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Thesis	  Abstract	  	  
Anthropogenic carbon dioxide (CO2) emissions are causing long-term changes in ocean 

carbonate chemistry. This process, ocean acidification (OA), produces reduced seawater pH and 

overall shifts in carbonate chemistry. Predictive modelling indicates that a seawater pH of 

approximately 7.8 will be reached in the near future (2100) and worst-case scenarios suggest a 

pH of below 7.5 could occur under extreme circumstances by the year 2300. Extensive research 

has been conducted on the effect of OA on calcifying marine invertebrates during early life-

history stages. However, transitions between life-history stages, such as the settlement and 

metamorphosis process, are less well studied.  Settlement success determines population 

recruitment and distribution, and changes in settlement could have large-scale, bottom-up effects 

on the population dynamics of many key invertebrate species.  This study aims to examine how 

OA affects the settlement selection of the serpulid polychaete, Galeolaria hystrix, in coastal 

environments by investigating biofilm response to OA and measuring G. hystrix settlement 

success in response to changes in biofilms caused by OA.  

 

The model species, Galeolaria hystrix Mörch 1863 (Family Serpulidae), is found throughout the 

low intertidal zone of New Zealand and is common in Otago Harbour. In situ physical and 

carbonate chemistry parameters were recorded over the course of the study from 23 March to 23 

October 2015 (Chapter 2). In their in situ environment G. hystrix experience moderate diel 

fluctuations in seawater pH, up to 0.116 pH units in a single event. These events are likely 

associated with primary productivity and tidal variation. Seasonal shifts in carbonate chemistry 

were observed and seawater pH ranged from pHT 8.03 to pHT 8.24 over the course of the study 

with an average of pHT 8.13 ± 0.01. Meaningful pH targets were determined for in vitro 

experiments based on the current site-specific carbonate chemistry conditions in Otago Harbour 

and standard pH projections normalised by the International Panel for Climate Change (IPCC 

2007, 2013). Targets of pHNBS of 7.8 (near-future, 2100) and pHNBS 7.4 (extreme, 2300) were 

identified as significant thresholds for biofilm development and settlement testing. 

 

A flow-through system was built and monitored at the Portobello Marine Laboratory, Otago 

Harbour, New Zealand (Chapter 3). Four individual replicate tanks were designed as mesocosms 

to develop biofilms on glass microscope slides at ambient pH and pHNBS targets, pH 7.8 (near-
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future, 2100) and pH 7.4 (extreme, 2300). All environmental parameters and mesocosm 

characteristics were measured and quantified in replicate tanks, including algae community 

composition. Biofilm sampling technics were verified, and the community composition of in situ 

biofilms was compared to in vitro biofilms and found to be significantly different. Findings 

indicated that biofilms developed in vitro did not mimic in situ biofilm variation, but 

successfully isolated the effect of seawater pH on biofilm community composition.  

 

The larval development, metamorphosis and settlement behaviour of Galeolaria hystrix is 

described and addresses gaps in the current literature (Chapter 4). Larval morphometrics and 

behaviour were detailed from fertilisation through to settlement and juvenile growth. Larvae 

developed as trochophores until approximately 12-15 days post-fertilisation and then underwent 

differentiation to the setiger larval stage. At this point, important changes in morphology 

(development of mesodermal bands and lengthening of the larvae) and behavior (slowed 

swimming and greater affinity for surface exploration) were observed. Metamorphosis was 

initiated by the delineation of a “neck” at the level of the prototroch and followed by key events 

such as, head region degeneration, tentacle bud formation, collar evagination and eventually tube 

secretion. These events occurred more rapidly in larvae that were exposed to substrates and 

displayed settlement behaviors, particularly temporary attachment. The speed and completion of 

metamorphosis was closely linked to larval contact with settlement surfaces, which suggested 

that substrate exploration and temporary attachment may be critical in the settlement process.  

 

Biofilm response to OA was evaluated in three key areas that affect settlement selection in 

marine invertebrates; 1) microbial biofilm community composition, 2) diatom coverage and 3) 

initial invertebrate community composition (Chapter 5).  Microbial biofilm community 

composition shifted in response to OA and biofilm age. The most significant shifts in phylum 

and operational taxonomic unit (OTU) relative abundances were observed in biofilms reared in 

the pH 7.4 treatments. The OTU richness of biofilms decreased with seawater pH and overall 

biofilm communities became more heterotrophic with age. Diatom coverage, chlorophyll-a and 

carotenoid pigment content significantly decreased in biofilms reared in pH 7.4 (extreme, 2300) 

treatments and were significantly lower on younger biofilms. The total abundance of initial 

invertebrate colonisers was significantly reduced on biofilms reared in pH 7.4 and was primarily 
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driven by a substantial decrease in Cirripedia spp. (barnacle larvae). Overall, significant shifts in 

biofilm community composition were observed at all three levels in the pHNBS 7.4 (extreme, 

2300) treatments. 

 

Settlement assays of Galeolaria hystrix were conducted on 23-day and 60-day old biofilms 

reared in the three seawater pH treatments from August – October 2015; ambient, 7.8 (near-

future, 2100) and 7.4 (extreme, 2300). All settlement assays were conducted in ambient pH 

seawater and settlement success was assessed at 24h, 48h and 5d post-larvae introduction and 

scored on a scale that quantified “loose” (biofilm exploration behaviors) and “close” (settlement 

success) associations (Chapter 6). Higher prevalence of “loose” associations did not correspond 

to higher settlement success rates. Overall there were no statistically significant differences in the 

settlement success of G. hystrix among pH treatments, although, findings indicated that biofilms 

reared in the pH 7.4 treatments were the least preferred. Settlement success of G. hystrix was 

significantly higher on older (60-day) biofilms than young (23-day) biofilms at 48h. Juvenile 

survival (at 5d) was not affected by biofilm age and/or pH treatment.  

 

Overall, results indicate that the settlement success of Galeolaria hystrix may not be significantly 

altered in the intertidal zone by ocean acidification alone. The dynamic and fluctuating carbonate 

chemistry and environmental conditions of coastal zones may make G. hystrix settlement 

somewhat resilient to small-scale shifts in biofilm communities driven by seawater pH. Ocean 

acidification produces small-scale non-significant shifts in biofilm communities at pHNBS 7.8 

(near-future, 2100) but does significantly alter biofilm communities (microbial, diatom and 

invertebrate) at pHNBS 7.4 (extreme, 2300). However, significant shifts in overall biofilm 

community composition associated with reduced seawater pH did not result in statistically 

significant differences in the settlement success of G. hystrix. Interestingly, biofilm age 

significantly altered overall biofilm community structure and younger age resulted in a 

significant decrease in settlement success of Galeolaria hystrix.  
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1.1 Ocean Acidification  

Over the past 250 years anthropogenic carbon dioxide emissions have increased due to 

the elevated use of fossil fuel combustion in the post-industrial revolution (Caldeira & 

Wickett 2003; Feely et al. 2004; Feely et al. 2009).  Atmospheric CO2 concentrations 

have increased by approximately 50% from pre-industrial times, rising from 

approximately 280 ppm to just over 400 ppm in April 2014 (Thompson 2014). This 

means that atmospheric carbon dioxide has surpassed 400 ppm for the first time since the 

Pliocene more than 4.5 million years ago (Peters et al. 2007, Bartoli et al. 2011, IPCC 

2007, IPCC 2013).  

 

Increasing atmospheric CO2 has a large impact on the Earth’s oceans, the planet’s largest 

carbon sinks (Caldeira & Wickett 2003; Sabine et al. 2004) that account for over one 

third of the atmospheric CO2 uptake (Cicerone et al. 2004, Feely et al. 2004; Sabine & 

Feely 2007). Atmospheric CO2 reacts with oceanic H2O forming carbonic acid (H2CO3) 

(2) that further dissociates into bicarbonate (HCO3
-) (3) and carbonate ions (CO3

2-) (4) 

producing excess hydrogen ions (H+) (Erez et al. 2011, Raven et al. 2005). Overall, 

increases in atmospheric CO2 result in elevated concentrations of hydrogen ions (H+) and 

dissolved inorganic carbon (DIC) in surface seawater (Erez et al. 2011, Raven et al. 

2005) that reduce seawater pH (Orr et al. 2005). In addition, this process also reduces the 

concentration of carbonate ions (CO3
2-) and the saturation states of calcite (ΩC) and 

aragonite (ΩA) (Erez et al. 2011). This ongoing process of CO2 uptake and acidification is 

broadly termed ocean acidification (OA).   

 

CO2(g) ↔ CO2(aq)                   (1) 

CO2(aq) + H2O ↔ H2CO3(aq)          (2) 

H2CO3(aq) ↔ HCO3
-
(aq) + H+

(aq)          (3) 

HCO3
-
(aq) ↔ CO3

2-
(aq) + H+

(aq)
             (4) 

 

Currently, atmospheric CO2 is steadily increasing at a rate of approximately 2.33 

ppm/year since the year 2000 (NOAA, 2012) and the continued use of fossil fuels is 
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predicted to elevate CO2 to between 750ppm (Bernstein et al. 2008) and 1000-1500ppm 

by approximately 2100 (Raven et al. 2005, Karl et al. 2009). Models developed by the 

Intergovernmental Panel on Climate Change (IPCC 2007, 2013) based on globalisation 

and economic predictions estimate atmospheric CO2 will more than double by 2100 with 

an associated average surface seawater pH drop projected at approximately 0.3 – 0.5 pH 

units (Orr et al. 2005; Doney et al. 2009; IPCC 2007) (Figure 1.1). Most special reports 

on emissions scenarios (SRES) models predict that in the near-future, 2100, surface 

seawater pH will be approximately pH 7.8 (Caldeira & Wickett 2003, Raven et al. 2005), 

and recent models developed by the IPCC (2013) confirm that regardless of latitude, 

worst-case scenarios will exceed pH 7.8 by 2100 (Figure 1.2). Worst-case scenarios 

assume CO2 emissions will follow a logarithmic function for burning the remaining fossil 

fuels and in these scenarios atmospheric levels of CO2 may reach 1900ppm by 2300 

resulting in a reduction of surface seawater pH to below pH 7.5 (Caldeira & Wickett 

2003).  

 

 
Figure 1.1 Changes in atmospheric CO2 (a) and global seawater surface pH (b) from the special reports on 
emissions scenarios (SRES) for future conditions (source Intergovernmental Panel on Climate Change 
(2007): Working Group I: The Physical Science Basis, Fig 10.24).   
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Figure 1.2 Changes in surface seawater pH due to ocean acidification in the near future to 2100 based on 
representative concentration pathways (RCP) scenarios given as area-weighted averages for the Artic 
Ocean (green), Southern Ocean (blue) and the tropic oceans (red) (source Intergovernmental Panel on 
Climate Change (2013): Chapter 30: The Ocean, Fig 30.7).  
 

 

1.2 Marine Organisms in Acidification Conditions  

In 2004, ocean acidification (OA) was identified as a major threat to calcifying marine 

organisms (Feely et al. 2004).  Increases in atmospheric carbon dioxide cause a decrease 

in seawater pH, initiating a “whole-scale shift” in overall seawater carbonate chemistry; 

including increases in pCO2 and decreases in the saturation state of calcite and aragonite 

(Feely et al. 2004; Orr et al. 2005; Doney et al. 2009). As mentioned previously, when 

dissolved inorganic carbon (DIC) increases carbonate ions (CO3
2-) decrease (Erez et al. 

2011), limiting the availability of carbonate to calcifying marine organisms for biogenic 

calcium carbonate (CaCO3) formation (Feely et al. 2004; Orr et al. 2005, Raven et al. 

2005). Calcifying marine organisms are especially at risk because they rely on the 

availability of carbonate ions to build their shells and/or skeletons (Feely et al. 2004; Orr 

et al. 2005). Additionally, the combination of exposure to decreasing pH and the 

decreasing availability of carbonate ions escalates the metabolic requirements necessary 

to form calcium carbonate while simultaneously increasing dissolution rates (Feely et al. 

2004; Berelson et al. 2007; Doney et al. 2009). This combination delivers a compounding 

deleterious effect on the development of calcifying marine invertebrates. Findings 

suggest that calcifying organisms will be the first to significantly experience the effects 

of ocean acidification on survival, population distribution, growth and development. 
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Over the past 10 years, emphasis has been placed on studying the effects of decreasing 

pH on invertebrates during stage-specific periods of their life cycle (Fabry et al. 2008, 

Kroeker et al. 2010, Kroeker et al. 2013). Particular emphasis has been placed on early 

life-history stages from fertilisation through to late stage larval development (Kurihara & 

Shirayama 2004; Byrne et al. 2013; Gonzalez-Bernat et al. 2013) when organisms are 

deemed most vulnerable due to potential “bottlenecks in physiological processes” 

(Dupont et al. 2010). Existing scientific evidence suggests that responses to OA may vary 

among marine species and location with general trends indicating an overall deleterious 

effect on larval development, growth and survival (Dupont et al. 2010; Byrne et al. 2013, 

Kroeker et al. 2013).  Currently, there is a gap in scientific knowledge on the effects of 

OA on marine invertebrates during early post-larval stages in their lifecycle, particularly 

during the settlement process (Uthicke et al. 2013).  

 

1.3 The Importance of the Settlement Process 

The settlement and recruitment of benthic marine organisms is a complex process. It is a 

critical juncture in the life history of benthic invertebrates that transition from planktonic 

larvae to benthic juveniles. Typically, larvae undergo extreme morphological and 

physiological adjustments in combination with environmental changes as they move from 

a pelagic larval stage to a benthic juvenile.  

 

As larvae prepare for settlement they undergo a key morphological change called 

metamorphosis. Metamorphosis includes physiological alterations such as the resorption 

or degeneration of larval tissues and the beginning of the formation of the adult skeleton, 

as well as phenotypic changes in biological design (Cameron & Hinegardner 1978, 

Maruzzo et al. 2012).  Specific stages of metamorphosis vary from species to species, but 

all experience ontogenetic changes critical to survival of the juvenile once it has settled 

(Maruzzo et al. 2012).  
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1.4 Settlement Conditions in Coastal Environments 

During settlement, invertebrate larvae move from the relatively stable pH condition of the 

pelagic environment to a more variable pH environment in the benthos, particularly in the 

subtidal and intertidal zones. The IPCC (2007, 2013) recognise that biological and 

physical parameters in coastal ecosystems affect local carbonate chemistry and make it 

difficult to predict the impacts of OA at smaller scales. Cycles of photosynthesis and 

respiration cause diel fluctuations in seawater pH, DIC and overall carbonate chemistry at 

local scales (Pelejero et al. 2010). Continuous pH monitoring has shown that coastal 

environments (including kelp forests, coral reefs, near-shore conditions and upwelling 

sites) have far more variable pH levels than originally anticipated, with standard 

deviations around 0.2 pH units over the course of a month and extremes spanning up to 

1.43 pH units in single events (Hofmann et al. 2011); variations comparable to and 

sometimes greater than projected changes by the IPCC for the end of this century (~0.3). 

 

Macroalgae can modulate pH within small-scale ecosystems and cause large variations in 

pH driven by metabolic processes within boundary layers. Occasionally, fluctuations 

greater than those predicted under OA scenarios for 2100 by IPCC (2013) can occur in 

complex macroalgae assemblages (Cornwall et al. 2013).  It is important, therefore, to 

understand ecosystem specific variation in pH and the environmental heterogeneity of 

carbonate chemistry in intertidal and subtidal zones because these are the conditions 

under which the majority of marine invertebrate larvae settle.  Existing, ambient 

fluctuations in carbonate chemistry may have large impacts on the resilience and/or 

susceptibility of marine populations to future OA conditions and allow for more nuanced 

and accurate interpretations of laboratory experiments on organism response to OA 

(Hofmann et al. 2011).  

 

1.5 Biofilm Overview  

It has been previously argued that the recruitment success of marine invertebrate larvae is 

primarily determined by the survival of embryos and larvae and that survival rates during 

early life-history stages are the critical bottleneck determining population dynamics 

(McEdward & Miner 2007). However, settlement is also a key component of the lifecycle 
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driving marine demography and is a causal factor of variation, critical in explaining 

patterns of distribution (Rodriguez et al. 1993). Biofilms cover all marine substrates and 

play a vital role in mediating the physiological and molecular level cues that induce 

settlement in benthic marine invertebrates over spatial and temporal scales in the coastal 

environment (Rodriguez et al. 1993). The importance of biochemical signalling in 

determining settlement highlights the significance of understanding the effects of OA, not 

only on larvae or biofilms individually, but the entire settlement process. Examining how 

the complex interactions of settlement respond to pH pressure is important in determining 

how ecosystems and population distributions will change in the future. 

 

Biofilms are composed of photo- and heterotrophic microorganisms that adhere to 

surfaces, biotic or abiotic, and are embedded in a self-produced matrix of extracellular 

polymeric substances (EPS). Biofilms form on any solid substrate periodically or 

continually submerged and are exceptionally diverse and ubiquitous in marine 

environments. Different bacteria species colonise substrates based on the level of 

hydrophobicity (Huggett et al. 2009) and help to enable higher order attachment and 

benthic sessile invertebrate fixation (Hadfield 2011). Their prevalence makes them a 

critical component of marine coastal ecosystems (Decho 2000). Biofilms are an important 

part of coastal ecosystem structure and food chain; they are grazed on by many 

organisms, including invertebrates and fish (Decho 2000, Thompson et al. 2004).  

Additionally, biofilms play a key role in the active recruitment of invertebrate larvae (Lau 

et al. 2005), particularly in coastal habitats where benthic population densities are high 

and substrate surfaces abundant.  

 

The development and characteristics of biofilms are controlled by a number of 

environmental variables and the integration of factors such as light intensity, temperature, 

pH and nutrient availability (Goller & Romeo 2008, Karatan & Watnick 2009). Virtually 

all types of bacteria can form biofilms; thus, formation is complex and many different 

microorganisms e.g. bacteria (gram-negative and gram-positive), archaea, protozoa, fungi 

and algae can be incorporated into communities where each performs a specialised 

metabolic function (Karatan & Watnick 2009, Flemming & Wingender 2010). Research 
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has shown that biofilms are adaptable, particularly in the intertidal and subtidal zone, 

where biofilms at the same location can vary with seasonal and tidal changes (Lee et al. 

2014). Natural biofilms have highly diverse bacterial communities, for example Lee et al. 

(2014) showed that ≈ 8,000 species of bacteria were recovered from a single biofilm 

sample.   

 

Microorganisms undergo profound changes in order to transition from a planktonic to 

benthic, sessile, community-based lifestyle in biofilms (O’Toole et al. 2000). Cells are 

protected by a matrix of hydrated EPS consisting of polysaccharides, proteins, nucleic 

acids and lipids that facilitate biochemical communication channels, nutrient exchange, 

enzyme digestion and gene exchange between cells (Flemming & Wingender 2010). The 

biofilm EPS matrix constitutes over 90% of the dry weight biomass and is one of the key 

components contributing to the success of biofilms, allowing them to act as a single 

organism, and enabling them to be considered “the oldest, most successful and 

widespread form of life on Earth” by many scientists (Flemming & Wingender 2010). 

 

In summary, EPS creates the three-dimensional architecture that forms the immediate 

biofilm morphology and extracellular DNA can help provide mechanical stability. 

Microbial community composition and morphological structure vary greatly and are 

determined by environmental conditions. This means biofilms are exceptionally sensitive 

to environmental conditions such as seawater pH and changes to pH will alter biofilm 

formation and structure.  

 

1.6 Invertebrate Larvae Sensitivity to Biofilms 

Biofilms produce 1) waterborne cues that potentially enable exploring larvae to locate 

suitable substratums and detect their presence and, 2) surface-associated cues that 

mediate settlement and metamorphosis (Khandeparker et al. 2006). Settlement cues and 

detection sensitivity in marine invertebrates is species-specific. The effect of biofilms on 

invertebrate recruitment involves a range of biofilm characteristics “including surface 

chemistry, micro-topography, and a wide range of microbial products from small-

molecule metabolites to high-molecular weight extracellular polymers” (Qian et al. 
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2007).  Experiments conducted by Huang & Hadfield (2003) found that for the serpulid 

polychaete, Hydroides elegans, larvae must touch a biofilmed surface to detect settlement 

cues. However other studies have found that free amino acids potentially released from 

dying conspecifics may act as a soluble cue that enhances H. elegans settlement (Bryan et 

al. 1997, Harder & Qian 1999). The proposed mechanism through which settlement 

enhancement occurs is suspected to be by producing increased biofilm bacterial 

development (Beckman et al. 1999, Hadfield 2011). Quorum-sensing acylhomoserine 

lactones (AHLs) produced by gram-negative bacteria were investigated as soluble 

inductive settlement cues but were only detectable in one of seven inductive strains of 

bacteria (Huang et al. 2007). It is most likely that variability in settlement preferences is 

due to a mixture of settlement specificities, a trait typically common among benthic 

invertebrate species (Toonen & Tyre 2007, Hadfield 2011). 

 

Biofilm growth conditions and community composition may play a large role in 

determining a biofilm’s settlement-inducing effects and factors other than those relating 

to the physical characteristics of a biofilm, e.g. biomass, cell density, EPS biomass or 

thickness, are critical in inducing metamorphosis. For example, specific genes of the 

Pseudoalteromonas luteoviolacea strain HI1 need to be expressed to induce settlement in 

the marine tubeworm Hydroides elegans (Huang et al. 2012). Even growth conditions can 

affect a bacteria’s ability to elicit an inductive response; for example, Huang et al. (2007) 

have shown that the marine bacterium Pseudoalteromonas spongiae can only induce the 

larval settlement of Hydroides elegans when it has been cultured with both yeast extract 

and peptone as opposed to peptone alone. 

 

1.7 The Effect of Seawater pH on Biofilms 

Witt et al. (2011a) were the first to look at the effects of ocean acidification on oxygen 

production and microbial community composition in biofilms developed on glass slides 

and exposed to four pH treatments (8.2, 8.0, 7.9, 7.6) in an outdoor flow-through 

seawater system regulated with CO2 injections. Findings verified that reduced pH (7.6) 

initiated a compositional shift to a diatom-dominated macro community and promoted an 

increase in filamentous algae. The abundance of calcareous red algae decreased with 
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lower pH treatments while the growth of turf algae significantly increased the biomass of 

the films. Despite changes to the algal community no significant differences in metabolic 

activity were detected. Additionally, reduced pH significantly changed the microbial 

community composition of biofilms and potentially increased EPS production. Variation 

between replicates was lowest at pH 7.6 indicating that communities may become more 

adapted and specialized to low pH conditions with less competition among bacterial 

groups (Witt et al. 2011a). Alphaproteobacteria abundance decreased as 

Flavobacteriales (Bacteroidetes) increased across pH treatments suggesting specific 

bacterial groups are more sensitive to changes in pH compared to others. Witt et al. 

(2011a) conclude that this study highlights the sensitivity of biofilms to reduced pH and 

suggests their ability to change in response to pH pressure is driven by adaptation as 

opposed to short-term stress response.  

 

Meron et al. (2011) examined changes in the bacterial communities of coral mucus, tissue 

and skeleton in Acropora eurystoma at pH 8.2 and pH 7.3 treatments. Results showed 

that the microbial communities were different and there was an increase in pathogenic 

bacteria associated with disease and stress in corals in the reduced pH treatment. Further 

analysis indicated a potential increase in antibacterial activity of isolates from the lower 

pH treatment. 

 

In situ research conducted by Lidbury et al. (2012) along a natural pH gradient showed 

that biofilm production, biomass and uronic acid (a significant component of EPS) 

increase as the partial pressure of CO2 increases (Lam et al. 2005). DNA analysis 

revealed differences in community composition; uronic acid and overall production 

increased as pH was reduced, indicating that key components of biofilm structure 

changed in response to decreasing pH (Lidbury et al. 2012). 

 

1.8 Study Organism: Galeolaria hystrix  

Galeolaria hystrix Mörch 1863 (Polychaeta: Sebellida, Serpulidae) is a relatively large 

tubeworm with a distinctive red/orange calcareous tube and brachial crown, found in the 

intertidal and subtidal zones of New Zealand and Australia (Appendix A, Morton 2004, 
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Smith et al. 2005). G. hystrix are suspension feeders and typically settle as individuals in 

the shallow water of low intertidal zones (Appendix A) and in ‘patch reef’ formations in 

subtidal zones as observed at Paterson Inlet, Stewart Island, New Zealand (Smith et al. 

2005). Its tube is dominated by calcite with 7–14 wt% MgCO3 and there is very little 

variation in mineralization among individuals (Smith et al. 2013). G. hystrix longevity is 

approximated at 10 – 12 years and worms are estimated to grow their tubes rapidly at up 

to 4cm y-1 and 1.4 g y-1 in subtidal zones (Riedi & Smith 2015). G. hystrix is an 

ecosystem engineer, acting as an important habitat former and contributing to the overall 

health and richness of coastal zones by increasing species diversity and abundance by 

providing habitat and carbonate sedimentation (Smith et al. 2005).  Recently, findings 

have verified that G. hystrix is an important local contributor to sedimentation, depositing 

large quantities of calcium carbonate (CaCO3) annually (Smith et al 2013, Riedi & Smith 

2015). 

 

The general ecology and settlement behavior, both solitary and gregarious, of the species 

has been described (Smith et al. 2005, Wing 2008, Davidson et al. 2011, Smith et al. 

2012), however larval development and ecology remain undescribed. Larval development 

and behavior is expected to be similar to that of the serpulid polychaete Galeolaria 

caespitosa Lamarck (Marsden & Anderson 1981) and will be described in detail later in 

this thesis.  

 

Galeolaria hystrix in the intertidal zone at Portobello Marine Laboratory, Otago 

Peninsula, New Zealand, were most abundant (12 individuals ± 3 per m2) and largest (4.5 

cm ± 0.3cm) at approximately 0.2m above the 0.0m low tide mark (Appendix A).  

Galeolaria hystrix abundance corresponded to the highest percentage coverage of 

Hormosira banksii, Neptune’s Necklace (35% ± 3%) and Cystophora scalaris, Zig-zag 

weed (37% ± 4%) (Appendix A). In the intertidal zone, G. hystrix displayed a degree of 

gregarious settlement and the majority of individuals (81%) settled within 10 cms of a 

conspecific (Appendix A). A large percentage of Galeolaria (72%) settled on the side or 

underside of rocks/boulders and 71% settled on crustose coralline algae (CCA) 

(Appendix A). Galeolaria hystrix abundance was also negatively correlated with the 
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presence of Spirobranchus cariniferus (blue tubeworms) in the intertidal zone.  

Observations suggest that Galeolaria hystrix display settlement selection preferences in 

situ and are sensitive to key biofilm components, such as algae, invertebrate colonisers.  

 

1.9 Gaps in Scientific Knowledge, Key Aims and Hypotheses 

Research has been conducted to address questions of marine invertebrate larvae response 

to ocean acidification (McDonald et al. 2009, Dupont et al. 2010; Byrne et al. 2013), 

biofilm response to ocean acidification (Meron et al. 2011, Witt et al. 2011, Lidbury et al. 

2012) and invertebrate response to biofilms (Maki et al. 1988, Maki et al. 1990, Uthicke 

et al. 2013). However, no research, to my knowledge, has looked at how the entire 

settlement process is affected by ocean acidification. This study will be one of the first to 

take a comprehensive look at marine invertebrate settlement in coastal zones in response 

to OA by attempting to separate the effect of seawater pH on biofilm community 

composition and the subsequent effect on biofilm suitability for Galeolaria hystrix 

settlement. 

 

In summary, the key aims of this study are to: 

 

Chapter 2) Develop a high-resolution profile of physical and carbonate chemistry 

parameters in the intertidal and subtidal zones at Portobello Marine Laboratory, Otago 

Harbour, New Zealand, where adult populations of Galeolaria hystrix are located, in 

order to develop meaningful in vitro pH values. 

 

Chapter 3) Describe and quantify the physical and measureable aspects of the replicate 

tank mesocosms used to develop marine biofilms used in subsequent experiments and 

compare in vitro and in situ biofilms to verify in vitro biofilm development techniques.  

 

Chapter 4) Describe, in detail, the larval development, metamorphosis and settlement of 

the model species Galeolaria hystrix, in vitro. 
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Chapter 5) Investigate how biofilms respond to ocean acidification in three key areas 

that affect settlement selection in marine invertebrates: 1) microbial community 

composition, 2) diatom coverage and 3) initial invertebrate colonisation.  

 

Chapter 6) Test if the settlement behavior and success of the serpulid polychaete, 

Galeolaria hystrix, differs in response to biofilms developed under three coastal ocean 

acidification treatments.  

 

This study will address gaps in the current literature regarding the effect of OA on 

benthic, calcifying invertebrate settlement selection, including developing meaningful pH 

values for coastal environments where Galeolaria hystrix reside and helping to define 

biofilm characteristics that respond most significantly to pH pressure driven by global 

climate change. This study is a first step for future research investigating the effect of OA 

on the settlement process as a whole and aims to help understand potential implications 

of OA on observed patterns in settlement and coastal marine invertebrate populations.  
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Chapter	  2	  
Quantifying	  the	  carbonate	  
chemistry	  and	  pH	  
fluctuations	  of	  the	  coastal	  
zone	  in	  Otago	  Harbour,	  New	  
Zealand	  
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2.1 Introduction 

2.1.1 Ocean Acidification and the Carbonate System 

The oceans absorb over one third of the increases in atmospheric CO2 driven by 

anthropogenic fossil fuel emissions since the post-industrial revolution (Caldeira & 

Wickett 2003, Cicerone et al. 2004, Feely et al. 2004, Sabine et al. 2004, Sabine & Feely 

2007).  CO2 dissolution in seawater produces two main effects: 1) an increase in 

hydrogen ions (H+
(aq)) and, 2) the production of four inorganic species collectively termed 

dissolved inorganic carbon (DIC) comprised of hydrated CO2 (CO2 (Aq)), carbonic acid 

(H2CO3(aq)), bicarbonate (HCO3
-
(aq)) and carbonate ions (CO3

2-
(aq)) (Orr et al. 2005, Raven 

et al. 2005, Erez et al. 2011).  Increases in pCO2 and the reactions associated with CO2 

dissolution reduce surface ocean pH.  This on-going process of atmospheric CO2 uptake 

and associated whole-scale shifts in seawater carbonate chemistry are broadly termed 

ocean acidification (OA).  

 

The degree of mineral (calcite and aragonite) saturation in seawater is defined by Ω and 

is driven by the ion concentration of [Ca2+] and [CO3
2-], in situ temperature, salinity and 

pressure (Feely et al 2004, Feely et al 2009).  Saturation states (Ω) below 1 indicate a 

system where dissolution is greater than precipitation and saturation states above 1 

indicate supersaturation when precipitation prevails. Depth increases solubility of ΩC and 

ΩA creating lysoclines at Ω=1 below which dissolution occurs (Orr et al. 2005, Woosley 

et al. 2012).  Decreases in ΩC and ΩA are hypothesised to be detrimental to biogenic 

calcium carbonate formation (CaCO3), and is why calcifying marine organisms are 

considered at elevated risk from OA (Feely et al. 2004, Doney et al. 2009).  

