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ABSTRACT
Since the scientific community anticipates a general change in the global climate, it has become 

increasingly important to develop predictive models which encompass mechanisms to generate 

reliable forecasts of the effects this change on ecological communities and processes. To this 

end, the oxygen- and capacity- limited thermal tolerance (OCLTT) theory has been developed 

as a link between various physiological processes, the thermal aspect of climate change and the 

associated shifts at different levels of biological organization. This study set out to assess the 

general applicability of the OCLTT theory in eurythermal pulmonate and patellogastropod 

limpets, whose distributions overlap on the high shore rocks of the warm temperate, south-east 

coast of South Africa.

This was done by determining their microhabitat use, median lethal temperatures and cardiac, 

Arrhenius breakpoint temperatures as measures of their upper thermal tolerance limits, in both 

air and water. The main hypotheses of the study were that the pulmonate limpets would be more 

common than the patellogastropods in warmer microhabitats during low tide and would have 

higher thermal limits than the patellogastropods in air and vice versa in water. This was based 

on the assumption that the two limpet groups have different capabilities of oxygen consumption 

in air and water, due to differences in their respiratory organs and that this would be reflected 

in their thermal tolerances based on predictions made by the OCLTT. This assumption was 

important because oxygen consumption was not measured in this study.

Previous research (e.g. Garrity, 1984), showed that a thermal stress gradient exists among rocky 

intertidal microhabitats. From most to least thermally stressful the gradient is horizontal 

surfaces > slopes > vertical surfaces > tide pools > crevices. The current study found that, while 

the pulmonate limpets, Siphonaria capensis and S. serrata, preferred rock pools, sloped, vertical 

and horizontal rock surfaces, the patellogastropod limpets, Cellana capensis and Scutellastra 

granularis, preferred rock pools and vertical rock surfaces. Furthermore, the pulmonate limpets 

were only common on horizontal rock surfaces where specific ameliorating conditions would 

have mitigated thermal stress there. In addition, C. capensis had similar thermal tolerance limits 

to the pulmonate limpets in air and the pulmonate limpets had similar and/or higher thermal 

tolerance limits compared to S. granularis in water. This indicates that the pulmonate limpets 

did not necessarily prefer warmer microhabitats than the patellogastropod limpets and that there 

were no differences in the collective upper thermal tolerance limits between the two limpet 

groups in either medium.



Consequently, there was no indication from this study that an assumed superior capacity for 

oxygen supply translates into greater thermal tolerance and that the hypotheses based on the 

OCLTT were not supported. Although this was an indirect test of the OCLTT theory, I conclude 

that this study does not support the notion of its general applicability and that mechanisms other 

than those outlined by the OCLTT theory may help explain the patterns of thermal limitation 

observed in the current study.
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Chapter 1 - General Introduction

Climate Change and its’ ecological implications

Climate change is a statistically significant change in the long-term state of the global climate, 

which is probably caused by a combination of natural processes and external anthropogenic 

activity (IPCC, 2012). While this change occurs on a global scale, there are variations in its 

effects at regional and local scales, on land and in the oceans. One o f the most important 

consequences of climate change is the perceived change of temperature at these different scales 

and in these different environments (IPCC, 2014). Variations in environmental temperature 

influence the physiological and biochemical processes of most animals (Cossins and Bowler, 

1987; Schmidt-Nielsen, 1997). Therefore, through the influence of environmental temperature, 

climate change is responsible for numerous shifts in ecosystem level processes (Perry et al., 

2005; Parmesan, 2006; Rosenzweig et al., 2008). These changes include disruptions in complex 

species interactions (Parmesan, 2006), latitudinal and altitudinal shifts in species geographic 

distributions (Brander et al., 2003; Perry et al., 2005; Grebmeier et al., 2006), temporal shifts 

in biological phenomena (Wiltshire and Manly, 2004) and, alterations or failure of animal 

migrations (Farrell et al., 2008). Ultimately these can all be driven by differences in organismal 

responses to climate change. As a result, the development of a conceptual framework to 

understand the mechanisms that underlie the potential impacts of climate change on individual 

organisms and various ecosystems has become pivotal to contemporary science (Portner and 

Farrell, 2008). To this end, the oxygen- and capacity- limited thermal tolerance (OCLTT) 

theory has been developed in an attempt to gain an understanding of the physiological, 

ecological and evolutionary implications of climate change (Frederich and Portner, 2000; 

Portner, 2001; Portner and Knust, 2007; Portner and Farrell, 2008; Portner, 2010; Portner, 

2012; Bozinovic and Portner, 2015).

1



Oxygen- and capacity- limited thermal tolerance (OCLTT)

The OCLTT theory hypothesizes that the aerobic scope, which is the difference between 

minimum and maximum aerobic metabolic rate (metabolic rate ~ oxygen consumption rate, 

Mo 2), determines the thermal limitations of ectothermic animals (Portner and Knust, 2007; 

Portner and Farrell, 2008). As described by the OCLTT theory, the aerobic scope increases 

with temperature as heightened cardiorespiratory rates result in an increase of the maximum 

oxygen consumption (MO2max) rate (Fig 1.1; Portner, 2001; Portner and Knust, 2007). This 

increase is driven by an increase in mitochondrial O2 demand, as the animal cell attempts to 

maintain its ATP production in order to meet its energy requirements (Portner et al., 1998; 

Frederich and Portner, 2000). As temperatures continue to rise, cardiorespiratory rates remain 

constant while mitochondrial O2 demand continues to increase until the upper Pejus (Pejus -  

“getting worse”) temperature (Tp ii) is reached (Fig 1.1). At Tp ii, haemolymph PO2 starts 

falling, which represents a decrease in the amount of O2 available to the mitochondria and an 

overall reduction in aerobic scope (Frederich and Portner, 2000). This continues until the 

aerobic scope is completely diminished at the upper critical temperature (Tc ii), at which point 

tissue hypoxia and anaerobiosis set in due to the mismatch between O2 demand and supply (Fig 

1.1; Portner et al., 1998; Frederich and Portner, 2000). When Tc ii is reached, heart and 

ventilation rates decline rapidly, signalling the collapse of the cardiorespiratory system as 

anaerobic by-products accumulate in the tissues, eventually resulting in organismal death 

(Zielinski and Portner, 1996; Sommer et al., 1997). The processes that determine these 

physiological breakpoints at low temperatures are very similar to those at high temperatures. 

However, at the lower Pejus temperature (Tp i), the ventilation and heart rates start slowing 

down while cellular O2 demand keeps rising, which causes the drop in haemolymph PO 2 

(Frederich and Portner, 2000). While animals can still recover fully from temperatures beyond 

the Pejus temperatures, ecological recovery after critical temperatures have been reached is less 

likely.
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Fig 1.1: Theoretic performance curve for fishes of the aerobic scopes response to 
temperature adapted from Portner and Farrell (2008) and redrawn by Clark et al. (2013).

According to the OCLTT theory, the aerobic scope is said to be greatest in the range between 

the two Pejus temperatures, which contains the optimum temperature (Topt) for aquatic 

ectotherms (Fig 1.1). Consequently, various important, fitness related performance parameters 

such as reproduction, feeding and locomotion are expected to be optimal within this 

temperature range (Grans et al., 2014). This means that animals exposed to temperatures 

outside of this range for extended periods of time will experience limitations in their fitness 

and therefore, probable reductions in their abundance (Portner and Knust, 2007; Farrell et al., 

2008; Munday et al., 2009; Portner, 2010; Clark et al., 2011; Neuheimer et al., 2011; Donelson 

et al., 2012; Portner, 2012; Comte and Grenouillet, 2013). The OCLTT theory has been used 

to relate animal thermal tolerances to their general performance and their responses to climate 

change in several papers (Portner and Knust, 2007; Farrell et al., 2008; Portner and Farrell, 

2008; Farrell, 2013; Portner and Giomi, 2013; Portner, 2014; Bozinovic and Portner, 2015). 

However, there has been a growing discontent in recent literature regarding the mechanisms 

governing animal thermal tolerance, as outlined in the OCLTT theory (Overgaard et al., 2012; 

Clark et al., 2013; Grans et al., 2014; Norin et al., 2014; Ern et al., 2015). This has resulted in
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a fervent debate surrounding the merits and generality of aerobic scope as a unifying concept 

linking animal thermal tolerance to ecology and possibly evolution (Overgaard et al., 2012;

Clark et al., 2013; Farrell, 2013; Portner and Giomi, 2013; Ern et al., 2014; Grans et al., 2014;

Jutfelt et al., 2014; Norin et al., 2014; Portner, 2014; Ern et al., 2015).

These studies point out that most of the literature in support of the OCLTT theory is based on 

aquatic temporal or polar stenothermal invertebrates and fish (Zielinski and Portner, 1996; 

Portner and Zielinski, 1998; Portner et al., 1999; Frederich and Portner, 2000; Peck et al., 2002; 

Portner and Knust; 2007). In contrast, many studies conducted on eurythermal and air breathing 

species from temperate and tropical regions do not support the OCLTT theory (Martin and 

Huey, 2008; Clark et al, 2011; Jost et al., 2012; Clark et al., 2013; Grans et al., 2014; Norin et 

al., 2014; Ern et al., 2014). Thus, the primary argument levelled against the OCLTT theory is 

that the aerobic scope of water or air breathing animals in environments that experience high 

and highly variable temperatures, does not decrease until immediately before the lethal limit is 

reached (Fig 1.2). Furthermore, Clark et al. (2013) indicates that a contrast exists between the 

Topt and the optimum temperature for the maximum aerobic scope (ToptAs)

(Fig 1.2), which suggests that maximum O2 supply does not determine an organism’s optimal fitness.
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ToptAS

Tem perature (°C)
Fig 1.2: Theoretic, aerobic scope thermal response (aerobic performance) curve 
generated by Clark et al. (2013) as an alternative to the hypothetical curve (Fig 1.1) drawn 
up by Portner and Farrell (2008). This curve illustrates the contrast between Topt and 
ToptAs. Colour codes as in Fig. 1.1.

Aims

This study therefore aims to contribute to this debate by determining if the OCLTT theory 

applies to air or water breathing animals in environments with acute temperature variations. 

This was done by examining the upper thermal tolerance limits and microhabitat use of air and 

water breathing, rocky intertidal animals. The rocky intertidal environment serves as a suitable 

environment for this study, because animals from this environment are subjected to rapid and 

regular temperature fluctuations (see Chapters 2 and 3 for a description of rocky intertidal 

environments). These extreme temperature fluctuations are driven by the daily or twice daily 

rise and fall in sea level, particularly during sunny days (Helmuth et al., 2002; Harley and 

Helmuth 2003; Little et al., 2009). Measures of thermal limitation, such as the Arrhenius 

Breakpoint Temperature (Chapter 4) and the median lethal temperature (Chapter 3), are often 

used to examine the responses of intertidal animals to these temperature fluctuations (Dong
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and Williams, 2011; Huang et al., 2015; Tagliarolo and McQuaid, 2015; Xing et al., 2016). As 

the tide rises, cool sea water immerses and quickly reduces the body temperatures of intertidal 

animals, while falling tides expose them and their surroundings to often intense, unabated solar 

radiation, resulting in a rapid increase in their body temperatures. Furthermore, because of the 

oscillating tide, rocky intertidal environments are often home to different groups of air and/or 

water breathing intertidal animals, such as the patellogastropod (water breathing) and 

pulmonate (air breathing) intertidal limpets (see “study animals and sample sites” below). 

Based on the OCLTT theory described above, it can be predicted that an increased ability to 

extract O2 from the surrounding environment should result in an increased ability to survive 

thermal stress within that environment. Therefore, this study also aims to further assess the 

general relevance of the OCLTT theory, by determining if differences in the aerial and aquatic 

respiratory capabilities of pulmonate and patellogastropod limpet species influence their upper 

thermal limits in air or in water.

As was described, several studies (Clark et al., 2013; Ern et al., 2014; Grans et al., 2014; Norin 

et al., 2014) suggest that there is no correlation between ToptAs and the temperatures (Topt) that 

optimize fitness-related performance of these animals (Fig 1.2). This, in turn indicates that 

factors other than those outlined by the OCLTT theory determine thermal limits of these 

organisms (Overgaard et al., 2012; Clark et al., 2013; Ern et al., 2014; Grans et al., 2014; Jutfelt 

et al., 2014; Wang et al., 2014). Such factors include chronic exposure to acidified ocean water 

(Grans et al., 2014) and impaired nervous system function (Ern et al., 2015). In addition, Norin 

et al. (2014) suggested that aerobic scope may be modified constantly to suit different 

circumstances related to temporal shifts in an organisms’ requirements. This indicates that the 

aerobic scope can become temperature independent via processes such as the acclimation of 

animals to temperatures relevant in their environment (Grans et al., 2014). Furthermore, as 

stated by Norin et al. (2014; pg. 248), this means that “any perceived benefit o f ToptAs would 

be lost and that the aerobic scope would lose its predictive power.” One of the ways in which 

intertidal animals can become acclimated to different environmental temperatures within the 

same region, is by inhabiting different microhabitats (see Chapter 2) with different thermal 

regimes (Williams and Morritt, 1995; Sinclair et al., 2006). As shown in several past studies 

(Tomanek and Somero 1999; Anestis et al., 2008; Dong et al., 2008; Marshall et al., 2011), 

intertidal animals that occupy microhabitats that attain higher temperatures in the intertidal 

region often have greater thermal tolerance limits than conspecifics from cooler microhabitats. 

See Chapter 2 for a description of the different rocky intertidal microhabitats and how animals
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inhabiting them may be influenced by their thermal regimes. Therefore, an additional aim of 

this study, is to determine if the OCLTT theory can be used indirectly to predict microhabitat 

use of the two limpet groups (see Chapter 2).

Study animals and sampling sites

Limpets are marine gastropod molluscs that normally have a single flattened or conically 

shaped shell, hence the term ‘univalves’ sometimes used to describe them (Ponder and 

Lindberg, 2008). These animals are common in rocky intertidal environments on shores around 

the entire globe (Powell, 1973; Branch, 1981). They are important grazers of intertidal flora 

and serve as a key dietary resource to many intertidal predators and humans (Eekhout et al., 

1992; Lasiak, 1993). As such, the ecological significance of limpets stems mostly from their 

influence on the community structure of rocky shores, which has made them important test 

subjects in various studies (Branch, 1975; Branch, 1981; Hawkins and Hartnoll, 1983). These 

animals form two broad groups, namely the patellogastropod and pulmonate limpet groups, 

both of which are well represented along the South African coast (Branch, 1971; Branch, 1975; 

Kilburn and Rippey, 1982). Along the South African coast, the patellogastropods include 

limpets from the patellid family, which consists of limpets from the genera Cymbula, 

Scutellastra, Cellana and Helcion (Ridgeway et al., 1988; Weber et al., 1997), while the 

pulmonates comprise several limpets from the families Siphonaridae and Trimusculidae 

(Hubendick, 1978; Kilburn and Rippey, 1982). This study focuses on the patellids, Scutellastra 

granularis (Linnaeus, 1758) and Cellana capensis (Gmelin, 1791), and the siphonariids, 

Siphonaria capensis (Quoy and Gaimard, 1833) and S. serrata (Fischer, 1807). The biology o f 

these two limpet groups differs in several ways. For example, while many o f the patellid limpets 

are gonochoristic external fertilizers (Marshall, 1981), all siphonariid limpets are 

hermaphroditic (Marshall, 1981; Chambers and McQuaid, 1994; Ansell et al., 1999). In the 

context of this study, however, the key difference between these two limpet groups lies in their 

different abilities to breathe in either air or water. This difference has given rise to the terms 

“true-limpets” and “false-limpets” often used to describe patellids and siphonariids 

respectively.

This difference arises from anatomical differences in their respiratory structures (Yonge, 1947;
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Yonge, 1952; Marcus and Marcus, 1960; Branch, 1981). The siphonariids have a highly vascularised 

mantle cavity on top of the visceral mass, which functions as a lung and has an inlet for external air 

known as the pneumatophore (Yonge, 1952). In addition to the mantle cavity lung, siphonariids possess 

gills formed secondarily from the roof of the mantle, which are called the secondary gills (Yonge, 

1952; Marcus and Marcus, 1960). The secondary gills facilitate aquatic respiration but, they are not as 

adept as the patellid gills at aiding in aquatic respiration (see below). As a result, siphonariids are 

probably primarily adapted to aerial respiration (Branch, 1981). The patellid patellogastropod limpets 

have a full ring of pallial gills but lack the “traditional gills” (ctenidia) found in many intertidal 

molluscs (Yonge, 1947; McMahon, 1988). “Traditional gills” or “primitive” aspidobranch ctenidia are 

thought to be the molluscan respiratory structure most suited for aquatic respiration (Branch, 1981). 

Despite this Nuwayhid et al. (1978) demonstrated striking structural similarities between pallial gills 

and the ctenidium in their work on the patellid, Patella vulgata. Therefore, in terms of suitability for 

aquatic respiration, at least amongst intertidal limpets, the pallial gills rank right after the aspidobranch 

ctenidia (McMahon, 1988). Furthermore, unlike the siphonariids that possess a lung for aerial gas 

exchange, patellids only have the pallial gills to aid their aerial respiration (Branch, 1981). As a result, 

the patellids are primarily adapted to aquatic respiration (Innes et al., 1984; McMahon, 1988).

Siphonariid limpets are perhaps the most common limpets on South African rocky shores. One 

of the limpets from this group, Siphonaria capensis is widely distributed along the entire South 

African coastline (Fig 1.3; Allanson, 1959; Branch et al., 1994). This species occurs beyond 

the northern borders of South Africa on both the west and east coasts (Allanson, 1959; Branch 

et al., 1994). S. serrata also occurs along an extensive part of the country’s coastline (Fig 1.3). 

Individuals from this species extend from Cape Town on the south coast to Durban on the east 

coast, while isolated populations occur in Langebaan lagoon and extend north past the Orange 

river on the west coast (Allanson, 1959; Branch et al., 1994). Both S. capensis and S. serrata 

occur on the high shore, however, S. serrata is more common in the upper Balanoid zone just 

below the high shore mark while S. capensis extends further up the shore and is rare in the mid 

shore region (Chambers, 1994; Chambers and McQuaid, 1994). Scutellastra granularis is one 

of the most common patellid limpets on the shores of South Africa (Branch et al., 1994). Like 

most patellid limpets in South Africa, its distribution extends along the entire west coast and 

farther north into Namibia, whereas on the south-east coast its distribution ends just north of 

East London (Fig 1.3; Branch, 1971; Branch and Branch, 1988; Branch et al., 1994). C. 

capensis only occurs on the south-east and east coasts, where its distribution extends from Port 

Alfred, past the country’s northern border, through to the north coast of Mozambique (Fig 1.3;
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Kalk, 1959; Branch, 1975). Both patellid species are ubiquitous across the intertidal, extending 

from the low shore Cochlear zone to the upper Balanoid zone (Branch, 1971, Branch, 1975).

Fig 1.3: Modified map adapted from Vat (2000) displaying the study animals’ 
distributions along the South African coast line and the biogeographic sub-divisions that 
constitute this shore line. (SC -  Siphonaria capensis; SS -  Siphonaria serrata; SG -  
Scutellastra granularis; CC -  Cellana capensis). Colours represent the different species 
biogeographic distributions.

This study was conducted on limpets found along the south-east coast of South Africa (Fig 

1.3). These four limpets were sampled from the rocky shores at Kenton on Sea, Port Alfred and 

Chintsa West (Fig 1.4). Kenton on sea (referred to as Kenton in this study) and Port Alfred are 

both found on the south-east coast, while Chintsa West is located on the east coast, close to the 

“border” between the south-east and east coast (Fig 1.3). See chapter 2 for a more comprehensive 

description of the South African coastal bioregions and the subdivisions of this coast line.
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Fig 1.4: Map of the three sample sites (shown on the right) in the Eastern Cape region
(black square) of South Africa.

