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Abstract

Given the increasing threat posed by climate change, particularly in environments
marked by extreme temperature fluctuations and desiccation stress, understanding the
adaptive strategies that underpin thermal tolerance is crucial for predicting species
resilience. Central to this investigation is the concept of metabolic rate suppression
(hypometabolism), an energy-saving mechanism widespread among animals exposed to
stressful climatic conditions. This thesis investigates the ecophysiological responses of
two pulmonate limpets, Siphonaria capensis and S. serrata, to the dynamic thermal

conditions characteristic of South Africa’s rocky intertidal zones.

An integrative approach was employed to address this objective. Field surveys, utilizing
transect-quadrat analysis and capture—mark—recapture experiments, quantified
microhabitat use and preference across sites spanning distinct biogeographic regions
(West, South, and East coasts of South Africa). Complementing these field studies, a
laboratory-based thermal preference assay using an artificial thermal gradient elucidated
the role of behavioural thermoregulation, via thermotaxis, in the micro-scale distribution
of S. capensis. In parallel, non-invasive plethysmography was used to derive key
physiological indices, including final breakpoint temperature, flatline temperature, and a

proxy for hypometabolism, cardiac suppression range, from species-specific cardiac

il



responses to thermal stress. These parameters helped test the study’s primary
hypotheses: that limpets inhabiting thermally stressful microhabitats, or those unable to
escape such conditions, would exhibit more pronounced hypometabolic activity and
consequently greater thermal limits than conspecifics in cooler environments. This
premise originated from the assumption that hypometabolism extends functional thermal

limits under heat stress.

By integrating field observations, behavioural assays, and physiological measurements,
this work contributes to a more nuanced understanding of how intertidal organisms
mitigate thermal stress. Both species predominantly occupied, and exhibited pronounced
preferences for, thermally benign microhabitats, such as crevices or coastal zones closer
to the West coast. Neither species, however, exclusively avoided thermally suboptimal
conditions. Furthermore, thermal history likely influenced these trends, with S. capensis
demonstrating short-term thermal preferences linked to prior thermal acclimatization.
This connection was corroborated by findings from the heart-rate analysis. Specifically,
hypometabolism correlates with enhanced thermal tolerance, and through its transient
and flexible nature, the consistency of this relationship is maintained across different

thermal regimes.

In summary, the study provides compelling evidence that hypometabolism extends the
upper thermal limits of pulmonate limpets, and that the hypotheses rooted in metabolic
rate suppression (MRS) theory are supported. I therefore conclude that MRS theory

serves as a valuable framework for predicting species thermal resilience across diverse

environmental conditions.
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Chapter 1

General introduction

1.1 Climate change impact on intertidal ecology

Climate change stands as one of the most pressing global challenges in modern times,
driving shifts in ocean chemistry, sea level, environmental temperature regimes, and
patterns of extreme weather events (IPCC 2018, 2021). This change primarily results
from the accumulation of anthropogenically produced greenhouse gases, such as carbon
dioxide and methane, that trap heat in the atmosphere and gradually raise global
temperatures (IPCC 2018). Over the past century, the effects of anthropogenically
mediated elevations in atmospheric and seawater temperatures in coastal and intertidal
environments have been especially pronounced because these ecosystems are already
subject to highly variable abiotic conditions (Harley & Helmuth 2003, Little et al. 2009).
For intertidal organisms exposed to the oscillating tide, this includes fluctuating oxygen
availability, desiccation, and particularly elevated thermal stress (Branch 1981, Garrity
1984, Denny & Harley 2006, Little et al. 2009). Organisms on rocky shores are
frequently exposed to extreme daily changes in temperature, which are projected to
intensify with ongoing climate warming (Williams & Morritt 1995, Denny et al. 2011,
IPCC 2018). These extreme temperatures force organisms to the edge of their
physiological capacity, driving significant changes in ecological processes across a range
of spatial and temporal scales (Cossins & Bowler 1987, Schmidt-Nielsen 1997, Somero
2002, Perry et al. 2005, Parmesan 2006). Ecosystems with organisms that are

