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Abstract  

Ocean acidification (OA) is predicted to cause major changes in marine ecosystem 

structure and function over the next century. Stressors associated with OA can 

negatively affect the physiological performance of individual marine organisms, 

disrupting inter- and intra-specific interactions such as competition, predation, and 

parasitism. Parasitic infection can also have wide-ranging negative effects on marine 

organisms, and has been found to interact synergistically with some abiotic stressors. 

This thesis investigated the potential impact of OA on host-parasite associations by 

exposing the transmission stages of trematode parasites, and infected and uninfected 

marine gastropods, to acidified seawater.  

An observational study of the seawater chemistry of the habitat of both snail and 

parasite species showed a high degree of abiotic variability, including pH values that 

were more extreme than the conditions predicted to occur over the next century. 

These data suggest that intertidal organisms may be currently operating at their 

physiological limits, and could prove sensitive to future changes in seawater pH. 

An OA simulation system was designed specifically for small-bodied, calcifying marine 

organisms and free-living parasite life stages. This system provided a highly controlled 

environment in which to expose parasites and their hosts to acidified seawater.  

Exposure to acidified seawater caused a significant decrease in the longevity of the 

free-living transmission stages of trematode parasites, although the magnitude of this 

effect varied between species and appeared to correlate with their life histories.  

The physiological performance of infected and uninfected snails was significantly and 

negatively affected by stressors associated with OA. Shell growth rates were 

significantly reduced, and shell dissolution significantly increased, in an acidified 

environment. The metabolic status of the host snails was also significantly altered by 

exposure to acidified seawater. Changes in oxygen consumption rates and tissue 

glucose concentrations of host snails indicated an increase in metabolic stress 

followed by metabolic depression as seawater pH was reduced. In all measured 

physiological parameters, the effects of parasitic infection significantly modified the 
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response of infected snails relative to uninfected individuals, while there was a high 

degree of variability between snails infected with different species of parasite. 

Overall, the association between marine trematodes and their gastropod host was 

significantly altered by exposure to simulated OA conditions, highlighting the need to 

incorporate parasitology into the field of OA research. 
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1.1 Ocean acidification and parasitic infection 

Ocean acidification and parasitic infection may appear to be extremely disparate 

processes, but both have the potential to alter fundamental aspects of the marine 

environment. The changes to seawater chemistry caused by elevated atmospheric 

carbon dioxide, now commonly referred to as ocean acidification (OA - Broecker & 

Clark, 2001), may affect the physiological performance of all marine organisms, and 

could potentially change community structure and ecosystem function, and reduce 

biodiversity. Parasitic infection is a ubiquitous process in the marine environment, and 

can negatively affect the behaviour, survival, and reproduction of marine organisms, 

indirectly altering community structure and ecosystem function. This thesis 

investigates the combined effects of ocean acidification and parasitic infection on a 

marine gastropod, and establishes the importance of incorporating parasitology into 

the study of how marine organisms will respond to an acidifying environment. 

1.2 The history of ocean acidification 

Evidence for previous ocean acidification events has been found in the geologic 

record, e.g. the Paleocene-Eocene Thermal Maximum (PETM), 56 million years ago, 

and the end-Permian mass extinction, 251 million years ago (Kump et al., 2009). These 

events are classified as periods when atmospheric carbon dioxide increased and 

caused oceanic waters to become corrosive to calcium carbonate (Thomas, 1998). 

Consequently, acidification events were the proximate cause of mass extinctions of 

calcifying organisms, such as foraminifera, which can be detected in the marine 

sedimentary record (Zeebe & Zachos, 2013). 

Throughout the geologic record, the global ocean has acted as a major CO2 sink, as the 

carbonate ions in seawater act as a buffer to acidification by bonding with hydrogen 

ions to form bicarbonate ions. The buffering capacity of the ocean is evident in the 

four chemical reactions that describe the dissolution of gaseous carbon dioxide into 

seawater: 
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CO2(g) ⇌ CO2(aq)        (1) 

CO2(aq) + H2O(l) ⇌ H2CO3(aq)         (2) 

H2CO3(aq) ⇌ HCO3
-
(aq) + H+

(aq)
       (3) 

CO3
2-

(aq) + H+
(aq)

 ⇌  HCO3
-
(aq)

       (4) 

where H2CO3 is carbonic acid, HCO3
- are bicarbonate ions, CO3

2- are carbonate ions, 

and H+ are hydrogen ions.  

Reduced concentration of carbonate ions, caused by minor fluctuations in 

atmospheric carbon dioxide, is typically balanced by the weathering of terrestrial 

carbonate and silicate minerals, which adds carbonate ions to seawater via riverine 

input (Honisch et al., 2012). This natural equilibrium is disrupted during acidification 

events, as carbon dioxide dissolution into seawater occurs at a greater rate than the 

carbonate ion influx. During such events, carbonate ion concentration decreases and 

causes the dissolution of calcium carbonate, as described by the chemical reaction: 

CaCO3 ⇌ Ca2+ + CO3
2-        (5) 

and quantified by the expression 

Ω = [Ca2+][CO3
2-]/k        (6) 

where Ca2+ are calcium ions, omega (Ω) is the saturation state of calcium carbonate, 

and k is a dissolution constant which is dependent on the polymorph of calcium 

carbonate. Omega values less than or equal to one indicate that the dissolution of 

calcium carbonate is thermodynamically favoured. Accordingly, acidification events 

can reduce the saturation state of calcium carbonate until seawater becomes 

corrosive to calcifying marine organisms, as occurred during the PETM and end-

Permian mass extinction. 

As the input of terrestrial carbonate ions to oceanic waters occurs at a relatively slow 

rate (0.1-0.2 Pg/yr – Honisch et al., 2012), the effects of acidification events can be 

long-lasting. During the PETM, it is estimated that a pulse of 3000 petagrams (Pg) of 

carbon (C) entered the atmosphere over a period of 6000 years (0.5 Pg C/yr), and that 

seawater chemistry did not return to normal levels for millennia (Zeebe & Zachos, 
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2013). The present-day acidification event, caused by fossil fuel combustion, cement 

production, and changes in land use, is occurring at an unprecedented rate and has 

the potential to add 5000 Pg C into the Earth’s atmosphere over 500 years 

(approximately 10 PgC/yr between 1750 and 2250 – Honisch et al., 2012). To date, the 

carbon dioxide produced by human activity since 1850 has reduced average surface 

oceanic pH from approximately 8.2 to 8.1, while current CO2 emission projections 

predict that oceanic pH will reach 8.06 - 7.77 by 2100, and approximately 7.41 by 2300 

(IPCC, 2014).  

Currently, surface oceanic pH is lower, and atmospheric CO2 higher, than in the last 

two million years (Honisch et al., 2012) and 800,000 years (Lüthi et al., 2008) 

respectively (Figure 1).If CO2 emissions reach 5000 Pg C by the year 2250, ocean 

chemistry may not return to a pre-Industrial state for tens of thousands of years 

(Montenegro et al., 2007; Archer & Brovkin, 2008). 

The effect of anthropogenic CO2 on the saturation state of calcium carbonate in 

seawater, and the corresponding threat to marine organisms, was acknowledged in 

the late 20th century (Broecker et al., 1971; Fairhall, 1973; Brewer, 1997). However, it 

was not until the early 2000s that oceanographic simulation models, forced with 

increased atmospheric CO2, showed that seawater pH was sensitive to the current 

rate of CO2 emissions, and that continued emissions would result in reductions in 

seawater pH of up to 0.77 units by the year 2300 (Caldeira & Wickett, 2003, 2005). 

Subsequent oceanographic models have also quantified the effect of continued CO2 

emissions on the saturation state of oceanic waters with respect to calcium carbonate. 

McNeil and Matear (2006) and Orr et al (2005) predicted that by 2030, or 2050 at the 

latest, calcium carbonate saturation in the Southern Ocean surface waters would 

reach corrosive levels. Orr et al (2005) also predicted that, by 2100, this area of 

undersaturation could extend throughout the Southern Ocean and into the subarctic 

Pacific. Since the results of these models were published, the current acidification 

event has been widely recognised as a major threat to all marine life (Doney et al., 

2009), and the future effects of continued carbon dioxide emissions, and the 
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corresponding changes to seawater chemistry, have been recognised by the scientific 

community (IPCC, 2007; 2014). 

 

 

Figure 1. Changes in ocean pH and atmospheric CO2 over the last 400 000 years and those projected 
for the next century, modified from Riebesell et al (2010). Current atmospheric CO2 is approximately 
400ppm, and the average surface oceanic pH is 8.1. 

 

As a consequence of the predicted changes to seawater chemistry, OA researchers 

began documenting the variability in current oceanic pH on a global and regional scale 

(Feely et al., 2010). Coastal and open ocean seawater pH is affected by temperature 

and salinity gradients (Hunter, 1998), while coastal seawater is also affected by more 

acute acidifying processes, both anthropogenic and natural in origin. Seawater pH can 

be altered by photosynthesis and respiration, which increase or decrease the 

concentration of carbon dioxide respectively. Anthropogenic factors such as nutrient-

enriched waste or runoff from industrialised areas can also acidify coastal seawater, 

often to a greater degree than atmospheric CO2 (Borges & Gypens, 2010; 

Aufdenkampe et al., 2011; Sunda & Cai, 2012). Regional and global pH data are now 
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paired with biological observations in long-term ecological research programmes 

designed to establish baseline values with which to compare future changes to marine 

ecosystems caused by further acidification  (Hofmann et al., 2013).  

1.3 Ocean acidification research 

In response to the predictive models described above, marine researchers began to 

document the effects of exposure to acidified seawater on marine organisms (e.g. 

plankton - Riebesell et al., 2000; gastropods - Bibby et al., 2007; copepods - Miles et 

al., 2007; echinoderms - Kurihara & Ishimatsu, 2008). Initial attempts to simulate OA 

conditions in the laboratory were crude, e.g. adding hydrochloric acid to seawater 

(Riebesell et al., 2000), and did not accurately replicate the complex changes to 

seawater chemistry caused by the increased dissolution of gaseous CO2 (see Equations 

1-4). Early attempts to measure seawater pH were also subject to many confounding 

factors (Easley & Byrne, 2012), preventing useful comparisons from being made 

between studies. Initial experiments were typically short in duration (hours to days) 

and exposed marine organisms to extreme pH treatments (e.g. 6.63 pH - Bibby et al., 

2007). Although extreme abiotic stress can be useful in identifying the underlying 

physiological mechanisms of tolerance (Pörtner, 2008), realistic treatment choices 

were needed to answer ecological questions regarding the future conditions of marine 

systems (Barry et al., 2010).  

In 2010, the Guide to best practices for ocean acidification research and data reporting 

was published in an attempt to improve the methodology used to acidify seawater, 

and to suggest standardised pH treatments for OA simulation experiments (Riebesell 

et al., 2010). In addition, the guide described in detail CO2 chemistry and associated 

analytical techniques (Dickson, 2010), suggested mesocosm and community level 

experiments (Langdon et al., 2010; Widdicombe et al., 2010), summarised 

physiological processes affected by OA (Pörtner et al., 2010a), and suggested 

broadening the focus of research to all life stages of marine organisms (Pörtner et al., 

2010b). Since the publication of the guide, several articles have described improved 

OA simulation systems (McGraw et al., 2010; Bockmon et al., 2013; Wilcox-Freeburg 
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et al., 2013), and there has been a development towards longer-term studies that 

combined abiotic factors, such as temperature, oxygen, and salinity, with reduced pH. 

In parallel with the development of multi-stressor experiments, there has also been an 

increased focus on the ecological interactions of marine organisms in acidified 

conditions (Kroeker et al., 2014). 

1.4 The effects of ocean acidification on marine organisms 

Jean-Pierre Gattuso, one of the most prominent researchers in the field of OA 

(Gattuso et al., 1998, 1999), described the information generated by OA experiments 

between 2004 and 2012 as a ‘data fire hose’ (Personal communication J. P. Gattuso). 

Accordingly, the effects of OA on many taxonomically-diverse marine species have 

been recorded (see meta-analysis in Kroeker et al., 2013), and will be discussed here 

on the scales of the cell, the individual, and the community.  

1.4.1 Cellular effects of ocean acidification  

Increased hydrogen ion concentration in seawater has the potential to alter many 

cellular processes in marine organisms (Hofmann & Todgham, 2010) (Figure 2). 

Reipschlager and Pörtner (1996) demonstrated that exposure to acidified seawater 

can cause reduced extra- and intra-cellular pH in marine organisms after their 

ionoregulatory abilities are overwhelmed. Reduced intra- and extra-cellular pH can 

impair the efficiency of transport proteins, reduce enzyme function, and interfere with 

muscle contractility (Madshus, 1988). Increases in the extracellular concentration of 

hydrogen ions can also facilitate the transport of nitrogen across cellular membranes, 

potentially reducing the availability of oxygen for cellular processes (Alexandre et al., 

2012). Changes to the availability of oxygen may also be caused by the reduced 

oxygen-binding capacity of respiratory pigments, such as hemocyanin and 

hemoglobin, in a low pH environment, i.e. the Bohr effect (Gutowska et al., 2010). 

Several studies have documented changes in the respiratory ability of marine 

organisms with a high Bohr coefficient (e.g. Rosa & Seibel, 2008). More complex 

physiological processes, such as neurotransmitter function and auditory and 

chemosensory abilities, are also impaired by exposure to acidified seawater, although 
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the mechanism or mechanisms underlying these effects are unknown (Munday et al., 

2009; Chung et al., 2014). 

Reduced carbonate ion concentration, caused by the acidification of seawater, can 

have a direct negative effect on the biogenic formation of CaCO3 by marine organisms 

(Hofmann et al., 2010). As we will see in Chapter 5, intracellular zones of carbonate 

ion saturation are required to prevent the dissolution of CaCO3 at the site of 

biomineralisation, and seawater undersaturated with carbonate ions promotes the 

dissolution of external CaCO3 structures (Roleda et al., 2012). Accordingly, reduced 

carbonate ion concentration in seawater may increase the metabolic energy required 

to import this charged species into intracellular calcification zones (Pörtner, 2008).  

 

 

Figure 2. The cellular effects of elevated carbon dioxide. Chemical species in red are increasing in 
concentration and those in blue are decreasing. TP indicates transport proteins. Modified from 
Pörtner et al (2005). 
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1.4.2 The effects of ocean acidification on the individual 

It is evident from the previous section that the effects of OA on marine organisms 

could be wide-ranging. Impaired cellular function and reduced oxygen availability can 

result in reduced soft tissue growth, modified behaviour, reduced fecundity, and 

increased mortality (see review in Pörtner, 2008). Reduced concentrations of 

carbonate ions in seawater can cause lower shell growth rates and increase the 

metabolic costs of biomineralisation (see review in Parker et al., 2013). In addition, 

seawater undersaturated with carbonate ions can dissolve external CaCO3 structures 

(Orr et al., 2005), increasing the vulnerability of calcifying organisms to mechanical 

damage and/or predation (Ferrari et al., 2011; Coleman et al., 2014). Calcifying marine 

species have also been observed to alter predator avoidance behaviour after exposure 

to acidified seawater (Manríquez et al., 2014). 

1.4.3 The effects of ocean acidification on community structure  

In the majority of OA experiments, the effects of exposure to acidified seawater on 

marine organisms are negative (see reviews in Doney et al., 2009; Kroeker et al., 

2013), although the degree of sensitivity exhibited by marine species is highly variable 

even between sympatric or phylogenetically-related species (e.g. Chapter 4: Lardies et 

al., 2014; Zhang et al., 2014). Functionally similar groups of organisms may be affected 

by OA to different degrees, potentially altering competitive interactions within 

ecological guilds (Connell et al., 2013). Predator-prey and host-parasite relationships 

could also be disrupted if one member of the association exhibits a lower relative 

tolerance to stressors associated with OA (Kroeker et al., 2014). In addition, keystone 

species may prove vulnerable to acidified seawater (e.g. Held & Harley, 2009), 

potentially reducing their ecological effect. 

Despite the geologically unprecedented rate of the current acidification event, some 

species may be able to adapt to their changing abiotic environment, either 

phenotypically or evolutionarily. However, adaptive ability, like physiological 

tolerance, is likely to vary between phylogenetic groups (Reusch, 2014), further 

altering biological interactions between marine species.  
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1.5 Marine parasites 

Parasites are an important but often overlooked component of marine ecosystems 

and have been largely ignored in the field of OA research. Parasites are found in all 

marine ecosystems and can alter a wide range of physiological processes and 

behavioural traits in host species: survival, fecundity, growth, habitat choice, and 

predator evasion (Mouritsen & Poulin, 2002). Given the vast number of parasite 

species in the marine environment, the following discussion of parasitic infection will 

be limited to trematode parasites and their effects on first and second intermediate 

hosts at the individual and ecosystem level. 

1.5.1 The effects of parasitic infection on the individual 

Trematode parasites (phylum Platyhelminthes) are found in most marine 

environments and use between two and four host species to complete their life cycle 

(Figure 3) (Galaktionov & Dobrovolskij, 2003). A typical trematode life cycle involves a 

definitive host, most often a seabird or large fish, where sexual reproduction occurs; a 

first intermediate host, almost universally a gastropod, where asexual reproduction 

occurs; and a second intermediate host in which resting cysts (metacercariae) are 

formed and await ingestion by the definitive host to complete the parasite’s life cycle. 

Trematode transmission between first and second intermediate hosts is achieved by 

free-living transmission stages (cercariae) which emerge from the gastropod and 

either actively or passively infect the second intermediate host. Four stages of the 

trematode life-cycle are directly exposed to environmental conditions: eggs, miracidia, 

cercariae and externally formed metacercariae. These life stages are lecithotrophic, 

i.e. they do not feed once they have emerged from the definitive or first intermediate 

host (Pietrock & Marcogliese, 2003), and any increase in metabolic demands caused 

by exposure to an acidified environment may reduce the energy available for locating 

and infecting the next host in their life-cycle. This thesis focusses on the cercarial and 

external metacercarial transmission stages of marine trematode parasites.  

The trematode life stages that develop within gastropod hosts are known as rediae 

and sporocysts, and asexually produce clonal cercariae. Sporocysts and rediae absorb 
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nutrients from host body tissues and fluids and multiply within the reproductive 

organs of infected snails, causing partial or complete sterilisation (Lafferty & Kuris, 

2009). Trematode infection can also alter growth rates (Mouritsen & Jensen, 1994; 

Probst & Kube, 1999), increase mortality (Fried & Graczyk, 1997), and modify the 

behaviour of infected snails (Sindermann, 1960). Trematode species that form internal 

cysts in the second intermediate host can interfere with muscle function (Thomas et 

al., 1998), reduce the tolerance of infected individuals to abiotic stressors (Jensen & 

Mouritsen, 1992), and modify host behaviour to maximise the probability of the host 

being consumed by the definitive host (Poulin & Thomas, 1999). 

 

Figure 3. A typical trematode life cycle. 

1.5.2 The effects of parasitic infection on community structure  

Clearly, parasite-induced increases in mortality or reductions in fecundity will affect 

host populations in the marine environment, reducing the abundance of host 

organisms relative to non-host organisms (Mouritsen & Poulin, 2002). Host-parasite 

associations also increase the complexity of food web structure by creating links 

between host and parasite species and between different host species in the parasitic 

life cycle; increased food web complexity has been correlated with ecosystem stability 

(Rooney & McCann, 2012). Cercariae produced within gastropod hosts contribute to 
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the biomass of zooplankton in marine ecosystems, and represent a significant food 

source for non-host organisms (Thieltges et al., 2013). Parasites can also modify the 

impact of invasive species on a marine ecosystem, particularly if the invading species 

is a naïve host (Combes, 1996). 

The indirect effects of parasitic infection can also significantly alter ecosystem 

structure and function by increasing host mortality or altering the spatial distribution 

of host organisms. Some species of marine gastropods infected with trematode 

parasites exhibit reduced tolerance to abiotic stressors (e.g. Bates et al., 2011 - 

temperature), and altered feeding behaviour (Wood et al., 2007) and habitat choice 

(Sindermann, 1960). The infection of second intermediate hosts can also have indirect 

ecological effects. For example, the formation of metacercarial cysts in the foot 

muscle of the New Zealand cockle Austrovenus stutchburyi interferes with muscle 

contractility, reducing the ability of the cockle to burrow into the sandy sediment of its 

habitat. This behavioural modification not only increases the probability that the 

cockle will be consumed by the parasite’s definitive host, but also increases 

biodiversity by providing a substrate for many invertebrate marine species (Thomas et 

al., 1998; Mouritsen & Poulin, 2005). 

Cumulatively, the direct and indirect effects of parasitic infection can alter inter-

specific relationships such as competition and predation by reducing the abundance or 

performance of the infected species. Trematode infection can also lead to intra-

specific competition between infected and uninfected conspecifics, as infected 

individuals are sterilised and any resources they consume do not benefit the overall 

fitness of the species (Lafferty & Kuris, 2009).  

1.6 The effects of abiotic stressors on parasites and parasitic infection 

Many parasite species have been exposed to various simulated anthropogenic 

stressors to predict the indirect effects of these stressors on host populations: 

temperature (Jensen & Mouritsen, 1992), salinity (Koprivnikar & Poulin, 2009), ultra-

violet radiation (Studer et al., 2012a), and trace metals (Morley et al., 2002). Studies 

have shown that anthropogenic stressors can alter many aspects of host-parasite 
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interactions, such as parasite reproduction (Poulin, 2006), host immune function 

(Morley et al., 2006), parasite transmission success (Morley et al., 2005), and host 

population density (Mouritsen et al., 2005) Many studies have focussed on cercarial 

transmission between first and second intermediate host, as this life stage is 

vulnerable to abiotic stressors (Pietrock & Marcogliese, 2003). Cercariae have a finite 

energy reserve and must actively seek the second intermediate host in a complex 

environment in order to complete the parasite’s life cycle. Typically, exposure to 

abiotic stressors reduces the longevity of cercariae (Morley, 2011), although cercariae 

are produced in such large numbers that transmission success is not always negatively 

affected (Studer et al., 2012b). 

One study to date has tested the response of parasite species to acidified seawater 

(Koprivnikar et al., 2010), while few have discussed the importance of incorporating 

the study of parasitism into the field of ocean acidification (MacLeod & Poulin, 2012; 

Kroeker et al., 2014). Accordingly, the experiments described in this thesis are the first 

rigorous test of the effects of OA on a parasitic species or on host-parasite 

association(s). 

1.7 Model system 

In this thesis, the New Zealand mud snail Zeacumantus subcarinatus, Sowerby 1855 

(Family Batillaridae) was used as a model first intermediate host for trematode 

infection. In cercarial survival trials, I also used cercariae taken from the littorinid, 

Austrolittorina cincta, Quoy and Gaimard 1833 (Family Littorinidae). Both species of 

snail are widely distributed along the New Zealand coast and all snails used in the 

described experiments were collected at Lower Portobello Bay, Dunedin. Lower 

Portobello Bay is an area of high biodiversity of host and parasite species, and both A. 

cincta and Z. subcarinatus are found there in very high densities (see Chapter 2 for a 

detailed description of the collection site). 

Zeacumantus subcarinatus is an herbivorous grazer that can be found in densities of 

up to 18,000 per square metre (Jones & Marsden, 2005) and lives throughout the 

intertidal zone on sand, mud, and rock substrates. Snails of this species do not have a 
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planktonic larval stage, but produce crawl-away larvae. This feature of Z. subcarinatus’ 

life history means that the population at Lower Portobello Bay is more-or-less 

reproductively isolated (Fredensborg & Poulin, 2006). Austrolittorina cincta is also an 

herbivorous grazer, but lives predominantly on rocky substrate in the high intertidal 

zone and produces a planktonic larval stage (Vander Veur, 2011). Both species of snail 

become infected by trematode parasites by ingesting parasite eggs or through active 

infection by free-swimming miracidia hatched from eggs. Once infected, miracidia or 

eggs develop into sporocysts which can either form rediae or daughter sporocysts, 

depending on the species of infecting parasite (Galaktionov & Dobrovolskij, 2003). 

Sporocysts and rediae asexually produce clonal cercariae, and, as they grow, replace 

reproductive tissue in the host snails, eventually causing complete sterilisation.  

Zeacumantus subcarinatus can be infected by up to eight species of trematode 

parasite (Leung et al., 2009), although typically one snail is infected with a single 

parasite individual. In this thesis, four trematode species that infect Z. subcarinatus 

were studied: Maritrema novaezealandensis (Martorelli et al., 2004), Galactosomum 

sp., Philophthalmus sp. (Martorelli et al., 2008), and Acanthoparyphium sp. (Martorelli 

et al., 2006). Austrolittorina cincta can be infected by three species of trematode 

parasite (O’Dwyer et al., 2014), although only the species Parorchis sp. was studied in 

this thesis. Chapter 4 includes complete descriptions of the morphology and life 

histories of all parasite species.  

1.8 Objectives 

The goal of this thesis was to investigate the potential effects of ocean acidification on 

host-parasite associations, and provide evidence that the study of parasites must be 

fully incorporated into the field of OA research. First, an observational field study was 

carried out to document the abiotic conditions that host and parasite species 

experience in their habitat, and to determine appropriate pH treatments for the lab-

based simulation of OA conditions. At the same time, a custom-designed OA 

simulation system was built to reliably expose host and parasite species to the 

stressors associated with OA. I then assessed the potential effects of OA on parasite 

transmission success by exposing cercariae and metacercariae to acidified seawater, 
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as any reduction in the longevity or viability of these life stages may significantly alter 

the abundance and impact of trematode species in the marine environment. Finally, 

infected and uninfected snails were exposed to acidified seawater to assess the 

combined physiological effects of stressors associated with OA and those caused by 

parasitic infection. If the interaction of these two stressors is synergistic, OA may 

radically alter the structure of marine ecosystems. In addition, the species-specific 

effects of the infecting parasite were investigated by including in all physiological trials 

Z. subcarinatus individuals infected with three species of trematode parasite. Data 

generated by this thesis were also used to make qualified yet comprehensive 

predictions on the future effects of OA on intertidal organisms and communities. 

This thesis has the following specific objectives: 

1. Characterise the seawater carbonate chemistry in the habitat of the model 

organisms, identify primary drivers of seawater pH, and document seasonal 

variability in all measured parameters (Chapter 2). 

2. Design an OA simulation system that reliably mimics the effects of elevated 

CO2 on seawater carbonate chemistry and is suitable for long-term 

experimental studies of the effect of acidification on biological processes 

involving small-bodied (10-20 mm) calcifying or non-calcifying organisms 

(Chapter 3). 

3. Assess the effects of exposure to acidified seawater on the survival and active 

period of free-living transmission stages (cercariae and metacercariae) of 

marine trematode parasites (Chapter 4). 

4. Investigate the effects of exposure to acidified seawater on the calcifying 

ability of infected and uninfected snails, and identify species-specific effects of 

the infecting parasite (Chapter 5). 

5. Investigate the effects of exposure to acidified seawater on the metabolic 

status of infected and uninfected snails, and identify species-specific effects of 

the infecting parasite (Chapter 6). 
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1.9 Structure of the thesis 

Chapters 2 through 6 were initially written in manuscript format for submission to 

scientific journals and were subsequently modified for inclusion in this thesis. 

Consequently, there may be minor elements of repetition between chapters. I was 

solely responsible for all research, and sample and data analysis. The manuscript co-

authors listed below provided constructive comments on earlier drafts of the text (R. 

Poulin - all chapters; K.I. Currie - Chapters 2 and 3; H.L. Doyle - Chapter 3) and 

technical support (K.I. Currie - Chapter 2; H.L. Doyle - Chapter 3). 
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2.1 Abstract 

Marine carbonate chemistry describes the relative concentrations of all forms of 

inorganic carbon in seawater, and the interaction of these carbon species with 

seawater to increase or decrease hydrogen ion concentration and with calcium ions to 

precipitate or dissolve calcium carbonate (CaCO3). Carbonate chemistry is central to 

our understanding of how increased CO2 will affect the pH of marine ecosystems, the 

phenomenon now known as ocean acidification (OA), and there is an urgent need to 

record changes to carbonate chemistry in all types of marine ecosystems if we are to 

accurately predict the future consequences of continued CO2 emissions. This chapter 

documents seasonal changes to carbonate parameters in isolated tide pool seawater 

and incoming tidal seawater in Lower Portobello Bay, South Island, New Zealand. 

Seawater chemistry was found to differ significantly in the two water bodies, although 

both exhibited a high degree of temporal variability. Photosynthesis was identified as 

the dominant driver of seawater pH in tide pool and tidal seawater, through the 

consumption of CO2 and subsequent increase in pH. Both bodies of water exhibited 

undersaturation of CO2 with respect to the atmosphere, indicating that photosynthesis 

likely causes this system to act as a CO2 sink at certain times of the year. This study 

also shows that carbonate chemistry can be accurately characterised using 

potentiometrically-measured pH in combination with total alkalinity data, and 

suggests improvements for the design of experiments that expose intertidal organisms 

to simulated OA conditions. 
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2.2 Introduction 

Since the Industrial Revolution (ca. 1760, Ashton, 1968), the addition of carbon 

dioxide (CO2) to the atmosphere, through fossil fuel combustion, cement production, 

and changes in land use, has altered the chemical composition of seawater at a higher 

rate and to a greater degree than in the previous 2 million years (Honisch et al., 2012). 

One of the fundamental effects of increased atmospheric CO2 is the alteration of 

seawater carbonate chemistry, i.e. an increase in the total concentration of CO2 and 

changes to the relative concentrations of the four inorganic forms of CO2: aqueous 

carbon dioxide (CO2(aq)), carbonic acid (H2CO3), bicarbonate ions (HCO3
-) and carbonate  

ions (CO3
2-).  

The four main analytical parameters used to describe the carbonate chemistry of 

seawater are total alkalinity (AT), dissolved inorganic carbon (DIC), pH, and the partial 

pressure of CO2 (pCO2). 

These parameters are defined as: 

Total alkalinity (μmol kg-1): 

AT = [HCO3 –] + 2[CO3 
2–] + [B(OH)4 –] + [OH–] + [HPO4 2–] + 2[PO4 3–] + [SiO(OH)3 –] +  

[NH3] + [HS–] – [H+] – [HSO4 –] – [HF] – [H3PO4]...    (1) 

Dissolved inorganic carbon concentration (μmol kg-1): 

DIC = [CO2] + [H2CO3] + [HCO3 –] + [CO3 2–]     (2) 

pH: 

pH = -log[H+]         (3) 

Partial pressure of seawater CO2 (pCO2-μatm):  

p(CO2) = x(CO2)P        (4) 

where x(CO2) represents the mole fraction of CO2 in the gas phase in equilibrium with 

seawater, and P represents the total pressure. For detailed definitions of these 

analytical parameters, please see Dickson et al. (2007). 
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An increase in atmospheric CO2 affects the analytical parameters of carbonate 

chemistry through the following set of chemical reactions (Hunter, 1998): 

CO2(g) ⇌ CO2(aq)        (5) 

CO2(aq) + H2O(l) ⇌ H2CO3(aq)         (6) 

H2CO3(aq) ⇌ HCO3
-
(aq) + H+

(aq)
       (7) 

HCO3
-
(aq) ⇌ CO3

2-
(aq) + H+

(aq)
         (8) 

These reactions occur simultaneously and result in an overall increase in the 

concentration of CO2(aq), carbonic acid, and hydrogen and bicarbonate ions, and a 

decrease in the concentration of  carbonate ions (Feely et al., 2004). Consequently, 

with reference to equations 1-4, human activity has decreased pH and increased DIC 

and pCO2. Total alkalinity is numerically unchanged by increased CO2, due to the 

counteracting effects of increased bicarbonate ion and decreased carbonate ion 

concentrations (see Equation 1). These changes to the composition of seawater have 

become simply known as ocean acidification (OA - Broecker & Clark, 2001), in 

reference to reduced oceanic pH caused by increased hydrogen ion concentration 

(Equations 3, 7, and 8). The carbon dioxide produced by human activity since 1850 has 

reduced average surface oceanic pH from approximately 8.2 to 8.1, while current CO2 

emission projections predict that oceanic pH will reach 8.06 - 7.77 by 2100, and 

approximately 7.41 by 2300 (IPCC, 2014). 

Ocean acidification has the potential to significantly alter the fitness of many marine 

invertebrate species that inhabit surface oceanic waters, as carbonate speciation and 

concentration affects many fundamental physiological processes: calcification (Weiner 

& Dove, 2003), intra- and extra-cellular acid/base homeostasis  (Pörtner, 2008), and 

enzyme activity (Wootton et al., 2008). Research conducted in the last 15 years has 

found that future changes to carbonate chemistry caused by continued CO2 emissions 

will have varied yet negative effects on many marine species (see meta-analysis in 

Kroeker et al., 2013).  

The effect of OA on calcification has the potential to become one of the most 

deleterious consequences of increased atmospheric CO2 in the marine environment 
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(Fabry, 2008). Calcification is carried out by many marine organisms, involves the 

biosynthesis of calcium carbonate (CaCO3) structures in extra-, intra-cellular sites 

(Weiner & Dove, 2003), and is described by the equations: 

Ca2+ + HCO3
- ⇌ CaCO3        (9) 

CaCO3 ⇌ Ca2+ + CO3
2-        (10) 

where Equation 9 is the biosynthesis of calcium carbonate and Equation 10 is the 

dissolution of calcium carbonate. Accordingly, the increase in atmospheric CO2 

increases the dissolution of carbonate structures (Gattuso & Buddemeier, 2000; Ries, 

2011)(Gattuso & Buddemeier, 2000)(Gattuso & Buddemeier, 2000). The dissolution 

kinetics of CaCO3 structures is further described by the expression: 

Ω = [Ca2+][CO3
2-]/k        (11) 

where omega (Ω) represents the saturation state of CaCO3 and k is a dissolution 

constant specific to the polymorph of CaCO3 formed by the calcifying organism. If Ω is 

less than one, the dissolution of CaCO3 structures is thermodynamically favored 

(Gattuso & Buddemeier, 2000). Omega values for aragonite (Ωa) and calcite (Ωc), two 

common polymorphs of CaCO3, are commonly quoted in the OA literature(Gutowska 

et al., 2008; Barros et al., 2013; Hettinger et al., 2013), and have an inverse 

relationship with CO2, i.e. elevated CO2 causes reduced Ω values. Oceanographic 

model simulations based on CO2 emission scenarios for the next century predict that 

surface waters of the Southern Ocean will likely be undersaturated (Ω<1) with regard 

to aragonite by approximately 2050 (Orr et al., 2005; McNeil & Matear, 2008). 

