elongatum 836  13.85 

sp 10 Cocconeis fasciolata 823  13.63 

sp 5d Porosira sp 749  12.41 

sp 12b Navicula directa 650  10.77 

sp 17 Trachyneis aspera 559  9.26 

sp 12 Synedropsis recta 366  6.06 

sp 4 Cymbella sp 333  5.52 

sp 20 Achnanthes brevipes 206  3.41 

sp 1 Navicula directa 185  3.06 

sp 38 Eucampia antarctica 172  2.85 

sp 35 Amphora libyca 155  2.57 

sp 11 Fragilariopsis cylindrus 154  2.55 

sp 2 Fragilariopsis sublinearis 112  1.86 

sp 37 Pinnularia quadratarea 76  1.26 

sp 37b Pinnularia quadratarea (variant constricta) 75  1.24 

sp 5g Melosira sp 68  1.13 

sp 9 Diploneis sp 62  1.03 

sp 5a Actinocyclus actinochilus 58  0.96 

sp 16 Thalassionema gelida 55  0.91 

sp 13 Fragilariopsis kergulensis 42  0.70 

sp35 Auricula compacta 42  0.70 

sp35 Diploneis splendida 32  0.53 

sp 30 Licmophora belgicea 16  0.27 

sp 64 Odontella weissflogii 12  0.20 

sp 10b Cocconeis pinnata 9  0.15 

sp 26 Dictyocha 8  0.13 

Total  6036 100 
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Treatment effect 

The first hypothesis of this chapter focused on whether there was an effect of acidification on 

MPB communities through tests for  differences between the main treatments (control,  

acidified and open plots) at the end of the experiment (i.e. treatment effects). There was a 

significant treatment effect, however it was the open plots that were significantly different 

from the chamber plots (Figure 4.2) (CAP analysis: Trace statistic p= 0.0003, n=3).  The 

control and acidified treatments were not significantly different from each other (CAP 

analysis: Trace statistic p=0.12, n=3), however there was some evidence of a difference as 

seen by the separation of control and acidified treatments in the CAP ordination (Figure 4.2).  

A SIMPER analysis indicated that the species that were contributing to the differences 

between open plots and treatments were Navicula directa, Pleurosigma elongatum, 

Trachyneis aspera and Cocconeis fasciolata.  A SIMPER comparison between the acidified 

and control treatments indicated that Trachyneis aspera, Navicula directa, Porosira sp., 

Cocconeis fasciolata and Pleurosigma elongatum were contributing to the slight main 

chamber treatment group separation present in figure 4.2. A PERMANOVA analysis 

confirmed the same results as the CAP trace statistics above, with the open plots being 

significantly different from treatment plots (p= 0.04, n=3), with control and acidified 

treatments not significantly different. 
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Figure 4.4. Canonical analysis of principle coordinates (CAP) analysis of spatial variation in treatments at the 

start of the experiment. Red triangle (acidified chamber plots), blue triangles (control chamber plots), green 

squares (open plot sites).  

 

Figure 4.5. Canonical analysis of principle coordinates (CAP) analysis of spatial variation at chamber sites at the 

start of the experiment.  
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Relative change in diatoms from starting conditions 

Hypothesis four of this chapter focused on whether there was a difference in the relative 

abundance of species between treatments (i.e. relative change in species) over the course of 

the experiment. This was tested via a CAP and PERMANOVA analysis (Figure 4.6, Table 

4.4). While the CAP analysis reveals apparent grouping of open plots, treatments were not 

significantly different in either the CAP analysis or PERMANOVA (Trace statistic p= 0.06, 

PERMANOVA p=0.06, n=2). The control and acidified treatments demonstrate the same 

pattern of overlap illustrated in figure 4.2, but also the same pattern of a trend in a difference 

between control and acidified treatments.  

 

Figure 4.6. Canonical analysis of principle coordinates (CAP) analysis of relative change in species abundance. 

Blue triangles (control treatment), red triangles (acidified treatment) and green squares (open plots). 
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Discussion  

 

FOCE experiments offer an ecologically relevant method to investigate the effects of OA at a 

community level. There are many experimental factors (like differing irradiance, differing 

rates of herbivory, flow regimes and spatial abundances) that may influence how 

communities interact when exposed to environment stressors such as OA.  These factors need 

to be interpreted alongside main treatments of interest. Therefore, the following discussion is 

structured in order of the null hypothesis outlined in the introduction.  