chronically physiologically compromised experience changes in species dominance



interactions, or competition dynamics, potentially driving community-level restructuring
(Parmesan 2006, Harley 2008, Menge et al. 2022). Furthermore, when temperatures
increasingly reach or exceed the physiological tolerance thresholds of local fauna, this
can lead to a rise in mass heat-induced die-offs, prompting changes in species’ micro-
and broad-scale distributions (Harley 2008, Soon & Ransangan 2019, McDowell &
Sousa 2019, Menge et al. 2022, Heo et al. 2023). Central to understanding how intertidal
species might endure or fail under various climate-change scenarios is pinpointing the
ecological and physiological mechanisms that enable them to persist in environments of
intense heat and desiccation stress. In this context, metabolic rate suppression (MRS)
theory has been formulated to explore how organisms regulate their physiology to
manage variable metabolic demands, thereby ensuring an appropriate thermal response
capacity across thermally heterogeneous spatiotemporal scales (Storey & Storey 1990,

Marshall & McQuaid 1991, Storey 1998, Portner 2010, Williams et al. 2011).

1.2 Metabolic Rate Suppression theory

Metabolic rate suppression, also referred to as metabolic depression or hypometabolism,
is commonly interpreted as an energy-saving adaptation employed by animals that are
typically exposed to potentially harmful abiotic conditions such as low oxygen
concentrations, osmotic, thermal, and desiccation stress (Newell 1969, Sokolova &
Portner 2001, Verberk et al. 2016), with the present study focusing on thermal stress. In
their study, Marshall & McQuaid (2011) show that this concept challenges the universal
temperature dependence (UTD) model, which explains the effect of increasing
temperature on resting metabolic rate through the activation energy of biochemical
reactions, as predicted by the Boltzmann-Arrhenius equation (Brown et al. 2004, Allen
& Gillooly 2007). According to the UTD model, temperature increases continuously
accelerate the rates of biochemical reactions and resting metabolism before the onset of
acute or chronic thermal stress (Schulte 2015). This acceleration results in an initial
boost in ATP production, primarily via oxidative phosphorylation, driven by increased

membrane fluidity and heightened enzyme activity (Schulte 2015, Petrov & Razuvaeva



2018). The initial boost in ATP production, coupled with increased O, consumption
rates, is necessary to meet the elevated energy demands associated with a sustained

acceleration in reaction rates as aerobic metabolism intensifies.

As temperature continues to rise, the efficiency of ATP-producing biochemical processes
begins to decline due to the thermal denaturation of enzymes, destabilization of protein
structures, and disruption of cellular membranes (Angilletta 2009, Schulte 2015). The
reduction in biochemical efficiency limits the availability of O, for energy production
(Portner 2001). This limitation is further exacerbated by cardiorespiratory constraints
and the reduced solubility of O, at high temperatures (Portner 2001). An energy deficit
arises from the mismatch between the sustained, heightened ATP demand and the
diminishing ATP supply that, if unresolved, can become fatal (Angilletta 2009). To
address this energy deficit, cells may partially transition to anaerobic respiration
(Houlihan et al. 1981, McMahon 1988, Simpfendorfer et al. 1995), which provides an
alternative pathway for ATP production under challenging conditions (McMahon 1990,
Donovan et al. 1999). While anaerobic respiration generates ATP without the need for
oxygen, it is inefficient, producing only a fraction of the approximately 32 ATP
molecules yielded through aerobic pathways (Granchi et al. 2010, Miiller et al. 2012).
Furthermore, it leads to the accumulation of potentially harmful by-products, which must
be rapidly metabolized through elevated aerobic respiration rates once conditions
normalize (Simpfendorfer et al. 1995, Donovan et al. 1999, Sokolova & Portner 2001).
This is expressed as the enhanced catabolism of available substrates, placing significant
strain on carbohydrate reserves, which are depleted more quickly (Géde 1983, Babarro et

al. 2007).