To date, the majority of research on the future effects of OA on marine organisms has 

focused on global averages, i.e. experimental treatment levels have been chosen 

based on future atmospheric pCO2 or seawater pH values (Caldeira & Wickett, 2005; 

Orr et al., 2005; McNeil & Matear, 2008). These predictions are more representative 

of open ocean systems, and do not accurately incorporate factors such as temperature 

and fresh water influx, which occur on a regional scale. Consequently, much of the OA 

experimental research conducted on coastal organisms has used treatment levels 

which are not representative of the organisms’ habitat. Data sets compiled in the last 
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10 years have shown a great degree of regional variation in seawater pH which can 

exceed global average predictions made with oceanographic simulation models (see 

review in Hofmann et al., 2011). These data suggest that to optimise OA simulation 

systems, treatments should be chosen based on in situ observations of carbonate 

chemistry parameters recorded at sites where experimental organisms are found 

(Hofmann et al., 2013; McElhany & Busch, 2013). In addition, long term data sets of 

coupled physical and biological parameters are required to create baseline records 

against which future changes to seawater chemistry caused by OA and other 

anthropogenic stressors can be compared (McGrath et al., 2012; Hofmann et al., 

2013).  

Despite sustained scientific support for the creation of a comprehensive carbonate 

chemistry monitoring programme for ocean water (Wootton et al., 2008; Feely et al., 

2010; Provoost et al., 2010; Murata & Saito, 2012; Reum et al., 2014), the effect of OA 

on many marine systems, particularly coastal and estuarine environments, is poorly 

documented (Feely et al., 2008; Kim et al., 2013). The lack of data may be due to the 

technical difficulties inherent in accurately characterising the carbonate chemistry of 

seawater, either in the lab or in the field. pH, one of the key parameters in most 

studies attempting to characterise seawater carbonate chemistry, is notoriously 

difficult to measure potentiometrically in the field due to variable salinity in coastal 

seawater, large ranges of pH values found in coastal systems, and the common 

practise of calibrating pH electrodes with freshwater buffers (Easley & Byrne, 2012; 

Chapter 3; Duarte et al., 2013). In addition, DIC and AT measurements can vary 

between labs due to small differences in apparatus and protocols. In the last 10 years, 

reliable salt water buffers have become readily available (Dickson et al., 2007), 

certified reference materials (CRMs) are now commonly used to standardise the 

results of DIC and AT analysis (Ishii et al., 2011; Kim et al., 2013; Mathis & Questel, 

2013; Reum et al., 2014), and software has been developed which can be used to fully 

characterise seawater carbonate chemistry given temperature, salinity, two of the 

four analytical parameters defined in equations 1-4, and the appropriate 

thermodynamic equilibrium constants (see review in Orr et al., 2014). 
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Partly as a result of these recent developments, there has been an increase in the 

number of published articles describing changes to seawater chemistry in coastal 

ecosystems (Wootton & Pfister, 2012; Zhai et al., 2012; Kim et al., 2013). These studies 

have shown that coastal systems are subject to a greater variability in carbonate 

parameters than initially recorded in open ocean monitoring programmes (Feely et al., 

2010), often exceeding the range of carbonate values predicted to occur in the next 50 

to 100 years. Consequently, it is appropriate that carbonate chemistry in coastal 

systems is fully documented to provide insight into how continued CO2 emissions will 

affect this important marine habitat. 

The carbonate chemistry of seawater in coastal ecosystems can be modified by many 

biotic and abiotic factors, including increased atmospheric CO2. Biological processes 

such as photosynthesis (Saderne et al., 2013), respiration (Feely et al., 2009), and 

sediment anoxia and decay (Feely et al 2010a) can alter the concentration of CO2 

dissolved in seawater on relatively small time scales, e.g. sea grass photosynthesis and 

respiration can cause diel variation of up to one pH unit (Dai et al., 2008). Naturally 

occurring physical factors such as upwelling and riverine freshwater input can cause 

increases in pCO2 above 400μatm, the current average atmospheric load of CO2, and 

reduce pH to 7.44 in some coastal areas (Booth et al., 2012; Evans et al., 2012). 

Human activities have the most acute effect on the carbonate chemistry of coastal 

waters: eutrophication resulting from nutrient-enriched freshwater runoff can reduce 

pH by between 0.25 and 1.1 units (Borges & Gypens, 2010; Sunda & Cai, 2012); runoff 

from industrialised areas has caused Ωa levels to fall below one (Aufdenkampe et al., 

2011); and the atmospheric deposition of sulfur dioxide and nitrogen oxides leads to 

short term acidification and reduced alkalinity (Doney et al., 2007). Due to these 

factors, coastal systems are acidifying at 0.0014-0.002pH units/yr (Ishii et al., 2011; 

McGrath et al., 2012), in comparison to the global reduction of approximately 0.0018 

pH units/yr (Feely et al., 2009). In addition, some studies have found that the 

acidification caused by atmospheric CO2 is less pronounced than acidification caused 

by other natural and anthropogenic factors (Feely et al., 2008). 

The goals of this observational study were to record the extent of variability of 

carbonate chemistry in tide pool seawater and incoming tidal seawater in a coastal 
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ecosystem, identify potential drivers of pH, identify the system as a CO2 source or sink, 

and evaluate my ability to accurately describe the carbonate chemistry of seawater 

using the potentiometric measurement of pH, i.e. by using ion-selective electrodes, in 

combination with AT data. Furthermore, the results of this study are discussed in the 

context of providing realistic parameters for OA simulation studies, evaluating the 

effects that future changes to carbonate chemistry will have on intertidal species, and 

providing baseline information for future studies of Lower Portobello Bay (LPB) and 

other similar coastal systems in New Zealand. 

2.3  Methods 

2.3.1 Study site 

This chapter documents changes in seawater carbonate chemistry over a 52 week 

period in Lower Portobello Bay (45°49’50”S, 170°40’17”E), Otago Harbour, South 

Island, New Zealand (see Figure 4). Otago Harbour (23km long, avg. depth 4.5m) is 

created by the Otago Peninsula, which extends for 20km, parallel to the east coast of 

the southern island of New Zealand. The Harbour is connected to the southern Pacific 

Ocean by a narrow channel at the northern end, and serves as the commercial 

shipping access to Dunedin (population 125 000) and Port Chalmers (population 

3000). Otago Harbour is divided by a narrow strait into two zones with very different 

physical and ecological features (Figure 4): the inner zone is relatively shallow with 

muddy sediment, while the outer zone is deeper with coarser sediment and a greater 

abundance of eel grass beds (Smith et al., 2010). Seawater in the outer zone, where 

LPB is located, has similar characteristics to open coastal water (Rainer, 1981), with 

typical salinities of 33.95-34.71 and a temperature range of between 5°C and 17°C 

(Grove & Probert, 1999). 
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Figure 4. Map of Otago Harbour, including Lower Portobello Bay, and its location on the New Zealand 
coast (inset).  

Lower Portobello Bay is situated on the northeast side of the harbour (Figure 4) and is 

separated from farmland by a two lane, asphalt road built on a raised seawall that 

runs the length of the peninsula. Surrounding farmland is predominantly used for 

sheep grazing, although some sections have been developed for residential properties. 

There are two small freshwater inlets into LPB (see Figure 5) which vary in water 

volume and velocity depending on the level of precipitation. Lower Portobello Bay 

contains sand, rock, and mud flat habitat, is patchily covered by eel grass (Zostera 

muelleri) and sea lettuce (Ulva spp.), and is an important feeding ground for 

shorebirds (Fredensborg et al., 2006). Tidal pools in the mud flat area are isolated 

from bulk water for approximately 6 hours per tidal cycle, and the bay experiences a 

tidal range of -0.1 to +2.4 metres.  

Lower Portobello Bay is also a site of naturally high parasite prevalence; up to 80% of 

mud snails found at LPB are infected by trematode parasites (Latham & Poulin, 2002; 

Martorelli et al., 2006, 2008), and the bay is the site of many parasitological studies 

conducted by the Evolutionary and Ecological Parasitology Research Group, University 
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of Otago. These factors make LPB an ideal site to establish baseline carbonate data 

which could be integrated into the existing database regarding abundance of local 

marine species. 

 

Figure 5. Map of Lower Portobello Bay. Black dots indicate the tide pool transect, white dots indicate 
the incoming tidal water transect, and arrows show freshwater input sites. 

 

2.3.2 Sample collection and analysis 

Lower Portobello Bay was visited one hour before low tide on 52 occasions between 

August 2012 and July 2013. During each visit, data were recorded along fixed transects 

in two locations: the mouth of the bay (8 sample points) and mud flat tide pools within 

eel grass beds (10 sample points) (see Figure 5). I assumed that incoming tidal 

seawater at the mouth of the bay was least affected by processes such as 

photosynthesis and freshwater runoff. Conversely, seawater in mud flat tide pools had 

been isolated for the maximum time allowed by the tidal cycle and was assumed to be 

most affected by processes such as photosynthesis and runoff. Consequently, I was 

able to characterise two extremes of carbonate chemistry, i.e. most and least affected 

by physical and biological processes occurring in LPB. At each of the 18 locations, 

water temperature (°C), salinity (PSU), dissolved oxygen (mg/l), oxygen saturation (%), 

and pHT were recorded. Temperature and salinity data are necessary to calculate all 

carbonate parameters, and can also influence pH (Hunter, 1998). Oxygen 
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measurements were gathered as an indicator of photosynthetic and respiratory 

activity. pHT was measured using a DenverA150 hand-held pH meter (two-point 

calibration, ± 0.002 pH units), calibrated with saltwater buffers (prepared according to 

Dickson et al., 2007), while all other variables were measured using a YSI Pro 

multimeter. At the final sampling point on the incoming tidal water transect, seawater 

was collected in a one litre borosilicate Schott bottle and fixed with mercuric chloride. 

Seawater samples were later analyzed for DIC and AT concentrations using 

coulometric and closed-cell potentiometric techniques respectively (according to 

protocols outlined in Dickson et al., 2007). Dissolved inorganic carbon and AT 

measurements were compared against certified reference materials (CRM) to ensure 

consistency between sample batches. 

2.3.3 Characterisation of seawater carbonate chemistry at Lower Portobello Bay 

Data collected over the 52 week period were used to fully characterise the carbonate 

chemistry of incoming tidal seawater and tide pool seawater (DIC, AT, pCO2, pHT, Ωa, 

Ωc, [H2CO3], [HCO3
-], and [CO3

2-]) using the software package SWCO2 (Hunter, 2007). 

Two analytical parameters are required, in addition to temperature and salinity data, 

to calculate all other carbonate parameters using SWCO2. Consequently, I was able to 

generate three distinct data sets based on the three analytical parameters I measured 

directly and the location in which the data were collected: data set 1, incoming tidal 

seawater using AT and pHT data; data set 2, incoming tidal seawater using DIC and AT 

data; and data set 3, tide pool seawater using AT and pHT data (Figures 6 and 7). Data 

sets 1 and 3 used the average of pHT, salinity and temperature data measured in the 

field on a given day, in combination with the corresponding AT data measured later in 

the lab. Data set 2 used only data taken from the seawater samples, i.e. temperature, 

salinity, DIC, and AT. Total alkalinity is the most conserved parameter in carbonate 

chemistry (Hunter, 1998) and I performed my calculations on the assumption that AT 

would not change significantly between tide pool and incoming tidal seawater. By 

creating data sets 1 and 2, I was able to compare the accuracy of carbonate data 

generated with potentiometric measurements of pH made in the field, in combination 
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with AT measurements made in the lab, against carbonate data generated using only 

the results of lab-based analysis (AT and DIC).  

Each data set was then divided into (Austral) seasonal sub-sets: Summer (December, 

January, February), Fall (March, April, May), Winter (June, July, August), and Spring 

(September, October, November) (Table 2.3). For comparative purposes, two 

additional carbonate datasets were generated based on open ocean observations and 

predictions for 2010 and 2100 respectively (seawater AT, pCO2, temperature, and 

salinity taken from Riebesell et al (2010); pCO2-2100 from IPCC (2014)) (Table 2.1). 

2.3.4 Statistical analysis 

Seawater carbonate chemistry at LPB was analysed using MANOVA tests and multiple 

or simple linear regression. The first MANOVA test compared the seasonally 

partitioned carbonate data in data sets 1 and 2 to ascertain if there were statistical 

differences between measured and calculated pH and DIC, and between all other 

calculated carbonate parameters, (pCO2, Ωa, Ωc, [H2CO3], [HCO3
-], and [CO3

2-]). In each 

model, abiotic parameters were the response variables and “data set” was the 

predictor variable, i.e. data set 1 or 2. No significant differences were found between 

these data sets, and all subsequent analysis used data set 1 to describe the abiotic 

characteristics of incoming tidal seawater. Response variables were log transformed to 

meet the assumptions of equal variance and normality.  

The second MANOVA test assessed differences between the abiotic characteristics of 

tide pool (data set 3) and incoming tidal (data set 1) seawater, and to identify seasonal 

changes in the relationship between the abiotic parameters of these two bodies of 

water (Table 2.2), i.e. whether significant differences between water bodies were 

constant across seasons. For each season, pH, temperature, salinity, oxygen saturation 

(%), and oxygen concentration (mg/L) data were used as response variables, and ‘body 

of water’ was the fixed effect. This analysis was limited to pH, temperature, salinity, 

and oxygen (mg/L and %), as calculated parameters (DIC, pCO2, Ωa, Ωc, [H2CO3], [HCO3
-

], and [CO3
2-]) were generated using pH, temperature and salinity data, and were 

therefore not independent. Total alkalinity was also excluded from the analysis, as the 
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same AT data were used to characterise of the chemistry of both bodies of water. 

Response variables were log transformed to meet the assumptions of equal variance 

and normality. 

The third MANOVA test assessed seasonal differences in seawater chemistry for each 

body of water separately. pH, temperature, salinity, oxygen saturation (%), and 

oxygen concentration (mg/L) data were used as response variables, and ‘season’ was 

the fixed effect.  

Eight multiple linear regression models were used to investigate the seasonal effect of 

temperature, salinity, and oxygen concentration (mg/L) on the pH of tide pool and 

incoming tidal seawater (Table 2.4). In these models, the response variable was pH, 

and temperature, salinity, and oxygen were fixed effects. Calculated carbonate 

parameters were again excluded, as the non-independence of these data would have 

produced spurious relationships between pH and calculated variables. Saturated 

oxygen data were also excluded as they are dependent on water temperature. In 

addition, as pH is affected by temperature and salinity (Hunter, 1998), all pH data 

were normalized for 25°C and 35 PSU before being included in the regression analysis. 

After identification of significant relationships between pH and other measured 

variables, the percentage of variability (R2) in pH attributed to each fixed effect, i.e. 

the effect size, was calculated and categorised as weak (>0.1), moderate (>0.3), or 

strong (>0.5) after Nakagawa and Cuthill (2007). 

Eight linear regression models tested the relationship between oxygen (mg/L) and 

pCO2 (µatm) in each season and within each body of water. The effect size (R2) of 

significant relationships was again categorised as weak (>0.1), moderate (>0.3), or 

strong (>0.5). 

2.4 Results 

2.4.1 Current conditions 

Throughout the 52 week observational period, I recorded a higher degree of variability 

in all parameters in tide pool seawater relative to incoming tidal seawater (Figures 6 
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and 7). Maxima and minima of abiotic variables in both water bodies, calculated using 

data sets 1 and 3, showed that the lower extremes of pH and Ωa and Ωc are similar to 

the predicted conditions for the year 2100 (Table 2.1). Conversely, the average pCO2 of 

both bodies of water were below the current average pCO2 of surface oceanic water, 

~400µatm (Table 2.1, tide pool – 185µatm, tidal – 348 µatm). Similarly, the average pH 

of tide pool seawater (8.534 pH) was higher than the current global average (~8.1 pH) 

with a maximum value of 9.186 pH, although the average pH of incoming tidal 

seawater was slightly more acidic than the current global average (8.083 pH). Tide 

pool seawater was also characterized by high oxygen saturation relative to incoming 

tidal seawater (140% vs 98%). Oxygen saturation exhibited the highest values (150%-

212%) in Austral summer and fall.  
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Figure 6. Analytical (pH, DIC, pCO2, and AT) and abiotic (oxygen, salinity, and temperature) 
parameters recorded at Lower Portobello Bay during the 52 week observational period. Data points 
represent weekly measurements, some of which are average values (±SD). “pH/AT” indicates data 
calculated using pH and total alkalinity measurements (data sets 1 and 3), “DIC/AT” indicates data 
calculated using dissolved inorganic carbon and total alkalinity measurements, and “m” indicates 
data that were measured in the field, with either the YSI multi-meter or the DenverA150 hand-held 
pH meter, or measured in the lab.  
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Figure 7. Calculated seawater carbonate parameters for Lower Portobello Bay during the 52 week 
observational period. Data points are weekly measurements. “pH/AT” indicates data calculated using 
pH and total alkalinity measurements (data sets 1 and 3), and “DIC/AT” indicates data that were 
calculated using DIC and total alkalinity measurements (data set 2).  
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Table 2.1 Average (±SD), maximum, and minimum values for all carbonate and non-carbonate parameters measured at LPB during the 52 week observational study. * 
indicates data recorded directly, while ‡ indicates data that were calculated based on measured data. Average current (2014) and predicted (2100) values for open 
ocean carbonate chemistry are also included for comparison. 

 
Pool seawater Tidal seawater Open ocean 

 
Avg. (±SD) Max. Min. Avg. (±SD) Max. Min. 2014 2100 

pHT *8.534±0.37 *9.186 *7.599 *8.083±0.122 *8.353 *7.821 8.062 7.761 

AT (μmol/kg) - - - *2248.8±56.43 *2301.8 *2023.4 2305 2305 

DIC (μmol/kg) ‡1773.6±218.1 ‡2208.4 ‡1371.2 *2027.8±68.55 *2113.6 *1785 2049.6 2184.8 

pCO2 (μatm) ‡185.54±262.7 ‡1321.9 ‡11.59 ‡348.768±121 ‡713.42 ‡176.29 399 850 

Calcite (μmol/kg) ‡8.618±4.11 ‡16.11 ‡0.537 ‡3.532±0.908 ‡5.94 ‡1.62 4.378 2.340 

Aragonite(μmol/kg) ‡5.443±2.609 ‡10.197 ‡0.293 ‡2.235±0.583 ‡3.763 ‡1.014 2.835 1.574 

Carbonic acid (μmol/kg) ‡8.338±14.13 ‡68.738 ‡0.487 ‡15.906±5.257 ‡33.439 ‡6.937 12.8757 28.501 

Bicarbonate (μmol/kg) ‡1421±369 ‡2111 ‡744 ‡1898±79 ‡2026 ‡1679 1854 2054 

Carbonate (μmol/kg) ‡343.96±163 ‡638.58 ‡20.64 ‡143.72±37 ‡241.26 ‡65.96 183.01 101.58 

Salinity (PSU) *26.83±4.6 *31.66 *3.23 *29.86±1 *31.00 *24.74 34.8 34.8 

Temperature (°C) *15.3±6 *30.3 *2.4 *12.8±3 *20.5 *7.1 18.7 18.7 

Oxygen (mg/L) *12.20±3.31 *25.69 *2.94 *8.72±1.34 *11.15 *2.29 - - 

Oxygen (% saturation) *140.37±36.31 *217.38 *34.81 *98.75±14.90 *129.46 *28.23 - - 
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2.4.2 Seasonal variability 

Analysis of pH, temperature, salinity, and oxygen data identified significant differences 

between the abiotic characteristics of tide pool seawater and incoming tidal seawater, 

and a high degree of variability between seasons (Table 2.2). In all seasons, pH and 

oxygen were significantly higher in tide pool seawater; salinity was significantly lower 

in tide pool seawater in spring, fall, and winter; and temperature was significantly 

higher in tide pool seawater in summer (Table 2.2 and Figure 6).  

Table 2.2. Results of MANOVA analysis, describing the seasonal differences between tide pool 
seawater and incoming tidal seawater. 

  
t-value p-value 

Spring pH 5.602 <0.001 
 

Temperature 1.591 0.125 
 

Salinity 3.019 0.006 
 

Oxygen (mg/L) 3.92 <0.001 
 

Oxygen (%) 4.007 <0.001 

Summer pH 6.688 <0.001 
 

Temperature 3.636 0.002 
 

Salinity 1.208 0.241 
 

Oxygen (mg/L) 1.657 0.113 
 

Oxygen (%) 1.811 0.085 

Fall pH 4.008 <0.001 
 

Temperature 1.307 0.203 
 

Salinity 3.02 0.006 
 

Oxygen (mg/L) 4.84 <0.001 
 

Oxygen (%) 4.65 <0.001 

Winter pH 4.148 <0.001 
 

Temperature 1.217 0.235 
 

Salinity 3.849 <0.001 
 

Oxygen (mg/L) 5.929 <0.001 
 

Oxygen (%) 5.55 <0.001 
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2.4.3 Seasonal differences within water bodies  

Tide pool seawater pH and oxygen content (mg/L and %) showed no significant 

differences between seasons, although oxygen data exhibited a high degree of 

variation between and within seasons. Seawater salinity in summer was significantly 

higher relative to fall and winter conditions, while seawater salinity in winter was 

significantly lower relative to spring conditions. As expected, seawater temperature 

was highest in summer and lowest in winter, with fall and spring intermediate 

between the two extremes. Seawater temperature was significantly higher in summer 

and significantly lower in winter relative to all other seasons (Table 2.2). 

Tidal seawater pH was highest in winter and lowest in summer, with spring and fall pH 

intermediate between the two extremes. Although the absolute differences between 

seasons were small, seawater pH in summer and fall were significantly lower relative 

to spring and winter conditions. Oxygen concentration in tidal seawater was 

significantly higher in spring and winter relative to summer and fall. Oxygen saturation 

was highest in spring and lowest in fall, with summer and winter intermediate 

between the two extremes, although only differences between spring and fall were 

significant. Seawater salinity was highest in summer and lowest in winter with spring 

and fall conditions intermediate between the two extremes. Seawater salinity was 

significantly lower in winter relative to all other seasons. Tidal seawater temperature 

was highest in summer and lowest in winter, with spring and fall conditions 

intermediate between the two extremes. Summer seawater temperatures were 

significantly higher relative to all other seasons, while fall and spring temperatures 

were significantly higher relative to winter conditions (Table 2.2). 
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Table 2.3. Average values (±SD) for all measured parameters in each water body. All data are 
partitioned by season. 

  
Tide pool seawater Tidal seawater 

  
mean SD mean SD 

Spring pH 8.601 ±0.34 8.155 ±0.09 

 
Temperature 14.96 ±4.4 12.34 ±2.5 

 
Salinity 28.14 ±2.1 30.12 ±0.9 

 
Oxygen (mg/L) 11.41 ±1.7 9.32 ±0.7 

 
Oxygen (%) 135.22 ±23.5 105.95 ±11.6 

Summer pH 8.441 ±0.18 8.019 ±0.09 

 
Temperature 22.14 ±4.1 17.55 ±1.2 

 
Salinity 29.95 ±2.0 30.71 ±0.1 

 
Oxygen (mg/L) 12.03 ±5.7 8.01 ±2.0 

 
Oxygen (%) 150.60 ±52.1 100.55 ±25.7 

Fall pH 8.507 ±0.41 8.038 ±0.11 

 
Temperature 16.25 ±5.3 13.74 ±3.2 

 
Salinity 26.58 ±3.5 7.96 ±1.0 

 
Oxygen (mg/L) 12.33 ±3.3 29.90 ±1.0 

 
Oxygen (%) 147.20 ±43.2 92.16 ±9.8 

Winter pH 8.571 ±0.45 8.130 ±0.12 

 
Temperature 9.13 ±2.8 8.60 ±0.7 

 
Salinity 24.96 ±3.1 29.13 ±1.5 

 
Oxygen (mg/L) 12.92 ±1.8 9.49 ±0.7 

 
Oxygen (%) 130.27 ±22.9 97.80 ±6.9 

 

 

2.4.4 Primary drivers of seawater pH 

Normalised pH data (pHN) were significantly affected by oxygen, temperature, and 

salinity although the relative effect of each variable changed between seasons: 

temperature significantly affected the pHN of tide pool seawater in fall and spring and 

tidal seawater in spring; oxygen significantly affected tide pool seawater pHN in fall 

and winter; and salinity did not affect seawater pHN in either body of water (Table 

2.4). For all combinations of location and season, significant and non-significant trends 

between pH and temperature, salinity and oxygen were positive, i.e. increases in 

temperature, oxygen and salinity caused increases in pHN.   
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Table 2.4. Results of eight separate multiple linear regression analyses that identified the relationship 
between pH and temperature, salinity, and oxygen (mg/L).  All pH data were normalised for 
temperature and salinity. Bold text indicates significance (P < 0.05). 

   
|t-value| p-value Partial R2 (%) Effect 

strength Summer Pool Temperature 0.343 0.742 2  

  
Salinity 0.031 0.977 0  

  
Oxygen 0.911 0.392 11  

 
Tidal Temperature 0.118 0.909 0  

  
Salinity 0.726 0.491 7  

  
Oxygen 0.881 0.408 10  

Fall Pool Temperature 2.554 0.029 39 moderate 

  
Salinity 0.865 0.407 7  

  
Oxygen 5.535 <0.001 75 strong 

 
Tidal Temperature 1.545 0.153 19  

  
Salinity 0.616 0.552 4  

  
Oxygen 1.169 0.270 12  

Winter Pool Temperature 2.118 0.060 31  

  
Salinity 1.449 0.178 17  

  
Oxygen 2.522 0.030 39 moderate 

 
Tidal Temperature 0.297 0.772 1  

  
Salinity 1.127 0.286 11  

  
Oxygen 1.934 0.082 27  

Spring Pool Temperature 4.900 <0.001 73 strong 

  
Salinity 1.645 0.134 23  

  
Oxygen 2.169 0.058 34  

 
Tidal Temperature 2.266 0.050 36 moderate 

  
Salinity 0.297 0.773 1  

  
Oxygen 0.986 0.350 10  

 

2.4.5 Relationship between oxygen and pCO2 

Significant relationships were found between dissolved oxygen (mg/L) and the partial 

pressure of carbon dioxide (pCO2) in tide pool seawater during fall (t = 3.164, p = 

0.008, R2 = 0.45, effect size = moderate), winter (t = 2.326, p = 0.038, R2 = 0.31, effect 

size = moderate), and spring (t = 2.31, p = 0.041, R2 = 0.33, effect size = moderate). No 

significant relationship was found between oxygen concentration and pCO2 in tidal 

seawater. In all analyses, the relationship between oxygen and pCO2 was negative, i.e. 

as oxygen concentration increased pCO2 decreased. 
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2.5 Discussion 

2.5.1 Overview 

Carbonate parameters were recorded at LPB during a 52 week observational period 

(August 2012-July 2013). Sub-sets of these data were used to fully characterise the 

carbonate chemistry of tide pool seawater and incoming tidal seawater (Table 2.1), 

and to explore potential relationships between abiotic factors within the two water 

bodies. Tide pool seawater and incoming tidal seawater were chosen to represent two 

extremes of seawater chemistry, i.e. tide pools are isolated from bulk water for the 

maximum time, and therefore most affected by biological and physical processes 

occurring in LPB, while incoming tidal seawater is least altered by these processes.  

As expected, all parameters exhibited a much higher degree of variability in tide pool 

seawater compared to incoming tidal seawater (Figure 6 and 7). Table 2.1 shows that 

minima and maxima of carbonate parameters in tide pool seawater frequently 

exceeded those of current open ocean values (2014) and those predicted for the year 

2100, e.g. minimum pH recorded in tide pools was 7.599 compared to an expected 

average open ocean pH of 7.7 in 2100. These observations suggest that the small 

volume of water present in tide pools at LPB is susceptible to fluctuations in carbonate 

chemistry caused by the cumulative effects of abiotic and biotic processes, such as 

photosynthesis or freshwater input. Comparatively, incoming tidal water exhibited a 

lower degree of variability, potentially due to the diluting effect of the large volume of 

water in Otago Harbour.  

As previously described, the carbonate chemistry of seawater can be altered by a wide 

variety of biotic and abiotic processes (see review in Feely et al., 2009). Based on 

observations made during the collection of data, the potential drivers of pH in LPB 

were assumed to be photosynthesis (increased pH through consumption of CO2), 

respiration (decreased pH through production of CO2), seawater temperature (altered 

rates of photosynthesis and respiration), uptake of atmospheric CO2 (reduced pH), 

freshwater input (reduced pH), and/or contaminated runoff from the urban or 

agricultural watershed (reduced pH). Notable characteristics of seawater chemistry in 

LPB tide pools included higher pH values than the global oceanic average, lower pCO2 
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than would be expected if the seawater was in equilibrium with atmospheric CO2, and 

average oxygen saturation values above 100% (Table 2.1). In comparison, average 

incoming tidal seawater pH was similar to the global average, pCO2 was closer to 

atmospheric equilibrium, and average oxygen saturation was around 100. In addition 

to these observations, our analysis of tide pool seawater data showed that increases 

in temperature and oxygen had a significant positive effect on pH and increased 

oxygen concentration was significantly correlated with decreased pCO2 (section 3.4 

and Table 2.4). It is therefore very likely that photosynthesis is the major driver of tide 

pool seawater pH in LPB. Photosynthesis consumes CO2, increasing pH, and produces 

oxygen as a byproduct; both these physiological processes are accelerated as 

temperature increases. However, temperature and oxygen concentration did not 

significantly affect tide pool pH in all seasons, and temperature had a significant effect 

on tidal seawater pH in spring only. Consequently, there may be unknown drivers of 

seawater pH at LPB that were not measured in this study. 

2.5.2 Implications for experimental design  

Given the high degree of variability found in all measured and calculated carbonate 

parameters at LPB, simulating the conditions experienced by intertidal organisms in 

this system will require a sophisticated regulation of CO2 (see also Hurd et al., 2009; 

Cornwall et al., 2013). This study recorded variability in carbonate parameters on a 

seasonal scale that exceeded conditions predicted to occur in the year 2100. Some 

published studies have also found similar variation on a diel scale (Dai et al., 2008). 

Consequently, long term studies of how OA will affect organisms found in LPB must 

incorporate extreme variability of pCO2 on multiple time scales. Nonetheless, some 

important modifications to current experimental design can be implemented relatively 

easily, such as choosing control treatments based on in situ measurements rather than 

current open ocean conditions (McElhaney and Busch, 2013). We can also begin to 

make some predictions about the future response of intertidal organisms to continued 

CO2 emissions, and recommend accordingly modifications to experimental design. 

Intertidal organisms exhibit a high degree of physiological plasticity to changing abiotic 

conditions (DeWitt & Scheiner, 2004) and are assumed to have the potential for 
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evolutionary adaptation in response to abiotic stressors (Hoffmann & Sgrò, 2011). 

However, this study recorded such extremes of carbonate chemistry that this may 

represent the limits of physiological tolerance of some intertidal species (Somero, 

2011). Alternatively, intertidal organisms may only be able to tolerate these periods of 

extreme conditions because of their short duration (Widdicombe & Spicer, 2008; 

Whiteley, 2011). Prolonged exposure to such conditions, as would occur under future 

CO2 emission scenarios, could also represent a threshold beyond which certain species 

may not be able to function (Hofmann and Todgham, 2010). This hypothesis becomes 

particularly relevant if, as suggested by Bell and Collins (2008), evolutionary 

adaptation does not occur quickly enough to match the rate at which carbonate 

parameters are changing in the oceans. Applying predicted decreases of seawater pH 

to the most extreme pH conditions experienced by intertidal organisms today may 

help us identify the limits of these organisms’ physiological plasticity (Evans & 

Hofmann, 2012). It is at this unknown physiological tipping point that we may see 

regime shifts such as those predicted by Wooton et al. (2008) from calcifying 

organisms to non-calcerous species, or towards ecosystems dominated by organisms 

with a greater ability to regulate acid/base homeostasis. The physiological tipping 

point of marine organisms may be identified by experimentally simulating diel 

variation in seawater pH, based on in situ observations, and choosing mean pH with 

reference to predictions of future seawater conditions (e.g. Cornwall et al., 2013). 

2.5.3 Baseline data 

Hofmann et al. (2013) discuss the importance of Long Term Ecological Research (LTER) 

programmes which establish data sets that describe physical and biological 

parameters of areas of ecological importance. These programmes monitor biodiversity 

and ecosystem function in parallel with abiotic parameters, such as carbonate 

chemistry, as climate change, OA, and other anthropogenic stressors alter conditions 

in marine systems. The data set described in this article establishes a baseline of 

abiotic parameters against which future changes in biological processes can be 

measured. Other researchers have documented open ocean carbonate chemistry in a 

65km transect extending east from the mouth of Otago Harbour (Currie & Hunter, 
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1998). This open ocean data could be linked with the results presented in this study to 

further describe the carbonate chemistry of New Zealand marine environments (see 

Cornwall et al 2014).  