Due to the overlap in their geographic distributions and vertical zonation, and the differences 

in their presumed respiratory capabilities in different media, these two limpet groups serve as 

excellent model specimens to address these aims. By comparing the thermal limits and 

microhabitat use of these limpet groups, this study represents an indirect approach to 

determining if MO2 and/or O2 delivery can be used as a predictor of their response to the 

forecasted changes in environmental temperature. It is important to note that most other studies 

that set out to test the relevance of the OCLTT theory have done so by directly measuring the 

aerobic scope of their study animals under various circumstances (Overgaard et al., 2012; Clark 

et al., 2013; Grans et al., 2014; Norin et al., 2014; Ern et al., 2015). In this study, no direct 

measurements of MO2 were made. Instead, it was assumed that medium related differences in 

MO2 between the pulmonate and patellogastropod limpets, based on differences in their 

respiratory structures, would be reflected in their thermal tolerance limits.
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Hypotheses

The study hypothesises that the OCLTT theory can be used to predict the thermal tolerances of 

intertidal limpets because it is expected that: 1. Species with a respiratory advantage in either 

medium will have a greater, upper thermal tolerance limits in that medium than limpets lacking 

that advantage, and 2. The breathing capabilities of the limpets, as determined by their 

respective respiratory anatomies, should result in upper thermal tolerance limits that correlate 

with microhabitat use.

If the limpets with respiratory advantages in either medium do not have higher thermal 

tolerance limits than limpets without the same advantage, this will indicate that respiratory 

capacity and therefore a greater capacity for aerobic scope, does not play a pivotal role in 

determining thermal tolerance. Furthermore, if the relationship between microhabitat use and 

the study animal’s thermal tolerance limit is not corroborated by their breathing capabilities, 

this will suggest that thermal acclimation has a great impact on aerobic scope and that aerobic 

scope is limited in its use to predict these animal’s response to future increases in temperature. 

Finally, this would indicate that the OCLTT theory does not have a general applicability to all 

organisms and as a result, the main hypothesis would not hold true.

Organisation

This thesis consists of 5 chapters. The first chapter is a general introduction, where the study 

species, study sites and essential concepts of the study are first described. Chapter Two is an 

investigation of the study animals’ microhabitat use across the study sites. Chapters Three and 

Four examine the lethal thermal tolerance limits and various aspects of cardiac function in 

response to increasing temperature of the study species, respectively. Finally, Chapter Five 

provides a synthesis of the study and a general conclusion.
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Chapter 2: Does the oxygen limitation theory 
predict microhabitat use by pulmonate and 
patellogastropod limpets?

Introduction

Intertidal organisms on the South African coastline are exposed to a wide range of 

environmental conditions due to the country’s geographical position at the juncture between 

the Indian and the Atlantic Oceans. This is because the Indian Ocean on the east is generally 

warmer than the Atlantic Ocean on the west. In addition to this, the oceanographic regime on 

South Africa’s coast is controlled by the Agulhas current in the warm water Indian Ocean and 

the cold water Benguela current in the Atlantic Ocean (Fig 2.1; Griffiths et al., 2010). On the 

east coast, the Agulhas current flows close to the northern part of the coast line, eventually 

flowing further offshore the farther south it goes (Schumann, 1987). East London is the 

approximate point at which the current deflects and starts flowing away from the coastline 

(Grundlingh, 1983). Farther south along this coast line, between Cape Agulhas and Port 

Elizabeth, the current retroflects (Lutjeharms, 1998), essentially turning away from the 

coastline and terminating further east in the Indian ocean (Schumann and Beckman, 1984). In 

contrast, the Benguela current carries cold water from the Southern Ocean northward along the 

country’s western coastline (Fig 2.1; Griffiths et al., 2010). Along the west coast, strong wind 

driven upwelling is characteristic of the Benguela current closer to the shore. This upwelling 

brings nutrient rich water to the west coast that supports a high abundance and lower diversity 

of organisms along that coast (Shannon, 1985; Shannon and Nelson, 1996; Griffiths et al., 

2010). In contrast to this, the Agulhas current carries nutrient poor water from the equatorial 

region of the Indian Ocean (Lutjeharms, 1998).

These differences in the oceanographic regime along South Africa’s coastline generate three 

recognised and broadly defined coastal regions (Branch and Branch, 1988). These coastal 

regions are the cool temperate Namaqua bioregion along the west coast, the warm temperate 

Agulhas bioregion on the south coast and the subtropical Natal bioregion on the east coast
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(Stephenson and Stephenson, 1972; Brown and Jarman, 1978; Emanuel et al., 1992; Stegenga and 

Bolton, 1992; Bustamante and Branch, 1996; Turpie et al., 2000; Bolton et al., 2004). More recently, 

the South-western Cape bioregion between the Namaqua and Agulhas bioregions, and the Delagoa 

bioregion north of the Natal bioregion have also been identified as separate sub regions of the South 

African coastal regions (Griffiths et al., 2010). South Africa has a long (3650 km) roughly linear 

coastline, stretching from Namibia on the west to Mozambique on the east (Griffiths et al., 2010). As 

described by Branch and Branch (1988), the west coast stretches from the Orange River to Cape Town 

and the south coast from Cape Town to East London, while the east coast represents the remaining 

coastline from East London to the Limpopo River. Vat (2000) described another division to the 

coastline, the south-east coast, which represents the coastline that extends from Cape Town to Port 

Elizabeth. This means that the south coast covers the area from Cape Town to Port Elizabeth, instead 

of the area from Cape Town to East London. Even though most studies only recognise the three coastal 

divisions described by Branch and Branch (1988), this study will include all four divisions (Fig 

2.1).

Fig 2.1 Map adapted from Vat (2000) displaying the major currents either side of South 
Africa, as well as the four major coastal divisions.
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The rocky intertidal is a very unpredictable habitat in which biotic factors generally set the 

lower limits o f organisms and abiotic factors set the upper limits (Paine, 1969; Connell, 1972). 

In conjunction with biotic factors such as food availability and predation stress (Thomson et 

al., 2000; Lord et al., 2011), abiotic factors such as desiccation, osmotic and thermal stress also 

determine which microhabitats high shore intertidal gastropods occur in (Branch, 1981; 

Garrity, 1984; Denny et al., 2006). These stressors can become lethal if they are experienced 

for long periods of time. To avoid potentially lethal conditions, intertidal gastropods may 

inhabit ‘protected’ microhabitats as a behavioural response to emersion. These include 

crevices, rock pools and vertical rock surfaces (Wolcott, 1973; Garrity, 1984; Hawkins and 

Hartnoll, 1985; Branch et al., 1988; Raimondi, 1990; Liu and Morton, 1994; Williams and 

Morritt, 1995). Microhabitats are areas at a spatial scale smaller than habitats which differ in 

several ways, including the abiotic conditions experienced by their inhabitants (Morris, 1987; 

Olabarria et al., 2002). Rock pools form a unique microhabitat for gastropods in the intertidal 

zones (Underwood, 1984; Huggett and Griffiths, 1986) because organisms found in rock pools 

are less likely to experience desiccation compared to those found on emerged surfaces (Newell, 

1979; Femino and Mathieson, 1980). Like crevices and vertical rock surfaces, biogenic habitats 

also offer shelter from harmful conditions to intertidal gastropods (Thompson et al., 1996; 

Bertness et al., 1999; Castilla et al., 2004; Cartwright and Williams, 2012). Biogenic 

microhabitats are microhabitats formed by larger organisms, clusters or large beds of other 

organisms such as bivalves, ascidians or macroalgae (Williams and Morritt, 1995; Mak, 1996; 

Harper and Williams, 2001; Cartwright and Williams, 2012). Many intertidal limpets also 

exhibit homing behaviour, using a home scar into which the shell fits closely to help alleviate 

the effects of some of these abiotic stresses when they are not feeding or foraging (Santina, 

1994; Gray and Hodgson, 1998). This is achieved by protecting their soft tissues from the 

outside environment and its associated stressors (Verderber et al., 1983; Branch and Cherry; 

1985). Limpets that do not exhibit homing return to a general area that is normally referred to 

as the “resting site” during high tide (Hirano, 1979; Kitting, 1980; Garrity, 1984; Little, 1989; 

Williams and Morritt, 1995). All four of the study species exhibit homing behaviour, where 

both siphonariids and Cellana capensis use home scars, whereas Scutellastra granularis does 

not (Branch, 1975; Branch, 1981; Branch and Cherry, 1985; Branch 1988; Davenport, 1997).

In the current study, microhabitat availability was determined at the rocky shores of Kenton on 

Sea, Port Alfred and Chintsa West (See Fig 1.4 for site locations). Microhabitat use by the 

pulmonate limpets Siphonaria capensis and S. serrata, and the patellogastropod limpets
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Scutellastra granularis and Cellana capensis, was then determined at these three study sites 

(see Chapter 1 for a description o f the study species vertical zonation patterns across the rocky 

intertidal environment). The South African rocky coastlines are made up o f approximately 31% 

mixed shores, which consist of low lying wave cut rocky platforms that are strongly affected 

by sand inundation, sandy beaches and 41% pure rocky shores (Bally et al., 1984). The rocky 

shores found along the south-east coast consist of either aeolian calcarenite or quartzitic 

sandstone rock types. Wave cut rocky platforms are made up o f aeolian calcarenite which is a 

soft rock type with a granular surface (Marker, 1988; Dower, 1989; Vat, 2000). Boulder or reef 

rocky shores in this region consist of hard quartzitic sandstone, which generally has a smoother 

surface than the irregular aeolian calcarenite surfaces (Marker, 1988; Dower, 1989; Vat, 2000). 

The rocky shore at Kenton is composed of an aeolian calcarenite wave cut platform and a cliff 

which forms a headland. The rocky shores at Port Alfred and Chintsa West consist of reef like 

quartzitic sandstone ridges that run perpendicular to the ocean (Marker, 1988; Dower, 1989; 

Vat, 2000). Like much of the South African coastline, the rocky shores at all three study sites 

offer very little shelter from wave exposure (Shillington and Harris, 1978). However, the rocky 

headland at Kenton offers the intertidal organisms found there an area of relative calm.

Siphonaria capensis is normally associated with encrusting coralline algae in very shallow rock 

pools, while S. serrata normally occurs on bare rock surfaces or crevices (Chambers, 1994). 

However, previous studies (Branch and Cherry, 1985; Chambers, 1994) have shown that S. 

capensis individuals also make use of open rock surfaces. S. capensis use of different 

microhabitats in the high shore zone may be due to differences in rock substratum type 

(Chambers, 1994). As mentioned earlier, S. capensis is rare or absent from the mid-shore down 

and its juveniles occur in the same microhabitats as the adults (Chambers, 1994). Unlike S. 

capensis, S. serrata adults and juveniles do not always occupy the same microhabitats. There 

are instances where the juveniles occur in crevices or crustose rock pools while the adults only 

occur on bare rock surfaces, due to the availability of different food sources (Chambers, 1994). 

Scutellastra granularis juveniles are common on flat bare rocks or amongst barnacles in the 

lower intertidal zones while the adults normally occur on vertical rock surfaces (Vat, 2000). C. 

capensis juveniles are also common on bare horizontal rock surfaces low on the shore, while 

they occur in rock pools in the high shore zones (Branch, 1975; 1976). However, C. capensis 

occasionally occupies bare rock surfaces much higher up the shore than S. granularis and at 

similar intertidal heights compared to the siphonariids (Branch, 1975; Chambers, 1994).
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Many studies have documented differences in the microhabitat use of various intertidal organisms. 

However, many o f these focused only on how microhabitat use may influence thermal limits (Wolcott, 

1973; Garrity, 1984; Williams and Morritt, 1995; Helmuth and Hofmann, 2001; Lord et al., 2011). 

Unlike the current study, no previous studies intentionally compare microhabitat use between 

patellogastropod and pulmonate limpets. Two limpet groups with striking differences in their 

respiratory structure morphology and therefore suspected differences in their O2 consumption abilities 

(see Chapter 1). The current study aims to determine the microhabitat use of these two limpet groups, 

while striving to determine if their upper thermal limits, as predicted by their respiratory structure 

morphology, correlates with their microhabitat use. As described in Chapter 1, and based on predictions 

made in the OCLTT theory, I predict that the pulmonate limpets will have higher aerial thermal limits 

compared to the patellogastropod limpets and that the patellogastropod limpets will have higher aquatic 

thermal limits. This is because the pulmonate limpets are assumed to have a greater aerial respiratory 

capacity and lower aquatic respiratory capacity compared to the patellogastropod limpets. However, 

because all high shore intertidal microhabitats except rock pools are emerged during low tide, any 

findings from this study can only be related to the OCLTT in terms of the limpets overall thermal 

limits. Therefore, I hypothesise that the OCLTT theory will be supported only if the upper thermal 

limits, as projected by the respiratory capacity, of the four study species correlates with their preferred 

microhabitat use. Thus, the pulmonate limpets are expected to prefer warmer microhabitats than the 

patellogastropod limpets.

Materials and Methods

Study sites

Low tide microhabitat use of two pulmonate limpets, Siphonaria capensis and S. serrata, and 

two patellogastropod limpets, Scutellastra granularis and C. capensis was examined at 3 sites 

along the south-east and east coasts of South Africa (Fig 1.4).
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Robolimpets

Robolimpets (n = 3) made by Dr Justin Lathlean (Queen's University, Northern Ireland) 

according to the specifics provided by Lima and Wethey (2009), with empty S. granularis 

shells, were used to estimate general limpet body temperature on the high shore rocks at 

Kenton. All three robolimpets were secured to horizontal rock surfaces using a Z-spar and 

epoxy resin mix. This equates to the warmest microhabitat used by these limpets (see 

“Discussion”). The rock surfaces were cleared o f any rough debris using a hammer and chisel 

before the robolimpets were attached to them. Three random locations, several meters apart, 

were selected as “homes” for the robolimpets. Before deployment using the OneWireViewer 

software (Maxim Integrated, USA), the robolimpets were set to record temperature (to 0.001 °C) 

for 5 /  months at 30min intervals starting at the end of April until mid-October 2014. The data 

were collected once every two months and analysed using Statistica 13.

Sample area selection

To develop an understanding of the species’ microhabitat use within the selected sites, the study 

species’ abundances within the available microhabitats were determined at each study site. A 

sampling procedure modified slightly from the SWAT coastal biodiversity survey protocol 

(2011), developed at the University of California, Santa Cruz for mobile invertebrates, was 

used. Sample sites that had coastlines with a 20m or longer continuous stretch of rocky 

intertidal environment were selected, based on knowledge of the study specie’s location 

obtained from previous studies (Branch, 1976; Chambers, 1994; Vat, 2000). Appropriate 20m 

wide (along shore) by 20m long (across the shore from high to low intertidal zones) sample 

areas at each site were selected, each with a good representative sample of the study species. If 

a sample area with a sufficiently wide stretch of rocky intertidal coastline could not be found 

within a study site, the sample area was split into two 10m wide by 20m long sample area 

sections. This was only done if selected sample areas were dominated by large sections 

inundated with sand or large areas with deep pools, as was the case at Kenton.
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Sampling method

Sampling at all three sites took place throughout the November 2015 spring low tides (25/11 -  

Kenton; 26/11 -  Port Alfred; 27/11 -  Chintsa West), during clear, sunny weather conditions. 

The relevant tide information was obtained online (South African Navy Hydrographic Office, 

2017). The sampling effort was started during the outgoing tide (2 hours before low tide) to 

ensure enough time was available to complete sampling during a single low tide event. Point 

intercept quadrats along transect lines were used to sample microhabitat availability and limpet 

species’ abundances within these microhabitats at each site (Aronson, 2001; Hill and 

Wilkinson, 2004). Before sampling commenced, the sample area was demarcated by setting up 

two reference lines (one high shore and one low shore line), each 20m long, parallel to the coast 

using 50m measuring tapes (Fig 2.3). The high shore line was placed 1m above where the 

highest individual limpet of Siphonaria capensis was found and the low shore line 20m below 

the high shore line. S. capensis was chosen because it generally occurs higher up the shore than 

most intertidal limpets and because it is widespread along South African rocky shores 

(Chambers, 1994).

Once the reference lines were established, 10 transect lines (20m measuring tape) were 

extended in a parallel series from the high shore to low shore reference line (Fig 2.3). The 

parallel line series was created by shifting the transect line every 2m along the reference lines 

from the 1m to the 19m point (Fig 2.3). Pre-classified microhabitat types (Table 2.1) were then 

identified and recorded at 2m intervals from the 1m to 19m point along the transect lines. This 

was done by placing the centre point of a 50 X 50cm quadrat over the relevant 2m demarcation 

points of the transect lines before visually estimating the microhabitat cover at these points. 

The quadrat was divided into four smaller sections by two intersecting fishing cords tied to the 

middle on each side o f the square boundary. The slope o f the relevant microhabitats (Table 2.1) 

was measured to within 10° using a clinometer. When there was a mixture of horizontal and 

non-horizontal surfaces (crevices, vertical and sloped surfaces) in a quadrat, underestimating 

the cover of the non-horizontal surfaces was sometimes unavoidable using this method. This is 

because the quadrat was always kept parallel to the horizontal and microhabitat cover was 

estimated from a “top view” perspective (Fig 2.2). As shown in Fig 2.2, even though the 

horizontal and non-horizontal surfaces, technically, cover the same length, because of the way 

surface cover was estimated it seems as though the non-horizontal surface covers a smaller 

section of the quadrat. Even though the study sought to avoid deep rock pools, this was not
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always possible. As a result, rock pools were considered to be deep when they had a depth of 

more than 20cm (determined with a meter stick).

Table 2.1: The physical descriptions adapted from Garrity (1984) and numerical codes 
assigned to each microhabitat type.

Microhabitat

Type Nr Code Description

Horizontal 1 Rock surfaces with an incline 
between 0° -  30°

Horizontal boulder 2 Flat rock surfaces on top of 
boulders

Sloped 3 Rock surfaces with an incline 
between 31° -  70°

Sloped Boulder 4 Sloped rock surfaces on the sides 
of boulders

Vertical 5 Rock surfaces with an incline 
between 71° -  90°

Crevice 6 “A slit or pock-like recess in the 
rock”

Pool 7 A rock pool < 20cm deep

Deep Pool 8 A rock pool > 20cm deep
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Estim ate cover
from top new

Quadrat (parallel
to horizontal)

Non-Horizontal
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Horizontal
surface (30 cm)

Horizontal
Fig 2.2: Two - Dimensional scheme displaying how non-horizontal microhabitat cover can 
be underestimated in a quadrat with mixed (horizontal and non-horizontal) surfaces. 
Arbitrary length (cm) values for the two microhabitat types displayed in parentheses.

Once microhabitat cover was established, limpet abundances (abundance/microhabitat type) of 

each species was determined using the same sample area and procedures described in the 

previous paragraph. However, limpet abundance was determined by counting all the 

individuals of each species found within the quadrats. Thus, both microhabitat and limpet 

abundance within the available microhabitats were recorded at the same points/quadrats within 

the sample area. The reference and transect lines were held in place during sampling using 

large rocks found at the study sites (Fig 2.3). The start and end points of the sample areas were 

photographed and clearly marked in photographs to keep record of the exact sample areas (Fig

2.4).
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Fig 2.3: Scheme of how microhabitat availability and microhabitat use were sampled at 
the 3 study sites, with the marked reference points (see Fig 2.4 below) circled in colour.

Fig 2.4 Picture displaying the marked start (blue circle) and end (orange circle) points of 
the high shore reference line, and the start (red circle) point of the low shore reference 
line at the Kenton sample area.
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Once microhabitat cover and limpet abundances were recorded, other relevant features, using 

the same sampling procedure for microhabitat cover at the study sites, were noted (see Table 

2.2 in results section). These features included algal and sand cover on rock surfaces, as well 

as the aspect of vertical or sloped rock surfaces.

Data visualisation

Base maps (Fig 2.8 -  2.10 below) for each study site were prepared in order to display limpet 

microhabitat use and microhabitat availability across shore within the sample areas, using 

Excel 2015 and Adobe Illustrator CS6.

Statistical analysis

Chi-squared analyses were used to determine if the study animals were distributed evenly 

among the available microhabitats at each study site, using Excel 2015. This was done by first 

identifying all the quadrats in which the respective limpet species were found, in the different 

sample areas. Thereafter, the microhabitat cover (%) of each microhabitat type was determined, 

as a proportion of the total area (cm2) covered by the relevant quadrats for each limpet species. 

Limpet abundance for each species was then determined for each microhabitat type, as a 

percentage of the total number of individuals found within the total area sampled. The Chi 

squared analyses were then conducted using microhabitat and percentage limpet abundance as 

the expected and observed values respectively.
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Results

Robolimpets

Temperature was successfully measured by each of the robolimpets during the 5 ^  month 

period. However, the temperature measurements were not correlated to the right daily times. 