The resulting metabolic challenge, arising collectively from the low energy output and
anaerobic by-product accumulation, shortens the time during which anaerobic pathways
can sustain metabolic demands before organisms exceed their thermal tolerance limits.
According to the MRS theory, however, organisms capable of hypometabolism mitigate
reliance on anaerobic metabolism, along with the associated production of its

by-products (Marshall & McQuaid 1992, Grieshaber et al. 1994, Curtis et al. 2000,



Sokolova & Portner 2001, Abele et al. 2002, Connor & Gracey 2012, Verberk et al.
2016). In marine intertidal gastropods, facultative hypometabolism likely arose in early
lineages as a physiological safeguard against cyclical hypoxic or desiccation stress,
triggered by shell withdrawal in response to predation and by tidal emersion,
respectively (Marshall & McQuaid 1991, 2020). This inherent restriction of gas
exchange selects for biochemical pathways that minimise the additional energetic burden
imposed by limited ventilation (Marshall & McQuaid 1991, 2020). Over evolutionary
time, the expansion of these lineages into warmer high-shore zones, driven by further
ecological pressures such as intensified competition for space and food, likely fostered

the exaptation of hypometabolism to buffer heat stress (Marshall & McQuaid 1991).

Hypometabolism is triggered within a specific temperature range that precedes the
sub-lethal thermal thresholds of an animal (Hui et al. 2020, Liao et al. 2021). At this
stage, a cascade of precisely coordinated regulatory mechanisms comes into play,
involving adjustments to gene and protein activity to minimize energy expenditure while
suppressing energetically costly activities such as protein synthesis (Storey & Storey
2004, Guppy & Withers 2007). Among these mechanisms, reversible protein
phosphorylation plays a central regulatory role by inactivating key enzymes involved in
metabolism and ion-transporting ATPases, which lowers ATP consumption and
suppresses metabolic demand. This response presents an unusual pattern in how reaction
rate changes with temperature, which deviates from the typical expectations of the
Boltzmann-Arrhenius relationship (Storey & Storey 2004). Consequently, MRS theory
provides a more explicit indication of a positive correlation between adverse
environmental conditions, particularly heat stress, and the occurrence of
hypometabolism in nature (Anestis et al. 2007, Marshall & McQuaid 2011, Li et al.
2021, Liao et al. 2021), that potentially plays a pivotal role in enhancing the survival of

various species in the context of global warming.



1.3 Aims

This thesis therefore aims to build upon the MRS theory by determining the extent to
which hypometabolism confers resilience to thermal stress in thermally variable
environments. This is achieved by elucidating the potential relationship between
temperature-mediated microhabitat distribution and the physiological responses of rocky
intertidal animals to increasing temperatures. The rocky intertidal habitat is particularly
relevant in this context, as animals in this zone routinely endure high-amplitude thermal
stress over short temporal scales due to the oscillating tide (Lathlean et al. 2011,
Gunderson et al. 2019, Moisez et al. 2020). These repeated cycles of air and water
exposure, particularly under sunny conditions, drive highly variable temperature
fluctuations across a thermally heterogeneous environment (Stephenson & Stephenson
1972, Menge 1976, Bustamante et al. 1997, Lathlean et al. 2015, Hoylman et al. 2018,
Choi et al. 2019), offering a prime setting to explore hypometabolism as a buffering
mechanism against acute heat stress. Field observations of microhabitat distribution
patterns (Chapter 2 and 3), coupled with laboratory-derived data on thermal preferences
(Chapter 4) and performance (Chapter 5), are applied together to clarify intertidal
animals’ biophysical responses to spatiotemporally variable abiotic conditions. Through
this variability (Helmuth 2002, Harley & Helmuth 2003, Little et al. 2009), the rocky
intertidal fosters a range of physiological and behavioural adaptations in organisms such
as intertidal limpets (Gray & Hodgson 1998, Guppy & Withers 2007, Gleason & Burton
2015, Nunez et al. 2018, Brahim et al. 2019, Brahim & Marshall 2020).