Hypothesis one of this chapter ‘ Ocean acidification conditions expected for the year 2100 

under RCP 8.5 will change diatom composition within chambers ‘ focused on community 

composition changes within the main chambers. There was no significant effect of OA on 

diatom communities, but there was some evidence of acidified and control treatments being 

dissimilar (Figure 4.2). The CAP analysis of diatom species composition (Figure 4.2) 

corresponds closely with to the pigment proxy data for community composition illustrated in 

chapter three (Figure 4.4, chapter three). With both analyses illustrating that control and 

acidified treatment groups were starting to demonstrate dissimilarity after 8 weeks of the 

experiment.  This indicates that both community composition and abundance were starting to 

demonstrate changes which could be attributed to OA. 

Hypothesis two of this chapter ‘Chamber and experimental equipment will have an influence 

on diatom communities’ focused on whether the chambers themselves influenced diatom 

community composition.  While the direct comparison of diatom communities inside v’s 

outside the control chambers at the end of the experiment was non-significant (indicating no 

effect), the secondary test (comparing inside controls v’s open plots) was significant (CAP 

analysis:Trace statistic p=0.006, n=3), indicating a possible chamber effect (Figure 4.3), 
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although this could also be attributed to spatial variation. Additionally, the open plots were 

significantly different from both treatment chambers (Figure 4.2) (Trace statistic p= 0.04, 

n=3).   These results correspond to and confirm the findings of chapter three, therefore, null 

hypothesis two is rejected and it is accepted that chambers may have had an effect on diatom 

community composition. Chapter three has highlighted possible reasons why chamber effects 

may be present (i.e. attenuation of PAR and attrition of cells from chambers).  

The third hypothesis ‘There is significant spatial variation in diatom communities across the 

experimental site and has confounded interpretation of results focused on starting community 

composition. Null hypothesis three was accepted as there was no evidence of spatial 

variability in starting diatom community composition between chamber sites at the start of 

the experiment. This is in contrast to chapter three which found significant spatial variability 

in pigment concentration at the site. This means that while diatom community composition 

was similar, the total abundance was not spatially equal as demonstrated in chapter three. 

Despite communities being similar at the start of the experiment, the relative change in 

species approach was still employed as it offers insights in to how diatom communities are 

changing over time.  

Hypothesis four of this chapter ‘Examining data as relative change in species from the start of 

the experiment‘ focuses on whether the relative change in diatom communities in the main 

treatments were significantly different. The influence of OA on species composition only 

showed subtle changes between treatments which were not significantly different, judged by 

community composition at the end of the experiment (Figure 4.6). A PERMANOVA and 

CAP trace statistic between treatments indicated no significant difference, despite some 

grouping of treatments, indicating dissimilarity between treatments (Figure 4.6). However, it 

is important to note that the statistical power of the test above is very low due to a replication 

of only two.  Therefore, while hypothesis four is confirmed (indicating no significant effect 
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of OA on diatom community composition), this chapter will continue to explore the trends 

present as a result of OA.  

The main difference in the relative change dataset can be seen in the acidified treatment, with 

a differential response between diatom species, with most species increasing their relative 

abundance, yet some species decreasing (Figure 4.7). By comparison, the control treatment 

shows a consistent decrease in abundance of most species. This differential response in the 

acidified treatment is an important insight for the main effects in the chambers, which 

illustrated some group separation but clear overlap between treatments.  It is argued here that 

a differential diatom community response in the acidified treatment is contributing to the 

overlap between acidified and control treatments (Figure 4.2 and 4.6). This data correlates 

closely with the pigment proxy data from chapter three and helps identify which species are 

changing within the MPB biofilm communities.  

As discussed in chapter three, there is evidence from the pigment proxy data that some MPB 

members were decreasing in both chambers via a number of possible mechanisms:  

1) Polycarbonate material changing light spectra or reducing light. 

2) Higher herbivore biomass in control chambers. 

3) Increased rates of herbivory in control chambers. 

4) Higher primary production in acidified treatments. 

5) Natural flow rates of 2-3cm s-1 carrying more buoyant diatom species out of chambers 

(i.e. unequal community migration/erosion). 

 

Exploring these hypotheses, the attenuation of light received in each treatment chamber 

would contribute equally to all within chamber comparisons.  Therefore, as discussed in 

chapter three it is unlikely scenario 1) above would contribute to differences between main 

treatments.  As discussed in chapter three, it seems unlikely that herbivore related effects (2 

or 3) are the main driver of the trends because not all species are being grazed (i.e. some 
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species are increasing their abundance in control treatments).  Therefore, that leaves (4 and 

5), higher primary production in acidified chambers and unequal community erosion as 

viable mechanisms to explain trends associated with OA.  