This meant that I could not accurately determine the correct times for important temperature 

measures such as, the time of day the maximum and minimum temperatures were likely to 

occur. There is a clear trend in the temperature data, with all three robolimpets displaying 

increases in mean monthly, maximum and minimum (Fig 2.5) temperatures from May to 

October. With the highest mean monthly temperatures occurring in August (21C ) and 

September (21°C), and the lowest mean monthly temperature (17.1°C) occurring in May (Fig

2.5) . In addition, the highest maximum temperatures were recorded in September and October, 

while the lowest maximum and minimum temperatures were both recorded during May (Fig

2.5)
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Fig 2.5: Box and whisker plot displaying the mean (squares), median (triangles) and, the 
maximum and minimum (whiskers) monthly temperatures (°C) of the robolimpets (n = 3) 
deployed on the high shore rocks at Kenton. The colours represent individual robolimpet 
replicates. The x-axis values represent the months in which the robolimpets were active 
(5 -  May; 6 -  June; 7 -  July; 8 -  August; 9 -  September; 10 -  October).

Microhabitat availability and characteristics

Flat/horizontal rock surfaces were the dominant microhabitat type at Kenton and Chintsa West 

(67.8% and 79.7% respectively, o f the 25m2 measured at each site), but formed only 27.9% at 

Port Alfred, where sloped surfaces were more common, making up approximately 45.9% of 

the total area sampled (Fig 2.6). After flat rock surfaces, rock pools and vertical rock surfaces 

covered the next largest area at all three sites. Rock pools comprised 16.2%, 9.1% and 10.2%, 

while vertical rock surfaces made up 11.3%, 13.9% and 7% of the sampled areas in Kenton, 

Port Alfred and Chintsa West respectively (Fig 2.6). Sloped rock surfaces comprised only 1.2% 

and 0.8% of the total area sampled at Kenton or Chintsa West (Fig 2.6). The remaining 

microhabitats covered very small areas and in most cases, were not sampled at all three of the
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study sites. Crevices were only found in Port Alfred and Chintsa West (1% and 2.3% 

respectively; Fig 2.6). Boulders with horizontal surfaces were only found in Kenton (1.9%) and 

Port Alfred (1.1%), while Port Alfred was the only study site where sloped boulder surfaces 

(1.2%) were found. Finally, because the study sought a priori to avoid deep pools, this 

microhabitat was rare and was found only at Kenton where it was unavoidable, covering 

approximately 1.8% of the sample area.

FR BF SL BS V CR P DP

3

2

1

Microhabitat

Figure 2.6: Bar graph displaying the microhabitat cover (m2) in the sampled areas of the 
study sites at Kenton (3), Port Alfred (2) and Chintsa West (1). The sampled 
microhabitats are represented as FR (flat rock), BF (boulder with flat surface), SL (sloped 
surface), BS (boulder with sloped surface), V (vertical surface), CR (crevice), P (pool) and 
DP (deep pool).

The predominantly flat rock site at Kenton had a relatively even spread o f sand, algae and bare 

rock cover (Table 2.2). Kenton also had one long west facing rock feature running from high 

to low shore that formed part of a larger cliff face (Table 2.2). In addition to this, a smaller east 

facing rock section was sampled as part of a small (approx. 1 m high) rocky outcrop. This east 

facing rock sample was made up of approximately, 50:50 vertical and sloped rock surfaces 

(Table 2.2). There were no south or north facing features at Kenton (Table 2.2). In contrast to 

the Kenton study site, the sample area at Port Alfred was mostly a mixture o f sloped and vertical 

rock surfaces which were east or west facing (Table 2.2). While most the west facing rock 

features at Port Alfred were vertical rock surfaces, the rest were sloped rock surfaces. In 

comparison to this, the east facing features consisted almost entirely of sloped rock surfaces 

and a few vertical surfaces. North and south facing rock features were less common at Port
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Alfred and comprised only vertical rock surfaces (Table 2.2). Most of the rock surfaces sampled at Port 

Alfred were bare, with only a small proportion of this area covered by sand (Table 2.2). In addition to 

this, no algae were sampled at Port Alfred (Table 2.2). Like Port Alfred, most of the rocky shore 

sampled at Chintsa West was made up of bare rocks with very little algal or sand cover (Table 2.2). 

Just like Kenton, the sample site at Chintsa West was predominantly made up of flat rock surfaces (Fig

2.6). Most of the few vertical rock surfaces here were west or south facing but, there were some north 

facing vertical rock features (Table 2.2). The east facing rock features were comprised mostly of 

vertical rock surfaces and less so of sloped rock surfaces (Table 2.2).

Table 2.2: Percentage cover of the major characteristics of the sampled areas at Kenton 
(3), Port Alfred (2) and Chintsa West (1). The sampled characteristics include sand cover 
(S), algal cover (AL), bare rocks (B), south (ST), west (W), north (N) and east (E) facing 
rock features.

Study

Site

Percentage of total area (%)

Rock Surface Features Aspect

S AL B ST W N E

3 39.5 29.5 31 0 86.67 0 13.33

2 14 0 86 1.83 44.51 1.22 42.44

1 6 0 94 28.57 38.1 9.52 23.81
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Figure 2.7: Bar graph displaying the number of limpets counted at the sample areas in 
Kenton (3), Port Alfred (2) and Chintsa West (1). (SC = Siphonaria capensis; SS = 
Siphonaria serrata; SG = Scutellastra granularis; CC = Cellana capensis).

Kenton

Three of the four study species were found at Kenton in varying proportions in the different 

microhabitats (Fig 2.7). Siphonaria capensis (n =779) was by far the most common limpet in 

the area, followed by Scutellastra granularis (n = 102) and finally Siphonaria serrata (n = 19), 

which was present in very low numbers compared to the other two species (Fig 2.7). C. capensis 

was the only limpet not sampled in Kenton (Fig 2.7). In addition, S. capensis and S. serrata 

were mostly found higher up the shore, while Scutellastra granularis could be found from high 

to low shore (Fig 2.8). Despite being found in the area, S. granularis was only present on 

vertical rock surfaces (Fig 2.8). In fact, it was only found in quadrats consisting entirely of this 

microhabitat.

Out of the three limpet species found at Kenton, only Siphonaria capensis was not distributed 

equitably (p < 0.05; df = 4) among the sampled microhabitats (Table 2.3). The greatest 

proportion of S. capensis occurred on flat rock surfaces (Fig 2.8) and the flat top of large 

boulders while it avoided rock pools, vertical and sloped rock surfaces (Table 2.3). S. serrata
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(p > 0.05; df = 2) did not display a significant preference for any o f the available microhabitats 

within the sampled quadrats (Table 2.3). It was most common on vertical rock surfaces and, to 

a lesser extent it was also found on flat rock surfaces and boulder flats (Table 2.3). The fact 

that S. serrata was found in these microhabitats in their expected proportions explains the 

insignificant result obtained from the chi-squared test conducted on S. serrata (Table 2.3). 

Furthermore, S. serrata was not found in either the sloped rock and shallow rock pools (Table 

2.3). Finally, none of the limpet species at Kenton were found in deep rock pools (Table 2.3).

Table 2.3: Habitat availability and chi-squared results for each species calculated using 
data only for quadrats in which that species was found at Kenton. The species are 
represented as SC = Siphonaria capensis; SS = Siphonaria serrata; SG = Scutellastra 
granularis; CC = Cellana capensis and their microhabitats as FR = flat rock; BF = boulder 
flat; SL = sloped surface; V = vertical surface and P = pool. Proportion of animals 
expected in each microhabitat presented in parentheses. Note CC was absent for this site.

Proportion (%) of animals in each microhabitat X2

Species FR BF SL V P

SC 65.73

(60.23)

22.21

(4.3)

0
(0.35)

8.34

(20.93)

3.72

(14.19)

90.66

SS 21.05

(22.22)

10.53

(1111)

0 68.42

(66.67)

0 0.14

SG 0 0 0 100

(100)

0 N/A

CC 0 0 0 0 0 N/A
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Fig 2.8: Base map displaying: % microhabitat cover (top panel) and abundances of 
limpets (bottom panel) at Kenton. The species are represented as SC = Siphonaria 
capensis; SS = Siphonaria serrata; SG = Scutellastra granularis; CC = Cellana capensis 
and the numbers represent their microhabitat type (see Table 2.1). Note CC was absent 
for this site.
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Port Alfred

Compared to Kenton, there was an even poorer representation of the study species in Port 

Alfred where only two, Siphonaria serrata (n = 1334) and S. capensis (n = 118), were found 

(Fig 2.7). Furthermore, while S. serrata was common from high to low shore, S. capensis was 

mostly found in the mid-low shore region (Fig 2.9). Both S. capensis (p < 0.05; df = 3) and S. 

serrata (p < 0.05; df = 6) were not distributed among the microhabitats in proportion to the 

microhabitat availability (Table 2.4). A large proportion of S. capensis sampled in Port Alfred 

made use of rock pools (Fig 2.9). While S. capensis was also found on flat and sloped rock 

surfaces, based on the abundance of these microhabitats, they were mostly avoided. In addition, 

despite the availability of vertical rock surfaces, S. capensis individuals did not occur on them 

(Table 2.4). S. serrata was found in a broader range of the available microhabitats than S. 

capensis (Table 2.4). Sloped rock surfaces were its preferred microhabitat, followed by vertical 

rock surfaces (Table 2.4). Like S. capensis, despite being common on flat rock surfaces, S. 

serrata individuals appeared generally to avoid this microhabitat (Table 2.4). Specimens of S. 

serrata were not as common on boulder flat, boulder slope, crevice and rock pool microhabitats 

as they were in the aforementioned microhabitats (Table 2.4).
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Fig 2.9: Base map displaying: % microhabitat cover (top panel) and abundances of 
limpets (bottom panel) at Port Alfred. The species are represented as SC = Siphonaria 
capensis; SS = Siphonaria serrata; SG = Scutellastra granularis; CC = Cellana capensis 
and the numbers represent their microhabitat type (see Table 2.1). Note SG and CC were 
absent from this site.

31



Table 2.4: Habitat availability and chi-squared results for each species calculated using 
data only for quadrats in which that species was found at Port Alfred. The species are 
represented as SC = Siphonaria capensis; SS = Siphonaria serrata; SG = Scutellastra 
granularis; CC = Cellana capensis and their microhabitats as FR = flat rock; BF = boulder 
flat; SL = sloped surface; BS = boulder sloped; V = vertical surface; CR = crevice and P 
= pool. Proportion of animals expected in each microhabitat presented in parentheses. 
Note SG and CC were absent from this site.

Species Proportion (%) of animals in each microhabitat x2

FR BF SL BS V CR P

SC 14.41

(30)

0 16.10

(43.68)

0 0

(5.53)

0 69.49

(20.79)

145.14

SS 16.42

(28.61)

1.65

(139)

50.45

(44.94)

0.97

(152)

24.74

(14.43)

0.22

(12)

5.55

(7.91)

14.98

SG 0 0 0 0 0 0 0 N/A

CC 0 0 0 0 0 0 0 N/A

Chintsa West

In contrast to Kenton and Port Alfred, all four study species were found in Chintsa West (Fig 

2.7). Scutellastra granularis (n = 210) was the most abundant species, followed by Siphonaria 

serrata (n = 190), S. capensis (n = 91) and the least common species was C. capensis (n = 71), 

which was found only at this site. S. serrata was the only species found at all shore heights but 

it was most common in the mid shore area (Fig 2.10). While S. capensis was common in the 

high to mid shore areas, Scutellastra granularis and C. capensis were common in the mid-low 

shore and low shore areas respectively (Fig 2.10). Siphonaria capensis (p < 0.05; df = 2), S. 

serrata (p < 0.05; df = 3), Scutellastra granularis (p < 0.05; df = 3) and C. capensis (p < 0.05; 

df = 3) all had highly significant preferences for particular microhabitats within the Chintsa 

West study site (Table 2.5). While Siphonaria capensis and C. capensis preferred rock pools 

to the other microhabitats, both Scutellastra granularis and Siphonaria serrata were frequently 

found in other microhabitats even though they showed a preference for rock pools (Table 2.5). 

Scutellastra granularis was most common on vertical rock surfaces and had a distinct
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preference for this microhabitat. Neither of the remaining three limpet species were nearly as 

common on vertical rocks, particularly S. capensis, which clearly avoided this microhabitat 

(Table 2.5).

While horizontal rock surfaces were a dominant feature of Chintsa West, C. capensis, 

Siphonaria serrata and Scutellastra granularis were not common there and appeared to avoid 

this habitat (Table 2.5). In contrast, Siphonaria capensis, was most common on horizontal rock 

surfaces, although it displayed no preference for it (Table 2.5). O f the four study species, only 

S. capensis was not recorded in crevices. The remaining three species were all found in crevices 

but, they were all least common there (Table 2.5). None of the limpets were found on sloped 

rock surfaces at Chintsa West. This was expected, however, since it formed a very small 

proportion of the total area at this study site and did not occur in any of the sampled quadrats 

(Fig 2.6).

33



Fig 2.10: Base map displaying: % microhabitat cover (top panel) and abundances of 
limpets (bottom panel) at Chintsa West. The species are represented as SC = Siphonaria 
capensis; SS = Siphonaria serrata; SG = Scutellastra granularis; CC = Cellana capensis 
and the numbers represent their microhabitat type (see Table 2.1).
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Table 2.5: Habitat availability and chi-squared results for each species calculated using 
data only for quadrats in which that species was found at Chintsa West. The species are 
represented as SC = Siphonaria capensis; SS = Siphonaria serrata; SG = Scutellastra 
granularis; CC = Cellana capensis and their microhabitats as FR = flat rock; V = vertical 
surface and CR = crevice; P = pool. Proportion of animals expected in each microhabitat 
presented in parentheses.

Species Proportion of animals/microhabitat (%) X2

FR V CR P

SC 17.58 5.49 0 76.92 21.83

(30.58) (15.71) (53.93)

SS 55.79 16.84 6.32 21.05 18.79

(65.38) (15) (143) (18.21)

SG 2.38 73.81 1.43 22.38 214.06

(66.11) (25.56) (3.33) (5)

CC 0 8.45 1.41 90.14 156.97
(55.77)

(10) (154) (32.69)

Discussion

As described in the introduction, rocky intertidal habitats include multiple microhabitats, which 

have different thermal regimes during day time emersion (see below). The robolimpets were 

used only to gain a preliminary measurement of high shore intertidal temperatures, to gauge 

the general temperatures these limpets may be subject to in the region (Fig 2.5). It is important 

to note that most of these measurements occurred during winter, which means that the absolute 

monthly maxima and mean monthly temperatures, expressed in the results, are likely to be 

much lower than they would have been in summer. As a result, I relied heavily on past papers 

to estimate the level of thermal stress the study animals may have experienced in the various 

microhabitats (Garrity, 1984; Williams and Morrit, 1995). In his study on the adaptations of 

gastropods to physical stress, Garrity (1984) found that a gradient of most to least (horizontal
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surfaces > slopes > vertical surfaces > tide pools > crevices) thermally stressful conditions 

exists among high shore intertidal microhabitats.

Horizontal surfaces are thermally stressful because they are normally exposed to higher levels 

of solar heating and potentially greater temperatures and desiccation stress than other intertidal 

microhabitats (Williams and Morritt, 1995; Helmuth and Hofmann, 2001; Denny et al., 2006; 

Sinclair et al., 2006). High shore horizontal surfaces are therefore normally bare or barren, 

because most intertidal organisms cannot survive the extreme temperatures on these surfaces. 

When high shore horizontal surfaces are not barren, it is normally due to some mitigating factor 

that makes the microhabitat cooler than it would have been otherwise. Branch (1976) suggested 

that horizontal surfaces covered in sand retain more moisture than bare horizontal surfaces, 

potentially making them more habitable. The geomorphology of rocky shores has also been 

shown to positively influence the habitability of horizontal microhabitats. For example, a few 

studies (Marker, 1988; Dower, 1989; Vat, 2000) have shown that aeolianite rocks retain 

moisture for longer than quartzitic sandstone rocky shores, due to the high surface rugosity and 

slightly more porous nature of aeolianite rocks. The retention of water creates damp conditions 

allowing horizontal surfaces influenced by these factors to remain cooler.

Non-horizontal, intertidal microhabitats such as sloped and vertical rock surfaces are more 

likely to be shaded and therefore, cooler than horizontal rock surfaces during the day (Wolcott, 

1973; Williams and Morritt, 1995; Helmuth, 1998; 2002; Wethey, 2002; Harley, 2008; Lima 

and Wethey, 2009; Seabra et al., 2011; Lima et al., 2016). However, when considering sloped 

and vertical rock surfaces, it is important to note that their orientation to the sun ultimately 

influences levels of solar heating and thus, how hot these microhabitats get during the day 

(Williams and Morritt, 1995; Helmuth and Hofmann, 2001; Seabra et al., 2011). Vertical or 

sloped rock surfaces oriented away from full solar insolation are usually cooler than rock 

surfaces exposed to direct sunlight (Williams and Morritt, 1995; Seabra et al., 2011). This is 

true even for sunny microhabitats found lower down the shore compared to microhabitats that 

are in shade most of the time and higher up the shore (Seabra et al., 2011). The angle of these 

non-horizontal microhabitats to the horizontal also plays an important part in determining the 

temperature range experienced on them (Wolcott, 1973; Helmuth, 1998; 2002; Wethey, 2002; 

Harley, 2008; Lima and Wethey, 2009). Generally, the closer the angle is to the horizontal, the 

higher the maximum temperature is on that substratum (Wethey, 1983; 1984; Williams and 

Morritt, 1985; Menconi et al., 1999). This means that, sloped rock surfaces generally have
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higher maximum and average temperatures than vertical rock surfaces (Wethey, 1983; 1984; 

Williams and Morritt, 1985; Denny et al., 2006).

Rock pools are normally cooler and have more stable thermal conditions than the 

aforementioned emerged microhabitats, which is mainly due to the buffering effect water has 

on temperature (Newell, 1979). This buffering effect is intensified in deep rock pools with steep 

or sloped boundary surfaces that provide the rock pool organisms with a refuge from direct 

solar insolation (Branch and Cherry, 1985; Williams and Morritt, 1995; Lord et al., 2011). 

However, when rock pools are relatively shallow and spread over large areas, the water inside 

them does not have as great a buffering effect on temperature (Branch and Cherry, 1985; 

Williams and Morritt, 1995). Therefore, like horizontal surfaces these shallow rock pools are 

subject to high levels of solar radiation during the hottest parts of the day, which could lead to 

high maximum aquatic temperatures (Ganning, 1971; Morris and Taylor, 1983; Huggett and 

Griffiths, 1986). As seen in the study by Williams and Morritt (1995) shallow rock pools are a 

less predictable thermal refuge than deeper rock pools. Crevices are generally considered to be 

the least thermally stressful microhabitat (Garrity, 1984) however, because the study limpets 

generally had very low numbers in them they will not be discussed further. While limpet 

numbers were low in crevices, limpet use of crevices, particularly that of S. serrata (Chambers, 

1994), may have been higher had there been a greater representation of crevices at the study 

sites (Fig 2.6).

Sampling of limpet microhabitat use at the three study sites indicated distinct preferences for 

particular microhabitats. However, not all the study animals were present at each of the study 

sites. Scutellastra granularis did not occur at Port Alfred and C. capensis was only present at 

Chintsa West, while both siphonariid limpets occurred at all three study sites (Fig 2.7). Flat 

rock surfaces made up much of the area at Kenton and Chintsa West, while sloped rock surfaces 

were the main microhabitat at Port Alfred (Fig 2.6). Siphonaria capensis preferred flat rock 

surfaces in Kenton and rock pools at the other two study sites (Tables 2.3-2.5). S. serrata 

showed no preference for any of the microhabitats at Kenton though it was most common on 

vertical and horizontal rock surfaces (Table 2.3). In Port Alfred, S. serrata preferred sloped 

rock surfaces and to a lesser extent, vertical surfaces, while in Chintsa West, it preferred rock 

pools but, was also very common on flat rock surfaces. Scutellastra granularis may have 

preferred vertical rock surfaces in Kenton (Table 2.3). However, there was no way of testing 

this statistically using the chi-squared test, because vertical rock surfaces were the only
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microhabitats sampled in the quadrats where S. granularis was present. At Chintsa West, most 

S. granularis individuals preferred vertical rock surfaces while the rest of the individuals from 

this species preferred rock pools (Table 2.5). C. capensis on the other hand, preferred rock 

pools at Chintsa West, like Siphonaria capensis (Table 2.5).