2.5.4 Analysis of carbonate chemistry 

This article describes two data sets that characterise the carbonate chemistry of 

incoming tidal seawater based on different parameter pairs (AT/pHT and AT/DIC), and 

found no significant difference between the two. This analysis is key to addressing the 

logistical challenges inherent in documenting the effects of OA on all areas of 

ecological importance. To accurately characterise carbonate chemistry, one must 

measure seawater temperature, salinity and two of the four primary carbonate 

parameters: AT, DIC, pH, and pCO2 (Dickson et al., 2007). Of these parameters, pHT, 

DIC, and AT are the most straightforward to measure and are commonly reported in 

OA literature. Dissolved inorganic carbon and AT are best measured in the lab from 

seawater samples fixed with mercuric chloride and sealed in borosilicate glass bottles 

(Dickson et al., 2007; Huang et al., 2012) . However, DIC measurements are vulnerable 

to contamination by ambient atmospheric CO2 during sampling, storage, and analysis, 

while AT is more stable. Additionally, both processes are time consuming and costly at 

the scale necessary to fully describe an ecosystem. The potentiometric measurement 

of pHT has become more reliable with the increasing availability of salt water 

calibration buffers and is recognised as the most straightforward method of 

measuring pH in the field (Easley & Byrne, 2012; MacLeod et al., 2014). The statistical 

analysis presented here suggests that LTER programmes reduce their costs by 

measuring pH and AT, rather than AT and DIC. Some monitoring programmes are also 

conducted with the assistance of public groups; the measurement of pH and AT would 

mean that contamination of DIC samples by inexperienced volunteers could be 

avoided. 

There remain some technical difficulties in measuring pH potentiometrically in coastal 

areas: low salinity can reduce the efficacy of saltwater buffers which are prepared at 

35 PSU; pH changes of 3 units can cause significant uncertainty in single point 

calibration, even with the use of saltwater buffers (Duarte et al., 2013); and many 
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handheld pH meters are unable to accept non-standard buffer values. Despite these 

challenges, potentiometric measurement of pH with the typical hand held meter is still 

the most commonly available tool for those interested in creating long term 

observational datasets of seawater carbonate chemistry.  

2.5.5 Conclusions  

This study found that intertidal organisms at LPB are exposed to a high degree of 

variability for all seawater carbonate parameters on a seasonal scale. These organisms 

are also exposed to two distinct regimes of seawater chemistry on a diel scale, i.e. tide 

pool and incoming tidal seawater. Some carbonate parameters of the tide pool 

seawater exceeded predicted conditions for the year 2100. Analysis of potential 

drivers of seawater pH identified photosynthesis as a likely candidate during daylight 

hours and also categorised both bodies of seawater at LPB as CO2 sinks at certain 

times of the year. These results provide a greater understanding of the variable abiotic 

conditions that elicit a high degree of phenotypic plasticity in intertidal organisms 

(Spicer & Gaston, 1999), indicate that photosynthesis may partially buffer intertidal 

organisms from OA, and suggest improvements to experimental design that increase 

the accuracy of OA simulation systems. This study also provides evidence which 

supports the use of potentiometrically measured pH in combination with AT data as an 

acceptable pairing with which to characterise seawater carbonate chemistry. 

Given that the magnitude of CO2 emissions over the last 20 years has exceeded 

predictions by approximately 0.4 Pg (Zeebe, 2012), and that CO2 will persist in the 

atmosphere for millennia before dispersing naturally (Montenegro et al., 2007), it 

seems likely that atmospheric CO2 will continue to affect marine ecosystems for the 

foreseeable future. In this context, studies such as this will become increasingly 

important by recording baseline conditions as oceanic carbonate chemistry is 

increasingly altered by human activity.  
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3.1 Abstract 

Accurately simulating the effects of elevated atmospheric carbon dioxide on seawater 

has become increasingly important in the last 10 years, as marine researchers 

investigate the effects of exposure to acidified seawater on marine organisms. This 

article describes a potentiometric ocean acidification simulation system which 

automatically regulates pH through the injection of 100% CO2 gas into temperature-

controlled seawater. The system is ideally suited to long-term experimental studies of 

the effect of acidification on biological processes involving small-bodied (10-20 mm) 

calcifying or non-calcifying organisms. Using hobbyist grade equipment, the system 

was constructed for approximately US$1200 per treatment unit (tank, pH regulation 

apparatus, chiller, pump/filter unit). An overall tolerance of ± 0.05 pHT units (SD) was 

achieved over 90 days in two acidified treatments (7.60 and 7.40) at 12°C using glass 

electrodes calibrated with synthetic seawater buffers, thereby preventing liquid 

junction error. The performance of the system was validated through the independent 

calculation of pHT (12°C) using dissolved inorganic carbon and total alkalinity data 

taken from discrete acidified seawater samples. The system was used to compare the 

shell growth of the marine gastropod Zeacumantus subcarinatus infected with one of 

three species of trematode parasites relative to uninfected snails, at pH levels of 7.4, 

7.6, and 8.1. 
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3.2 Introduction 

The carbon dioxide (CO2) produced by human activity since 1850 has reduced average 

surface oceanic pH from approximately 8.2 to 8.1, while current CO2 emission 

projections predict that oceanic pH will reach 8.06-7.77 by 2100, and approximately 

7.41 by 2300 (IPCC, 2014). The mechanism responsible for this process is the 

sequestration of atmospheric CO2 by the global ocean, and a subsequent increase in 

hydrogen ion activity caused by a series of chemical reactions initiated by the 

dissolution of CO2 into seawater: 

 

CO2(aq) + H2O(l) ⇌ H2CO3(aq)          (1) 

H2CO3(aq) ⇌ HCO3
-
(aq) + H+

(aq)
        (2) 

HCO3
-
(aq) ⇌ CO3

2-
(aq) + H+

(aq)
          (3) 

CO3
2-

(aq) + H+
(aq) ⇌ HCO3

-
(aq)

        (4) 

 

where H2CO3 is carbonic acid, and HCO3
- and CO3

2- are the bicarbonate and carbonate 

ions, respectively. The global reduction of ocean pH has become known as ocean 

acidification (OA), although the term also refers to changes in the concentration of 

carbonic acid, bicarbonate and carbonate ions, in addition to increased hydrogen ion 

activity (Equations 1-4). 

The altered chemical speciation of seawater caused by OA poses a variety of 

challenges to all marine species, e.g. maintenance of intra- and extra-cellular acid-base 

homeostasis in a more acidic environment (Pörtner et al., 2004), or synthesis and 

dissolution of calcium carbonate (CaCO3) structures in seawater undersaturated with 

regard to component ions (Weiner & Dove, 2003). A meta-analysis conducted by 

Kroeker et al. (2013) showed that OA will likely have a varied yet negative effect on 

many marine organisms in future, while negative effects on calcifying species found in 

areas of naturally elevated acidity have already been reported (Barton et al., 2012). To 

date, the majority of experimental research into the effects of OA has focussed on 
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single marine species in an attempt to identify those with or without the ability to 

adapt to acidified conditions within a single generation. The identification of such 

phenotypic plasticity in response to stressors associated with OA is vital, as 

evolutionary adaptation may not occur at a sufficient rate to protect some species 

from changing marine conditions (Bell & Collins, 2008). However, it is now accepted 

that OA research must move beyond single species experiments and begin 

investigating the effects of combined abiotic factors, such as pH and temperature 

(Boyd, 2011), and the potential effects of OA on biological interactions such as 

competition (Hofmann et al., 2012), predation (Kroeker et al., 2014), and parasitism 

(MacLeod & Poulin, 2012). This paradigm does not negate the importance of single-

species/single-factor experiments, but rather broadens the scope of OA research. A 

thorough investigation of a species’ response to novel abiotic stressors should begin 

with single factor manipulations and then introduce increasing levels of complexity to 

fully document potential synergistic reactions between parameters. Given the current 

rate of ocean acidification (~0,0018 pH units/yr, Feely et al., 2009) the identification of 

species and species’ interactions that are vulnerable to OA, alone or in combination 

with other abiotic factors, should be urgently addressed; lab-based simulations will 

play an important role in achieving this goal (Widdicombe et al., 2010).  

OA simulation systems must be able to reliably manipulate the carbonate chemistry of 

seawater, which is characterised by seven parameters: 1. temperature (°C); 2. salinity 

(reported on the Practical Salinity Scale); 3. depth (metres); 4. pH; 5. total alkalinity 

(AT-μmol kg-1); 6.dissolved inorganic carbon concentration (DIC- μmol kg-1); and 7. 

partial pressure of seawater CO2 (pCO2-μatm) (see Chapter 1 for definitions of these 

parameters). Of these seven variables, temperature, salinity, depth (if applicable), and 

two of the four analytical parameters (pH, AT, DIC, and pCO2) must be known, in 

addition to appropriate equilibrium constants, to fully characterise the carbonate 

chemistry of the modified seawater and quantify variables central to the effects of OA, 

e.g. saturation states of calcium carbonate polymorphs or concentrations of HCO3
- and 

CO3
2-. Accordingly, one must control salinity, temperature, and two of the four 

analytical parameters described above to manipulate the carbonate chemistry of 

seawater in experimental OA simulation systems. 
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Riebesell et al. (2010) compiled a detailed guide for the standardisation of 

methodology used in the manipulation and measurement of carbonate chemistry (The 

Guide to Best Practises for Ocean Acidification Research and Data Reporting). There 

are several published descriptions of OA simulation systems which use a variety of 

techniques to acidify seawater: gas injection (CO2/O2/N2 - Bockmon et al., 2013; 100% 

CO2 - Wilcox-Freeburg et al., 2013), (gas/air mix - Fangue et al., 2010), the addition of 

CO2 enriched seawater (McGraw et al., 2010), and the addition of HCl (Riebesell et al., 

2000). Despite the many differences between experimental approaches, almost all 

simulation systems are regulated through the measurement of pH as a master 

variable.   

Monitoring pH in an OA simulation system by the automated spectrophotometric 

analysis of seawater samples integrated into a software-based regulation system(e.g. 

McGraw et al., 2010) provides a high degree of precision (0.0004, Clayton & Byrne, 

1993; Carter et al., 2013a) compared to potentiometric techniques (0.002-0.001, 

Dickson et al., 2007), and has been used to regulate OA simulation systems with 

minimal variation around target pH values (± 0.02, McGraw et al., 2010). However, 

spectrophotometric pH regulation can prove extremely expensive, as these systems 

must be custom-designed (Wilcox-Freeburg et al., 2013). Despite the reduced degree 

of precision, potentiometric measurement of pH is the central component of most OA 

simulation systems designed to explore the effects of reduced pH on biological 

organisms (Easley & Byrne, 2012). Indeed, in the 2013 special OA issue of the journal 

Marine Biology (August, Volume 160, Issue 8), 31 out of 32 (97%) of experimental 

articles used manipulation techniques controlled by, or monitored through, the 

potentiometric measurement of pH. 

The regulation of temperature, salinity, and AT, is often not discussed in detail in the 

OA literature, despite the central role of these variables in the control of carbonate 

chemistry. Temperature is typically controlled by actively heating or cooling the 

acidified seawater to a target value using a variety of commonly available lab 

equipment, e.g. chiller units, temperature controlled rooms, or heating coils. Salinity is 

often monitored but not controlled, as many simulation systems are supplied with 

seawater from a large reservoir or permanent connection to the ocean, or passively 
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controlled through the regular replacement of seawater. The AT of an OA simulation 

system can be altered by the biological activity of experimental organisms. 

Consequently, AT is often also regulated through the replacement of seawater or with 

a flow through system. Possibly as a consequence of the commonplace (temperature) 

or passive (salinity and AT) methods of regulation, tolerances of these parameters are 

often not reported in OA literature. In the 2013 special OA issue of the journal Marine 

Biology, 14 studies used temperature, salinity, pH, and AT to control and describe 

seawater carbonate chemistry. Six of these studies reported no measure of 

temperature variance, eight reported no salinity variance, and five reported no AT 

variance. In addition, some articles gave parameter tolerances as standard error (SE), 

with or without the corresponding sample size, making comparisons of tolerance 

levels between studies difficult. As the measurement of pH is subject to many sources 

of uncertainty, the tolerances of temperature, salinity, and AT should be stated 

explicitly and clearly in the description of OA simulation systems. 

This article provides a detailed description of a low-cost, easy set-up, OA simulation 

system that reliably mimics the effects of elevated atmospheric CO2 on seawater 

chemistry by controlling temperature, salinity, pH, and total alkalinity (AT). In addition, 

I suggest goal tolerances, i.e. the variability around target parameter values expressed 

as standard deviations, for control of these parameters: temperature (± 0.5°C), salinity 

(± 0.6), pH (± 0.05), and AT (±10 μmol kg-1). I believe these tolerance values represent 

realistic and achievable goals for OA simulation systems, as they can be met with 

relatively inexpensive apparatus, and cause minimal changes to calculated carbonate 

parameters (Table 3.3). 
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3.3 Material and Methods 

3.3.1 Overview 

The described system manipulates the carbonate chemistry of seawater through the 

pH-controlled injection of 100% CO2 gas. The use of pH as a controlling variable and 

CO2 gas as an acidifying agent has two key advantages over other acidification 

techniques. First, the addition of CO2 gas more realistically simulates the effects of 

increased atmospheric CO2 on seawater chemistry than the addition of an acid (Hurd 

et al., 2009; Schulz et al., 2009). Second, the pH-controlled addition of CO2 gas reduces 

pH variation when compared to the injection of gas/air mixes at a fixed rate; the latter 

can result in unwanted fluctuations in pH caused by biological activity, changes in 

temperature, or increases in ambient atmospheric CO2 (Wilcox-Freeburg et al., 2013). 

In this system, seawater temperature was actively maintained at 12.6 ± 0.5°C, while 

salinity (31.6 ± 0.6) and AT (2375 ± 10 μmol kg-1) were passively controlled through the 

regular replacement of seawater. Concentrations of ammonia, nitrite, and nitrate 

were also monitored weekly with aquarium test kits (ammonia - Aqua One® Quick 

Drop; nitrite and nitrate - API® 5 in 1 Aquarium Test Strips). Per the manufacturers’ 

instructions, no toxic concentrations of ammonia, nitrite, or nitrate were detected at 

any time with either test kit. 

3.3.2 Apparatus 

The described experimental apparatus consists of three identical units (Figure 8), each 

capable of independently mimicking the effects of increased atmospheric CO2 on 

seawater, i.e. elevated pCO2 and DIC, and reduced pH. The pH of culture tank 

seawater was constantly monitored potentiometrically, and automatically regulated 

through the injection of 100% food grade CO2 gas. In each tank, 80 L of seawater was 

contained in a 120 L open top tank (870 mm (L) x 600 mm (W) x 295 mm (H), Food 

Grade - Low Density Polyethylene, Stowers Containment Solutions, NZ). Unamended 

seawater was supplied by the Portobello Marine Research Station, Dunedin, New 

Zealand, and was high pressure-filtered through sand prior to use. The unamended 

seawater had a total alkalinity of 2354 ± 10 µmol kg-1 (n=6) and a salinity of 31.5 ± 0.5. 

pH in each culture tank was regulated using TUNZE™ pH/CO2 controller systems (glass 
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electrodes, pH meter, solenoid switch unit, and a pressure reducer) connected to 33 

kg gas cylinders containing 100% food grade CO2 (BOC). The TUNZE™ system 

automatically allowed CO2 gas to flow from the pressurised cylinders through the 

solenoid switch unit into the culture tank when the pH of acidified seawater rose 

above target values. Carbon dioxide gas diffused into the acidified seawater through a 

perforated 4 mm plastic tube which was wrapped around the water inflow pipe. This 

allowed for a maximum rate of dispersal of dissolved gas through the culture tank, 

minimising any pH gradient relative to the gas input point. To ensure that ambient 

temperature variations did not alter pH (TUNZE™ pH meters have no automatic 

temperature compensation function), seawater was pumped through a 1/5 hp 

refrigeration unit (Hailea HC-150A) using an aquarium pump/filter system (Aqua One®, 

Aquis700) at a rate of approximately 400 L/h. To minimise changes in salinity and AT 

caused by evaporation, calcification, shell dissolution, or respiration, 20 L of seawater 

was removed from each tank every 48 hours and gradually (30 L/hr) replaced with 

unamended seawater. Each culture tank was also aerated with ambient air by an 

aquarium bubbler (AquaOne 9500), and oxygen saturation (measured daily with a YSI 

ProODO) was maintained at similar levels to those found in the habitat of Z. 

subcarinatus (approximately 98%, Chapter2).   
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Figure 8. Schematic of one OA simulation unit. Solid lines indicate gas flow, dashed lines indicate 
seawater flow, and dotted lines indicate electrical connections between components of pH regulation 
apparatus. 

3.3.3 Measurement of analytical parameters 

As noted in Easley and Byrne (2012), there are a number of challenges inherent in the 

potentiometric measurement of pH: calibration buffers must be of similar ionic 

strength to samples to avoid liquid junction error (see the Discussion for a complete 

description of liquid junction error)(Millero et al., 1993; Waters, 2012); preparing 

saltwater buffers in the lab can lead to pH variation due to human error; post-

preparation, the pH of buffers can be altered through contact with ambient 

atmospheric CO2; electrode function can degrade over time and result in a deviation 

from the ideal Nernstian slope required to convert volts to pH units; and all electrodes 

are subject to a certain degree of drift over time (Dickson et al., 2007).  

In the described system, pH meters were calibrated using saltwater buffers (2-amino-

2-hydroxy-1,3-propanediol (TRIS) and 2-aminopyridine (AMP)) prepared in accordance 

with Dickson et al (2007). Buffer salinity was slightly higher than that of seawater in 

the culture tanks (35 vs. ~32); however, the consequent error was assumed to be less 
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than 0.005 pH units (Dickson et al., 2007). In case of small deviations of buffer pH 

caused by human error during preparation, buffers were analysed with an Agilent 

8453 spectrophotometer using pure meta-Cresol Purple (mCP) (provided by the 

laboratory of Professor Robert H. Byrne, University of South Florida) at 25°C, and pHT 

calculated from a measured mCP spectrum using the calibration of Liu et al. (2011). 

After preparation, saltwater buffers were aliquoted into 100 mL borosilicate Schott 

bottles in front of an air pump modified to produce CO2-depleted air, thus minimising 

the effect of ambient CO2 on buffer pH. With appropriate storage protocols, saltwater 

buffers prepared in this way have proved stable for up to a year, and subsequent 

degradation is approximately 0.0005 pH units per year (Nemzer & Dickson, 2005). In 

addition to frequent calibration of pH electrodes to compensate for drift, TRIS and 

AMP buffers were used to ensure that all electrode responses were within 0.2-0.3% of 

the ideal Nernst value (0.05916 V) at 25°C (Millero et al., 1993; Dickson et al., 2007): 

Electrode response = EMFAMP – EMFTRIS/pHTRIS – pHAMP      (5) 

where EMF is the electromotive force, measured in Volts. Variability in culture tank pH 

was minimised through a two stage monitoring process. Seawater pH in each tank was 

constantly measured with electrodes connected to the CO2 delivery system (TUNZE™, 

2 point calibration, ± 0.01 pH units). As individual electrodes are prone to drift even 

with frequent calibration (Dickson et al., 2007), an independent, hand-held pH meter 

(Denver Instrument Company AP50, 2 point calibration, ± 0.002 pH units) was also 

used to measure culture tank pH daily. If the Denver pH meter detected deviations 

from the target pH, the TUNZE™ apparatus was adjusted, allowing for centralized 

control of pH using the most precise meter available.  

The performance of the potentiometric apparatus was also validated with the 

calculation of pHT (12°C) based on AT and DIC data taken from culture tank seawater, 

using SWCO2 Software (Hunter, 2007) and the dissociation constants of Mehrbach et 

al (1973) refit by Dickson and Millero (1987). Total alkalinity was measured with 

closed-cell potentiometric apparatus, based on the system described by Dickson et al. 

(2007), while DIC was measured using infra-red analyses of CO2 evolved from an 

acidified sample (Automated Infra-Red Inorganic Carbon Analyser (AIRICA), by 

MARIANDA). Measurements of AT and DIC were calibrated using certified reference 
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materials (CRM) from the lab of Professor Andrew Dickson, University of California San 

Diego. Seawater taken from culture tanks was stored in 1000 ml borosilicate Schott 

bottles and fixed with a saturated solution of mercuric chloride prior to AT and DIC 

analysis (per recommendations of Riebesell et al. (2010). 

3.4 Results 

3.4.1 Carbonate parameters 

Carbonate parameters were monitored throughout a 90 day experiment to culture the 

New Zealand mud snail (Zeacumantus subcarinatus), collected from Otago Harbour, 

Dunedin, New Zealand. During the experimental period, temperature, salinity, and pH 

were measured daily (Table 3.1), while AT and DIC were analysed from samples taken 

approximately every 18 days (Table 3.2). Table 3.2 also lists other relevant carbonate 

parameters calculated using DIC and AT as measured variables.  

Table 3.1. Average values (±SD, n=64) for pHT, temperature, and salinity, recorded over a 90 day 
period in three pH treatment tanks during the culture of Z. subcarinatus. 

  

pHT  

(Measured) 

Temp.  

(°C) 

Salinity  

  

8.1 treatment 8.09  ±  0.03 12.5  ±  0.3 31.7 ± 0.6 

7.6 treatment 7.60  ±  0.03 12.6  ±  0.6 31.9 ± 0.6 

7.4 treatment 7.40  ± 0.03 12.6  ±  0.5 31.3 ± 0.6 

 

 

Table 3.2. Average values (±SD, n=6) for AT and DIC (measured) and pHT and pCO2 (calculated) 
recorded over a 90 day period in three pHT treatments during the culture of Z. subcarinatus. 

  

Alkalinity  

(µmol kg-1) 

DIC  

(µmol kg-1) 

pHT  

(calculated) 

pCO2 

(calculated) 

8.1 treatment 2361  ±  10 2138  ±  11 8.12  ±  0.03 365 ± 30 

7.6 treatment 2389  ±  7 2351  ±  16 7.64  ±  0.04 1304 ± 115 

7.4 treatment 2375  ±  12 2397  ±  13 7.45  ±  0.04 1980 ± 110 
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pHT (12°C), measured both potentiometrically and calculated from DIC and AT data, 

varied by ± 0.03-0.04 units (SD) in all three culture tanks over the 90 day period 

(measured: 7.40 ± 0.03, 7.60 ± 0.04; calculated: 7.45 ± 0.04, 7.64 ± 0.04) (Figure 9). 

While calibration of all electrodes occurred weekly, there was very little drift in the 

electrodes connected to the CO2 regulation apparatus. Temperature, controlled by the 

chiller units, was also stable across all culture tanks, while salinity and AT showed 

minimal variation (Table 3.1). However, there was a greater relative uncertainty in 

salinity (approximately 2%) than AT (<0.5%) over the experimental period. I assume 

that this was due to a greater variability in salinity over the entire 90 day period, 

detected by more frequent sampling (n=64) compared to AT (n=6). As expected, DIC 

(measured) and pCO2 (calculated) increased in all culture tanks after the injection of 

CO2 gas (Findlay et al., 2008; Campbell & Fourqurean, 2011; Hansen et al., 2013), 

while AT remained unchanged in all treatments (Table 3.2).  

 

Figure 9. pHT recorded over the course of a 90-day experiment in which snails were maintained in 
three culture tanks: 8.1 (green), 7.6 (blue), 7.4 (red) pHT. Coloured lines represent pHT data recorded 
on Denver AP50 hand held pH meter and black lines represent ±0.05 error around target pHT values. 
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Sources of error in my measurement of pH include: spectrophotometric measurement 

of buffer pH (± 0.004, Carter et al., 2013a); differences between buffer salinity and 

seawater salinity (<0.005, Dickson et al., 2007); and the potentiometric measurement 

of seawater pH (± 0.01-0.002, pH meter specifications).  

In addition, while the variability of temperature, salinity and AT was relatively minor, 

measurement errors or incorrect calibrations (“offsets”) in these parameters will 

result in offsets in the calculated parameters central to the study of the effects of OA 

on marine organisms. Table 3.3 contains examples of the offsets in calculated 

carbonate parameters caused by values of uncertainty found in this study, i.e. how 

much a change in one or more measured variables affects the calculated parameters. 

The uncertainty in calculated pH resulting from uncertainties in measured AT (10 μmol 

kg-1) and DIC (10 μmol kg-1), and uncertainty in the dissociation constants (pK) of H2CO3 

(0.01) and HCO3
- (0.02), gives an uncertainty in calculated pHT of approximately 0.05 

pH (Dickson & Riley, 1978). Thus, this error estimate in pH is in good agreement with 

the difference between my measured and calculated values for seawater pH; 

measured pH was between 0.03 and 0.05 lower than calculated pH in all pH 

treatments.  

3.4.2 Culture of biological organisms  

To investigate the potential interaction of infection stress and stressors associated 

with OA on the growth of Z. subcarinatus, approximately 360 snails (average length, 

14.4 ± 1.3 mm; average mass, 0.22 ± 0.05 g) were distributed evenly between three 

pH treatments: 8.1, 7.6, and 7.4. Of the 120 snails in each treatment, 30 were infected 

with Maritrema novaezealandensis, 30 infected with Philophthalmus sp., 30 infected 

with Acanthoparyphium sp., and 30 had no parasitic infection. Each group of 30 snails 

was further subdivided into groups of 5 and placed in mesh chambers which allowed 

the flow-through of seawater. Prior to exposure to acidified seawater, all snails were 

soaked for 24 hours in a saltwater solution of calcein, a soluble fluorochrome which is 

incorporated into growing calcified structures and produces a fluorescent band which 

can be treated as a baseline for subsequent growth (Riascos et al., 2007). The snails 

were maintained in the three pH treatments for a total of 90 days, although during 
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that time each tank was assigned a particular pH for only 30 days. During 

reassignment of tank pH, snails from the control (8.1 pH) culture tank were first 

removed and placed in a second aerated container. The now vacant tank was then 

acidified to 7.6 pH and snails transferred from the tank previously assigned that 

treatment. This process was repeated for the snails in the 7.4 pH treatment, and the 

tank originally assigned 7.4 pH was allowed to re-equilibrate with atmospheric CO2 

before the ‘control’ snails were replaced. This stepwise changeover removed the 

potential for tank effect to bias experimental data, and reduced any variation in pH 

conditions experienced by the snails. Throughout the experiment, snails were 

maintained in a 12 hour light: 12 hour dark cycle and fed sea lettuce (Ulva spp.) ad 

libitum.  

After 90 days, all snails were removed from the culture tanks and the growing edge of 

their shell imaged under UV light (Leica camera (DFC320) and dissecting scope 

(MZFL11), 6.4x magnification). New shell growth, visible beyond the fluorescent band, 

was measured with ImageJ software and these data were analysed to test the effects 

of pH and trematode infection on shell growth. Analysis showed that there was 

significantly reduced shell growth under acidified conditions in infected and 

uninfected snails (Figure 10), and that there were differences in the growth rates of 

snails infected with different species of parasite. The complete details of this study 

and the biological interpretations of the findings will be discussed in Chapter 5. 
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Figure 10. Mean shell growth of snails (±SE) exposed to unmodified and acidified seawater for 90 
days. Lowercase letters in bold indicate significant differences between treatments. Note: these data 
are presented in full in Chapter 5 (Figure 23). 
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3.5 Discussion  

3.5.1 Overview 

This chapter described an OA simulation system that maintained temperature, salinity, 

pH, and AT within goal tolerances in three 80 L seawater culture tanks over 90 days. 

The system was used to culture the New Zealand mud snail, Zeacumantus 

subcarinatus, to investigate the effects of reduced seawater pH on individuals infected 

with marine trematode parasites relative to uninfected conspecifics. All apparatus 

used in the construction of the described system was purchased through aquarium 

suppliers at a cost of approximately $3600US, i.e. US$1200 per unit. 

The design of OA simulation systems is under constant development and review (e.g. 

Findlay et al., 2008; McGraw et al., 2010; Wilcox-Freeburg et al., 2013). The system 

described here improves the tolerance and repeatability of potentiometric 

measurement and regulation of pH in an OA simulation system by: a) using two 

synthetic seawater buffers to calibrate glass electrodes and report pH on the total 

hydrogen ion scale (pHT) and b) measuring two additional, non-pH, carbonate 

parameters to independently validate pH, and monitor changes to seawater chemistry 

caused by the culture of calcifying organisms. This chapter also includes an evaluation 

of offsets in calculated carbonate parameters caused by potential offsets and 

calibration errors in my measurement of temperature, salinity, pHT, and AT (Table 3.3). 

I recommend that this type of assessment is carried out by all researchers working 

with OA simulation systems. 
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Table 3.3. A comparison of the offsets in calculated carbonate parameters caused by offsets or calibration errors in measured variables. For comparative purposes 
the top line shows calculated values for DIC, pCO2, Ωa, and Ωc calculated based on the average oceanic values for temperature, salinity, pH, and AT reported in 
Riebesell et al. (2010).  Text in bold indicates the parameter(s) that were varied. 

 Measured parameters Calculated parameters 

 

Temperature 

(°C) 

Salinity 

 

pHT 

 

AT  

(μmol kg
-1

) 

DIC  

(μmol kg
-1

) 

pCO2 

(μatm) 

Ωa 

 

Ωc 

 

Oceanic average (2010) 18.7 34.8 8.062 2305 2050 384 2.83 4.38 

Temperature (± 0.5 °C) 18.2-19.2 34.8 8.062 2305 2054-2045 384-384 2.79-2.88 4.31-4.45 

Salinity (± 0.6) 18.7 34.2-35.4 8.062 2305 2054-2046 386-382 2.81-2.86 4.35-4.41 

pHT (± 0.05) 18.7 34.8 8.012-8.112 2305 2075-2022 440-334 2.58-3.11 3.99-4.80 

AT (± 10 μmol/kg) 18.7 34.8 8.062 2295-2315 2040-2058 381-384 2.83-2.85 4.37-4.41 

Temp. & salinity  18.2-19.2 34.2-35.4 8.062 2305 2057-2041 385-381 2.77-2.91 4.29-4.48 

Temp., salinity & AT  18.2-19.2 34.2-35.4 8.062 2295-2315 2048-2050 383-382 2.76-2.92 4.27-4.50 

Temp., salinity, AT, & pHT  18.2-19.2 34.2-35.4 8.012-8.112 2295-2315 2074-2023 440-334 2.51-3.19 3.88-4.92 

Liquid junction error (±0.065 pH) 18.7 34.8 7.997-8.127 2305 2083-2014 458-320 2.51-3.19 3.88-4.93 

 



 

 60 

3.5.2 Calibration buffers 

To date, the most commonly used buffers for the calibration of electrodes used in OA 

simulation systems are defined by the National Bureau of Standards (NBS), now 

known as the National Institute of Standards and Technology (NIST), and report pH on 

the NBS scale (pHNBS). NBS buffers are inexpensive, commonly available in most labs, 

and have pH values which are typically pre-programed into pH meters to facilitate 

ease of electrode calibration. In the 2013 special OA issue of the journal Marine 

Biology, 18 out of 32 (56%) experimental articles used these buffers and reported pH 

on the NBS scale. However, NBS/NIST buffers have a low ionic strength compared to 

seawater (0.1 M vs. 0.7 M, Hurd et al., 2009; Waters, 2012), and are not 

recommended for the measurement of seawater pH (Dickson, 1984; Millero, 1986; 

Zeebe & Wolf-Gladrow, 2001). 

When measuring pH with potentiometric apparatus, the use of calibration buffers 

with a different ionic strength from sampled media leads to an error based on a 

fundamental assumption of potentiometric theory, i.e. that the difference in electric 

potential between the electrode solution and buffer solution is the same as that 

between the electrode solution and sample solution (Covington et al., 1985). This 

error is referred to as liquid junction error, and has been discussed in several articles 

describing the potentiometric measurement of pH (Illingworth, 1981; Dickson et al., 

2007; Easley & Byrne, 2012). The pH scale is essentially a quantification of the 

difference in electric potential between an ion-selective electrode and a sample 

solution. If the difference in ionic strength between the calibration buffer and sample 

is great, the electrode will not accurately report the difference in electric potential, or 

provide repeatable measurements (Zeebe & Wolf-Gladrow, 2001; Wedborg et al., 

2009). Liquid junction error has been reported to cause uncertainties of ± 0.01-0.14 

units in the measurement of seawater pH when using electrodes calibrated with low 

ionic strength buffers (Dickson, 1993; Easley & Byrne, 2012).The use of NBS buffers 

not only compromises the repeatability of potentiometrically regulated OA simulation 

experiments, this error is also propagated through calculations of other important 

seawater characteristics commonly reported in the OA literature, e.g. the saturation 
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states of aragonite (Ωa) and calcite (Ωc). If we apply an error of ± 0.065 pH units (the 

median of reported liquid junction error values) to Ωa and Ωc in the software program 

SWCO2, we generate errors of 19% and 15% respectively (Table 3.3). The saturation 

states of aragonite and calcite are particularly vulnerable to this degree of error, as 

the current range of these variables is 1.2-5.4 (Ωa) and 1.9-9.2 (Ωc) (Riebesell et al., 

2010), and Ω values less than 1.0, commonly achieved in OA simulation systems,  

indicate that the dissolution of these CaCO3 polymorphs is thermodynamically 

favoured (Andersson et al., 2007). This type of error could prevent the correct 

interpretation of data sets generated in OA experimental studies, as they may indicate 

dissolution of calcified structures at saturation states greater than 1.0. 