 

Seawater total alkalinity (TA) is defined as the amount of “excess buffer” or the capacity 

of excess hydrogen ion acceptors available in seawater, such as silicate, phosphate, 

dissolved ammonia, and most importantly, carbonates, to neutralize acid. TA is relatively 

stable, although spatial and temporal variability, primarily driven by currents and 

freshwater inputs, have been noted (Millero et al. 1998, Cai et al. 2010).  Long term 

equilibrium with atmospheric CO2 results in the majority of dissolved inorganic carbon 

existing in the form of high concentrations of bicarbonate (HCO3
-
(aq)) and carbonate 
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(CO3
-2

(aq)). Carbonate driven alkalinity comprises a large portion of total alkalinity (TA). 

Under continued OA, total alkalinity will remain relatively constant because CO2 reacts 

with seawater generating equal numbers of positive and negative ions. However, the 

capacity of TA to buffer changes in pH will be reduced as increased amounts of 

atmospheric CO2 are absorbed and the proportion of DIC components shifts to lower 

concentrations of carbonate ions (CO3
2-

(aq)) (Erez et al. 2011).   

 

It is important to understand the changes in all four inorganic carbonate system species to 

predict how complex environments may respond to OA. 

 

2.1.2 Variation in Coastal Environments  

The majority of OA projections, including the 2010 global open ocean pHT average of 

8.07 (NOAA 2010), are based on offshore datasets that assume more stable 

environmental conditions than experienced in coastal zones. Recently, research has begun 

to consider organism response to OA based on ecosystem specific variations in pH 

(Thomsen et al. 2010, Kroeker et al. 2011, Yu et al. 2011). Hofmann et al. (2011) 

described pH behavior and fluctuations in fifteen environments and found that a wide 

range of local environmental conditions drive large natural variations in surface and 

benthic “pH seascapes”.  In particular, continuous pH monitoring has revealed that 

coastal environments (including kelp forests, coral reefs, near shore conditions and 

upwelling sites) display far more variable seawater pH conditions than expected, with 

standard deviations near 0.2 units pH and extremes spanning up to 1.43 pH units in a 

single event (Hofmann et al. 2011).  Cornwall et al. (2013) have confirmed that ambient 

variation in seawater pH (pH ±0.2 – 0.35), sometimes larger than that predicted in 2100 

by IPCC (2013), can occur daily in a kelp forest in the Otago region, New Zealand.   

 

2.1.3 Importance of Understanding OA in Coastal Environments 

Knowledge of the in situ carbonate system and ambient pH conditions in Otago Harbour 

means that in vitro experiments can be designed to test relevant pH targets that more 

accurately simulate real-world conditions in the intertidal zone of this and similar 

environments. Generating a baseline, site-specific understanding of the carbonate 
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parameters at a collection location is often overlooked for in vitro experiments. Instead, 

standard pH projections normalized by the IPCC (2007, 2013) are used to test the impacts 

of OA. In light of the recent findings by Hofmann et al. (2011), it was deemed important 

to quantify the carbonate system and ambient pH fluctuations at Portobello Marine 

Laboratory, Otago Harbour, New Zealand, the collection site of the model species 

Galeolaria hystrix, to more accurately understand the organism’s current pH exposure 

and resilience, and more confidently define relevant pH targets for biofilm development 

(Chapter 5) and settlement assays (Chapter 6).  

 

Marine biodiversity is significantly higher in coastal and benthic zones than pelagic, open 

ocean conditions (Gray 1997). Additionally, many of the calcifying invertebrates and 

ecosystem engineers most susceptible to OA reside in the intertidal and subtidal zones 

(Kroeker et al. 2013). The importance of coastal systems is supported by the focus of 

marine management and conservation science to protect these areas due to the prevalence 

of habitat diversity, biodiversity, population replenishment and uniqueness (Beatley 

1991, Gray 1997). In summary, coastal habitats are important and densely populated 

regions. OA experiments and projections must consider the site-specific carbonate system 

and natural pH fluctuations in an organism’s in situ environment/habitat to develop 

ecologically relevant in vitro experiments.  

 
2.1.4 Aims 

The overarching aim of this chapter is to describe, in detail, the site-specific in situ 

carbonate chemistry at the Galeolaria hystrix collection location. In this chapter, I aim to:  

1. Measure long-term seasonal trends and changes in carbonate chemistry over the 

course of this study from March 2015 to October 2015;  

2. Distinguish if there are ecologically relevant differences in the carbonate 

chemistry between the intertidal and subtidal zones to Galeolaria hystrix; 

3. Quantify short-term diel fluctuations in pH, 

4. Evaluate the effect of irradiance and tide height on short-term pH fluctuations;  

5. Identify meaningful pH thresholds to test in vitro. 
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2.2 Methods  

2.2.1 Monitoring of in situ Seawater Parameters  

Key seawater characteristics were recorded at two distinct locations off the Portobello 

Marine Laboratory (PML) Wharf, Otago, New Zealand located at 45° 49’ 40.7424” S, 

170° 38’ 26.0160” E.  Seawater measurements and samples were taken between March to 

October 2015 from Site A at the base of the PML wharf at approximately 0.1m depth and 

from Site B at the end of the PML wharf at approximately 0.5m depth (Figure 2.1). Site 

A represented seawater parameters within the intertidal zone and Site B represented 

surface seawater parameters within the subtidal zone. A third site, Site C, indicates the 

location of Satlantic SeaFET deployment (Figure 2.1). Site A is also one of the collection 

sites for the model species, Galeolaria hystrix, described in Chapter 4, and used for 

settlement assays in Chapter 6. Site D (Figure 2.1) notes the location of the weather 

station used to collect PAR and tide height measurements. 

 

2.2.2 Seawater Characteristics and Sampling  

Seawater samples and discrete in situ measurements of temperature (°C), salinity (ppt), 

dissolved oxygen (DO, mg/L) and pHT were recorded periodically from March to 

October 2015 (range = every 3-21 days, mean = every 9 days, Table 2.1). The frequency 

of measurements was limited by equipment availability and in some cases severe weather 

conditions limited access. Measurements were made using either the YSI 6600 v2 Sonde 

or Horiba U51 Multi Water Quality Checker based on equipment availability (Table 2.1). 

The YSI 6600 v2 Sonde was more frequently used and in these cases chlorophyll-a 

concentration (µg/L) was also recorded. Both pieces of equipment were calibrated 

monthly and compared using PML standards. Tidal state and Beaufort wind force were 

noted during each sample collection (Table 2.1). Ambient PAR light data (Licor No Li-

190 light sensor) and tidal height were continuously recorded every 30 minutes at the 

weather station at PML (Figure 2.1). This data is part of a long-term dataset collected at 

PML and equipment was maintained and checked daily by technicians on site.  

 

Two seawater samples were collected from Site A and B; one in a 250 mL Duran Schott 

bottle (for dissolved inorganic carbon, DIC, analysis) and one in a 1 L PET bottle (for  



 28 

 
Figure 2.1 Location of Portobello Marine Laboratory (PML) on the Otago Harbor, New Zealand where 
samples were collected from March – October 2015. (A) Location of intertidal sample site A, (B) Location 
of subtidal sample site B. (C) Location of SeaFET deployment May – June 2015. (D) PML weather station 
where light and tide sensors are located. Scale bar 100m. 
 

PML 

NZMSC B 
A C 

D 
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Table 2.1 Details on the collection of seawater samples, temperature (°C), salinity (ppt), dissolved oxygen 
(DO, mg/L) and pHNBS by glass electrode.  Chlorophyll-a concentration (µg/L) was collected when the 
Sonde was used to collect data. Sonde denotes the use of the YSI 6600 v2 Sonde and Horiba denotes the 
use of the Horiba U51 Multi Water Quality Checker.  
 

Date	  
(2015) 

Time	  	  
(NZST) 

Instrument Tide Beaufort	  
scale	  	  

Duplicate 

Mar	  23 12:27 Sonde Low	   2 YES 

Mar	  26 12:23 Horiba Mid 2  

Mar	  31 14:30 Horiba High 3  

Apr	  7 16:30 Horiba Mid/High 1  

Apr	  14 16:14 Sonde Mid 4  

Apr	  20 16:23 Sonde High 1  

May	  4 12:31 Horiba Mid 2 YES 

May	  10 17:29 Sonde Mid 3  

May	  19 16:30 Horiba Mid/High 2  

Jun	  6 12:28 Horiba Mid 3  

Jun	  9 15:37 Sonde Low 3  

Jun	  22 13:23 Sonde Low 3  

Jun	  30 17:20 Horiba Mid/High 1  

Jul	  21 11:40 Horiba Mid 4  

Jul	  28 14:12 Sonde High 3  

Aug	  4 16:32 Sonde High 4 YES 

Aug	  13 11:00 Horiba Low 4  

Aug	  17 11:05 Sonde Low 0  

Aug	  28 15:32 Horiba High 1  

Sep	  7 13:39 Sonde High 4  

Sep	  17 08:12 Sonde High 0  

Sep	  23 12:26 Sonde High 1  

Sep	  30 15:50 Sonde Mid 1  

Oct	  7 14:55 Sonde	   Mid 3  

Oct	  15 10:40 Sonde Low 0  

Oct	  23 13:52 Sonde High 0  
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total alkalinity, TA, analysis).  Samples were fixed with saturated mercuric chloride 

(HgCl2) for preservation and secured with parafilm for later laboratory analysis. Over the 

collection period three duplicate seawater samples were collected for quality control and 

to ensure that the collection and analysis methods were precise, reliable and repeatable 

(Table 2.2). Differences between duplicate measurements were on average 4.2 ± 2.0 

µmol kg-1 for TA and 0.8 ± 0.3 µmol kg-1 for DIC, confirming that variation among 

samples was small relative to the expected environmental variability (Table 2.2).	   

	  
Table 2.2 Raw data of duplicate TA and DIC measurements and the effect on calculated carbonate 
parameters (pHT, pCO2, ΩC and ΩA)*. Samples are labeled by location, duplicate number and date (2015). 
 

 TA 
μ	  mol	  kg

-‐1 
DIC 

μ	  mol	  kg
-‐1 

pHT pCO2 
μatm 

ΩC ΩA 

Intertidal	  1	  (23	  Mar) 2280.7	   2084.7	   8.04	   428.91	   3.40	   2.18	  

Duplicate	  1	  (23	  Mar)	   2288.9	   2083.2	   8.04	   408.24	   3.55	   2.27	  

Subtidal	  2	  (4	  May)	   2287.7	   2087.7	   8.06	   375.03	   3.42	   2.18	  

Duplicate	  2	  (4	  May)	   2286.1	   2088.3	   8.06	   379.37	   3.39	   2.16	  

Intertidal	  3	  (4	  Aug)	   2284.5	   2067.8	   8.16	   287.44	   3.66	   2.31	  

Duplicate	  3	  (4	  Aug) 2281.6	   2068.3	   8.16	   292.35	   3.60	   2.28	  

* In situ measurements of pH on the total scale, pCO2 (partial pressure CO2), TA (total alkalinity), DIC 
(dissolved inorganic carbon) ΩC (calcite saturation state) and ΩA(aragonite saturation state). 
 

2.2.3 Seawater Carbonate Chemistry Measurements 

Dissolved inorganic carbon (DIC) and total alkalinity (TA) were analyzed post collection 

using custom-built analytical chemistry systems; each system included in-house, custom 

blown glassware and custom written software. Samples collected in September – October 

2015 (Table 2.1) were processed by Judith Murdoch due to closure of the lab for 

construction.  

 

Alkalinity was measured by potentiometric titration in a closed cell following the method 

of Dickson et al. (2007).  The accuracy of the method was determined by the analysis of 

Certified Reference Material provided by Andrew Dickson from Scripps Institution of 

Oceanography and is estimated to be within ± 2 µmol kg-1.   
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DIC was measured by coulometric analysis of evolved gas after the acidification of a 

seawater sample following the method of Dickson et al. (2007).  The accuracy of the 

method was determined by analysis of Certified Reference Material provided by Andrew 

Dickson from Scripps Institution of Oceanography and is estimated to be within ± 1 µmol 

kg-1. 

 

Key carbonate chemistry parameters were calculated using measured DIC and TA. These 

values were used as input parameters in the program SWCO2 (Hunter 2009), along with 

in situ temperature (°C) and salinity (ppt), to determine the pHT, partial pressure of 

CO2 (ρCO2) and the saturation state of calcite (ΩC) and aragonite (ΩA) for each sample. 

Seawater properties were determined using the CO2 equilibrium constants given by 

Mehrbach et al. (1973) refit by Dickson and Millero (1987). 

 

2.2.4 Seawater pH Measurement Techniques 

Overall, seawater pH was measured using three techniques; 1) glass pH electrode (NBS 

scale), 2) high-resolution carbonate chemistry measurements (total scale) and 3) SeaFET 

ocean pH sensor using an ion selective field effect transistor (total scale) (Table 2.3). 

Seawater pH was measured weekly by glass electrode via either YSI 6600 v2 Sonde or 

Horiba U51 Multi Water Quality Checker and was calculated from high-resolution 

measurements of total alkalinity (TA) and dissolved inorganic carbon (DIC) from 

seawater samples previously described.  

 

In addition, seawater pHT was measured using a Satlantic SeaFET ocean pH sensor 

deployed continuously for 42 days from 4 May to 15 June 2015 (deployment time was 

limited by equipment availability) off the wharf at PML from Site C, at 1.0 m depth 

(Figure 1). The SeaFET uses an ion selective field effect transistor (ISFET) sensing 

element, covered by a cooper cage to prevent biofouling and take accurate, long-term pH 

measurements in seawater. This robust system reports pH potentiometrically against a 

liquid junction reference electrode (internal reference, pHINT) and against a solid-state 

reference electrode (external reference, pHEXT). The SeaFET was set to record an average 
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pH every 30 minutes from 20 rapid recordings containing a burst of 30 measurements.  

The SeaFET simultaneously records temperature (°C) but salinity needs to be measured 

independently. SeaFET data was retrieved and processed by SeaFETCom software 

version 1.2. Unfortunately, salinity measurements could not be recorded at that time so 

the standard 35 ppt was applied to all calculations by the SeaFETCom software version 

1.2. 

 
Table 2.3 Summary of various techniques used to measure in situ pH from March to October 2015 in the 
Otago Harbour at Portobello Marine Laboratory.  
 
Method	   Picture	   Details	  
YSI	  6600	  v2	  Sonde	  

	  

• 6561	  pH	  sensor	  
• Flat	  glass	  electrode	  
• Sealed	  gel	  reference	  
• Accuracy	  ±	  0.2	  pH	  units	  	  
• Frequency:	  Weekly	  
• Calibration:	  approx.	  monthly	  (NBS	  buffers)	  

Horiba	  U51	  Multi	  
Water	  Quality	  
Checker	  

	  

• Glass	  electrode	  	  
• Accuracy	  ±	  0.1	  pH	  units	  
• Frequency:	  alternate	  for	  Sonde	  
• Calibration:	  approx.	  monthly	  (NBS	  buffers)	  

Water	  Sampling	  	  

	  

• Measured	  DIC	  and	  TA	  
• Calculated	  pH	  
• Accuracy	  ±	  0.01	  pH	  units	  
• Frequency:	  weekly	  	  
• Calibration:	  prior	  to	  each	  sample	  run	  

(Certified	  reference	  material	  from	  Scripps	  
Institute)	  

Satlantic	  SeaFET	  

	  

• Ion	  selective	  field	  effect	  transistor	  (ISFET)	  
• Accuracy	  ±	  0.02	  pH	  units	  
• Frequency:	  May-‐Jun	  2015	  (continuous)	  
• Calibration:	  prior	  to	  deployment	  (TRIS	  

buffer)	  

	  

2.2.5 Statistical Analysis  

SeaFET data was processed in SeaFETCom software version 1.2 and graphed using 

specialized R-code developed by Andrew Marriner, Ocean Atmosphere Technician at 
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National Institute of Water and Atmospheric Research (NIWA). Intertidal sample #12, 

taken on 22 June 2015 was removed from the data set as an outlier.  

 

2.3 Results 

2.3.1 Seawater Characteristics between March to October 2015 

Temperature 

Surface seawater temperature changed with the season. Over the sampling period 

temperature was highest on 26 March (late summer) at 15.15°C and was lowest on 22 

June (early winter) at 6.42°C. Overall, the intertidal zone was found to be slightly warmer 

than the subtidal zone (on average by 0.17 ± 0.01°C) (Table 2.4). March-May 2015 

(autumn) had the highest average temperature (12.81 ± 0.62°C, 12.63 ± 0.62°C), 

followed by September-October (spring) (10.55 ± 0.75°C, 10.39 ± 0.69°C); June-August 

(winter) had the lowest average temperature (7.81 ± 0.33°C, 7.63 ± 0.30°C) (Table 2.4, 

Figure 2.2, A). Variability over the duration of sampling and within seasons was 

reasonably consistent in the intertidal and subtidal zone.  

 
Table 2.4 Summary of key seawater averages over seasons. Average represents all data collected from 
March – October 2015. Data collected in March – May 2015 is defined as “Autumn”, June –August 2015 is 
defined as “Winter” and September-October is defined as “Spring”. Numbers in brackets () equate to ± one 
standard error. 
 

  Average Autumn Winter Spring 
Temp	  (°C) Intertidal 10.28	  (0.53) 12.81	  (0.62) 7.81	  (0.33) 10.55	  (0.75) 

 Subtidal 10.10	  (0.52) 12.63	  (0.62) 7.63(0.30) 10.39	  (0.69) 

Salinity	  (ppt) Intertidal 33.75	  (0.15) 34.20	  (0.16) 33.37	  (0.34) 33.64	  (0.09) 

 Subtidal 33.79	  (0.15) 34.29	  (0.18) 33.43	  (0.29) 33.65	  (0.08) 

DO	  (mg/L) Intertidal 8.67	  (0.39) 8.25	  (0.34) 9.02	  (0.95) 8.72	  (0.36) 

 Subtidal 8.39	  (0.31) 7.85	  (0.25) 8.57	  (0.95) 8.83	  (0.32) 

Chl	  a	  (μg/L) Intertidal 2.4	  (0.2) 2.0	  (0.2) 3.2	  (0.5) 2.2	  (0.2) 

 Subtidal 2.3	  (0.3) 1.6	  (0.1) 3.4	  (0.6) 2.1	  (0.2) 
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Figure 2.2  Temperature and salinity (A), dissolved oxygen (B) and chlorophyll a concentrations(C) 
recorded from March – October 2015 at Portobello Marine Laboratory, Otago Harbour, New Zealand. 
Vertical dotted lines represent the delineation between seasons. Data collected in March – May 2015 is 
defined as “Autumn”, June –August 2015 is defined as “Winter” and September-October is defined as 
“Spring”. 
	  

Salinity 

Salinity remained reasonably constant over the duration of the study (Figure 2.2, A). 

Overall, salinity was marginally lower in the intertidal zone (0.05 ± 0.02ppt) than the 

subtidal zone regardless of season. On average salinity was highest in March-May 

(autumn, 34.20 ± 0.16ppt, 34.29 ± 0.18ppt), followed by September-October (spring, 

33.64 ± 0.09ppt, 33.65 ±0.08ppt) and lowest in June-August (winter, 33.37 ± 0.34ppt, 

33.43 ± 0.29ppt) (Table 2.4).  
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Dissolved Oxygen (DO) 

Dissolved oxygen (DO) also shifted seasonally. DO was most variable over from June-

August (winter, ranged from 2.07 mg/L to 12.04 mg/L) (Figure 2.2, B).  Overall, 

dissolved oxygen concentration peaked from June-August (winter, 9.02 ± 0.95mg/L, 8.57 

±0.95mg/L) and was lowest from March-May (autumn, 8.67 ± 0.39mg/L, 8.39 ± 

0.31mg/L) (Table 2.4).  DO was reasonably consistent between the intertidal and subtidal 

zones (Table 2.4). 

 

Chlorophyll-a Concentration 

Interestingly, average chlorophyll-a concentrations were highest from June-August 

(winter, 3.2 ± 0.5 µg/L, 3.4 ± 0.6µg/L); and were lower and more stable from March-May 

(autumn) and September –October (spring) (Table 2.4).  In winter, chlorophyll-a 

concentrations were slightly elevated in the subtidal zone, however in autumn and spring 

chlorophyll-a concentrations were marginally higher in the intertidal zone (Figure 2.2, C, 

Table 2.4).  Overall, chlorophyll-a content ranged from 1.2 µg/L to 3.4 µg/L from Mar – 

Oct 2015. 

 

2.3.2 Carbonate System Results from March to October 2015 

Intertidal sample #14 taken on 21 July and subtidal sample # 9 taken on 19 May were 

removed from the dataset due to noted equipment malfunction.  

 

Alkalinity (TA) and Dissolved Inorganic Carbon (DIC)  

The overall average total alkalinity was 2278.5 ± 6.3 µmol kg-1 in the intertidal zone and 

2281.6 ± 6.0 µmol kg-1 in the subtidal zone (Table 2.5), but differences between the two 

zones were not ecologically relevant.  Total alkalinity was slightly affected by seasonality 

and was lowest and most variable from June – August (winter, 2259.0 ± 14.0, 2266.7 ± 

13.7 µmol kg-1). Overall, TA ranged from 2170.1 µmol kg-1 to 2329.1 µmol kg-1 during 

Mar – Oct 2015. 

 

The overall annual DIC average was 2056.2 ± 6.6 µmol kg-1 in the intertidal zone and 

2064.4 ± 5.2 µmol kg-1 in the subtidal zone. DIC was marginally elevated in the subtidal  
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Table 2.5. Average and seasonal carbonate chemistry parameters. Average represents all data collected 
from March – October 2015. Data collected in March – May 2015 is defined as “Autumn”, June –August 
2015 is defined as “Winter” and September-October is defined as “Spring”. Numbers in brackets () equate 
to ± one standard error. DIC and TA were measured via water samples. pHT, pCO2, Ω Ca and Ω Ar were 
calculated. 
 

  Average Autumn Winter Spring 
TA	  (umol	  kg-‐1) Intertidal 2278.5	  (6.3) 2296.6	  (5.4) 2259.0	  (14.0) 2280.5	  (5.0) 
 Subtidal 2281.6	  (6.0) 2297.1	  (3.6) 2266.7	  (13.7) 2283.1	  (5.2) 
DIC	  (umol	  kg-‐1) Intertidal 2056.2	  (6.6) 2072.2	  (4.5) 2033.3	  (13.7) 2068.1	  (5.3) 
 Subtidal 2064.4	  (5.2) 2075.8	  (3.9) 2049.8	  (11.1) 2072.4	  (4.7) 
pH	  (total) Intertidal 8.13	  (0.01) 8.09	  (0.02) 8.19	  (0.01) 8.11	  (0.02) 
 Subtidal 8.13	  (0.01) 8.08	  (0.01) 8.17	  (0.01) 8.11	  (0.01) 
pCO2	  (μatm) Intertidal 313.09	  (12.36) 354.32	  (15.35) 267.44(10.47) 333.76	  (16.14) 
 Subtidal 323.14	  (9.69) 365.77	  (13.38) 281.71	  (10.83) 333.61	  (8.82) 
Ω	  Ca Intertidal	   3.80	  (0.08) 3.81	  (0.11) 3.80	  (0.11) 3.62	  (0.12) 
 Subtidal 3.66	  (0.06) 3.72	  (0.09) 3.66	  ((0.13) 3.60	  (0.09) 
Ω	  Ar Intertidal 2.41	  (0.05) 2.44	  (0.07) 2.40	  (0.07) 2.30	  (0.08) 
 Subtidal 2.33	  (0.04) 2.38	  (0.06) 2.31	  (0.08) 2.29	  (0.06) 

	  

	  

Figure 2.3 Total alkalinity (TA) and dissolved inorganic carbon (DIC) measurements from March to 
October 2015.  Dotted lines represent a change in season. 
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zone regardless of season (Table 2.5, Figure 2.3), however, differences were not 

ecologically relevant.  Similar to TA, DIC was lowest and most variable from June – 

August (winter, 2033.3 ± 13.7, 2049.8 ± 11.1 µmol kg-1). The significant decrease 

observed in both alkalinity (TA) and DIC on 9 June 2015, (Figure 2.3, A) corresponded 

to a large storm event that resulted in heavy flooding. DIC ranged from 1941.7 µmol kg-1 

to 2093.9 µmol kg-1 during Mar - Oct 2015. 

 

Partial pressure of CO2 (pCO2) and pHT 

Over the course of the study the average seawater pHT using calculated values was 8.13 ± 

0.01 in both the intertidal and subtidal zones, with pCO2 at 313.09 ± 12.36 µatm and 

323.14 ± 9.69 µatm respectively (Table 5). Overall, the seawater pCO2 decreased from 

June - August (winter, 267.44 ± 10.47 µatm, 281.71 ± 10.83 µatm), reflected by a notable 

increase in seawater pHT over that timeframe (pHT 8.19 ± 0.01, pHT 8.17 ± 0.01) (Figure 

2.4, A). The pCO2 ranged from 230.28 µatm to 413.30 µatm and pHT ranged from 8.03 to 

8.23 during Mar – Oct 2015, a significant range relative to projected changes by 2100 

(IPCC 2007). 
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Figure 2.4  Partial pressure of CO2 (pCO2) and seawater pH (A), saturation state of calcite and aragonite 
(B) from March to October 2015. Dotted lines represent a change in season. 
 

Saturation State of Calcite (ΩC) and Aragonite (ΩA) 

Overall, the average ΩC was 3.80 ± 0.08 in the intertidal zone and 3.66 ± 0.06 in the 

subtidal zone, and average ΩA was 2.41 ± 0.05 in the intertidal zone and 2.33 ± 0.04 in 

the subtidal zone (Table 5). The saturation state of both calcite (ΩC) and aragonite (ΩA) 

was marginally higher in the intertidal zone although differences were not ecologically 

relevant. Unlike the other carbonate chemistry parameters, there was no clear effect of 

seasonality although averages did slightly decrease from March – June (autumn) to June 

– August (winter) and September- October (spring) (Table 2.5, Figure 2.4, B). The 

saturation state of calcite (ΩC) ranged from 3.10 to 4.29 and aragonite (ΩA) ranged 1.96 

to 2.73 during Mar – Oct 2015.  

 

2.3.3 Continuous pHT Measurements from May to June 2015 

Diel oscillations in seawater pHT were present, however, the range of individual 

fluctuations was reasonably small (range: 0.02 ≤ pHT ≤ 0.12, Figure 2.5, A). Seawater 

pHT decreased after 6 June 2015 until the SeaFET was removed on 16 June 2015.  The 

shift over the 10 day period may be due to sensor biofouling, which has been observed to 

cause decreases in pH readings after deployment for greater than 30-days (p.c. Bob Dagg 
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and Judith Murdoch after attendance at a SeaFET workshop taught by Prof. Todd Martz 

from Scripps Institution).  

 
Figure 2.5  (A) Long term dataset generated by r- code developed by Andrew Marriner, NIWA from the 
42-day deployment of the SeaFET at Portobello Marine Lab Wharf, Otago Harbour. (B) SeaFET pH data 
and PAR (photosynthetically active radiation, 700-400nm) light time series data at PML from 9 to 11 May 
2015. (C) SeaFET pH data and tidal height time series data at PML from 9 to 11 May 2015. 
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2.3.4 Seawater pH and Other Abiotic Environmental Factors 

The comparison of SeaFET results to continuous time series datasets of abiotic 

environmental factors collected at PML weather station shows that ambient diel 

fluctuations in the Otago Harbour appear to correspond to photosynthetically active 

radiation, 700-400nm (PAR) and tide height (m). Seawater pHT begins increasing when 

ambient light intensity (PAR) first spikes and results in a pHT peak that lags 

approximately 7-8h behind the initial ambient light peak (Figure 2.5, B). Smaller semi-

diel fluctuations in pHT coincide with tide height (m); peaks and troughs are produced at 

low and high tide respectively (Figure 2.5, C). 

 

2.4 Discussion 

2.4.1 Variation in Coastal Zones and Comparisons to Current Literature 

Overall, ambient diel pHT fluctuations at PML in the Otago Harbour were reasonably 

consistent over the initial 30-day period from 5 May – 5 June 2015. Compared to findings 

from Hofmann et al. (2011) the pHT oscillation pattern, frequency and range in Otago 

Harbour were most similar to benthic and pelagic tropical reef environments (Figure 2.6. 

E, Table 2.6). The range of pHT fluctuations in Otago Harbour were substantially lower 

(pHT ≈ 0.1) than the extremes (pHT ≈ 0.5, Table 2.6) spanned in the near-shore 

environment measured in the Hofmann et al. (2011) study. The pattern of oscillation at 

Otago Harbour, a clear and constant diel fluctuation related to PAR with small variations 

created by a secondary pHT driver related to tide, was similar to the two Palmyra atoll 

datasets from Hofmann et al. (2011) (Figure 2.6, E); however average pHT differed due to 

the latitude and location of study sites (Table 2.6).  

 

Using natural mixed assemblages of the articulate coralline macroalga Arthrocardia 

corymbosa and understory crustose coralline algae (CCA) from the Otago region, 

Cornwall et al. (2013) showed that at low velocities the seawater pH above CCA can be 

reduced from ambient down to pH 7.78-7.80 in dark conditions and can be increased 

from seawater pH 7.65 to pH 7.90 - 8.00 in light conditions.  Findings from Cornwall et 

al. (2013) suggest that biotic components of coastal environments, particularly marcoalga  
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Figure 2.6 Comparison of SeaFET pH results from a 30-day period (5 May – 5 June 2015) to continuous 
SeaFET pH results from fifteen locations from Hofmann et al. (2011) over a 30-day period (ranging from 
Sep 2008 to Mar 2011).  Graphic is adapted from Hofmann et al. (2011).  
Table 2.6 Seawater pH (total scale) from a 48-hour period of SeaFET data and pH from 30-days worth of 
data at comparable locations (near shore, upwelling and reef) and different locations (open ocean and 
extreme) from the Hofmann et al. (2011) study comparing natural pH variation. Rate defined as mean 

H"
Extreme'

Otago'Harbor,'Near'shore'
Portobello"Marine"Lab,"Wharf"
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(abs((pH2-pH1)/(t2-t1)). Extreme location was a CO2 venting site located in Italy. Chart adapted from 
Hofmann et al. (2011).  
 