Overall, the results indicate that S. capensis and C. capensis preferred rock pools to all other 

microhabitats, while Scutellastra granularis preferred vertical surfaces and Siphonaria serrata 

preferred sloped and vertical rock surfaces (Table 2.3-2.5). This is in accordance with previous 

findings, which show that S. capensis (Chambers, 1994) and C. capensis (Branch, 1975; 1976) 

prefer rock pools and that Scutellastra granularis (Vat, 2000) individuals prefer vertical rock 

surfaces. However, Siphonaria capensis also preferred horizontal rock surfaces, particularly at 

Kenton, despite the availability o f rock pools at this study site (Table 2.3). During his research, 

Chambers (1994) found that S. capensis normally occurs on “bare rock” surfaces. Even though 

Chambers (1994) did not clearly state it in his study, we can assume that the “bare rock” 

surfaces mentioned during his work are equivalent to the horizontal rock surfaces described in 

the current study. Concerning S. serrata, there are no previous studies that record finding this 

species on sloped rock surfaces and in general, very few studies on intertidal microhabitat use 

have explicitly identified sloped surfaces as a microhabitat type. During their research, Branch 

and Cherry (1985) also established that S. capensis individuals occasionally occur on horizontal 

surfaces despite preferring shallow rock pools.

The horizontal rock surfaces at Kenton, which formed the most common microhabitat there, 

were seldom bare (Table 2.3-2.5). In fact, algae and damp sand were present on large portions 

of the horizontal rock surfaces at Kenton, regardless of shore height (Table 2.2). This was 

probably because the headland at this sample area (Marker, 1988; Dower, 1989; Vat, 2000), 

protects parts of the horizontal surfaces from direct insolation during the day and strong wave 

action. It is important to note however, that the high shore algal cover at Kenton could also be 

a result of the nutrient rich water brought up by the upwelling cell in an otherwise nutrient poor 

coastal region (Lutjeharms, 1998; Hanekom et al., 2009). Unlike the horizontal surfaces at 

Kenton, large sections at Chintsa West were barren. In addition, Kenton consists of an 

aeolianite rocky shore unlike Port Alfred and Chintsa West, where the rocky shore is formed 

from quartzitic sandstone (Marker, 1988; Dower, 1989; Vat, 2000). These differences in rock 

sand/algal cover and rock geomorphology between the sample sites are important because they 

potentially make the horizontal microhabitat at Kenton more habitable than the horizontal
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microhabitat at Chintsa West (Table 2.2). This in turn could explain why Siphonaria capensis 

individuals were found in horizontal microhabitats at Kenton, while they avoided the same 

microhabitat at Chintsa West (Table 2.3 and 2.5).

Even though the vast majority of the horizontal rock surfaces at Chintsa West were free o f sand 

or algae and exposed to direct solar insolation, a large number of Siphonaria serrata individuals 

occurred there. Small sections of these surfaces were shaded during the day because they were 

immediately adjacent to vertical rock surfaces (pers. obs.) and were probably cooler than the 

surrounding horizontal surfaces during the hottest times o f the day (Lima et al., 2016). Because 

these cooler surfaces were sporadic and formed a very small part of the larger horizontal 

microhabitat area at Chintsa West, many S. serrata individuals were found to aggregate there 

(pers. obs.). Therefore, even though the results may indicate that S. serrata individuals were 

common on the barren horizontal surfaces at Chintsa West, they occurred almost exclusively 

in these cooler “sub-microhabitats” . At Port Alfred, both siphonariid limpets also occurred on 

horizontal surfaces that were adjacent to sloped rock or vertical rock surfaces (Table 2.4). 

Additionally, many of the S. serrata individuals found on horizontal rock surfaces occurred 

lower down the shore (Fig 2.9). Several past papers (Branch, 1975; Liu, 1994; Williams and 

Morritt, 1995; Harper and Williams, 2001) show that intertidal gastropods often migrate down 

shore, diurnally or seasonally, to avoid stressful conditions higher up the shore, although this 

migration is often associated with the decrease in food farther up the shore during the warmer 

months (Underwood, 1984; Williams, 1993; Williams and Morritt, 1995). As described 

previously, many intertidal gastropods also migrate down shore to take advantage of the shelter 

offered by biogenic microhabitats that occur in this region of the intertidal (Williams and 

Morritt, 1995; Mak, 1996; Harper and Williams, 2001; Cartwright and Williams, 2012).

At Chintsa West, the barren nature of the horizontal rock surfaces meant that the limpets 

favoured other microhabitats (Table 2.5). The most popular of these were rock pools and all 

four species occurred in these (Table 2.5). However, only C. capensis and Siphonaria capensis 

preferred rock pools to the other microhabitats (Table 2.5). The sample area at Port Alfred was 

not as barren as the area at Chintsa West and, presumably because of this, only S. capensis 

preferred the rock pools here (Table 2.4). Gastropods found in rock pools have body 

temperatures that are similar to the surrounding water temperature, which allows them to 

maintain cooler body temperatures than they would have experienced, had they been exposed 

to air (Newell, 1979; Helmuth and Hofmann, 2001). However, most of the rock pools sampled
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in this study, particularly the ones at Chintsa West, were quite shallow (approximately < 3 cm; 

pers. obs.). As described above, this meant that the limpet species most likely to make use of 

this microhabitat were probably subjected to more extreme thermal conditions than they would 

have been in deeper rock pools (Ganning, 1971; Morris and Taylor, 1983; Huggett and 

Griffiths, 1986; Williams and Morritt, 1995).

Depending on shore height, all the microhabitats except rock pools were emerged, for a period 

ranging between 2 - 6 hours, during spring low tide (South African Navy Hydrographic Office, 

2017). Previous studies have shown that patellogastropod limpets possess breathing structures 

that are primarily adapted to function in water (Yonge, 1947; Branch, 1981; Innes et al., 1984; 

McMahon, 1988). These limpets therefore have to utilise behavioural adaptations to help 

protect their breathing apparatus. The patellogastropod limpet, C. capensis mostly occurred in 

rock pools where it would not have to adopt any other behavioural measures to protect itself 

from desiccation (Branch, 1975; 1976). However, Scutellastra granularis preferred vertical 

surfaces and was not as common in rock pools. Linked to this, S. granularis individuals display 

strong homing behaviour (Santina, 1994; Jakob et al., 2001; Shanks, 2002). By clamping down 

tightly to their substratum these limpets create a microclimate within their shells, which allows 

them to reduce the desiccation and thermal stress often associated with high shore 

environments (Verderber et al., 1983; Branch and Cherry, 1985; Santina, 1994; Shanks, 2002). 

However, these limpets have to deal with the temperature regime of their chosen microhabitats 

for extended periods because of this homing behaviour (Sinclair et al., 2006). It is probably for 

this reason that S . granularis is common in the thermally more moderate vertical surface 

microhabitat (Vat, 2000). In their study on C. grata, Williams and Morritt (1995) showed that 

these limpets also preferred settling on vertical surfaces during the day, probably to avoid high 

thermal stress on horizontal surfaces.

Several studies indicate that the thermal limits of limpets (Wolcott, 1973; Garrity, 1984; 

Williams and Morritt, 1995; Helmuth and Hofmann, 2001; Denny et al., 2006; Sinclair et al., 

2006; Lima et al., 2016) are influenced by the thermal regime of the microhabitats in which 

they normally occur. As a result, in this study it was expected that Siphonaria capensis, which 

was common on horizontal rock surfaces and in rock pools, will have the highest upper thermal 

limits. Since there was some overlap in the microhabitat use of S. capensis and C. capensis, 

which like S. capensis preferred rock pools, C. capensis is expected to have thermal limits 

slightly lower than S. capensis. Scutellastra granularis, in contrast, was primarily found on

40



vertical rock surfaces so it was expected to have the lowest upper thermal limits. Siphonaria 

serrata preferred sloped rock surfaces but, like Scutellastra granularis was also common on 

vertical rock surfaces. Since sloped and vertical rock surfaces are on opposite ends of the 

assumed microhabitat thermal stress gradient, with rock pools somewhere in the middle, 

Siphonaria serrata is expected to have upper thermal limits similar to and perhaps lower than 

C. capensis. The biogeography of intertidal organisms has also been shown to influence their 

upper thermal limits (Stillman, 2003; Somero, 2005; Jones et al., 2009). During their study on 

porcelain crabs, Stillman and Somero (1996) indicated that Petrolisthes spp. from warm sub­

tropical regions often had higher lethal thermal limits than congeners from cooler temperate 

regions. Moreover, Tomanek and Somero (1999) obtained similar results in an earlier study on 

turban snails (Tegula spp.). This could possibly have major implications for the upper thermal 

limits obtained for Scutellastra granularis, which was the only predominantly temperate limpet 

species among the study animals (Kalk, 1959; Branch, 1971; Branch and Branch, 1988; Branch 

et al., 1994).

In this study, it can be seen that temperature, along with desiccation stress, played an important 

role in determining limpet microhabitat use among the limpets, with warm horizontal rock 

surfaces generally being avoided in favour of cooler non-horizontal rock surfaces. However, 

several mitigating factors such as substratum rugosity, shading, sand and algal cover seemed 

to make certain emerged microhabitats less thermally stressful, judging from the use of 

horizontal microhabitats by Siphonaria capensis under these conditions (described above). 

Furthermore, these mitigating factors all appear to have a similar effect on the emerged 

substrata, which is to increase substratum moisture retention. This could be linked to a potential 

decrease in temperature, desiccation stress and greater limpet abundances. For example, while 

limpets avoid bare horizontal rock surfaces with low moisture retention at Chintsa West, they 

may prefer rough horizontal rock surfaces with a high moisture retention at Kenton. 

Furthermore, it was assumed that shading plays an important role in determining rock pool 

temperatures. Where deeper rock pools with more shade than shallow rock pools (described 

above), could possibly have lower average temperatures as a result. However, the potential 

influence of shading on limpet rock pool use is not clear at the moment. Because deep rock 

pools were purposefully avoided in this study, no observational comparisons could be made 

between deep and shallow rock pools. It is important to note that the influence of these 

ameliorating conditions were not experimentally determined. However, a good set of
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observations involving them shows that there could be a strong argument for the influence of 

the above-mentioned ameliorating conditions on microhabitat suitability.

This study therefore, highlights the need to obtain a more robust representation of the thermal 

stress experienced by intertidal organisms in each microhabitat available to them. Future 

studies of this nature can achieve this by deploying robolimpets in each of the available 

microhabitats. In addition, these studies could use the empty shells of all the study animals to 

construct the robolimpets. As described by Lima and Wethey (2009), this would allow for a 

more accurate assessment of the body temperatures experienced by each limpet, since it would 

account for differences in the species shell morphologies, size and colour. I did not keep track 

of the microhabitats used by the individuals in the thermal tolerance experiments, and this could 

have influenced the results unintentionally (see Chapter 3 and 4). Although most individuals 

will have been collected from the microhabitats each species preferred, it would be worthwhile 

to determine and compare the thermal limits of limpets collected from their entire range of 

microhabitats. The combination of these data sets would allow for a more comprehensive 

analysis o f these limpet’s thermal histories, based on their microhabitat preferences, and how, 

or whether, this relates to individual thermal limits. This would make it possible to determine 

whether the effects of acclimation within these microhabitats plays a more important role in 

setting individual limpet upper thermal limits than their ability/inability to breathe air.

It is important to note that factors other than thermal stress may also influence intertidal 

gastropod microhabitat preferences. During their work on the tortoiseshell limpet, Testudinalia 

testudinalis, Lord et al. (2011) found that this limpet preferred vertical rock surfaces. However, 

it was concluded that this was probably to avoid predation and not a response to thermal stress. 

In fact, various studies have shown that predation pressure is greatly reduced for limpets that 

inhabit vertical surfaces, compared to limpets that occur on horizontal surfaces (Kitting, 1980; 

Little, 1989; Thompson et al., 2000). However, predation pressure may not be an important 

factor determining microhabitat selection in many siphonariid limpets due to their use of 

chemical defence against predators (Branch and Cherry, 1985; Branch, 1988; Davenport, 1997; 

McQuaid et al., 1999). As shown by Branch (1985), many patellogastropod limpets are 

consumed by predators while siphonariid limpets are rarely consumed, which could also 

explain why Scutellastra granularis was shown to avoid horizontal microhabitats in this study. 

Tortoiseshell limpets often move to horizontal rock surfaces at night because this is where they 

feed (Lord et al., 2011). This suggests that the availability of food also plays an important part
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in determining which microhabitats intertidal gastropods prefer. Wallace (1972) and later, Lord 

et al. (2011) found that tortoiseshell limpets are more likely to be found in rock pools than on 

horizontal surfaces outside rock pools. According to Lord et al. (2011) this may be because the 

preferred food of tortoiseshell limpets, the encrusting coralline alga Clathromorphum 

circumscriptum, is more abundant in rock pools.

The main purpose of this chapter was to determine whether the microhabitat preferences of the 

study species were correlated with their upper thermal limits as these might be predicted based 

on the OCLTT theory. In other words, are respiratory mode, thermal limits and microhabitat 

use correlated? As described previously, various other studies have documented the 

microhabitat use of intertidal organisms and even related this to their thermal limits (Wolcott, 

1973; Garrity, 1984; Williams and Morritt; 1995; Helmuth and Hofmann; 2001; Lord et al., 

2011). However, this study is unique in its attempt to link the OCLTT theory to the microhabitat 

use of the study limpets, based on the differences in their respiratory structures. 

Retrospectively, the current study should have sought to concurrently record the temperatures 

within the various microhabitats and to document the microhabitat use of the study animals. 

While most previous studies on intertidal microhabitat use did not utilise this data collection 

approach either, many o f these researchers did not have the necessary equipment to efficiently, 

record the body temperatures of intertidal organisms (Evans, 1948; Southward, 1958; Wethey, 

2002). However, recent advances in technology, particularly the advent of robolimpets (Lima 

and Wethey, 2009), means that there are now efficient ways to accurately and automatically 

record the body temperature limpets are likely to experience in their respective microhabitats 

(Helmuth and Hofmann, 2001; Fitzhenry et al., 2004; Lima and Wethey, 2009).

Based on the findings here, I reject the hypothesis that pulmonate limpets are more common in 

microhabitats that generate higher limpet body temperatures than the microhabitats that 

patellogastropod limpets prefer, due to the pulmonate limpet’s superior ability to breathe air. 

Moreover, the findings indicate that the thermal limits of intertidal gastropods are more likely 

to be linked to the thermal regimes associated with their microhabitat preferences than their 

respiratory capacities. In conclusion, the data from this chapter provide evidence that, despite 

my prediction of higher upper thermal limits, pulmonates do not inhabit more thermally 

stressful microhabitats.
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Chapter 3: Does the oxygen limitation theory 
predict how upper lethal thermal limits (LT50) 
differ between pulmonate and patellogastropod 
limpets?

Introduction

The rocky intertidal is a steep gradient of varying environmental stressors, the influence of 

which on organisms is largely affected by the amount of time those organisms spend submerged 

versus emerged (McMahon, 1988; Helmuth et al., 2002; Harley and Helmuth, 2003; Little et 

al., 2009). Because these animals are either sessile or sedentary, with limited mobility, the time 

they spend emerged, as the tide rises and falls, is largely dependent on their position on the 

shore (Stephenson and Stephenson, 1949; Southward, 1958; Newell, 1964; Helmuth, 1999; 

Denny et al., 2006; Finke et al., 2007). Intertidal organisms located high up on the shore are 

exposed to greater levels of thermal and desiccation stress, than organisms found lower down 

the shore (Stephenson and Stephenson, 1949; Southward, 1958; McMahon, 1988). Within their 

intertidal zone, the orientation of the substratum and neighbouring structures (Campbell and 

Norman, 1998) influences the thermal conditions intertidal animals experience and the degree 

to which these animals are protected from high temperatures (Harley and Helmuth, 2003). The 

physiological adaptations of these animals are therefore geared towards helping them cope with 

frequent exposure to high temperatures, long periods of emersion and, rapid changes in salinity 

and temperature with each tidal cycle (Wolcott, 1973; Garrity, 1984; McMahon, 1988; 

Helmuth and Hofmann, 2001; Somero, 2002; Davenport and Davenport, 2005; Bertness et al., 

2006).

Abiotic factors like these play an important part in setting the high shore distributional limits 

of intertidal organisms (Wethey, 1984; Yamada and Boulding, 1996; Harley and Helmuth, 

2003; Miller et al., 2009; Lima et al., 2011). While low shore limits are largely set by species 

interactions (Connell, 1972; Underwood and Jernakoff, 1981; Robles et al., 2009), the high 

shore limits of intertidal animals are generally set by their physiological adaptations which
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contribute to determining the upper limits to their intertidal zonation (Wolcott, 1973; Branch, 

1981; Garrity, 1984; McMahon, 1990; Somero, 2002; Portner and Farrell, 2008; Little et al., 

2009). Physiological adaptations to heat stress include acclimation via an upregulation o f heat 

shock proteins (HSPs) and other cellular responses (Portner, 2002; Tomanek and Sanford, 

2003; Schmidt et al., 2007; Dong and Somero, 2009; Finke et al., 2009; Han et al., 2016) as 

well as metabolic and heart rate adjustments (See Chapter 4; McMahon, 1990; Horowitz, 2001; 

2002; Sokolova and Portner, 2001; Camacho et al., 2006; Nguyen et al., 2011). In addition, 

morphological adaptations such as shell size, shape, colour and texture can also limit heat gain 

and minimize physiological stress (Britton, 1995; Lang et al., 1998; Sokolova and Berger, 

2000; Bates and Hicks, 2005; Harley et al., 2009). Limpets also have behavioural responses to 

thermal stress that include the formation of aggregations (Feare, 1971; Soto and Bozinovic, 

1998, Stafford and Davies, 2004; Chapperon and Seuront, 2012), restricting activity to cool 

and/or wet periods, evaporative cooling through mushrooming (Lewis, 1963; Marshall and 

Chua, 2012), and seeking microhabitat refuges (Garrity, 1984; Williams and Morritt, 1995; 

Chapman and Underwood, 1996; Munoz et al., 2005). Intertidal animals, particularly the 

mobile species, typically use tidal pools, crevices, high rising structures and biological 

structures such as mussel beds, as microhabitat refuges (see Chapter 2; Bertness et al., 1999; 

Castilla et al., 2004).

Although there are exceptions (Marshall and McQuaid, 2011), in general, animal physiological 

performance increases with temperature until it reaches an optimum level. At a point just above 

this it begins to decrease with further increases in temperature, a process which has major 

implications for animal survival under thermal stress (Peck et al., 2007; Ivanina et al., 2009; 

Tattersall et al., 2012). This process is described by the “Oxygen and capacity limited thermal 

tolerance” or OCLTT theory (Portner and Frederich, 2000; Portner, 2001; see Chapter 1) and 

forms the basis for this study. Currently, there is no research comparing aerial and aquatic upper 

lethal thermal limits between pulmonate and patellogastropod intertidal gastropods. Most of 

the previous research on limpet thermal tolerance investigates the thermal tolerance of either 

limpet group in either medium (Evans, 1948; Southward, 1958; Dong et al., 2015). In the case 

of a comparative analysis, research has focused on thermal limits between representatives of 

both groups, but only in one medium (Marshall and McQuaid, 1992a; Davenport, 1997; Harley 

et al., 2009). Consequently, to test for greater generality, the present study focuses on the 

differences between the pulmonate limpets Siphonaria capensis and S. serrata, and the
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patellogastropod limpets Scutellastra granularis and Cellana capensis, comparing their upper 

lethal thermal limits in both water and air. This was done by comparing and relating their 

median lethal temperatures (LT50) to their respiratory capabilities in both media. These animals 

were chosen as models for this study mainly because one group has a lung and the other does 

not (see Chapter 1; Yonge, 1947; Yonge, 1952; Marcus and Marcus, 1960; Branch, 1981; Innes 

and Houlihan, 1985; McMahon, 1988). Additionally, these animals can be found occupying 

similar geographic locations in southern Africa and they are all also found in the same high 

shore area (Chapter 1). As a result, it is acceptable to study various aspects of their thermal 

physiology comparatively.

Based on the OCLTT theory (see Chapter 1), I suggest that intertidal organisms that can 

maintain aerobic respiration, obviating the need for anaerobiosis at lower temperatures, should 

have higher, upper lethal thermal limits. It is important to note that it was assumed that 

pulmonate limpets have a higher MO2 in air than patellogastropod limpets and that the reverse 

is true in water (see Chapter 1). This means that, in either medium, the animal that can sustain 

higher levels of O2 consumption under thermal stress should have higher, upper lethal thermal 

limits (referred to as “lethal thermal limits” throughout the rest of this chapter). From this, I 

hypothesise that: 1. The lethal thermal limits of pulmonates will be greater than those of 

patellogastropods in air, whereas patellogastropods will have greater lethal thermal limits than 

pulmonates in water. 2. The lethal thermal limits for pulmonates will be greater in air than in 

water, while the opposite will be true for patellogastropods.