An additional consideration when reporting data generated by an OA simulation 

system is the choice of pH scale. Measurement of seawater pH can be reported on 

three scales: the free proton scale (pHF), the total hydrogen ion scale (pHT), and the 

seawater scale (pHSWS). There has been considerable debate over which scale is the 

most appropriate for reporting seawater pH in OA experiments (e.g. Waters & Millero, 

2013), although the total hydrogen ion scale (pHT) is most commonly reported in 

published data. In the 2013 special OA issue of the journal Marine Biology, pHT was 

reported in 14 out of 32 (44%) of experimental articles while pHF and pHSWS were not 

used at all. One reason for this trend is that pHT is generated directly by pH meters 

calibrated with saltwater buffers without additional calculation or conversion, as with 

the free proton and seawater scales. With the increasing availability of these buffers, 

and the importance of establishing comparability between data sets, it seems 

appropriate that pHT should be adopted as the default scale in OA research. 

3.5.3 DIC and AT analysis 

Throughout the 90 day trial of this system, seawater samples were periodically taken 

from each culture tank and used to measure AT and DIC. The primary purpose of this 

analysis was to validate the performance of the described system, with respect to 

regulation of pH, by using DIC and AT data to independently calculate the pH of culture 

tank seawater using the SWCO2 software. As previously discussed, the calculated pH 

was in good agreement with the potentiometrically measured pH, and it is advisable 



 

 62 

that this additional validation process should be standard procedure after the initial 

construction of a potentiometrically regulated OA simulation system. A secondary 

function of measuring AT and DIC is the identification of alterations to seawater 

chemistry caused by the culture of calcifying organisms in acidified seawater. As 

discussed in Hurd et al. (2009), the addition of 100% CO2 to seawater is expected to 

cause an increase in DIC but not affect AT. However, the culture of marine organisms 

in OA simulation systems can alter the concentration of carbon species in seawater 

through photosynthesis (decreased CO2), respiration (increased CO2), or dissolution of 

calcified structures (increased CO3
2-). During an earlier trial of this system, when 

acidified treatments were 7.1 and 7.4 pHT (12°C), AT greatly exceeded the expected 

value of ~ 2300 µmol kg-1 (2938.04 ± 1.29 µmol kg-1 (7.1pH), 2564.16 ± 3.50 µmol kg-1 

(7.4 pH)), and DIC was also unusually high compared to data generated by other 

systems that used CO2 gas to reduce pH (3098.54 ± 5.14 µmol kg-1 (7.1 pH) and 

2614.34 ± 2.61 µmol kg-1 (7.4 pH)). I assumed that the observed changes in seawater 

chemistry were caused by the release of CO3
2- through the dissolution of calcified 

structures, as the snail shells had visibly dissolved, and therefore I increased the 

replacement rate of seawater from 20 L/wk. to 20 L/48 h. As reported earlier in this 

paper, further analysis of AT and DIC showed that these parameters had returned to 

expected levels, supporting the assumption that the dissolution of calcified structures 

had altered seawater chemistry. It is important to note that the replacement rate of 

seawater used in this simulation system may be specific to the size and number of 

snails in culture, and the volume of culture tanks. These observations illustrate the 

importance of measuring both AT and DIC during the culture of calcifying organisms in 

acidified seawater, especially in closed or partially closed systems. If only DIC had been 

measured, and AT assumed to be constant, elevated DIC could have been solely 

attributed to the addition of CO2, and resulted in the introduction of an unknown, 

additional abiotic factor to the experimental design. 

 



 

 63 

3.5.4 Conclusion  

The described system increases the accessibility of reliable OA simulation apparatus 

by using relatively inexpensive equipment that is readily available from aquarium 

suppliers. With careful calibration and the use of appropriate buffers, it is possible to 

generate high quality and repeatable data. Incorporating DIC and AT analysis in the 

validation of this system also provides a greater degree of reliability with regard to pH 

manipulation, and a more complete understanding of the complex nature of seawater 

chemistry. Additional stressors such as temperature, salinity, and UV radiation could 

also be easily incorporated into experimental design due to the modular design of this 

system. Consequently, this system will facilitate the increase in research effort 

required to identify species, and species’ interactions, vulnerable to novel stressors 

associated with OA, alone or in combination with other abiotic factors. 
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4 Chapter 4 Differential tolerances to ocean acidification in parasites that share 

the same host 
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4.1 Abstract 

Ocean acidification (OA) is predicted to cause major changes in marine ecosystem 

structure and function over the next century, as species-specific tolerances to acidified 

seawater may alter previously stable relationships between coexisting organisms. 

Such differential tolerances could affect marine host-parasite associations, as either 

host or parasite may prove more susceptible to the stressors associated with OA. 

Despite their important role in many ecological processes, parasites have not been 

studied in the context of OA. I tested the effects of low pH seawater on the cercariae 

and, where possible, the metacercariae of four species of marine trematode parasite. 

Acidified seawater (7.6 and 7.4 pH, 12.5°C) caused a 40-60% reduction in cercarial 

longevity and a 0-78% reduction in metacercarial survival. However, the reduction in 

longevity and survival varied distinctly between parasite taxa, indicating that the 

effects of reduced pH may be species-specific. These results suggest that OA has the 

potential to reduce the transmission success of many trematode species, decrease 

parasite abundance, and alter the fundamental regulatory role of multi-host parasites 

in marine ecosystems. 

4.2 Introduction 

In the past 15 years, ocean acidification (OA) has been recognised as a major threat to 

all marine ecosystems (Raven et al., 2005; Doney et al., 2009). The current average pH 

of surface ocean waters is 8.1, and is predicted to fall to between 8.06 and 7.77 by the 

year 2100, and to approximately 7.41 by 2300 (IPCC 2014). This reduction in seawater 

pH is caused by an increased uptake of carbon dioxide (CO2) by oceanic surface waters 

due to the increased concentration of atmospheric CO2 (Raven et al., 2005). Once 

dissolved in seawater, CO2 undergoes a series of chemical reactions that ultimately 

increases the concentration of hydrogen ions, thus reducing seawater pH. This process 

has the potential to negatively affect many marine species (Kroeker et al., 2013) by 

increasing the metabolic demands of maintaining inter- and intra-cellular acid/base 

homeostasis (Pörtner et al., 2004). However, tolerance to reduced pH varies across 

and within taxonomic groups (Doney et al., 2009), suggesting that OA may destabilise 
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interactions between coexisting species, i.e. competitive, predatory, or parasitic 

relationships. Parasitic relationships often involve multiple, phylogenetically diverse 

host organisms, which increases the likelihood that we may observe differential 

tolerances to OA between species involved in the parasite’s life cycle (MacLeod & 

Poulin, 2012). Such differential tolerances have the potential to alter previously stable 

host-parasite interactions in the marine environment. 

Parasites play a major role in regulating host populations and, as a result, ecosystem 

biodiversity, structure, and function (Combes, 1996). Consequently, many parasite 

species have been exposed to simulated anthropogenic stressors to predict the 

indirect effects of these stressors on host populations: temperature (Jensen & 

Mouritsen, 1992), salinity (Koprivnikar & Poulin, 2009), ultra-violet radiation (Studer et 

al., 2012a), and trace metals (Morley et al., 2002). Studies have shown that 

anthropogenic stressors can alter many aspects of host-parasite interactions, such as 

host population density (Mouritsen et al., 2005), parasite reproduction (Poulin, 2006), 

host immune function (Morley et al., 2006), and parasite transmission success (Morley 

et al., 2005). While the effects of reduced pH on marine parasites have received little 

attention, the responses of freshwater parasites to reduced pH have been 

documented in ecosystems affected by acid rain or in sites of naturally low pH (see 

review in Marcogliese, 2001). In freshwater systems, low pH was correlated with 

reduced parasite species richness, although it is unknown if the observed effects were 

due to a pH-mediated reduction in parasite transmission success, increased mortality 

of first intermediate hosts, or a combination of factors. Given the findings of these 

studies, it seems likely that reduced pH will also affect parasites in marine 

environments. 

In coastal ecosystems, trematodes (phylum Platyhelminthes) are the most dominant 

parasite group (Mouritsen & Poulin, 2002), with some species infecting up to 80-100% 

of individuals in host populations (Fredensborg et al., 2005). Trematode parasites 

commonly use three different host species to complete their life cycle: the first 

intermediate host, site of asexual reproduction; the second intermediate host, site of 

cyst (metacercaria) formation; and the definitive host, site of sexual reproduction. The 

trematode life cycle requires the consumption of parasite eggs by the first 
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intermediate host or active infection by free-swimming miracidia, active or passive 

infection of the second intermediate host by free-swimming cercariae, and the 

consumption of an infected organism (second intermediate host) by the definitive 

host. Consequently, it should be possible to trace any effects of anthropogenic 

stressors on parasite fitness through the trematode prevalence and intensity of 

infection in multiple host species.  

Four stages of the trematode life-cycle are directly exposed to environmental 

conditions: eggs, miracidia, cercariae and externally formed metacercariae. These life 

stages are lecithotrophic, i.e. they do not feed once they have emerged from the 

definitive or first intermediate host (Pietrock & Marcogliese, 2003), and any increase 

in metabolic demands caused by exposure to an acidified environment may reduce 

the energy available for locating and infecting the next host in their life-cycle. This 

article focusses on the cercarial and external metacercarial transmission stages of 

marine trematode parasites.  

Any change to seawater pH could increase the amount of energy expended by 

cercariae to maintain extra- and intra-cellular acid/base homeostasis, and cause a 

corresponding reduction in cercarial longevity. I use the term longevity to define the 

active period of cercariae, either prior to death or prior to the formation of external 

metacercarial cysts, depending on the life-history of the trematode species. Energy 

expended by cercariae during transmission will also have an effect on the energy 

available to metacercariae, possibly reducing their growth or life span. Any reduction 

in the longevity of cercariae or the survival of metacercariae will lower the probability 

of the parasite reaching the next host in its life-cycle, potentially reduce the 

proportion of parasites that successfully reach the definitive host, and ultimately may 

cause a decline in the overall abundance of the parasite.  

Although no research has been conducted on the effects of OA on cercarial longevity 

(see comment on Koprivnikar et al. (2010) in the Discussion), there has been a 

significant amount of research that investigated the effects of OA on the larvae of 

many non-parasitic marine organisms. There are many functional and morphological 

parallels between cercariae and marine larvae: both represent a link between adults 

of their species and new settlement sites, are often lecithotrophic, and are vulnerable 
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to changing environmental conditions due to their small size and large surface area to 

volume ratio (Zimmer et al., 2009; Morley, 2011). The predominant results of the 

exposure of non-parasitic larvae to low pH seawater are reduced survival (Talmage & 

Gobler, 2011; Gonzalez-Bernat et al., 2013), metabolic depression (Pimentel et al., 

2014), and tissue damage (Frommel et al., 2011). In light of the morphological 

parallels between non-parasitic larvae and cercariae, cercariae may be similarly 

affected by low pH seawater.  

This study used a custom-designed OA simulation system to investigate the effects of 

acidified seawater (7.6 and 7.4 pH, 12.5°C) on the cercarial longevity of four species of 

trematode parasites: Maritrema novaezealandensis, Philophthalmus sp., Parorchis sp., 

and Galactosomum sp. Two of these species, Philophthalmus sp., and Parorchis sp., 

form metacercarial cysts on hard substrates such as shell (Neal & Poulin, 2012), which 

allowed us to also test the effect of reduced pH on metacercarial survival.  As the 

majority of marine non-parasitic species exposed to low pH respond variably yet 

negatively (Kroeker et al., 2013), I predicted that cercarial longevity and metacercarial 

survival would be reduced by exposure to acidified seawater, and that I would also 

find substantial differences between the responses of each trematode species. The 

effects of reduced pH on the cercarial longevity and metacercarial survival of all 

parasites will be discussed in the context of OA-mediated changes to parasite 

abundance in marine ecosystems, while differential tolerances between parasite 

species will be discussed in relation to the physicochemical environment encountered 

by cercariae and metacercariae during the transmission process.    

4.3 Materials and Methods 

4.3.1 Host-parasite system 

Three of the four trematode species used in this experiment - Maritrema 

novaezealandensis, Galactosomum sp., and Philophthalmus sp. (described in 

Martorelli et al., 2004) infect the mud snail Zeacumantus subcarinatus as first 

intermediate host, while the fourth species, Parorchis sp. (described in O’Dwyer et al., 

2014), infects the littorinid snail Austrolittorina cincta. Zeacumantus subcarinatus and 
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A. cincta are herbivorous grazers and have a wide distribution along the New Zealand 

coast. Both snail species were collected from Lower Portobello Bay, New Zealand 

(45°49’50”S, 170°40’17”E), where they are found in very high densities. Zeacumantus 

subcarinatus is found in a wide range of habitats in the bay - sandy sediment, mud 

flats, and rocky shore - while A. cincta predominantly inhabits the upper rocky shore.  

4.3.2 Parasite collection and preparation 

Approximately 2000 Z. subcarinatus and 100 A. cincta snails were collected at Lower 

Portobello Bay in July 2013 and subsequently screened for trematode infection by 

exposing snails to physical conditions that trigger cercarial emergence. Zeacumantus 

subcarinatus snails were placed in warmed seawater (25°C) and exposed to constant 

light, while A. cincta snails were placed in unmodified seawater, exposed to constant 

light,  and kept in constant motion (Shaker Plate, 80 rpm). Trematode species were 

identified by inspecting cercariae under a dissecting microscope and comparing 

cercarial morphology to published descriptions of all parasite species (Martorelli et al., 

2008; O’Dwyer et al., 2014). Snails that were positively identified as infected with a 

parasite of interest were maintained at room temperature (approximately 18-20°C) 

for one week before being screened a second time, thus reducing the probability of 

selecting snails that were infected by two parasite species. All snails selected for the 

experiment were then marked with individual identification labels (Bee Works, Orillia, 

Canada), maintained at room temperature in aerated seawater (approximately 8.1 pH, 

20°C) , and fed sea lettuce (Ulva spp.) ad libitum. 

Prior to the cercarial trials, the snails were placed in 5 mL wells of acidified or 

unmodified seawater (8.1, 7.6, or 7.4 pH), and cercarial emergence was triggered 

using the protocol described above. To maintain continuity in the pH conditions 

cercariae experienced, the pH of seawater in each well matched the pH treatment to 

which the cercariae would be exposed, e.g. if cercariae were to be exposed to 7.4 pH, 

infected snails were placed in wells filled with 7.4 pH seawater. To standardise the age 

of cercariae used in the longevity trials, only cercariae that emerged from host snails 

in the first hour were included in the experiment. 
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During the collection of Philophthalmus sp. and Parorchis sp. cercariae, many 

metacercariae of both species formed cysts on the interior surface of the plastic wells 

(approximately 30 per well for both species). These metacercariae were used to 

evaluate metacercarial survival in acidified conditions by placing the plastic wells in 

the appropriate culture tank, i.e. metacercariae that were formed in 7.4 pH seawater 

were placed in the 7.4 pH treatment culture tank. 

4.3.3 Experimental apparatus 

In order to expose cercariae and metacercariae to acidified seawater, a modular ocean 

acidification simulation system was designed (Chapter 3). Three seawater aquaria 

were constructed, each consisting of a 120L culture tank (870mm (L) x 600mm (W) x 

295mm (H)), a pump and filtration unit, a refrigeration unit, and a pH regulation unit. 

pH, measured on the total hydrogen ion scale, was adjusted with 100% CO2 gas and 

monitored potentiometrically with glass electrodes calibrated with saltwater buffers 

(2-amino-2-hydroxy-1,3-propanediol (TRIS) and 2-aminopyridine (AMP)). Temperature 

was actively controlled using the flow-through chiller unit, while total alkalinity (AT) 

and salinity were passively controlled by the regular addition of unmodified seawater 

(20 L/48 hrs); light levels were also standardised across all culture tanks. Seawater in 

the three culture tanks was maintained at 12.5°C, 32 PSU, and at one of the three pH 

treatment levels: 7.4, 7.6, and 8.1 pH. The 7.6 and 7.4 pH treatments were chosen 

based on the 2014 IPCC report (see section 4.2). I also validated the potentiometric 

regulation of pH by measuring AT and dissolved inorganic carbon (DIC) in seawater 

samples taken from each culture tank, and used those data to calculate pH with the 

software package SWCO2 (Hunter, 2007) (Tables 4.6 and 4.7). 

Two novel pieces of equipment were constructed to expose the cercariae to acidified 

seawater. The larger cercariae (Galactosomum sp., length: 0.76-2.11mm (Martorelli et 

al., 2008), Philophthalmus sp., length: 0.8-1.0mm (Martorelli et al., 2008), and 

Parorchis sp.,  length: 0.66-1.077mm (O’Dwyer et al., 2014)) were placed in cylindrical 

chambers fixed in  floating platforms (20cm x 10 cm) in each culture tank . Each 

chamber consisted of a length of plastic tubing (20mm (L) x 10mm (D)) covered at one 

end by 25μm gauge nylon mesh.  Sixteen chambers were inserted vertically into each 
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floating platform with the mesh-covered end facing downward. When the platforms 

were floated in the culture tanks, the lower half of the chambers was submerged, 

immersing the cercariae in seawater. To record the proportion of living and/or 

unencysted cercariae, each platform was periodically lifted out of the tank within a 

larger container of seawater taken from the same culture tank; both containers were 

placed under a dissecting microscope, and the number of living and/or unencysted 

cercariae recorded. As cercariae of all trematode species used here appeared to be 

phototactic (Pers. Obs), the light emitted by the dissecting scope was used as a 

stimulus to assess the status of cercariae. Maritrema novaezealandensis and 

Galactosomum sp. cercariae that responded to the light by moving were classified as 

alive, while those that did not move were classified as functionally dead. 

Philophthalmus sp. and Parorchis sp. cercariae were never categorised as dead, as 

they either responded to light or had formed a cyst.  

For the smaller cercariae of M. novaezealandensis (length: 0.145-0.190mm (Martorelli 

et al., 2004)), plastic culture plates containing 12 wells were modified so that they 

could be partially submerged in the culture tanks. Once cercariae were loaded into the 

wells with acidified or unmodified seawater, the rim of each well was coated in a layer 

of petroleum jelly and a glass plate pressed down simultaneously onto the top of all 12 

wells. The seal provided by the petroleum jelly prevented the acidified seawater from 

being affected by ambient pCO2 and the glass plate allowed for a visual count of 

cercariae to be made at inspection times; partial submersion of the plate allowed 

temperature to be kept constant. When recording the longevity of M. 

novaezealandensis cercariae, the wells were lifted out of the tanks within containers 

of seawater taken from the same tank, placed under a dissecting scope, and the 

number of active cercariae recorded. At the end of each 12 hour experiment, pH in 

each well was measured to check for deviation from the initial pH. In all cases, the pH 

of seawater in the wells remained within 0.01 units of target values.  

4.3.4 Cercarial longevity 

Between 1 August and 31 October 2013, three cercarial longevity trials were 

conducted for each parasite species. Each trial consisted of a 12 hour exposure of all 
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parasites species to all pH treatments, and was carried out over 6 days (approximately 

2 days per week over a 30 day period). The duration of the trials (12 hours) was based 

on preliminary data that showed significant reductions in cercarial longevity of all 

trematode species within that time frame, a literature review of cercarial longevity in 

control conditions (e.g. Studer & Poulin, 2013), and on the assumption that cercarial 

transmission in some species would occur while cercariae were isolated in seawater 

pools at low tide (6-8hrs, Pers. Obs). Observations of the active period of cercariae 

prior to death (M. novaezealandensis and Galactosomum sp.) and the active period of 

cercariae prior to encystment (Parorchis sp. and Philophthalmus sp.) were combined 

under the term longevity, as either reduced survival or an increased rate of 

encystment will reduce the functional life-span of the cercariae. 

To avoid any unwanted variation in cercarial longevity and metacercarial survival data 

caused by a particular seawater aquarium, i.e. a tank effect, each module was 

assigned a different pH treatment in each of the three trials.  In all trials, cercariae 

were collected from sixteen host snails per parasite species; I assumed that only one 

parasite individual, i.e. one genotype derived from a single miracidium, was present in 

each host snail. Host snails were also divided into two groups of 8 and used to supply 

cercariae on different days during each longevity trial (see Table 4.1). This approach, 

i.e. staggering the sequence of snail infected with different species of parasite, was 

intended to avoid the effect of any unknown factor, present on a particular day, 

affecting the longevity data generated for a given species of parasite. During each 

complete trial, cercariae were collected from each snail and used to stock two 

chambers per pH treatment, i.e. 32 chambers per parasite species per pH treatment 

(n=384). The average number of cercariae per chamber varied between parasite 

species: Galactosomum sp., 11; Philophthalmus sp., 10; Parorchis sp., 13; and M. 

novaezealandensis, 34.  The number of living and/or unencysted cercariae in each 

chamber was recorded at the beginning of the 12 hour period, and then recorded 

every 2 hours (t=0, 2, 4, 6, 8, 10, and 12 hrs). The number of living/unencysted 

cercariae recorded during inspection was used to calculate the change in proportion 

of living and/or unencysted cercariae in each chamber over the 12 hour period.    
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Table 4.1. The order in which cercariae of each parasite individual were exposed to the three pH 
treatments used in activity trials. Numbers in parentheses indicate which sub-group of 16 host snails 
were used to provide cercariae on a given day.  

 8.1 pH 7.6 pH 7.4 pH 

Day 1 Galactosomum sp.(1-8) M. novaezealandensis (1-8) 

Parorchis sp. (1-8) 

Philophthalmus sp. (1-8) 

Day 2 Galactosomum sp. (9-16) M. novaezealandensis (9-16) 

Parorchis sp. (9-16) 

Philophthalmus sp. (9-16) 

Day 12 Philophthalmus sp. (1-8) Galactosomum sp. (1-8) M. novaezealandensis (1-8) 

Parorchis sp. (1-8) 

Day 13 Philophthalmus sp. (9-16) Galactosomum sp. (9-16) M. novaezealandensis(9-16) 

Parorchis sp. (9-16) 

Day 21 M. novaezealandensis (1-8) 

Parorchis sp. (1-8) 

Philophthalmus sp. (1-8) Galactosomum sp. (1-8) 

Day 22 M. novaezealandensis (9-16) 

Parorchis sp. (9-16) 

Philophthalmus sp. (9-16) Galactosomum sp. (9-16) 

4.3.5 Metacercarial survival 

Because the metacercariae of Philophthalmus sp. and Parorchis sp. were produced as 

a by-product of cercarial collection, and were monitored over a longer period than the 

cercariae (12 days), only two metacercarial survival trials were completed between 1 

August and 31 October 2013. Each trial consisted of 32 wells (approximately 30 

metacercariae per well, 2 wells per parasite individual, i.e. per infected snail) 

immersed in each pH treatment for 12 days (n=192). After recording the initial 

number of metacercariae in each well, the number of living cysts was recorded every 

two days for 12 days (t=0, 2, 4, 6, 8, 10, and 12 days) and used to calculate the change 

in proportion of surviving metacercariae in each well over the 12 day period. Cysts 

were categorised as “living” when defined metacercarial features could be seen 
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clearly with a dissecting microscope and “dead” when the cysts appeared opaque, due 

to degraded tissue, or empty. 

4.3.6 Statistical analysis   

Generalised linear mixed effect models with binomial error structures were used to 

analyse the effects of reduced pH on cercarial longevity and metacercarial survival, 

within and between parasite species, in each trial; this type of model structure 

allowed us to use untransformed data and random effect variables. All models used 

“Parasite ID” and “Chamber ID or Well ID” as random effects, thus compensating for 

repeated measures of parasites taken from the same snail (Parasite ID), and repeated 

measures of the cercariae in each chamber (Chamber ID) or the metacercariae in each 

well (Well ID). An overall analysis, used to detect differences between parasite species 

and quantify any effect of a particular tank, included pH, time, parasite species and 

median size of cercariae as fixed effects,“Parasite ID” and “Chamber ID or Well ID” and 

“Tank” as random effects, and the proportion of living and/or unencysted cercariae in 

each chamber (M. novaezealandensis, Philophthalmus sp., Galactosomum sp. and 

Parorchis sp.), or the proportion of living metacercariae in each well (Philophthalmus 

sp. and Parorchis sp.), as the response variable. In models used to detect the effects of 

pH on individual parasite species, the fixed effects were pH and time, and the 

response variable was the proportion of living and unencysted cercariae in each 

chamber (M. novaezealandensis, Philophthalmus sp., Galactosomum sp., and 

Parorchis sp.) or the proportion of living metacercariae in each well (Philophthalmus 

sp. and Parorchis sp.). Significant differences in cercarial longevity and metacercarial 

survival were detected between pH treatments for all parasite species using general 

linear mixed effect models, and are reported at hours 6 and 12 (cercariae) and days 6 

and 12 (metacercariae) in Tables 4.3 and 4.4. A separate model was also used to 

detect any effect of parasite species on cercarial longevity, i.e. differences between 

species, by including “Parasite Species” as a fixed term. Analysis was completed using 

R version 3.1.0 (R Development Core Team, 2014) and the function glmer in the 

package lme4 v. 1.1-7 (Bates et al., 2014). Data generated by the function glmer are 

presented in the standard output format of analyses of variance (ANOVA). However, 

the function glmer does not provide a value for the degrees of freedom denominator 
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required to calculate p-values using an F statistic, so degrees of freedom were 

estimated from a general linear model of the same data, without the random effect 

‘Chamber ID’ or ‘SnailID’, and used to calculate p-values using  F statistics from the 

original glmer model. Fixed effects were considered significant if P values were less 

than or equal to 0.05. 

The intra-class correlation (ICC) of “Parasite ID”, “Chamber ID”, and “Well ID” was 

calculated for each trial to quantify the repeatability of cercarial longevity and 

metacercarial survival data recorded between parasite individuals, cercarial chambers, 

and metacercarial wells. An ICC score was also calculated for the random effect “Tank” 

to quantify any potential tank effect. 

 

 

 

An ICC score of 0% indicates no repeatability of measurements between individuals 

and a score of 100% indicates identical measurements, i.e. pseudoreplication. 

Calculating ICC scores allowed us to assess the independence, or lack thereof, of data 

points taken from the same parasite, i.e. two chambers containing cercariae or 

metacercariae from the same parasite individual (i.e. same infected snail), and 

between cercariae and metacercariae taken from different parasite individuals but 

maintained in the same pH treatment (Table 4.5).  

4.4 Results 

The cercariae of all parasite species exhibited reduced longevity over the 12 hour 

monitoring period in all treatments (Figures 11-14). Cercarial longevity was 

significantly affected by pH and time in all parasite species, and by the interaction of 

pH and time in Galactosomum sp., Philophthalmus sp., and Parorchis sp. (Table 4.2). In 

the 7.6 pH treatment, significant reductions in cercarial longevity were recorded in 

Parorchis sp. after 6 hours, and in Galactosomum sp. and M. novaezealandensis after 
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12 hours. In the 7.4 pH treatment, all parasite species showed significantly reduced 

cercarial longevity at both time points (Table 4.3). The inclusion of the fixed terms 

“Parasite species” and “median size of cercariae” showed that the species of parasite 

had a significant effect on cercarial longevity (F3,8025 = 182.4, P < 0.001), while the size 

of cercariae did not (F1,8025  =  0.093, P = 0.76) (note: the denominator of the F-statistic 

indicates the combined number of observations at seven time points over 12 h for 

four parasite species in three replicate trials). Post-hoc analysis of longevity data 

showed significant differences between all parasite species (P < 0.001 in all paired 

comparisons).   

The metacercarial survival of Philophthalmus sp. also decreased over time in all 

treatments, and was significantly affected by pH, time, and the interaction of these 

factors (Table 4.2). Exposure to 7.6 and 7.4 pH seawater caused significantly reduced 

metacercarial survival at 6 and 12 days (Figure 15, Table 4.4). The metacercariae of 

Parorchis sp. exhibited no mortality over the 12 day observational period and were 

excluded from analysis. 

Intra-class correlation scores generated by “Parasite ID”, “Chamber ID” and ‘Well ID’, 

and “Tank” showed that the average repeatability of longevity or survival data across 

all data was: 19% between samples of the same parasite individual; 54% between 

chambers containing groups of cercariae from different parasite individuals; 27% 

between chambers containing groups of metacercariae from different parasite 

individuals (Table 4.5), and 0.001% between tanks. These results indicate that 

repeatability is generally low to moderate; therefore non-independence of data points 

(pseudoreplication) and tank effect are not major confounding issues in this study.  
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Table 4.2. Outputs from the generalised linear mixed effects models used to analyse the longevity of 
cercariae and survival of metacercariae exposed to three pH treatments (8.1, 7.6, and 7.4) for 12 
hours (cercariae) or 12 days (metacercariae). N=32 per trial for each parasite species in each pH 
treatment. Note: estimated denominator of the degrees of freedom was 666 in each trial. 

   Trial 1 Trial 2 Trial 3 
 

 

df F P F P F P 

Galactosomum sp. pH 2 18.2 <0.001 19.7 <0.001 12.5 <0.001 

(cercariae) Time 1 281.3 <0.001 226.9 <0.001 178.7 <0.001 
 pH*Time 2 6.6 0.001 2.6 0.075 6.6 0.001 

M. novaezealandensis pH 2 22.19 <0.001 19.4 <0.001 25.5 <0.001 

(cercariae) Time 1 211.5 <0.001 66.8 <0.001 247.9 <0.001 
 pH*Time 2 31.0 <0.001 2.4 0.091 2.22 0.109 

Philophthalmus sp. pH 2 8.4 <0.001 9.34 <0.001 6.12 0.002 

(cercariae) Time 1 211.9 <0.001 167.1 <0.001 94.3 <0.001 
 pH*Time 2 4.35 0.013 3.68 0.025 5.12 0.006 

Parorchis sp. pH 2 17.68 <0.001 12.1 <0.001 8.6 <0.001 

(cercariae) Time 1 197.0 <0.001 167.2 <0.001 144 <0.001 
 pH*Time 2 10.5 <0.001 16.9 <0.001 11.3 <0.001 

Philophthalmus sp.  pH 

T 

2 542.9 <0.001 428.5 <0.001 - - 

(metacercariae) Time 1 291.4 <0.001 235.8 <0.001 - - 
 pH*Time 2 76.8 <0.001 65.4 <0.001 - - 
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Table 4.3. The mean proportion of living cercariae (M. novaezealandensis and Galactosomum sp.) or 
unencysted and active cercariae (Parorchis sp. and Philophthalmus sp.) observed in chambers or wells 
at 6 and 12 hours. Single stars (*) indicates a value that is significantly different from the 8.1pH 
treatment, and a dagger (†) indicates a value that is significantly different from the 7.6pH treatment. 

 6 hours 12 hours 

8.1 7.6 7.4 8.1 7.6 7.4 

Galactosomum sp.  0.92 0.9 0.8*† 0.81 0.73* 0.52*† 

M. novaezealandensis  0.83 0.78 0.57*† 0.54 0.41* 0.21*† 

Parorchis sp.  0.61 0.54* 0.30*† 0.43 0.38 0.22*† 

Philophthalmus sp.  0.60 0.56 0.42*† 0.54 0.51 0.35*† 

 

 

Table 4.4. The mean proportion of surviving metacercariae in each pH treatment after 6 and 12 days. 
Single stars (*) indicates a value that is significantly different from the 8.1pH treatment, and a dagger 
(†) indicates a value that is significantly different from the 7.6 pH treatment. 

 6 days 12 days 

8.1 7.6 7.4 8.1 7.6 7.4 

Philophthalmus sp.  0.40 0.31* 0.18*† 0.18 0.08* 0.04* 

 

 

Table 4.5. Mean intra-class correlation scores of all parasites used in all trials showing the percent 
repeatability of data generated by two replicate groups of cercariae or metacercariae taken from the 
same host snail (Parasite ID) and between parasites of the same species (cercariae - Chamber ID, 
metacercariae – Well ID). Abbreviations: Ma. – M. novaezealandensis, Ga. – Galactosomum sp., Ph. – 
Philophthalmus sp., Pa. – Parorchis sp. 

 Trial 1 Trial 2 Trial 3 

 Ma. Ga. Ph. Pa. Ma. Ga. Ph. Pa. Ma. Ga. Ph. Pa. 

Parasite ID 12% 24% 10% 13% 21% 11% 8% 12% 64% 20% 16% 17% 

Chamber ID  88% 64% 31% 41% 77% 72% 43% 29% 91% 46% 25% 38% 

Well ID - - 28% - - - 26% -     
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Figure 11. Survival of Maritrema novaezealandensis cercariae exposed to 8.1, 7.6, and 7.4 pH 
seawater. Data points represent mean proportion of surviving cercariae ±SE (n=96). 

 

 

Figure 12. Survival of Galactosomum sp. cercariae exposed to 8.1, 7.6, and 7.4 pH seawater. Data 
points represent mean proportion of surviving cercariae ±SE (n=96). 
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Figure 13. Longevity of Parorchis sp. cercariae exposed to 8.1, 7.6, and 7.4 pH seawater. Data points 
represent mean proportion of living and unencysted cercariae ±SE (n=96).  

 

Figure 14. Longevity of Philophthalmus sp. cercariae exposed to 8.1, 7.6, and 7.4 pH seawater. Data 
points represent mean proportion of living and unencysted cercariae ±SE (n=96). 
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Figure 15. Survival of Philophthalmus sp. metacercariae exposed to 8.1, 7.6, and 7.4 pH seawater. 
Data points represent mean proportion of live metacercariae ±SE (n=64). 

 

Table 4.6. Mean values (±SD) of all measured parameters used to characterise the carbonate 
chemistry of unmodified and acidified seawater. 

  

pH  

(Measured) 

Temp.  