Chapter three highlights that increased pCO2 is more likely to increase concentrations of 

extra cellular polysaccharides (EPS) rather than increase primary production in the short 

term.  However, some species are clearly showing cell specific increases that would indicate 

increased primary production (i.e. Trachyneis aspera, Figure 4.7). Therefore, it is 

hypothesized from this data that a combination of increased primary production in some 

species and reduced attrition of cells due to increased EPS in the acidified treatments has 

contributed to the trends present in the acidified treatment.  

However, there are a number of species in both treatments which are showing a decreased 

abundance (Figure 4.7).  It is argued here that this is more a result of passive cell movement 

(i.e. attrition of cells), rather than a downturn in primary production. This appears to be based 

on cell size as the decrease in cell abundance is higher in smaller cells (Figure 4.7). For 

example, species that had a larger decrease in cell abundance of more than 10 cells across all 

chambers were Synedropsis recta, Navicula directa, Fragilariopsis cylindrus, Porosira sp. 

These were mostly smaller elongated cells with a cell length average of 35 +/- 8 um.  By 

comparison the 9 species in Figure 4.7 that demonstrate increases in abundance have an 

average cell length of 117 +/- 77 µm.    Therefore, it is hypothesised that smaller cells are 

actually being lost due to their greater buoyancy making them more susceptible to cell 

attrition from unidirectional water flow.  

Ocean acidification is generally expected to increase primary production and abundances of 

most diatom species (Trimborn et al., 2013, Tortell et al., 2008).   As can be seen from table 

1, in comparison to other groups, microalgae generally respond positively to OA. However, 
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the majority of studies on microalgae are from pelagic ecosystems with a paucity of benthic 

microalgae data.   The present study on MPB demonstrates that despite environmental 

conditions in the MPB being dramatically different, most microalgae are showing similar 

positive responses, increasing abundances compared to controls (Figure 4.7).  Since 

numerous studies have already shown that the MPB is more carbon limited than pelagic 

ecosystems it should be expected that MPB microalgae would actually show a more positive 

response than pelagic microalgae. Increased primary production is a function of available 

carbon, PAR and nutrients (Trimborn et al., 2013, Tortell et al., 2008), with an abundance of 

light and nutrients, more carbon could be expected to result in higher primary production. 

Increased primary production will likely have positive effects on higher trophic levels, by 

providing higher biomass at the base of the food web, assuming that nutritional quality 

remains the same under OA conditions.  However, it should be noted that increases in 

primary production can lead to changes in species composition of higher trophic levels 

(Trimborn et al., 2013, Tortell et al., 2008, Widdicombe and Spicer, 2008, Widdicombe et al., 

2009).  

While the reported responses of microalgae to OA are generally positive, many studies have 

found that some species do better than others, leading to shifts in community composition 

(Table 4.1).  As discussed above, according to Finkel et al. (2009a) if uptake of CO2 is 

limited by diffusion then diatoms cells with a larger surface area to volume ratio (i.e. smaller 

cells) will respond more to increases in CO2. However, there does seem to be some 

inconsistency between studies in whether a change from big to small cells under OA 

scenarios is seen. However, recent studies have identified tipping points which may help 

explain inconsistent responses between dominance of smaller or larger cells (Hancock et al., 

2017).  According to Hancock et al. (2017) these tipping points may exist at a pCO2 of around 

600 ppm, after which smaller cells dominate. However, this hypothesis was developed for 
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pelagic ecosystems and may not hold in other ecosystems like the benthos.  The present study 

on MPB doesn’t show a particularly strong trend, but on average the cells that have increased 

under acidified conditions are at the larger end of the size range spectrum (~ 100 µm) for 

diatoms in this MPB community.  

Many studies have found that a shift in microalgae community composition can affect the 

nutritional quality available to grazers and the higher trophic levels. For example, Rossoll et 

al. (2012) found that elevated pCO2 significantly changed the fatty acid concentration and 

composition of the diatom Thalassiosira pseudonana, which constrained growth and 

reproduction on the copepod Acartia tonsa. There is currently insufficient data on the fatty 

acid contents of the species within the MPB in the current study. Therefore, it is difficult to 

determine what effect the observed species shift might be.    

Species changes may influence carbon drawdown through a number of other mechanisms.  