If these hypotheses are not rejected, this will mean the lethal thermal limit patterns of the study animals 

follow the projections I have inferred from the OCLTT theory.

Materials and Methods

Study species

Two pulmonate limpet species, Siphonaria capensis and S. serrata, and two patellogastropod 

limpet species, Scutellastra granularis and C. capensis were used. See Chapter 1 for a
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description of their geographical ranges, biology and vertical zonation and see Chapter 2 for a 

description of their microhabitat use.

Collection and Transportation

A total of 360 individuals of each o f the four study species (360 individuals/species) were 

collected from rocky shores at 3 different sites (see Fig 1.4) along the south-east coast of South 

Africa during the winter months (June -  July) of 2014 and 2015. Similar sized (20-30mm) 

individuals of pulmonate and patellogastropod limpets were collected from high 

shore/eulittoral zone rocks during spring low tide. The limpets were detached from the rocks 

using a scalpel, slid quickly underneath the limpet’s muscular foot in order to release its grip 

on the substratum. Any limpets that were not removed from the substratum on the first attempt 

were left behind to avoid selecting limpets that were likely to be damaged from repeated 

detachment attempts. The shell and foot were inspected for damage immediately after 

collection and any limpets showing signs of damage were replaced with fresh limpets. The 

specimens were then transported to the laboratory (Dept. of Zoology and Entomology, Rhodes 

University, Grahamstown) within 3 hours in small containers, moistened with sea water and 

kept inside an insulated box.

Handling and Treatment conditions

In the laboratory, the specimens were housed in a 20L glass tank filled with 5L of sea water 

kept at room temperature (22 -  24oC). Air stones were used to keep the water aerated. To allow 

recovery from the handling stress experienced during collection and transportation, specimens 

were kept for a minimum of 24 hours and a maximum of 48 hours in the holding tank before 

use. Although the tank contained small, partially submerged rocks on which the limpets could 

“home”, they settled either on the sides of the tank (emerged) or on the bottom (submerged). 

Three of the limpet species (Scutellastra granularis, C. capensis and Siphonaria capensis) 

migrated to the sides of the container, while S. serrata either remained on the rocks or migrated 

to the bottom of the container. Because of this migration, all limpets were submerged in 500
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mL containers filled with water (constantly aerated) at room temperature for 1 hour to allow 

for rehydration before treatment in air on the day of experimentation.

Determining the median lethal temperature (LT50)

The lethal thermal limits were determined by finding the median lethal temperature (LT50) for 

each species using a protocol similar to that of Clarke et al. (2000b). A total of 3 experimental 

trials were used to determine the mean LT50 value for each species in each medium. 

Measurements were carried out on 50 limpets per species in each trial. Limpet condition was 

ascertained before they were used to ensure only limpets that were not damaged were used (see 

below). To simulate aquatic conditions, small (500mL) containers were filled with sea water 

and fitted with air stones which kept the water aerated during the tests. In order to determine 

mortality in air, the containers were dampened with sea water to maintain relatively high 

humidity levels during the heat dose (Denny et al., 2006), thus ensuring the animals did not 

experience significant levels of dehydration during this treatment. Subsamples of 10 animals 

were placed in each container (4 containers at a time) held within a Grant programmable water 

bath (GP 200, Grant, Germany) set to 20°C at the start of each treatment.

The water bath was programmed to increase temperature, starting from 20°C, at different rates 

(Table 3.1) to reach the target temperatures within 1 hour (Fig 3.1) and to maintain that 

temperature for 4 hours (see chapter 4 for a description of how temperature was monitored). In 

order to avoid influencing the results via repeated thermal shock of the specimens (Clarke et 

al., 2000a; Jones et al., 2009), fresh specimens were used for each temperature interval. The 

temperature intervals used to find the limpets’ LT50 values were based on preliminary 

experiments and were within a range found to contain each species’ thermal breakpoint (Table 

3.1). After each test run, limpet mortality was determined (Fig 3.1) and their shell lengths were 

measured using Vernier callipers (to nearest 0.02mm). Dead limpets were discarded and 

limpets still living after the test runs were kept in the holding tank until they could be returned 

to the sampling site.

Mortality was assessed by probing the limpets for tactile responsiveness using a dissection kit 

probe. Limpets were classified as dead if they showed no response (i.e. no movement) to having
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their foot muscle or the edge of their mantle cavity probed. Limpet mortality was assessed 

immediately after heat shock and after a recovery period of 24 hours in the holding tank to 

allow for a comparison of LT50 values obtained at the two time periods (Fig 3.2).

Fig 3.1: Graphic (not to scale) of the LT50 ramping protocol for the three highest 
temperature intervals used in this study. Mortality (nr of individuals) was determined at 
the 5 and 29 hour marks.
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Table 3.1: The temperature intervals and in parentheses the heating rates (°C.min-1) used 
to determine the limpets LT50 values in both media.

LT50 Temperature Intervals (°C)

Medium
Species

Air Water

Siphonaria 38 40 42 44 46 38 40 42 44 46
capensis (0.3) (0.33) (0.36) (0.4) (0.43) (0.3) (0.33) (0.36) (0.4) (0.43)

Scutellastra 34 36 38 40 42 34 36 38 40 42
granularis

(0.23) (0.26) (0.3) (0.33) (0.36) (0.23) (0.26) (0.3) (0.33) (0.36)

Siphonaria 38 40 42 44 46 38 40 42 44 46
serrata (0.3) (0.33) (0.36) (0.4) (0.43) (0.3) (0.33) (0.36) (0.4) (0.43)

Cellana 38 40 42 44 46 38 40 42 44 46
capensis (0.3) (0.33) (0.36) (0.4) (0.43) (0.3) (0.33) (0.36) (0.4) (0.44)

Data and statistical analysis

The LT50 values for each trial was generated from limpet mortality at each temperature interval 

using probit analysis (Finney, 1948; 1952). LT50 values obtained immediately after heat 

exposure and after 24 hours of recovery, were compared using a t-test for independent 

variables. Thereafter, the LT50 values were compared between species and between media for 

each species using a 2-way Analysis o f Variance (ANOVA) and, between media and 

respiration modes using a nested ANOVA with species nested in respiration mode. The limpet 

species sizes were also compared to each other using a 1-way ANOVA. A Tukey HSD analysis 

was used to determine where significant differences lay for all the ANOVA models. All 

statistical analyses were performed with Statistica 13 and the visual representation of analysed 

data was carried out using Excel 2015.

Results
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LT50 values determined immediately after experimentation vs 24-hrs later

Although the differences were not statistically significant, the LT 50 values measured after 

limpet recovery were consistently lower, by an average (± S.D) of 1.24±0.20C in water (t22 = 

1.21, p = 0.24) and 1.32± 0.010C in air (t22 = 1.31, p = 0.21) than the values obtained 

immediately after heat shock (Fig 3.2). Therefore, this justified determining limpet mortality 

only after a 24-hour recovery period to get a more accurate estimate of their LT 50 values (Logan 

et al., 2012; Dowd and Somero, 2013; Dong et al., 2015).

45 

44 

43 

42 

41 

40 

39 

38 

37 

36 

35

Fig 3.2: Bar graph displaying the difference in mean (+ S.D) overall LT50 (°C) values 
determined for all four study species immediately after (4hr) and 24 hours after recovery 
(rec) in both media.

Animal sizes

Samples o f all four species collected were within a 20mm -  30mm size range except for 

Siphonaria serrata (20mm -  27mm) and there were significant size differences between the 

limpet species (1-way ANOVA, F = 191. 6, p < 0 .001). Mean size for C. capensis (Tukey HSD, 

p < 0.0001) was significantly greater than the other three species, followed by S. capensis (p <

■  4hr 

□  rec

air water

MEDIUM
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0.0001) with a mean size significantly greater than the remaining two limpet species (Fig 3.3). 

The difference in mean size between S. serrata and Scutellastra granularis was not significant 

(p = 0.879).

SPECIES

Fig 3.3: Bar graph of the differences in mean (+ S.D) sizes (mm) of the limpets sampled 
for the LT50 tests with letters indicating homogenous groups (SC -  Siphonaria capensis; 
SG -  Scutellastra granularis; CC -  Cellana capensis; SS -  Siphonaria serrata).

The general linear model (GLM), which considered size effects on the LT50 values (Table 3.2) 

indicated that both size (p = 0.54) and, the interaction between size and species (p = 0.7) had no 

significant effect on LT50 values among species.
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Table 3.2: Results from a GLM analysis conducted on the LT50 values obtained via probit 
analysis of limpet mortality (%) vs temperature (°C) data, pooled from both media. 
Species, size and species*size were considered as fixed factors.

GLM
Factors

LT50 (°C)

F MS df p

Species 0.72 0.17 3 p = 0.55

Size 0.39 0.09 1 p = 0.54

Species * 
Size 0.49 0.12 3 p = 0.7

Error 0.24 16

Did species LT50 values differ between media?

Despite not being statistically significant (2-way ANOVA, p = 0.56), there were very small, 

intraspecific differences in the LT50 values between air and water for each limpet species (Fig 

3.4). The LT50 value for the pulmonate species Siphonaria capensis in air was slightly higher 

than its own LT50 in water, whereas LT50 values for the other three species were all slightly 

lower in air than in water.
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Fig 3.4: Mean (+ S.D) LT50 (°C) values determined by probit analysis for the 4 limpet 
species (SC -  Siphonaria capensis; SG -  Scutellastra granularis; CC -  Cellana capensis; 
SS -  Siphonaria serrata), measured immediately after heat shock (4hr) and 24 hours (rec) 
later in both media. Post hoc tests comparing species were applied only to 24 hr data. 
Homogenous groups are shown in upper case for water and lower case for air.

Were there differences in LT50 values between limpet groups?

The 2-way ANOVA comparing LT50 values between species and media (Table 3.3), showed 

that there were significant differences among species (p < 0.0001) and, that there were no 

significant differences between media (p = 0.56) or the interaction between species and medium 

(p > 0.05). The patellogastropod Scutellastra granularis had the lowest LT50 (Tukey HSD, p < 

0.001) of the four species in both media (Fig 3.4). While not significant (p > 0.05 for all three 

species), there were small differences in the LT50 values among the other three species. The 

pulmonate Siphonaria capensis had the highest LT50 (air = 42 C; water = 41.7 C) in both media, 

while C. capensis had a greater aquatic LT50 (41.5 C) than S. serrata (41.2 C) and vice versa 

(S. serrata = 41.1C; C. capensis = 41C ) in air. It is important to note that the difference in the 

aquatic LT50 values between S. capensis and C. capensis and, between S. serrata and C. 

capensis were very small (~ 0.2 and 0.3°C respectively). This was also the case for the 

difference in the aerial LT50 values between C. capensis and S. serrata (~ 0.1C; Fig 3.4). Even 

though one of the patellogastropod limpets, Scutellastra granularis, clearly had the lowest LT50 

and one of the pulmonate limpets, Siphonaria capensis, had the highest LT50 values. The
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pulmonate limpets did not show a clear, collective difference in LT50 values from the 

patellogastropod limpets.

Table 3.3: Results from a 2-way ANOVA of LT50 (°C) values obtained by probit analysis 
of the limpet mortality (%) vs temperature (°C) data in both media. Medium, species and 
medium*species were considered as fixed factors.

ANOVA

Factors

LT50 (°C)

F MS df p

Medium 0.4 0.08 1 p = 0.56

Species 190.5 42.18 3 p < 0.0001

Medium* 1 0.22 3 p = 0.41

Species

Error 0.22 16

This was confirmed by the nested ANOVA comparing LT50 values between mode of respiration 

and media (Table 3.4), which showed that there were no significant differences between media 

(p > 0.05) and the interaction between media and respiration mode (p > 0.05) but, that there 

were significant differences between respiratory modes (p < 0.0001) and the effect of species 

nested in mode of respiration (p < 0.0001). Post hoc analysis of the data showed that, 

collectively, the lung bearing limpets had significantly (Tukey HSD, p < 0.001) greater LT50 

values than the gill bearing limpets in both media and, that the LT50 values for gill and lung 

bearing limpets were not significantly (p > 0.05) different between media. Furthermore, of the 

gill bearing limpets, only Scutellastra granularis had significantly (Tukey HSD, p < 0.001) 

lower LT50 values than the siphonariid limpets (Fig 3.4).
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Table 3.4: Results from the nested design ANOVA run on the LT50 (°C) values obtained 
via probit analysis of the limpet’s mortality (%) vs temperature (°C) data in both media. 
Medium, mode of respiration (R. Mode) and species nested in respiration mode (R. Mode) 
were considered as fixed factors

ANOVA

Factors

LT50 (°C)

F MS df p

Medium 0.4 0.8 1 p=0.55

R. Mode 218.5 47.06 1 p<0.0001

Spp (R. Mode) 184.5 39.74 2 p<0.0001

Medium*R.

Mode

1.6 0.34 1 p=0.23

Error 18 0.22

Discussion

Based on the OCLTT theory, I predicted a correlation between mode of respiration and lethal 

thermal limits. Furthermore, I also predicted that each limpet group would have greater lethal 

thermal limits in its preferred breathing medium. In the event, the results were species 

dependent, with no clear differences between the pulmonates and patellogastropods, or 

between media, then the predictions would not hold true. As indicated by the results, there was 

no evidence for an effect of either respiratory mode or unexpectedly, medium on lethal thermal 

limits. However, there were small differences with respect to the predictions.

The siphonariids had higher lethal thermal limits in both media than the patellogastropods, but 

in the case of C. capensis, the differences were not significant. As described in Chapter 1, the 

siphonariid limpet’s respiratory morphology compared to that of patellids, is assumed to give 

them an advantage over the patellids with respect to their breathing capabilities in air.
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Therefore, at high aerial temperatures the respiratory system of the pulmonate limpets should 

be better suited to maintaining high blood O2 levels and to meeting mitochondrial O2 demand. 

This should make it easier for the pulmonate limpets to meet the energy demand of respiration 

during emergence under thermal stress, which allows for the efficient use of energy stores 

(McMahon, 1988). By doing this, these limpets are assumed to be able to delay the onset of 

anaerobic metabolism (Zielinski and Portner, 1996; Portner and Zielinski, 1998; Portner et al., 

1999; Frederich and Portner, 2000; Peck et al., 2002). Thus, by delaying aerial anaerobic 

respiration and the accumulation of its by-products, the pulmonate limpets should be able to 

extend their aerial thermal tolerance limits above those of their patellogastropod counterparts 

(McMahon, 1988). In their work, Marshall and McQuaid (1992a) compared the lethal thermal 

limits (lethal exposure time) of the pulmonate Siphonaria oculus and the patellogastropod 

Scutellastra granularis in air. They discovered that the pulmonate limpet (LT50 = 158h) had a 

higher lethal thermal limit than the patellogastropod limpet (LT50 = 89h). This result compares 

favourably with some of the results presented in this chapter. Both siphonariids in the present 

study had higher lethal thermal limits in air than S. granularis. This also explains to an extent, 

why Siphonaria capensis had the highest lethal thermal limit in air. However, this does not 

adequately explain why the aerial thermal limits of C. capensis and S. serrata were so similar, 

or why neither of the pulmonate limpets had a significantly higher lethal thermal limit than C. 

capensis in air.

Some high shore “gill-bearing” limpets can maintain levels of aerial aerobic metabolism similar 

to those of their pulmonate counterparts, despite not having a lung (Micallef, 1967; Micallef 

and Bannister, 1967; Hughes, 1971; McMahon and Russel-Hunter, 1977; Branch and Newell, 

1978; Branch, 1979; Houlihan, 1979; Innes, 1982). These patellogastropod limpets improve 

their aerial gas exchange by a simple increase in the vascularisation of the mantle (Deshpande, 

1957; Fretter and Graham, 1962). As described by McMahon (1988). By improving their 

capacity for aerial respiration during emergence under thermal stress these limpets utilize their 

energy stores more efficiently, increasing their thermal tolerances. Huang et al. (2015) 

suggested in their study on Cellana toreuma that mid- to high shore limpets of this genus could 

extract aerial O2 efficiently under thermal stress without the accumulation of anaerobic by 

products. As described above, patellogastropod limpets with this adaptation, possibly including 

C. capensis, can respire effectively in air affording them a higher lethal thermal limit 

(Deshpande, 1957; Fretter and Graham, 1962; Huang et al., 2015). Dong et al. (2015) and, Rao 

and Ganapati (1972) reported similarly high lethal thermal limits in air for the high shore
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limpets C. toreuma (LT50 = 41.29 -  43.360C) and C. radiata (420C). It is important to note that 

C. capensis is a patellid limpet and it is very likely that there is no vascularisation of its mantle 

despite the findings of Huang et al. (2015). For instance, there is no evidence of a similar 

respiratory structure in the high shore patellid patellogastropods from the genera Patella or 

Scutellastra, e.g. S. granularis, P. lusitanica and P. vulgata. Consequently, these limpets 

almost certainly rely solely on their pallial gills for aerial respiration (McMahon, 1988; 

Marshall and McQuaid, 1992b). According to McMahon (1988), pallial gills are not as suited 

to aerial respiration as a lung or a generally vascularised mantle. Therefore, in addition to the 

respiratory adaptations of C. capensis, other factors may contribute towards its high lethal 

thermal limit in air (Chapter 2).

Surprisingly, the pulmonate limpets had a relatively high lethal thermal limit in water compared 

to the patellogastropod limpets. Research by McMahon and Russel-Hunter (1981) on the high 

shore salt marsh snail Melampus bidentatus indicates that the aquatic respiration of pulmonates 

that only have lungs is severely impacted. Unlike these pulmonates, the mud flat snail 

Amphibola crenata (Shumway, 1981; Shumway and Marsden, 1982) and the rocky shore 

siphonariid limpets Benhamina obliquata and Siphonaria zelandica (Innes et al., 1984) all have 

secondary gills. As reported by these researchers, the presence of secondary gills in these 

pulmonates means they can maintain aquatic MO2 and thus aerobic metabolism at levels similar 

to their aerial metabolism (Fretter and Peake, 1975; Shumway, 1981; Shumway and Marsden, 

1982; Innes et al., 1984). This, as per the predictions based on the OCLTT, should in turn 

correlate to a higher aquatic thermal tolerance limit for pulmonates with secondary gills 

(Chapter 1). Like all other siphonariids, S. capensis and S. serrata also have secondary gills in 

the dorsal mantle of their pulmonary cavities (Cotrell, 1910; Yonge, 1952; Marcus and Marcus, 

1960; Hubendick, 1978). This to some extent explains why their lethal thermal limits in water 

were higher than or similar to those of the patellogastropods. Despite this, the secondary gills 

evolved secondarily after loss of the ctenidium, hence the name, which again means these 

animals are not primarily adapted to aquatic respiration (Yonge, 1947). As shown by Innes et 

al. (1984), S. zelandica had significantly lower rates of O2 consumption in water compared to 

its aerial MO2 despite having secondary gills. Additionally, in the present study the 

patellogastropod Scutellastra granularis had the lowest lethal thermal limit in water despite 

having pallial gills, which are more appropriate for aquatic O2 consumption than secondary 

gills (Branch, 1981; McMahon, 1988). Therefore, in theory S. granularis along with C. 

capensis should have higher lethal thermal limits in water than the pulmonates. While the
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aquatic lethal thermal limit of C. capensis in water was at least as high as or higher than that of 

the pulmonates, this was not the case for Scutellastra granularis. This indicates that, in 

conjunction with their efficient aquatic respiration, other factors could be responsible for the 

high lethal thermal limits of the pulmonates in water.