(°C) 

Salinity  

 

Alkalinity  

(µmol kg-1) 

DIC  

(µmol kg-1) 

8.1 treatment 8.09  ±  0.03 12.5  ±  0.3 31.7 ± 0.6 2361  ±  10 2138  ±  11 

7.6 treatment 7.60  ±  0.03 12.6  ±  0.6 31.9 ± 0.6 2389  ±  7 2351  ±  16 

7.4 treatment 7.40  ± 0.03 12.6  ±  0.5 31.3 ± 0.6 2375  ±  12 2397  ±  13 

 

Table 4.7. Mean values (±SD) of all calculated parameters used to characterise the carbonate 
chemistry of unmodified and acidified seawater. Ωa and Ωc represent aragonite and calcite saturation 
states, respectively. 

  pH pCO2 Ωa Ωc 

8.1 treatment 8.12  ±  0.03 365 ± 30 2.52±0.20 3.98±0.34 

7.6 treatment 7.64  ±  0.04 1304 ± 115 0.94±0.15 1.48±0.24 

7.4 treatment 7.45  ±  0.04 1980 ± 110 0.61±0.10 0.97±0.16 

 



 

 82 

4.5 Discussion  

4.5.1 Overview 

To date, Koprivnikar et al (2010) is the only study that exposed cercariae to acidified 

seawater (7.8 pH), although the authors found no direct effect of pH on cercarial 

survival. However, as the methodology used in that study was not in accordance with 

the acidification techniques outlined in the Guide to best practices for ocean 

acidification research and data reporting (Riebesell et al., 2010), the authors likely did 

not record  the true response of cercariae to acidified seawater. Accordingly, the 

present article describes the first rigorous test of cercarial longevity and metacercarial 

survival in acidified seawater. I chose pH treatments based on current surface ocean 

conditions (8.1 pH), the range of predicted conditions for the year 2100 (8.07-7.77 

pH), and the estimated oceanic pH for the year 2300 (~7.4 pH) (IPCC, 2014). Per 

current recommendations for OA simulation systems, I reduced pH by bubbling CO2 

gas directly into temperature-controlled seawater, measured pH on the total 

hydrogen ion scale, and recorded AT and DIC throughout the study to validate pH 

control and fully characterise the carbonate chemistry of modified seawater (Dickson 

et al., 2007; Riebesell et al., 2010; MacLeod et al., 2014). 

The cercarial longevity of all parasite species was significantly reduced at 7.4 pH, while 

the cercariae of Parorchis sp., Galactosomum sp., and M. novaezealandensis also 

exhibited significantly reduced longevity at 7.6 pH. Species-specific responses to 

reduced pH can also be seen in Figures 11-14, and statistical analysis confirmed that 

parasite species identity significantly influenced the longevity of cercariae exposed to 

acidified seawater. Philophthalmus sp. exhibited significantly reduced metacercarial 

survival at 7.6 and 7.4 pH (Figure 15), while the metacercariae of Parorchis sp. showed 

no mortality in any treatment over 12 days. These results clearly support my 

hypothesis that cercariae and metacercariae of all parasite species would be 

negatively affected by reduced pH and that the severity of these effects would be 

species-specific.   
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The majority of OA research to date has focussed on establishing such species-specific 

responses to acidified seawater, as a tolerance to pH stress may indicate phenotypic 

plasticity that will enable certain species to survive changing oceanic conditions. The 

adaptive abilities of marine organisms are influenced by the environmental conditions 

they experience throughout their lifespan, i.e. an organism will retain the ability to 

adapt to a stressor if it regularly experiences that stressor (DeWitt & Scheiner, 2004). 

The habitat-specific range of seawater pH experienced by marine organisms has been 

used to predict tolerance to pH stress more reliably than phylogenetic relationships, 

as organisms taken from habitats that experience a high degree of variability in 

ambient pH typically exhibit a greater tolerance to reduced pH conditions than 

conspecifics from more stable habitats (e.g. Lardies et al., 2014; Zhang et al., 2014). 

Trematode parasites are exposed to the highly variable environment of the intertidal 

zone during cercarial transmission between hosts, and also experience the internal 

micro-environment of host bodies post-transmission, e.g. when burrowing through 

crustacean somatic tissue (Fredensborg et al., 2004) or penetrating fish organs (Beuret 

et al., 2000). Consequently, it is vital to view the response of cercariae and 

metacercariae to acidified seawater in the context of the range of pH values they 

would experience throughout their entire life cycle, not only during direct exposure to 

seawater.  

Due to the preferred habitats of Z. subcarinatus and A. cincta (low and high intertidal, 

respectively), and the conditions that trigger cercarial emergence from each species 

(Z. subcarinatus – warm temperature and constant light; A. cincta – constant light and 

motion), I inferred that parasites infecting Z. subcarinatus would release cercariae into 

tide pools, while parasites infecting A. cincta would release cercariae during tidal 

inundation. 

At the collection site of both species of snail, tide pool seawater has a greater 

variability in pH than incoming tidal seawater (tide pool seawater, 7.60-9.19; incoming 

tidal seawater, 7.82-8.35, Chapter 2). Accordingly, cercariae emerging from Z. 

subcarinatus are exposed to a greater range of seawater pH than cercariae emerging 

from A. cincta. The difference in pH variability between tide pool seawater and 

incoming tidal seawater is due to biotic and abiotic factors that have a greater impact 
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on small volumes of water: photosynthesis, respiration, and freshwater influx (Duarte 

et al., 2013). This differential variability suggests that Parorchis sp. cercariae may be 

less tolerant to low pH conditions than all trematode species infecting Z. subcarinatus. 

This prediction is supported by cercarial longevity data which show that relative to the 

cercariae maintained in control conditions (8.1pH), Parorchis sp. exhibited the lowest 

proportion of active cercariae in both acidified treatments after 6 hours. 

4.5.2 Galactosomum sp. 

After the initial infection of their second intermediate hosts, Galactosomum sp. 

cercariae are exposed to acidic environments within the host’s body which may affect 

their tolerance to acidified seawater. Cercariae of this genus typically have a dark 

pigmentation and exhibit a very distinctive undulating swimming action which is 

believed to mimic the prey of planktivorous fish that act as second intermediate hosts  

(Pearson, 1973; Rekharani & Madhavi, 1985; Beuret et al., 2000). Once consumed by 

the fish host, the cercariae pass through the digestive system, where they penetrate 

the gut wall before tunnelling through somatic tissue to reach the brain. In the brain, 

cercariae encyst as metacercariae and await a second predation event, i.e. a shore 

bird consuming the fish, which completes the parasite’s life cycle (Prudhoe, 1949; 

Culurgioni et al., 2007). As Galactosomum sp. cercariae can survive the extreme pH 

environment of the fish stomach (3.5 - 6.0 pH, Taylor & Grosell, 2006), they may 

possess a pre-adaptation for low seawater pH. The presence of this pre-adaptation is 

supported by the cercarial longevity data, as Galactosomum sp. cercariae exhibited 

the lowest overall reduction in longevity, and the highest proportion of active 

cercariae after 12 hours, of all parasite species exposed to acidified seawater (Table 

4.3). These results suggest that Galactosomum sp. cercariae may be more tolerant of 

the reduced pH associated with OA than other parasites that infect Z. subcarinatus.   

4.5.3 Maritrema novaezealandensis 

Maritrema novaezealandensis uses many species of crustacean as a second 

intermediate host (Koehler & Poulin, 2010). Cercariae penetrate the outer cuticle and 

somatic tissue of the crustaceans before encysting in their body cavity (Martorelli et 
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al., 2004). The transmission to their definitive host is achieved when the crustacean is 

consumed by a shorebird. Extra- and intra-cellular pH in crustacean somatic tissue is 

maintained at approximately 7.2-7.8 pH (Wheatly & Henry, 1992). Accordingly, I 

expected M. novaezealandensis cercariae to be more tolerant of low pH conditions 

than Philophthalmus sp. or Parorchis sp. cercariae, which form metacercariae in the 

least acidic environment, but less tolerant than Galactosomum sp. cercariae. Contrary 

to my predictions, M. novaezealandensis was the least tolerant of low pH conditions 

after 12 hours relative to cercariae maintained in control conditions (8.1 pH) (see 

Figure 11 and Table 4.3). This may be due to the relatively small size of the cercariae 

of M. novaezealandensis, approximately an order of magnitude smaller than cercariae 

of the other three parasite species. Maritrema novaezealandensis cercariae may store 

less energy than other parasite species due to their smaller body size, while a higher 

surface area to volume ratio may increase their vulnerability to changing ionic 

conditions, as cercariae attempt to maintain internal ionic equilibrium. Despite the 

low tolerance of M. novaezealandensis cercariae to acidified seawater, the overall 

prevalence of this parasite may not be significantly altered by OA. Studies that 

exposed M. novaezealandensis to other abiotic stressors (e.g. ultraviolet radiation, 

Studer et al., 2012a) have found that transmission rates to second intermediate hosts 

remained unaffected, despite high cercarial mortality rates. This incongruity may be 

explained by the relatively high mean number of cercariae produced by snails infected 

with M. novaezealandensis (2000/wk.) compared to snails infected with other species 

of trematode, e.g. Galactosomum sp. - 50/wk., Parorchis sp. - 100/wk., and 

Philophthalmus sp. – 60/wk., unpublished data). Consequently, predictions of the 

effects of acidified seawater on M. novaezealandensis may be inaccurate without 

additional information on the transmission success of this species under simulated OA 

conditions. 

4.5.4 Parorchis sp. and Philophthalmus sp. 

Parorchis sp. and Philophthalmus sp. both belong to the Family Philophthalmidae and 

form metacercariae externally on hard substrates (Leung et al., 2009; O’Dwyer et al., 

2014). Neal and Poulin (2012) found that Philophthalmus sp. cercariae showed a 

preference for forming metacercariae on the shells of snails that may serve as second 
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intermediate hosts, and completed their life cycle when the shell was consumed by a 

shorebird. No information is available on the substrate used by Parorchis sp. as 

surrogate for a second intermediate host. Whatever the transmission strategy behind 

the formation of external metacercariae on hard substrates, cercariae of these species 

remain exposed to ambient seawater conditions from the time they emerge from 

their first intermediate host until they reach their definitive host. Consequently, 

cercariae of Philophthalmus sp. are exposed to the range of pH values associated with 

tide pools (7.60 to 9.19 pH), while Parorchis sp. cercariae are exposed to the more 

moderate range of pH associated with tidal seawater (7.82 - 8.35 pH). Given my 

hypothesis that environmental variability affects an organism’s tolerance to abiotic 

conditions such as pH, I predicted that Philophthalmus sp. cercariae would be more 

tolerant to low pH conditions than Parorchis sp. cercariae. Indeed, the cercariae of 

Philophthalmus sp. exhibited a longer active period than Parorchis sp. cercariae prior 

to forming metacercarial cysts (Table 4.3). In the absence of an appropriate substrate, 

I assumed that cercariae of both trematode species would postpone the formation of 

metacercariae for as long as their energy stores would allow, and that a shorter active 

period would imply a greater susceptibility to pH stress. 

The protective cysts formed by Philophthalmus sp. and Parorchis sp. parasites may 

provide some measure of protection for metacercariae against changing 

environmental conditions, as protective cysts of this family have a thicker outer 

membrane than other trematode families (Dixon, 1975). If we view the environmental 

conditions experienced by these two species as a predictor of tolerance to abiotic 

stressors, we see that cysts formed by Philophthalmus sp. are less exposed to 

desiccation stress than those of Parorchis sp. due to differences in habitat, i.e. low 

versus high intertidal zones. There are also morphological differences between 

Parorchis sp. and Philophthalmus sp. cysts which suggest that the latter species may 

be more vulnerable to changing abiotic conditions. Philophthalmus sp. cysts are flask-

shaped, with an opening at the neck of the cyst (Howell, 1983). This opening facilitates 

a rapid excystment in the throat of the avian definitive host so that metacercariae are 

not destroyed by the host’s digestive system (Nollen & Kanev, 1995). Cysts formed by 

Parorchis sp. have no opening and the metacercariae are completely isolated from 
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environmental conditions (O’Dwyer et al., 2014). Consequently, the cysts of 

Philophthalmus sp. may provide less protection against changing abiotic conditions 

compared with the cysts formed by Parorchis sp. 

These hypotheses are supported by the metacercarial survival data, as Philophthalmus 

sp. metacercariae exhibited significantly lower survival rates in both acidified 

treatments, while the metacercariae of Parorchis sp. showed no mortality at all over 

the 12 day period. In fact, Parorchis sp. metacercariae were left for up to 30 days in 

acidified seawater and showed no mortality. In spite of the greater tolerance of 

Philophthalmus sp. cercariae to acidified conditions, the 100% survival observed in 

Parorchis sp. metacercariae indicates that the overall transmission success of 

Parorchis sp. will be less affected by acidified seawater. The differential response of 

these confamilial species to reduced pH aptly illustrates the importance of the 

physicochemical characteristics of an organism’s habitat in establishing tolerance to 

abiotic stressors. 

4.5.5 Ecological consequences  

All parasites included in this study exhibited significant reductions in cercarial 

longevity under acidified conditions. This suggests that the transmission window for all 

species may be shortened under OA conditions, i.e. the amount of time cercariae have 

to find and infect a suitable second intermediate host may be reduced. Any reduction 

in the transmission window could decrease the probability of successful transmission 

to the next host, potentially reducing the abundance of these parasites in all 

stages/hosts of their life cycle. A reduction of overall parasite abundance could alter 

marine ecosystems in significant ways: populations of host snail species, typically 

sterilised by trematode infection (Lafferty & Kuris, 2009), would have a greater 

reproductive potential; parasite-mediated changes to second intermediate host 

behaviour, some of which have important ecological ramifications (Thomas et al., 

1998), would be minimised; and any host species that experience increased mortality 

as a consequence of parasitic infection may become more abundant (Jensen & 

Mouritsen, 1992). However, in attempting to predict the effects of OA on marine 

ecosystems vis à vis the impact of OA on parasites, it becomes obvious that a holistic 
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view must be taken of host-parasite interactions. As parasites depend on host 

organisms to survive and complete their life cycles, the response of both host and 

parasitic species to the stressors associated with OA must be understood before we 

can predict the full impact of OA on marine ecosystems. It is also clear that the next 

stages of ecological research should incorporate additional abiotic stressors to better 

understand the complex interplay of, for example, increased temperature and 

reduced pH, and any subsequent effects of combined stressors on host-parasite 

interactions.  

4.5.6 Conclusion 

Data presented in this study indicate that cercarial longevity and metacercarial 

survival are negatively affected by exposure to low pH seawater. This could have 

dramatic cumulative effects on a wide range of marine organisms due to the multi-

host life cycle of trematodes. As parasites have the ability to influence host population 

behaviour, reproduction, and survival, it is vital that parasitology is fully incorporated 

into the study of the ecosystem effects of OA. Predictions of future ecosystem 

structure and function under all CO2 emission scenarios will be incomplete without a 

greater understanding of the effects of OA on host-parasite interactions. 
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5 Chapter 5 Trematode infection reduces the ability of a marine gastropod to 

synthesise calcium carbonate structures in simulated OA conditions 
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5.1 Abstract 

The interactive effects of ocean acidification (OA) and parasitic infection have the 

potential to alter the performance of many marine organisms. Parasitic infection can 

affect host organisms’ response to abiotic stressors, and vice versa, while the response 

of marine organisms to stressors associated with OA can vary within and between 

taxonomic groups (host or parasite). Accordingly, it seems likely that the combination 

of infection stress and the novel stressors associated with OA could alter previously 

stable host-parasite interactions. This study is a detailed investigation into the changes 

to shell growth, dissolution, and tensile strength in the New Zealand mud snail 

Zeacumantus subcarinatus caused by trematode infection in combination with 

exposure to simulated OA conditions. This study also tests the effects of reduced pH 

on snails infected by three different trematode species to investigate potential 

species-specific effects of infection. After a 90 day exposure to three pH treatments 

(8.1, 7.6, and 7.4 pH), acidified seawater caused significant reductions in shell growth, 

length, weight, and tensile strength in all snails. Trematode infection caused increased 

shell growth and dissolution, and reduced shell strength, in infected snails relative to 

uninfected conspecifics. In all measured variables, there were also significant 

differences between snails maintained at the same pH, but infected by different 

species of parasite. These results indicate that parasitic infection has the potential to 

alter host organisms’ response to OA, and that the magnitude of this effect varies 

among parasite species.  
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5.2 Introduction 

Over the last 10 years, ocean acidification (OA) research has developed from short-

term, single species experiments that manipulated only seawater pH (e.g. Bibby et al., 

2007), to complex, long-term experiments that investigate the effects of combined 

abiotic stressors (pH and temperature - Melatunan et al., 2011; pH and UV - 

Melnychuk et al., 2012; pH and salinity - Dickinson et al., 2013), and biological 

interactions in simulated OA conditions (competition - Hofmann et al., 2012; 

predation - Allan et al., 2013). In the majority of OA experiments, the effects of 

acidified seawater on marine organisms are negative (see reviews in Doney et al., 

2009; Kroeker et al., 2013) , although the degree of sensitivity exhibited by marine 

species is highly variable even between sympatric or phylogenetically-related species 

(e.g. Chapter 4; Lardies et al., 2014; Zhang et al., 2014). Such differential tolerances 

could disrupt inter- and intra-specific interactions of ecologically important marine 

species (De Laender et al., 2014). The interactions between marine parasites and their 

hosts are particularly vulnerable to stressors associated with OA. External transmission 

stages of marine parasites can be negatively affected by changing environmental 

conditions (Pietrock & Marcogliese, 2003), and some species exhibit significantly 

increased mortality of free-living transmission stages exposed to acidified seawater 

(Chapter 4). Internal parasite life-stages, such as the sporocysts, rediae, and 

metacercariae of trematodes, rely on host organisms for nutrients, physical 

protection, and as transmission vectors to the next stage/host in their life cycle 

(Galaktionov & Dobrovolskij, 2003). The greater the number of host species involved 

in a parasite’s life-cycle, the higher the probability that one will prove susceptible to 

stressors associated with OA. If either the free-living transmission stages of parasites, 

or any host species involved in the parasite’s life-cycle, are negatively affected by OA, 

the abundance of marine parasites could be reduced and the important regulatory 

role that they play in many ecosystem processes (Combes, 1996; Mouritsen & Poulin, 

2002) could be altered.  

In addition to the direct effects of OA, the combination of parasitic infection and 

stressors associated with OA could cumulatively alter the performance of host species, 
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further affecting the host-parasite relationship. Ocean acidification can increase the 

metabolic demands placed on host species, as the increased concentration of 

hydrogen ions in seawater causes a corresponding increase in the energy required to 

maintain internal acid/base homeostasis (Pörtner et al., 2004). Calcifying host 

organisms also experience higher metabolic demands while forming calcium 

carbonate (CaCO3) structures in acidified seawater (see review in Parker et al., 2013), 

as the same chemical processes that increase hydrogen ion concentration in seawater 

also decrease the availability of the carbonate ions that play a central role in the 

biological synthesis of CaCO3 (see Calcification box on page 90-91). Parasitic infection 

can also increase the energetic requirements of host organisms by damaging or 

consuming host tissue (Cheng, 1963), increasing energetically costly behaviour (Sousa, 

1991), or by absorbing nutrients directly from the host’s body (Cheng & Snyder, 1963). 

Just as additional abiotic stressors such as hypoxia have exacerbated the effects of OA 

on marine organisms (Rosa & Seibel, 2008; Gobler et al., 2014), the interaction of 

parasitic infection and stressors associated with OA may have synergistic negative 

effects. Indeed, exposure to acidified seawater has already been linked with altered 

immune response in marine molluscs (Bibby et al., 2008; Dupont & Thorndyke, 2012). 

As parasitism is a ubiquitous process in all marine environments, and many of the 

marine organisms that act as hosts are calcifiers, an understanding of how the effects 

of acidified seawater and parasitic infection will interact is necessary to fully 

understand the future ecosystem effects of OA (MacLeod & Poulin, 2012; Kroeker et 

al., 2014).  

Trematode parasites are found in most marine environments and use between two 

and four host species to complete their life cycle (Galaktionov & Dobrovolskij, 2003). A 

typical trematode life cycle involves a definitive host, most often a seabird or large 

fish, where sexual reproduction occurs; a first intermediate host, almost universally a 

gastropod, where asexual reproduction occurs; and a second intermediate host in 

which resting cysts (metacercariae) are formed and await ingestion by the definitive 

host to complete the parasite’s life cycle. Trematode transmission between first and 

second intermediate hosts is achieved by free-living transmission stages (cercariae) 

which emerge from the snail and either actively or passively infect the second 
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intermediate host. In addition to the first intermediate gastropod host, many of the 

second intermediate hosts of trematode parasites are calcifiers, e.g. bivalves and 

crustaceans. Consequently, the trematode life cycle is affected by the two main 

stressors associated with OA, i.e. reduced pH (host and parasite) and reduced 

carbonate ion concentration (host only).  

Trematode infection of the gastropod host typically causes complete sterilisation, as 

the parasite replaces host reproductive tissue with its own reproductive life stages 

(sporocysts and rediae). Trematode infection can alter the tolerance of host snails to 

abiotic stressors (e.g. Cruz-Mendoza et al., 2006), change feeding behaviours (Wood 

et al., 2007), and affect habitat choice (Bates et al., 2011). It is assumed that these 

modifications are adaptive for the parasite, by increasing its probability of reaching its 

next host (Curtis, 1987). In some cases, infection has also resulted in changes to shell 

growth rate and shell morphology in host snails (Mouritsen & Jensen, 1994; Probst & 

Kube, 1999; Hay et al., 2005). Increased shell growth, or gigantism, resulting from 

trematode infection is attributed to an adaptive strategy of the host to deprive the 

parasite of energy that would usually be used for reproduction; a non-adaptive 

consequence of the excess energy available to the snail after sterilisation, i.e. the 

parasite does not utilise all the energy that would otherwise have been used for 

reproduction (see review in Minchella, 1985); or an adaptive strategy of the parasite 

to increase the space available for asexual reproduction (McCarthy et al., 2004). In all 

scenarios, infection plays a role in altering the rate of calcification in infected host 

snails, and may interact with the changes to the calcification process caused by OA. 

Ocean acidification has caused increased shell dissolution (Nienhuis et al., 2010), 

reduced shell repair rates (Coleman et al., 2014), and elevated metabolic rates  

(Lardies et al 2014) in marine gastropods. Accordingly, the trematode-snail 

relationship is an ideal model system to investigate the combined effects of OA and 

infection stress.  

This study exposed groups of snails (Zeacumantus subcarinatus) infected with one of 

three species of trematode parasite (Maritrema novaezealandensis, Philophthalmus 

sp., or Acanthoparyphium sp.), and an uninfected control group, to acidified seawater. 

The aim of this study was to investigate changes to shell growth, dissolution, and 
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tensile strength in infected and uninfected snails exposed to acidified seawater, and to 

identify intra-specific differences in measured parameters based on the species of 

infecting parasite. I predict that acidified seawater will negatively affect shell growth 

and strength, and increase shell dissolution, of uninfected snails. However, as the 

effects of parasitic infection may interact antagonistically with the effects of OA, i.e. 

by increasing growth, it is unclear how the combined effects of infection and OA will 

alter the production of CaCO3 structures by infected individuals. 

 

Calcification box 

Many marine organisms form calcium carbonate (CaCO3) in extra- or intra-cellular 

sites to construct calcified structures such as shells or plates (Weiner & Dove, 2003). 

The biological formation of this mineral is described by the equation  

Ca2+ + 2HCO3
- ⇌ CaCO3 + CO2 + H2O   

where Ca2+ are calcium ions and HCO3
- are bicarbonate ions. Bicarbonate ions are 

supplied by the breakdown of metabolically generated CO2 or taken from surrounding 

seawater (Roleda et al., 2012). The calcifying organism must also maintain saturated 

concentrations of carbonate ions (CO3
2-) at the site of CaCO3 formation so that the 

newly formed structures do not dissolve (Raven et al., 2005). The dissolution of CaCO3 

is described by the equation:  

CaCO3 ⇌ Ca2+ + CO3
2-   

and quantified by the expression 

Ω = [Ca2+][CO3
2-]/K 

where omega (Ω) represents the saturation state of CaCO3 and K is a dissolution 

constant specific to the polymorph of CaCO3 formed by the calcifying organism. 

Saturation states less than one (Ω<1) indicate that the dissolution of CaCO3 is 

thermodynamically favoured (Gattuso & Buddemeier, 2000). Aragonite and calcite are 

the most common polymorphs of CaCO3 used by marine organisms, and aragonite is 

more soluble in acidified seawater than calcite (Doney et al., 2009). 
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As the increased dissolution of atmospheric CO2 into seawater increases the 

concentration of bicarbonate ions and decreases the concentration of carbonate ions, 

the calcification process is compromised though dissolution rather than impaired 

synthesis.  

 

5.3 Materials and Methods 

5.3.1 Trematode-snail system 

The mud snail Zeacumantus subcarinatus is found in extremely high densities in many 

intertidal habitats along the coast of New Zealand, and experiences a wide range of pH 

conditions on a diel scale (see Chapter 2). In Lower Portobello Bay (45°49’50”S, 

170°40’17”E), the collection site of snails used in this study, eight species of trematode 

parasite are known to use Z. subcarinatus snails as a first intermediate host (Leung et 

al., 2009). In the following experiments, Z. subcarinatus individuals were divided into 

four infection categories:  uninfected snails and those infected with Maritrema 

novaezealandensis, Philophthalmus sp., or Acanthoparyphium sp. 

5.3.2 Snail collection and parasite identification 

Approximately 2000 Z. subcarinatus snails were collected in July 2013 from Lower 

Portobello Bay and transported to the University of Otago. Snails were maintained at 

room temperature in unmodified, aerated seawater (~8.1 pH) before being screened 

for trematode infection using the protocol outlined in Chapter 4 (section 4.3.2). After 

confirmation of infection status, all snails were marked with a unique identifying tag 

(Bee Works, Orillia, Canada), which allowed individual snails to be tracked throughout 

the 90 day experimental period. 

5.3.3 OA simulation system 

Using the apparatus described in Chapter 3 and 4 (section 4.3.3), snails were exposed 

to acidified or unmodified seawater that simulated average current oceanic pH (8.1 

pH) and pH levels predicted to occur by the year 2100 (7.6 pH) and 2300 (7.4 pH) 
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(IPCC, 2014). Throughout the 90 day exposure to acidified seawater or control 

conditions, pH, total alkalinity (AT), dissolved inorganic carbon (DIC), salinity, and 

temperature were measured as described in Chapter 3. Other analytical parameters of 

acidified seawater (pCO2, Ωa, and Ωc) were calculated with AT and DIC data, using the 

computer package SWCO2 (Hunter, 2007), in addition to independently calculating pH 

to validate the potentiometric regulation of seawater pH in this system (Tables 4.6 and 

4.7). 

5.3.4 Experimental design 

The combined effects of parasitic infection and exposure to acidified seawater on Z. 

subcarinatus individuals were investigated by exposing snails from each infection 

category to all pH treatments. In each pH treatment, approximately 30 snails from 

each infection category were distributed evenly between five cylindrical nylon mesh 

chambers (height – 8 cm, diameter – 8.5 cm)(Figure 16), and the chambers submerged 

in unmodified or acidified seawater for a period of 90 days (Figure 17). Throughout the 

90 day period, snails were provided with a constant supply of sea lettuce (Ulva spp.). 

To minimise any unrecorded and unwanted variation in the performance of a 

particular culture tank and associated apparatus, i.e. tank effect, the pH assigned to 

each culture tank was changed at 30 and 60 days and snails transferred between 

tanks. Consequently, all snails experienced constant pH conditions and spent equal 

amounts of time in each culture tank. In addition to transferring snails between 

culture tanks, the position of each chamber was changed within each tank every four 

days, so that all chambers spent an equal period of time at each of the 20 positions 

available in the culture tanks (Figure 17). The periodic movement of snail chambers 

was carried out so that no snails spent an unequal amount of time in close proximity 

to the CO2 inflow point, although frequent testing of seawater pH did not identify any 

pH gradient in the culture tanks. Throughout the 90 day experiment, oxygen 

concentrations were maintained at similar levels to those found in the habitat of Z. 

subcarinatus (approximately 98%, Chapter2).  
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Figure 16. Nylon mesh chambers used to contain approximately six snails from a single infection 
category. 

 

 

Figure 17. Five chambers per infection category were submerged in each culture tank and periodically 
moved along the blue line to ensure that no chamber spent an unequal amount of time in close 
proximity to the CO2 inflow point (red line). 
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5.3.5 Shell growth and dissolution 

To document shell growth and dissolution, all snails were photographed (Olympus 

camera, DP25) in a standardised orientation and at a fixed magnification (6.4x) before 

and after exposure to acidified or unmodified seawater (Figure 18). Total shell length 

was measured in both sets of images using ImageJ software and changes to total shell 

length calculated.  Prior to the experiment, all snails were also soaked for 24 hours in a 

saltwater solution of Calcein™ (120 mg/L) to provide a measure of shell growth 

independent of dissolution. Calcein™ is a soluble fluorochrome which is incorporated 

into growing calcified structures and produces a fluorescent band which can be 

treated as a baseline for subsequent shell growth (Riascos et al., 2007). After the 90 

day exposure to acidified or unmodified seawater, all snails were imaged under UV 

light (Leica camera, DFC350), and ImageJ software was used to measure the average 

distance in micrometres between the baseline fluorescent band and the new growing 

edge of the shell (Figure 19).  
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Figure 18. Images of each snail were taken before (upper image) and after (lower image) exposure to 
acidified or unmodified seawater, and used to measure total shell length (yellow lines).  

  

 

 

Figure 19. An example of the images used to measure new shell growth. Insert shows the fluorescent 
band produced by Calcein™ stain that was used to mark the start of shell growth at the beginning of 
the 90 day period. 
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5.3.6 Wet weight 

Wet weight was recorded (±0.001g) before and after the 90 day exposure to acidified 

or unmodified seawater. To avoid any inaccuracies caused by water on the exterior 

surface of shells, all snails were dried for 3 hours at room temperature (~20°C) on a 

piece of absorbent paper before being weighed. The net change in wet weight was 

then calculated and used as a combined measure of shell growth and dissolution, and 

host and parasite tissue growth. 

5.3.7 Tensile strength 

The tensile strength of each snail shell was tested using a texture analyser (TA.HDplus, 

Stable Micro Systems) that measured the maximum force in grams required to break a 

shell sample (see sample output of the texture analyser in Figure 21). Two sub-sets of 

data were gathered using this technique: the tensile strength of shell formed during 

the 90 day exposure to unmodified or acidified seawater, and shell that had been 

formed prior to exposure. To ensure standardisation of measurements across snails, a 

needle probe (P/2N, Stable Micro Systems) was attached to the texture analyser and 

used in conjunction with a small custom-made clamp to hold snails in a standardised 

orientation, ensuring that the same point on all snail shells was tested in each trial 

(Figure 20).  

 

Figure 20. The tensile strength of newly formed shell (red circle) and shell formed prior to exposure to 
acidified or unmodified seawater (blue circle) was tested on each snail in a standardised way using 
the TA.HDplus texture analyser. 
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Figure 21. Sample output of the texture analyser used to calculate the maximum force required to 
break a sample of shell. Point A1 indicates the breaking point at approximately 920 grams. 

 

5.3.8 Identification of CaCO3 polymorph 

The polymorph of CaCO3 used by Z. subcarinatus was identified using X-ray diffraction 

(XRD). Shell samples were placed in an agate mortar and pestle with a small amount of 

95% ethanol, and ground to a fine slurry. The ethanol and shell mixture was then 

spread onto a 2cm x 2cm glass slide and allowed to dry completely. Slides were placed 

in an X-ray diffractometer (PANalytical X'Pert-Pro MPD PW3040/60 XRD, °2Θ, 3-80° 

scan, copper (Cu) anode) and the polymorphs of CaCO3 identified by comparing X-ray 

diffraction patterns to a reference library of known minerals. Two shell samples from 

each infection category and pH combination (n=24) were processed using this 

technique. For each sample the X-ray diffractometer produced a graph which 

indicated the presence of known minerals (see sample output of XRD analysis in Figure 

22). Aragonite was the only polymorph of CaCO3 found in all Z. subcarinatus shells.  
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Figure 22. A sample output graph from the X-ray diffraction analysis of the mineralogical content of 
Zeacumantus subcarinatus shell. The height of each peak is compared against a reference archive and 
matched with a particular mineral polymorph. 

 

5.3.9 Statistical analysis  

All response variables (shell growth, shell length, wet weight, tensile strength (new 

growth) and tensile strength (old growth)) were analysed using three different linear 

mixed effect models. In the first model, each response variable was analysed 

separately using pH, infection category, and initial shell length as fixed effects, and 

Chamber ID as a random effect. This model provided an overview of the effect of pH 



 

 103 

and infection category on each response variable. Initial shell length was included as a 

proxy for snail age, as I assumed that age may alter calcification ability. Chamber ID 

was included as a random effect to compensate for any bias introduced by 

maintaining multiple snails in the nylon mesh chambers. The output of this model type 

is summarised in Tables 5.1, 5.3, 5.5, 5.7, and 5.9. The first model was also used to 

calculate intra-class correlation (ICC) of ‘Chamber ID’ to quantify the repeatability of 

data recorded between groups of snails maintained in different nylon chambers. 

 

 

 

An ICC score of 0% indicates no repeatability of measurements between groups and a 

score of 100% indicates identical measurements, i.e. pseudoreplication. Calculating 

ICC scores allowed us to assess the independence, or lack thereof, of data points taken 

from multiple chambers in the same pH treatment. 

The second model was used to analyse changes in each response variable within each 

infection category. This model used as response variable the data from a single 

infection category and included pH and initial shell length as fixed effects and 

Chamber ID as a random effect. The output of this model type is summarised in Tables 

5.2, 5.4, 5.6, 5.8, and 5.10. These models also tested for the significant differences 

between pH treatments within infection categories that are presented in Figures 23A, 

24A, 25A, 26A, and 27A. The third model used as response variable the data from each 

pH treatment separately, with infection category and initial shell length as fixed 

effects and Chamber ID as a random effect. The output of this model type provided a 

test for the significant differences between infection categories within pH treatments 

that are presented in Figures 23B, 24B, 25B, 26B, and 27B. 