Condition	  /	  Location	   Mean Max. Min.	   SD Range	   Rate 
Otago	  Harbor	  /	  Site	  C	  (Fig.	  1C) 8.113 8.187 8.071 0.025 0.116 0.014 
Near	  shore	  /	  Monterey	  Bay	   8.222 8.356 7.857 0.070 0.499 0.025 
Upwelling	  /	  Pt.	  Conception	   8.108 8.266 7.869 0.074 0.397 0.009 
Palmyra,	  fore	  reef 7.997 8.035 7.915 0.018 0.121 0.008 

Palmyra,	  reef	  terrace 7.974 8.104 7.851 0.048 0.253 0.014 
Cape	  Evans 8.020 8.050 8.002 0.008 0.047 0.006 
Moorea,	  fringing	  reef 8.072 8.118 8.017 0.022 0.101 0.006 

Open	  Ocean	  /	  CCE-‐1	   8.074 8.082 8.059 0.004 0.024 0.001 
Extreme	  /	  Puerto	  Morelos	   7.651 8.048 7.143 0.241 0.905 0.317 

 

assemblages, respond to abiotic factors, such as light, and may help drive diel pHT 

fluctuations observed in situ at Otago Harbour. It is possible that canopy-forming 

macroalgae have the potential to generate vertical pH gradients with depth due to light 

attenuation and energy constraints on photosynthesis (Hepburn et al. 2011) that follow 

diel oscillations and potentially create carbonate micro-niches that can exceed and/or 

buffer future IPCC (2007, 2013) pH projections.  

 

Environmental Factors Driving Coastal Fluctuations in pHT 

Comparison of continuous pHT to abiotic environmental factors shows that ambient diel 

fluctuations in Otago Harbour appear to be driven by two main factors; 1) ambient light 

(photosynthetically active radiation, 700-400nm, or PAR) and, 2) low to high tidal 

fluctuations (m).  The larger, primary diel frequency is suspected to be light driven, 

potentially mediating small macroalga assemblages as previously discussed (Hepburn et 

al. 2011, Cornwall et al. 2013), and both pelagic and benthic microalgae. Phytoplankton 
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productivity and diel zooplankton vertical migrations may also play a small role, 

although probably minor due to the shallow depths of sample sites (Hofmann et al 2011).  

 

The smaller, secondary frequency appears to be associated with the semi-diel tidal 

patterns, potentially bringing off-shore water in and out of the harbor causing smaller 

peaks and troughs at low and high tide respectively (Figure 2.5, C). Water along the 

Southland Current, where the sub-Antarctic waters (SAW) and sub-tropical water (STW) 

meet just past the Otago Peninsula (Jillett 1969, Sutton 2003), is particularly productive 

due to potential shelf-break and localized upwelling at Cape Saunders. These conditions 

create nutrient rich and cold waters (Matano & Palma 2008) potentially causing the 

small-scale variations observed in pHT.  

 

The Carbonate System in Otago Harbour, New Zealand  

A study by Currie and Hunter (1999) that looked at surface seawater pCO2 at the entrance 

of Otago Harbour (Taiaroa Head) between June 1992 and April 1993 found the minimum 

to be 205 µatm and the maximum 315 µatm. By contrast, the findings of this study are 

that pCO2 in the coastal intertidal/subtidal zones range from a minimum of 234 µatm to a 

maximum of 413 µatm, which indicates that overall pCO2 has increased. These 

observations agree with and may be caused by either, one or both, of the following 

conditions; 1) observed effects of global climate change between 1992-3 and 2015 (IPCC 

2007, 2013), and/or 2) environmental differences due to location.   

 

The overall average pHT (pHT 8.13 ± 0.01) in both the subtidal and intertidal zones of 

Otago Harbour was consistent, although slightly elevated above the average 2010 global 

open–ocean estimate of pHT 8.07 (NOAA 2010). As predicted, total alkalinity (TA) 

remained reasonably consistent over the course of the year and trends, for the most part, 

corresponded with DIC. This relationship is consistent with the role of carbonate 

alkalinity in driving total alkalinity (Erez et al. 2011). Significant decreases in 

temperature, and an interesting increase in chlorophyll-a over the winter months (June – 

August 2015), possibly related to the large freshwater input over the June storm event, 

may be responsible for seasonal shifts observed in carbonate parameters over winter; 
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most notably the increased pHT (average pHT 8.18) and decreased seawater pCO2 (274.57 

µatm).  Unsurprisingly, differences between epipelagic subtidal and benthic intertidal 

samples were detectable but not ecologically relevant. The benthic intertidal sampling 

location was not heavily colonized with biota and thus differences driven by distinctive 

micro-niches were not quantified; essentially instead, the same body of water was 

sampled at different states of the tide. In the future a more distinctive benthic intertidal 

sampling location, i.e. tidal pool or macroalgae assemblage, should be selected as a 

benthic intertidal location to illustrate true possibility for variation in the carbonate 

system in the intertidal zone. 

 

Increased average Beaufort wind forces in winter (June – August, 2.8 ± 0.45) as 

compared to autumn (March – May, 2.22 ± 0.32) and spring (September – October 1.64 

±0.61) indicated severe weather activity during the winter. The elevated frequency and 

intensity of storm events during sampling days in the winter played a role in driving 

carbonate chemistry variation due to the influx of rainwater and run-off during storm 

events and mixing due to high winds (Hofmann et al. 2011).  A study by Ingrosso et al. 

(2016) showed that freshwater runoff (from a riverine discharge) and mixing were the 

main drivers of DIC distribution and seasonal differences in carbonate chemistry 

dynamics in a coastal area. In addition, inputs of nutrient-rich freshwater stimulated 

primary production resulting in “net biological DIC decreases” causing reduced seawater 

pCO2 and increases in pHT (Ingrosso et al. 2016). Similar trends were noted in Otago 

Harbour. For example, after a large storm event that caused significant run-off on 6 June 

2015, DIC was significantly reduced in both the intertidal and subtidal zones (1941.7 

µmol kg-1; 1968.1 µmol kg-1) and a significant subsequent reduction in pCO2 (249.70 

µatm; 261.47 µatm) and a spike in pHT (pHT 8.21; pHT 8.19) was observed.  These 

findings highlight the role of eutrophication in modulating seawater pH (Borgesa & 

Gypensh 2010, Cai et al. 2011) and the importance of the frequency and intensity of 

storm events, runoff and/or freshwater input, currents, tides and mixing, in determining 

the carbonate system and patterns of variability on the local scale (Cai et al. 2010, Jiang 

et al. 2010, Ushie et al. 2010, Doney et al. 2009, Hofmann et al. 2011).  
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3.1 Introduction 

3.1.1 Flow-through Seawater Systems  

A flow-through seawater system describes an open system where ambient seawater is 

continuously pumped from a water source through a series of tanks and released. This 

type of design is often employed for in vitro experiments and in the aquaculture industry 

because it allows for the manipulation of abiotic factors among tanks (Andersen et al. 

2000, Piedrahita 2003). Flow-through systems are commonly used in ocean acidification 

(OA) research since seawater pH is controlled and monitored by aquarium systems 

through the direct injection of pure carbon dioxide (CO2) (Fangue et al. 2010, Witt et al. 

2011a, Uthicke et al. 2013).  These systems are used in a range of experiments, including 

rearing and exposing marine flora and/or fauna, to test the effect of future pH on 

organisms.  

 

Typically, certain abiotic factors are consistently monitored over the duration of an OA 

experiment. They usually include pH, temperature (°C), carbonate chemistry parameters 

(TA, DIC), and sometimes include dissolved oxygen (DO) and light measurements. In 

many experiments, it is often assumed that conditions (i.e. nutrients) are consistent across 

treatments and replicate tanks, however, the state of the system and important 

characteristics are typically not quantified to a level that can ensure complete 

reproducibility. Understanding variability over long-term experiments is particularly 

important when seasonal shifts may drive unintended differences in seawater chemistry 

over time. 

 

Since biofilms are affected by environmental conditions and ultimately determined by 

abiotic characteristics such as light, temperature, pH, DO and nutrient availability (Goller 

& Romeo 2008, Karatan & Watnick 2009) it is important to quantify these seawater 

characteristics over the course of development and maturation.  

 

3.1.2 Long Term Systems and Biotic Development 

In flow-through systems ambient seawater carries biotic components that are smaller than 

the filter width (130 µm in this experiment). These biotic components include microbes, 
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microorganisms, algal spores and larvae. The same process of biofilm formation that 

occurs on the slides used in biofilm experiments also occurs on tank surfaces exposed to 

seawater (Friedman et al. 2016). After a time, biofilm communities form on tank surfaces 

and macroalgae juveniles begin to establish and grow; this process has been noted and 

studied in aquaculture (Pitangui et al. 2012, Friedman et al. 2016). Quantifying algal 

community composition and biomass can be important in OA experiments because 

complex macroalgal assemblages have the capacity to mediate pH depending on seawater 

velocity and light conditions within tanks (Hurd et al. 2009, Cornwall et al. 2013).  

 

Flow-through systems are designed to mimic natural in situ conditions as closely as 

possible in a controlled environment. Research has shown that natural in situ biofilms 

from the intertidal and subtidal zones are highly diverse with large microbial richness and 

variation (Lee et al. 2014). Witt et al. (2011b) found that substrate type (including glass 

slides, coral skeletons, reef sediment and ceramic tiles) had little influence on bacterial 

community composition for biofilms developed over 48d in situ at the Great Barrier Reef, 

Australia and their findings helped to verify glass slides as a suitable substrate for biofilm 

development in this experiment. However, studies have often neglected to compare 

ambient in vitro biofilms developed in flow-through systems to natural in situ biofilms 

from the environment where the model species naturally occurs. Although it is unlikely 

that in vitro biofilms will accurately mimic in situ natural biofilms, microbial community 

composition quantification and comparison can be used to verify this assumption and 

confirm that the constructed flow-through system controls environmental variables and 

successfully isolates the effect of seawater pH.  

 

3.1.3 Aims 

The aim of this chapter is to quantify the physic-chemical and biological characteristics 

of the long-term seawater flow-through system from April 2015 – October 2015. Results 

include: 

• Carbonate chemistry parameters (TA, DIC, pCO2, ΩC, and ΩA), 

• Temperature, dissolved oxygen and illuminance level, 

• Ammonia (NH3), Phosphate (PO4
3-) and Nitrate (NO3

-) concentrations, 
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• Seaweed abundance and community composition among pH treatments and, 

• Verification of biofilm development and extraction methods; and structural 

analysis of microbial community composition of biofilms from in vitro and in situ 

sample locations. 

 

3.2 Methods  

3.2.1 The pH targets for biofilm development in the flow-through system 

Given that the average seawater pHT (8.13 ± 0.01, Chapter 2) was consistent with the 

2010 global open-ocean estimate of pHT 8.07 (NOAA, 2010) on which IPCC (2013) 

projections are based, the near future, 2100 pHNBS 7.8 value (Caldeira & Wickett 2003, 

Raven et al. 2005, Bernstein et al. 2008, Karl et al. 2009) was deemed an appropriate 

near-future target for biofilm development in Otago Harbour.  Although current research 

supports a pH of approximately pH<7.5 in 2300 if atmospheric CO2 reaches levels of 

1900 ppm by 2300 (Caldeira & Wickett 2003, IPCC 2013) observed diel fluctuations (up 

to pH 0.116, Chapter 2) and the ability of abundant, natural marcoalgae assemblages, 

which often co-occur with Galeolaria hystrix in the intertidal zone (Appendix A), to 

reduce and buffer seawater pH (Cornwall et al. 2013), made a slightly reduced target of 

pHNBS 7.4 a more appropriate extreme, 2300 target. This approach reflects potential OA 

conditions in Otago Harbour coastal zones based on current findings (Chapter 2) and is 

consistent with a number of international studies, allowing for comparison among results.  

 

3.2.2 Flow-through Seawater System Design  

A flow-through seawater system was constructed in a windowless, controlled-

temperature (CT) room from April – October 2015 at the Portobello Marine Laboratory 

(PML), Portobello, New Zealand. The CT room (13°C) housed three individual systems 

for each target pH treatment (Figure 3.1). Each treatment approximated predicted ρCO2 

projections over the next 300 years (IPCC 2013), adjusted for local conditions based on 

carbonate chemistry results presented in Chapter 2. The three treatments were ambient 

pH (pCO2 = 384 µatm), 7.8 (near future, 2100, pCO2 = 1108 µatm) and 7.4 (extreme, 

2300, pCO2 = 2,465 µatm).  Each system consisted of a 70L header tank which fed four 

smaller 10L replicate trays (30 cm x 20 cm x 12 cm) at a continuous rate of 1 L/min 
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(Figure 3.1). Water drained out of a hole drilled in the back of each tank at a height of 

10cm. Out-flow water from each small tank was collected on a large tray and emptied 

into a bench outlet (Figure 3.1). Seawater pH was regulated by the direct and continuous 

bubbling of ≈100% CO2 gas into each header tank using an automatic CO2 injection 

system (Figure 3.1). Injection was controlled through feedback to solenoids by pHNBS 

calibrated glass electrodes connected to controllers to maintain stabilized pH levels 

(TUNZE pH/CO2 controllers 7074/2, TUNZE AQUA RIENTECHNIK GMBH, 

Penzberg, Germany).  Once pH was 0.02 units above the target value, the monitoring 

system began injecting CO2 into the header tank until it reached the target value. 

A. 

	  

B. 	  C. 	  
Figure 3.1 (A) Schematic illustration (adapted from Stuck 2014 unpublished MSc, Otago University) 
shows flow-through system design for one individual treatment. Individual components are labeled. (B) 
Photo of flow through design illustrated in (A). CO2 canister is not visible under the laboratory bench.  (C) 

1 2 3 4 

Seawater OUT 

pH probe 
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CO2  
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Photo of the CT room set-up with all three systems present; one for each pH treatment (ambient, pHNBS 7.8, 
pHNBS 7.4). 
	  
	  
units below the target pH value. Unmanipulated filtered seawater (FSW) served as the 

ambient pH control (calculated pHNBS 8.17 ± 0.03, n=6 measurements from May-October 

2015; see Chapter 5 for greater detail on carbonate chemistry). The two future state 

treatments were kept within ± 0.05 pH units of the targeted pHNBS (7.8 & 7.4), monitor 

readings were checked daily and pH was determined and verified by total alkalinity (TA) 

and dissolved inorganic carbon (DIC) analyses on water samples (see Chapter 2 Methods 

for greater detail). Replicate tanks in all treatments were tested with both TUNZE pH 

probes post-calibration to ensure replicate tanks were within ± 0.05 units of each header 

tank.   

 

Macro-filtered seawater was supplied at ambient temperature and pH from the Otago 

Harbour into each header tank via a 130 µm TAGLINE screen filter. A ball float was 

used to maintain water level and seawater was mixed in each header tank using a pump 

before reaching replicate trays. Light conditions were controlled by suspending two 4’ 

and one 5’ ft waterproof, under-verandah light units with twin Alto TLD tube fluorescent 

bulbs in “cool white” approximately 1 meter above all treatment replicates. Lights were 

controlled on a timer set to a 10:14h light:dark cycle to maintain consistent light 

conditions over the duration of the experiment. Illuminance was measured seven times 

over the course of the experiment using a Digitech QM1587 light meter (lux, lm/m2) and 

lights were checked daily to ensure they were functional and bulbs were intact.  

 

3.2.3 System Maintenance  

Due to the duration of experiments (May – October 2015), a pH electrode and system 

maintenance schedule was kept to ensure equipment was clean and accurate. The TUNZE 

pH probes used in this experiment were new from the manufacturer in April 2015 

(TUNZE AQUA RIENTECHNIK GMBH, Penzberg, Germany) and calibrated and tested 

upon arrival. Probes were calibrated every 5-7 days using NBS buffers (pH 4.0 and pH 

7.0, Labserv Pronalys, Biolab, New Zealand) at 13°C from April – July 2015 (Appendix 

B). As electrodes aged they were calibrated more frequently (every 3 days) and tested 
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monthly from August – October 2015 to ensure that the percentage (%) slope was within 

± 10% theoretical in order to prevent drift (Appendix C). Once bio fouling was detected 

visually, probes were cleaned (one hour soak in 0.1 M HCL and rinsed with Milli-Q, 

Millipore water) (Appendix B). 

 

TAGLINE screen filters were cleaned approximately once every two weeks (Appendix 

B). Outflow holes from replicate trays were cleaned as needed. The system was checked 

twice daily by an onsite technician to ensure the flow-through and CO2 canister pressure 

were consistent, and to ensure the pH range was within ± 0.05 units of target pH value. 

They system was often checked a third time and header tank pHNBS values were recorded 

(Appendix B). CO2 canisters were checked regularly and replaced as needed throughout 

the year.  

 

3.2.4 Quantifying Key Characteristics: Dissolved Oxygen & Temperature  

Dissolved oxygen (DO, mg/L) was measured twice (once on 9 June, 2015 and once on 2 

October, 2015) in all header and replicate tanks using the same YSI 550A Dissolved 

Oxygen Meter. Temperature was measured continuously from April to October 2015 

every 30 minutes using an ONSET HOBO 8K Pendant Temperature/Alarm Data Logger 

deployed in the ambient header tank and data was imported using HOBOware software.  

 

3.2.5 Nutrient Analysis  

Nutrient concentrations of ammonia (NH3), phosphate (PO4
3-) and nitrate (NO3

-), were 

measured three times over the course of the study; twice in winter on June 9th and June 

23rd and once in spring on October 14th, 2015. Water samples were extracted using sterile 

Luer Loch syringes, filtered through glass fiber filter paper (1.2 µm) and stored in 20ml 

tubes in a -4°C freezer until analysis. Nitrate, ammonium and phosphate concentrations 

(µg/L) were later determined using a Quickchem 8000 automated ion analyzer by Linda 

Groenewegen and converted to µmol/L. 

 

3.2.6 Seaweed Analysis  
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Eleven macroalgae taxa established and grew as juveniles in replicate tanks by the end of 

October 2015. Macroalgae taxa were carefully removed from tanks at the base (holdfast) 

and washed several times in deionized, distilled water (Milli-Q, Millipore). Samples were 

placed in pre-weighed aluminum packets and dried at 80°C in an oven for 48 h. Samples 

were then weighed (SALMOND SMITH BIOLAB Ltd.) and the weight of the aluminum 

packet was subtracted to reach the final dry weight biomass (mg). In addition, all crustose 

coralline algae (CCA) colonies greater than 1cm in diameter present in each replicate 

tank were counted and species richness was recorded. Macroalgal taxa were grouped into 

two categories for analysis: 1) phylum, Rhodophyta, Cholorophyta or Phaeophyceae and, 

2) functional morphology: bladed or filamentous.  

 

3.2.7 Microbial Sampling and Analysis 

In situ biofilms were sampled from two locations, the wharf (Site A) and rocks in the 

intertidal zone (Site B), which represent the subtidal and intertidal zone at Portobello 

Marine Laboratory (PML) Otago Harbour, Otago NZ on 22 June 2015 (Figure 3.2). 

Three randomly selected biofilm samples were extracted from a 1m2 target area on the 

wharf and rocks in the intertidal zone by a sterilised metal laboratory spatula. In vitro 

biofilms were sampled from slides (see Chapter 5 Methods for greater detail) and a 

standardized location on the side of replicate tanks using the same method.  

Approximately 30 cm2 of surface area was scraped for each biofilm sample. Two water 

column samples were collected in 1L Duran Schott bottles from treatment header tanks 

on 23 June 2015. Samples were immediately filtered through 0.22 µm polycarbonate 

filters (Sterlitech). All samples were stored in 1.5mL snap-lock microcentrifuge 

Eppendorf tubes in a -4°C freezer.  Filters were cut with sterilised scissors into small 

pieces prior to DNA extraction (adaption of methods from Baltar et al. 2015a) and DNA 

was extracted from each filter separately.  For detailed methods on DNA extraction and 

16S rRNA gene amplicon sequencing and analysis see Chapter 5.2 Methods.  

 

3.2.8 Statistical Analysis 

Structural analysis of microbial communities was performed in the R software (R Core 

Team 2015) on square-root-transformed algae taxa and microbial OTU abundance data to 
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calculate Bray-Curtis distances plotted in non-parametric multi-dimensional scaling 

graphs (nMDS). Hierarchical clustering with p-values via multiscale bootstrap 

resampling was conducted using the package ‘pvclust’ and grouped into 95% confidence 

clusters. 

 

	  

Figure 3.2 Location of Portobello Marine Laboratory (PML) on the Otago Harbor, New Zealand. Site A & 
B indicate to the two sample sites for in situ biofilm extractions (n=3). Scale bar equivalent to 100m.  
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3.3 Results and Discussion 

3.3.1 Temperature, Dissolved Oxygen (DO) and Light 

Seawater temperatures ranged from 6.78°C (24 June 2015) to 14.61°C (7 October 2015) 

fluctuated daily (≈0.5°C) and the seasonal cycle was apparent (Figure 3.3).  Dissolved 

oxygen (DO) was consistent among treatments and replicate tanks on both sampling 

dates; 9 June 2015, 9.18 ± 0.01 mg/L and 23 October 2015, 9.38 ± 0.01 mg/L. There was 

only a small increase in average DO between 9 June and 23 October 2015. Illuminance 

was measured in lux (lm/m2) and remained consistent over the duration of the 

experiment; however, small variations among replicates within treatments and between 

treatments were present (Figure 3.4).  The most notable different in lux was between pH 

treatment 7.4 and 7.8 replicates (2165 ± 168 lm/m2 and 2332 ± 284 lm/m2 respectively) 

and ambient replicates (1644 ± 148 lm/m2). Illuminance peaked in pH treatment 7.4 over 

replicates 2-4 and 7.8 over replicates 1-3 due to the presence to the two abutting light 

sources fixed above tanks. 

	  

Figure 3.3 Temperature (°C) measurements of seawater taken every 30 minutes from May - October 2015. 
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Figure 3.4 Average illuminance (lux, lm/m2) above each replicate tank of each pHNBS treatment. Error bars 
represent ± one standard error (n=7). Scale on right hand side shows replicate tank numbers.  
	  

In situ natural illuminance from sunlight can range from 0 up to approximately 100,000 

lm/m2 and may vary up to 20,000 lm/m2 within a single laboratory room with both 

ambient sunlight and florescent light sources (personal observations made at PML). In 

comparable studies such as Witt et al. (2011a), flow-through systems were established 

outside and natural sunlight was controlled within a range of 1200 – 1700 µmol photons 

m-2 s-1 using screens, which converts to a range in lux of 27,000 lm/m2. Although small 

differences (max range ≈ 1,000 lm/m2) are evident among replicate tanks and treatments 

in this study, contextualized against comparative experiments, differences in illuminance 

in this system are considered as being controlled within acceptable range and are not 

ecologically relevant to the ecosystem. 

 

3.3.2 Nutrient Analysis 

Nutrient concentrations, ammonium (NH3), phosphate (PO4
3-) and nitrate (NO3

-), were 

consistent among treatments on sampling dates (Table 3.1).  Overall ammonium 

concentration decreased from 9 June to 23 June and peaked back to initial levels on 15 

October 2015 (Table 3.1). Both phosphate and nitrate concentrations decreased over the 

course of the study from 9 June to 15 October 2015 (Table 3.1).  
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Table 3.1 Average ± 1 standard error (n=3) of ammonia, NH3 (a), phosphate, PO4
3-(b) and nitrate NO3

- (c) 
on the three sampling dates 9 June, 23 June and 15 October 2015.  
 
Table	  1a.	  Ammonia,	  NH3	  (μmol/L)	   

  Treatment 9	  June 23	  June 15	  October 
pHNBS	  7.4 0.35	  ±	  0.05	   0.24	  ±	  0.03 0.45	  ±	  0.03 
pHNBS	  7.8 0.31	  ±	  0.02 0.24	  ±	  0.02 0.37	  ±	  0.02 

Ambient	  pH 0.38	  ±	  0.04 0.24	  ±	  0.01 0.31	  ±	  0.05 

    Table	  1b.	  Phosphate,	  PO4

3-‐
	  (μmol/L)	   

  
 

9	  June 23	  June 15	  October 
pHNBS	  7.4 0.18	  ±	  0.01 0.13	  ±	  0.00 0.07	  ±	  0.00 
pHNBS	  7.8 0.16	  ±	  0.01 0.13	  ±	  0.01 0.06	  ±	  0.00 

Ambient	  pH 0.17	  ±	  0.01 0.13	  ±	  0.00 0.07	  ±	  0.00 

    Table	  1c.	  Nitrate,	  NO3

-‐
	  (μmol/L)	   

  
 

9	  June 23	  June 15	  October 
pHNBS	  7.4 2.94	  ±	  0.01 2.09	  ±	  0.02 0.73	  ±	  0.02 
pHNBS	  7.8 3.02	  ±	  0.02 2.07	  ±	  0.02 0.71	  ±	  0.00 

Ambient	  pH 2.95	  ±	  0.02 2.95	  ±	  0.01 0.68	  ±	  0.02 
 

Phosphate and nitrate concentrations in the flow-through system were low and consistent 

with findings from nutrient concentrations recorded just off Taiaroa Head at the entrance 

of Otago Harbour along the Munida transect (Jones et al. 2013, Baltar et al. 2015). 

Average phosphate and nitrate concentrations (Table 3.1) fell within the phosphate (0.0 – 

0.2 µmol/L) and nitrate (0.0 – 5.0 µmol/L) ranges identified by Jones et al. (2013). The 

consistency of nutrient concentrations, ammonium (NH3), phosphate (PO4
3-) and nitrate 

(NO3
-), among treatments and replicate tanks on sampling dates indicates that seasonal, 

biological and environmental conditions in Otago Harbour drove trends over time (Jones 

et al. 2013, Jeffries et al. 2015). In tank conditions, algae and biofilm communities 

probably played a role in altering nutrient concentrations and creating small-scale 

variation among replicates (Green et al. 2015, Jeffries et al. 2015); however, these 

variations were not significant in comparison to the range over time.  
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3.3.3 Seaweed Analysis  

Differences in algal abundance by taxa and functional groups were observed among pH 

treatments. Slightly reduced illuminance over the ambient treatment could have created a 

light limited environment for macroalgae growth and potentially could account for the 

overall reduced abundances observed in this treatment. Algae dry weight quantifications 

were an unplanned dataset incorporated into the study and observations are not 

considered rigorous enough for statistical analysis. All quantities are reported in mg and 

standardized to the surface area (SA) of one replicate tank exposed to seawater flow, 

which was equivalent to 0.16m2.  

 

Overall, green algae (Cholorophyta) was the least abundant taxa (17 ± 3 mg /SA) and 

brown algae (Phaeophyceae) was the most abundant taxa among all replicate tanks (221 

± 94 mg/SA). It is interesting to note that the relative abundance of red algae 

(Rhodophyta) appeared to increase substantially with reduced pHNBS (Table 3.2, Figure 

3.5, A). The majority of marine macroalgae (covering approximately 15-45% of the 

benthos) use CO2 concentrating mechanisms (CCMs) for photosynthesis, while the 

minority of macroalgae (covering only 0-8.9%) use diffuse entry of CO2 (Maberly 1990, 

Beardall & Giordano 2002, Raven et al. 2002, Giordano et al. 2005, Hepburn et al. 2011). 

Elevated CO2 is expected to benefit photosynthesis and growth in macroalgae that rely on 

CO2 diffusion (Kübler et al. 1999), while macroalgae that use CCMs are expected to 

show little response to OA or the potential down regulation of CCMs (Hurd et al. 2009). 

In a recent study on macroalgal response to OA in the Otago region, Hepburn et al. 

(2011) found that brown macroalgae exhibited characteristics of CCMs while non-

calcifying red algae exhibited characteristics of CO2 diffusion. Observed shifts in algae 

community structure in mesocosm replicate tanks appear to reflect trends predicted by 

Hepburn et al. (2011). Non-CCM species (non-calcifying red algae) have been shown to 

respond positively to OA (Kübler et al. 1999) and in this study their relative abundance 

increased under reduced pH (Figure 3.5, A). 
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Taxa richness was consistent regardless of pH treatment (5 ± 0 taxa, Table 3.2) and the 

relative abundance of functional groups (filamentous vs. bladed) showed no distinctive 

trends (Table 3.2, Figure 3.5, B).  The abundance of crustose coralline algae (CCA) 

colonies was highest in the ambient treatment (6 ± 3 colonies) and decreased 

substantially in both the pHNBS 7.8 and 7.4 treatments (1 ± 0, 0 ± 0 colonies respectively, 

Table 3.2). Reduced pH and the associated shifts in carbonate chemistry are predicted to 

have strong negative effects on calcifying macroalgae abundance in rocky reef systems 

(Hall-Spencer et al. 2008, Jokiel et al. 2008, Wootton et al. 2008, Gao & Zheng 2010, 

Koch et al. 2013, McCoy &	  Kamenos 2015). A similar study conducted by Ordeñez et al. 

(2014) that examined CCA recruitment onto plastic tanks in a flow-through system also 

found that CCA abundance was significantly reduced at high pCO2 (1267 ppm). 

Observations from this study support current research that suggests CCA is highly 

vulnerable to future OA. Furthermore, overall observations appear to indicate that the 

community structure of macroalgae assemblages may shift in response to pH pressure 

due to the changing competitive landscape.  

	  
Table 3.2 Average ± 1 standard error abundance of algae taxa organized by (a), functional groups (b) and 
taxa richness and total abundance (c). All results are reported as mg/SA where SA=0.16m2, the surface area 
of each replicate tank, with the exception of CCA reported by col=number of colonies and taxa richness 
reported in taxa= number of taxa.  
	  

 

pH#7.4##
(mg/SA)#

pH#7.8#
(mg/SA)#

Ambient#pH#
(mg/SA)#

All#treatments###
(mg/SA)#

a.#Taxa#

Phaeophyceae## 103#±#59# 479#±#246# 82#±#32# 221#±#94#

Cholorophyta## 17#±#8# 23#±#4# 11#±#2# 17#±#3#

Rhodophyta## 191#±#32# 242#±#66# 24#±#5# 152#±#36#

CCA# 0#±#0#col# 1#±#0#col# 6#±#3#col# 2#±#1#col#

b.#Func+onal#group#

Bladed# 232#±#41# 267#±#116# 59#±#36# 186#±#47#

Filamentous# 79#±#52# 476#±#228# 58#±#22# 204#±#92#

c.#Summary#

Taxa#Richness# 5#±#1#taxa# 5#±#0#taxa# 5#±#1#taxa# 5#±#0#taxa#

Total#Abundance## 311#±#80# 743#±#259# 120#±#30# 391#±#114#
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Figure	  3.5	  (A)	  Relative	  abundance	  of	  algal	  taxa:	  brown	  (Phaeophyceae),	  red	  (Rhodophyta)	  and	  green	  
(Cholorophyta)	  algae	  abundance	  and	  (B)	  relative	  abundance	  of	  functional	  groups,	  bladed	  vs.	  
filamentous,	  across	  pH	  treatments.	  	  
	  

3.3.4 Microbial Analysis 

Biofilm development and extraction techniques and timelines were verified (Appendix 

D). The wet weight biomass of biofilms developed to 27-days or beyond on glass slides 

was determined to be sufficient to yield DNA concentrations for successful 16s rRNA 

sequencing (Appendix D, Chapter 5.2.3). The nMDS plot accurately represents the 

structure of the Bray-Curtis matrix (R2>0.95, stress = 0.054) and groups samples by 

extraction location (Figure 3.6). Dissimilarities in microbial community composition 
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among pH treatments are smaller and less distinguishable than dissimilarities among 

individual samples from in situ locations (Figure 3.6).  It is evident that in situ samples 

i.e. wharf and rock samples are separated from in vitro samples. Each group of slide, tank 

and header tank water column in vitro samples are closely grouped regardless of pH 

treatment (Figure 3.6). Hierarchical clustering grouped samples by extraction location, 

dividing samples by water column, in situ (rock and wharf) and in vitro (slides and tank 

sides) into 95% confidence clusters, confirming that differences among samples are 

primarily driven by extraction location. 