O f the two pulmonate limpets, only Siphonaria capensis had a higher lethal thermal limit in air 

than water, however insignificant this difference between the media may have been. Air 

generally has a higher O2 concentration, approximately 30 times higher, than the same volume 

of O2 saturated water (Randall et al., 1981). Moreover, the O2 concentration o f freshwater 

decreases with temperature and is twice as much at 0°C as at 30°C (Wetzel and Limnology, 

2001). As this study deals with marine organisms, it is important to note that the solubility of 

O2 in seawater is even lower than in freshwater (Wetzel and Limnology, 2001). This means 

that, not only does water have a lower O2 supply for energy production via the mitochondria 

but also, it is energetically costlier for organisms to respire in water due to its viscosity (Randall 

et al., 1981). As discussed previously, I suggested, based on the OCLTT that the ability to save 

energy or produce more of it at high temperatures should stave off anaerobic metabolism, 

translating into a higher lethal thermal limit (Frederich and Portner, 2000; Portner, 2001; 

Portner, 2010). The pulmonate limpet lung gives these animals access to high atmospheric O 2 

concentration levels, levels that are not obtainable in water via their secondary gills (Randall 

et al., 1981). Also, as discussed previously these siphonariids are primarily adapted to aerial 

respiration because their mantle cavity lung may be a more efficient respiratory organ than 

their secondary gills (Cotrell, 1910; Yonge, 1947; 1952; Marcus and Marcus, 1960; Hubendick, 

1978; Innes et al., 1984). For example, Dye (1987) demonstrated a lower aquatic MO2 in the 

high shore pulmonate limpets Siphonaria capensis and S. concinna. Therefore, not only do 

these high shore siphonariids have access to more O2 but also, it is energetically cheaper for 

animals with lungs to respire in air at high temperatures (Randall et al., 1981). While this may 

explain why S. capensis has a slightly higher lethal thermal limit in air, it does not explain why 

its congener, S. serrata, had similar lethal thermal limits in both media.

Although the difference was non-significant, the fact that the lethal thermal limits o f both 

patellogastropod limpets was greater in water than air reflects their superior propensity for 

aquatic respiration. As I have suggested, based on the OCLLT, this reflects their greater 

capacity for energy production and aerobic metabolism in water than air (Frederich and Portner, 

2000; Portner, 2001; Portner, 2010). It is however, surprising that Scutellastra granularis had
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such a low lethal thermal limit in water (LT50 = 36.22°C) compared to C. capensis (LT50 = 

41.53°C). Evans (1948) measured aquatic lethal thermal limits for the high to medium shore 

patellogastropod limpets Patella vulgata (LT50 = 42.8 C), P. depressa (LT50 = 43.3 C) and P. 

athletica (LT50 = 41.7°C), and these were similar to those of C. capensis. This could suggest 

that S. granularis has an unusually low lethal thermal limit in water, however, the high 

tolerance limits Evans (1948) found may have been influenced by his methodology, 

particularly his means of determining limpet mortality. As seen in previous studies (Ospina and 

Mora, 2004; Mora and Maya, 2006; Angilletta., 2009; Nguyen et al., 2011; Terblanche et al., 

2011) different methods used to determine the thermal tolerances o f intertidal organisms can 

easily influence the results. Evans (1948) placed the animals in water that had to cool down 

from the test temperatures for a one-hour recovery period before determining mortality, 

whereas in the present study after cooling down for one hour, the limpets underwent a 24-hour 

recovery period in cool (20°C) water. Results from this study show that in both media, the lethal 

thermal tolerance limits would be 2-3°C higher if mortality was determined immediately after 

heat shock. This shows that some of the limpets that seemed to be alive immediately after heat 

shock were in fact dead or that they were alive immediately after heat shock but died shortly 

afterwards. Furthermore, most recent studies have effectively used a 24-hour recovery period 

to determine lethal thermal limits (Logan et al., 2012; Dowd and Somero, 2013; Dong et al., 

2015). Consequently, the aquatic LT50 values for patellids presented by Evans (1948) may be 

slightly inflated and should be closer to the value presented here for Scutellastra granularis.

Research comparing lethal thermal limits of patellogastropod and pulmonate limpets is very 

rare, particularly when we consider comparative work in both air and water. This makes the 

current research unique, especially regarding the attempt to take this comparison a step further 

by relating it to the OCLTT. This was done by attempting to relate the lethal thermal limits of 

the two limpet groups to differences in the structure of their respiratory organ anatomies and 

their respiratory capabilities. Having said this, the link between respiratory organ anatomy and 

respiratory ability, in terms of MO2, in either medium was not tested but rather, it was assumed 

in this study (Chapter 1). Furthermore, it is important to note that other factors, which I did not 

test, may be important in setting these lethal thermal limits. These include the limpet’s sex, 

possible parasitism, and feeding and health status of the organisms, which may have influenced 

how susceptible the limpets were to high temperatures during testing (Tully et al., 2000; 

Huxham et al., 2001; Baeza and Fernandez, 2002; Cook, 2004; Bates et al., 2011). This is 

especially true for factors that I could not control in this study, including the organism’s recent
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thermal history. This can be influenced by microhabitat use (Britton, 1995; McMahon, 1990; 

Harley et al., 2009; Chapperon and Seuront, 2011a; b; Cartwright and Williams, 2012), and the 

formation of aggregations (Feare, 1971; Soto and Bozinovic, 1998; Stafford et al., 2007; 2008).

The recent thermal history of these animals is also subject to the influence of their heat 

conduction rate controlled by differences in individual morphology, including shell size, shape 

and colour (Britton, 1995; Lang et al., 1998; Harley et al., 2009). In the current study, there 

were differences in size between the four limpet species. However, there does not appear to be 

any real relationship between size and the lethal thermal limits o f the study species. As can be 

seen from the results, neither the largest nor the smallest species had the greatest or lowest 

lethal thermal limits. In their study, Lee and Boulding (2010) also show that there was no 

relationship between size and thermal tolerance limits, though they only used one species, the 

intertidal snail Littorina keenae, in their study. It is important to note, however, that many 

different studies on the effects of body size on thermal tolerance have produced contrasting 

results (Clark et al., 2000a; Hicks and McMahon, 2002; Nguyen et al., 2011; Madeira et al., 

2012) and that size could in fact play a role in determining these limpets’ body temperatures. 

Previous studies show that limpets with high domed (Branch, 1981, 1985, 1986; Marshall and 

McQuaid, 1992) and lighter coloured shells (Branch, 1981), are generally better at regulating 

heat gain than limpets with flatter and darker coloured shells. This is a result o f the reflective 

qualities o f lighter coloured shells and, because limpets with high domed shells generally have 

smaller shell surface area to volume ratios and aperture/foot areas than their flatter shelled 

counterparts (Branch, 1981, 1985, 1986). A smaller foot area means that the limpets would 

absorb lower amounts of heat via conduction from the substratum whereas, a smaller shell 

surface area to volume ratio results in a lower rate of heat absorption via solar radiation 

(Branch, 1981, 1985, 1986). Though no quantitative analyses of shell shape and colour were 

conducted in the current study, differences in these shell characteristics were observed among 

the study animals. Scutellastra granularis and Cellana capensis have high domed shells 

compared to the siphonariids and, of the four study species Siphonaria serrata clearly had the 

darkest coloured shell. Though it is not clear from this study how these three shell 

characteristics may have influenced the results, by influencing the maximum body 

temperatures, the animals experience in the field, shell size, shape and colour may have set the 

temperatures these animals could survive during testing.
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The results reject the null hypotheses that: 1. The lethal thermal tolerance limits o f the 

pulmonates in air will be greater than those of the patellogastropods whereas the 

patellogastropods will have greater lethal thermal limits in water than the pulmonates; 2. The 

pulmonates’ lethal thermal limits in air will be greater than their lethal thermal limits in water, 

while the opposite will be true for the patellogastropods.

I therefore conclude that there is not enough evidence provided in the current chapter on lethal 

thermal limits to support the OCLTT theory. Rather, other factors, including species-identity 

and the temperatures to which they were acclimated in the field, may have set these limpets’ 

lethal thermal tolerance limits.

Chapter 4: Does the oxygen limitation theory 
predict how upper thermal limits (Arrhenius 
Breakpoint Temperatures) differ between 
pulmonate and patellogastropod limpets?

Introduction

The rocky intertidal consists of extreme physical conditions that vary across the shore, from 

the subtidal and low intertidal, to the high intertidal zones (Tomanek and Somero, 1999; 

Somero, 2002; Stillman, 2002; Harley and Helmuth, 2003; Fitzhenry et al., 2004; Somero, 

2010; Judge et al., 2011; Cartwright and Williams, 2012). Marine organisms that inhabit this 

environment often have to contend with rapidly changing abiotic conditions as the tide 

oscillates (Helmuth et al., 2002; Harley and Helmuth, 2003; Little et al., 2009). These extreme 

conditions include rapidly changing temperature as the tide ebbs and floods, desiccation stress, 

osmotic stress and very high or low temperatures during low tide (Connell, 1972). Moreover, 

intertidal organisms are often subject to entirely different thermal regimes during emergence 

and submergence (Helmuth et al., 2006; Denny et al., 2011). Intertidal organisms therefore 

have a wide variety of adaptations to these stressors, which influences their biogeographic
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distribution and vertical zonation on rocky shores (Wolcott, 1973; Garrity, 1984; McMahon, 

1988; Helmuth and Hofmann, 2001; Somero, 2002; Davenport and Davenport, 2005; Bertness 

et al., 2006; Denny and Harley, 2006; Miller et al., 2009). One of the most important 

adaptations is an intertidal organism’s physiological adaptation to thermal stress because it is 

central to setting their distributional limits, both across the shore and biogeographically 

(Somero, 2002; 2005; Braby and Somero, 2006).

With climate change and its consequences now imminent (Portner et al., 2001; Stillman, 2003; 

Portner and Knust, 2007; Somero, 2010), generating an understanding o f an organism’s thermal 

adaptation to gain some predictive insight into the overall influence of climate change is 

quickly becoming very important. Several measures of thermal adaptation have been used to 

help gain an understanding of how these organisms respond to thermal variation in their 

immediate environment. These include whole organism lethal limit measures, which involve 

determining an organisms’ critical temperatures and their median lethal temperatures 

(Broekhuysen, 1940; Evans, 1948; McMahon, 1990; Laing and Child, 1996; Davenport and 

Davenport, 2005; Compton et al., 2007), and sub-lethal limit measures such as the detection of 

heat shock proteins and anaerobic by-products and, the use of Arrhenius breakpoint 

temperatures (ABTs) (Stillman and Somero, 1996; Chapple et al., 1997; Hamdoun et al., 2003; 

Dong and Williams, 2011; Huang et al., 2015; Tagliarolo and McQuaid, 2015; Xing et al., 

2016).

Several studies (Bamber and Depledge, 1997; Hamdoun et al., 2003; Stenseng et al., 2005; 

Park et al., 2007; Dong and Williams, 2011; Xing et al., 2016) have successfully used various 

parameters of cardiac performance as measures of thermal adaptation in intertidal organisms. 

In marine intertidal organisms, heart rate is generally related to the oxygen consumption rate 

(MO2) in marine intertidal organisms and as a result, these parameters of cardiac performance 

during the increase of temperature can be used to gauge metabolic activity indirectly (Marshall 

and McQuaid, 1992b; 1994; Santini et al., 1999). Moreover, due to the refinements made in 

heart rate monitoring for gastropod molluscs (Depledge and Anderson, 1990; Aagaard et al., 

1991; Chelazzi et al., 1999; De Pirro et al., 1999; McMahon, 1999; Chelazzi et al., 2001), 

cardiac performance during an increase of temperature can be determined non-invasively and 

without subjecting the animals to the additional stress associated with invasive techniques 

(Butler et al., 2004; Braby and Somero, 2006). Therefore, in the current study, the ABTs and
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the mean heart rates of intertidal limpets in response to increasing temperature were 

investigated as parameters of cardiac performance.

The ABT is one of two breakpoint temperatures (it occurs after the Thermoneutral breakpoint 

temperature (TBPs)), which occurs as heart rate varies with a constant increase in temperature 

(Stenseng, 2005; Matumba, 2013). While some studies have shown that there is a relationship 

between an organism’s heart rate and MO2/respiration rate (Marshall and McQuaid, 1992b, Bot 

and Hollander, 2000; Butler et al., 2002; 2004), other studies show that this is only a weak 

relationship, particularly approaching high temperatures (Frederich and Portner, 2000). 

However, Giomi and Portner (2013) show in their study that the ABT of the heart and the upper 

pejus temperature (Tp ii) should normally occur at roughly the same point. As discussed 

previously, the ABT transpires as the heart rate peaks and falls rapidly with increasing 

temperature, and the Tp II is the temperature at which haemolymph oxygenation starts 

deteriorating and the organism’s aerobic scope drops, as the cardioresp iratory system fails to 

meet the O2 demand (Stillman, 2003; Portner et al., 2006; Portner and Knust, 2007). It is 

important to note that the ABT of gastropods does not necessarily coincide with maximum 

heart rate but rather, with the Topt for the aerobic rate or Tp ii (Marshall et al., 2011). The heart 

and respiration rate can therefore be related to each other through the co-occurrence of their 

respective upper thermal limits. This means that an organism’s heart rate response to increasing 

temperature and ABT can be used to make important inferences about the OCLTT theory.

Limpets are important intertidal organisms due to their activity as grazers and their interactions 

with other intertidal organisms (Branch, 1981). Their ability to adapt to the many physiological 

challenges in the intertidal zone has made them interesting study subjects over the years 

(Hawkins and Hartnoll, 1983; Branch, 1985; Little, 1989; Hodgson, 1999). The 

patellogastropod limpets, Scutellastra granularis and Cellana capensis and the pulmonate 

limpets, Siphonaria capensis and S. serrata were used as model organisms in this study mainly 

due to differences in their primary mode of respiration (see Chapter 1). While the 

patellogastropod limpets are primarily adapted to breathing in water, the pulmonate limpets are 

amphibious and known to breathe just as well in air (Yonge, 1947; Yonge, 1952; Marcus and 

Marcus, 1960; Branch, 1981). Furthermore, these limpets inhabit similar geographic and 

intertidal zones along the rocky shores of South Africa (see Chapter 1; Allanson, 1959; Kalk, 

1959; Branch, 1971; Vermeij, 1972; Branch, 1975b; Branch and Cherry, 1985; Branch and 

Branch, 1988; Branch et al., 1994; Chambers, 1994; Chambers and McQuaid, 1994; Vat,
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2000). As a result, these two groups of limpets are the ideal test subjects on which to base this 

study.

The aims o f this study are therefore to determine and compare the ABTs of the two limpet 

groups as measures of their upper thermal tolerance and to relate this to the OCLTT theory in 

order to ascertain its validity. The hypotheses of the study are that: 1. The pulmonate limpet’s 

aerial ABTs will be greater than those of the patellogastropod limpets, while the 

patellogastropod limpets’ aquatic ABTs will be greater, and 2. The pulmonate limpets will have 

a greater aerial ABT compared to their aquatic ABT, while the patellogastropod limpets will 

show the reverse. Furthermore, these hypotheses must be supported for the findings in this 

study to support the thermal limitation mechanisms outlined in the OCLTT theory. However, 

it is important to note that MO2 was not measured in this study, and that I made important 

assumptions regarding differences in MO2 between the two limpet groups, based on differences 

in their respiratory structures (Chapter 1).

Materials and Methods

Study species

Two pulmonate limpets, Siphonaria capensis and S. serrata, and two patellogastropod limpets, 

Scutellastra granularis and C. capensis were used. See Chapter 1 for a description of their 

distribution ranges, biology and vertical zonation and see Chapter 2 for a description of their 

microhabitat use.

See Chapter 3 for a description of the collection and transport of the specimens, as well as the 

treatment conditions.
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Heart rate measurements

The limpets’ upper thermal tolerance limits were determined as cardiac thermal breakpoint 

temperatures, more specifically as Arrhenius breakpoint temperatures (ABTs). Heart rate 

measurements were carried out on a sample o f 40 individuals o f each species exposed to aerial 

and aquatic experimental conditions (20 individuals/medium/species). Each limpet was probed 

for tactile responsiveness using a dissection kit probe prior to heart rate measurements to ensure 

that only healthy individuals were used (see Chapter 3). Both aerial and aquatic conditions 

were simulated in 500mL containers as described in Chapter 3. Three individuals of the same 

species were subjected to the same temperature treatment at a time by placing them in a single 

container. Each container was then held, one at a time, inside a Grant programmable water bath 

(GP 200, Grant, Germany) set to 20°C at the start of each treatment. These treatments were 

then repeated until the full complement of sample individuals for each species was subjected 

to the same experimental conditions.

Heart rate was recorded using non-invasive plethysmography (Depledge and Anderson, 1990) 

by attaching optoelectronic (infrared) sensors (Vishay semiconductors, V69 CNY70 732/735, 

Germany) to the shells o f each limpet near the heart using Pattex super glue (Henkel (Pty) Ltd, 

South Africa). These sensors produced signals which were amplified by a custom-built 

preamplifier, after which Triangular-Bartlett smoothing was used to produce an additional 

smooth trace on a separate channel. The signal was then filtered before being recorded as beats 

per minute on a computerised recording system (PowerLab/4SP and 430, Chart version 5 and 

7, ADInstruments, Australia). The amplitude ranged between 40 and 1000mV at a sampling 

rate of 40Hz.

The specimens were exposed to a temperature increase of 30°C from 20-50°C at a rate of 

0.25°C.min-1, using the Grant programmable water bath heating system whilst simultaneously 

recording heart rate. Prior to heat dosing the animals, they were allowed to settle inside the 

water bath container for 30 minutes, as shown in a previous study this is enough for limpets to 

recover from “handling related stress” (Dong and Williams, 2011). The temperature inside the 

containers was measured using a Fluke 54II thermometer (Fluke cooperation, USA) fitted with 

a T-type thermocouple (Fluke cooperation and Cromega) and recorded with a PowerLab 

recording system. The above-mentioned temperature range ensured the animals were exposed
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to temperatures higher than their field temperatures (see Chapter 2), thus ensuring that their 

ABTs would be surpassed. Field temperature data were obtained using RoboLimpets (see 

Chapter 2) and used to determine the rate of temperature increase in situ. After each treatment 

run, shell length (mm) was measured using Vernier callipers (nearest 0.02mm) and limpet 

mortality was ascertained after the limpets spent a 24-hour recovery period submerged in the 

holding tank. All dead limpets were discarded immediately while live limpets were returned to 

the holding tank to be returned to the field later.

Data analysis

Cardiac thermal response curves (heart rate (bpm) vs temperature (°C)) were plotted using 

Microsoft Excel 2015 (Fig 4.1). In order to ensure meaningful ABT values were obtained, the 

cardiac thermal response curves were examined so that only appropriate thermal response 

curves were used in the ABT analyses. Cardiac thermal response curves that did not show a 

clear trend between heart rate and temperature were discarded, on the assumption that unclear 

response curves were probably generated due to limpet movement or problems with the 

infrared sensors. This meant that the final ABT and heart rate analyses were carried out on 

fewer than 40 individuals from each species (Table 4.1).

Table 4.1: Table displaying the final number of replicates per species for each 
experimental condition. SC -  Siphonaria capensis; SG -  Scutellastra granularis; SS -  
Siphonaria serrata; CC - Cellana capensis.

Species Medium

Air Water

SC 9 12

SG 11 14

SS 11 8

CC 13 9
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The temperature ranges used to find the ABTs were 25-45°C for all species in air (except 

Scutellastra granularis; 25-40°C) and 25-40°C for all species in water (except C. capensis; 

2545°C). These temperature ranges were chosen using the cardiac thermal response curves for 

each limpet species, generated from the originally chosen temperature range (20-50°C). These 

showed that the data points were distributed haphazardly from 20 -  25°C and that a heartbeat 

signal could not be detected above the upper limit of the designated temperature ranges shown 

above. This is mostly speculative but, the haphazard distribution of these data points was 

probably a result of the limpets not being completely settled to the experimental environment 

at the beginning of each heat dose.

Fig 4.1: Example of a cardiac thermal response curve for a limpet (Cellana capensis) in 
water.

Arrhenius plots (Fig 4.2) were then generated from these thermal response curves using equation 4.1 

to analyse the effect of temperature on heart rate:

E a  1

(equation 4.1): Ln (HR) = Ln a - R X T
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In equation 4.1, HR represents the heart rate (bpm), a is the normalization constant, Ea is the 

activation energy (J.mol-1), R is the ideal gas constant (J.K"1.mol"1) and T is the absolute 

temperature (K). In addition, since equation 4.1 is clearly a straight-line equation, Ea/R 

therefore represents the slope of this equation. Put simply, the heart rates (y-axis) were log 

(natural log) transformed and the reciprocal of temperature (x-axis) was converted into degrees 

Kelvin prior to determining the limpets’ ABTs and the heart rate in response to increasing 

temperature. Piecewise linear regression (Statistica 13) was used to calculate the breakpoints 

using transformed heart rate (Ln (HR)) and temperature (1/T) data. These breakpoints were then 

converted back into degrees’ Celsius values, in order to present them as ABTs (°C) before 

conducting further analyses on them.
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Fig 4.2: Graphic depiction of the “linearization” (after determining the ABT) of the 
thermal response curve for a Cellana capensis individual treated in water, by using 
equation 4.1 to generate its Arrhenius plot (Top -  Cardiac thermal response curve; 
Bottom -  Resultant linear Arrhenius plot).
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Statistical Analysis

Once the ABT values were determined, the exponential increase in heart rate as a function of 

temperature was compared among treatments, by considering only the data points below the 

ABTs when the Arrhenius plots were generated (Fig 4.2). The resultant, linear Arrhenius plots 

were compared using a Generalized Linear Mixing Model (GLMM) that is considered to be an 

effective method of analysing non-normal data with random effects (Bolker et al., 2009). 