All analyses were conducted using R version 3.1.0 (R Development Core Team, 2014) 

and the function lmer in the package lme4 v. 1.1-7 (Bates et al., 2014). The 

powerTransform function in the package car v. 2.0-21 (Fox et al., 2014), was used if 

any response variable required transformation to meet the assumptions of normality. 
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Data generated by the function lmer is presented in the standard output format of 

analyses of variance (ANOVA). However, the function lmer does not provide a value 

for the degrees of freedom required to calculate p-values using a t or F statistic, so 

degrees of freedom were estimated from a linear model of the same data but without 

the random effect “Chamber ID” and used to calculate p-values using t and F statistics 

from the original lmer model.  

5.4 Results 

5.4.1 Shell growth 

The shell growth of Z. subcarinatus was significantly affected by pH, infection 

category, and the interaction of these factors (Table 5.1). Within infection categories, 

pH significantly affected the shell growth of all snails, while initial shell length was a 

significant factor in the shell growth of uninfected snails only (Table 5.2). In most 

infection categories, shell growth was significantly lower in the 7.4 pH treatment 

relative to 7.6 and 8.1 pH treatments (Figure 23A). The only exceptions to this trend 

were snails infected with Philophthalmus sp., which exhibited significantly reduced 

shell growth in both acidified treatments (Figure 23A). There were significant 

differences in shell growth between infection categories in 8.1 and 7.6 pH treatments 

(Figure 23B): at 8.1 pH, uninfected snails exhibited significantly lower shell growth 

than M. novaezealandensis infected snails, with Acanthoparyphium sp. and 

Philophthalmus sp. infected snails intermediate between the two; at 7.6 pH, snails 

infected by M. novaezealandensis and Acanthoparyphium sp. grew significantly more 

than Philophthalmus sp. infected snails, while uninfected snails grew significantly less 

than those infected by M. novaezealandensis. At 7.4 pH, there were no significant 

differences in shell growth between any infection categories. Intra-class correlation 

scores generated by ‘Chamber ID’ showed that the repeatability of average snail shell 

growth between chambers was 10.0%, indicating that repeatability was low and 

pseudoreplication not a confounding factor in these data. 
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Figure 23. Mean shell growth (±SE) of snails exposed to acidified and unmodified seawater for 90 
days: (A) data grouped by pH treatment and (B) data grouped by infection category. Lowercase 
letters in bold indicate significant differences between treatments. Sample sizes: uninfected, 8.1 pH = 
31, 7.6 pH = 23, 7.4 pH = 19; Philophthalmus sp., 8.1 pH = 27, 7.6 pH = 25, 7.4 pH = 17; M. 
novaezealandensis, 8.1 pH = 27, 7.6 pH = 27, 7.4 pH = 17; Acanthoparyphium sp., 8.1 pH = 27, 7.6 pH = 
22, 7.4 pH = 23. 
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Table 5.1. Linear mixed effect model output for the analysis of shell growth in all infection categories 
(n=313). “Length” represents the length of snail shells at the beginning of the 90 day trial. 

 df MS F P 

pH 2 161.1 59.1 <0.001 

Infection category (IC) 3 13.6 5.0 0.002 

Length 1 2.7 1.0 0.313 

pH*IC 6 7.3 2.7 0.012 

pH*length 2 0.7 0.2 0.770 

IC*length 3 3.2 1.2 0.313 

 

 

Table 5.2. Linear mixed effect model output for the analysis of shell growth of snails in each infection 
category. Sample sizes for each infection category are given in parentheses. “Length” represents the 
length of snail shells at the beginning of the 90 day trial. 

  df MS F P 

Uninfected (79) pH 2 73.24 12.40 <0.001 

 Length 1 11.67 11.67 0.001 

 pH*length 2 1.75 1.75 0.180 

M. novaezealandensis (74) pH 2 208.40 31.45 <0.001 

 Length  1 0.18 0.03 0.887 

 pH*length 2 3.17 0.48 0.625 

Philophthalmus sp. (80) pH 2 105.98 38.48 <0.001 

 Length  1 1.99 0.72 0.383 

 pH*length 2 1.24 0.45 0.639 

Acanthoparyphium sp. (80) pH 2 0.01 8.81 <0.001 

 Length  1 0.00 0.61 0.436 

 pH*length 2 0.00 0.63 0.533 
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5.4.2 Changes in shell length 

Changes in the shell length of Z. subcarinatus were significantly affected by pH, 

infection category, initial shell length, and the interaction of initial shell length and 

infection category (Table 5.3). Within infection categories, pH significantly affected all 

groups, while initial shell length was a significant factor for Acanthoparyphium sp. 

infected snails only (Table 5.4). In all infection categories except M. 

novaezealandensis, there were significant differences in the change in shell length 

between all pH treatments; only the 8.1 and 7.4 pH treatments differed significantly in 

the M. novaezealandensis group (Figure 24A). In all pH treatments, uninfected snails, 

and those infected by Philophthalmus sp., exhibited significantly smaller changes in 

shell length than M. novaezealandensis and Acanthoparyphium sp. infected snails, 

while there was also a significant difference between the latter two groups; however, 

in the 8.1 pH treatment, changes in shell length for uninfected snails were positive 

(Figure 24B). Intra-class correlation scores generated by ‘Chamber ID’ showed that the 

repeatability of average changes in snail shell length between chambers was 7.8%, 

indicating that repeatability was low and pseudoreplication not a confounding factor 

in these data. 
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Figure 24. Mean change in shell length (±SE) of snails exposed to acidified and unmodified seawater 
for 90 days: (A) data grouped by pH treatment and (B) data grouped by infection category. Lowercase 
letters in bold indicate significant differences between treatments. Sample sizes: uninfected, 8.1 pH = 
31, 7.6 pH = 23, 7.4 pH = 25; Philophthalmus sp., 8.1 pH = 27, 7.6 pH = 27, 7.4 pH = 24; M. 
novaezealandensis, 8.1 pH = 23, 7.6 pH = 27, 7.4 pH = 24; Acanthoparyphium sp., 8.1 pH = 28, 7.6 pH = 
29, 7.4 pH = 26. 
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Table 5.3. Linear mixed effect model output for the analysis of changes in shell length in all infection 
categories (n=313). “Length” represents the total length of snail shells at the beginning of the 90 day 
trial. 

 df MS F P 

pH 2 16.2 56.6 <0.001 

Infection category (IC) 3 103.6 34.5 <0.001 

Length 1 13.2 13.2 <0.001 

pH*IC 6 0.2 0.6 0.684 

pH*length 2 0.4 1.4 0.234 

IC*length 3 2.3 8.1 <0.001 

 

 

Table 5.4. Linear mixed effect model output for the analysis of the changes in shell length of snails in 
each infection category. Sample sizes for each infection category are given in parentheses. “Length” 
represents the total length of snail shells at the beginning of the 90 day 

  df MS F P 

Uninfected (79) pH 2 13.75 18.64 <0.001 

 Length  1 0.23 0.31 0.578 

 pH*length 2 1.95 2.65 0.078 

M. novaezealandensis (74) pH 2 208.40 31.45 <0.001 

 Length  1 0.18 0.03 0.887 

 pH*length 2 3.17 0.48 0.625 

Philophthalmus sp. (80) pH 2 503.78 21.06 <0.001 

 Length  1 50.41 2.11 0.151 

 pH*length 2 3.92 0.16 0.849 

Acanthoparyphium sp. (80) pH 2 2.96 7.87 <0.001 

 Length  1 2.99 7.96 0.006 

 pH*length 2 0.01 0.02 0.979 
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5.4.3 Changes in wet weight 

Changes in the wet weight of Z. subcarinatus were significantly affected by pH, 

infection category, initial shell length, and the interaction between infection category 

and initial shell length (Table 5.5). Within infection categories, pH significantly affected 

changes in wet weight for all groups; initial shell length significantly affected the 

change in wet weight of uninfected snails and those infected with M. 

novaezealandensis and Acanthoparyphium sp., and the interaction of pH and initial 

shell length was a significant factor for Acanthoparyphium sp. infected snails only 

(Table 5.6).  In all infection categories, there were significant differences in the change 

in wet weight between each pH treatment, with positive changes recorded at 8.1 pH 

and negative changes in both 7.6 and 7.4 pH treatments (Figure 25A). There were 

significant differences in the change in wet weight between infection categories in the 

8.1 and 7.6 pH treatments (Figure 25B): at 8.1 pH, the change in wet weight of snails 

infected with Philophthalmus sp. was significantly greater than all other infection 

categories; at 7.6 pH, Acanthoparyphium sp. infected snails exhibited a greater 

reduction in wet weight than uninfected snails and snails infected with Philophthalmus 

sp. At 7.4 pH, there were no significant differences between any infection categories. 

Intra-class correlation scores generated by ‘Chamber ID’ showed that the repeatability 

of average changes in snail shell wet weight between chambers was 10.7%, indicating 

that repeatability was low and pseudoreplication not a confounding factor in these 

data. 
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Figure 25. Mean changes in the wet weight (±SE) of snails exposed to reduced pH for 90 days: (A) data 
grouped by pH treatment, and (B) data grouped by infection category. Lowercase letters in bold 
indicate significant differences between treatments. Sample sizes: uninfected, 8.1 pH = 31, 7.6 pH = 
23, 7.4 pH = 25; Philophthalmus sp., 8.1 pH = 27, 7.6 pH = 27, 7.4 pH = 24; M. novaezealandensis, 8.1 
pH = 23, 7.6 pH = 27, 7.4 pH = 24; Acanthoparyphium sp., 8.1 pH = 28, 7.6 pH = 29, 7.4 pH = 26. 
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Table 5.5. Linear mixed effect model output for the analysis of changes in the wet weight of snails in 
all infection categories (n=313). “Length” represents the total length of snail shells at the beginning of 
the 90 day trial. 

 df MS F P 

pH 2 694744 91.75 <0.001 

Infection category (IC) 3 55682 7.35 <0.001 

Length 1 51982 6.86 0.009 

pH*IC 6 5057 0.67 0.676 

pH*length 2 57584 7.60 <0.001 

IC*length 3 16906 2.23 0.084 

 

 

Table 5.6. Linear mixed effect model output for the analysis of the changes in the wet weight of snails 
in each infection category. Sample sizes for each infection category are given in parentheses. 
“Length” represents the total length of snail shells at the beginning of the 90 day trial. 

  df MS F P 

Uninfected (79) pH 2 0.0018 44.92 <0.001 

 Length  1 0.00029 7.12 0.009 

 pH*length 2 0.001 0.211 0.810 

M. novaezealandensis (74) pH 2 0.00103 21.98 <0.001 

 Length  1 0.00059 12.54 <0.001 

 pH*length 2 0.0001 2.36 0.102 

Philophthalmus sp. (80) pH 2 0.068 16.94 <0.001 

 Length  1 0.002 0.516 0.475 

 pH*length 2 0.003 0.744 0.479 

Acanthoparyphium sp. (80) pH 2 0.0006 14.28 <0.001 

 Length  1 0.0002 4.72 0.033 

 pH*length 2 0.0003 7.76 <0.001 
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5.4.4 Shell strength 

The tensile strength of shell formed by Z. subcarinatus prior to and during the 90 day 

exposure to unmodified or acidified seawater was significantly affected by pH and 

infection category (Tables 5.7 and 5.9). For all infection categories, the tensile strength 

of newly formed shell structures was significantly affected by pH (Table 5.8), while the 

strength of shell formed prior to the experimental period was significantly affected by 

pH in infected snails only, and by initial shell length in snails infected with M. 

novaezealandensis (Table 5.10). The tensile strength of newly formed shell was 

significantly lower in the 7.4 pH treatment relative to the 8.1 pH treatment in all 

infection categories, although the effect of 7.6 pH was different for each group: in 

uninfected snails, the 7.6 pH treatment was significantly different from both 8.1 and 

7.4 pH treatments; in snails infected with Philophthalmus sp., the 7.6 pH treatment 

was significantly lower than that of the controls; in snails infected with M. 

novaezealandensis, there was significantly greater tensile strength in the 7.6 pH than 

the 7.4 pH treatment; and in Acanthoparyphium sp.-infected snails, there were no 

significant differences in the tensile strength of snails in the 7.6 pH and those of either 

7.4 pH or control treatments (Figure 26A). Within pH treatments, there were 

significant differences between M. novaezealandensis infected snails and uninfected 

snails at 8.1 pH and between M. novaezealandensis infected snails and all other 

infection categories at 7.4 pH (Figure 26B). The tensile strength of shell formed prior 

to the experimental period was significantly greater in control 8.1 pH conditions 

relative to the 7.6 and 7.4 pH treatments in all infected categories, with the exception 

of M. novaezealandensis, for which the 7.4 pH treatment was statistically similar to 

both 7.6 and 8.1 pH. There were no significant differences recorded in the tensile 

strength of pre-existing shell of uninfected snails at any pH treatment (Figure 27A).  

Within pH treatments, there were only significant differences at 8.1 pH between 

uninfected snails and those infected with Philophthalmus sp. and Acanthoparyphium 

sp.  (Figure 27B). Intra-class correlation scores generated by ‘Chamber ID’ showed that 

the repeatability of average changes in shell strength between chambers was 0.8% for 

new shell growth and 0.8% for old shell growth, indicating that repeatability was very 

low and pseudoreplication not a confounding factor in these data. 
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Figure 26. Mean force (±SE) required to break shell formed during 90 day exposure to reduced pH: (A) 
data grouped by pH treatment, and (B) data grouped by infection category. Lowercase letters in bold 
indicate significant differences between treatments. Sample sizes: uninfected, 8.1 pH = 25, 7.6 pH = 
23, 7.4 pH = 22; Philophthalmus sp., 8.1 pH = 22, 7.6 pH = 22, 7.4 pH =21; M. novaezealandensis, 8.1 
pH = 22, 7.6 pH = 22, 7.4 pH = 19; Acanthoparyphium sp., 8.1 pH = 23, 7.6 pH = 23, 7.4 pH = 19. 
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Table 5.7. Linear mixed effect model outputs for the analysis of the breaking force of shell formed 
during 90 day exposure to reduced pH by snails in all infection categories (n=263). “Length” 
represents the total length of snail shells at the beginning of the 90 day trial. 

 df MS F P 

pH 2 3.3901 37.8777 <0.001 

Infection category (IC) 3 0.5603 6.2598 <0.001 

Length 1 0.1320 1.4745 0.229 

pH*IC 6 0.0776 0.8665 0.520 

pH*length 2 0.0153 0.1711 0.843 

IC*length 3 0.0410 0.4580 0.712 

 

 

Table 5.8. Linear mixed effect model outputs for the analysis of the breaking force of shell formed 
during 90 day exposure to reduced pH by snails in each infection category. Sample sizes for each 
infection category are given in parentheses. “Length” represents the total length of snail shells at the 
beginning of the 90 day trial. 

  df MS F P 

Uninfected (70) pH 2 0.0054792 22.4831 <0.001 

 Length  1 0.0001137 0.4667 0.497 

 pH*length 2 0.0004271 1.7526 0.182 

M. novaezealandensis 

(63) 

pH 2 0.0066646 12.1322 <0.001 

 Length  1 0.0000019 0.0035 0.953 

 pH*length 2 0.0009854 1.7938 0.175 

Philophthalmus sp. (65) pH 2 0.103904 5.2606 0.008 

 Length  1 0.029282 1.4825 0.228 

 pH*length 2 0.045299 2.2934 0.110 

Acanthoparyphium sp. 

(65) 

pH 2 137.877 4.9045 0.011 

 Length  1 0.182 0.0065 0.936 

 pH*length 2 8.958 0.3187 0.728 
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Figure 27. Mean force (±SE) required to break shell formed prior to 90 day exposure to reduced pH: 
(A) data grouped by pH treatment, and (B) data grouped by infection category. Lowercase letters in 
bold indicate significant differences between treatments. Sample sizes: uninfected, 8.1 pH = 25, 7.6 
pH = 23, 7.4 pH = 22; Philophthalmus sp., 8.1 pH = 22, 7.6 pH = 22, 7.4 pH = 20; M. novaezealandensis, 
8.1 pH = 22, 7.6 pH = 22, 7.4 pH = 19; Acanthoparyphium sp., 8.1 pH = 23, 7.6 pH = 23, 7.4 pH = 19. 
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Table 5.9. Linear mixed effect model output for the analysis of the breaking force of shell formed 
prior to 90 day exposure to reduced pH by snails in all infection categories (n=263). “Length” 
represents the total length of snail shells at the beginning of the 90 day trial. 

 df MS F P 

pH 2 29.2344 37.4814 <0.001 

Infection category (IC) 3 4.7599 6.1027 <0.001 

Length 1 1.0996 1.4098 0.236 

pH*IC 6 0.7216 0.9252 0.477 

pH*length 2 0.1492 0.1913 0.826 

IC*length 3 0.3285 0.4211 0.738 

 

 

Table 5.10. Linear mixed effect model output for the analysis of the breaking force of shell formed 
prior to 90 day exposure to reduced pH by snails in each infection category. Sample sizes for each 
infection category are given in parentheses. “Length” represents the total length of snail shells at the 
beginning of the 90 day trial. 

  df MS F P 

Uninfected (70) pH 2 17.400 0.6618 0.519 

 Length  1 83.140 3.1620 0.080 

 pH*length 2 3.657 0.1391 0.870 

M. novaezealandensis (63) pH 2 1.4839 3.4825 0.037 

 Length  1 5.0231 11.7883 0.001 

 pH*length 2 0.0022 0.0052 0.995 

Philophthalmus sp. (65) pH 2 6.7807 8.8043 <0.001 

 Length  1 0.0039 0.0051 0.944 

 pH*length 2 0.0638 0.0828 0.921 

Acanthoparyphium sp. (65) pH 2 57.863 6.8807 0.002 

 Length  1 0.847 0.1008 0.752 

 pH*length 2 11.654 1.3858 0.258 
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5.5 Discussion 

5.5.1 Review of goals and major findings 

The goals of this study were to investigate the combined effects of acidified seawater 

and parasitic infection on the calcifying ability of the mud snail Z. subcarinatus, and to 

compare the responses of snails infected with different species of trematode parasite. 

In all measured parameters (shell growth, dissolution, and strength, and wet weight), 

there were significant negative effects of reduced pH, i.e. reduced shell growth and 

strength, reduced wet weight, and increased shell dissolution. Significant differences 

in all parameters were also recorded between infected and uninfected individuals, and 

between snails infected with different species of parasite. The combined effects of 

acidified seawater and parasitic infection were most notable in the moderate pH 

treatment (7.6 pH), as the relative responses of snails from all infection categories 

recorded at 8.1 pH were significantly altered when seawater pH was reduced to 7.6 

pH. These data indicate that the interaction of stressors associated with OA and 

trematode infection have the potential to change the calcifying ability of Z. 

subcarinatus. Conversely, the majority of differences between infection categories 

were removed when snails were exposed to 7.4 pH seawater, suggesting there is a 

tipping point beyond which the effects of acidified seawater mask any effects of 

trematode infection on the calcifying ability of Z. subcarinatus. These results indicate 

that trematode infection currently alters the ability of host organisms to form calcified 

structures and that these effects will be modified by continued acidification of oceanic 

waters.  

5.5.2 Shell growth 

Snails in all infection categories exhibited positive shell growth in all pH treatments, 

although growth was significantly reduced in 7.6 and 7.4 pH seawater (Figure 23A).  

These results show that Z. subcarinatus has the ability to form CaCO3 in seawater 

undersaturated with aragonite (Ωa<1), the only polymorph of CaCO3 present in the 

shell of this species of snail (see section 5.3.8). Shell growth in undersaturated 

conditions indicates that Z. subcarinatus snails possess cellular processes capable of 

creating a saturated solution of carbonate ions in extracellular spaces, despite 
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exposure to undersaturated ambient conditions (Weiner & Dove, 2003). Zeacumantus 

subcarinatus snails may possess this ability because they are periodically exposed to 

similar conditions in their natural habitat, e.g. Ωa = 0.293 and pH = 7.599 (see Chapter 

2). The observed reductions in shell growth across acidified treatments may be caused 

by the increased energetic cost of establishing the extra-cellular zones of carbonate 

ion saturation, or by the dissolution of newly formed calcified structures as they 

become exposed to undersaturated ambient conditions (Parker et al., 2013). 

While the observed reductions in shell growth may have a relatively simple underlying 

mechanism, i.e. changes in the availability of carbonate ions in seawater, the cause of 

differences in shell growth observed between infection categories of snails exposed to 

the same pH may be more complex. Increased shell growth of snails infected with 

trematode parasites, also referred to as gigantism, has been discussed at length in the 

parasitology literature (Minchella, 1985; Mouritsen & Jensen, 1994; Gorbushin, 1997; 

Probst & Kube, 1999). Gigantism has been attributed to differential energy costs of 

infection versus reproduction(Gorbushin, 1997), or to differences in the reproductive 

life histories of trematode parasites (Minchella, 1985). Gastropods infected by 

trematode parasites are typically sterilised as the parasite grows in the gonads of 

infected snails. The energy consumed by parasitic infection may be less than the 

energy required for reproduction by uninfected individuals, allowing infected snails to 

invest surplus energy in shell growth. This hypothesis could explain why M. 

novaezealandensis-infected snails exhibited greater shell growth than uninfected 

individuals at 8.1 and 7.6 pH, although it fails to explain why there was no difference 

in growth rates between uninfected snails and those infected with Acanthoparyphium 

sp. and Philophthalmus sp. The varied life histories of the three trematode parasites 

may further explain the observed differences, or lack thereof, between infection 

categories. Once reaching the gastropod host, trematode parasites form rediae or 

sporocysts, depending on the trematode species, both capable of asexual 

reproduction. Although both reproductive morphs produce clonal cercariae, rediae 

actively consume host tissue while sporocysts absorb nutrients through their 

tegument (Cheng, 1963). Consequently, the feeding strategy of rediae may require the 

host to invest additional energy into tissue repair relative to hosts infected with 



 

 120 

sporocyst-producing parasites. In the group of trematode species used in this study, 

M. novaezealandensis cercariae are produced by sporocysts while Acanthoparyphium 

sp. and Philophthalmus sp. cercariae are produced by rediae. If the active 

consumption of tissue, and the subsequent cost of repair, increases the energetic cost 

of infection by a rediae-producing parasite, this may explain why snails infected with 

Acanthoparyphium sp. and Philophthalmus sp. infected snails grew less than snails 

infected with M. novaezealandensis. If this explanation is correct, the energetic cost of 

repair may be comparable to the cost of reproduction, potentially explaining the 

similarity in growth rates of uninfected snails and those infected with rediae-

producing trematode species. A final factor to consider is the ability of some 

trematode parasites to affect the morphology of shells produced by infected 

individuals. Several studies have found that trematode infection correlates with 

changes in gastropod shell morphology (Miura et al., 2006; Thieltges et al., 2009), and 

Hay et al. (2005) found that infection of Z. subcarinatus by Acanthoparyphium sp. and 

Philophthalmus sp. parasites correlated with a wider shell compared to uninfected 

conspecifics. Given the methods used to measure shell growth in this experiment, a 

wider shell would lead to a lower value for total shell growth, as the same amount of 

shell, distributed over a wider area, is formed by an infected individual. If this 

assumption is true, there should be a similar increase in shell weight in snails infected 

with M. novaezealandensis, Philophthalmus sp., and Acanthoparyphium sp.; this will 

be discussed in section 4.5.4.  

If gigantism, parasite reproductive life history, and/or parasite-mediated modifications 

to shell morphology do explain the differences observed between infection categories 

in control conditions, some of these factors must be altered by acidified seawater, as 

the relationship between the shell growth of snails in different infection categories 

changes between 8.1 and 7.6 pH treatments (Figure 23B). At 7.6 pH, M. 

novaezealandensis-infected snails still exhibit the greatest shell growth, but the 

contrast between uninfected snails and those infected with Philophthalmus sp. and 

Acanthoparyphium sp. is altered.  As the presence of rediae and sporocysts is 

obviously unaffected by seawater pH, and as this experiment was too short to detect 

changes to the shell morphology-altering effect of parasitic infection, it is likely that 
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the change in the relative growth rates of snails in different infection categories was 

caused by altered energy availability. If snail hosts must invest more energy in 

maintaining acid/base homeostasis, there would be less energy available for shell 

growth. Similarly, acidified seawater can reduce extracellular pH (Reipschläger & 

Pörtner, 1996), exposing parasites to pH stress and causing an increase in the energy 

required by the parasite to maintain acid/base homeostasis. As the cost of maintaining 

homeostasis is assumed to be constant for all Z. subcarinatus snails exposed to 

acidified seawater, the altered responses of snails from the same infection category 

exposed to different seawater pH levels may indicate differential tolerances of 

parasite species to acidified conditions as they do to heated conditions (Bates et al., 

2011). 

The lack of significant differences in shell growth between snails from all infection 

categories exposed to 7.4 pH seawater may indicate that, in these conditions, the 

effects of reduced pH mask parasite-induced changes to shell growth. The lack of 

differences could be caused by (i) a dramatic reduction of metabolic energy available 

for calcification, as snails prioritise maintaining acid/base balance; (ii) an increase in 

the metabolic demands of the parasites as they are exposed to even greater pH stress; 

(iii) the dissolution of newly formed calcified shell; or (iv) a combination of these. 

5.5.3 Shell dissolution 

Despite the positive shell growth observed in all infection categories in all pH 

treatments, the majority of snails exhibited negative net changes in total shell length 

over the 90 day exposure to acidified seawater, indicating that shell dissolution was 

greater than shell growth. Positive changes in shell length were observed only in 

uninfected snails maintained at 8.1 pH, and there was a clear trend of increased 

dissolution in all infection categories as pH was reduced (Figure 24B). Shell dissolution 

in acidified seawater can be explained by the same mechanism discussed in the 

analysis of changes to shell growth, i.e. reduced carbonate ion concentration. As 

seawater becomes undersaturated with respect to carbonate ions, the dissolution of 

CaCO3 structures becomes thermodynamically favoured, and shells not protected by 

biologically generated zones of carbonate ion saturation begin to dissolve (see 
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Calcification box). However, differences between infection categories cannot be 

completely explained by the dissolution kinetics of CaCO3. Although all infection 

categories exhibited shell dissolution in acidified seawater, dissolution was recorded 

for snails infected with M. novaezealandensis and Acanthoparyphium sp. in the 

control treatment, while there were also significant differences between the 

dissolution responses of snails in different infection categories in all pH treatments 

(Figure 24B). 

The observed shell dissolution or low shell growth in 8.1 pH seawater may reflect 

differences in the dissolution kinetics of biogenically synthesised and pure forms of 

CaCO3, as the saturation states of aragonite refer only to the pure form of the mineral. 

Alternatively, the observed response to control conditions may reflect the difference 

between the average pH of bulk water at LPB (~8.1 pH), and the average pH value 

recorded in the micro-habitat of Z. subcarinatus (8.53 pH, Chapter 2). If the biogenesis 

of CaCO3 structures by Z. subcarinatus has evolved in a more alkaline environment, 

potentially due to the buffering ability of photosynthetic organisms (Hurd et al., 2009), 

8.1 pH may prove corrosive despite its correspondence with an Ωa value greater than 

one. Despite the uncertainty surrounding the dissolution kinetics of biogenically 

synthesised CaCO3, the reasons for differences in dissolution between infection 

categories is more likely to be biological in origin, rather than mineralogical, as I 

detected no difference in the mineral content of shells from different infection 

categories. Two biological mechanisms could account for the observed differences 

between infection categories: infection compromises the synthesis of the biological 

component of calcified shell and/or changes to the behaviour of infected individuals 

increases the mechanical damage incurred by the surface of shells, making them more 

prone to dissolution.  

The organic component of biogenically synthesised CaCO3 is poorly understood in 

calcifying marine organisms (Weiner & Dove, 2003), although it may play an important 

role in dictating the dissolution kinetics of biomineralised CaCO3 by providing a 

protective coating (Hall-Spencer et al., 2008; Ries, 2011). As parasitic infection can 

affect shell morphology and growth rates in calcifying organisms (Mouritsen & Jensen, 

1994; Probst & Kube, 1999), infection may also compromise a snail’s ability to 
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synthesise the organic component of its shell, and may explain the difference in 

observed dissolution rates between infection categories. Snail shells could also 

become more vulnerable to dissolution if the protective layer becomes worn or 

damaged. When infected, some species of snail have shown a preference for certain 

types of habitat that maximise the probability of successful transmission for the 

parasite (Curtis, 1987). If infected Z. subcarinatus snails exhibit a preference for 

habitat zones that increase the danger of mechanical damage, they may become more 

vulnerable to dissolution. As the experimental conditions used in this study did not 

replicate factors that could cause such mechanical damage, e.g. wave action or rocky 

substrates, the differential dissolution recorded here may represent damage that 

occurred in the field prior to collection.  

The differential dissolution rates observed between infection categories suggest that 

biogenically formed CaCO3 structures are affected by more complex factors than the 

dissolution kinetics of pure CaCO3 in acidified seawater. The differences found 

between infection categories also suggest that while snails infected by certain species 

of parasite may grow faster, some quality of the shell is changed so that it becomes 

more vulnerable to dissolution in acidified seawater. These parasite-induced changes 

to the calcification process may make infected individuals more susceptible to the 

changes to seawater chemistry caused by OA. 

5.5.4 Wet weight 

Changes in the wet weight of host snails, recorded after the 90 day exposure to 

acidified seawater, may have been caused by multiple factors: shell growth and 

dissolution, host somatic growth (infected and uninfected snails), parasite growth 

(infected snails), and reproductive growth (uninfected snails). Consequently, changes 

in wet weight must be interpreted with caution. As with shell growth and shell 

dissolution, changes in wet weight were correlated with reduced pH, i.e. increasingly 

acidic seawater resulted in a greater negative change in wet weight, and showed some 

significant differences between infection categories within pH treatments. The overall 

trend in changes to wet weight agrees with the dissolution data, as shell dissolution 

would result in a loss of mass. This is perhaps the most logical reason for the reduction 
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in wet weight, as it is supported by both the known dissolution kinetics of CaCO3 

structures in acidified seawater, and the growth and dissolution data presented in this 

study. The significant increase in wet weight of Philophthalmus sp.-infected snails in 

8.1 pH seawater may support the earlier suggestion that snails infected with this 

species of trematode will grow wider shells, thus increasing mass while reducing 

apparent shell growth. Shell growth and dissolution may be equal in snails infected 

with Acanthoparyphium sp. and M. novaezealandensis cultured in 8.1 pH seawater, as 

shell growth was large and positive, and shell dissolution large and negative, for both 

groups, while there was little overall change in mass. Additional data describing 

changes in the mass of soft tissue of infected and uninfected snails exposed to 

acidified seawater is needed to fully quantify the effects of OA on snail and parasite 

growth. 

5.5.5 Shell strength 

The tensile strength of two discrete areas of snail shell was tested: shell formed prior 

to exposure to acidified seawater, and shell formed during exposure to acidified 

seawater. The tensile strength of newly formed shell was interpreted as a measure of 

the calcifying ability of infected and uninfected snails in control and acidified 

conditions. Overall, the strength of newly formed shell decreased in acidified seawater 

(Figure 26B), which can again be broadly explained with reference to the saturation 

state of carbonate ions in seawater. After new shell is formed, it becomes exposed to 

ambient seawater conditions and may exhibit dissolution, causing a reduction in 

tensile strength. Within the control 8.1 pH treatment, uninfected snails formed the 

strongest shell, although this was only significant in the case of one species of 

infecting parasite (M. novaezealandensis). These results further support the 

hypothesis that infection alters the calcifying ability of Z. subcarinatus, such that shell 

is grown at a greater rate but is in some way of lesser quality. In this case, M. 

novaezealandensis-infected snails, which had exhibited the greatest growth, also 

possessed the weakest newly formed shell. Although there were no significant 

differences between infection categories at 7.6 pH, in the most extreme treatment 

(7.4 pH), M. novaezealandensis-infected snails again exhibited the weakest newly 

formed shell. These results, in combination with the shell growth and dissolution data, 
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indicate that M. novaezealandensis has the greatest effect on the calcifying ability of 

Z. subcarinatus, and that these effects increase the vulnerability of snails infected with 

M. novaezealandensis to the stressors associated with OA. 

The tensile strength of shell formed prior to exposure to acidified seawater, 

interpreted as a measure of the vulnerability to the dissolution of shell formed in 

natural conditions, was significantly reduced in all infected individuals following 

exposure to acidified seawater. The only observable difference between infection 

categories was a significantly greater strength in the shell formed by all infected snails 

and maintained at 8.1 pH. (Figure 27B). This pattern is the opposite of what I found in 

the newly formed shell data, which suggests that there may be differences in the 

process of calcification that occur after the formation of CaCO3 structures at the 

growing edge of shell, e.g. a further thickening or strengthening of shell. Additionally, 

as the age of all snails at the time of infection is unknown, changes in the tensile 

strength of older shell may not represent an interaction of infection stress and the 

formation of CaCO3 structures. 