These limpets exhibit two broad heat-management (thermoregulatory) strategies, meant
to control and mitigate against harmful deviations from optimal body temperature, that
subsequently shape their ecological distribution (see Section 1.4 below). These include
risk-avoidance, in which organisms physically evade adverse conditions, and
endurance-based strategies that involve a greater reliance on physiological adjustments,
such as hypometabolism, to survive heat stress when escape is impossible (Jones &
Boulding 1999, Verberk et al. 2016). Nevertheless, organisms exhibit phylogenetic

constraints, and not all groups are capable of employing hypometabolism. Based on the



MRS theory described above, it can be predicted that, among limpet populations from
clades known to exhibit this adaptation, individuals experiencing thermally stressful
environments will exhibit more prevalent hypometabolic activity compared to
conspecific individuals in more benign conditions. This study, therefore, aims to provide
explicit insights into the capacity of MRS to extend a species’ thermal tolerance to
higher temperatures, rather than serving solely as a mechanism that allows animals to
endure high temperatures below their thermal tolerance limits for extended periods.
Thermal tolerance in the current study refers to an organism’s acute upper thermal limit
1.e., the temperature at which rapid heating causes physiological failure (Cox et al. 1974,
Boonstra 2013, Klepsatel et al. 2016). This concerns short-term heat stress lasting a
maximum of several hours, rather than chronic exposure over days to weeks that allows

acclimation (see Chapter 5 for a more detailed discussion on thermal tolerance).

1.4 Study animals and sample sites

South Africa’s coastline spans approximately 3 650 km, from the Namibian border in the
west to the Mozambican border in the east and encompasses three major bioregions
across the intersection of the warm Indian and cool Atlantic oceans (Shillington &
Wyndham Harris 1978, Bally et al. 1984, Griffiths et al. 2010). These are the
sub-tropical Natal, warm-temperate Agulhas, and cool-temperate Namaqua regions
occurring along the East, South, and West coasts, respectively (Stephenson & Stephenson
1972, Branch & Branch 1988, Stegenga & Bolton 1992, Bustamante & Branch 1996,
Turpie et al. 2000, but see Bolton et al. 2004 for a more granular delineation of the East
coast based on seaweed distributions). These contrasting conditions are primarily driven
by the influence of the Agulhas and Benguela currents. The Agulhas carries warm
oligotrophic water from the equatorial Indian Ocean southward, flowing close to the
north-eastern shore of South Africa before it retroflects away from the coast further
south (Griindlingh 1983, Schumann & Beekman 1984, Lutjeharms 2006, Lutjeharms
2007). Conversely, the Benguela transports relatively cooler, eutrophic water from the

Southern Ocean northward along the western coastline (Shannon 1985, Shannon &



Nelson 1996, Griffiths et al. 2010). The South Coast is strongly influenced by the
Agulhas Current, but this diverges from the coast as it follows the continental-shelf

break, resulting in intermediary conditions along that stretch of coast (Figure 1.1).

Rocky intertidal habitats, predominantly consisting of quartzitic sandstone or aeolian
calcarenite, comprise 3040 % of South African shores, whereas the intervening
stretches are predominantly wave-exposed sandy beaches (Shillington & Wyndham
Harris 1978, Bally et al. 1984, Griffiths et al. 2010). These rocky habitats are primarily
concentrated along the West and South coasts and are more sparsely distributed along the
East coast. Rocky intertidal environments are characterized by thermal profiles that can
vary as much as, or even more than, the variability observed at broader geographic scales
during low tide (Helmuth 2002). Key among these is a vertical gradient of abiotic
stressors from low to high shore, reflecting differences in aerial exposure (Stephenson &
Stephenson 1972, Menge 1976, Bustamante et al. 1997). At a finer scale,
rocky-intertidal microhabitats exhibit perceived differences in their low-tide thermal
regimes due to variable insolation caused by aspect, slope, and overall sky-view factor
(Holmer et al. 2001, Lima & Wethey 2009, Seabra et al. 2011, Lathlean et al. 2015,
Hoylman et al. 2018, Choi et al. 2019), and exposure to splash linked to intertidal height
during low tide (Williams & Morritt 1995, Lord et al. 2011). These microhabitats can be
broadly categorized into crevices, rock pools, horizontal and vertical rock surfaces
(Garrity 1984, Williams & Morritt 1995, Lord et al. 2011, Lathlean et al. 2015).
Previous studies have also considered dimensional differences among rock pools
(Underwood & Skilleter 1996, Martins et al. 2007, White et al. 2015), while aspect is

important in studies of vertical rock surfaces (Chapperon et al. 2016, 2017).