For example, assuming equal primary production but a shift to smaller cells, many studies 

suggests this would contribute much less to carbon export from surface layers due to their 

small size, slow sinking velocities (< 0.5 m/day) and rapid turnover in the microbial loop 

(Hancock et al., 2017, Trimborn et al., 2013, Tortell et al., 2008). However, this 

interpretation of carbon does not consider that the rapid turnover in the microbial loop may 

speed up carbon assimilation and drawdown.   However, as found in the present study and 

many others (Table 4.1) the change to larger cells occurs in conjunction with an overall 

increase in primary production.  Therefore, carbon drawdown would be expected to 

increase overall.   

In conclusion, the present diatom species data confirms what was indicated from the HPLC 

pigment data in chapter three, which is that diatom species are generally have a positive 

response to ocean acidification.  The response is not universally positive across all diatom 
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species though, with some species showing a negative response to OA. Therefore, MPB 

communities would be expected to become less diverse as larger cells in the MPB dominate 

the species diversity.   
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Conclusion 

General discussion  

 

Introduction 

Climate change and ocean acidification (OA) are predicted to alter marine community 

structure, function, and ecosystem services by the year 2100 (Kroeker et al., 2010, Kroeker et 

al., 2013).  These changing multiple environmental drivers could have a synergistic effect on 

some marine organisms (Boyd and Brown, 2015, Brierley and Kingsford, 2009). However, 

there are a number of biological feedbacks which may alter responses to multiple 

environmental stressors from climate change. The present thesis has investigated diatom 

physiological responses to climate change under multiple environmental stressors, then 

investigated how community composition changes. 

The aim of this chapter was to synthesize results from chapters 1-4 and: 

1. Outline key ecological processes affected by climate change, including the  

a. Diatoms physiological preferences and climate change.   

b. Thermal tolerance zones.  

c. Community composition under changing environmental conditions.  

Autotrophic physiological preferences and climate change 

It is now becoming well established that autotophic organisms are expected to be relative 

winners under OA, due to their ability to utilise increases in CO2 and HCO3- from OA under 

most circumstances (Black et al., 2019). The present thesis also demonstrated that the 

autotrophs within this ecosystem (i.e. Antarctic MPB) benefited from OA as a single stressor 
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(Black et al., 2019). Chapter one and two both highlight that photosynthetic yield (ϕPSII) 

increases under OA both in the short and longer term. Chapter one demonstrates how changes 

in behaviour (photo tactile response) under OA conditions results in increases in 

photosynthetic yield (ϕPSII). By comparison, heterotrophic organisms receive limited 

physiological benefit from OA induced changes in carbonate chemistry, requiring changes in 

their metabolisms and pH homeostasis (Cummings et al., 2011). Calcium and aragonite 

saturation states (Ω) are also predicted to decrease under future OA scenarios, which is 

expected to have negative effects on the ability of calcifying organisms to maintain calcium 

carbonate structures throughout their life cycles (Orr et al., 2005).  This affects corals, 

calcifying algae, pteropods and organisms with calcium carbonate structure in their life cycle 

(i.e. larval stages in echinoderms) (Anthony et al., 2011, Cornwall et al., 2017, Orr et al., 

2005).   

Thermal tolerance zones and physiological performance 

The thermal tolerance zone of an organism is the temperature window in which a particular 

physiological response (like photosynthesis or respiration) performs normally. Thermal 

tolerance zones normally follow a bell shaped curve with an optimum temperature at which 

the physiological parameter performs the best (Koch et al., 2013). As demonstrated in chapter 

two, temperature increases indicated that the Antarctic MPB thermal tolerance zone optimum 

was around 0º C, with physiological performance decreasing above 2º C. 

Carbonate chemistry feedbacks from autotrophic organisms 

The Carbonate chemistry of the oceans can be modified by physical and chemical drivers 

(such as atmospheric CO2 and total alkalinity), or biological drivers (such as photosynthesis 

or respiration) (Britton et al., 2016). For example, as more fCO2 is added to marine systems 

(from atmospheric sources or biological respiration), pH decreases (~ 0.08— 0.04 units per 
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100 µatm increase of fCO2, response is non-linear and depends on pCO2 range which is 

calculated here between 400 — 900 pCO2). Furthermore, many recent studies have 

highlighted the interaction of ambient pH with OA (Cornwall et al., 2017, Hepburn et al., 

2011).  There is also growing literature demonstrating that autotrophic organisms have a 

substantial ability to modify ocean carbonate chemistry and increase pH in coastal 

environments, to the benefit of surrounding organisms (Cornwall et al., 2014, Roleda et al., 