	  

Figure	  3.6	  nMDS	  ordination	  model	  (based	  on	  Bray-‐Curtis	  similarity)	  of	  microbial	  communities	  from	  
multiple	  in	  situ	  and	  in	  vitro	  sampling	  locations.	  Sample	  B1	  was	  identified	  as	  an	  outlier	  and	  removed	  
from	  plot.	  	  
 

As expected results confirm that there is large variation in microbial community 

composition among natural microbial biofilms in situ (Lee et al. 2014) and that these 

biofilms are significantly different from in vitro biofilms. The small variation among in 

vitro biofilm samples relative to in situ samples illustrates that the flow-through system 

adequately controlled for potentially confounding abiotic factors, successfully isolating 

the effect of pH. Results suggest that we must be careful interpreting and extrapolating in 

vitro biofilm findings to in situ environments because microbial biofilm communities are 

substantially different. However, because the flow-through system was well controlled, 

valid comparisons between in vitro biofilms grown under different pH conditions can be 

made. 



 61 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Chapter	  4	  
Larval	  development,	  
metamorphosis	  and	  
settlement	  behaviour	  of	  the	  
serpulid	  polychaete	  
Galeolaria	  hystrix,	  Mörch.	  	  	  
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4.1 Introduction 

Small numbers of adult Galeolaria hystrix Mörch 1863 (Polychaeta: Sebellida, 

Serpulidae) are found at 0.0m-0.4m in the low intertidal zones throughout Otago Harbour 

and in this study, specifically along Back Beach, Portobello (Appendix A, Figure 4.1) 

and form ‘patch reefs’ in subtidal zones at Paterson Inlet, Stewart Island, New Zealand 

(Smith et al. 2005). In recent years, properties of adult tube growth and calcification have 

been described and are outlined in Chapter 1.8 (Smith et al. 2013, Riedi & Smith 2015). 

Larval development has never been described, but the planktotrophic larvae are presumed 

to be morphologically similar to Galeolaria caepitosa Lamarck (Marsden & Anderson 

1981) and behaviourally similar to Hydroides elegans (reviewed by Hadfield 2011).  

 

4.1.1 Aims 

The following account of Galeolaria hystrix larval development aims to specifically 

describe late larval development, metamorphosis and settlement, including associated 

behaviours.  A detailed understanding of early life-history stages is critical to understand 

both G. hystrix response to biofilms as a settlement substrate and contextualizing findings 

from settlement assays (Chapter 6).  

 

 
4.2 Methods 
 
4.2.1 Animal collections and spawning 

Adult Galeolaria hystrix were collected during September 2015 at low tide from a rocky 

shore (Back Beach) adjacent to the Portobello Marine Laboratory, Dunedin, New 

Zealand (Figure 4.1).  Adults were gently removed from rocks in their tubes by hammer 

and chisel and immediately transported to the laboratory for spawning.  For spawning, 

adults were removed from tubes and visually inspected to determine sex (females have a 

reddish/orange body cavity; males have a white body cavity region).  Four ripe females 

and two ripe male were used for spawning. Each adult was placed individually in 500ml 

beakers with ambient, filtered seawater (FSW 0.1µm) and a small scalpel incision was 

made into the coelom. Individuals were then left for 30 minutes in the beakers on ice, 

during which time, eggs or sperm were released.  Gametes were examined under the 
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microscope for healthy characteristics including sperm activity and shape of eggs. 

Released eggs were pipetted into a single fresh 500 ml beaker containing FSW, where 

they were cleaned by gentle washing with ambient FSW.  At this stage, one drop of 

concentrated sperm was added to the beaker, gently stirred and left for another 30 

minutes, achieving 100% fertilization. 

 

 
Figure 4.1 Location of Portobello Marine Laboratory (PML) on the Otago Harbour in New Zealand. (A) & 
(B) indicate the location of the two sample sites for adult Galeolaria hystrix collections used for spawning. 
The line at site B indicates the location of the Galeolaria hystrix shore survey (Appendix A). Scale bar 
represents 100m.  
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B 
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4.2.2 Larval rearing 

Fertilised eggs were divided into six 2L culture jars at a density of 2 to 3 larvae ml-1, and 

were kept at 13°C in a controlled temperature room (ambient sea temperature at the time 

of collection = 11.8°C).  After 48 hours, cultures were continuously stirred using 

swinging paddles at a rate of 30 swings min-1.  Larvae from the trochophore stage 

onward were feed a diet of Dunaliella tertiolecta every two days at 4,000 – 6,000 cells 

ml-1.  A 90% water change was completed every 5 to 6 days using a 50 µm filter to retain 

larvae, with FSW elevated to 13°C. 

 

4.2.3 Larval Development  

Larvae were observed daily to ensure feeding and development progressed.  Stages of 

development were described and digital images captured using an Olympus BX51 

microscope fitted with an Olympus XC50 camera. During development morphometric 

measurements were taken at key life history stages (after 4, 6, 13, 17 and 19 days post-

fertilisation), namely body length (BL), body width at the level of the prototroch (BW) 

and apical tuft length (AT) (Figure 4.2).  Ten larvae were photographed and measured at 

each stage: 1) early trochophore (4-day), 2) developed trochophore (6-day), 3) larval 

differentiation (13-day), 4) three-setiger larvae (17-day) and 5) larvae at the on-set of 

metamorphosis (19-day).  All measurements were made using Image J software.  

 

 
Figure 4.2 Examples of baseline morphometric measurements used to quantify larval development of 
Galeolaria hystrix: body length (BL) and body width at the level of the prototroch (BW), apical tuft length 
(AT). Photos show measurements on (A) 6-day old trochophore larvae, (B) 17-day three setiger larvae and 
(C) 19-day larvae beginning to undergo metamorphosis. Obvious features are labeled with white lettering; 
gut (g), eye spot (es).  
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4.2.4 Settlement and metamorphosis 

After 16 to 19 days of development, larvae were competent to settle and metamorphose.  

Competent larvae are demersal and sink to the bottom of the jar.  The culture jar was left 

for 2h, after which 40 demersal larvae were sampled from the bottom and examined 

under a compound microscope to ensure larvae were competent for settlement.  All 

samples showed 100% larval competency prior to settlement assays, determined by the 

appearance of a head or neck constriction.  

 

 
Figure 4.3 Settlement assay set-up in the 15°C CT room. Each petri dish contains a biofilm slide and 30 
Galeolaria hystrix larvae. Petri dishes are labeled and placed in a randomized order on white trays.  
 

Settlement behaviour and rate of settlement was examined on 23-day old and 60-day old 

biofilms developed on glass slides in the flow-through system described in Chapter 3 

(August-October 2015).  All assays compared biofilms reared in three-pHNBS treatments 

(ambient pH, pH 7.8 and pH 7.4) and a negative control surface, i.e., glass slides cleaned 

with a 10% HCl bath, autoclaved and Milli-Q rinsed.  For testing the effects of biofilm 

pH history, four replicate biofilms from each pH treatment were place horizontally along 

the bottom of plastic petri dishes (88mm diameter, 12 mm height). Each dish was filled 

with 70 ml of 13°C ambient, filter seawater (FSW 0.1µm).  Thirty larvae were carefully 

pipetted from the bottom of the culture jar into each petri dish and covered with a plastic 

top to prevent evaporation. Replicates were left in a randomized order on a white tray in a 

15°C CT room with artificial lights set to 10h:14h light:dark cycle (Figure 4.3). Larvae 

were not fed over the duration of the settlement trials.  Settlement was measured and 

scored at three time periods after the introduction of larvae: 24h, 48h and 5 days.  The 
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24h and 48h time periods are standard time points used to assess settlement, while the 5-

day time point was included to calculate survival rates between the 48h and 5-day time 

periods.  Ice was placed on the white tray to maintain temperature while petri dishes were 

inspected under a dissecting microscope. No more than 5 minutes was spent on each 

individual biofilm to prevent experimental bias during observations and extreme 

temperature fluctuations caused by over exposure to the microscope light source. Larvae 

were scored as 1) Swimming, 2) Crawling, 3) Attached, 4) Metamorphosed or, 5) 

Juvenile (Figure 4.4). Swimming and crawling categories were later grouped together and 

classified as “loose” biofilm associations indicative of waterborne chemical cues that 

enable exploring larvae to locate and explore suitable substratum (Khandeparker et al. 

2006). Attachment, metamorphosis and permanent settlement/juvenile growth were later 

grouped into “close” associations, called settlement success indicative of surface 

associated cues that mediate settlement and metamorphosis (Khandeparker et al. 2006). 
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Figure 4.4 Photographs and descriptions of the categories used to score larvae during settlement. Key 
features are labeled. Calcified tube (ct), eye spots (es), gut (g), neck constriction (n), tentacle buds (tb).   
 
 

 

 

 

Classifica(on+ Picture+ Descrip(on+

1+
Swimming+

N/A$
A$behavioral$classifica1on.$Included$individuals$
observed$swimming$above$biofilms$at$10x$
magnifica1on$under$dissec1ng$microscope.$

2+
Crawling+

A$behavioral$classifica1on.$Included$individuals$
observed$crawling$and/or$moving$slowly$on$
biofilms$by$either$pressing$or$trailing$the$anterior$
or$posterior$1p$of$their$body.$Developmentally,$
larvae$were$typically$at$the$onset$of$
metamorphosis.$$

3+
A;achment+

A$behavioral$classifica1on$that$indicates$
temporary$or$beginning$of$permanent$aCachment.$
Observed$behavior$included$difficult$dislodgement$
and$slow$rota1on$around$the$point$of$aCachment$
(posterior$1p$of$body)$when$petri$dish$was$moved.$
Larvae$at$this$stage$showed$morphological$
changes$consistent$with$early$metamorphosis.$

4+
Metamorphosis+

A$developmental$classifica1on$for$larvae$aCached$
to$the$biofilm$that$have$completed$the$key$stages$
of$metamorphosis.$This$classifica1on$includes$
tentacle$bud$forma1on$to$the$secre1on$of$a$
transparent$tube$and$reduc1on$of$the$head$region$
size.$

5+
Juvenile+

A$developmental$classifica1on$for$successfully$
seCled$larvae$that$have$completed$
metamorphosis.$Indicated$by$tube$calcifica1on,$
growth$and$elonga1on$of$the$tentacles$and$
eventually$the$development$of$new$branches.$$
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4.3 Results and Discussion  

 The terminology given in Marsden and Anderson (1981) is used to describe larval 

morphology. Overall, Galeolaria hystrix development was similar to Galeolaria 

caespitosa (Marsden & Anderson 1981), but G. hystrix had a longer developmental 

timeline. G. hystrix took approximately 12 to 15 days to reach the three-setiger stage and 

at least 16 days to reach the onset of metamorphosis, compared to the respective 7-9 and 

11-13 days for G. caespitosa (Marsden & Anderson 1981).  The longer larval 

development timeline could be due to differences in ambient seawater temperature: 13°C 

for G. hystrix and 22°C for G. caespitosa (Marsden & Anderson 1981). It is interesting to 

note that the difference in development rate is remarkably similar given the 9°C 

difference in temperature, suggesting that reduced temperature does not significantly 

delay larval development. 

 

 

4.3.1 Trochophore larval stage 

Trochophore larvae at 6 days had a body length of 158 µm, and a maximum width of 125 

µm (Figure 4.5). The apical tuft extends 101 µm from the anterior apical organ and 

lengthened extensively after 4 days (57 µm, Figure 4.5).  The cilia in the protroch and 

metatroch were shorter in comparison to the apical tuft and a cluster of shorter feeding 

cilia surrounded the ventral mouth.  The gut differentiated into an anterior projecting 

pharynx, a larger darker opaque stomach and a posterior projecting tubular intestine that 

opened via a dorso-posterior anus.  Two muscular sphincters: a narrow pharyngeal 

sphincter between the stomach and the pharynx, and a wider intestinal sphincter marking 

the start of the intestine differentiate the gut regions.  A single eyespot (es1) is located 

dorso/anteriorially (Figure 4.6, A).  Muscle development included anterior and posterior 

circular muscle bands associated with the prototroch band, while a series of oblique 

muscles ran from antereo-ventral to posterio-dorsal from the pharyngeal region.  

Trochophore larvae swam rapidly and actively in a spiraling motion, similar to 

observations of Galeolaria caespitosa (Marsden & Anderson 1981), but no clear 

photopositive behavior was noted as is common in other species of serpulid polychaetes.  
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4.3.2 Setiger Larval Stage 

At 12-15 days, trochophore larvae underwent differentiation to the setiger larval stage, 

involving a range of important development changes in morphology and behaviour.  The 

most distinct change was the development of mesodermal bands and an associated 

increase in length from 158 µm on day 6 to 301 µm by metamorphosis on day 13 (the 

majority of lengthening growth occured during this period, Figure 4.5).  Over a 3 to 5 day 

period the mesodermal bands thickened and three bulges develop along its length each 

containing one single setae giving rise to a three-setiger stage larvae (Figure 4.6, C-E). 

During this period, developmental steps occured rapidly in succession, the exact order of 

which is difficult to elucidate: setae developed on each mesodermal bulge; the apical 

organ enlarged to take up much of the anterior end of the animal; the apical tuft began to 

degenerate and reduced from 97 µm on day 13 to 3 µm on day 19; ectodermal 

invaginations developed into the paired rudiments of the collar; a slight transverse 

constriction appeared immediately posterior to the eyes (hc), and; a clear pigmented band 

around the mouth was present, lying directly ventral to the pharynx (Figure 4.6). 

 

Behaviourally, larvae swam more slowly with no spiraling action and appeared to spend 

more time exploring surfaces (i.e. bottom of the jar or slide); however, since jars 

remained stirred by paddlers for culturing purposes, larvae were evenly dispersed and 

unable to explore the bottom as much as they might naturally. Under the microscope, 

larvae were observed predominately exploring the slide surface by pursing their mouths 

against the slide and “crawling”. Occasionally, larvae were observed temporarily attached 

by the posterior tip of their body to the slide. Similar behavior prior to settlement has 

been observed in the serpulid polychaete, Hydroides elegans, which have been observed 

stopping frequently and press the anterior tip of their bodies against a surface (Carpizo-

Ituarte & Hadfield 1998). In addition, H. elegans are known to temporarily attach to 

surfaces via a mucous thread secreted from the posterior tip of their bodies (Carpizo-

Ituarte & Hadfield 1998). It appears that Galeolaria hystrix larvae prior to settlement 

utilise similar behaviours and mechanisms.  
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Figure 4.5 Body width (BW) at the level of the prototroch (A), body length (BL) (B) and apical tuft length 
(C) over 19 days development of Galeolaria hystrix larvae. Timeline of larval development with an 
example picture of larvae at each stage of development (D). Scale bar50 um. Error bars equal ±1 standard 
error, n = 10. 
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Figure 4.6 Development of Galeolaria hystrix larval through the early life history stages prior to the on-set 
of metamorphosis. (A) A trocohpore larvae (9-days old) with on-set of development of the first 
mesodermal band, (B) Differentiation into early stage three-setiger larvae indicated by the proliferation of 
paired mesodermal bands and early growth of inactive seta, development of the second eye spot and 
reorientation of the mouth to a more medial anterior position. (C-E) Illustrate the development of key phase 
changes in three late three-setiger individuals, the exact order of morphological changes is difficult to 
determine. Shows pigmented bands around the mouth, the beginning and deepening of the transverse 
constriction or head constriction, degeneration of the apical tuft, beginning of the collapse of the prototroch 
cells (not cilia) and the development of ectodermal invaginations which begin to deepen and coil in to 
collar rudiments. Three clear setal sacs develop and grow a single seta which becomes longer and more 
active with time. Overall, the larval body significantly grows and lengthens. Scale bar 50 µm. Anal vesicle 
(av), apical tuft (at), collar rudiments/ectodermal invaginations (cr), eye spots (es1 & es2), head 
constriction (hc), mesodermal bands (mb), mouth (m), prototroch (pr), seta (se), translucent material of the 
head vesicles (tm). 
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4.3.3 Settlement and Metamorphosis 

Behaviour 

Four behavioral/developmental categories were identified between swimming and 

metamorphosis of larvae (Figure 4.4).  

 

During metamorphosis it was difficult to discern the exact order of events; however, 

changes associated with metamorphosis appeared in both attached and unattached larvae.  

Larvae that were at least 16-days old, removed from stirring paddlers and exposed to a 

biofilm surface were found to permanently attach to the biofilm and undergo 

metamorphosis within 24-48h. In rare cases, larvae were found to successfully 

metamorphose, settle and grow (including calcification of the juvenile tube) on negative 

controls. Larvae that remained on the paddlers began to show signs of the onset of 

metamorphosis at approximately the same time, after 16 days, but development was 

arrested and metamorphosis was delayed. Larvae spent on average approximately 6 - 8 

days without progressing developmentally, only showing signs of tentacle bud formation 

after at least 22 – 24 days of development.  This development suggests that in 

unfavorable conditions (restricted demersal activity, an inability to explore surfaces or 

lack of suitable settlement substrates) larvae can delay metamorphosis. However, it 

appeared that substrate selectivity decreased the longer metamorphosis was delayed, i.e., 

larvae were found settling onto slides, detritus and jars after 22 – 24 days. Eventually, 

metamorphosis began to occur in unattached larvae, particularly at the onset of contact 

with any substrate i.e. jar or slide when examined under the microscope. This observed 

behaviour seems to indicate that demersal activity and substrate exploration, including 

temporary attachment, is critical in initiating the onset and continued progression of 

metamorphosis. As expected, the need for demersal activity suggests that surface contact 

is important for the successful completion of metamorphosis and settlement. However, 

responses to biofilms also indicate that surface-bound biofilm cues play an important role 

in mediating both settlement and metamorphosis.   
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Morphology  

In all cultures metamorphosis was characterized by the delineation of a “neck”, or 

constriction near the level of the pigmented mouth and prototroch (indicated by the 

trochal cilia). From day 13 to day 19 of development the width at the prototroch (the 

location of neck delineation) decreased from 235 µm to 94 µm (Figure 4.5). Observations 

(n=10) of neck formation under the microscope revealed that as the neck formed a mass 

of translucent material was ejected from each side of the neck in two bubbles and was not 

reabsorbed (Figure 4.7).  This finding verified two observations noted by Marsden and 

Anderson (1981) and is suggested to represent the contents of the collapsed prototrochal 

cells (Segrove 1941, Marsden & Anderson 1981). Findings from this study support 

Segrove’s (1941) and Wisely’s (1958) theories that prototrochal cells collapse, and 

provide evidence that the tissue is extruded, not reabsorbed, as the neck develops. 

However, it is important to note that these observations were made more frequently (8 of 

10) in larvae that remained on the paddlers up to 22-days. Thus, it is unclear if this 

process is a response to stress and/or unfavourable circumstances, or a standard 

morphological process that was easier to detect in stressed larvae due to the more rapid 

succession of events.  

	  
Figure 4.7 Development of the neck in Galeolaria hystrix larvae at the on-set of metamorphosis. Scale bar 
100 µm for A – D. (A) Shows the two “bubbles” of translucent material just posterior to the head 
constriction, believed to be head vesicles. (B-C).  Shows the expulsion of translucent material, which is not 
reabsorbed by the larvae. (D) Shows larvae morphology at the end of the process, with the delineation of 
the neck. These processes seem to develop parallel to the development of collar rudiments and thoracic 
membrane. Prototroch (pr) indicated by trochal cilia. Collar rudiments (cr), head constriction (hc), neck (n), 
thoracic membrane (thm), translucent material (tm). 
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In metamorphosis, the head region began to shrink in size as the tentacle buds form 

dorso-laterally on the head (Figure 4.8). The head region appeared to continue to shrink 

as the tentacle buds elongated and divided into the brachial crown. Two small, triangular 

flaps appear lateral to the collar invaginations, these are the rudiments of the thoracic 

membrane (Figure 4.8). If metamorphosis continued successfully the collar rudiments 

evaginate and a transparent tube is secreted.  The point of origin for tube excretion was 

the collar rudiments and appeared to be similar to the process described for multiple other 

species of polychaetes (Segrove 1941, Swan 1950, Hedley 1956), including the well-

documented Pomatoceros triqueter (Vouelle et al. 1991).  It is important to note that the 

sequence of events during metamorphosis was difficult to capture.  Trends were present 

but it appeared that during metamorphosis at settlement on biofilms the secretion of the 

transparent tube happened quickly, sometimes before the full development and growth of 

tentacle buds. The inconsistent and rapid succession of events indicated that some of the 

metamorphosis processes may happen concurrently and may not always occur in the 

exact same order. 

 

 
Figure 4.8 The metamorphosis process for Galeolaria hystrix larvae (images represent different 
individuals). Scale bar 100um for A – F. Images show larvae from the presence of a neck (A), to the growth 
of the thoracic membrane rudiments (B), to the development of the tentacle buds dorsal lateral to the eyes 
(C), to the further develop of the thoracic membrane and evagination of the collar rudiments (D). (E) 
Shows continued growth of tentacle buds, shrinkage of the head and thoracic membranes become triangular 
shape. (F) Brachial crown develops new branches, head shrinks even more, triangular flaps (thm) are 
clearly defined and they begin to secrete the transparent tube. Collar rudiments/location of ectodermal 
invaginations or evagination (cr),neck (n), tentacle buds (tb), thoracic membrane (thm). 
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4.3.4 Settlement Behaviour & Juvenile Growth 

Larvae appeared to display a “searching” type of behavior prior to permanent settlement 

where larvae slowly moved along the surface of a slide or biofilm, exploring the substrate 

i.e. crawling. Once a larva is permanently attached and the transparent tube is secreted it 

quickly completes its transformation into the juvenile sedentary form. It is interesting to 

note that in settlement assays, larvae occasionally made their way underneath the biofilm 

slide and settled on its underside, similar to settlement preferences observed in situ where 

72% of individuals were found settled on the side or underside of a rock (Appendix A). 

 

Unlike the temporary attachments, during permanent attachment the entire length of the 

larvae remained stationary against the biofilm slide. The complete event of permanent 

settlement was not observed in vitro. When a temporary attachment was made at the 

posterior end it was easy to differentiate, as the body would pivot around this point.  In 

larvae that were permanently settled, the entire length of the body would remain still on 

the biofilm even if the petri dish or slide was gently agitated, indicating the presence of a 

secreted adhesive substance, likely a mucin (Segrove 1941, Swan 1950, Hedley 1956). 

However, it was interesting to note that when a suspended larvae permanently attached to 

a piece of detritus this always occurred at the posterior end, indicating that it is likely the 

site of initial permanent attachment and adhesive secretion.  

 

Tentacle buds grew rapidly and divided into branchiae. Calcification of the tube began 

and initiated from the collar rudiments growing down in the posterior direction (Figure 

4.9). The trunk of the body and gut appeared to elongate. As calcium was deposited, the 

branchial crown continued to develop quickly and branches elongated (Figure 4.9, E-G). 

The behaviour of juveniles mimicked the behaviour of adults found on the shore. 

Established juveniles with calcified tubes longer than their body length would retract and 

hide in their tubes then slowly reemerge.  The characteristic pigmentation (red/orange) 

was not present in any settlement assay i.e. up to 5-days of post larvae introduction to 

biofilms.  
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Figure 4.9 Settlement and juvenile growth of Galeolaria hystrix. These images were taken during the 
settlement assays over the course of a 5-day time frame and represent different individuals. Scale bar 
100um for A – G. (A) Represents a settled organism at the end of metamorphosis, (B – C) show the 
appearance and growth of the transparent tube, (D) Illustrates the initial site of calcification by the dark 
bands, (E – G) Show the growth and elongation of the calcified tube as settled juveniles grow over the 5-
day period.  
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5.1 Introduction 

5.1.1 Marine Biofilm Development and Maturation  

Biofilms develop on surfaces in aqueous conditions and are a complex community of 

cells enclosed by a self-produced matrix of exopolysaccharides (EPS), proteins and 

extracellular DNA (Costerton 1999, Sutherland 2001a, Sutherland 2001b, Flemming et 

al. 2007, Flemming & Wingender 2010). Marine biofilms start as microbial biofilms 

where free-floating bacteria attach and adhere to substrates then transition into benthic, 

sessile microbial lifestyles (O’Toole et al. 2000, Donlan 2002, An & Parsek 2007). After 

initial colonisation biofilms continue to develop, permanently adhering and growing 

through EPS production, cell division and recruitment of new microorganisms (Donlan 

2002, Karatan & Watnick 2009, Flemming & Wingender 2010).  EPS provides the three-

dimensional architecture that enables extracellular DNA exchange (Flemming et al. 

2007), cell-to-cell communication/quorum sensing (Davis et al. 2015, Karatan & Watnick 

2009), nutrient exchange and enzyme digestion (Flemming & Wingender 2010). As 

biofilms mature they eventually begin to disperse, spreading and colonising new surfaces 

(Donlan 2002).  As maturation continues marine biofilms begin to incorporate larger 

organisms, initially phytoplankton communities (i.e. diatoms) (Cooksey & 

Wigglesworth-Cooksey 1995, Dahms et al. 2004) and eventually macroorganisms such as 

macroalgae spores and invertebrate larvae (Qian et al. 2007).  Marine biofilm 

development can be divided into three key stages: 1) microbial biofilm formation and 

maturation, 2) incorporation and growth of diatom communities and, 3) initial 

macroorganism colonisation.  

 

5.1.2 Environmental Responsiveness 

Environmental conditions ultimately determine biofilm community formation and 

composition. Substrate surface properties and hydrophobicity (Donlan 2002), pelagic 

microbial population supply (Qian et al. 1999, Andersson et al. 2010, Baltar et al. 2015b), 

physical environmental parameters such as temperature, light intensity, nutrient 

availability and seawater pH (Goller & Romeo 2008, Karatan & Watnick 2009) all affect 

microbial community composition.  Even mature biofilms are not static and there is a 

tight relationship between habitat, physiological behaviour and composition of microbial 
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biofilm communities (Qian et al. 2007). Lee et al. (2014) has shown that biofilms are 

actively adaptive and respond to tidal and seasonal shifts in situ.  Continued marine 

biofilm maturation is dynamic and sequential. In the second phase of development, 

diatom incorporation is primarily determined by pelagic phytoplankton community 

composition, light conditions and the existing microbial biofilm community (Cooksey & 

Wigglesworth-Cooksey 1995, Dahms et al. 2004). Finally, initial macroorganism 

colonisation is mediated by the existing biofilm that emits biochemical cues that induce 

or inhibit settlement of benthic marine invertebrates over a spatial and temporal scale 

(Rodriguez et al. 1993, Wieczorek & Todd 1998, Qian et al 2007, Flemming & 

Wingender 2010, Dang & Lovell 2000). Initial macroorganism colonisers are important 

because chemical and physical cues generated by conspecifics and sympatric species on 

biofilms play a large role in determining sequential recruitment and settlement success of 

additional macroorganisms (Jensen & Morse 1984, Marsden 1991, Qian et al. 1999). 

 

The sequential development and dynamic nature of biofilms means that biofilm age, i.e. 

the time it has been allowed to establish, will affect community composition and species 

richness. The succession of microbial community structure and overall richness changes 

with age and fluctuates according to resource competition and niche driven patterns 

(Jackson et al. 2001). Invertebrate larvae can discriminate between and prefer biofilms of 

specific ages, indicating that microbial successions may cause shifts in community 

composition over short time frames that are detectable to macroorganisms (Maki et al. 

1990, Khandeparker et al. 2005). 

 

5.1.3 Biofilms and Ocean Acidification 

Recent anthropogenic increases in CO2 emissions have created the global phenomenon 

called ocean acidification (OA) (Caldeira & Wickett 2003, Feely et al. 2004, Peters et al. 

2007). Shifts in seawater carbonate chemistry include predicted increases in pCO2, 

dissolved inorganic carbon (DIC) and reduced seawater pH (Orr et al. 2005, Doney et al. 

2009). The effect of OA on microbial community composition is a complex topic with 

conflicting results reported. Results are confounded by various factors including seasonal 

variation in pelagic microbes (Andersson et al. 2010), seasonality of biofilm composition 
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(Krause et al. 2012), variation in biofilm development substrates, and multiple unique 

environmental characteristics (nutrients, temperature, hydrodynamics etc.) i.e. different in 

vitro/in situ biofilm growth methodologies that make it difficult to comparatively 

evaluate observed differences in the literature (Salta et al. 2013, Baltar et al. 2015a). 

Mesocosm studies of pelagic microbial populations report conflicting results where some 

studies show shifts in bacterial community structure in response to OA (Allgaier et al. 

2008, Arnosti et al. 2011), while others detect minimal effects (Newbold et al. 2012, Roy 

et al. 2013). Extreme reductions in pH (pH 7.6 or less) and differences in establishment 

time (age) substantially change the microbial community composition of biofilms (Witt 

et al. 2011a, Zhang et al. 2012). Recently, a number of studies have focused on 

quantifying the effects of OA on microbial biofilms (Witt et al. 2011a, Doropoulos et al. 

2012, Lidbury et al. 2012, Russell et al. 2009, Russell et al. 2013), however, none have 

comprehensively described how the three key biofilm components that mediate marine 

invertebrate settlement (microbial, diatom and macroorganism communities) respond to 

reduced pH. Understanding shifts in the overall community composition of biofilms in 

coastal zones is necessary in order to predict how species recruitment and population 

distribution may change in the future.  

 

5.1.4 Aims and Objectives 

This chapter describes how biofilms respond to ocean acidification by investigating three 

key components that affect settlement selection of marine invertebrates, namely: 

microbial community composition, diatom coverage and initial macroorganism 

colonisation in response to OA. Biofilm analysis is conducted at three target pH 

treatments; 8.1 (ambient), 7.8 (near-future, 2100, IPCC 2013) and 7.4 (extreme, 2300, 

IPCC 2013) (justified in Chapter 3). The specific objectives of this chapter are to: 

1. Describe shifts in key biofilm characteristics: 

a. Identify and quantify differences in bacterial community composition 

among pH treatments at two biofilm ages (21- and 41-days, P1, Table 5.1),  

b. Identify and quantify differences in chlorophyll-a, carotenoid content and 

diatom frequency at two biofilm ages (28– and 69- days, P2, Table 5.1), 
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c. Identify and quantify differences in macroorganism community 

composition and abundance for three different pH treatments in biofilms 

(30-days, P2, Table 5.1), 

2. If possible, identify a “pH threshold” at which all three key biofilm components 

significantly change in response to pH pressure.  