Because the experiment was performed using a subset of the natural population, individual 

replicates were treated as a random categorical variable, while species and medium were set as 

fixed categorical variables and temperature was set as a continuous fixed variable. In addition, 

mean untransformed heart rate values, generated over the respective temperature ranges (see 

above), were used as a proxy for the change in heart rates in response to increasing temperature, 

to visualise differences in the heart rate responses (Fig 4.7).

To determine if significant interspecific differences in ABTs exist for each medium and if there 

were significant intraspecific differences in the ABTs between mediums, a factorial ANOVA 

was used. For the factorial ANOVA, medium and species were set as fixed categorical variables 

and ABT as a fixed dependent variable. Tukey HSD analyses were then used post hoc for both 

the GLMM and ANOVA to determine where significant differences lay. All the analyses were 

performed using Statistica 13.

Results

The cardiac thermal response curves displayed important differences in the cardiac response to 

increasing temperature between the two limpet groups over the designated temperature ranges 

in both air (Fig 4.3) and water (Fig 4.4). There were also clear inter-individual differences 

(Table 4.2) in the cardiac response to increasing temperature, which was especially marked for 

C. capensis in both media (Fig 4.3 and Fig 4.4).
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Fig 4.3: The cardiac thermal response curves of the four study species (SC, n = 9; SG, n
= 11; SS, n = 11; CC, n = 13) in air. SC -  Siphonaria capensis; SG -  Scutellastra granularis; 

SS -  Siphonaria serrata; CC - Cellana capensis. Each colour represents a different individual.
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Fig 4.4: The cardiac thermal response curves of the four study species (SC, n = 12; SG, n 
= 14; SS, n = 8; CC, n = 9) in water. SC -  Siphonaria capensis; SG -  Scutellastra granularis; 
SS -  Siphonaria serrata; CC - Cellana capensis. Each colour represents a different 
individual.

Relationship between heart rate and temperature

It can be seen from the Arrhenius plots (Fig 4.5 and 4.6), that there was a strong positive

correlation between heart rate and temperature for all sampled species in water (mean R 2 >

0.65; Table 4.5). This was particularly true for Siphonaria capensis (mean R2 = 0.80±0.14) and

Scutellastra granularis (mean R2 = 0.85±0.17), while the correlation between these parameters

were positive, but not as strong for Siphonaria serrata (mean R2 = 0.69±0.25) and C. capensis

(mean R2 = 0.72±0.30). Overall, in air there was an even stronger positive correlation (mean 
R2> 0.75; Table 4.5) between heart rate and temperature. In air, the correlation between heart
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rate and temperature for Scutellastra granularis (mean R2 = 0.82±0.21), Siphonaria serrata 

(mean R2 = 0.87±0.09) and C. capensis (mean R2 = 0.81±0.15) were all higher than R2 = 0.8. 

Only the correlation for Siphonaria capensis (mean R2 = 0.78±0.22) was below this value. It is 

important to note however, that the aforementioned figures only apply to the animal’s cardiac 

response to increasing temperature from 25°C up to their ABT values (Table 4.5).

Fig 4.5: Arrhenius plots (Ln Heart Rate Vs Temperature (1000/K)) of the four study 
species (SC, n = 12; SG, n = 14; SS, n = 8; CC, n = 9) heat dosed (20°C -  50°C) while 
submerged in water. SC -  Siphonaria capensis; SG -  Scutellastra granularis; SS -  
Siphonaria serrata; CC - Cellana capensis. Each colour represents a different individual. 
Average regression parameters presented in Table 4.5 below.
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Fig 4.6: Arrhenius plots (Ln Heart Rate Vs Temperature (1000/K)) of the four study 
species (SC, n = 12; SG, n = 14; SS, n = 8; CC, n = 9) heat dosed (20°C -  50°C) while 
emerged. SC -  Siphonaria capensis; SG -  Scutellastra granularis; SS -  Siphonaria serrata; 
CC - Cellana capensis. Each colour represents a different individual. Average regression 
parameters presented in Table 4.5 below.
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Table 4.2: Results from the ANCOVA analyses run on the Arrhenius plots (Ln Heart Rate 
vs 1/T) obtained from the linear section of the thermal response curves of each species in 
air and water. SC -  Siphonaria capensis; SG -  Scutellastra granularis; SS -  Siphonaria 
serrata; CC - Cellana capensis.

Species Medium

Water Air

F df p F df p

SC 118 11 p<0.001 104 8 p<0.001

SG 309 13 p<0.001 110 10 p<0.001

SS 322 7 p<0.001 426 10 p<0.001

CC 346 8 p<0.001 203 12 p<0.001

Heart rate response to temperature

The GLMMs comparing the response of the Arrhenius transformed heart rates to temperature 

increase (Table 4.3), showed that there were significant differences between species (p < 

0.0001) and between media (p < 0.005), and also that the interaction between species and 

medium was significant (p < 0.0001).

In air, Scutellastra granularis and C. capensis had a greater mean heart rate response to 

increasing temperature than Siphonaria capensis and S. serrata (Tukey HSD, p < 0.0001; Fig 

4.7). The results for the mean heart rate responses to increasing temperature in water followed 

an identical trend (Scutellastra granularis > C. capensis > Siphonaria capensis > S. serrata) to 

the results for the same parameter in air (p < 0.0001). In addition, all the limpet species had a 

significantly greater mean heart rate response to increasing temperature in air than they did in 

water (p < 0.0001 for all species except S. serrata; p < 0.001).
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Table 4.3: Results from the GLMM analysis run on the Arrhenius plots (Ln Heart Rate 
vs 1/T) obtained from the linear section of the thermal response curves in both media.). 
Medium, species and medium*species were considered as fixed factors, and replicates as 
a random factor.

GLMM Factors Ln Heart Rate

F Df p MS

Medium 9.31 1 p=0.0023 0.27

Species 325.23 3 p<0.0001 9.42

Medium*Species 45.96 3 p<0.0001 1.33

Replicate 71.09 55 p<0.0001 2.06

Error 3911 0.029
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Fig 4.7: Graph displaying differences in mean (±SD) untransformed heart rates among 
the study animals in each medium. SC -  Siphonaria capensis; SG -  Scutellastra granularis; 
SS -  Siphonaria serrata; CC - Cellana capensis.
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Were there differences in the ABT values between species and/or media?

The 2-way ANOVA comparing the ABTs between species in each medium (Table 4.4), showed 

that there were significant differences between media (p < 0.0001) and species (p < 0.0001) 

and that the interaction between medium and species was significant (p < 0.0001). In water, C. 

capensis had a significantly greater ABT (Tukey HSD, p < 0.001) than the other three species, 

which did not differ significantly (p > 0.05). In air, Siphonaria capensis, S. serrata and C. 

capensis all had similar ABTs (C. capensis 0 .1C lower than both pulmonates) values (p > 

0.05). Scutellastra granularis on the other hand, had a significantly lower aerial ABT (p < 0.05) 

than the other three species. It is worth noting that Siphonaria capensis and S. serrata had the 

next two highest cardiac ABTs (S. serrata only 0.1C > Scutellastra granularis) in water (Fig 

4.8). Other than C. capensis, all the limpet species had significantly higher aerial ABTs (p < 

0.05) than their aquatic ABTs. In contrast, there was no significant difference between C. 

capensis (p = 0.18) aerial and aquatic ABT values, however, its aquatic ABT was slightly 

greater than its aerial ABT value (Fig 4.8).

Table 4.4: Results from the 2-way ANOVA run on the ABTs obtained from the thermal 
response curves in both media. Medium, species and medium*species were considered as 
a factors.

2-Way ANOVA 

Factors

ABT

F df p MS

Medium 33.4 1 p<0.0001 31.62

Species 24.6 3 p<0.0001 23.27

Medium*Species 14.5 3 p<0.0001 13.69

Error 79 0.95
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Fig 4.8: A comparison of the mean (+ SD) aerial and aquatic ABT values of the four study 
species. SC -  Siphonaria capensis; SG -  Scutellastra granularis; SS -  Siphonaria serrata; CC - 
Cellana capensis. Data labels display homogenous groups (uppercase for air and lowercase for 
water).

Table 4.5: Mean (± SD) values of the Arrhenius plot regression parameters derived from 
the heart rate measurements in air and water. The R2 values were obtained from the 
linear section of the thermal response curves (Ln Heart rate vs 1/T). SC -  Siphonaria 
capensis; SG -  Scutellastra granularis; SS -  Siphonaria serrata; CC - Cellana capensis.

Species

Water Air

Mean Ln 

(hr)
Mean Ea/R Mean R2

Mean Ln 

(hr)

Mean

Ea/R
Mean R2

SC 4.28±0.18 4.66±4.29 0.80±0.14 4.50±0.15 3.68±2.47 0.78±0.22

SG 4.57±0.16 4.51±1.86 0.85±0.17 4.64±0.11 5.17±1.83 0.82±0.21

SS 4.15±0.21 3.93±2.03 0.69±0.25 4.22±0.22 5.19±1.39 0.87±0.09

CC 4.47±0.32 4.84±2.08 0.72±0.30 4.55±0.19 5.02±2.11 0.81±0.15

Discussion
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Based on the OCLTT theory, I predicted that differences in the upper thermal limits between 

and within the two limpet groups would be generated due to differences in their respiratory 

structure morphology. Therefore, I anticipated that the limpet group with respiratory structures 

primarily adapted to facilitating respiration in a particular medium, would have a greater upper 

thermal limit than the limpet group with a respiratory structure that is not similarly/better suited 

to respiration in that medium. Analysis of the study animals’ ABTs revealed that, apart from 

the marginal species-dependent differences, there were no consistent differences in the upper 

thermal limits between and within the two limpet groups in either medium.

As discussed in Chapter 1, the pulmonate limpets possess a mantle cavity lung, which is better 

suited to aerial respiration than the ring of pallial gills used by the patellogastropod limpets 

(Yonge, 1947; Purchon, 1968; Fretter and Peake, 1975; Branch, 1981; Marshall and McQuaid, 

1992b). This mantle cavity lung presumably allows the siphonariids to sustain higher levels of 

O2 supply to the blood and by extension their mitochondria, compared to the patellids during 

emersion. Furthermore, based on the OCLTT theory, I assumed that animals with a superior 

ability to supply the relevant organismal systems and structures with sufficient O 2 would have 

greater upper thermal limits (Frederich and Portner, 2000; Peck et al., 2002; Portner, 2002; 

Stillman, 2003; Portner et al., 2006; Portner and Knust 2007; Portner, 2010; Portner, 2012; 

Sokolova et al., 2012). By supplying their mitochondria with more O2, the pulmonate limpets 

should be able to produce larger amounts of energy aerobically at higher temperatures. As a 

result, the pulmonate limpets were expected to be able to stave off anaerobic metabolism for 

longer and have higher ABTs in air than the patellogastropods (McMahon, 1988; Zielinski and 

Portner, 1996; Portner and Zielinski, 1998; Portner et al., 1999; Frederich and Portner, 2000; 

Peck et al., 2002). This explains why both the siphonariid limpets had slightly higher ABTs in 

air than C. capensis and, why Scutellastra granularis clearly had a lower aerial ABT than both 

pulmonate limpets. This is in accordance with the results from Chapter 3 where the collective 

upper lethal limits of the pulmonate limpets were greater than that of the patellogastropod 

limpets in air. In their study on Siphonaria oculus and Scutellastra granularis, Marshall and 

McQuaid (1992a) also found that the pulmonate limpet had a higher lethal thermal limit (LT50 

= 158hrs) than the patellogastropod limpet (LT50 = 89hrs) in air. However, as was the case in 

Chapter 3, the difference among the limpet groups primary respiratory structures may not be 

enough to explain the comparatively high, aerial ABT of C. capensis.
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As seen in previous research and described in Chapter 3, several high shore patellid limpets 

can support aerobic aerial respiration at levels similar to those of high shore pulmonate limpets 

(Micallef, 1967; Micallef and Bannister, 1967; Hughes, 1971; McMahon and Russel-Hunter, 

1977; Branch and Newell, 1978; Branch, 1979; Houlihan, 1979; Innes and Houlihan, 1985) 

due to an increase in the vascularisation of their mantles (Deshpande, 1957; Fretter and 

Graham, 1962; Dong and Williams, 2011; Huang et al., 2015). Patellid limpets with this 

physiological adaptation, particularly those from the genus Cellana, can therefore exhibit 

relatively high aerial ABTs. This was shown in the study by Huang et al. (2015) on the mid 

shore limpet, C. toreuma (ABT = 34.2 C) and by Dong and Williams (2011) for C. toreuma 

(ABT = 41.81C) and the high shore limpet, C. grata (ABT = 47 C). In addition, Dong et al. 

(unpubl. data) showed that there was no significant difference between the aerial thermal limit 

of the pulmonate Siphonaria japonica (ABT = 38.9 C) and the patellogastropod C. toreuma 

(ABT

= 38.5°C). However, the simple vascularisation of these limpets’ mantles only serves to 

maintain some level o f aerobic O2 consumption in air, which keeps down the accumulation of 

anaerobic by-products at high temperatures (Huang et al., 2015). It is therefore not a respiratory 

structure primarily adapted to aerial respiration in the way the mantle cavity lung o f the 

siphonariid limpets is (Branch, 1981). It is for this reason that factors other than those stipulated 

under the OCLTT may be more important to setting the ABT of C. capensis and Scutellastra 

granularis in air.

Perhaps an even greater indication that failure of an organism’s cardiorespiratory capacity is 

not always key in setting its thermal limit, is the fact that the patellogastropod limpet S. 

granularis had the lowest aquatic ABT. Previous research has shown that pulmonate limpets 

with secondary gills can respire aerobically in water at levels similar to patellogastropod 

limpets (Purchon, 1968; Fretter and Peake, 1975; McMahon and Russel-Hunter 1975; 1981; 

Shumway, 1981; Shumway and Marsden, 1982; Innes and Houlihan, 1985). As described in 

Chapter 3, this means that these pulmonate limpets should have aquatic ABTs similar to those 

of patellogastropod limpets primarily adapted to aquatic metabolism. Therefore, the fact that 

siphonariid limpets have secondary gills in their pulmonary cavities (Cotrell, 1910; Yonge, 

1952; Marcus and Marcus, 1960; Hubendick, 1978) explains to an extent, why both siphonariid 

limpets in the current study had aquatic ABTs as high as, or higher than the ABT of S. 

granularis. The results from this chapter are similar to the results in Chapter 3, which showed
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that both siphonariid limpets had aquatic lethal thermal limits that were similar to or slightly 

higher than that of S. granularis. Despite this, it is important to note that the secondary gills 

are not primarily adapted to aquatic O2 consumption (Yonge, 1947; Innes et al., 1984), which 

means other factors probably drive the relatively high aquatic ABTs of the siphonariid limpets. 

Currently, no other research investigating the influence of temperature increase on the cardiac 

ABTs o f submerged limpets from the genus Scutellastra have been conducted. It is therefore 

hard to gain any further insights into how the aquatic ABT of S. granularis compares to the 

other study animals.

Even though there was no clear difference in the aquatic ABTs between the siphonariid limpets 

and S. granularis, the other patellogastropod limpet, C. capensis, clearly had the highest aquatic 

ABT. As seen above, the fact that C. capensis is primarily suited to aquatic respiration, cannot 

be seen as an adequate explanation for its comparatively high aquatic ABT, particularly since 

S. granularis uses the same respiratory structures to facilitate aquatic respiration. Furthermore, 

Dong et al. (unpubl. data) also found that there was no significant difference between the 

aquatic ABT of another pulmonate, Siphonaria japonica (ABT = 35.6 C), and the 

patellogastropod limpet C. toreuma (ABT = 36.5 C). The high aquatic ABT of C. capensis is, 

therefore, probably an effect of its recent thermal history via its acclimation to the thermal 

conditions in shallow, high shore rock pools along the south east and east coasts of South Africa 

(Kalk, 1959; Branch, 1975; 1976). Whereas, the other three limpet species are generally 

emerged during low tide along these coasts (Branch and Cherry, 1985; Chambers, 1994; 

Chambers and McQuaid, 1994, Vat, 2000). As described in Chapter 2, acclimation to the 

thermal regimes of specific microhabitats could be an important factor to consider during the 

examination of these limpets’ upper thermal tolerance limits.

The siphonariid limpets and Scutellastra granularis all had significantly higher ABTs in air 

than water. While the reverse was true for C. capensis, the difference in ABTs between media 

was not significant. In their study on Siphonaria japonica, Dong et al. (unpubl. data) also found 

that the pulmonate limpet had a higher ABT in air than water. In contrast, as was the case for 

C. capensis in the current chapter, Dong et al. (unpubl. data) found that C. toreuma had similar 

ABTs in both media. However, Huang et al. (2015) found that C. toreuma had a greater ABT 

in air than in water. Since C. toreuma usually occupies tide pools in summer (Williams and 

Morrit, 2005; Firth and Williams, 2009), and based on the assumptions made in this study (see 

Chapter 2), it was expected that it would be acclimated to the potentially high temperatures in
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tide pools, therefore, resulting in it having a higher ABT in water like C. capensis in this 

chapter.

In their study, Huang et al. (2015) did not specify which microhabitat they collected their study 

animals from. It is therefore hard to determine whether or not their results may have been 

affected by the influence of acclimation on the short-term tolerance of their study animal in its 

preferred microhabitat (see Chapter 2). These results, regarding the siphonariid limpets are 

favourable in terms of the OCLTT theory, since they show that the animals primarily adapted 

to aerial respiration withstand high temperatures in air better than they do in water. However, 

the same cannot be said about the two patellogastropod limpets, which have higher or similar 

ABTs in air compared to water.

The aerial, upper thermal limit obtained for C. capensis (ABT = 33.2 C) in the current study 

compares favourably to the upper thermal limit obtained for C. toreuma (ABT = 34.2°C) as 

determined by Huang et al. (2015). In their studies, however, Dong and Williams (2011) and 

Dong et al. (unpubl.data) presented aerial ABTs (41.81°C and 38.5°C respectively) that were 

a lot higher for C. toreuma. In terms o f the upper thermal limits in water, Dong et al. (unpubl. 

data) recorded a higher ABT (36.5 C) for C. toreuma than the value for C. capensis (34.3 C) 

in the current study and Huang et al. (2015) reported a lower ABT (30.2 C) for C. toreuma in 

their study. Various factors could be responsible for the contrasting results between the studies 

on C. toreuma and the current study’s result for C. capensis. The differences in the results 

from the aforementioned studies are probably due to differences in the geographical zones of 

the sample sites and their associated temperature ranges (see below). Another likely source of 

variation between these results could be the differences in the experimental protocols between 

the studies. In the current study, C. capensis limpets were collected from a sample site in a 

warm temperate geographical zone along the South African coast (Fig 1.4). In contrast, Huang 

et al. (2015) and Dong et al. (2011; unpubl. data) collected samples o f C. toreuma in China 

from sub-tropical and tropical geographical zones respectively. Several studies (Zakhartsev et 

al., 2003; Dong et al., 2008; Morley et al. 2009; Byrne et al., 2010; Zardi et al., 2011; 

Zerebecki and Sorte, 2011; Matumba, 2013; Norin et al., 2013; Xing et al., 2016) have shown 

that an intertidal animal’s geographic distribution influences its thermal tolerance, with those 

found in warmer geographic zones normally having higher thermal tolerances. Regarding 

differences in study methods, Huang et al. (2015) kept their animals at 20°C for more than 

24hrs before determining the limpets ABTs, as was done in this study, while Dong et al. (2011)
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kept their study animals at 28°C. This logic can also be applied to the fact that the siphonariid 

limpets used in this study, had a lower aerial (Siphonaria serrata; ABT = 33.3 C, S. capensis; 

ABT = 33.3 C) and aquatic (S. serrata; ABT = 30.8 C, S. capensis; ABT = 31.3 C) upper 

thermal limit than the siphonariid limpet, S. japonica, examined by Dong et al. (unpubl. data).