2015). This is due to photosynthesis using available carbon substrates in the form of CO2 and 

HCO3-. The scale to which coastal photosynthesis can mitigate OA is largely untested, with 

studies demonstrating diel changes in pH above the substrate, from millimetres above the 

sediment in the diffusive boundary layer (DBL) to 10 — 40 cm above the substrate in 

macroalgae stands (Pettit et al., 2015, Jørgensen, 1994, Britton et al., 2016, Cornwall et al., 

2017). The findings of chapter two, highlight that diatoms had some capacity under high 

irradiance to increase pH locally, however under multiple stressors under low irradiance the 

capacity was greatly reduced.   

Community composition in relation to climate change  

The community composition of either the autotrophic or heterotrophic components of an 

ecosystem will be dependent on their physiological preferences for the current environmental 

conditions, competitive fitness over other organisms in the ecosystem, in addition to other 

indirect ecological processes (i.e. predation, dispersal, recruitment).  As demonstrated from 

chapters one through to four, under OA conditions, autotrophic MPB components had a 

preference for OA as a single stressor, which translated to increased primary production and 

some changes in community composition in autotrophic MPB communities. However, the 

discussion above is based on MPB responses to ocean acidification as a single stressor (i.e. 

community composition changes under a single stressor). Chapter two demonstrates that 
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MPB exposed to increase temperature and OA have negative responses, hence it is possible 

that this will lead to a decrease in primary production.  

Future ocean acidification research directions – experimental design 

The field of ocean acidification has evolved from simple single organism laboratory 

experiments with limited monitoring of carbonate chemistry to complex in-situ ecological 

field studies (i.e. FOCE experiments). However, this does not automatically mean that 

complex FOCE experiments have more value than a simple well replicated laboratory study, 

it will depend on the research question. For example, if the research question is about 

community composition, then FOCE experiments may be more appropriate. However, if the 

research question is about a specific species response to OA, then a simpler laboratory 

experiment may be better suited to that question. 

Therefore, while FOCE studies provide many insightful answers about marine community 

responses to ocean acidification, they should not completely replace other lines of evidence. 

For example, mesocosm experiments, meta analyses of OA studies, ecological modelling and 

FOCE experiments should complement each other, hopefully all finding the same 

conclusions. In this respect the different approaches above should be used as a cross check, 

with consistent findings from different approaches an indication of the level of confidence in 

a particular finding. The current thesis has demonstrated the advantages and limitations of 

FOCE experiments alongside laboratory mesocosm experiments, using interpretations from 

both experiments to summarise likely outcomes for marine communities.  Some major 

limitations of FOCE studies have been limited replication, spatial variation in species 

composition between replicates and environmental parameters being more variable in FOCE 

experiments.   
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It is particularly challenging to manipulate multiple factors (i.e. temperature + pH + light) in 

FOCE experiments (especially in a polar ecosystem), therefore laboratory mesocosm 

experiments offer a solution to collect information on the impacts of multiple stresses. 

Therefore, the future research for laboratory mesocosm experiments have unique potential in 

the field of multiple stressors, in particular focusing on areas of science that cannot be easily 

replicated in the field (i.e. fine scale measurements such as pH profiles of sediments). As 

multi-stressor mesocosm experiments answer more research questions (i.e. OA + temperature 

stressors), they will evolve to include more stressors (e.g. OA + Temperature + pollutants + 

light stressors). It seems unlikely that FOCE style experiments will have the capacity to 

support experiments with many factors (i.e. OA + temperature + pollutants + light stressors), 

with replication being an obvious limiting factor.  

Future FOCE experiments can be approached in two ways: 1) FOCE experiments can explore 

if ecological modelling predictions, conclusions of meta analyse studies or results from single 

species OA studies are consistent in the natural environment. 2) Alternatively, FOCE 

experiments can be used to generate new hypothesis about certain processes, which can then 

be tested in a more controlled manner in the laboratory with more replication.  In either case, 

multiple lines of evidence from different approaches will increase the confidence in a 

particular finding.  