	  

5.2 Methods  

5.2.1 Biofilm Development 

Biofilms were developed on glass microscope slides (25mm x 75mm) in a flow-through 

system at Portobello Marine Laboratory (PML), Portobello, New Zealand between May 

and October 2015 (detailed description in Chapter 3). Before culturing, slides were 

sanded with 800-grade Emory paper.  Slides were cleaned to remove any chemical 

residue by soaking in a 10% HCl bath for 48 h, rinsed with deionized, distilled water 

(Milli-Q, Millipore water) and autoclaved prior to deployment in tanks. Sanding created a 

texturized surface to encourage microbial attachment.  Glass microscope slides have 

previously been shown to be suitable settlement substrates for biofilm development (Witt 

et al. 2011a, Witt et al. 2011b, Witt et al. 2012), particularly over long-term development 

time frames where temporal shifts diminish the affect of substrate type on community 

structure (Huggett et al. 2009, Chung et al. 2010, Witt et al. 2011b). 

 

Slides were suspended below the water’s surface by custom-built foam trays designed to 

hold five slides spaced 5cm apart at a 45° angle perpendicular to flow-through (Figure 

5.1). Foam trays were sterilised with Vikron S (DUPONT) disinfectant and then 

thoroughly washed and soaked in Milli-Q water between deployments to prevent the 

foam holders from causing cross contamination. Three target pH levels (ambient 

(current), 7.8 (near-future, 2100 IPCC 2013) and 7.4 (extreme, 2300 IPCC 2013)) were 

controlled and monitored in treatment header tanks (see Chapter 3 for greater detail on 

system configuration and maintenance, and Chapter 2 for confirmation of pH target 

relevance to in situ conditions at PML, Figure 5.1). Header tanks were attached to four 

replicate tanks (30 cm x 20 cm x 12 cm); each replicate tank held two foam holders 

approximately 10 cm apart with five slides each (Figure 5.1).  The upper 3.75cm2 of each 
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slide was secured in the foam holder and the lower 15cm2 was exposed to seawater flow-

through (Figure 5.1).  In-flow and out-flow valves were located directly opposite each 

other lengthwise along replicate tanks and flow-through rates were consistent in all 

replicate tanks at approximately 1 L/min. All biofilm replicates used in experiments were 

removed from the same location on foam holders in each replicate tank to ensure flow 

conditions at slide surface were consistent. Overall biofilm development technics were 

adapted from Witt et al. (2011a).  

 

Once the pH in the flow-through system was stabilised biofilm development and analyses 

were divided into two time periods; P1) 13 May to 23 June 2015 for microbial analysis 

and, P2) 15 August to 30 October 2015 for diatom coverage, Chl-a and Carotenoid 

pigment content, and macroorganism analysis (Table 5.1). Two biofilm ages were 

developed for each time period, young and old. “Old” biofilms were developed from 13 

May to 23 June in autumn/winter (41-days old) and 15 August to 14 October in 

winter/spring (69-days old). “Young” biofilms were developed from 13 May to 9 June in 

autumn/winter (27-days old) and 23 September to 16 October in winter/spring (28-days 

old) (Table 5.1).  

 

5.2.2 Quantifying Seawater Carbonate Chemistry Parameters 

Over the course of biofilm development, water samples were collected from the flow-

through system approximately every three weeks. Two seawater samples were collected 

from each tank, one in a 250 mL Duran Schott bottle (for dissolved inorganic carbon, 

DIC, analysis) and one in a 1L PET bottle (for total alkalinity, TA, analysis).  All samples 

were fixed with saturated mercuric chloride (HgCl2) for preservation and secured with 

parafilm for later laboratory analysis.  Seawater total alkalinity and dissolved inorganic 

carbon were processed using methods outlined in the Chapter 2. Values were used as 

input parameters into the program SWCO2 (Hunter 2009), along with temperature (°C) 

and salinity (ppt) to determine the pHNBS, partial pressure of CO2 (ρCO2, µatm) and the 

saturation state of calcite (ΩC) and aragonite (ΩA) for each treatment. Seawater properties 

were determined using the CO2 equilibrium constants given by Mehrbach et al. (1973) 

refit by Dickson and Millero (1987). 
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Figure 5.1 Detailed biofilm development methodology.  

25#mm#

60#m
m
#

A.# B.# C.#

D.# E.# F.#

A. Foam slide holders used 
to suspend 5 slides at 5cm 
apart on a 45 degree angle.  

B. 15cm2 of surface area per side of 
slide was exposed to seawater flow. 
Upper 3.75 cm2 secured in foam.   

C. Five slides were 
placed in each foam 
slide holder. 

D. Two foam slide holders 
were secured face down in 
each replicate tank so slides 
were continuously exposed to 
consistent seawater flow. 

F. Each of the three pH treatment systems 
consisted of four replicate tanks (with two 
foam holders, not pictured here) attached 
to a header tank where seawater pH was 
monitored and controlled. 

E. After the appropriate 
amount of time developing 
(Table 5.1) biofilms were 
immediately used for 
analysis or settlement. 

#Biofilm#Development#Methodology#

15cm2#

3.75cm2#

a#

b# c# d e

f# g#

h#

j#i#

k#

G.#Flow:through#Seawater#System#for#one#treatment###
a.  Header tank 
b.  In-let outlet 
c.  Solenoid 
d.  pH controller 
e.  Waterproof 

outlet casing 
f.  Four replicate 

tanks 
g.  Ball-float 
h.  Screen filter 
i.  Cords to water 

pump and CO2 
bubbler 

j.  pH meter 
k.  Light display  



Table 5.1 Biofilm development timelines for key biofilm analyses. 
 

 

    Analyses 
Experimental 
Period  Date  

IN Date 
OUT Age 

(d) Pilots Biomass Microbial Chlorophyll Diatom  Macroorganism Settlement 
Assay 

    
Test 
Trials 

Wet 
weight 

DNA 
Extractions 

Chl-a & 
Carotenoid 
Extractions  

Light 
microscopy 

Light  
microscopy Chapter 6 

P1 
May 
13

th
  

Jun  
9

th
  26 X X X (plus tank 

sample)     

 
Jun  
23

rd
  41 X X X (plus tank 

sample)     

 
Jun  
30

th
  

Aug  
10

th
  41 System destabilized; biofilms unusable  

P2 

Aug 
15

th
  

Oct  
14

th
  60 

      
X 

 
Oct  
23

rd
  69 

   
X X 

  
Sep  
23

rd
  

Oct  
16

th
  23 

      
X 

 
Oct  
21

st
  28 

   
X X 

  

 
Oct  
23

rd
  30 

     
X 
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5.2.3 Microbial Biofilm Sampling Protocol 

As much as possible of the biofilm material was carefully scraped from both sides of the 

lower 15cm2 section of each slide (total area of 30cm2) using sterilised metal laboratory 

spatulas (adapted from Witt et al. 2011a). Samples were deposited in pre-weighed and 

labeled sterile 1.5mL snap-lock microcentrifuge Eppendorf tubes and immediately 

weighed (SALMOND SMITH BIOLAB Ltd.) for biofilm wet weight biomass (mg). 

Three replicate slides were sampled from each pH treatment.  Tubes were placed in a -

4°C freezer for storage until transportation to the Microbiology Department, University 

of Otago in an iced cooler and then placed again into a -4°C freezer until further 

processing. Based on pilot research, 27-days was determined to be the minimum 

timeframe required to develop biofilms in all pH treatments to yield a sufficient amount 

of biomass via the aforementioned sampling protocol to extract high quality DNA for 

PCR amplification. The minimum threshold of material yield was 2.73 ± 1.2mg to 

generate the minimum DNA concentration (5.7 ± 0.21 ηg/µL) necessary for successful 

PCR amplification (Appendix D).  

 

5.2.4 DNA Extraction  

Total DNA was extracted from each individual biofilm sample using a MoBio 

PowerSoilTM DNA Isolation Kit (MO BIO Laboratories Inc., Solana Beach, CA, USA) 

following manufacturer’s protocol with the following modification: Bead-beating (2 x 

15s) cycles was performed using 2010 GenoGrinder (SPEX SamplePrep, Metuchen, NJ, 

USA). After extraction, a Nanodrop Spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA, USA) was used to assess DNA quantity and quality.  

	  

5.2.5 16S rRNA Gene Sequencing and Analysis 

Protocols were carried out as described in detail by Morales et al. (2015). 16S rRNA gene 

amplification and amplicon sequencing was conducted on the Illumina MiSeq platform 

using the Earth Microbiome Project (EMP) barcoded primer set and standard protocols 

for each individual biofilm replicate (Caporaso et al. 2012, Morales et al. 2015). Qiime 

default parameters were used to quality filter sequences (Caporaso et al. 2010, Morales et 

al. 2015).  The following processing was conducted by Dr. Sergio Morales: Open 
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reference Operational Taxonomic Unit (OTU) picking was conducted using Greengenes 

reference library (MacDonald et al. 2012, Morales et al. 2015) to group sequences into 

clusters (OTUs) based on 97% sequence similarity. Samples were normalised to 8,000 

reads per sample. Samples were randomly re-sampled ten times i.e. rarified and the 

resulting OTU table was used to calculate alpha diversity and relative abundances 

(Morales et al. 2015).  OTUs with over 2,000 reads were identified (39 OTUs for 27-day 

old biofilms, 51 OTUs for 41-day old biofilms) and pooled by treatment.  OTU relative 

abundances (%) represent the number of reads matching an OTU relative to the sum of 

reads in the top 39 or 51 OTUs respectively. 

 

5.2.6 Chlorophyll-a and Carotenoid Pigment Extractions 

Glass fiber filters (0.7 µm GF/F, Sterlitech) were used to carefully remove all biofilm 

material from slides. Complete biofilm extraction using this method was confirmed in 

pilot pre-experimental trials (Appendix E, Appendix F). The analysis of total Chl-a and 

carotenoid pigment content was adapted for biofilms from standard (Parsons et al. 1984) 

and freshwater biofilm (Artigas et al. 2015) protocols. Chlorophyll-a and organic 

pigments were extracted from filters in 10 ml of 90% acetone over 48 h period in 

complete darkness at 4°C. Filters were crushed and agitated with a sterile laboratory 

spatula upon introduction to acetone and samples were shaken occasionally. Samples 

were centrifuged at 10,000g for 10 minutes.  Chlorophyll-a and carotenoid pigment 

concentration was determined spectrophotometrically (Shimadzu PharmaSpec UV-1700) 

following procedures described by Parsons et al. (1984). Results are given as average mg 

Chl-a per cm2 and mg carotenoids per cm2 as calculated from the individual biofilm slide 

surface areas of 30 cm2 (Artigas et al. 2015).  

 

5.2.7 Diatom Coverage and Macroorganism Analysis 

An Olympus BX51 microscope fitted with an Olympus XC50 camera was used to take 

photos at 10x magnification along eight standardised locations on 28-day old biofilms 

developed from 23 September to 21 October 2015 and 69-day old biofilms developed 

from 15 August – 23 October 2015. Diatom frequency of occurrence (% coverage) was 

determined by scoring within five categories (1-5) similar to those described by Witt et 
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al. (2011a); 5= dominant (100-70%), 4= frequent (69-50%), 3= occasional (49-30%), 2= 

rare (29-10%) and 1= near absent (9-0%). The eight scores recorded per biofilm were 

averaged to create an average frequency of occurrence (% coverage) for each individual 

biofilm.  

 

Light microscopy using a Wild Heerbrugg M7A dissecting microscope was used to 

identify and count all macroorganisms living on young biofilms (30-days) on 23 October 

2015. Initial pilot studies (Nelson 2014, unpublished MARI495 report, University of 

Otago) identified the following macroorganisms as common colonisers of biofilms 

developed in flow-through systems at PML: Spirorbis (sessile polychaete worms), 

Platyhelminthes spp. (flatworms), Harpacticoida spp. (copepods), Nematoda spp. 

(nematodes) and Cirripedia spp. (barnacle larvae spp.). The abundance of each 

aforementioned macroorganism taxon was counted.  Total abundance, including ‘other’ 

unidentified invertebrates, was recorded along with taxa richness.     

 

5.2.8 Statistical Analysis 

Data was assessed for outliers and normality using the visual inspection of boxplots for 

values greater than 1.5 box-lengths, Q-Q plots and calculated studentised residuals. The 

Shapiro – Wilk’s Test of Normality (p>0.05) and Levene’s Test of Equality of Error 

Variances (p>0.05) were used to test normality and homogeneity of variance. All 

analyses were conducted using IBM SPSS software version 23 (α<0.05). 

 

Raw and transformed biofilm wet weight biomass measurements violated the 

assumptions of normality and homogeneity of variances. For this reason, analysis of 

variance tests (ANOVAs) were not conducted. Two-way Analysis of Variance (ANOVA, 

Type III sum of squares) was used to determine significant differences among pH 

treatments and biofilm age for microbial observed OTU richness (n=3).  

 

Relative abundances of microbial phyla and OTUs were graphed and analyzed using R 

software by Dr. Sergio Morales from the University of Otago. Microbial biofilm sample 

B19, a 41-day biofilm sample reared in pH treatment 7.4, did not amplify and was 
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excluded from all analyses and graphs. Structural analysis of microbial community 

composition was performed using R software (R Core Team 2015, ‘Vegan’ package) on 

square-root-transformed OTU abundance data to calculate Bray-Curtis distances and 

plotted in non-parametric multi-dimensional scaling graphs (nMDS). Microbial biofilm 

sample B1, a 27-day old biofilm reared in pH 7.4, was identified as an outlier and 

removed from plots for clarity of visualisations. Hierarchical clustering with p-values via 

multi-scale bootstrap resampling was conducted using the package ‘pvclust’ (R Core 

Team 2015) and grouped into 95% confidence clusters. 

 

Transformations were attempted on Chl-a and carotenoid content data, however data still 

violated of the assumption of homogeneity of variance so a two-way Analysis of 

Variance (ANOVA, Type III sum of squares) for the effect of treatment pH and biofilm 

age on Chl-a and carotenoid pigment content could not be conducted. Instead, the effect 

of biofilm age was analysed using independent-samples t-tests at each pH level and the 

effect of pH treatment was analysed using one-way ANOVAs.  Tukey’s HSD post-hoc 

test was used to determine significant differences among treatments. 

 

Individual biofilm diatom categories (% coverage) were averaged together for each 

treatment at each age (n=4). Total macroorganism, Cirripedia spp. (barnacle larvae) and 

Harpacticoida spp. (copepod) abundance data was log transformed using ln(x+1) and 

analyzed using one-way ANOVAs. Tukey’s HSD post-hoc test was used to determine 

significant differences among treatments. Structural analysis of macroorganism 

community composition was performed using the R software (R Core Team 2015, 

‘Vegan’ package) and plotted in an nMDS graph.  

 

5.3 Results  

5.3.1 Seawater Carbonate Chemistry  

Total alkalinity ranged from 2214.2 to 2239.6 µmol kg
-1

among pH treatments during 

period 1 and from 2267.9 to 2274.7 µmol kg-1among pH treatments during period 2 

(Table 5.2) with little variation among pH levels but slight differences between periods.  

Partial pressure of CO2 (pCO2) of treatments was 413 µatm (ambient pHNBs 8.13), 1036 



 89 

µatm (pHNBS 7.81) to 2240 µatm (pHNBS 7.43) during period 1 (Table 5.2) with saturation 

states ranging from 2.86 to 0.66 for calcite (ΩC) and 1.81 to 0.42 for aragonite (ΩA).  

Partial pressure of CO2 (pCO2) of treatments was 355 µatm (ambient pH 8.20), 1181 

µatm (pH 7.73) to 2612 µatm (pH 7.40) (Table 5.2) for period 2, with saturation states 

ranging from 3.42 to 0.62 for calcite (ΩC) and 2.17 to 0.39 for aragonite (ΩA).  It is 

important to note that ambient in vitro values for TA, aragonite (ΩA) and calcite (ΩC) 

were low in comparison to overall in situ averages recorded in Chapter 2 (Table 2.5). 

	  

Table 5.2 Average (±SE) seawater chemistry measurements of biofilm development treatments for period 
1 (P1) from May-Jun 2015 and period 2 (P2) from Aug – Oct 2015. Three water samples were taken over 
each time period, n=3. Temperature, salinity, TA and DIC were measured. pH, pCO2, ΩC

 and Ω
A
were 

calculated for in situ temperatures (°C).* 
 

Treatment	  
(Target	  pHNBS) 

pHNBS pCO2 
μatm 

TA 
μmol	  kg

-‐1 
DIC 

μmol	  kg
-‐1 

ΩC ΩA 

Ambient	  (P1) 8.13	  
(0.01) 

413.30	  
(10.21) 

2214.2	  
(43.8) 

2052.1	  
(33.6) 

2.86	  
(0.18) 

1.81	  
(0.12) 

Ambient	  (P2) 8.20	  
(0.05) 

354.58	  
(43.51) 

2267.9	  
(10.5) 

2068.77	  
(23.3) 

3.42	  
(0.24) 

2.17	  
(0.15) 

7.8	  pH	  (P1) 7.81	  
(0.17) 

1036.38	  
(307.35) 

2214.5	  
(43.5) 

2184.5	  
(31.6) 

1.83	  
(0.84) 

1.17	  
(0.54) 

7.8	  pH	  (P2) 7.73	  
(0.05) 

1180.51	  
(171.28) 

2271.5	  
(9.6) 

2241.4	  
(19.8) 

1.29	  
(0.08) 

0.82	  
(0.05) 

7.4	  pH	  (P1) 7.43	  
(0.03) 

2317.26	  
(162.33) 

2239.6	  
(30.7) 

2299.2	  
(38.6) 

0.66	  
(0.03) 

0.42	  
(0.02) 

7.4	  pH	  (P2) 7.40	  
(0.04) 

2612.17	  
(324.26) 

2274.7	  
(8.7) 

2349.1	  
(18.9) 

0.62	  
(0.03) 

0.39	  
(0.02) 

*	  In	  situ	  measurements	  of	  pH	  on	  the	  NBS	  scale,	  pCO2	  (partial	  pressure	  CO2),	  TA	  (total	  alkalinity),	  DIC	  
(dissolved	  inorganic	  carbon)	  ΩCa	  (calcite	  saturation	  state)	  and	  ΩAr	  (aragonite	  saturation	  state).	  
	  

5.3.2 Biofilm Biomass 

Biofilms reared for microbial analysis (13 May – 23 June 2015, P1, n=3) showed that wet 

weight biomass (mg/cm2) decreased with seawater pH (Figure 5.2). There was little 

increase in wet weight biomass between 27- and 41-days of development for biofilms 

reared in pH 7.4 (0.091 ± 0.040 mg/cm2 and 0.125 ± 0.103mg/cm2 respectively). Biofilm 

wet weight biomass increased substantially between 27 and 41- days of development in 
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treatments pH 7.8 (0.109 ± 0.030 mg/cm2 and 0.400 ± 0.088 mg/cm2 respectively) and 

ambient pH (0.223 ± 0.043 mg/cm2 and 0.914 ± 0.297 mg/cm2 respectively). 

	  

Figure 5.2 Wet weight biomass measurements of 27-day old and 41-day old biofilms reared in ambient, 7.8 
and 7.4 pH treatments from 13 May – 23 June 2015. Error bars represent ± 1 standard error.  
	  

5.3.3 Observed Richness in Microbial Communities 

There was no statistically significant interaction between biofilm age and pH treatment 

on observed OTU richness (F2,10= 0.850, p=0.456,  partial η2= 0.145), however, the main 

effect of biofilm pH treatment was statistically significant (F2,10= 9.323, p=0.005, partial 

η2= 0.651). Tukey’s HSD post-hoc test showed that average observed OTU richness of 

biofilms reared in pH 7.4 (1886 ± 154 OTUs) was significantly lower (p=0.005) than 

those reared under ambient pH (2719 ± 126 OTUs), and that observed OTU richness of 

biofilms reared in pH 7.8 treatments was substantially lower (2222 ± 126 OTUs) than 

ambient treatments but not significantly different (p = 0.056).  There was no statistically 

significant difference in observed OTU richness between young (27-day old) and old (41-

day old) biofilms (F1,10= 2.324, p=0.158, partial η2= 0.189). Younger, 27-day old, 

biofilms were found on average to have slightly higher, but not significantly different, 

observed OTU richness than 41-day old biofilms (2395 ± 111 OTUs and 2156 ± 111 

OTUs respectively).  

 

5.3.4 Phylum Level Microbial Community Analysis 
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Proteobacteria, Cyanobacteria and Bacteroidetes were the dominant phyla in both young 

(27-day) and old (41-day) biofilms (Figure 5.3 & 5.4). Trends in relative abundance of 

key phyla differed based on biofilm age.  Overall, the relative abundance of 

Cyanobacteria was substantially reduced in 41-day old biofilms indicating that the 

communities become more heterotrophic with age. The relative abundance of 

Cyanobacteria was substantially lower in pH treatment 7.4 in 27-day old biofilms (Figure 

5.3), also indicating the community has become more heterotrophic. Older, 41-day 

biofilms showed the opposite trend with small increases in the relative abundance of 

Cyanobacteria as treatment pH decreased (Figure 5.4), indicating the community became 

slightly less heterotrophic with pH. Relative abundance of Bacteroidetes decreased with 

pH regardless of biofilm age (Figure 5.3 & 5.4). Proteobacteria remained relatively 

constant across pH in 27-day old biofilms (Figure 5.3) but increased with reduced pH in 

41-day old biofilms (Figure 5.4). 

 

Planctomycetes appeared to have a contrasting response, increasing with reduced pH in 

27-day old biofilms and decreasing with pH in 41-day old biofilms (Figure 5.3 & 5.4). 

The relative abundance of Verrucomicrobia increased in pH treatment 7.4 in younger 

biofilms and decreased in older biofilms (Figure 5.3 & 5.4).  The younger, 27-day 

biofilms displayed a substantial increase in the relative abundance of Actinobacteria, 

Acidobacteria, and Chloroflexi in biofilms reared in pH treatment 7.4 (Figure 5.3). This 

pattern was not observed in older, 41-day old biofilms.  
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Figure 5.3 Relative abundance of total microbial phyla (rarified) from 27-day old biofilm samples 
normalized to 8,000 reads among pH treatments. 

	  

Figure 5.4 Relative abundance of total microbial phyla (rarified) from 41-day old biofilms samples 
normalized to 8,000 reads among pH treatments. 
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5.3.5 Top OTUs (with over 2,000 hits) in 27-day old Biofilms 

Four uncultured OTUs are responsible for large shifts in relative abundances observed 

across treatments (Figure 5.5, uncultured phototrophic eukaryote, uncultured organism, 

uncultured bacterium and uncultured). The relative abundances of Sulfitobacter (6.2%) 

and Cylindrotheca closterium (9.0%) were substantially reduced in the pH 7.4 treatments 

as compared to pH 7.8 (10.7%, 19.8%) and ambient (9.3%, 17.1%) respectively.  

Relative abundances of Methylotenera (9.3%), Crenothrix (5.9%), and Spongiibacter 

(20%) highest in pH 7.4 treatments compared to pH 7.8 (5.1%, 0.6%, 1.9%) and ambient 

(1.6%, 0.6%, 0.1%) respectively.  

	  

Figure 5.5 Relative abundance of the top 39 OTUs identified with over 2,000 hits (rarified) from 27-day 
old biofilms samples normalized to 8,000 reads among pH treatments. Relative abundance (%) is calculated 
relative to the top 39 OTUs. 
 

5.3.6 Top 51 OTUs (with over 2,000 hits) in 41-day old Biofilms 

Uncultured organisms contributed significantly to total relative abundance in each 

treatment and show clear trends in response to seawater pH (Figure 5.6). Relative 

abundances in this section are reported as (% ambient, % pH 7.8, % pH 7.4). The relative 

abundances of Neptuniibacter (8.5%, 4.3%, 5.7%), Marixanthomonas (4.1%, 0.7%, 

0.6%) and Flavobacteriacaea bacterium MEBiC05063 (3.7%, 1.4%, 0.8%) are 

substantially higher in the ambient pH conditions than the reduced pH treatments. The 

relative abundances of Neptunomonas (0.2%, 0.2%, 4.1%), Eionea (0.2%, 0.2%, 3.1%) 

and Colwellia (22.1%, 21.7%, 27.2%) are substantially higher in pH 7.4 conditions. 
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Spongiibacter (0.0%, 6.1%, 4.1%), Ulvibacter (1.3%, 5.2%, 1.1%), Psychrobacter (0.1%, 

1.9%, 0.2%) and Perlucidibaca (0.6%, 1.5%, 0.2%) peaked in pH 7.8.  

	  

Figure 5.6 Relative abundance of the top 51 OTUs identified with over 2,000 hits (rarified) from 41-day 
old biofilms samples normalized to 8,000 reads among pH treatments. Relative abundance (%) is calculated 
relative to the top 51 OTUs. 
	  

5.3.7 Structural Community Level Analysis  

The nMDS plot (Figure 5.7) represents the structure of the Bray-Curtis matrices 

(R2>0.95, stress = 0.116). Structural analysis comparing all microbial biofilm samples 

clearly divides samples by age along the x-axis (NMDS1) and divides samples by pH 

treatment along the y-axis (NMDS2) with the exception of sample B6 (Figure 5.7). The 

nMDS plot illustrates that community composition and structure was affected by two 

factors: biofilm age and pH treatment. However, hierarchical clustering with p-values via 

multiscale bootstrap resampling showed that biofilm age was the primary factor driving 

differences in microbial biofilm communities and grouped samples into two 95% 

confidence clusters by biofilm age (Figure 5.8). 
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Figure 5.7 nMDS plots of Bray-Curtis dissimilarity of microbial community compositions and wet weight 
biomass of both 27-day old biofilms and 41-day old biofilms reared in ambient, 7.8 and 7.4 pH treatments.  

	  

Figure 5.8 Cluster dendrogram using multicale bootstrap resampling. Red numbers represent 
approximately unbiased (AU) p-values and green numbers represent the bootstrap probability (BP) value 
for each individual cluster in the dendrogram. Samples defined as young, 27-day old biofilms reared in pH 
7.4 (B2 & B3), pH 7.8 (B4-B6) and ambient pH (B7-B9) and old, 41-day old biofilms reared in pH 7.4 
(B20 & B21), pH 7.8 (B22-B24) and ambient pH (B25-27). Red brackets indicate the 95% confidence 
clusters.  
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5.3.8 Chl-a and Carotenoid Pigment Concentrations 

Significant decreases in Chl-a content and carotenoid pigments from older, 69-day old 

biofilms to younger, 28-day old biofilms reared during Aug-Oct 2015 (P2) were found 

(Table 5.3). Both Chl-a and carotenoid content in biofilms decreased with pH level 

regardless of age (Table 5.3, Figure 5.9). Tukey’s post-hoc test revealed that chlorophyll-

a content was only significantly reduced in biofilms reared in pH 7.4 treatments as 

compared to ambient and pH 7.8 (p<0.05, Figure 5.9, A) and carotenoid content at pH 7.4 

was significantly lower than ambient pH (p<0.05, Figure 5.9, B).  

	  
Table 5.3 Results of one-way ANOVAs from chlorophyll a (chl a) and carotenoid (car) extractions from 
biofilms developed over Aug- Oct 2015 (Period 2).  Results from independent-samples t-tests for the effect 
of biofilm age at each treatment. Two-way ANOVA could not be conducted due to unequal variances.  

Biofilm	  
Age 

Type Ambient 
(m	  ±SE) 

pH	  7.8 
(m	  ±SE) 

pH	  7.4 
(m	  ±SE) 

One-‐way	  ANOVA 
(p<0.05) 

Sig? 

69-‐day Chl	  a 0.598±	  
0.117 

0.429	  ±	  
0.070 

0.051	  ±	  
0.007	   

F2,9=12.725,	  p=0.002 YES 

69-‐day Car 0.022	  ±	  	  
0.004 

0.018	  ±	  
0.003 

0.004	  ±	  	  
0.000 

F2,9=14.001,	  p=0.0.002 YES 

28-‐day Chl	  a	   0.095	  ±	  
0.024 

0.070	  ±	  
0.001 

0.017	  ±	  
0.000 

F2,9=6.592,	  p=0.017 YES 

28-‐day	   Car 0.005	  ±	  
0.001 

0.004	  ±	  
0.001 

0.002	  ±	  
0.000 

F2,9=5.949,	  p=0.023 YES 

Type Ambient pH	  7.8 pH	  7.4 Sig? 
Chlorophyll	  a t(6)=	  -‐4.228,	  p=0.006 t(6)=	  -‐5.055,	  p=0.002 t(6)=	  -‐4.008,	  p=0.007 ALL	  YES 
Carotenoids t(6)=	  -‐4.869,	  p=0.003 t(6)=	  -‐5.509,	  p=0.002 t(6)=	  -‐4.919,	  p=0.003 ALL	  YES 
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Figure 5.9 Chlorophyll a (A) and carotenoid (B) content in 28-day biofilms developed from 23 Sep to 21 
Oct 2015 and 69-day biofilms developed from 15 Aug to 23 Oct 2015. Error bars represent ± 1 standard 
error. Averages with different letters are significantly different (Tukey’s HSD post-hoc test, p<0.05). 
	  

5.3.9 Diatom Analysis  

Average diatom abundance was higher in old (69-day, P2) biofilms reared in ambient pH 

and pH 7.8 treatments (‘frequent’ = 69-50% coverage) than in the pH 7.4 treatment 

(‘occasional’ = 49-30% coverage). There was no difference in average diatom abunance 

among pH treatments on younger (28-day, P2) biofilms; all treatment levels had 

‘occasional’ (49-30% coverage) diatom abundance. Overall, older biofilms had greater 

diatom abundance than younger biofilms. 

 

5.3.10 Invertebrate Analysis  

The total abundance of invertebrates that colonised biofilms in the flow-through system 

was significantly lower on biofilms reared in the pH 7.4 treatment (F2,9= 10.642, 

p=0.004, Figure 5.10). Average observed richness was reasonably consistent across pH 

treatments (ambient: 3.00 ± 0.00 taxa, pH 78: 4.00 ± 0.41 taxa, pH 7.4: 3.75 ± 0.75 taxa). 

Overall, Cirripedia spp. (barnacle larvae) and Harpacticoida spp. (copepods) were the 

most abundant macroorganisms (117 and 88 individuals respectively) and were identified 

on all biofilms. Cirripedia spp. abundance was significantly reduced in pH 7.4 treatment 

(F2,9= 20.307, p<0.0005, Figure 5.10), while differences in Harpacticoida spp. abundance 

were not significantly different (F2,9=1.162, p=0.356, Figure 5.10).  The nMDS plot 

accurately represents the structure of the Bray-Curtis matrix (R2>0.95, stress = 0.000) and 
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groups macroorganism community compositions by treatment (Figure 5.11). Biofilm 

macroorganism communities from ambient pH and pH 7.8 biofilms are closely grouped 

and most dissimilar from the highly variable pH 7.4 microorganism community 

compositions. Trends in the relative abundance of macroorganism taxa, particularly 

Cirripedia spp. (barnacle larvae) and Harpacticoida spp. (copepods), significantly 

contributed to these differences and support the hypothesis that there are shifts in 

macroorganism community composition and structure in response to OA (Figure 5.12).  