To further assess the influence o f breathing capabilities and/or medium on the upper thermal 

tolerance limits of these animals, other measures of cardiac thermal limitation were 

investigated. The examination of the limpets’ heart rates revealed that there was a strong 

correlation between heart rate and temperature for all the limpet species, even at high aerial 

temperatures (Table 4.5). This shows that the physiological responses of these limpets were 

not affected more by desiccation than they were by temperature (Tagliarolo and McQuaid, 

2015). Moreover, the relationship between heart rate and temperature varied significantly 

between the individuals of each species (Table 4.2). Various biotic factors such as intraspecific 

variation in the limpet species reproductive, nutritional and health status can explain the 

interindividual variability in the relationship between heart rate and temperature (Lewis, 1971; 

Bayne et al., 1976; Crear and Forteath, 2000; Huxham et al., 2001; Dahlhoff et al., 2002; 

Bates et al., 2011). These factors all, either elevate or depress metabolic rates and thermal 

sensitivities o f metabolism among individuals o f the same species (Shumway et al., 1993; 

Huxham et al., 2001; Peak and Veal, 2001; Baeza and Fernandez, 2002).

As seen previously (Widows, 1973, Dong and Williams, 2011; Xing et al., 2016), the slope of 

an organism’s heart rate response to temperature is also referred to as its cardiac thermal 

sensitivity or cardiac sensitivity. In intertidal organisms, the cardiac sensitivity is a measure of 

responsiveness to temperature changes, with organisms exhibiting high cardiac sensitivities 

normally having a greater heart rate response to temperature changes than animals with low 

cardiac sensitivities (Dong and Williams, 2011; Xing et al., 2016). Previous research (Marshall 

and McQuaid, 1992b; Santini et al., 1999) has also shown that intertidal mollusc heart rates are 

related to the organism’s MO2 and, ultimately to its metabolic rate. This means that an intertidal 

organism’s cardiac sensitivity is related to its thermal metabolic sensitivity (Marshall and 

McQuaid, 1992b; Matumba, 2013). Animals with high metabolic sensitivities generally require 

more energy and therefore attain greater levels o f anaerobic metabolism during thermal stress, 

faster than animals with lower metabolic sensitivities (Santini and Chelazzi, 1995; Sokolova 

and Portner, 2001; Marshall et al., 2011; Tagliarolo and McQuaid, 2015). Therefore, in the
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current study, all the limpet species, except Siphonaria capensis, were less likely to endure 

anaerobic metabolism at high temperatures while submerged.

As organisms reach the limits of their aerobic metabolism during exposure to high 

temperatures, anaerobic metabolism sets in, which coincides with the production of HSPs and 

other heat resistant molecular chaperones (Lee and Boulding, 2010; Tomanek, 2010; Judge et 

al., 2011; Marshall et al., 2011). However, the production of these proteins is energetically 

expensive and can therefore only be maintained via anaerobic metabolism for a short period of 

time (Feder and Hofmann, 1999; Portner, 2002). Once these organisms can no longer support 

the synthesis of HSPs they eventually succumb to the heat and toxic environment created by 

the accumulation of anaerobic by-products (Portner, 2002). Several studies (Newell, 1979; 

Branch, 1981; Dong and Williams, 2011) indicate that intertidal animals with high cardiac 

sensitivities and therefore, metabolic responses to high temperatures are likely to also have 

lower, upper thermal tolerance limits. This was displayed in the study by Dong and Williams 

(2011), in which the mid-shore C. toreuma had a higher cardiac sensitivity and a lower ABT 

than the high shore C. grata when exposed to high temperatures. Therefore, since C. capensis, 

Scutellastra granularis and Siphonaria serrata had lower cardiac sensitivities in water than 

they did in air, it was expected that they would be more adept at surviving increased thermal 

exposure in water. Furthermore, the lower cardiac sensitivity in air compared to water shown 

by S. capensis should translate into a higher upper thermal limit in air for this species. While 

this was reflected in the ABT results for C. capensis and S. capensis in this chapter (Fig 4.8), 

both S. serrata and Scutellastra granularis had higher ABTs in air than water even though they 

had lower cardiac sensitivities in water (Fig 4.8).

The higher cardiac sensitivities of Siphonaria serrata and Scutellastra granularis in air may be 

a general response to emersion for these high shore limpets, as they seek to rapidly repay the 

energetic debt generated while exposed to a constant temperature increase (Helm and Trueman, 

1967; Boyden, 1972; Coleman, 1973; Bayne et al., 1976). In the past, researchers have often 

found that organisms require high aerobic respiration rates to quickly deal with anaerobic by­

products accumulated during physical stress (McMahon, 1988). This could explain why 

Siphonaria serrata and Scutellastra granularis had lower aquatic ABTs despite having lower 

metabolic sensitivities in water than air. However, this logic alone does not clearly explain why 

most of the study animals had higher metabolic sensitivities in air than water. In marine 

intertidal zones, temperature change in water is normally more benign than it is in air, where it
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is often rapid and extreme as the tide rises and falls (Denny et al., 2011). High shore intertidal 

molluscs are therefore likely to have higher metabolic sensitivities in air than water, in order to 

cope with the energetic demands associated with the rapid changes in aerial temperatures. This 

is probably why most of the study animals all had greater cardiac sensitivities in air compared 

to water.

The low aerial metabolic sensitivity of Siphonaria capensis compared to the other three species 

may be due to a metabolic rate depression response. Previous studies (Storey and Storey, 1990; 

Marshall and McQuaid, 1991; Storey, 1998; Guderley and St-Pierre, 2002; Portner, 2010; 

Williams et al., 2011) show that various intertidal, marine animals suppress their metabolic 

rates to save energy during exposure to extreme abiotic conditions, which allows them to 

survive acute exposure to environmental stressors such as rapidly increasing temperatures. 

While metabolic depression is common in marine, freshwater and terrestrial pulmonates 

(Machin, 1975; McMahon, 1983; Riddle, 1983; Marshall and McQuaid, 1991) there is not 

much evidence o f its occurrence in patellogastropod limpets and in particular, Marshall and 

McQuaid (1991) showed that Scutellastra granularis does not undergo a metabolic rate 

depression during aerial exposure. It is not currently clear why Siphonaria serrata, unlike S. 

capensis, had a higher metabolic sensitivity in air than water. However, the fact that, like S. 

capensis, S. serrata had lower mean heart rates than the patellogastropods in air (Table 4.5), 

suggests that it may in fact undergo facultative depression of the heart rate, which could 

translate into its comparatively high ABT in air. Moreover, this indicates that a high cardiac 

thermal sensitivity does not always translate into a lower ABT.

Past studies have generally focused on the influence, geographic (Morley et al. 2009; Zardi et 

al., 2011; Matumba, 2013; Xing et al., 2016) or vertical distribution (Broekhuysen, 1940; 

Evans, 1948; McMahon, 1990; Stillman and Somero, 1996; Davenport and Davenport, 2005; 

Stenseng et al., 2005; Dong and Williams, 2011; Tagliarolo and McQuaid, 2015) have on the 

thermal tolerances of intertidal organisms. In addition, most of these studies examined the 

thermal tolerance of submersed animals and only a few looked at aerial thermal tolerances. 

Moreover, even fewer studies have compared the thermal tolerance of water breathing 

organisms between media (Huang et al., 2015; Tagliarolo and McQuaid, 2015), or the aerial 

thermal limits of an air and water breathing gastropod mollusc (Marshall and McQuaid, 1992a; 

Davenport, 1997; Harley et al., 2009). Essentially, the current study was the first to consider 

the influence of medium on the ABTs of two limpet groups, differentially suited to breathing
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in either medium. The current study also highlights the importance of finding ways to 

investigate the merits of the OCLTT theory (Portner, 2002; Stillman, 2003; Portner et al., 2006; 

Portner and Knust 2007; Portner, 2012; Sokolova et al., 2012), by reviewing the effect that 

differences in respiratory organ morphology among organisms have on thermal tolerance. Even 

though the OCLTT theory highlights mechanisms important to understanding thermal 

tolerance in intertidal organisms, some of the OCLTT hypothesis core concepts may have to 

be revisited and revised (Clark et al., 2013; Norin et al., 2013; Ern et al., 2015).

The results show that there is no clear indication o f the role different breathing capabilities play 

in determining either aerial or aquatic ABTs. Therefore, factors outside of an intertidal 

organisms’ breathing capabilities probably had a compound effect on their ABTs. Previous 

studies indicate that most intertidal organisms exhibit morphological (Vermeij, 1973; Etter, 

1988; Harley et al., 2009), physiological (Seebacher and Franklin, 2005) and behavioural 

(Heath, 1970; Garrity, 1984) thermoregulatory strategies, which could potentially influence 

their thermal tolerance during testing. Some physiological adaptations include metabolic 

adjustments and HSP synthesis (Somero, 2010; Tomanek, 2010; Madeira et al., 2012), while 

shell colour and ornamentation (Bates and Hicks, 2005; Harley et al., 2009), body orientation 

and microhabitat selection (Marshall and Chua, 2012) serve as examples of morphological and 

behavioural thermoregulation strategies respectively. As mentioned before (see Chapter 3), 

these thermoregulatory strategies can influence the thermal tolerance of animals through 

processes of acclimation (Zakhartsev et al., 2003; Dong et al., 2008; Byrne et al., 2010; 

Zerebecki and Sorte, 2011; Norin et al., 2013).

Therefore, I reject the null hypotheses that: 1. The ABTs of the pulmonates will be greater than 

those of the patellogastropods in air whereas the patellogastropods will have a greater ABT 

than the pulmonates in water; and 2. The ABT of pulmonates will be greater in air than in 

water, while the opposite will be true for the patellogastropods.

In conclusion, based on evidence garnered in the current study, the OCLTT theory though very 

useful, is not complete in its coverage o f the mechanisms that drive intertidal organisms’ 

thermal tolerances and its predictive powers should be scrutinized further.
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Chapter 5 -  General Discussion

It has been established that climate change, through its associated changes in environmental 

temperature, has the potential to cause significant shifts in the phenology, abundance and 

distribution of both aquatic and terrestrial animals (Brander et al., 2003; Wiltshire and Manly, 

2004; Perry et al., 2005; Grebmeier et al., 2006; Parmesan, 2006; Farrell et al., 2008; Walther, 

2010). Additionally, many previous studies indicate that these ecological shifts may be driven 

by thermally induced changes in physiology (Cossins and Bowler, 1987; Schmidt-Nielsen, 

1997; Somero, 2011; Tomanek, 2011; Somero, 2012; Tomanek, 2012; Matumba, 2013). As 

such, the OCLTT theory was developed to help explain the link between physiology and these 

ecological systems, and to generate a predictive tool that can help foresee the impact that 

climate change might have on global biodiversity and evolutionary processes (Frederich and 

Portner, 2000; Portner, 2001; Portner and Knust, 2007; Portner and Farrell, 2008; Portner, 

2010; Portner, 2012; Bozinovic and Portner, 2015). This theory is largely based on the idea 

that an organism’s thermal performance is governed by its’ aerobic scope such that, as the 

aerobic scope diminishes during thermal stress the animal is expected to be increasingly limited 

in its ability to survive, grow and reproduce (Frederich and Portner, 2000; Portner, 2001; 

Portner and Knust, 2007; Portner and Farrell, 2008; Farrell et al., 2008).

Therefore, this study investigated the importance of breathing ability in setting the thermal 

tolerance of patellogastropod and pulmonate limpets, by determining and relating their rocky 

intertidal distribution patterns to their lethal thermal limits and measures of cardiac thermal 

limitation, in both air and water. In simpler terms this study sought to determine if the 

respiratory mode, thermal limits and microhabitat use of the limpets were correlated. The 

importance of the differences in breathing ability between the two limpet groups, was based on 

the assumption that it translates into a dissimilarity in MO2 between the two groups (Marshall 

and McQuaid, 1992b; Bot and Hollander, 2000; Butler et al., 2002). This assumption was 

important, because MO2 were not measured in this study. As such, it was assumed that the 

pulmonate limpets had a superior ability for aerial respiration and that the patellogastropod 

limpets were better suited to aquatic respiration, due to the differences in their respiratory
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structures (Yonge, 1947; Yonge, 1952; Marcus and Marcus, 1960; Branch, 1981; McMahon, 

1988). Thus, by determining the upper thermal limits of these limpet groups in air and water, I 

could examine how having better, albeit assumed, O2 consumption capabilities in either 

medium influences their thermal limitation in comparison to each other. Therefore, it was 

hypothesised that the OCLTT theory would only apply to this study if the prediction that the 

trend in the thermal tolerances o f these limpet groups follows the trend in their different 

breathing capabilities, is met. This means that the pulmonate limpets were expected to have 

greater thermal tolerance limits in air than the patellogastropod limpets, while the 

patellogastropod limpets were expected to have greater aquatic thermal limits. In addition, the 

pulmonate limpets were expected to have greater aerial thermal tolerance limits and the 

patellogastropods, greater aquatic thermal tolerance limits.

However, the results indicate that this was not the case and that there was no real difference in 

the collective thermal limits of the patellogastropod and pulmonate limpets in either medium. 

The results also indicate that the limpet species recent thermal history, may have been more 

important in setting their thermal limits than their respective respiratory modes. For example, 

the fact that Scutellastra granularis consistently had the lowest thermal limits in both media 

probably has more to do with the acclimation, of individuals from this species, to the thermal 

regime of their preferred microhabitats (Tomanek and Somero 1999; Anestis et al., 2008; Dong 

et al., 2008) than with their respiratory capabilities (Marshall and McQuaid, 1992b; Dong et 

al., unpubl data). Since field fresh animals were used in this study, this short-term acclimation 

probably influenced the thermal tolerance of these limpets during the determination of their 

thermal limits. In Chapter 2 of this study, it was shown that S. granularis preferred the least 

thermally challenging intertidal microhabitat, vertical rock surfaces, which is assumed to attain 

the lowest maximum temperatures of the available microhabitats. Similar circumstances also 

explain why Siphonaria capensis along with Cellana capensis had the highest thermal 

tolerance limits in water.

Consequently, there was no evidence to support the expectation that a superior ability to breathe 

in a specific medium translates into a greater upper thermal tolerance in that medium. As a 

result, I reject the hypothesis that the OCLTT hypothesis can be used to predict the thermal 

tolerance of the limpets used in this study. The findings of this study compare favourably with 

a few other studies (Overgaard et al., 2012; Clark et al., 2013; Grans et al., 2014; Norin et al.,
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2014; Ern et al., 2015), conducted to test the general applicability and ecological relevance of 

the OCLTT theory.

In their studies, Overgaard et al. (2012), Wang et al. (2014) and Ern et al. (2014) all showed 

that thermal limitations of, the capacity of the cardiorespiratory system to supply O2, does not 

determine the upper thermal limits o f the air breathing toad Rhinella marina, the European sea 

bass and the eurythermal Giant tiger shrimp respectively. Furthermore, in their study on the 

tropical fish Lates calcarifer, Norin et al. (2014) suggested that aerobic scope can be regulated 

independently of temperature. Similarly, Grans et al. (2014) indicated that an increased aerobic 

scope does not support increased growth in the North Atlantic halibut Hippoglossus 

hippoglossus. Therefore, as in the present thesis, the results from these studies imply that 

mechanisms other than the ones proposed by the OCLTT theory govern thermal tolerance in 

various marine and terrestrial organisms. In their review on the subject, Clark et al. (2013) 

outlined protein denaturation, thermal inactivation o f enzymes, oxidative stress, cell membrane 

damage and loss of neural function as factors that could be more important to regulating thermal 

tolerance in fishes. As suggested above, various factors associated with the study animal’s 

recent thermal history, which was presumably influenced by the acclimation to their preferred 

microhabitats, could be responsible for setting their thermal limits during testing. One of these 

includes the expression of heat shock proteins (HSPs) in response to the denaturation of 

proteins under thermal stress (Feder and Hofmann, 1999; Tomanek and Somero, 1999; 2000; 

Anestis et al., 2008; Dong et al., 2008; Dong and Williams; 2011; Williams et al., 2011).

Since HSP production is an energetically expensive, time sensitive process that peaks as an 

organism approaches Tc ii, a significant reduction in HSP synthesis during heat stress is 

associated with mortality (Portner, 2010; Dong and Williams, 2011). Furthermore, in their 

study on the crustaceans Penaeus monodon and Astacus astacus, Ern et al. (2015) indicated 

that these crustaceans’ thermal limits are more closely correlated to their nervous function than 

to their O2 supply capacities. Ern et al. (2015) also point out that a loss of nervous function 

could coincide with HSP expression, which suggests that thermal tolerance may be more 

closely related to heat-induced protein denaturation than inadequate O2 supply. Moreover, 

several past studies (Tomanek and Somero, 1999; Anestis et al., 2008; Dong et al., 2008) have 

demonstrated that intertidal animals in different microhabitats undergo varying levels of HSP 

synthesis, associated with differences in the thermal regimes they experience in these 

microhabitats. Therefore, if the limpets in the current study had different intertidal microhabitat
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distributions, their recent thermal histories may have been different and as a result, a different 

upper thermal limit pattern could have been determined amongst them.

It is important to note that individual limpet thermal tolerances within populations could have 

been influenced by microscale habitat variation, and its associated thermal variability (Helmuth 

and Denny, 1999; Helmuth and Hofmann, 2001; Jimenez et al., 2015). A factor which could 

have been controlled for in the current study using a more robust set of data collection 

measures. This includes establishing limpet body temperatures within the microhabitats across 

the study sites, recording individual limpet microhabitat preferences and then, determining 

limpet thermal limits according to their microhabitat preferences. This would have allowed me 

to test if microhabitat use generates inter-individual variability in limpet thermal tolerance 

limits and how this may have influenced the results obtained in the current study. Furthermore, 

in addition to elucidating the limpet’s respiratory anatomy, O2 consumption could also have 

been determined and related to the thermal tolerance of each limpet species to test empirically 

whether differences in limpet breathing capabilities could be used to predict their thermal 

tolerances. A combination of these data sets would have provided me with an opportunity to 

test directly, if the respiratory modes, upper thermal tolerance limits and microhabitat use 

patterns of the study animals were correlated.

While the influence of intertidal microhabitat preference on the limpets’ thermal tolerances was 

not explicitly examined in the current study, the idea is supported by the findings of Norin et 

al. (2014), which suggest that the tropical fish Lates calcarifer shifts its aerobic scope in 

response to different acclimation temperatures. In their study, Grans et al. (2014) also 

demonstrate thermal independence of the aerobic scope as a result of acclimation in juvenile 

Atlantic halibut. Moreover, it is important to note that in both studies, growth was not reduced 

due to limitations in the fishes’ O2 supply capacities. Hence, a higher ToptAS due to acclimation 

need not translate into a more optimal performance of various life history traits (Healy and 

Schulte, 2012; Clark et al., 2013; Norin et al., 2014; Grans et al., 2014). This indicates that the 

OCLTT theory is not a reliable predictor of thermal tolerance and performance for the 

barramundi and Atlantic halibut fish, or for the limpets in the current study. Therefore, as for 

other eurythermal temperate and sub-tropical animals, the OCLTT cannot be solely relied on 

to predict future ecological processes of the study animals considering global climate change.

Clark et al. (2013) proposed the multiple performances -  multiple optima (MPMO) concept as 

an alternative and better means of describing thermal tolerance and preference than the OCLTT
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theory. The MPMO hypothesises that different physiological performance parameters have 

different Topt. It also states that an organism’s overall thermal performance and fitness can be 

limited by any one of these different physiological parameters, and that the limiting 

physiological parameter can change interspecifically, due to ontogenetic effects or under 

different thermal challenges. While the MPMO is yet to be developed further or tested 

extensively (Clark et al., 2013; Farrell, 2013; Portner and Giomi, 2013), there are a few studies 

that have begun to show, albeit indirectly, that this may be a valid concept linking animal 

physiology and ecology (Munday et al., 2009; Grans et al., 2014; Norin et al., 2014). Whether 

this concept applies to the current study is hard to say at the moment and would depend on a 

more robust experimental analysis (suggested above). However, it seems likely that this 

concept could prove useful in future, once its ecological relevance has been vigorously 

investigated. The current study, like several others before it, shows that ecophysiological theory 

such as the OCLTT should always face strict examination before they are widely applied and 

accepted. Furthermore, hopefully the current study sets a precedent in terms of finding novel 

ways to test such conceptual models.
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