5.5.6 Ecosystem consequences 

The data presented here clearly shows that reduced pH negatively affects the quality 

of shell produced in, or exposed to, acidified seawater. Differences in the calcification 

ability of hosts caused by particular species of infecting parasite are also 

demonstrated by the data, and indicate that infection can increase the rate of shell 

growth and result in stronger shell, but may increase the vulnerability of shell to 

dissolution in acidified seawater. The pH treatments chosen for this experiment 

correspond to current average surface ocean conditions (~8.1 pH) and predicted 

conditions for the year 2100 (7.6 pH) and 2300 (7.4 pH) (IPCC, 2014). Consequently, 

we can use the data from this study to better understand the current effects of 

parasitic infection on the calcifying ability of marine gastropods, and as a predictor of 

how the interaction of trematode infection and acidified seawater may change over 

time due to OA. At the current average oceanic pH of 8.1, the effects of parasitic 

infection vary significantly between snails infected with different species of parasite 

and between infected and uninfected individuals. Infection can increase rates of shell 
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growth (M. novaezealandensis) and dissolution (M. novaezealandensis, 

Philophthalmus sp., and Acanthoparyphium sp.), increase total body mass 

(Philophthalmus sp.), reduce the strength of newly formed calcified structures 

(Philophthalmus sp.), or result in greater strength of older shell structures 

(Philophthalmus sp., and Acanthoparyphium sp.). As pH is reduced to 7.6, there are 

shifts in the relationship between infection categories: there are greater differences 

between snails in different infection categories in terms of growth rates, with the 

highest growth rates observed in infected snails; all snails exhibited greater 

dissolution, although there are significant differences between infection categories, 

with infected individuals experiencing the greatest dissolution; and in old and newly 

formed shell, there are no longer differences in tensile strength between any infection 

categories. When pH is reduced to 7.4, most differences between infection categories 

disappear. Significant differences are only found in dissolution rates, with infected 

snails again experiencing the greatest dissolution, and reductions in tensile strength of 

newly formed CaCO3 structures, with infected snails again exhibiting the weakest 

shell.   

These results suggest that parasitic infection will alter the calcifying ability of marine 

gastropods in the short- to mid-term, i.e. the next 50 to 100 years, but not in the long-

term, i.e. 200 to 300 years. Any reductions in shell strength, either through parasitic 

infection or exposure to acidified seawater, may significantly affect the population of 

Z. subcarinatus at LPB, as up to 80% of individuals are infected with trematode 

parasites (Fredensborg et al., 2005), and shell strength is a key factor protecting Z. 

subcarinatus from predation by shell crushing crabs (Kamiya & Poulin, 2012). 

Of course, when predicting changes on the ecosystem scale over such a long time 

period, other factors may modify the effects of OA, e.g. increased temperature can 

increase seawater pH (Hunter, 1998). However, the data presented here strongly 

suggests that OA has the potential to disrupt the current relationship between 

trematode parasites and their gastropod hosts. Any such disruptions on a regional or 

global scale could have unforeseen and dramatic effects on the role of host and 

parasite organisms in marine ecosystems. 
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5.5.7 Conclusion 

The simulated OA conditions in this experiment were expected to reduce shell growth 

and strength due to the reduced availability of carbonate ions. However, some results 

confound these expectations, suggesting that the interaction of parasitic infection and 

ocean acidification will be unpredictable and dependent upon the species of infecting 

parasite. These findings emphasise the importance of assessing the extent of parasitic 

abundance in populations of marine organisms and the species-specific interactive 

effects of infection and acidified seawater. Parasites are an ubiquitous component of 

all marine systems (Sousa, 1991; Mouritsen & Poulin, 2002), and previous studies of 

the responses of many invertebrate species to stressors associated with OA may have 

been confounded by the unrecorded effects of marine parasites.  
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6.1 Abstract 

Increased hydrogen ion concentration and decreased carbonate ion concentration are 

the two most physiologically important changes to seawater chemistry caused by 

elevated atmospheric carbon dioxide (CO2). While reduced carbonate ion 

concentration will mainly affect calcifying organisms, increased hydrogen ion 

concentration, and the concomitant reduction in seawater pH, has the potential to 

affect all marine life. Changes to either chemical species may increase the metabolic 

cost of fundamental physiological processes in marine organisms, and reduce the 

energy available for growth, reproduction, and survival. Parasitic infection also 

increases the energetic demands experienced by marine organisms, and may reduce 

host tolerance to stressors associated with OA. This study assessed the combined 

metabolic effects of parasitic infection and OA on an intertidal gastropod, 

Zeacumantus subcarinatus. Oxygen consumption rates, tissue glucose content, and 

mortality were recorded in snails infected with one of three trematode parasites 

(Maritrema novaezealandensis, Acanthoparyphium sp., and Philophthalmus sp.), and 

an uninfected control group, maintained for 90 days in acidified (7.6 and 7.4 pH) or 

unmodified (8.1 pH) seawater. Overall, exposure to acidified seawater resulted in a 

significant increase in the rate of oxygen consumption in infected and uninfected 

snails, and there were clear differences in the magnitude of this change between 

snails infected with different species of parasite. Relative to control (8.1 pH) 

conditions, exposure to acidified seawater caused a decrease in the concentration of 

free glucose in uninfected snails maintained at 7.6 pH and an increase in the 

concentration of free glucose in uninfected snails maintained at 7.4 pH; there was a 

high degree of variability in the response of infected individuals. Only the survival of 

uninfected snails was significantly reduced by exposure to acidified seawater, 

although snails infected with M. novaezealandensis exhibited the highest overall 

mortality throughout the experiment. These results indicate that the combined effects 

of OA and parasitic infection significantly alter the energy requirements of Z. 

subcarinatus, and that the identity of the infecting parasite species may play an 

important role in determining the tolerance of marine gastropods to OA. 
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6.2 Introduction 

Stressors associated with ocean acidification (OA) and parasitic infection have the 

potential to alter the metabolic demands experienced by many marine organisms. 

Ocean acidification changes the relative concentrations of physiologically important 

charged molecules, potentially increasing the energetic costs of maintaining internal 

acid/base homeostasis (Pörtner et al., 2004). This is especially true for marine 

invertebrates, many of which act as hosts to parasite species, as some species can 

have a limited ionoregulatory capacity (Pörtner, 2008). Parasites can increase the 

energetic demands of infected host organisms by absorbing nutrients from, or causing 

damage to, host tissue, and by inducing behaviours that are energetically costly 

(Cheng, 1963; Bates et al., 2011). 

A large proportion of OA research has focussed on the physiological consequences of 

elevated atmospheric carbon dioxide (CO2) on taxonomically diverse marine 

organisms (e.g. Hurd et al., 2009- macroalgae; Stumpp et al., 2011- echinoderms; 

Carter et al., 2013b- crustaceans; Edmunds et al., 2013- corals; Parker et al., 2013- 

molluscs (review)). Once dissolved in seawater, CO2 undergoes a sequence of chemical 

reactions that increase the concentration of hydrogen and bicarbonate ions, and 

decrease the concentration of carbonate ions (see review in Chapter 2). However, as 

CO2 is a non-polar molecule and can easily travel across the cell wall of marine 

organisms (Gutknecht et al., 1977), the same sequence of chemical reactions can 

occur within intra- and extra-cellular fluid (Pörtner, 2008). Within cells, hydrogen ions 

can reduce the effective concentration of carbonate ions by binding to them to form 

bicarbonate ions (Madshus, 1988). The simultaneous reduction of carbonate ion 

concentration inside and outside the cell could dramatically increase the energy 

required to establish the supersaturated zones of dissolved carbonate ions discussed 

in Chapter 5. Indeed, it has been established that changes in environmental carbonate 

ion concentration can increase the metabolic costs of calcification (Wood et al., 2008, 

2010; Findlay et al., 2010, 2011). In a high CO2 environment, intra- and extra-cellular 

pH (pHi and pHe) must also be regulated to maintain enzyme and ion channel function, 

and facilitate muscle contractility (Madshus, 1988). 
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In acidified conditions, acid/base homeostasis is maintained by a compensatory 

mechanism broadly referred to as the “proton equivalent ion exchange” (see review in 

Cameron, 1986), as charged ions are moved across membranes, altering the effective 

activity of hydrogen ions. If pHe and pHi are to be regulated within optimal levels, ion 

exchangers and active transport proteins, such as Na+/H+ and Na+/K+-ATPase, may 

require more energy to establish the appropriate concentration of hydrogen ions 

(Reipschläger & Pörtner, 1996) or increase the buffering capacity of cytosol (Madshus, 

1988). The exposure of individual species to acidified seawater has shown that 

reduced seawater pH can disrupt acid/base balance by reducing pHi (Reipschläger & 

Pörtner, 1996) or, more commonly, pHe (Spicer et al., 2007; Dupont & Thorndyke, 

2012; Stumpp et al., 2012).  

The process of maintaining pH balance across cellular spaces is metabolically very 

costly (Pörtner et al., 2000), and exposure to an acidified environment has often been 

correlated with metabolic depression, i.e. reduced oxygen consumption (Pörtner et 

al., 1998; Melatunan et al., 2011; Dickinson et al., 2012). In addition to increasing the 

metabolic demands of regulating acid/base balance, reduced pH can also decrease the 

availability of oxygen by altering the efficiency of oxygen transport proteins such as 

haemoglobin or haemocyanin, i.e. the Bohr effect (Pörtner et al., 2004; Gutowska et 

al., 2010). As the Bohr effect, or Bohr coefficient, varies greatly between phylogenetic 

groups (Pörtner, 2008), the oxygen binding properties of pigmented proteins in 

acidified conditions may  partially explain the diverse inter-specific responses to OA in 

marine organisms. Consequently, changes to the chemical speciation of seawater 

caused by increased atmospheric CO2 may have wide ranging physiological effects on 

many marine species, and these effects may manifest themselves as changes in energy 

usage. 

By definition, parasitic infection has a negative effect on host organisms, and, like 

changing abiotic environmental conditions, can alter the energy requirements of the 

host. Trematode parasites can withdraw energy from hosts directly, through the 

absorption of nutrients or ingestion of tissue (Cheng, 1963), and indirectly, by 

initiating energetically costly behaviour (Sindermann, 1960; Bates et al., 2011). 

Accordingly, parasites additively increase the energy requirements of infected 
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organisms, as the host must generate sufficient energy to meet its own needs plus the 

needs of the parasite. In the case of parasites that directly consume host tissue, 

infected organisms may also have to invest metabolic energy into repair. Parasite-

induced behavioural modifications may alter the rate of energy consumption in host 

organisms. Bates et al. (2011) found that trematode infection caused intertidal 

gastropods to exhibit a preference for warmer temperatures, thus altering micro-

habitat choice within the intertidal zone. Elevated environmental temperatures can 

cause increased standard metabolic rates in marine gastropods, accelerating the 

consumption of metabolic energy stores (Sokolova & Pörtner, 2003). 

During glycolysis, one of the most fundamental energy-generating processes used by 

living organisms (Hochachka, 1983), glucose is converted into pyruvate, oxygen is 

consumed, and energy-rich adenosine triphosphate (ATP) is produced. The energy 

status, and rates of energy consumption, of living organisms are commonly quantified 

by measuring the components of glycolysis: oxygen consumption rates (Bibby et al., 

2007; Zhang et al., 2014), the concentration of free glucose in body tissues and fluids 

(Simpson & Awapara, 1966; Bennett & Nakada, 1968; Berthelin et al., 2000), and the 

cellular concentration of ATP (Melatunan et al., 2011, 2013). The oxygen consumption 

rates of marine gastropods typically increase in response to moderate abiotic stress, 

as a result of compensatory or regulatory processes requiring more metabolic energy, 

and decrease in response to extreme abiotic stress, as their compensatory ability is 

overwhelmed and they enter metabolic depression (Pörtner & Farrell, 2008). Relative 

to oxygen consumption rates, glucose concentrations in tissue can exhibit a greater 

degree of variability between individuals and species (Hochachka, 1983). 

Monosaccharide glucose is stored as the polysaccharide glycogen, and the rate of 

glycogen breakdown into glucose sub-units can be affected by quantity and quality of 

food, stress, hibernation, and starvation (Cheng & Lee, 1971). Changes in tissue 

glucose concentration can be caused by an imbalance between glycogen breakdown 

and the rate of glucose consumption during the glycolytic process. If glycogen 

breakdown outpaces glucose consumption, tissue glucose levels will rise; if glucose 

consumption outpaces glycogen breakdown, tissue glucose will fall (Hochachka, 1983). 

Given that glycogen stores are finite, elevated rates of glucose consumption can 
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eventually lead to mortality, as energy stores are depleted at a greater rate than they 

are replenished. During aerobic respiration, the rate of glucose consumption is often 

correlated with the rate of oxygen uptake (see review in Storey, 2004), as increased 

glucose consumption necessitates an increased rate of oxygen uptake to fuel the 

glycolytic synthesis of ATP.  

Previous  studies of the metabolic response of marine gastropods exposed to a range 

of pH treatments have found increased rates of oxygen consumption between 6.63 

and 7.8 pH (Bibby et al., 2007; Zhang et al., 2014); decreased rates of oxygen 

consumption at 7.6 pH (Melatunan et al., 2011); reduced heart rates at 7.6 pH (Ellis et 

al., 2009); increased ATP concentration at 7.6 pH (Melatunan et al., 2011); and 

increased mortality between 7.4 and 7.98 pH (Kimura et al., 2011; Zhang et al., 2014). 

Differences in the oxygen consumption response of species exposed to the same pH 

suggest that the metabolic tolerance of marine gastropods is highly species-specific. 

The few studies that have exposed more than one species of marine gastropod to 

acidified seawater (Coleman et al., 2014; Zhang et al., 2014), or conspecifics taken 

from different populations (Lardies et al., 2014), concluded that abiotic characteristics 

of the gastropods’ habitat were the major predictors of tolerance to stressors 

associated with OA. Although caused by very different physiological mechanisms, the 

effects of trematode infection and OA on marine gastropods are relatively similar. 

Trematode infection can increase or decrease oxygen consumption rates, elevate 

heart rates, and positively or negatively affect the survival of infected gastropods (see 

review in Fried & Graczyk, 1997). In addition, trematode infection has been linked with 

altered haemolymph glucose levels and increases in the rate of glycolysis; these 

effects appear to be specific to host and parasite species (Fried & Graczyk, 1997).  

The aim of this study was to describe the combined effects of trematode infection and 

exposure to acidified seawater on the metabolic status of the intertidal mud snail 

Zeacumantus subcarinatus, and to identify species-specific effects of the infecting 

parasite. Accordingly, Z. subcarinatus snails were categorised as infected with one of 

three trematode species (Maritrema novaezealandensis, Acanthoparyphium sp., or 

Philophthalmus sp.), or as uninfected, and exposed to acidified (7.6 and 7.4 pH) or 

unmodified (8.1 pH) seawater. The pH treatments chosen for this experiment 
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correspond to current average surface ocean conditions (~8.1 pH) and predicted 

conditions for the year 2100 (7.6 pH) and 2300 (7.4 pH) (IPCC, Field et al., 2014).  

Given the high degree of variability in the response of marine gastropods to the 

effects of acidified seawater or trematode infection, the combined effects of these 

factors are likely to be complex. If the tolerance of marine gastropods to acidified 

conditions is affected by the range of seawater pH they experience in their habitat 

(Chapter 2), it is likely that uninfected Z. subcarinatus snails will increase metabolic 

activity in the 7.6 pH treatment but enter metabolic depression in the 7.4 pH 

treatment. The effects of different species of parasite on snails exposed to acidified or 

unmodified seawater may be more varied. The trematode parasites used in this study 

belong to three different families, and may have very different metabolic 

requirements and/or strategies for energy withdrawal from their host organisms. In 

addition, as exposure to acidified seawater can cause intra- and extra-cellular acidosis, 

at a certain point the internal acid/base regulatory ability of Z. subcarinatus will likely 

fail, and the parasites within the snail will begin to alter their own metabolic activity in 

response to an acidified environment. As the tolerance of trematode parasites to 

acidified conditions may also be species-specific, the response of infected snails 

exposed to acidified seawater is likely to be highly variable. 

6.3 Methods 

6.3.1 Trematode-snail system 

The mud snail Z. subcarinatus is found in extremely high densities in many intertidal 

habitats along the coast of New Zealand, and experiences a wide range of pH 

conditions on a diel scale (see Chapter 2). In Lower Portobello Bay (45°49’50”S, 

170°40’17”E), the collection site of snails used in this study, eight species of trematode 

parasite are known to use Z. subcarinatus snails as a first intermediate host (Leung et 

al., 2009). In the following experiments, Z. subcarinatus individuals were divided into 

four infection categories:  uninfected snails and those infected with Maritrema 

novaezealandensis, Philophthalmus sp., or Acanthoparyphium sp. 
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6.3.2 Snail collection and parasite identification 

Approximately 2000 Z. subcarinatus snails were collected in July 2013 from Lower 

Portobello Bay and transported to the University of Otago. The snails were maintained 

at room temperature in unmodified, aerated seawater (~8.1 pH) before being 

screened for trematode infection using the protocol outlined in Chapter 4, section 

4.3.2. After confirmation of infection status, all snails were marked with a unique 

identifying tag (Bee Works, Orillia, Canada) which allowed individual snails to be 

tracked throughout the 90 day experimental period. 

6.3.3 OA simulation system 

Using the apparatus described in Chapter 3 and 4 (section 4.3.3), snails were exposed 

to acidified or unmodified seawater that simulated average current oceanic pH (8.1 

pH) and pH levels predicted to occur by the year 2100 (7.6 pH) and 2300 (7.4 pH) 

(IPCC, 2014). Throughout the 90 day exposure to acidified seawater or control 

conditions, pH, total alkalinity (AT), dissolved inorganic carbon (DIC), salinity, and 

temperature were measured as described in Chapter 3. Other relevant parameters of 

acidified seawater (pCO2, Ωa, and Ωc) were calculated with AT and DIC data, using the 

computer package SWCO2 (Hunter, 2007), in addition to independently calculating pH 

to validate the potentiometric regulation of seawater pH in this system (Tables 4.6 and 

4.7). 

6.3.4 Experimental design 

As described in Chapter 5, Z. subcarinatus snails were maintained for 90 days in 

acidified or unmodified seawater. During the 90 day period, the oxygen consumption 

of 20 snails from each infection category in each pH treatment was measured three 

times, i.e. three trials, at four week intervals. Oxygen trials were completed before 

snails were transferred between tanks (see Chapter 5, section 5.3.4 for details). 

Consequently, oxygen consumption data represents an average value for each snail, 

thus compensating for a potential tank effect. At the end of the 90 day period, all 

snails were euthanized, and the non-parasitised tissue, i.e. head and foot region, was 

removed with a scalpel and frozen at -80°C for glucose analysis. 
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6.3.5 Oxygen consumption 

The oxygen consumption of each snail was measured over four hours, and converted 

into the rate of oxygen consumed in micromoles per hour per gram of total weight 

(µmO2/hr/g(TW)). The snails were placed in individual plastic 50mL screw-top 

containers which were then completely filled with acidified or unmodified seawater by 

fully submerging container and lid in the culture tank associated with each snail. A 

blank container, i.e. one containing only acidified or unmodified seawater, was also 

used in each pH/IC combination, i.e. 12 per trial. The containers were then closed, 

sealed with Parafilm, and fully submerged in the appropriate culture tank to maintain 

constant seawater temperature. After four hours, the oxygen content of seawater 

(±0.1 mg/L) in each container was measured with an optical oxygen sensor (YSI-

proODO), and the total oxygen consumed by each snail was calculated with the 

formula: 

Oxygen consumed = O2(bl) - O2(s)      (1) 

where O2(bl) is the oxygen concentration of seawater in the blank container and O2(s) is 

the oxygen concentration of seawater in the containers holding snails. Seawater in the 

blank container was used to measure changes to the oxygen content of source water 

caused by planktonic photosynthesis and/or respiration, which would also occur in 

containers holding snails.  

The standard methodology used to quantify oxygen consumption, i.e. recording the 

oxygen content of a seawater sample before and after incubation of an aquatic 

organism (e.g. Melatunan et al., 2011), is unsuitable when working with acidified 

seawater. Measuring the initial oxygen concentration introduces a pocket of ambient 

air into the container of acidified seawater, causing CO2 to diffuse out of the acidified 

seawater and into the ambient air during the incubation period. Diffusion can reduce 

the CO2 content of the seawater sample and cause a corresponding increase in pH, 

thus changing the central parameter of the experiment. Accordingly, my protocol 

accurately quantifies the oxygen consumed by each snail during the four hour 

incubation, while maintaining uniform pH. 
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6.3.6 Glucose concentration 

The free glucose concentration of snail tissue was measured in approximately 20 snails 

per infection category per pH treatment using a colorimetric assay kit (Sigma-Aldrich, 

GAGO-20). Assay reagents in this kit react with D-Glucose to form a pink colour, the 

intensity of which is proportional to the concentration of D-Glucose in a sample fluid. 

D-Glucose is the most common monosaccharide in living organisms, and is integral to 

the glycolytic pathway of gastropods (Hochachka, 1983). Free glucose was extracted 

from pre-weighed snail tissue (±0.001g) by immersing the tissue in 500µL of de-ionised 

water, heating to 60°C for one hour, and grinding to an opaque slurry with a small 

pestle. The snail solution was then centrifuged at 14000 rpm for five minutes, and 

200µL of clear supernatant removed and stored at -20° until assays were conducted. 

For each assay, 40µL of supernatant was mixed with 80µL of assay reagent in one well 

of a 96-well plastic culture plate and incubated at 37°C for 30 minutes. After 30 

minutes, 80µL of 12N sulphuric acid was added to each well to stop the colorimetric 

reaction. Duplicate assays were completed for each snail and used to calculate an 

average value of glucose concentration for each individual. As a precaution against 

sample loss or human error, samples from each infection category/pH combination 

were divided such that no entire group was processed in a single incubation.  

The colour intensity of all samples was measured using a multi-mode microplate 

reader (BMG Labtech Fluostar Omega), which exposed each well to 540nm light and 

measured the absorbance of each sample. A single well filled with de-ionised water 

was included in each 96-well plate to provide a negative control, allowing the 

absorbance of de-ionised water to be subtracted from the absorbance of the samples. 

Per the protocol for the assay kit, each plate also contained a series of standard 

solutions of D-Glucose: 5, 10, 20, 30, and 40 µg glucose/mL. The absorbance readings 

for these standards were used to create an absorbance concentration curve that was 

then used, in conjunction with the initial weight of the tissue sample, to convert 

sample absorbance to micrograms of glucose per gram of snail tissue.  
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6.3.7 Snail survival 

Snail survival was monitored throughout the 90 day exposure to acidified or 

unmodified seawater during the weekly replacement of sea lettuce. If snails failed to 

respond to physical stimuli, their identification code was noted and they were 

returned to the culture tanks. If they failed to respond to stimuli the following week, 

they were classified as dead and the first the day (post-exposure) they failed to 

respond was used to calculate cumulative mortality for the corresponding infection 

category/pH combination.  

6.3.8 Statistical analysis 

Oxygen consumption data were analysed using three different model structures. The 

first model analysed the combined data from all three trials with a linear mixed effect 

structure, and used oxygen consumption as the response variable, pH, infection 

category, and initial shell length as fixed effects, and ‘snail ID’ and ‘Trial’ as a random 

effects. The second model also used the combined data from all trials, but analysed 

each pH treatment separately. This model also had a linear mixed effects structure 

and used oxygen consumption as the response variable, infection category and initial 

shell length as fixed effects, and ‘snail ID’ and ‘Trial’ as a random effects. In the first 

two model types, ‘Snail ID’ was included as a random effect to compensate for 

repeated measures of the same snails in each of the three trials, ‘Trial’ was included to 

assess repeatability between trials (see below), and initial shell length was included as 

a proxy for snail age. Variance caused by the random effect ‘Trial’ in the first two 

model types was quantified by calculating intra-class correlation (ICC) scores, i.e. the 

repeatability of data recorded in each trial. 

 

 

 

An ICC score of 0% indicates no repeatability of measurements between trial and a 

score of 100% indicates identical measurements, i.e. pseudoreplication. Calculating 
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ICC scores allowed us to assess the independence, or lack thereof, of data points taken 

from multiple trials. 

The third model was used to analyse the consumption of oxygen in each trial 

separately with a linear model structure, and used oxygen consumption as a response 

variable, and pH and initial shell length as fixed effects (Table 6.2). In all analyses, 

model selection was performed using comparative AIC values and manual 

simplification of model parameters. Where necessary, oxygen consumption data was 

normalised using the powerTransform function in the package car (Fox et al., 2014).  

Glucose concentration was analysed using three linear mixed effects models. The first 

provided an overall analysis, using glucose concentration as the response variable, pH, 

infection category, and initial shell length as fixed effects, and chamber ID as a random 

effect. The second model analysed the effect of pH on each infection category 

separately, using glucose concentration as the response variable, pH and initial length 

as fixed effects, and Chamber ID as a random effect. The third model analysed the 

effect of infection within pH treatments, using glucose concentration as the response 

variable, infection category and initial shell length as fixed effects, and Chamber ID as 

a random effect. Chamber ID was included as a random variable to compensate for 

some snails being maintained in the same chamber. The linear mixed effects models 

used for oxygen and glucose analysis were designed using the function lmer in the 

package lme4 (Bates et al., 2014). A linear model was also used to analyse the 

relationship between rates of oxygen consumption recorded in the final trial (Trial 3) 

and free glucose concentration in snail tissue. 

The cumulative mortality of the snails was analysed using Cox proportional hazard 

models. This approach provides a hazard response based on the time of death of 

individuals associated with a given parameter, i.e. pH or infection category. Infection 

category, pH, and time of death for each individual that died during the 90 day 

experiment were recorded, in addition to censoring data to indicate snails that were 

alive at the end of the study, i.e. right-censored data. The data were analysed using 

two model structures: the first grouped survival data by infection category (Figure 31 

A-D), and the second by pH treatment (Figure 32 A-C). In both models, Chamber ID 

was included as a random effect to compensate for some snails being maintained in 



 

 140 

the same chamber. All analyses were completed using the coxme package (Therneau, 

2012). All analysis was completed using R version 3.1.0 (R Development Core Team, 

2014).  

6.4 Results 

6.4.1 Oxygen consumption  

The oxygen consumption of Z. subcarinatus was significantly affected by pH, initial 

shell length, and the interaction of infection category with both pH and initial shell 

length, but not by infection category alone (Table 6.1). Despite the non-significant 

effect of infection category in the overall analysis, the analysis of each pH treatment 

found significant differences in oxygen consumption rates between some infection 

categories (Figure 28B). At 8.1 pH, the rate of oxygen consumption was higher in 

infected snails relative to uninfected individuals, although these differences were only 

significant in snails infected with Acanthoparyphium sp. and Philophthalmus sp. This 

trend was reversed in the 7.6 pH treatment, where uninfected snails consumed more 

oxygen per hour than all infected categories. In the same treatment, the oxygen 

consumption rate of M. novaezealandensis-infected snails was significantly lower than 

uninfected and Philophthalmus sp.-infected snails. The relative oxygen consumption 

rates of infection categories changed again in the 7.4 pH treatment, where there was 

no statistical difference between uninfected and Philophthalmus sp.-infected snails, 

while Acanthoparyphium sp.- and M. novaezealandensis- infected snails consumed 

oxygen at a significantly higher rate than the other two groups. Snails in all infection 

categories exhibited higher rates of oxygen consumption at 7.6 pH relative to 8.1 pH, 

and these differences were significant for all infection categories except 

Philophthalmus sp.- infected snails (Figure 28A). At 7.4 pH, oxygen consumption rates 

were more varied relative to the 7.6 pH treatment: uninfected and Philophthalmus 

sp.-infected snails exhibited significantly reduced consumption rates, M. 

novaezealandensis-infected snails showed significantly increased consumption rates, 

and Acanthoparyphium sp.-infected snails showed no difference between the two pH 

treatments. These observations were supported by the overall analysis which found 

that pH significantly altered rates of oxygen consumption (Table 6.1), although only 
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one out of three trials found a significant effect of pH on the oxygen consumption rate 

of Acanthoparyphium sp.- infected snails (Table 6.2). Intra-class correlation scores 

generated by ‘Trial’ showed that the repeatability of oxygen consumption data 

between trials was 14% overall (20%, 12%, and 14% in the 8.1, 7.6, and 7.4 pH 

treatments respectively), indicating that repeatability was low and pseudoreplication 

not a confounding factor in these data. 

Initial shell length, the variable used as a proxy for age, significantly affected oxygen 

consumption rates in the overall analysis (Table 6.1). However, in the individual 

analysis of each infection category, we see that initial shell length was only a 

significant factor for M. novaezealandensis- and Acanthoparyphium sp.-infected snails.  
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Figure 28. Mean oxygen consumption rates (± SE) of snails exposed to unmodified and acidified 
seawater for 90 days: (A) data grouped by infection category and (B) data grouped by pH treatment. 
Lowercase letters in bold indicate significant differences between treatments. n = 20 in each 
pH/infection category combination. 

 

 

A 
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Table 6.1. Linear mixed effect model output for the analysis of oxygen consumption rates in all 
infection categories (n=240). “Length” represents the length of snail shells at the beginning of the 90 
day trial. 

 
df MS F P 

pH 2 0.715 22.94 <0.001 

Infection category (IC) 3 0.053 1.70 0.170 

Length 1 1.229 39.40 <0.001 

pH*IC 6 0.206 6.60 <0.001 

IC*length 3 0.135 4.32 0.005 

 

 

Table 6.2. Linear model outputs for the analysis of oxygen consumption rates of snails in each 
infection category. N=60 for each infection category. “Length” represents the length of snail shells at 
the beginning of the 90 day trial. 

   Trial 1 Trial 2 Trial 3 

 

 

df F P F P F P 

Uninfected pH 2 10.78 <0.001 53.16 <0.001 6.43 0.003 

 Length 1 3.10 0.083 0.85 0.360 0.09 0.759 

 Residuals 56       

M. novaezealandensis pH 2 24.55 <0.001 16.71 <0.001 13.04 <0.001 

 Length 1 16.73 <0.001 13.81 <0.001 17.74 <0.001 

 Residuals 56       

Philophthalmus sp. pH 2 10.76 <0.001 7.62 0.001 6.17 0.004 

 Length 1 2.07 0.156 0.16 0.687 1.81 0.184 

 Residuals 56       

Acanthoparyphium sp. pH 2 0.312 0.733 15.96 <0.001 1.40 0.256 

 Length 1 14.29 <0.001 5.49 0.023 11.42 0.001 

 Residuals 56       
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6.4.2 Free glucose concentration 

Free glucose concentration in Z. subcarinatus tissue was significantly affected by pH, 

infection category, and the interaction of these terms (Table 6.3), although the 

response of each infection category to acidified seawater was quite different (Figure 

29A). Contrary to these results, the individual analysis of each infection category 

showed that the glucose concentration of Philophthalmus sp.-infected snails was not 

significantly affected by pH, but was significantly affected by initial shell length. Within 

infection categories, uninfected and Acanthoparyphium sp.-infected snails exhibited 

significantly lower glucose concentrations in the 7.6 pH treatment relative to the 

control (8.1 pH) treatment, while Philophthalmus sp.- and M. novaezealandensis-

infected snails showed no statistical differences between the two treatments. 

Uninfected, Acanthoparyphium sp.-infected, and Philophthalmus sp.-infected snails 

exhibited higher glucose concentrations at 7.4 pH relative to the 7.6pH treatment, 

although relative to the control (8.1 pH) treatment, glucose concentrations were 

higher (Philophthalmus sp.), lower (Acanthoparyphium sp.) or not significantly 

different (uninfected). Snails infected with M. novaezealandensis exhibited 

significantly lower glucose concentrations at 7.4 pH relative to 8.1 and 7.6 pH 

treatments. There were significant differences in free glucose concentration between 

infection categories in all pH treatments (Figure 29B): at 8.1 pH, Acanthoparyphium 

sp.-infected snails exhibited significantly higher glucose concentrations than M. 

novaezealandensis-infected snails, and both infection categories exhibited  

significantly higher glucose concentrations than uninfected and Philophthalmus sp.-

infected snails; at 7.6 pH, all infected snails exhibited significantly higher glucose 

concentrations than uninfected snails, and M. novaezealandensis-infected snails 

exhibited significantly higher glucose concentrations than Acanthoparyphium sp.-

infected snails; and at 7.4 pH, Philophthalmus sp.-infected snails exhibited significantly 

higher glucose concentrations than uninfected and M. novaezealandensis-infected 

snails, and uninfected and Acanthoparyphium sp.- infected snails exhibited 

significantly higher glucose concentrations than M. novaezealandensis-infected snails. 
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Figure 29. Mean tissue glucose concentration (± SE) of snails exposed to unmodified and acidified 
seawater for 90 days: (A) data grouped by infection category and (B) data grouped by pH treatment. 
Lowercase letters in bold indicate significant differences between treatments. Sample sizes: 
uninfected, 8.1 pH = 14, 7.6 pH = 18, 7.4 pH = 20; Philophthalmus sp., 8.1 pH = 18, 7.6 pH = 19, 7.4 pH 
= 18; M. novaezealandensis, 8.1 pH = 19, 7.6 pH = 17, 7.4 pH = 13; Acanthoparyphium sp., 8.1 pH = 18, 
7.6 pH = 20, 7.4 pH = 18. 

 

A 
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Table 6.3. Linear mixed effect model output for the analysis of tissue glucose concentration in all 
infection categories (n=211). “Length” represents the length of snail shells at the beginning of the 90 
day trial. 

 df MS F P 

pH 2 0.015 5.22 0.006 

Infection category (IC) 3 0.045 15.45 <0.001 

Length 1 0.007 2.37 0.125 

pH*IC 6 0.020 6.91 <0.001 

 

 

Table 6.4. Linear mixed effect model output for the analysis of tissue glucose concentration of snails 
in each infection category. Sample sizes for each infection category are given in parentheses. 
“Length” represents the length of snail shells at the beginning of the 90 day trial. 

 
 df MS F P 

Uninfected (51) pH 2 0.028 7.59 0.001 

 Length 1 0.001 0.33 0.567 

M. novaezealandensis (48) pH 2 0.0008 8.74 <0.001 

 
Length  1 0.00005 0.05 0.815 

Philophthalmus sp. (55) pH 2 0.048 1.85 0.167 

 Length  1 0.161 6.26 0.015 

Acanthoparyphium sp. (50 

) 

pH 2 1.566 6.54 0.003 

 Length  1 0.177 0.74 0.393 

 

6.4.3 Correlation between oxygen consumption and tissue glucose content 

The linear model used to analyse the relationship between oxygen consumption rates 

recorded in the final trial and tissue glucose concentration showed that there was a 

weak but significant relationship (t= 4.003, df = 143, p<0.001, R2=0.10), i.e. as oxygen 

consumption increased, tissue glucose concentration decreased (Figure 30). 
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Figure 30. The negative correlation between oxygen consumption and tissue glucose concentration of 
all snails maintained in acidified and unmodified seawater (n = 145). 