	  

	  

Figure 5.10 Total macroorganism, Cirripedia spp. and Harpacticoida spp. abundance on 30-day biofilms 
developed from 23 Sep to 23 Oct 2015 in flow-through seawater system. Error bars represent ± 1 standard 
error. Averages with different letters are significantly different (Tukey’s HSD post-hoc test, p<0.05). 
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Figure 5.11 nMDS ordination (based on Bray-Curtis dissimilarity) of the macroorganism communities by 
pH treatment. Ellipses represent the centroid and standard deviation of each pH treatment: black= 7.4 pH 
treatment, blue = 7.8 pH treatment, red= ambient pH treatment.  
	  

	  

Figure 5.12 Illustrates shifts in relative abundances (% out of 100%) among pH treatments of key 
macroorganism taxa identified on biofilms reared in the PML flow-through system at Portobello, Otago, 
NZ.  
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5.4 Discussion  

This study is the first to quantify the effects of ocean acidification on the three key 

biofilm characteristics that directly mediate invertebrate larvae settlement, 1) microbial 

community composition, 2) diatom coverage and, 3) macroorganism community 

composition. In addition, biofilms of two ages were compared to investigate the effect of 

succession in response to OA. Microbial communities, chlorophyll-a and carotenoid 

pigment content and invertebrate communities of initial colonisers were significantly 

affected by extreme OA conditions (pH 7.4, 2300, IPCC 2013), but, responses did vary 

with biofilm age.  

 

5.4.1 Shifts in Microbial Communities at the Phyla-level  

The dominance of Proteobacteria and Bacteroidetes at the phylum level is unsurprising 

as these two microbial groups are primarily surface-associated and have been identified 

world-wide in microbial biofilm analyses as potential initial colonisers (Nocker et al. 

2004, Webster & Negri 2006, Witt et al. 2011a, Roy et al. 2013). The relative abundance 

of both phyla responded similarly to pH pressure regardless of biofilm age, although the 

relative abundance of Proteobacteria was much larger overall in older, 41-day old 

biofilms. The relative abundance of Proteobacteria remained reasonably consist among 

pH treatments in young biofilms and increased slightly with decreasing pH in 41-day old 

biofilms. The relative abundance of Bacteroidetes steadily and substantially decreased 

with reduced seawater pH regardless of biofilm age.  However, phyla level responses 

vary based on immersion site and environmental characteristics. For example, Witt et al. 

(2011a) conducted experiments at Heron Island Research in the Great Barrier Reef, 

Australia and found inverse trends in Proteobacteria and Bacteroidetes to the ones 

detected in this study. It is interesting to note that specific members of individual phyla 

occasionally showed strong inverse trends against phylum-level patterns. For example, 

the Roseobacter clade (Proteobacteria), an OTU identified outside of the top OTUs, is a 

rapid surface coloniser commonly found in marine biofilms (Dang & Lovell 2000, Dang 

et al. 2008), and significantly decreased with rising pCO2 in both 27- and 41- day old 

biofilms, a finding confirmed by Witt et al. (2011a).  
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The outgrowth of previously minor components of biofilm communities under ambient 

pH conditions was noticeable at pH 7.4 at 27 days (particularly the outgrowth of 

Actinobacteria, Acidobacteria, Figure 5.3) and not seen in older 41 day old biofilms. This 

indicates that a substantial change in the pH parameter was reached that was critical to 

maintaining ecological stability or biofilm homeostasis in younger biofilms, 27 days old 

(Marsh 2006). Under decreased pH, acidogenic bacteria become more competitive and 

outgrow other species, increasing the relative abundance of these acidogenic bacteria 

(Figure 5.13) The relative abundance of Acidobacteria, a unique and reasonably 

uncultured taxa (Ward et al. 2009), only significantly increased in the pH 7.4 treatment of 

27-day old biofilms. Acidobacteria have been identified as a potentially large and 

unrecognized contributor to the terrestrial carbon cycle (Ward et al. 2009), and may 

possibly play a role as an acidophile in low pH biofilms. Acidobacteria along with 

Actinobacteria, Chloroflexi, Verrucomicrobia, Planctomycetes and Cyanobacteria, were 

the six additional phyla that most contributed to shifts in microbial community 

composition observed in 27-day old biofilms in pH 7.4 treatments. As Cyanobacteria 

significantly decreased, it drove the biofilm to become more heterotrophic and the five 

other phyla significantly increased. The relative abundance of Cyanobacteria was much 

higher in young 27-day biofilms than 41-day biofilms, indicating that on average biofilms 

became more heterotrophic with age. These phyla have been detected as minor groups 

that develop in early-stage marine biofilms depending on the surface substrate and 

environmental conditions in multiple other studies (Salta et al. 2013, and included 

citations) but appear to decrease in abundance with age, potentially indicating that the 

successful colonisation and growth of these phyla may be optimized at high pCO2 only 

within specific time-frames i.e. early biofilm development.  

 

The relative abundance of the phylum Proteobacteria increases with decreasing pH in 

older (41-day) biofilms (Figure 5.3). Proteobacteria include a wide variety of pathogens 

and as the relative abundance of this phylum increases it is possible that the likelihood of 

pathogenic bacteria does as well. In addition the development of the EPS matrix over 

time can enable persistent bacterial infections on biotic substrates (Costerton et al. 1999). 

Studies on bacterial communities associated with coral, Acropora eurystoma, found that 
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significantly reduced pH (7.3) increased pathogenic bacteria associated with disease and 

stress in corals (Meron et al. 2011). Increases in Acidobacteria, similar to those observed 

in this study, have been identified as being associated with bleached coral (Mouchka et 

al. 2010). However, we must be cautious with the interpretation of results because 

although 16S rRNA is useful in microbial identification it does not indicate microbial 

lifestyle (Mouchka et al. 2010) and can only indicate groups associated with disease as 

potential pathogens. If potential pathogens do increase in significantly reduced pH 

conditions it is unknown if/how this will affect subsequent settlement, however, effects 

on the health of the biotic host, such as corals, can be deleterious (Mouchka et al. 2010, 

Meron et al. 2011). 

 

 
Figure 5.13 Schematic representation of the relationship between the microbial composition of a marine 
biofilm and the potential outgrowth of acidogenic and/or potentially pathogenic bacteria in response to 
reduced pH as part of OA in 27 day old biofilms. Illustration adapted from Marsh (2006). Acidogenic, 
potential pathogens (grey) present in low numbers in ambient biofilms and respond positively to pH 
pressure (proliferation of niche diversity) causing an outgrowth and shift in relative abundance.  
 

Successions in microbial community structure and observed OTU richness change with 

biofilm age and fluctuate according to resource competition and niche driven patterns 

(Jackson et al. 2001). As biofilms age, they become more stabilised but not static, and are 

still responsive to their environments (Qian et al. 1999). This means that microbial 

diversity fluctuates with environmental factors (Lee et al. 2014) and thus it is not 
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surprising to see slight differences (even decreases) in biofilm observed OTU richness 

with age, similar to the trends observed in this study. Extracellular DNA (eDNA) in the 

EPS matrix typically increases with biofilm age and maturation, and could potentially 

enhance gene exchange between cells (Flemming et al. 2007). This suggests that eDNA 

may potentially act as a physical mechanism to facilitate environmental adaptability, 

protection against various negative selective pressures (such as, bioactive molecules, 

predation, viral lysis), and potentially enhance niche diversity as biofilms mature.  

 

5.4.2 OTU Level Analysis  

OTU analysis clearly illustrates that at the genus-level, microbes have strong individual 

responses to OA. Previously identified genera that are important components of marine 

biofilms and which are known to induce settlement, such as γ-proteobacterium 

Pseudoalteromonas in the serpulid polychaete Hydroides elegans, were not identified in 

any of the biofilms developed for this study (Huang & Hadfield 2003, Skovhus et al. 

2007, Hadfield 2011). However, some particularly interesting trends were observed at the 

OUT level in young, 27-day old biofilms and were identified as key drivers of shifts in 

relative abundances. Below only OTUs of interest are discussed from the younger, 27-

day old biofilms and potential hypotheses for observed shifts are provided.  

 

Methylotenera is an obligatory methylamine-utilising bacterium closely related (97-98% 

similarity) to a broad group of sequences for uncultured and uncharacterized β-

proteobacteria and distantly related (93-96%) to methylotrophs of the family 

Methylophilaceae (Kalyuzhnaya et al. 2006). Existing research suggests that 

Methylotenera grows optimally at pH 7.5 (Kalyuzhnaya et al. 2006), potentially 

explaining the interesting spike observed in the 7.4 pH treatment. Crenothrix, a member 

of the “iron bacteria”, also spiked significantly in the pH 7.4 treatments. Water containing 

high concentrations of CO2 has a solvent effect on iron (Fe), and carries it in the ferrous 

(Fe2+) condition that Crenothrix can oxidize (Brown & Trax 1929). Just as Crenothrix 

can successfully grow in groundwater due to increased CO2 concentrations (Brown & 

Trax 1929), significant increases in H+ in the low pH treatment (pH 7.4) potentially 

created an environmental niche in biofilms that Crenothrix can successfully exploit.  
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Sulfitobacter, is a common marine α-proteobacteria that has been isolated from seawater 

samples and mesocosm experiments all over the world (Pukall et al. 1999, Ivanova et al. 

2004, Park et al. 2007, Prabagaran et al. 2007). The ecological role of Sulfitobacter is the 

reoxidation of sulfite to sulfate (Kwon et al. 2002) and its relative abundance 

significantly decreased in the pH 7.4 treatments in this study. Findings from Liehr et al. 

(1994) support the theory that higher pH inside biofilms can result in greater removal of 

metals by precipitation: perhaps Sulfitobacter is filling an ecological niche necessary at 

ambient and pH 7.8 treatments that is not necessary in the generally understaturated pH 

7.4 treatments. Cylindrotheca closterium is an epipelic diatom that was detected in DNA 

extractions and significantly decreased in the pH 7.4 treatments. Wu et al. 2012 showed 

that elevated CO2 caused down regulation of CCMs (CO2 concentrating mechanisms) in 

Cylindrotheca closterium, possibly explaining the observed decrease in growth under 

reduced pH conditions over a longer timeframe (see discussion on Diatoms 5.4.3 below). 

 

The relatively high abundance (on average 24%) of an uncultured Colwellia bacterium in 

older, 41-day old biofilms, regardless of pH treatment, is somewhat surprising due to the 

fact that identified species within this genus are typically obligate psychrophiles (Methé 

et al. 2005, Junge et al. 2006) or barophiles (Deming et al. 1988) i.e. some type of 

extremophile. The presence of this microbe, in combination with Psychrobacter another 

genus of psychrophile or psychrotolerant bacteria (Bowman et al. 1997, Bozal et al. 

2003), is much more likely to occur in sub-Antarctic waters (SAW). Suggesting that the 

presence of SAW, in the form the Southland current just off the coast of the Otago 

Peninsula (Jillet 1969, Sutton 2003), may be contributing to the microbial communities in 

the Otago Harbour. The relative abundance of Colwellia increased in low pH 7.4 

treatments but was relatively high throughout, while Psychrobacter was low (on average 

0.7%), but peaked in pH 7.8.  These microbes were not present in the younger biofilms.  

 

5.4.3 Diatom Abundance in Response to OA 

Diatoms were the primary algal component of all biofilms developed in the flow-through 

system at PML regardless of pH treatment. Only extreme decreases in seawater pH 
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(target pH 7.4) created significant shifts in observed diatom coverage, decreasing from 

frequent (69-50% coverage) to occasional (49-30% coverage) in “old” biofilms. Younger 

biofilms had less diatom coverage overall (occasional, 49-30%) and shifts in diatom 

coverage among pH treatments were not detected in frequency (% coverage) analysis.  

Changes in biofilm Chl-a and carotenoid pigment concentrations confirmed these 

observations. The extreme pH treatment (7.4) showed statistically significant decreases in 

Chl-a content in both 28- and 69-day old biofilms from the ambient pH and pH 7.8 

treatments. Carotenoid pigment content was statistically different from ambient biofilms 

at pH 7.4 for both ages. Similar to observations in diatom coverage, Chl-a and carotenoid 

content was significantly lower in younger biofilms overall.   

 

Trends in diatom abundance (as evidenced by coverage analysis, Chl-a and carotenoid 

analysis) illustrate that increasing biofilm age appears to amplify the deleterious effects 

of reduced seawater pH on diatom abundance in the extreme pH 7.4 treatments (2300 

scenario, IPCC 2013). This amplified response suggests that biofilm age and seawater pH 

may display ordinal interactions on biofilm diatom abundance.  

 

Previous studies have investigated changes in phytoplankton community response to 

elevated CO2 and noted shifts towards diatom-dominated communities (Tortell et al. 

2002, Witt et al. 2011a). In this study, small decreases in macro-community diversity 

were observed (although not quantified) and even though overall diatom coverage 

decreased in the extreme pH treatment (pH 7.4, 2300, IPCC 2013), it is possible that the 

relative abundance of diatoms compared to other algal community components increased.  

 

Current research on diatom response to future OA conditions has produced contrasting 

results; some studies predict that elevated CO2 will enhance diatom growth  (Wu et al. 

2010, Wu et al. 2014), while others predict inhibitory or neutral effects (Gao & Campbell 

2014). Meta analysis by Kroeker et al. (2013) found that on average studies showed that 

diatom growth and photosynthesis were enhanced by 17% and 12% respectively in 

reduced pH conditions (at a 0.5 unit reduction below ambient).  Additionally, 

silicification processes are expected to be somewhat robust to OA (Milligan et al. 2009). 
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Recent research suggests that CO2 concentrating mechanisms (CCMs) employed by 

diatoms (Raven et al. 2011, Wu et al. 2015) and environmental light conditions may react 

synergistically creating altered responses to OA based on environmental conditions (Gao 

et al. 2012, Hoppe et al. 2014, Raven et al. 2014). For example, Gao et al. (2012) found 

that ample light supply (above 22-36% of incident irradiance) and elevated CO2 actually 

created a deleterious effect on primary productivity.  

 

Macroalgae that use CCMs are expected to show little response to increased pCO2 (Hurd 

et al. 2009, Hepburn et al. 2011), however on the community level, relative abundance 

may decrease as macroalgae that can utilize CO2 diffusion prosper (Kübler et al 1999). It 

is possible that biofilm communities behave similarly, and that independently diatoms 

may respond neutrally or positively to elevated pCO2, but in a benthic biofilm 

community, diatoms may be outcompeted by other organisms i.e. red algae, microbial 

species, that can more efficiently utilize excess CO2.  

 

In this study, reduced seawater pH appears to exert little effect on diatom abundance, 

regardless of age, when considering near-future OA conditions (pH 7.8, 2100, IPCC 

2013). However, it is important to note that illuminance peaked slightly over the pH 7.8 

treatments and could have potentially contributed to this finding (see Chapter 3). 

Significant reductions in diatom abundance only appear only at pH 7.4 and are intensified 

with age.  These findings suggest that elevated CO2 could have a more obvious inhibitory 

affect on diatom growth and abundance in biofilms developed beyond a certain time 

period i.e. “old” biofilms. Results appear to support the hypothesis that as biofilm 

communities continue to develop and a succession of microbial communities colonise, 

diatoms (CCM utilizers) may be outcompeted, reducing abundance. However, overall it 

is most likely that diatom response to OA is site-specific and rising pCO2 interacts with 

other environmental characteristics to produce differentiated responses. 

 

As expected, noticeable differences in diatom assemblages were observed between 

seasons (P1, autumn and P2, spring). It was clear that the assemblages changed due to the 

reduced number colonies of Fragilaria (filaments or ribbons) observed in spring biofilms 
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(Period 2, Aug- Oct 2015, Figure 5.14). Diatom assemblages from the spring period (P2) 

appeared to be reasonably consistent among pH treatments, with less diatom varieties 

present than in autumn biofilms (May-Jun, P1, Figure 5.14). Although, diatom species 

were unidentified, macro-level observations of diatom assemblages verify that biofilm 

diatom community composition shifts seasonally (Figure 5.14). However, at a high-level, 

visual analysis appears to suggest that similar trends in decreased diatom coverage were 

observed across pH treatment at P2 (Aug-Oct 2015) and P1 (May-Jun 2015, Figure 5.14).  

 

Diatoms are a critical component of biofilm structure and play an important role in 

determining larval settlement selection (Yule & Walker 1984). Many species of marine 

invertebrate larvae show varying settlement responses based on diatom assemblages 

(Harder et al. 2002, Dahms et al. 2004, Patil and Anil 2005). It is important to understand 

how diatom abundance, and in future experiments, community composition, shifts in 

response to OA. 
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Figure 5.14 Visual comparison of unidentified diatom assemblages from May-Jun 2015, 41-day old 
biofilm (A, C, E) and Aug-Oct 2015, 69-day old ambient biofilm (B, D, F). Photos of biofilms represent 
“typical” diatom assemblages at ambient pH (A,B), pH 7.8 (C,D) and pH 7.4 (E,F); it is clear that 
Fragilaria colonies are present in (A & C) and absent in (B,D,F). Scale bar represents approximately 50µm 
for all photos A-F. 
 
 

5.4.4 Invertebrate Communities of Initial Colonisers 

Overall, the total abundance of all individuals decreased with seawater pH. This finding 

differed from in situ data collected along natural CO2 gradients by Cigliano et al. (2010) 

which showed that overall there was no difference in the total abundance of individuals in 

benthic communities among pH locations although community composition shifted 
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significantly. Crustaceans, Cirripedia spp. (barnacle larvae) and Harpacticoida spp. 

(copepods), were most abundant and exhibited mixed responses to high CO2 conditions, 

similar to those observed in situ (Cigliano et al. 2010, Kroeker et al. 2010). Copepods and 

nematodes were relatively tolerant of high CO2 conditions and consistent with in situ 

findings (Cigliano et al. 2010). Barnacles (Cirripedia spp.) have been identified in the 

literature as a potentially pH resilient invertebrate species and have shown robust 

development in response to reduced pH as both larvae and adults (Hall-Spencer et al. 

2008, McDonald et al. 2009, Kroeker et al. 2010, Kroeker et al. 2013). However, 

Cirripedia spp. abundance significantly decreased at pH 7.4 suggesting that barnacle 

larvae may not be resilient to extreme reductions in pH.  The degree of saturation with 

respect to calcite and aragonite was consistently less than 1 at pH 7.4 (Figure 5.2) making 

it less conducive for mineralization than in situ studies where pH was low but highly 

variable providing periodic relief from undersaturation.  However, findings from this 

multi-species study suggest that Cirripedia spp. may only be somewhat robust to 

moderate reductions in pH (7.8), and that overall macroorganism relative abundances and 

invertebrate community structure will still change in response to pH pressure.  

 

5.4.5 Limitations  

Unfortunately, microbial analysis had to be conducted over a separate timeframe (P1), 

thus using different samples, due to physical and logistical limitations. Krause et al. 

(2012) showed that seasonality affects microbial community compositions and that the 

relative abundance of key phyla shift in response to season, for example Proteobacteria 

peak in summer and Bacteroidetes peak in spring. However, Krause et al. (2012) still 

found that community shifts driven by OA were detectable regardless of season. As 

quantified and discussed in detail in Chapter 3 seasonal shifts of environmental 

characteristics in the tanks (i.e. mesocosms) would have produced different microbial 

communities between P1 and P2, so results from the microbial analysis can not be 

directly compared to the diatom and invertebrate analyses.  
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5.5 High-level Synthesis and Conclusions  

Conclusions are listed as responses to the specific aims and objective of this study.  

1. Substantial shifts in biofilm structure occur on three levels: 1) Microbial, 2) 

Diatom and 3) initial invertebrate colonisers in response to OA. 

• Microbial biofilm community composition shifted in response to OA 

conditions and age, however, no known inducers or inhibitors of invertebrate 

settlement were detected at the OTU level in the in vitro biofilms used in this 

experiment,  

• Diatom coverage, Chlorophyll-a and carotenoid pigment content decreased 

with reduced pH and age.  

• Total abundance and Cirripedia spp. (barnacle larvae) abundance significantly 

decreased with reduced pH, altering the relative abundances of key taxa and 

the overall community composition, 

2. Statistically significant shifts at all three levels only occurred in the pH 7.4 

treatment (extreme, 2300, IPCC 2013), potentially indicating that a significant 

threshold exists between pH 7.8 and pH 7.4 at which overall biofilm community 

structure significantly alters. More experiments that define biofilms between pH 

7.8 and pH 7.4 are needed to determine if and what the exact threshold is in order 

to validate this hypothesis. 

 

The overall shift in biofilm community composition observed in response to extreme OA 

in coastal zones (pH7.4) suggests that at this pH target biofilms may elicit a differentiated 

response in settlement success of Galeolaria hystrix. This hypothesis will be tested in 

Chapter 6.  
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Settlement	  of	  the	  serpulid	  
polychaete,	  Galeolaria	  
hystrix,	  in	  response	  to	  
biofilms	  developed	  under	  
coastal	  ocean	  acidification	  
regimes.	  
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6.1 Introduction 

6.1.1 Laval Settlement  

The successful settlement of marine invertebrates is a complex process mediated by two 

key biological parameters; competent larvae availability and substrate suitability.  

Multiple factors affect the availability of competent larvae for settlement at a specific 

location, including adult population distribution (Davis & Butler 1989), reproductive 

timing and fecundity (Connell 1985, Roughgarden 1989), larval development and 

mortality (Gaines & Roughgarden 1985) and physical processes such as hydrodynamics 

and flow rates (Butman 1987) including micro-scale characteristics such as laminar flow 

and surface shear rates (Pawlik et al. 1991, Neal & Yule 1994). Other factors created by 

site-specific environmental and ecological conditions such as: chemical and physical cues 

generated by conspecifics and sympatric species (Jensen & Morse 1984, Marsden 1991, 

Qian 1999), substrate surface hydrophobicity, micro-topography (Qian et al. 2007) and 

waterborne and surface associated cues produced by biofilms (Khandeparker et al. 2006), 

contribute to determining substrate suitability.   

 

6.1.2 Larval Selectivity 

Time is often used as an indicator of larval selectivity because many species of larvae 

become less selective over time in the absence of an optimal substrate (Toonen & Pawlik 

2001).  This behavior is called the ‘desperate’ larvae hypothesis, first proposed by 

Knight-Jones and Wilson, and is based on the energy depletion theory that non-feeding 

(lecithotrophic) larvae will continue to search for an appropriate settlement location for as 

long as their energy reserves will allow, after which they become considerably less 

selective and settle on suboptimal surfaces.   

 

6.1.3 Invertebrate Settlement in Response to Biofilms at Reduced pH 

Shifts in microbial community composition in combination with diatom abundance 

created significant subsequent changes in initial invertebrate colonisers’ community 

composition (shown in Chapter 5). Harpacticoida spp. (copepods) showed an 

undifferentiated response to biofilms reared in reduced seawater pH. However significant 

decreases in the dominant ambient species’ abundance, Cirripedia spp. (barnacle larvae), 
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created a community-level shift where the relative abundance of Harpacticoida spp. 

substantially increased. Uthicke et al. (2013) investigated the effects of ocean 

acidification on the settlement of the coral-eating sea star, Acanthaster planci, by looking 

at settlement response to biofilms reared in four pH treatments and found that the 

settlement rate decreased 50% from biofilms reared in pH 8.1 compared to pH 7.8. 

McDonald et al. (2009) found that settlement percentages of the barnacle larvae, 

Amphibalanus amphitrite, did not differ in culture jars between pH 8.2 and pH 7.4. In situ 

studies that examined settlement of invertebrates along natural pH gradients found 

differences in the relative abundance of key invertebrate taxa among pH stations 

(Cigliano et al. 2010, Lidbury et al. 2012). Overall, the settlement success of invertebrate 

larvae on biofilms reared under reduced pH conditions appears to be highly species-

specific, with various taxa showing increased, decreased or unchanged settlement success 

rates. In many species, ocean acidification will produce reduced numbers of competent 

invertebrate larvae available for settlement (Dupont et al. 2010, Byrne et al. 2013, 

Kroeker et al. 2013). This, in combination with variable settlement response to biofilms, 

may result in large community-level shifts in coastal communities’ composition and 

relative abundances in the future.   

 

6.1.4 Biofilms as Biological Indicators that Mediate Settlement 

A biological indicator provides information about relevant ecosystem properties that 

reflect temporal and spatial changes or shifts in environmental conditions (Bortone 2015). 

An optimal bioindicator is highly sensitive and reactive to ecological disturbances/shifts, 

biotic and abiotic, and can rapidly communicate information about the environmental 

status (Witt 2012). Recent research has shown that biofilms can be used as biological 

indicators for water quality (Burns & Ryder 2001, Bauer et al. 2006) due to their extreme 

sensitivity to site-specific environmental conditions (see Chapter 5). 

 

Invertebrate larvae may potentially use biofilms as cues to determine suitable settlement 

environments. Previously, research has focused on identifying individual microbial 

components that enhance or reduce larval response to biofilms e.g. individual 

microbial/diatom species response and/or quantifying physical microbial biofilm 
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characteristics such as biomass, cell density and EPS biomass (Wieczorek & Todd 1998, 

Qian et al 2007, Flemming & Wingender 2010, Dang & Lovell 2000).  Research has also 

attempted to isolate and describe specific molecular level cues that induce metamorphosis 

and settlement in marine invertebrates (Maki et al 1988, Maki et al 1989, Maki et al 

1990, Maki et al 1992, Rodriguez et al 1993, Khandeparker et al 2003, Khandeparker et 

al 2006, Huang et al 2007, Qian et al 2007, Huang et al 2012). However, in reality, larvae 

are likely to respond to more than one sensory stimulus on a biofilm, which suggests that 

a large and complicated hierarchy of species-specific cues determines settlement 

selection (Anil et al 2012). In light of this, it is important to understand if and how shifts 

in biofilm community composition, as a whole, due to OA (defined in Chapter 5) affect 

the settlement success of marine invertebrate larvae.   

 

6.1.5 Aims and Objectives 

The aim of this chapter is to determine the effect of biofilm pH history on the settlement 

success of the model species, Galeolaria hystrix. The objectives of this chapter are to:  

1. Determine the effect of biofilms reared under three pH treatments (ambient, 7.8 

and 7.4) at two ages (60- and 23-days) on settlement success by conducting 

settlement assays to test the effect of the following factors; 

a. Larval exploration behaviours i.e. swimming and crawling above/on 

biofilms (also termed “loose associations” in this chapter), 

b. Settlement success after 48 hours (also termed “close associations” in this 

chapter), 

c. Larval selectivity/desperation over time (between 24 and 48 hours) and, 

d. Short-term (5 day) juvenile survival. 
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6.2 Methods 

6.2.1 Larval Culturing and Biofilm Development 

The model species, Galeolaria hystrix, was collected, spawned and reared as described in 

Chapter 4. Six 2L culture jars at a density of 2 to 3 larvae ml-1 were kept at 13°C in a 

controlled temperature room; four cultures were used for settlement assays (Table 6.1). 

 
Table 6.1 Details of Galeolaria hystrix culturing and how long (days) it took to reach critical 
developmental stages. ‘Date used’ indicates the date (2015) that cultures were used in settlement assays.  
 

Culture Date 
Started 

Date  
Used  

Duration 
(days) 

3-
setiger 
stage 

Onset of 
metamor-

phosis 
Paddlers Use 

C1	  &	  C2 Sep	  19 - 19 Day 15 Day 19 Yes Pilot	  Development 

C3	  &C4 Sep	  28 Oct 
14 16 Day 

11/12 Day 15/16 Yes Settlement	  Assays	  
with	  old	  biofilms 

C5	  &C6 Sep	  30 Oct 
16 16 Day 12 Day 16 Yes 

Settlement	  Assays	  
with	  young	  
biofilms 

Continued development of 
larvae left in C5 & C6 (used in 
Chapter 4) 

24 Day 12 16-22 Yes 
Continued	  culture	  
for	  larval	  
development	   

	  

Biofilms were developed in the flow-through system described in detail in Chapter 3. 

Biofilms reared at ambient pH, pHNBS7.8 and pHNBS7.4 over period 2, P2, were used in 

settlement assays (P2 = August to October 2015, for P2 timeline see Table 5.1, for 

carbonate chemistry results during P2 see Table 5.2).  

 

6.2.2 Settlement Assays 

Larval behaviour at settlement and rate of settlement was examined on 23-day old and 

60-day old biofilms developed in three-pHNBS treatments on glass slides in the laboratory 

(ambient pH, pH 7.8 and pH 7.4 from August-October 2015).  Assays compared 

settlement success of Galeolaria hystrix on biofilms reared in the three-pHNBS treatments 

(n=4) and a negative control surface i.e. glass slides cleaned in a 10% HCl bath, 

autoclaved and Milli-Q rinsed (n=4). Settlement assay materials and methods were the 
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same as described in Chapter 4 and were conducted using the experimental design given 

in Figure 6.1. Overall, three settlement assays were conducted; two settlement assays 

used “old” biofilms (60-day, from 15 August to 14 October 2015) and one used “young” 

biofilms (23-day, from 23 September to 16 October 2015).  

 

 
Figure 6.1 Schematic (adapted from Stuck 2014) showing settlement assay experimental design. Biofilms 
were consistently removed from the same location in replicate tanks from each treatment and applied to the 
settlement assay. One biofilm from each replicate tank was placed into a petri dish and filled with ambient 
pH seawater before thirty Galeolaria hystrix larvae reared under ambient pH conditions were pipetted into 
dishes. Blue text describes seawater pH condition, green text describes the biofilm development pH 
conditions and black text (to left of small illustrations) describes the pH conditions that Galeolaria hystrix 
were reared in.  
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Settlement assays were conducted in ambient, filtered seawater (FSW 0.1μm) and 

sampled for carbonate chemistry analysis using total alkalinity (TA) and dissolved 

inorganic carbon (DIC) measurements (see Chapter 2). Settlement was measured and 

scored at three time periods after the introduction of larvae: 24h, 48h and 5-days.  The 

24h and 48h time periods are standard time points used to assess settlement, while the 5-

day time point was included to calculate survival rates between the 48h and 5-day time 

periods.  As in Chapter 4, larvae were scored as either 1) Swimming, 2) Crawling, 3) 

Attached, 4) Metamorphosed or 5) Juvenile (see Table 4.1). Swimming and crawling 

categories were later grouped together and classified as “loose” biofilm associations 

indicative of waterborne chemical cues that enable exploring larvae to locate and explore 

suitable substratum (Khandeparker et al 2006). Attachment, metamorphosis and 

permanent settlement/juvenile growth were later grouped into “close” associations, called 

settlement success, indicative of surface associated cues that mediate settlement and 

metamorphosis (Khandeparker et al 2006). 

 

6.2.3 Statistical Analysis 

Analysis was conducted using IBM SPSS Statistical software version 23. Settlement data 

was converted into proportion data (% settlement). Survival percentage (%) was 

calculated by dividing the proportion settled after 5-days by the proportion settled after 

48 - hours. All percentage data was transformed using an arcsine square-root 

transformation.  

 

Data was assessed for outliers and normality using the visual inspection of boxplots for 

values greater than 1.5 box-lengths, Q-Q plots and calculated studentised residuals. 