Future FOCE experiments should strive to include predicted temperature increases with 

associated pH decreases (i.e. temperature multi-stressor FOCE experiments). Ocean 

acidification FOCE experiments do offer a mechanistic understanding of how OA will effect 

ecological processes. However, ocean acidification and temperature stressors will not occur 

in isolation, with the potential for synergistic effects from their combination, it is therefore 

important that future FOCE experiments represent the predicted future marine environment.   
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The next steps for FOCE experiments could also include the combination of multiple FOCE 

environments into the one experiment. For example, FOCE experiments have been performed 

in isolation on the sea-ice, micophytobenthos and pelagic ecosystems at separate locations, 

times and scales (BARR et al., 2017, Riebesell et al., 2013, Stark et al., 2018).  It would be 

very valuable to know how the three environments interact in the context of a changing 

climate.  

Future ocean acidification research directions – response variables 

There are many different response variables and questions that OA studies have addressed, 

from changes in growth, feeding rates and mortality of individual species to broader changes 

at the community level (i.e. changes to community composition).  There is already 

discussions in the literature which outline some broader research questions for FOCE 

experiments (Stark et al., 2019). In addition to these we highlight the following response 

variables which may be valuable to include in future FOCE experiments.  

1. EPS production 

2. CCM activity 

3. Migration of species either towards or away from a particular scenario (i.e. RCP 

8.5) 

Changes in microalgae primary production of an ecosystem under future climate scenarios is 

an obvious question that most researchers will want to answer. However, many studies only 

examine bulk changes in primary production under OA. There are a number of 

complimentary processes that often proceed changes in primary production that can be 

informative, especially in shorter term experiment (i.e. < 8 week). For example, changes in 

CCM activity and production of EPS are two complimentary processes that can help 

researchers understand the likely changes observed in primary production. Ocean 
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acidification has been reported to cause a down regulation of CCM activity, which many 

studies suggest will eventually lead to increase primary production. However, algae may not 

immediately use these energy savings from reduced CCM activity under OA for growth, with 

many studies suggesting that it will be diverted first to EPS production (Piontek et al., 2010, 

Raven et al., 2017, Staats et al., 2000). Therefore it is recommended that researchers also 

measure EPS production in addition to primary production, especially in shorter term 

experiments (see chapter three).  

The movement of species into or out of a FOCE scenario is a unique research question which 

may be overlooked in many FOCE designs.  However, the decisions species make in terms of 

their preferences for particular environmental parameters will dictate their broader migration 

patterns. For example, some species are aready migrating, changing their distributions in 

relation to climate change (Linares et al., 2015).  

The conclusion for MPB ecosystems  

The overall findings from the present work has demonstrated the potential for the following 

changes in MPB ecosystems under RCP 8.5 scenarios: 

1. Altered primary production. 

2. Small changes in species composition. 

 

The present work also demonstrated the potential that the overall findings above could be 

modified by the following caveats, which could alter responses. 

Caveats: 

1. MPB have some OA buffering capacity (under certain conditions) which could reduce 

OA impact and alter OA and temperature responses.  

2. If temperature increases move outside the TTZ of Antarctic MPB then responses will 

be negative.  

 



 

191 

 

Caveat 1: Chapter two demonstrated that Antarctic MPB have substantial potential to 

mitigate OA (as a single stressor) even at low irradiance levels. However, this advantage, 

which is dependent on photosynthesis and hence irradiance, would not be applicable 

during the long Austral winters. Additionally the present work also demonstrates that 

there was no buffering capacity under multiple stressors scenarios (OA + temperature), 

even at higher irradiances.   

Caveat 2: While the in-situ FOCE experiments (Chapter one and three) do indicate that 

we should see an increase in primary production under OA scenarios. Chapter two 

highlights that predicted increases in temperature does show some decrease in 

photosynthetic performance. The results from chapter two indicate that a temperature 

increase above 2.5°C will move outside Antarctic MPB TTZ.  

The overall conclusions for Antarctic MPB ecosystems  

While this thesis has demonstrated some positive in-situ experimental results from a single 

stressor (i.e. OA), it is important that we try and determine what will happen to Antarctic 

MPB under the multiple stressors they will actually face in the year 2100 (i.e. Temperature + 

OA). The potential for caveat 1 above to alter MPB responses seems limited considering we 

observed no substantial buffering capacity of MPB under multiple stressors (OA + 

Temperature). Additionally any buffering from photosynthetic activity will not be present in 

the Austral winter.  However, caveat 2 above does suggest that we would expect our single 

stressor (in-situ FOCE) findings may be modified (by increased temperature), most likely in 

reducing positive effects observed (small increase in primary production).  

Therefore, under the RCP 8.5 scenario of climate change predicted for the year 2100, it is 

expected that MPB ecosystems will likely be negatively affected.  
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