 

6.4.4 Snail survival 

Despite the relatively short duration of this experiment, there were notable mortality 

rates in all infection categories after 90 days (Table 6.5). 

Table 6.5. Mortality (%) of snails in each infection category at each pH treatment 

 8.1 pH 7.6 pH 7.4 pH 

Uninfected 3% 28% 22% 

Acanthoparyphium sp. 7% 3% 13% 

Philophthalmus sp. 13% 13% 17% 

M. novaezealandensis 33% 23% 31% 
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However, only the survival of uninfected snails was significantly affected by pH (Figure 

31A), where the probability of death was significantly increased in the7.6 pH (z=2.178, 

p=0.0294) and 7.4 pH (z=1.988, p=0.0468) treatments relative to control (8.1 pH) 

conditions. Within pH treatments, snails infected with M. novaezealandensis exhibited 

a higher probability of death at 8.1 pH relative to Acanthoparyphium sp.-infected 

(z=2.269, p=0.0233) and uninfected snails (z=-2.414, p=0.0158), and also exhibited a 

small but non-significant increase in probability of death relative to Philophthalmus 

sp.-infected snails (z=1.727, p=0.0843) (Figure 32A). At 7.6 pH, snails infected with M. 

novaezealandensis (z=1.963, p=0.0497) and uninfected snails (z=2.064, p=0.039) 

showed a significantly greater probability of death than Acanthoparyphium sp.-

infected snails (Figure 32B). There were no significant differences between any 

infection categories at 7.4 pH (Figure 32C), although snails infected with M. 

novaezealandensis again showed the highest cumulative mortality over 90 days (Table 

6.5). 

 

  

  

Figure 31. Cumulative mortality of snails maintained in acidified or unmodified seawater for 90 days. 
Data for each infection category is presented separately 

A - uninfected B – M. novaezealandensis 

C – Philophthalmus sp. D – Acanthoparyphium sp. 
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Figure 32. Cumulative mortality of snails maintained in acidified or unmodified seawater for 90 days. 
Data for each pH treatment is presented separately. 

C – 7.4 pH 

A – 8.1 pH 

B – 7.6 pH 



 

 150 

6.5 Discussion 

6.5.1 Overview 

The goal of this study was to assess changes to the metabolic status of the mud snail Z. 

subcarinatus caused by the combined stressors of OA and parasitic infection. The 

energetic status of Z. subcarinatus was quantified by recording oxygen consumption 

rates, tissue glucose content, and cumulative mortality after a 90 day exposure to 

unmodified (8.1 pH) or acidified (7.6 and 7.4 pH) seawater. In light of the correlation 

found between increased oxygen consumption rates and decreased tissue glucose 

content, exposure to 7.6 pH seawater appeared to increase the metabolic demands 

experienced by both uninfected and infected individuals, although the relationship 

between these parameters was less clear in infected snails (Figures 28A and 29A). 

Exposure to 7.4 pH seawater appeared to cause metabolic depression in uninfected 

snails, while the response of infected individuals was again less clear and also 

exhibited a high degree of variability depending on the species of infecting parasite. In 

the same pH treatment, the increased metabolic demands of the parasites, potentially 

caused by exposure to an acidified environment due to the poor ionoregulatory 

capacity of Z. subcarinatus, may have altered the metabolic requirements of the host 

snails. These results suggest that Z. subcarinatus will be negatively affected by the 

reductions in seawater pH predicted to occur over the next 100 to 300 years (IPCC, 

2014), and that the species of infecting parasite will modify this effect. Given the high 

degree of variability found in the oxygen consumption rates and tissue glucose 

content of snails infected with different species of parasite, I will first discuss the 

effects of acidified seawater on these parameters in uninfected snails and then 

address the modifications to this response caused by trematode infection.  

6.5.2 Oxygen consumption and tissue glucose concentrations of uninfected snails 

Relative to snails maintained in control (8.1 pH) conditions, individuals exposed to 7.6 

pH seawater exhibited significantly increased oxygen consumption rates and 

decreased tissue glucose content (Figures 28A and 29A). These results support my 

prediction that Z. subcarinatus experiences higher metabolic costs at 7.6 pH due to 

increased ionoregulatory activity. As Z. subcarinatus are occasionally exposed to 7.6 
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pH seawater in their habitat (Chapter 2), it is unsurprising that this species can 

tolerate this degree of acidification, albeit at a metabolic cost. The ability of Z. 

subcarinatus to tolerate exposure to these conditions is also supported by the positive 

shell growth of individuals maintained in 7.6 pH seawater (Chapter 5).  

Z. subcarinatus is unlikely to be exposed to 7.4 pH seawater in its habitat, and I 

predicted that this degree of acidification would cause the snails to enter a state of 

metabolic depression, as has been found in other species of marine gastropod (Ellis et 

al., 2009; Kimura et al., 2011; Melatunan et al., 2011; Zhang et al., 2014). While the 

oxygen consumption rates of uninfected snails in the 7.4 pH treatment did decrease 

relative to those exposed to 7.6 pH seawater, they did not fall below the consumption 

rates of snails maintained in control (8.1 pH) conditions (Figure 28A). Similarly, tissue 

glucose concentration of snails in the 7.4 pH treatment increased relative to those 

exposed to 7.6 pH seawater, but did not differ significantly from snails maintained at 

8.1 pH (Figure 29A). 

Despite the decrease in the oxygen consumption rates of snails maintained in 7.4 pH 

seawater relative to those maintained in 7.6 pH seawater, it is likely that Z. 

subcarinatus experienced increased metabolic stress in the more acidic seawater.  This 

suggests that there may be some unknown factor or factors modifying the metabolic 

processes of the snails at 7.4 pH. If we compare the relationship between the oxygen 

consumption rates and tissue glucose content of uninfected snails, maintained at 7.4 

pH, with uninfected snails in the 8.1 or 7.6 pH treatments, we see that the negative 

correlation has been disrupted. As described above, uninfected snails in the 7.4 pH 

treatment consume more oxygen relative to those in control (8.1 pH) conditions, but 

have a higher tissue glucose content. Glucose levels in marine gastropods can be 

altered by a number of factors, such as starvation, food quality, hibernation, and 

stress (Cheng & Lee, 1971). Consequently, it is possible that the stress experienced by 

the snails in the 7.4 pH treatment elevated glucose levels while simultaneously 

depressing oxygen consumption rates. Another possible explanation for the apparent 

disconnect between oxygen and glucose parameters is the effect of low pH on the 

enzymes involved in glycolysis. For example, the efficiency of phosphofructokinase, an 

enzyme that phosphorylates fructose 6-phosphate in the glycolytic pathway, can be 
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reduced in low pH conditions (Madshus, 1988). Disruption of the glycolytic pathway, 

caused by reduced enzyme function, could elevate tissue glucose concentration, 

especially if the rate of glycogen breakdown is unchanged by reduced pH. 

If we assume that there are unknown factors at 7.4 pH that increase tissue glucose 

concentration independent of changes to oxygen consumption, the oxygen 

consumption rates recorded in uninfected snails in each pH treatment may reflect the 

stress response of Z. subcarinatus to acidified seawater (see Figure 33). If the oxygen 

consumption of uninfected snails maintained in 8.1 pH seawater is indicative of 

baseline metabolic rates, reduced pH will initially cause greater oxygen consumption 

rates as the snail increases metabolic activity in response to the changing 

environmental conditions (Portner and Farrel, 2008). As seawater acidity increases 

beyond the limits of the ionoregulatory capacity of Z. subcarinatus, we may see a 

decrease in oxygen consumption as the snail progressively experiences more severe 

metabolic depression prior to death. The proposed location of the 7.4 pH treatment 

on the stress response curve in Figure 33 would explain why oxygen consumption 

rates are higher in the 7.4 pH treatment relative to control conditions, while 

simultaneously indicating the onset of metabolic depression. 

 

Figure 33. A hypothetical stress response curve that shows metabolic rate as a function of increasing 
seawater acidity. Red circles represent potential positions of the three pH treatments used in this 
experiment (a – 8.1 pH, b – 7.6 pH, and c – 7.4 pH) and the point where death of the organism occurs 
(d). 
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6.5.3 Infected snails 

In addition to their own metabolic requirements, infected snails must also supply 

parasites with sufficient energy to grow and reproduce (Vernberg, 1969), leading to a 

de facto increase in the total energetic costs experienced by infected snails (Vernberg, 

1963). Figure 28B shows that in control (8.1 pH) conditions, the oxygen consumption 

rates of snails infected with all species of parasites are indeed greater than the 

consumption rates of uninfected snails, although this increase is only significant in 

snails infected with either Acanthoparyphium sp. or Philophthalmus sp. The tissue 

glucose content of infected snails, however, does not change as we would expect, i.e. 

reduced tissue glucose content correlated with increased rates of oxygen 

consumption (Figure 29B).  

At 8.1 pH, infected snails exhibit increased tissue glucose concentrations relative to 

uninfected individuals, although, again, this difference is only significant for two of the 

three infecting parasite species (Acanthoparyphium sp. and M. novaezealandensis). 

The lack of correlation between oxygen and glucose in infected individuals is the first 

indication in these data that parasitic infection alters the concentration of free glucose 

independently of oxygen consumption rates. At 7.6 pH, snails infected with M. 

novaezealandensis exhibit significantly lower oxygen consumption rates and 

significantly higher tissue glucose content relative to uninfected individuals, re-

establishing the negative relationship between these parameters for this species of 

parasite. The data on Acanthoparyphium sp.- and Philophthalmus sp.-infected snails, 

however, confirms the disconnect between oxygen and glucose, as their rates of 

oxygen consumption are similar to uninfected individuals while their glucose levels are 

significantly higher (Figures 28B and 29B). 

There are many aspects of the host-parasite association that may explain the observed 

differences between the oxygen consumption and tissue glucose levels of infected and 

uninfected snails, and between snails infected with different species of parasite. In 

this chapter, I will limit discussion to the oxygen uptake and nutrient absorbing 

capacity of the trematode life stages found within first intermediate gastropod hosts 

(rediae and sporocysts), and species-specific tolerances of trematode parasites to an 

acidified micro-environment. Rediae and sporocysts asexually produce cercariae, a 
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free-swimming life stage of trematode parasites (Chapter 4), within the reproductive 

organs of the first intermediate gastropod host. Despite their similar function, 

sporocysts and rediae are morphologically distinct: sporocysts have a simple sac-like 

structure, while rediae have a primitive gut, a muscular pharynx, and an oral sucker 

(Galaktionov & Dobrovolskij, 2003). Both reproductive morphs have the ability to 

regulate oxygen (Vernberg, 1963; Popiel & James, 1976) and nutrient consumption 

rates (Richards, 1970; Richards et al., 1972) in response to changing environmental 

conditions, and absorb exogenous nutrients, such as glucose, through microvilli on 

their external surface (McDaniel & Dixon, 1967; Pojmanska & Machaj, 1991); rediae 

also use their muscular pharynx to actively consume host tissue (Cheng, 1963). Rediae 

and sporocysts are also capable of increasing the concentration of free glucose in host 

tissue by releasing a digestive enzyme that breaks down host glycogen stores into 

glucose (Cheng, 1963) or by inducing the host to break down its own glycogen (Cheng 

& Snyder, 1963). The rediae and sporocysts of many trematode species are also 

facultative anaerobes, meaning they switch between aerobic and anaerobic 

respiration in response to the changing internal conditions of their host  (Van 

Hellemond et al., 1997).  

Clearly, the oxygen absorbed by sporocysts and rediae will not be available to host 

snails, causing a compensatory increase in oxygen consumption by infected 

individuals. This is the most likely explanation for the higher oxygen consumption 

rates of infected snails maintained at 8.1 pH. In addition, at 8.1 and 7.6 pH, snails 

infected with rediae-producing parasites (Philophthalmus sp. and Acanthoparyphium 

sp.) exhibit increased rates of oxygen consumption relative to snails infected with 

sporocyst-producing parasites (M. novaezealandensis), although this increase is only 

significant in snails infected with Philophthalmus sp. The higher oxygen consumption 

rates of Acanthoparyphium sp.- and Philophthalmus sp.-infected snails could indicate 

that rediae have greater oxygen requirements than sporocysts, as the former are 

more active. Alternatively, increased oxygen consumption could be the metabolic cost 

of tissue repair in snails infected with rediae-producing parasites, due to the feeding 

strategy of this reproductive morph.  
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As both rediae and sporocysts can directly or indirectly increase the concentration of 

glucose in host tissue, and regulate the rate at which they absorb nutrients from the 

host, the observed deviation from the negative relationship between oxygen and 

glucose in infected snails may be caused by parasite-induced breakdown of glycogen 

and/or species-specific nutrient requirements. If parasite-induced glycogen 

breakdown occurs at a greater rate than glucose consumption, the resultant nutrient 

accumulation could explain the elevated glucose levels recorded in infected snails. 

Similarly, the relationship between oxygen and glucose in infected individuals could 

also have been altered by rediae and/or sporocysts switching from aerobic to 

anaerobic respiration (Van Hellemond et al., 1997). However, this could only occur if 

the oxygen tension of haemolymph in the infected snails became anoxic during 

exposure to acidified seawater. 

When exposing marine organisms to an acidified environment, we assume that, for a 

given range of pH values, the internal conditions of the organism are unchanged due 

to ionoregulatory processes. Beyond this range, the capacity of the organism to 

regulate internal acid/base homeostasis will fail, and body tissues and fluid will begin 

to acidify. When infected organisms experience acidosis, internal parasites will be 

exposed to an acidified micro-environment, and must invest more metabolic energy to 

maintain their own acid/base homeostasis. 

As hydrogen ion concentration at 7.4 pH is approximately 400% higher than at 8.1 pH, 

I assumed that exposure to 7.4 pH seawater would be sufficient to overwhelm the 

ionoregulatory capacity of Z. subcarinatus. Accordingly, the internal environment of Z. 

subcarinatus, and, by inference, the micro-environment of the rediae and sporocysts, 

will likely experience acidosis in 7.4 pH seawater. In this context, we can view the 

oxygen consumption rates and tissue glucose levels of infected snails maintained in 

the 7.4 pH treatment as a combined measure of the metabolic response of host and 

parasite. In the same treatment, relative to uninfected individuals: Acanthoparyphium 

sp.- and M. novaezealandensis-infected snails exhibited significantly increased oxygen 

consumption; Philophthalmus sp.-infected snails exhibited significantly increased 

tissue glucose concentrations; and M. novaezealandensis-infected snails exhibited 

significantly decreased tissue glucose concentrations. As previously discussed, tissue 
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glucose may be subject to a high degree of variability due to the counteracting effects 

of host stress response (decreased glucose) and the feeding strategies of rediae and 

sporocysts (increased glucose); therefore, it is unwise to draw any conclusions from 

these data. Oxygen consumption data is affected by fewer unknown factors and may 

provide some insight into the tolerance of trematode parasites to reduced pH. While 

snails infected with M. novaezealandensis and Acanthoparyphium sp. both exhibited 

significantly increased oxygen consumption rates at 7.4 pH relative to uninfected 

snails, M. novaezealandensis-infected snails also exhibited significantly increased 

oxygen consumption relative to the 7.6 pH treatment. Snails in all other infection 

categories either exhibited decreased (uninfected and Philophthalmus sp.) or no 

change in (Acanthoparyphium sp.) oxygen consumption rates between the two 

acidified treatments, which was attributed to metabolic depression earlier in this 

chapter. These data may indicate that the increase in oxygen consumption by M. 

novaezealandensis-infected snails at 7.4 pH was caused by the increased metabolic 

demands of the sporocysts of this species in response to the acidosis experienced by 

the host snails. 

Vernberg (1963) suggested that the abiotic tolerance of all trematode life stages may 

be set by the conditions experienced by the definitive host. This would imply that the 

cercariae and sporocysts of a single parasite species would be equally susceptible to 

reduced pH. By comparing the survival data presented in Chapter 4 to the oxygen 

consumption data presented here, we have indirect evidence to support this 

hypothesis. In cercarial survival trials, M. novaezealandensis cercariae exhibited more 

severe reductions in survival at 7.4 pH than Philophthalmus sp. cercariae, 

demonstrating a greater sensitivity to reduced pH in M. novaezealandensis. In this 

study, M. novaezealandensis is again the most sensitive to changes in seawater pH. Of 

course, to conclusively prove this hypothesis, sporocysts and rediae would have to be 

directly exposed to acidified conditions in vitro.  

6.5.4 Snail survival 

In this study, exposure to acidified seawater caused a significant increase in the 

mortality rates of uninfected snails, but did not significantly alter the mortality rates of 
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infected individuals. Figure 31 shows four distinct response patterns to acidified 

seawater in the cumulative mortality of the four infection categories: the survival of 

uninfected snails was significantly and negatively affected by acidified seawater; the 

survival of M. novaezealandensis-infected snails was significantly and negatively 

affected by infection but not by reduced pH; and both Philophthalmus sp.- and 

Acanthoparyphium sp.-infected snails were weakly and negatively affected by 

infection but not by pH.  

Despite the lack of evidence for pH-induced mortality in infected snails, it is unlikely 

that parasitic infection will increase the tolerance of host snails to acidified seawater. 

Parasites are more likely to compound pH stress by releasing additional CO2 as a result 

of respiration. In Chapter 5, the phenomenon known as gigantism was discussed in the 

context of infected snails possessing surplus energy after sterilisation, and utilising 

that energy to grow larger shells. In acidified conditions, excess metabolic energy 

resulting from sterilisation may explain the weak effect of low pH on the survival of 

Acanthoparyphium sp.- and Philophthalmus sp.-infected snails. Maritrema 

novaezealandensis may have some unknown negative effect on host snails which 

simultaneously increases the risk of mortality while causing the increased shell growth 

presented in Chapter 5.  

6.5.5 Ecological consequences 

Just as measuring the metabolic status of marine organisms exposed to acidified 

seawater quantifies the effect of OA on the individual, measuring the effects of 

acidified seawater on the survival of the individual may help quantify the effects of OA 

on an ecosystem. There are two separate trajectories for the effects of an acidifying 

environment on infected and uninfected Z. subcarinatus individuals which are relevant 

to ecosystem function: reduced parasite populations and reduced host populations. 

Figure 32 shows that the mortality of uninfected snails increases relative to infected 

individuals as pH is reduced. This may negatively affect the reproductive ability of snail 

populations as the longevity of reproductively active (uninfected) snails may be 

reduced. Differential survival rates of infected and uninfected snails could also 

increase intra-specific competition between the two groups, potentially reducing the 
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food or space resources for uninfected snails and further limiting the reproductive 

potential of the snail population. In the short-term, OA may have little effect on 

Acanthoparyphium sp. and Philophthalmus sp. parasites, as the survival of snails 

infected by these species appears unaltered by an acidified environment. Maritrema 

novaezealandensis abundance may be negatively affected by reduced pH in the short-

term, as infected snails experience reduced longevity in these conditions and would 

consequently produce fewer cercariae. Although there are many other factors to 

consider in an acidifying marine environment, e.g. other abiotic stressors or the 

tolerance of other parasite life stages, these data suggest that in the long-term, 

parasite abundance may be negatively affected by OA, as host populations are 

reduced by the increased mortality of uninfected individuals. From either the host or 

parasite perspective, it is clear that the interactive effects of parasitic infection and OA 

have the potential to profoundly alter the community structure of marine ecosystems. 

6.5.6 Conclusion 

The data presented here further support my prediction that parasitic infection may 

alter the effects of OA on marine organisms. By incorporating multiple parasite species 

into this study I have also shown that the species-specific effects of the infecting 

parasite can be pronounced and alter the apparent tolerance of host organisms to an 

acidified environment. The integration of parasitology into the physiological 

assessment of marine organisms exposed to simulated OA conditions is urgently 

required. A failure to do so may lead to the incorrect categorisation of some marine 

species as tolerant or susceptible to acidified seawater, when in fact the physiological 

response of the organism is modified by parasitic infection. In the context of OA, 

predictions on the future states of marine ecosystems rely on data describing the 

relative tolerance of marine organisms to acidified seawater; these predictions will be 

misleading if parasitic infection is not taken into consideration. 
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As the mechanisms underlying ocean acidification are well-defined, i.e. the chemical 

diffusion of CO2 into seawater (Chapter 2, Eqns. 1-4; Feely et al., 2004), there is now 

little doubt that continued anthropogenic CO2 emissions are a major threat to the 

marine environment (Dupont & Pörtner, 2013). In the last 20 years, IPCC reports have 

discussed many CO2 emission scenarios that predict future atmospheric conditions 

based on emission reductions or no reductions at all (the “business as usual” 

scenario). Oceanographic simulation models based on these scenarios have predicted 

that seawater pH will reach 8.06-7.77 by 2100, and 7.92-7.43 by 2300 (Sabine et al., 

2004; Caldeira & Wickett, 2005; Feely et al., 2009), and that many areas of the global 

ocean will become corrosive to calcified structures within the next 50 years (Orr et al., 

2005; McNeil & Matear, 2008). However, carbon dioxide emissions have not been 

significantly reduced in the last 20 years (Francey et al., 2013), so the worst case 

scenarios of each predictive model may become a reality.  

Ocean acidification research has developed rapidly in the last ten years (Boyd, 2011). 

Short-term, single-species/single-factor experiments have been superseded by long-

term mesocosm experiments that combine additional abiotic stressors with reduced 

pH (Boyd, 2013). The data generated by these more sophisticated experiments are 

being used to elucidate the effects of reduced pH on inter-specific interactions 

(Kroeker et al., 2014), and to evaluate the adaptive ability of marine organisms 

exposed to an acidified environment (Kelly & Hofmann, 2013). Temperature 

(Torstensson et al., 2013), ultra-violet radiation (Davis et al., 2013), and hypoxia 

(Gobler et al., 2014) have all been shown to interact synergistically with the negative 

consequences of reduced pH, although the effects of these stressors, and the adaptive 

ability of marine organisms, exhibit a high degree of variability among marine species. 

Naturally acidified sites, such as underwater volcanic CO2 vents (Hall-Spencer et al., 

2008) and natural upwelling zones (Feely et al., 2008), are being used in OA research 

as a proxy for the predicted long-term changes to seawater acidity in order to study 

the evolutionary effects of future changes to seawater pH. Studies conducted in 

natural sites of low pH also provide insight into the future impact of carbon capture 

and storage programmes, which have the potential to acutely affect the marine 

environment (Widdicombe et al., 2013). 
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In the context of current OA research, the experiments presented in this thesis 

combine the old and new approaches to experimental design. I exposed parasites and 

their hosts to acidified seawater without additional abiotic stressors but studied 

complex biological interactions between marine organisms, i.e. the host-parasite 

relationship. This approach was necessary as parasitology has thus far been largely 

ignored in the field of OA research, despite the ubiquity of parasites in marine 

systems, the significant effects that parasitic infection can have on the individual, 

population, and community scale (Mouritsen & Poulin, 2002), and the likelihood that 

parasites will be as vulnerable to acidified seawater as other groups of marine 

organisms. Accordingly, single-factor (abiotic) experiments are necessary to create a 

baseline of physiological and behavioural data against which the results of future 

multi-stressor experiments involving host-parasite associations can be compared. 

The exposure of parasites and infected host organisms to the stressors associated with 

acidified seawater showed that OA may reduce the longevity of the free-living 

transmission stages of marine trematodes (Chapter 4), and negatively affect the 

calcification process (Chapter 5) and metabolic status (Chapter 6) of infected and 

uninfected marine gastropods. I found significant variability between the response of 

infected and uninfected snails in all measured parameters, and the magnitude of this 

variability was dependent on the species of infecting parasite. This thesis describes the 

first rigorous test of cercarial or metacercarial longevity, or the response of parasite-

infected organisms, in acidified seawater, and provides ample evidence that the 

interaction of these stressors will significantly affect marine organisms.  

Overall, the data presented in this thesis show that the combined effects of OA and 

parasitic infection are negative, although the magnitude of these effects was highly 

dependent on the species of infecting parasite. One goal of this thesis was to predict 

how the host-parasite association will be changed by the acidification of seawater. 

However, such predictions must be made with the important caveat that many other 

abiotic and biotic factors may modify the effects of reduced seawater pH: other life 

stages of trematode parasites, i.e. eggs and miracidia, and all other hosts in the 

parasite’s life cycle, may be also be affected by OA; the interactive effects of other 

abiotic parameters, such as temperature and ultra-violet radiation, may modify the 
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impact of reduced pH on host or parasite organisms; predators and competitors of 

host or parasite organisms may be differentially affected by OA; and host, parasite, 

competitor, or predator species may adapt over time to be more tolerant of acidified 

conditions. 

In this thesis, I discuss the effects of three trematode species on the host snail Z. 

subcarinatus. However, up to 60% of snails at Lower Portobello Bay (LPB) are infected 

with M. novaezealandensis, compared to 10% with Philophthalmus sp. and 3% with 

Acanthoparyphium sp. (Personal observation). Accordingly, the most likely effect of 

“parasitic infection” on the LPB population of Z. subcarinatus will be synonymous with 

the effect of M. novaezealandensis infection. Maritrema novaezealandensis infection 

appears to have the most significant overall effects on Z. subcarinatus individuals, 

either alone or in combination with OA stress. Consequently, and bearing in mind the 

previously discussed caveats, stressors associated with OA may radically alter the 

impact of M. novaezealandensis on host populations of Z. subcarinatus. The most 

important effects of M. novaezealandensis infection, in combination with exposure to 

acidified seawater, are increased shell dissolution rates and elevated energetic costs. 

These results indicate that, in the long-term, snails infected with M. 

novaezealandensis may be more vulnerable to predators and mechanical damage, e.g. 

shell crushing crabs and wave action respectively. Thus, the negative effects of 

infection by M. novaezealandensis may become more pronounced and increase the 

mortality rates of snails infected with this species of parasite. This increased 

vulnerability of the hosts infected by M. novaezealandensis may also cause a shift in 

the most abundant parasite species, as Philophthalmus sp. and Acanthoparyphium sp. 

parasites do not appear to affect the survival of host snails. Of course, the reduced 

longevity and active period shown in cercariae of all trematode species could also alter 

the relative abundance of parasite species, although, given the large number of 

cercariae produced by a single snail, transmission success may or may not be altered 

by reduced cercarial activity (Studer et al., 2012b). 

A second factor to consider when predicting the population, community, or ecosystem 

effects of OA and parasitic infection is that infected snails are no longer reproductively 

active due to parasite-induced castration. Consequently, reduced snail fitness caused 
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by OA, in combination with infection, may not directly affect the reproductive output 

of the snail population. In fact, increased mortality rates of infected individuals may 

reduce the total number of cercariae entering the environment, potentially causing a 

decrease in the overall abundance of the parasite and alleviating the snail population 

of the reduced fecundity caused by infection. The reduced survival of infected 

individuals may also reduce the intra-specific competition between infected and 

uninfected conspecifics, in which any food or space resources consumed by infected 

individuals does not benefit the fitness of the snail population (Sorensen & Minchella, 

2001). 

In this context, the significantly increased mortality rates observed in uninfected snails 

exposed to acidified seawater becomes central to understanding the effect of OA on 

host and parasite abundance. If, as I showed in Chapter 6, the mortality rates of 

uninfected Z. subcarinatus individuals increase in an acidified environment, both the 

reproductively active snail population and the pool of available hosts for trematode 

parasites will be reduced. This prediction is supported by Marcogliese and Cone (1996, 

1997), who found that in acidified freshwater bodies, reduced gastropod abundance 

was correlated with reduced trematode species richness. Similarly, if Z. subcarinatus is 

outcompeted by a more pH-tolerant species of herbivorous gastropod, the parasite 

biodiversity at LPB may also be reduced, particularly for parasite species that are host-

specific to Z. subcarinatus. 

It is clear from these hypothetical scenarios that the effects of OA on parasites and 

host-parasite associations could have wide ranging consequences for marine 

community structure. It is equally apparent that a great deal of further research is 

required. The effect of acidified seawater on all host species in the trematode life 

cycle, all life stages in the trematode life cycle, and the transmission mechanisms 

between host organisms, must be assessed before we can fully understand the effects 

of OA on host-parasite interactions. Of course, trematodes are not the only group of 

marine parasites that could alter the response of marine organisms to the stressors 

associated with OA; infection by other parasitic taxa must also be studied in the 

context of an acidifying marine environment. Given the current multi-stressor 

approach to OA experimental design, it is clear that the next stages of parasite 
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research should incorporate additional abiotic stressors to better understand the 

complex interplay of, for example, increased temperature and reduced pH, and any 

subsequent effects of combined stressors on host-parasite interactions.  

In addition to broadening the scope of parasitological and OA research to include 

other abiotic factors, parasite life stages, host species, and taxonomic groups of 

parasites, the data presented in this thesis suggests many areas that would benefit 

from a more reductionist approach.  

Chapter 2 shows that Z. subcarinatus experiences extreme variability in abiotic 

conditions between tide pool and incoming tidal seawater, but to what extent does 

the micro-environment of the snail change? Hurd et al. (2009) proposed that diffusion 

boundary layers around photosynthetic organisms may buffer intertidal species from 

changes in the pH of bulk water. This may apply to the micro-environment of Z. 

subcarinatus, as this species of snail can live in dense eelgrass beds. The analysis of 

seawater samples taken from within the diffusion boundary layer could facilitate a 

more accurate understanding of the actual conditions experienced by intertidal 

invertebrates. Fine-scale temporal sampling could also record diurnal oscillations in 

the buffering effect of photosynthetic organisms, as the latter only increase seawater 

pH during daylight. Such detailed measurements of seawater pH on small spatial and 

temporal scales will allow for more realistic OA simulation experiments to be 

conducted in the laboratory setting. A mineralogical survey of the other invertebrates 

at LPB would identify which species use the more stable form of calcium carbonate 

(calcite) and allow us to predict shifts in species abundance based on mineral 

dissolution kinetics. 

Chapter 4 shows that cercariae from different trematode species exhibit differential 

tolerances to acidified conditions, but what are the mechanisms underlying this 

tolerance? The cercariae of some trematode species may have more sophisticated 

ionoregulatory abilities or greater energy reserves. The ionoregulatory capacity of 

cercariae could be assessed by using histological techniques to quantify the relative 

abundance of hydrogen ion transporting proteins in different trematode species. 

Microanalysis of tissue glucose and glycogen in cercariae could also quantify the 

energy usage and stores of trematode species during this life stage. The results of my 
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cercarial longevity trials also raise the question of whether transmission success, rate 

of metacercarial development, or metacercarial viability are affected by exposure to 

acidified seawater between first and second intermediate hosts. 

In Chapter 5, trematode infection caused increased shell dissolution in infected snails, 

although there was no apparent mineralogical difference between infected and 

uninfected individuals. A more comprehensive analysis of snail shells may find 

differences between the elemental composition of CaCO3 structures formed by 

infected vs. uninfected individuals. A behavioural study of infected snails at LPB may 

provide supporting evidence for the hypothesis that parasite-mediated changes to 

habitat choice expose infected snails to a greater degree of mechanical damage to the 

biological component of biomineralised structures; biogenically formed CaCO3 may be 

protected from acidified seawater by an organic layer (Weiner & Dove, 2003). If 

behavioural modifications do not explain the greater dissolution rates of infected 

snails, a molecular analysis of the biological component of shells from infected and 

uninfected individuals may identify factor or factors that are compromised by parasitic 

infection.  

Data presented in Chapter 6 suggests that rediae and sporocysts experience elevated 

metabolic demands due to exposure to an acidified microenvironment when their 

host is no longer able to regulate internal acid-base homeostasis. This hypothesis 

could be confirmed if rediae and sporocysts were exposed to acidified conditions in 

vitro; Lloyd and Poulin (2011) optimised culture media for sporocysts and rediae of 

Philophthalmus sp., Acanthoparyphium sp., Galactosomum sp., and M. 

novaezealandensis, which could adapted for low pH trials. In addition, a more 

complete analysis of the glycolytic process could elucidate why M. novaezealandensis-

infected snails suffer higher mortality rates than uninfected snails or those infected 

with different species of parasite. Measuring tissue concentrations of pyruvate or 

other metabolites produced during glycolysis could quantify the negative effect of 

infection by M. novaezealandensis, and further define the impact of parasitic infection 

on the metabolic functioning of host organisms. Measuring glycogen stores in infected 

snails would provide an additional metric to measure the effects of trematode 

infection and the long-term costs of maintaining internal acid-base homeostasis.  
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One vital piece of physiological information that is missing from many OA studies is 

the typical internal pH of model species. Quantifying the absolute difference between 

extra-cellular, intra-cellular, and environmental pH would allow us to further 

understand the extent to which marine organisms must regulate hydrogen ion 

concentration to maintain internal homeostasis. This information would document the 

difference between seawater pH and the internal pH of host organisms and all 

parasite life stages that are exposed to seawater: eggs, miracidia, cercariae, and 

metacercariae (external cysts only, like those of Philophthalmus sp.). In addition, we 

could also quantify the difference between the internal conditions of endoparasitic life 

stages, such as sporocysts and rediae, and the internal environment of the host.  

While the overall conclusion of this thesis is that OA will negatively affect host-

parasite associations, it is clear that areas of both OA research and parasitology need 

to be more fully investigated to understand the proximate and ultimate effects of 

ocean acidification on this complex inter-specific relationship. 
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