Overall, three outliers were detected and replaced with the next highest/lowest 

observation from that treatment. The Shapiro – Wilk’s Test of Normality (p>0.05), 

Levene’s Test of Equality of Error Variances (p>0.05) and Box’s Test of Equality of 

Covariance Matrices (p>0.05) were used to confirm normality, homogeneity of variance 

and homogeneity of covariance when needed. Homogeneity of variances was present in 

all data subsets except for one. In this case heterogeneous variances were compared using 

the Welch ANOVA testing for equal means, allowing for unequal variances. 
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Since little to no settlement was recorded on the negative controls, they were removed 

from ANOVA analyses due to violations of normality and equality of variances. 

However, when settlement was present it is included in the graphic representations of the 

data. One-way ANOVAs were used to identify significant differences in “loose” 

associations and “close” associations/settlement success among biofilm pH treatments for 

each age and time point (α<0.05). A mixed three-way ANOVA (Type III) was used to 

determine if interactions existed between biofilm age, time and pH treatment on 

settlement success (time = within-subject factor and biofilm age and pH treatment = 

between-subject factors). If interactions occurred simple main effects were analysed and 

accepted at a Bonferroni-adjusted alpha level of 0.025. Tukey’s HSD post-hoc test was 

used to determine significant differences among treatments. 

 

6.3 Results  

6.3.1 Carbonate Chemistry of Ambient Seawater used for Settlement Assays 

Carbonate chemistry parameters of ambient seawater used for settlement assays were 

reasonably consistent resulting in only a 0.01 difference in pHNBS between Experiments 1 

& 2 (14 October 2015) and Experiment 3 (16 October 2015).  

 
Table 6.2 Raw data of ambient seawater carbonate chemistry* used in Galeolaria hystrix settlement 
assays; Experiments 1 & 2 settlement on “old” 60-day biofilms, Experiment 3 settlement on “young” 23-
day biofilms. 
 
Settlement	  
Assay	  (#) 

pH
NBS

 pCO
2
 

μatm 
TA 

μ	  mol	  kg
-‐1
 

DIC 
μ	  mol	  kg

-‐1
 

Ω
C
 Ω

A
 

1	  &	  2	  (14	  Oct) 8.16 401.56 2287.5 2091.8 3.40 2.17 
3	  (16	  Oct) 8.17 392.34 2287.5 2081.4 3.56 2.28 
* Measurements of pH on the NBS scale, pCO2 (partial pressure CO2), TA (total alkalinity), DIC (dissolved 
inorganic carbon) ΩC (calcite saturation state) and ΩA (aragonite saturation state). 
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6.3.2 Effect of Biofilm pH Treatment on “Loose Associations” of Larvae 

Each slide covered approximately 37.5% of the exposed surface along the bottom of the 

petri dish in settlement assays (petri dish SA = 50 cm2, one side of slide SA = 18.75 cm2). 

If larvae were randomly dispersed and the presence of the slide had no effect on the 

proportion of larvae “loosely” interacting with the surface, then approximately 0.375 of 

the larval sample (or 37.5%) would be expected to be swimming or crawling above the 

slide. Thus, the proportion of “loose” associations observed on negative control slides 

would be expected to be approximately 0.375. Negative controls (n=12) supported this 

hypothesis and showed that “loose” associations were 0.361 ± 0.046 after 24h and 0.297 

± 0.040 after 48h (Figure 6.2). The slight decline observed in “loose” associations is 

expected and assumed to be correlated with larval mortality over time.  

 
Figure 6.2 Loose associations of Galeolaria hystrix on negative controls (non-biofilm slides) after 24h and 
48h. Error bars represent ±1 standard error and n=12. 
 

 

One-way ANOVAs on “loose” associations among treatments (with negative controls 

excluded) indicated that differences in exploratory behaviours (i.e. swimming and 

crawling) among biofilm pH treatments were not significantly different (Table 6.3) 

except on 60-day old biofilms at the 48h time point (F2,21=4.349, p=0.026, Figure 6.3, A).  

Regardless of biofilm age, “loose” associations peaked on pH 7.8 biofilms at the 24h time 

period and marginally increased as biofilm pH decreased at the 48h time period (Figure 

6.3). 
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Table 6.3 Descriptive statistics (proportions) and results of one-way ANOVAs for “loose” associations on 
biofilms reared in different pH treatments (* Welch ANOVA). 
 

Biofilm	  
Age 

Time	  
(h) 

Ambient 
(m	  ±SE) 

pH	  7.8 
(m	  ±SE) 

pH	  7.4 
(m	  ±SE) 

One-‐way	  ANOVA 
(p<0.05) 

Sig? 
Neg.	  Control? 

60-‐day 24 0.129±	  
0.036 

0.283	  ±	  
0.055 

0.200	  ±	  
0.046 

F2,21=	  2.714,	  
p=0.112* 

No,	   
Ambient	  (-‐) 

60-‐day 48 0.046	  ±	  
0.013 

0.096	  ±	  
0.019 

0.138	  ±	  
0.035 

F2,21=4.349,	  p=0.026 Yes,	  Tukeys	  HSD	   
All	  (-‐) 

23-‐day 24 0.100	  ±	  
0.04.1 

0.233	  ±	  
0.062 

0.183	  ±	  
0.010 

F2,9	  =2.261, 
P=0.160 

No, 
Ambient	  (-‐) 

23-‐day	   48 0.183	  ±	  
0.052 

0.208	  ±	  
0.037 

0.217	  ±	  
0.032 

F2,9=0.253,	  p=0.782 No, 
None 

 

 

 
Figure 6.3 Proportion of Galeolaria hystrix larvae displaying “loose association” among biofilms reared 
under different pH treatments for 24h and 48h time points on 60-day (A) and 23-day (B) biofilms, 
respectively. Error bars represent ±1 standard error. Averages with different letters are significantly 
different (Tukey’s HSD post-hoc test, p<0.05). Dotted bars represent blank slide, control results. 	  
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6.3.3 Effect of Biofilm pH Treatment on the Settlement Success of Larvae 

There were no significant differences in settlement success among biofilm pH treatments 

at both biofilm ages and time points (Table 6.4).  Older, 60-day biofilms show a similar 

trend at both time points where settlement success peaks on pH 7.8 biofilms (0.208 ± 

0.050 at 24h, 0.296 ± 0.056 at 48h) and had the lowest average settlement success on pH 

7.4 biofilms (0.113 ± 0.035 and 0.121 ± 0.033 respectively) (Figure 6.4, A). Settlement 

success on younger, 23-day old biofilms followed a different trend and illustrated an 

inverse relationship between settlement success and biofilm pH history. Ambient 

biofilms at both time points had the highest proportion of settlement success (0.158 ± 

0.042 and 0.192 ± 0.095 respectively) and settlement success was most reduced on 

biofilms reared at reduced pH (pH 7.8 at 24h = 0.092 ± 0.037 and pH 7.4 at 48h = 0.033 

± 0.016, Figure 6.4, B). 

 

A three-way mixed ANOVA was used to determine if a thee-way interaction existed 

between time (within-subjects factor), biofilm age (between-subjects factor) and biofilm 

pH treatment (between-subjects factor). There was no significant three-way interaction 

between time, biofilm age and pH treatment, F2,30=0.266, p=0.768, partial η2 = 0.017. 

However, there was a statistically significant two-way interaction between time and 

biofilm age, F1,30=10.941, p=0.002, partial η2= 0.267. All other two-way interactions 

were not statistically significant, p<0.05. There was a statistically significant simple main 

effect of biofilm age at the 48 hour time point, F1,30 = 16.557, p<0.0005, but not at the 24 

hour time point, F1,30 = 0.862, p = 0.361. 
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Table 6.4 Descriptive statistics (proportions) and results of one-way ANOVAs for settlement success on 
biofilms reared in different pH treatments. 
 

Biofilm	  Age Time	  
(h) 

Ambient 
(m	  ±SE) 

pH	  7.8 
(m	  ±SE) 

pH	  7.4 
(m	  ±SE) 

One-‐way	  ANOVA 
(p<0.05) 

60-‐day 24 0.163	  ±	  0.026 0.208	  ±	  0.050 0.113	  ±	  0.035 F2,21=1.909,	  p=0.173 
60-‐day 48 0.192	  ±	  0.034 0.296	  ±	  0.056 0.121	  ±	  0.033 F2,21=2.574,	  p=0.100 
23-‐day 24 0.158	  ±	  0.042 0.092	  ±	  0.037 0.108	  ±	  0.028 F2,9=0.942,	  p=0.425 
23-‐day	   48 0.192	  ±	  0.095 0.058	  ±	  0.016 0.033	  ±	  0.016 F2,9=2.983,	  p=0.101 
 

 

 
Figure 6.4 Proportion of Galeolaria hystrix larvae displaying “close” associations/ settlement success 
among biofilms reared under different pH treatments for 24h and 48h time points on 60-day (A) and 23-day 
(B) biofilms, respectively. Error bars represent 1 standard error. 	  
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6.3.4 Juvenile Survival 

There was no significant difference in the survival of settled juveniles between 48h and 

5d among biofilm pH treatments for old, 60-day biofilms (F2,21= 0.178, p=0.839) and 

young, 23-day biofilms (F2,9=0.637, p=0.551).  

 

6.5 Discussion 

6.5.1 Contextualizing Results to Findings from Chapter 5 (Biofilm Response to OA) 

Although results from Chapter 5 cannot be specifically extrapolated to this experiment 

due to the fact the biofilms were developed over different seasons and time frames, 

general observations can be made.  Findings from Chapter 5 verified that microbial 

community composition shifts in response to reduced seawater pH and the relative 

abundance of key phyla and OTUs changes.  In addition, shifts in diatom frequency and 

initial colonisers’ community composition changed and all statistically significant shifts 

occurred at pH 7.4.  

 

A limited number of inductive bacteria are known as invertebrate inducers. One bacteria 

isolated from biofilms grown on glass slides, Pseudoalteromonas luteoviolacea, has been 

identified as a strong inducer of the serpulid polychaete Hydroides elegans (Huang & 

Hadfield 2003, Huggett et al. 2006, Hadfield 2011). Shifts in the relative abundance of 

this critical bacterium have been shown to cause significant differences in the settlement 

of marine invertebrates (Hadfield 2011). P. luteoviolacea and other species of 

Pseudoalteromonas were not identified in biofilms developed in Chapter 5. Although 

inductive or inhibitory bacteria cannot be identified in this study, changes in the relative 

abundance of identified OTUs suggest that bacteria with inductive or inhibitory effects 

are likely to respond to pH pressure.  

 

6.5.2 “Loose” associations and Biofilm Exploratory Behavior 

No clear pattern was detected between “loose” association behaviours and settlement 

success. Increased ratios of exploration behaviours such as swimming and crawling did 

not lead to increased temporary attachment and/or settlement success on biofilms, and, 
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for the most part, there was no statistically significant difference among pH treatments 

with the exception of 60-day biofilms at 48h. In a review on the settlement of Hydroides 

elegans on biofilms, Hadfield (2011) showed that this species of serpulid polychaete 

needed contact with a biofilm surface, particularly temporary attachment, in order to 

achieve settlement. Hadfield (2011) proposed that this, in combination with the observed 

settlement behavior of pressing/dragging the anterior tip of their body against a substrate 

just prior to permanent attachment, is good evidence to suggest that the receptors 

sensitive to bacterial cues are located along the apical tuft cilia. Here we note that, unlike 

other species of invertebrates (Khandeparker et al. 2006), findings potentially indicate 

that Galeolaria hystrix may not be primarily piloted to suitable settlement substrates by 

soluble biochemical cues alone. Similar to Hydroides elegans, G. hystrix may also detect 

surface bound cues through receptors on the apical tuft cilia and need surface contact 

and/or even some form of attachment to initiate metamorphosis and settlement success 

(Hadfield 2011).  

 

6.5.3 Settlement Success in Response to OA 

Differences in settlement success among biofilm pH treatments were not statistically 

significant indicating that Galeolaria hystrix may be somewhat robust to changes in 

biofilm composition driven by OA. Studying individual organisms’ settlement, such as 

Galeolaria hystrix, in response to shifts in biofilms provides insight into species-specific 

preferences and tolerances in future OA conditions.  However, it is important to consider 

that at the community-level, individual responses to OA may alter in multi-species 

assemblages as the competitive landscape changes (Crain et al. 2008, Kroeker et al. 

2013). Meta-analysis by Kroeker et al. (2013) revealed variability in species’ responses to 

OA when examined in multi-species assemblages and emphasizes caution “when 

forecasting abundance patterns from single-species laboratory experiments”.  In this 

study G. hystrix settlement success was reasonably robust to biofilm pH history, but 

further research is needed to understand how G. hystrix will respond in a multi-species 

settlement assay. In situ trends in settlement suggest that the relative abundance of G. 

hystrix may change if the abundance i.e. dominance or absence, of key sympatric species 

changes in response to biofilm pH history (Appendix A).  
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6.5.4 Settlement Success in Response to Biofilm Age 

On the other hand, biofilm age clearly impacts settlement success in G. hystrix. 

Significant increases in settlement were observed on older 60-day biofilms at 48h. The 

preference of G.hystrix for older biofilms appeared to be exaggerated on biofilms reared 

under reduced pH regimes, while settlement success was reasonably similar on both 23- 

and 60- day old biofilms reared in ambient conditions. For serpulid polychaetes, younger 

biofilms are significantly less attractive for settlement than older biofilms; this trend has 

been illustrated multiple times both in situ and in vitro (Hadfield et al. 1994, Qian 1999, 

Lau & Qian 1997, Chung et al. 2010). Many studies of calcifying invertebrate larvae 

have found similar results, but the response varies across taxa. For example, in barnacles, 

increased biofilm age was found to increase inhibition of settlement (Maki et al. 1990, 

Qian 1999, Khandeparker et al. 2005) while in sea urchins, older biofilms were found to 

induce a larger percent metamorphosis (Pearce & Scheibling 1991) and were preferred 

for settlement (Lamare & Barker 2001). Overall the effect of biofilm age on settlement 

success and invertebrate recruitment is distinctive among taxa and possibly species-

specific. 

 

6.5.5 Settlement Success in Response to Time and Juvenile Survival 

There was no significant interaction between time and biofilm pH treatment on settlement 

success, indicating that larval settlement was not driven by desperation over the short 

timeframe (24-48h). This result is consistent with findings from Toonen and Pawlik 

(2001) which showed that the gregarious tubeworm Hydroides dianthus, a feeding 

(planktotrophic) larvae, did not show differences in settlement on reduced diets, 

indicating that larval desperation did not drive settlement in this serpulid polychaete 

either.	  	  

	  

Results showed there were no differences in the survival of juveniles over a 3-day time 

span (48h to 5d), regardless of biofilm age and indicated that once larvae successfully 

settled, short-term survival was not impacted by biofilm pH history, as would be 

expected.  
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6.5.6 Synthesis and Conclusions 

Overall, results from this study suggest that near future OA conditions alone (pH 7.8, 

2100, IPCC 2007, 2013) will not produce significant shifts in population distributions of 

Galeolaria hystrix due to changes in settlement.  However, significant reductions in 

settlement success or shifts in population distribution are more likely to occur under 

extreme OA projections (pH 7.4, 2300, IPCC 2007, 2013); particularly if the predicted 

increase in storm events (rated as “likely” by IPCC 2013) decreases the average age of 

biofilms in coastal zones due to increased wave action.   

 

Findings from this study show that currently G. hystrix appears to be reasonably resilient 

to changes in biofilm community composition driven by ocean acidification alone. 

However, further experimental replication is needed to verify this result. In addition, 

multi-species and multi-stressor experiments need to be carried out to understand the full 

effect of global climate change on settlement selection. Since biofilms form the basis of 

coastal ecosystems and significant shifts in key biofilm characteristics that mediate 

settlement are altered at seawater pH 7.4 (Chapter 5), it is likely that the settlement 

success and thus population distributions of other invertebrate larvae may also be altered 

under extreme future OA conditions, potentially resulting in large bottom-up ecological 

shifts.  
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7.1 High-level Aims and Importance 

The primary focus of this research was to better understand the effect of ocean 

acidification (OA) on biofilm settlement selection of calcifying marine invertebrates in 

coastal zones. High-resolution carbonate chemistry measurements were taken over the 

course of the study to quantify coastal carbonate chemistry at Portobello Marine 

Laboratory (PML) in Otago Harbour, New Zealand (Chapter 2). Results defined the 

current range of pH exposure for the model species, serpulid polychaete Galeolaria 

hystrix, and allowed the development of meaningful pH targets for in vitro 

experimentation. Mesocosms for biofilm development were created in replicate tanks as 

part of a flow-through system at PML. Due to the high sensitivity of biofilms to 

environmental conditions, replicate tanks were carefully and consistently monitored and 

measured (Chapter 3). In addition, in situ and in vitro biofilm microbial community 

compositions were compared at a structural level to provide context for the interpretation 

of in vitro results (Chapter 3). The development, metamorphosis and settlement behaviors 

of Galeolaria hystrix, were described in detail to address gaps in the current literature 

(Chapter 4). Key biofilm components known to affect settlement success in marine 

invertebrates were found to differ at reduced pH levels including: 1) microbial 

community composition, 2) diatom coverage and, 3) initial invertebrate colonisers’ 

community composition (Chapter 5). Finally, the settlement response of Galeolaria 

hystrix was found to be unaffected by pH history but enhanced by age in similarly treated 

biofilms (Chapter 6).  Together, these findings create a detailed picture of how biofilm 

substrates act as settlement surfaces and may change in response to future OA conditions 

in coastal zones, and add to the knowledge of an important subtidal calcifier. 

Furthermore, this study describes how these changes may drive shifts in the settlement 

success of key coastal species that could potentially result in bottom-up ecological shifts 

in these critical environments.  

 

7.2 Summary of Key Findings by Chapter 

The following summaries highlight key findings and conclusions from each chapter: 
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Chapter 2 – In situ carbonate chemistry in Otago Harbour – The overall average pHT 

in the coastal zone at PML, Otago Harbour, New Zealand, from March 2015 to October 

2015 was 8.13 ± 0.01 pH units. Seasonal variation was recorded and pHT spiked in winter 

(Jun-Aug) at 8.18 ± 0.01 and was reduced to 8.09 ± 0.01 and 8.11 ± 0.01 in autumn and 

spring, respectively. Diel rhythms in pH were driven by irradiance (i.e. changes in 1° 

production) and tides (bringing off shore waters in and out of the harbour). The largest 

fluctuation from May-Jun 2015 spanned 0.116 pH units in a single event. Given the 

current pH conditions and fluctuations in combination with OA projections (IPCC 2007, 

2013), pHNBS 7.8 (near-future, 2100) and pHNBS 7.4 (extreme, 2300) were identified as 

meaningful pH targets to test biofilm communities and Galeolaria hystrix settlement 

success.  

 

Chapter 3 - Flow-through system and biofilm quantification – Environmental 

conditions (temperature °C, DO mg/L, ammonium NH3, phosphate PO4
3- and nitrate 

NO3
- concentrations µg/L) were consistent among pH treatments and replicate tanks with 

the exception of illuminance, which was marginally higher (although within an 

acceptable range of variance), at pH 7.8 and 7.4 due to the location of abutting light 

sources. Macroalgae communities established in mesocosms over the course of the 

experiments.  Red algae (Rhodophyta) abundance was higher in the pH 7.4 treatment 

while the abundance of crustose coralline algae (CCA) colonies substantially decreased 

with reduced seawater pH. Biofilm development and extraction techniques and timelines 

were verified.  In situ biofilms were significantly different from in vitro biofilms. There 

were only small variations among in vitro biofilm replicates compared to in situ biofilms, 

confirming that confounding variables were accurately controlled for within the flow-

through system mesocosms during biofilm development.  

 

Chapter 4 – Galeolaria hystrix development, metamorphosis and settlement – 

Morphologically, G. hystrix development and metamorphosis is very similar to 

Galeolaria caespitosa Lamark as described by Marsden and Anderson (1981). The key 

difference was an extended developmental timeline where larvae reached metamorphosis 

in approximately 15 - 16d in G. hystrix instead of the 11d observed in G. caespitosa. 
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Larvae displayed “searching” behaviour prior to permanent attachment and demersal 

activity such as substrate exploration, particularly temporary attachment, was critical for 

initiating the onset and continued successful progression of metamorphosis; potentially 

suggesting that surface bound cues are particularly important for the settlement success of 

G. hystrix. 

 

Chapter 5 – Biofilm response to Ocean Acidification – Overall, biofilm community 

composition shifted in response to reduced seawater pH and age (development time). The 

relative abundance of dominant phyla (Proteobacteria, Cyanobacteria and Bacteroidetes) 

changed in response to both factors. Microbial biofilm communities became more 

heterotrophic as they matured and the top identified operational taxonomic units (OTUs) 

differed substantially.  The relative abundance of key phyla and OTUs significantly 

shifted in response to reduced pH. Diatom coverage, chlorophyll-a and carotenoid 

pigment content was reduced in younger biofilms and significantly reduced in the pH 7.4 

treatments regardless of age. Communities of initial invertebrate colonisers changed in 

response to reduced pH, primarily driven by the decreased relative abundance of 

Cirripedia spp. (barnacle larvae) and the undifferentiated response of Harpacticoida spp. 

(copepods) to reduced seawater pH. In all three analyses, statistically significant shifts 

were only observed at pH 7.4, potentially indicating this value as a meaningful pH 

threshold for whole-scale biofilm community composition shifts in coastal zones.  

 

Chapter 6 – Settlement of Galeolaria hystrix on biofilms reared in OA conditions –

Overall, G. hystrix appeared to prefer older biofilms for settlement in the pH treatments 

and the settlement success of G. hystrix on 60d old biofilms was significantly higher than 

23d old biofilms at the 48h time point.  Settlement success of G. hystrix was reduced on 

biofilms reared in seawater pH 7.4, however, trends among biofilm pH treatments were 

not statistically significant. Findings indicate that G. hystrix settlement is somewhat 

robust to biofilm pH history.  Exploratory behaviours (i.e. “loose” associations) were not 

correlated with settlement success. The survival of settled juveniles (up to 5d) was 

unaffected by biofilm pH history or age i.e. once settled short-term juvenile survival was 

sustained. 
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7.3 Ocean Acidification in Coastal Environments and Effects on Settlement  

Environmental parameters, including carbonate chemistry and seawater pH, are variable 

in coastal zones, fluctuating with abiotic and biotic factors that constrain the CO2 system. 

Natural variability of pH and other carbonate chemistry parameters are rarely considered 

in laboratory-based testing of the effects of ocean acidification. Understanding the current 

ambient fluctuations of pH in specific environments is valuable in OA research for two 

key reasons; 1) organism resilience can be more accurately estimated and lab results can 

be compared with in situ data and, 2) the accuracy of hypothesis-generating science is 

improved (Hofmann et al. 2011).  

 

Biological processes, such as photosynthesis and respiration, particularly in macroalgal-

dominated assemblages that respond to irradiance, can modulate pH in complex benthic 

ecosystems like Otago Harbour and presumably help drive the diel fluctuations observed 

in these and similar environments (Hepburn et al. 2011).  Galeolaria hystrix commonly 

settle at locations in the intertidal zone that are heavily colonised by macroalgae, 

predominantly Hormosira banksii (Neptune’s necklace), Cystophora scalaris (zig-zag 

weed) and different varieties of crustose coralline algae (CCA) (Appendix A). Overall, 

OA is expected to have deleterious effects on CCA (Ordonez et al. 2014, McCoy & 

Kamenos 2015), while many other non-calcifying species of macroalgae are expected to 

show improved growth and/or little to no response to OA depending on their CO2 uptake 

method (Raven et al. 2002, Giordano et al. 2005, Hepburn et al. 2011). Because of this, 

ocean acidification is expected to produce shifts in the relative abundance and community 

composition of macroalgae assemblages based on shifts in the competitive landscape 

(Hepburn et al. 2011). It is difficult to discern whether these complex shifts in benthic 

environments that dominate coastal zones will help to buffer the effects of OA for 

invertebrate settlers or destabilize the environment causing large-scale diel oscillations in 

pH that push settling organisms to the edge of their physiological tolerance windows. 

However, it is noteworthy that reduced pH along volcanic vents has been shown to 

influence relative abundance and distribution on the ecosystem level in in situ benthic 

coastal communities, indicating that the survival and persistence of certain taxa is 
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possible and the dominance of resilient species usually results in significant changes to 

macro-community composition (Hall-Spencer et al. 2008, Kroeker et al. 2011).  

 

Benthic, sessile marine invertebrate organisms are hypothesized to be either particularly 

susceptible or robust to pH shifts in coastal environments because they are unable to 

relocate to more preferable locations once permanently settled. Galeloaria hystrix 

secretes a tube dominated by calcite with 7-14 wt% MgCO3 and can deposit up to 16.8g 

of carbonate per individual (Riedi & Smith 2012, Smith et al. 2013).  The tube of the 

serpulid polychaete is in direct contact with the surrounding seawater and to a certain 

extent the ability to secrete, grow and maintain this tube is determined by environmental 

carbonate chemistry. Findings from Chapter 2 illustrate that currently Galeolaria hystrix 

is resilient to moderate fluctuations in seawater pH (≈ 0.05<pH<0.10) around or above 

the current global open ocean average of pHT 8.07 (NOAA 2010).  However, large scale-

shifts in pH that result in the undersaturation of calcite predicted for extreme, 2300 

scenarios (IPCC 2007, 2013) may place benthic, sessile marine invertebrates at elevated 

risk.  

 

In summary, understanding the effects of OA on in situ coastal environments is complex. 

While in vitro experiments can drive understanding of how individual invertebrate 

species respond to simple linear reductions in pH, in situ communities and ecosystem 

level responses are more difficult to predict. Natural variation in pH and carbonate 

chemistry is mediated by the biological components of an environment and creates a 

feedback loop where components of the system both respond to OA but can also buffer 

and/or alter their impact on the ecosystem. In order to fully understand the future impacts 

of OA on marine population dynamics and coastal ecosystems, more community-level 

analyses are needed to test structural responses and shifts in relative abundances in 

benthic communities from ecologically relevant pH thresholds determined through in situ 

carbonate chemistry measurements. 
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7.4 Climate Change and Multiple Stressors 

Global climate change is projected to have many effects on ocean biogeochemistry 

including increases in surface seawater temperature (SST). Mean sea surface 

temperatures are projected to increase 2 to 4.5 °C by 2100, but the magnitude of change 

may differ between regions (IPCC 2007). Although coastal zones are subject to the multi-

stressor effects of global climate change, the interactive effects of ocean acidification and 

increased SST on invertebrate larvae, biofilm development and settlement are poorly 

understood.  

 

There are conflicting results regarding whether the interactive effects of OA and 

increased SST on marine invertebrates are synergistic, additive or antagonistic. 

Invertebrate species, particularly echinoderms, have shown little to no effect from 

warming and acidification on fertilization rates indicating this process is somewhat robust 

to future climate change scenarios (Byrne et al. 2010, Byrne & Przeslawski 2013, 

Karelitz 2016).  Calcifying marine invertebrate larvae are sensitive to both temperature 

and seawater pH during development and many studies suggest that deleterious effects 

are additive and may be primarily driven by acidification for many taxa (Kroeker et al. 

2013, Karelitz 2016). However, synergistic and antagonistic effects have also been 

reported (see review by Byrne & Przeslawski 2013). Even if settlement is unaffected, 

subsequent juvenile growth can be affected; for example, Li et al. (2016) found that 

ocean warming helped to mitigate the adverse effects of acidification on the mechanical 

properties of the calcified tubes produced by the serpulid polychaete Hydroides elegans. 

Thus, it is difficult to determine the overall effect of global climate change multi-stressors 

on benthic marine invertebrates because responses are probably species-specific and can 

vary by region and life history stage.  

 

Similarly, biofilm responses to temperature and acidification have been studied to a 

certain degree, but the interactive effects are poorly understood. Biofilm formation and 

community composition are sensitive to both acidification (Witt et al. 2011a, Lidbury et 

al. 2012) and temperature (Webster et al. 2011, Whalan & Webster 2014, Webster et al. 

2016). Recent studies have shown that interactive effects between stressors produce 
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distinct new microbial communities that amplify shifts in community composition 

(Russell et al. 2013, Webster et al. 2016). The impact of multi-stressors in settlement is 

largely unstudied and is a gap in the current literature. We have shown that pH causes 

variation in biofilm community composition but produces an undifferentiated response in 

settlement success of Galeolaria hystrix. The next step is to design multi-stressor 

experiments that incorporate other factors, such as temperature, and additional 

invertebrate species to more fully understand ecological impacts. 

 

In addition, the likelihood of an increased frequency, intensity and activity in storm 

events has been rated as “likely” by the IPCC (2013). Increased storms may increase 

wave activity in coastal zones, removing or disrupting biofilm formation and succession, 

lowering the average time of development (age) of biofilms in certain coastal regions. It 

is well established that biofilm age significantly alters microbial community composition 

and settlement success of invertebrate larvae (Maki et al. 1990, Pearce & Scheibling 

1991, Wieczorek & Todd 1997, Lamare & Barker 2001, Khandeparker et al. 2005, 

Toupoint et al. 2012, Whalan & Webster 2014). We found that Galeolaria hystrix had 

higher settlement success on older biofilms (60-days) than younger biofilms (23-days). If 

average biofilm age is reduced in coastal areas due to substantially increased wave action, 

it is possible that population abundance may decrease and distributions of benthic 

invertebrates, such as G. hystrix, could change more substantially than expected.  

 

7.5 High-level Conclusions and Future Hypotheses 

• The seawater pH and carbonate chemistry at the collection site of Galeolaria 

hystrix at Portobello Marine Laboratory, Otago Harbour, New Zealand are 

characterised by moderate (≈ 0.05<pH<0.10) seasonal, diurnal and semi-diel 

variations in the subtidal and intertidal zones.  

• Biofilms are significantly affected in the pH 7.4 treatment. Microbial communities 

are substantially different, diatom coverage/Chl-a and carotenoid pigment content 

and initial invertebrate colonisation are significantly reduced at pH 7.4 (extreme, 

2300, IPCC 2007, 2013). 
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• Galeolaria hystrix larvae respond to biofilms and prefer to settle on biofilm 

surfaces as opposed to clean, un-filmed surfaces. Galeolaria hystrix larvae appear 

to prefer more heavily biofilmed surfaces for settlement (i.e. older and developed 

in ambient pH or pH 7.8 conditions). 

• Galeolaria hystrix settlement success was robust to biofilm pH history 

(differences were not statistically significant), but, decreases in settlement success 

were observed at pH 7.4. Settlement success was significantly higher on older 

(60-day) biofilms than younger (23-day) biofilms at the 48h time point.  

• Constant variation in environmental parameters, particularly pH, in coastal zones 

may make settling organisms more robust to small-scale shifts in biofilm 

community composition driven by ocean acidification. 

• Findings suggest that a pH threshold may exist between pH 7.8 and pH 7.4. 

Further investigation and increase replication is needed to determine if/what this 

pH threshold is and how significantly a shift in biofilm community composition 

can alter settlement success in benthic, calcifying marine invertebrates. 

 

7.6 Improvements and Future Research 

More information is needed on the response of G. hystrix larvae to OA. In the future, 

morphometric measurements of G. hystrix larval development and survival rates in 

reduced seawater pH treatments will help determine if competent larvae are available 

and/or capable of accomplishing metamorphosis and settlement in low pH conditions. In 

these cases, subsequent settlement assays could be conducted to test how larval exposure 

to reduced pH affects settlement on biofilms reared under different OA regimes. This 

experimental design would provide more realistic results for how G. hystrix settlement 

may be affected by OA in the future. In addition, the effect of reduced seawater pH on 

juvenile and adult G. hystrix survival and growth would also be a useful addition to 

current literature and provide a greater understand of how organisms with high 

magnesium-calcite content survive in OA conditions. 

 

Future experiments should refine the biofilm analysis and settlement assay timeline. 

Experiments should be designed so that tanks can hold a larger number of biofilm 
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replicates, this way biofilm analyses and settlement assays can be carried out on the same 

contingent of biofilms and control for seasonal variations. In addition, this study could 

benefit from a more in-depth analysis of the biofilm diatom community composition 

among pH treatments and age.  

 

In order to identify if a pH threshold exists at which biofilm community composition 

significantly shifts, more pH treatments between pH 7.8 and pH 7.4 need to be tested. 

The identification of such a threshold could help standardize the pH treatments 

incorporated into OA experimental designs universally, especially as more experiments 

begin to consider meaningful carbonate chemistry parameters specific to coastal 

environments.  

 

Finally, temperature and biofilm age should be incorporated into future study designs as 

multi-stressor experiments. In addition, more multi-species bioassays, both in situ and in 

vitro should be included in such experiments.  

 

7.7 Overall Ecological Impacts 

As previously discussed, coastal ecosystems are dynamic and accustomed to diel and 

diurnal variations in environmental and carbonate chemistry parameters. Biofilms are 

therefore extremely adaptive in intertidal and subtidal environments (Lee et al. 2014) and 

it is hypothesised that their ability to respond to shifts in pH and/or other environmental 

pressures is driven by adaptions, not short-term stress responses (Witt et al. 2011a). The 

ability to constantly adapt in a variable coastal environment suggests that small-scale 

shifts in pH, such as pH 7.8 (near future, 2100 IPCC 2007, 2013), may not result in 

significant effects on biofilm community composition or settlement success. This 

hypothesis was supported by the findings from this study, which showed that statistically 

significant shifts in overall biofilm community composition only occurred in the pH 7.4 

treatment (extreme, 2300, IPCC 2007, 2013). Settlement success of G. hystrix was not 

significantly different among biofilm pH treatments (including pH 7.4) indicating that G. 

hystrix is relatively robust to differences in biofilms driven by OA.  Visual trends did 

indicate a decrease in settlement success on biofilms reared in pH 7.4 and increased 
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replication in future experiments is necessary to determine if this reduction is meaningful 

and/or potentially statistically significant with a larger sample size. 

 

Findings from this study are important because potential shifts in coastal population 

distributions driven by settlement selection can have lasting ecological consequences for 

ecosystems; including on humans and activities such as fisheries and aquaculture 

management. Many benthic marine invertebrates are considered keystone species in 

coastal environments around the world (Bond 1994). They play an important ecological 

role in intertidal and subtidal environments and food chain structure (Mann & Breen 

1972). Furthermore, many serpulid polychaetes, including Galeolaria hystrix, are 

important habitat formers and contribute to the overall health and richness of coastal 

zones by increasing fauna abundance associated with patch reefs (Smith et al. 2005). 

Understanding the effect of OA on marine invertebrate recruitment and settlement 

processes in coastal zones, in combination with reduced biofilm age, is particularly 

relevant because it could potentially result in large-scale bottom-up ecological shifts. 
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Glossary  
ΩA – Saturation state of aragonite  

ΩC - Saturation state of calcite 

DIC – Dissolved inorganic carbon 

DO – Dissolved oxygen 

eDNA – Extracellular DNA (a biofilm component) 

EPS – Exopolysaccharides (a biofilm component excreted by diatoms and microbes) 

FSW – Filtered seawater (ambient, 0.1μm) 

IPCC – International Panel on Climate Change  

ISFET – Ion selective field effect transistor (sensing element on SeaFET for seawater 

pHT) 

OA – Ocean acidification  

OTU – Operational taxonomic unit (microbial grouping unit based on 97% sequence 

similarity) 

pCO2 – Partial pressure of CO2  

pHNBS – pH NBS scale 

pHT – pH total scale 

PML – Portobello Marine Laboratory, located on Otago Peninsula, New Zealand 

TA – Total alkalinity  
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Appendix A. Summary of descriptive statistics from a stratified rocky shore survey of Galeolaria hystrix at Back Beach, adjacent to the Portobello Marine 
Laboratory, Otago Harbour, New Zealand conducted on 28 October 2015. A vertical line transect plot was randomly selected along a 40m stretch of beach 
(Figure 4.1). A tape measure was run from the perpendicular tape measure across the beach down to waters edge. Five line transects were placed perpendicular to 
the water edge at a 0.0m low tide, each line was 6m long. Line transects were 4 m apart and a 1 m2 quadrant was surveyed every 2m along the line creating a 
grid. 

  Seaweed	  Averages Substrate	  Averages Galeolaria	  Averages Spirobranchus 
Quad	   Height	  (m)	  

above	  0.0m	  
Low	  Tide 

Total	  Seaweed	  Cover	  (%) 
Hormosira	  banksii	  (%) 

Cystophora	  scalaris	  (%) 
Crustose	  Coralline	  Algae	  /	  CCA	  (%) 

Average	  Species	  Richness 

Total	  Boulder+Rock	  (%) 
Boulder	  (%) 
Rocks	  (%) 

Average	  #	  of	  Galeolaria 
Average	  Length	  (cm) 

Av.	  #	  on	  side	  of	  rock,	  %	  of	  tot. 
Av.	  #	  under	  rock,	  %	  of	  tot. 
%	  on	  CCA	  /	  %	  within	  10cm 

Average	  #	  of	  
Spirobranchus	  
cariniferus 

1 0.000	  ±	  0.006 88%	  ±	  8% 
11%	  ±	  4% 
32%	  ±	  8% 
2%	  ±	  1% 

5.4 

49%	  ±	  8% 
20%	  ±	  9% 
29%	  ±	  6% 

3	  ±	  1	  individuals	   
3.25	  ±	  0.3cm 

1	  ±	  1,	  36% 
1	  ±	  1,	  36% 
79% / 79%	   

0	  ±	  0	  individuals	   

2 0.204	  ±	  0.006 82%	  ±	  7% 
35%	  ±	  3% 
37%	  ±	  4% 
5%	  ±	  2% 

3.4 

69%	  ±	  6% 
26%	  ±	  7% 

43%	  ±	  11% 

12	  ±	  3	  individuals 
4.5	  ±	  0.3cm 
7	  ±	  2,	  57% 
5	  ±	  1,	  38% 
73% / 82% 

100	  ±	  63	  individuals 

3 0.407	  ±	  0.006 64%	  ±	  8% 
34%	  ±	  7% 
20%	  ±	  7% 
10%	  ±	  4% 

2.8 

74%	  ±	  8% 
28%	  ±	  9% 

46%	  ±	  13% 

4	  ±	  1	  individuals 
2.8	  ±	  0.3cm 
2	  ±	  1,	  63% 
1	  ±	  0,	  32% 
74% / 79% 

336	  ±	  124	  individuals	   

4 0.611	  ±	  0.006 19%	  ±	  4% 
5%	  ±	  4% 
2%	  ±	  2% 
3%	  ±	  3% 

2.8 

76%	  ±	  10% 
56%	  ±	  20% 
20%	  ±	  11% 

1	  ±	  1	  individuals	   
3.2	  ±	  0.6cm 

0	  ±	  0,	  0% 
1	  ±	  1,	  100% 
0% / 100% 

410	  ±	  87	  individuals	   
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Appendix B. Record of flow-through system maintenance at Portobello Marine Labortatory, Otago 
Harbour, New Zealand (Chapter 3). Dates (2015) and the recorded pHNBS readings for the pHNBS 7.8 and 
pHNBS 7.4 header tanks. (X) indicates the date of electrode calibrations and cleanings, and TAGLINE filter 
cleanings. P1 and P2 match timetable in Table 5.1. 
 

 P1  Maintenance 
Date 7.4 Header 7.8 Header  Filters Cleaned Calibrated Cleaned 

4/5/15 7.43 7.83  X X X 
13/5/15 7.44 7.82   X X 
19/5/15 7.44 7.82  X X X 
21/5/15 7.43 7.81   X X 
31/5/15 7.44 7.82  X X X 

2/6/15 7.45 7.76     
7/6/15 7.43 7.78     
8/6/15 7.44 7.81  X X X 
9/6/15 7.43 7.81     

12/6/15 7.44 7.75   X X 
14/6/15 7.43 7.83     
17/6/15 7.44 7.78  X X X 
19/6/15 7.45 7.78     
20/6/15 7.44 7.83     
22/6/15 7.43 7.76   X X 
23/6/15 7.44 7.77     
30/6/15 7.44 7.78  X X X 

 P2     
15/8/15 7.42 7.82  X X X 
17/8/15 7.44 7.77     
18/8/15 7.41 7.81     
19/8/15 7.36 7.78   X X 
22/8/15 7.38 7.81     
23/8/15 7.42 7.80   X X 
27/8/15 7.43 7.76     
28/8/15 7.37 7.78  X X X 
30/8/15 7.40 7.80     

1/9/15 7.83 7.39     
2/9/15 7.37 7.81   X X 
7/9/15 7.37 7.78     
9/9/15 7.41 7.78  X X X 

10/9/15 7.40 7.80     
11/9/15 7.40 7.79     
12/9/15 7.40 7.75   X  
14/9/15 7.42 7.80     
17/9/15 7.42 7.80   X  
19/9/15 7.38 7.79  X X X 
21/9/15 7.81 7.36   X  
23/9/15 7.40 7.81     
24/9/15 7.39 7.80     
25/9/15 7.40 7.83   X X 
28/9/15 7.36 7.81   X  
30/9/15 7.41 7.79  X X X 
2/10/15 7.41 7.78   X X 
4/10/15 7.41 7.81     
5/10/15 7.39 7.80   X X 
6/10/15 7.40 7.78     
7/10/15 7.40 7.78   X X 
8/10/15 7.42 7.80     
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9/10/15 7.40 7.79     
12/10/15 7.42 7.77   X X 
13/10/15 7.42 7.79  X   
14/10/15 7.40 7.77   X  
15/10/15 7.39 7.83   X X 
16/10/15 7.42 7.80     
17/10/15 7.43 7.81     
18/10/15 7.42 7.79     
19/10/15 7.41 7.77   X X 
21/10/15 7.42 7.82  X   
22/10/15 7.37 7.80     
23/10/15 7.42 7.81   X X 
24/10/15 7.38 7.80     
28/10/15 7.37 7.81     
29/10/15 7.41 7.76     
30/10/15 7.42 7.78     

  
 
Appendix C. Results from the pH electrode testing (%slope) of the two electrodes used to maintain and 
monitor pHNBS in the pH 7.8 and pH 7.4 treatment header tanks. Date (2015), probe label (U&T), buffers 
(NBS scale) that electrodes were calibrated against. Temperature of buffer (°C), actual slope (slope) and 
intercept (intercept) and the %slope (minimum %slope = 90 and maximum %slope = 110). 
 
  Buffer (mV)     

Date  Probe 4 7 9.2 10 TEMP 
(°C) 

slope  %slope intercept 

15/8 U 91 -81  -244 18 -55.8 97 313 

 T 92 -79  -240 18 -55.3 96 312 

9/9 T 93 -75  -235 18 -54.7 95 310.33 

 U 89 -81  -225 18 -52.3 91 294 

22/10 U 208 36  -114 18 -53.7 93 419 

 T 212 40  -109 18 -53.5 93 422 
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Appendix D. DNA concentration yield from biofilm wet weight biomass extractions. Final two columns 
show the final volume and total mass of samples used for 16s rRNA sequencing. Substrate type 
corresponds to Chapter 3.2.7 and Figure 3.2. “Water-” delineates a water column sample from a header 
tank in the flow-through system at PML and then the treatment it was from; “amb”= ambient. 
 
Sample Age 

(days) 
Substrate 

type 
Wet 
weight 
(mg) 

Original 
DNA 
Conc. 
(ng/uL) 

New 
Conc. 
(ng/uL) 

Sample 
Volume 
(uL) 

Total 
DNA 
Mass 
(ng) 

B1 27 Slide 5.06 5.8 5.8 17.24 100 
B2 27 Slide 2.09 5.3 5.3 18.87 100 
B3 27 Slide 1.04 6 6 16.67 100 
B4 27 Slide 1.48 4.6 4.6 21.74 100 
B5 27 Slide 4.49 7.8 7.8 12.82 100 
B6 27 Slide 3.82 6.6 6.6 15.15 100 
B7 27 Slide 9.1 3.8 3.8 26.32 100 
B8 27 Slide 6.35 4 4 25.00 100 
B9 27 Slide 4.63 6.1 6.1 16.39 100 
B10 48 tank 105.13 9 9 11.11 100 
B11 48 tank 56.87 15.2 10 10.00 100 
B12 48 tank 76.33 7.1 7.1 14.08 100 
B13 48 tank 75.89 5 5 20.00 100 
B14 48 tank 107.55 6.6 6.6 15.15 100 
B15 48 tank 65.36 7.6 7.6 13.16 100 
B16 48 tank 208.94 13.8 10 10.00 100 
B17 48 tank 139.4 6.5 6.5 15.38 100 
B18 48 tank 120.08 8.3 8.3 12.05 100 
B19 41 slide 0.28 2.6 2.6 38.46 100 
B20 41 slide 1.01 3.9 3.9 25.64 100 
B21 41 slide 9.93 7.7 7.7 12.99 100 
B22 41 slide 16.93 5.1 5.1 19.61 100 
B23 41 slide 7.93 4.3 4.3 23.26 100 
B24 41 slide 11.11 8.4 8.4 11.90 100 
B25 41 slide 34.45 8.4 8.4 11.90 100 
B26 41 slide 38.08 7 7 14.29 100 
B27 41 slide 9.71 6.7 6.7 14.93 100 
B28 62 tank 113.25 7.3 7.3 13.70 100 
B29 62 tank 104.66 5.6 5.6 17.86 100 
B30 62 tank 201.01 6.5 6.5 15.38 100 
B31 62 tank 284.04 11.2 10 10.00 100 
B32 62 tank 200.41 14 10 10.00 100 
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B33 62 tank 291.56 14.8 10 10.00 100 
B34 62 tank 245.32 9.1 9.1 10.99 100 
B35 62 tank 218.19 9.2 9.2 10.87 100 
B36 62 tank 183.08 7.5 7.5 13.33 100 
R1 N/A Rock  5.5 5.5 18.18 100 
R2 N/A Rock  8.8 8.8 11.36 100 
R3 N/A Rock  10.4 10 10.00 100 
W1 N/A Wharf  8.8 8.8 11.36 100 
W2 N/A Wharf  31.1 10 10.00 100 
W3 N/A Wharf  14.4 10 10.00 100 
T1a N/A Water -

Amb 
 9.1 9.1 10.99 100 

T2a N/A Water- 
pH7.8 

 7.8 7.8 12.82 100 

T3a N/A Water- 
pH 7.4 

 37.1 10 10.00 100 

T1b N/A Water-
Amb 

 26.1 10 10.00 100 

T2b N/A Water- 
pH7.8 

 12.1 10 10.00 100 

T3b N/A Water-
pH7.4 

 8.7 8.7 11.49 100 

 
 



Appendix E. Raw data from Chlorophyll-a and carotenoid pigment extraction pilot comparing and initial extraction and secondary extraction (n=3). 
 

 
 
 
Appendix F.  Raw data from Chlorophyll-a and carotenoid pigment extraction trail run on P1 biofilms (Table 5.1, n=3).  
 

 



Appendix G. Raw data from seawater measurements from the intertidal sampling location (Fig 2.1, A). For season, A=autumn, 
W=winter and S=spring. For tide, L=low, H=high, M=mid tide.  
 

 
 

Sample'
Number' Date

Intertidal'
Salinity'(ppt)

Intertidal'
Temp

Intertidal'TA'
(umol/kgSW)

Intertidal'DIC'
(umol/kgSW)

Intertidal'
pH'(NBS)

pH'
(total)

Intertidal'
pCO2'(uatm)

Intertidal'
Ω'Ca

Intertidal'
Ω'Ar Season Tide

1 23EMarE15 34.19 14.08 2288.9 2083.2 8.15 8.04 408.24 3.55 2.27 A L
2 26EMarE15 34.4 15.15 2288.2 2066.7 8.17 8.05 392.77 3.78 2.43 A M
3 31EMarE15 34.8 14.83 2295.9 2064.5 8.19 8.07 373.38 3.91 2.51 A H
4 7EAprE15 34.9 14.87 2322.0 2073.2 8.21 8.10 349.38 4.19 2.69 A M
5 14EAprE15 33.76 10.96 2290.3 2057.5 8.26 8.15 304.08 3.93 2.50 A M
6 20EAprE15 33.51 11.46 2274.0 2086.9 8.16 8.05 395.32 3.26 2.08 A H
7 4EMayE15 34.3 11.57 2284.0 2083.0 8.18 8.07 376.59 3.44 2.19 A M
8 10EMayE15 33.76 11.64 2305.0 2049.9 8.29 8.18 281.54 4.29 2.73 A M
9 19EMayE15 34.2 10.70 2320.6 2085.2 8.25 8.15 307.54 3.97 2.52 A H

10 2EJunE15 34.46 8.66 2308.8 2057.9 8.31 8.21 258.29 4.16 2.64 W M
11 9EJunE15 31.66 9.56 2170.1 1941.7 8.32 8.21 249.70 3.85 2.43 W L
13 30EJunE15 33.4 7.53 2245.1 2057.6 8.22 8.12 323.95 3.21 2.03 W M
15 28EJulE15 33.75 7.44 2290.0 2046.4 8.33 8.23 245.50 4.05 2.56 W H
16 4EAugE15 33.72 7.78 2281.6 2068.3 8.26 8.16 292.35 3.60 2.28 W H
17 13EAugE15 34.1 6.75 2257.8 2036.7 8.29 8.19 264.77 3.67 2.32 W L
18 17EAugE15 32.83 7.72 2225.7 1982.8 8.35 8.24 230.28 4.04 2.55 W L
19 28EAugE15 32 9.22 2262.3 2037.8 8.29 8.19 274.71 3.85 2.43 W H
20 7ESepE15 33.21 7.39 2263.9 2074.3 8.23 8.12 321.00 3.26 2.06 S H
21 17ESepE15 33.56 9.34 2275.3 2084.6 8.19 8.09 353.84 3.29 2.09 S H
22 23ESepE15 33.73 9.2 2276.4 2040.9 8.29 8.18 274.04 3.94 2.50 S H
23 30ESepE15 33.68 11.03 2298.0 2067.5 8.25 8.14 310.14 3.91 2.48 S M
24 7EOctE15 34.04 12.89 2273.0 2079.5 8.15 8.03 409.82 3.35 2.14 S M
25 15EOctE15 33.72 11.7 2277.5 2065.8 8.21 8.10 348.97 3.62 2.30 S L
26 23EOctE15 33.55 12.29 2299.4 2064.2 8.25 8.13 318.48 4.00 2.55 S H



Appendix H. Raw data from seawater measurements from the subtidal sampling location (Fig 2.1, B). For season, A=autumn, 
W=winter and S=spring. For tide, L=low, H=high, M=mid tide.  
 
 

 

Sample'
Number' Date

Subtidal'
Salinity'(ppt)

Subtidal'
Temp

Subtidal'TA'
(umol/kgSW)

Subtidal'DIC'
(umol/kgSW)

Subtidal'pH'
(NBS)

pH'
(total)

Subtidal'pCO2'
(uatm)

Subtidal'
Ω'Ca

Subtidal'
Ω'Ar Season Tide

1 23EMarE15 34.08 13.66 2299.3 2080.0 8.19 8.07 373.58 3.76 2.40 A L
2 26EMarE15 34.7 14.93 2294.6 2081.6 8.15 8.03 413.30 3.65 2.34 A M
3 31EMarE15 34.8 14.79 2294.6 2063.0 8.19 8.07 371.96 3.91 2.51 A H
4 7EAprE15 35.0 14.75 2299.4 2073.7 8.17 8.06 386.94 3.82 2.45 A M
5 14EAprE15 33.70 10.81 2291.8 2067.8 8.24 8.13 316.92 3.80 2.42 A M
6 20EAprE15 33.54 11.43 2283.8 2090.6 8.17 8.06 383.99 3.36 2.14 A H
7 4EMayE15 34.4 11.21 2286.1 2088.3 8.17 8.06 379.37 3.39 2.16 A M
8 10EMayE15 33.75 11.55 2303.2 2061.3 8.27 8.15 300.13 4.08 2.60 A M

10 2EJunE15 34.32 8.25 2329.1 2084.1 8.31 8.20 265.06 4.09 2.59 W M
11 9EJunE15 31.58 8.64 2183.0 1968.1 8.30 8.19 261.47 3.65 2.30 W L
12 22EJunE15 32.66 6.25 2281.1 2060.2 8.32 8.21 253.96 3.74 2.36 W L
13 30EJunE15 32.9 7.59 2240.1 2060.5 8.21 8.10 335.10 3.11 1.96 W M
14 21EJulE15 34.4 6.62 2275.1 2093.9 8.20 8.10 339.72 3.10 1.96 W M
15 28EJulE15 33.73 7.45 2282.6 2046.4 8.31 8.21 253.92 3.94 2.49 W H
16 4EAugE15 33.88 7.83 2326.4 2071.5 8.34 8.23 243.46 4.25 2.69 W H
17 13EAugE15 34.4 6.93 2251.3 2044.2 8.26 8.16 289.91 3.46 2.19 W L
18 17EAugE15 32.75 7.37 2235.7 2042.6 8.24 8.14 303.33 3.31 2.09 W L
19 28EAugE15 33.7 9.33 2262.8 2026.6 8.29 8.19 271.24 3.95 2.50 W H
20 7ESepE15 33.26 7.5 2260.9 2080.1 8.20 8.10 339.93 3.13 1.98 S H
21 17ESepE15 33.77 9.37 2284.4 2074.6 8.23 8.13 321.04 3.57 2.26 S H
22 23ESepE15 33.68 9.08 2266.7 2048.6 8.26 8.15 297.39 3.68 2.33 S H
23 30ESepE15 33.69 10.72 2294.2 2076.1 8.23 8.12 326.77 3.72 2.36 S M
24 7EOctE15 33.98 12.41 2290.1 2076.1 8.20 8.08 361.21 3.66 2.33 S M
25 15EOctE15 33.64 11.4 2290.4 2086.6 8.19 8.08 363.36 3.51 2.23 S L
26 23EOctE15 33.56 12.27 2295.1 2064.7 8.24 8.12 325.54 3.92 2.50 S H
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Appendix I. Raw data of Galeolaria hystrix morphometric measurements. 
 

Age	  
(days)	   Replicate	  

Picture	  
number	   Width(mm)	   Length(mm)	  

Apical	  
Tuft	  
(mm)	  

4	   1	   1	   0.115	   0.14	   0.073	  

	  
2	   2	   0.099	   0.133	   0.063	  

	  
3	   3	   0.122	   0.147	   0.059	  

	  
4	   4	   0.105	   0.136	   0.063	  

	  
5	   5	   0.102	   0.137	   0.067	  

	  
6	   6	   0.104	   0.144	   0.065	  

	  
7	   7	   0.122	   0.146	   0.049	  

	  
8	   8	   0.115	   0.128	   0.056	  

	  
9	   9	   0.131	   0.128	   0.037	  

	  
10	   10	   0.108	   0.129	   0.042	  

6	   1	   16	   0.137	   0.15	   0.084	  

	  
2	   17	   0.117	   0.149	   0.095	  

	  
3	   20	   0.123	   0.171	   0.113	  

	  
4	   21	   0.126	   0.177	   0.113	  

	  
5	   22	   0.119	   0.174	   0.11	  

	  
6	   36	   0.134	   0.159	   0.098	  

	  
7	   24	   0.119	   0.153	   0.12	  

	  
8	   29	   0.125	   0.166	   0.105	  

	  
9	   46	   0.126	   0.148	   0.079	  

	  
10	   12	   0.123	   0.13	   0.094	  

9	   1	   6	   0.218	   0.265	   0.114	  

	  
2	   7	   0.275	   0.327	   0.137	  

	  
3	   3	   0.141	   0.214	   0.063	  

	  
4	   8	   0.144	   0.199	   0.124	  

	  
5	   1	   0.116	   0.197	   NA	  

	  
6	  

	   	   	   	  
	  

7	  
	   	   	   	  

	  
8	  

	   	   	   	  
	  

9	  
	   	   	   	  

	  
10	  

	   	   	   	  13	   1	   1	   0.238	   0.281	   0.102	  

	  
2	   3	   0.243	   0.34	   0.05	  

	  
3	   4	   0.274	   0.338	   0.124	  

	  
4	   5	   0.22	   0.282	   0.125	  

	  
5	   6	   0.242	   0.35	   0.119	  

	  
6	   8	   0.223	   0.278	   0.083	  

	  
7	   9	   0.229	   0.264	   0.12	  

	  
8	   11	   0.216	   0.293	   0.063	  
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9	   14	   0.241	   0.295	   0.1	  

	  
10	   Gh	   0.22	   0.291	   0.081	  

17	   1	   7	   0.171	   0.347	   0.027	  

	  
2	   1	   0.158	   0.27	   0.022	  

	  
3	   2	   0.167	   0.283	   0.046	  

	  
4	   5	   0.177	   0.321	   0.033	  

	  
5	   6	   0.181	   0.389	   0.018	  

	  
6	   3	   0.141	   0.359	   0.019	  

	  
7	   8	   0.198	   0.285	   0.03	  

	  
8	   9	   0.179	   0.258	   0.018	  

	  
9	   10	   0.214	   0.443	   0.023	  

	  
10	   11	   0.226	   0.424	   0.02	  

19	   1	   30	   0.087	   0.313	   0.17	  

	  
2	   27	   0.101	   0.326	   0.022	  

	  
3	   26	   0.088	   0.297	   0.023	  

	  
4	   25	   0.087	   0.337	   0.013	  

	  
5	   24	   0.125	   0.237	   0.01	  

	  
6	   23-‐1	   0.098	   0.279	   0.006	  

	  
7	   22	   0.076	   0.235	   0.003	  

	  
8	   20	   0.063	   0.289	   0	  

	  
9	   19	   0.095	   0.315	   0.006	  

	  
10	   18	   0.115	   0.233	   0.042	  
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Appendix J. Raw data from Galeolaria hystrix settlement assays for “loose” and “close” 
associations at 24h and 48h. For treatment, A= ambient, M=pH 7.8, L=pH 7.4. For 
biofilm age, o= 60-day old biofilms, y= 23-day old biofilms. 

Treatment	  
biofilm	  
age	  

Close	  
Associations	  
at	  24h	  	  

Loose	  
Associations	  
at	  24h	  	  

Close	  
Associations	  
at	  48h	  	  

Loose	  
Associations	  
at	  48h	  	  

A	   o	   0.46	   0.54	   0.26	   0.32	  
A	   o	   0.42	   0.46	   0.65	   0.18	  
A	   o	   0.46	   0.50	   0.46	   0.26	  
A	   o	   0.18	   0.00	   0.26	   0.26	  
A	   o	   0.32	   0.32	   0.42	   0.00	  
A	   o	   0.54	   0.26	   0.50	   0.18	  
A	   o	   0.37	   0.00	   0.46	   0.26	  
A	   o	   0.46	   0.42	   0.50	   0.00	  
M	   o	   0.37	   0.62	   0.54	   0.32	  
M	   o	   0.37	   0.72	   0.58	   0.37	  
M	   o	   0.46	   0.62	   0.72	   0.42	  
M	   o	   0.26	   0.50	   0.37	   0.18	  
M	   o	   0.50	   0.82	   0.82	   0.37	  
M	   o	   0.68	   0.32	   0.65	   0.18	  
M	   o	   0.26	   0.32	   0.18	   0.37	  
M	   o	   0.72	   0.46	   0.58	   0.18	  
L	   o	   0.00	   0.50	   0.18	   0.26	  
L	   o	   0.18	   0.42	   0.32	   0.26	  
L	   o	   0.50	   0.79	   0.62	   0.50	  
L	   o	   0.18	   0.37	   0.18	   0.26	  
L	   o	   0.32	   0.26	   0.32	   0.58	  
L	   o	   0.54	   0.42	   0.62	   0.26	  
L	   o	   0.42	   0.42	   0.32	   0.26	  
L	   o	   0.26	   0.42	   0.37	   0.50	  
A	   y	   0.54	   0.26	   0.75	   0.50	  
A	   y	   0.37	   0.42	   0.18	   0.54	  
A	   y	   0.26	   0.42	   0.37	   0.46	  
A	   y	   0.42	   0.00	   0.37	   0.18	  
M	   y	   0.26	   0.50	   0.32	   0.32	  
M	   y	   0.46	   0.26	   0.18	   0.50	  
M	   y	   0.26	   0.54	   0.26	   0.50	  
M	   y	   0.18	   0.65	   0.18	   0.54	  
L	   y	   0.32	   0.46	   0.00	   0.54	  
L	   y	   0.18	   0.46	   0.26	   0.37	  
L	   y	   0.42	   0.42	   0.18	   0.46	  
L	   y	   0.37	   0.42	   0.18	   0.54	  
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Appendix K. Raw data from Galeolaria hystrix settlement assays after 5-days, showing 
survival rate (%). For treatment, A= ambient, M=pH 7.8, L=pH 7.4. For biofilm age, o= 
60-day old biofilms, y= 23-day old biofilms.  
 
Treatment	  	   Age	   Survival	  %	  
A	   o	   0.785398163	  
A	   o	   0	  
A	   o	   0.420534335	  
A	   o	   0.785398163	  
M	   o	   0	  
M	   o	   0.563942641	  
M	   o	   0	  
M	   o	   0.857071948	  
L	   o	   0.361367124	  
L	   o	   0.490882678	  
L	   o	   0.901832253	  
L	   o	   0.785398163	  
A	   o	   0.593199776	  
A	   o	   0.440510663	  
A	   o	   1.570796327	  
A	   o	   0.339836909	  
M	   o	   0	  
M	   o	   0.615479709	  
M	   o	   0.596743147	  
M	   o	   1.570796327	  
L	   o	   0	  
L	   o	   0.463647609	  
L	   o	   1.570796327	  
L	   o	   0.785398163	  
A	   y	   0.857071948	  
A	   y	   1.570796327	  
A	   y	   0.785398163	  
A	   y	   0.523598776	  
M	   y	   0.955316618	  
M	   y	   0	  
M	   y	   1.570796327	  
M	   y	   0	  
L	   y	   0	  
L	   y	   1.570796327	  
L	   y	   1.570796327	  
L	   y	   1.570796327	  

 