Against this backdrop, three rocky-intertidal sites were selected to represent the
bioregions: Zinkwazi (29°29'42" S, 31°43'46" E), Three Sisters (33°55'62" S, 27°02'60"
E) and Kommetjie (34°14'09" S, 18°32'04" E) on the East, South, and West coasts,
respectively. The sample site at Kommetjie features a north-westerly, gently sloping
shore composed of hard quartzitic sandstone platforms interspersed with fields of small

boulders (Deacon et al. 1992, Macdonald & Simmons 1996, Rensburg et al. 2021). A



dense offshore kelp bed of Ecklonia maxima forms a natural barrier, attenuating the
impact of severe waves on this site (Tucker et al. 2017). Three Sisters comprises a
wave-exposed aeolianite wave-cut platform on a rocky headland with a south-easterly
scarp and a tall, seaward-facing cliff backdrop (Dower 1989, Garner 2013). Adjacent to
these high-platform rocks within Three Sisters are sand-inundated, low-platform rocks or
sandy beaches, dotted with cliff remnants (Garner 2013). The aeolianite rocky-shore
headland at Zinkwazi forms a steeply sloping, sand-inundated platform facing
south-easterly generated swells (Stow 2011, MacKay et al. 2012). Furthermore, the site

at Zinkwazi is flanked by long stretches of sandy beach on either side.

Limpets, a type of marine gastropod mollusc, are characterized by their single, flattened
or conical shell (Ponder & Lindberg 2008). They are prevalent in rocky intertidal zones
worldwide, where they play an essential ecological role as grazers of intertidal flora and
as a food source for numerous predators (Branch 1981). Along the South African coast,
various limpet groups are present (Branch 1971, 1975, Branch et al. 2022). Among them
are the genera Scutellastra, Cymbula, and Helcion, which comprise the true,
gill-breathing limpets, and Fissurella and Diodora, which comprise the keyhole limpets.
The present research, however, focuses on two pulmonate, or false limpets, Siphonaria
capensis (Quoy & Gaimard 1833) and S. serrata (Fischer 1807; formerly S. aspera
Krauss 1848). Along with the Trimusculidae, the Siphonaridae are commonly known as
pulmonate limpets because they possess specialized respiratory adaptations that permit
both aquatic and aerial respiration (Yonge 1952, Branch 1981). Other siphonariids on
South African shores include S. concinna, S. oculus, S. nigerrima, S. tenuicostulata and

S. compressa (Chambers & McQuaid 1994).

These siphonariid limpets are all simultaneous hermaphrodites, but they exhibit notable
differences in reproductive and developmental strategies (Chambers & McQuaid 1994,
Ansell et al. 1999). S. capensis undergoes pelagic development, releasing embryos that
develop into free-swimming, planktotrophic larvae in the water column before settling
and transforming into adults. In contrast, S. serrata follows a direct developmental

strategy, with embryos completing development within the egg and hatching as



miniature adults (Chambers & McQuaid 1994). Other notable biological features include
their secretion of noxious mucus containing polypropionate metabolites, which serves as
a chemical defence against intertidal predators (McQuaid et al. 1999, Pinchuck &
Hodgson 2009), and their tolerance of temperatures exceeding 40 °C (Kankondi et al.
2018, Connell et al. 2025) as well as variable salinities (Wilson et al. 2009).

Figure 1.1: Map depicting (A) Sample species distributions (occurrence data obtained
from (https://www.gbif.org); note that Siphonaria capensis points are
obscured along the South coast, but both species do coexist there), (B) Mean
sea surface temperature (SST) (data extracted from
(https://upwell.pfeg.noaa.gov/erddap/index.html)), and (C) Mean daily air
temperature displayed as curves and raw daily air temperature values as bars
(data obtained from (https://www.ogimet.com)), at three sampling sites along
the West (Kommetjie - KM), South (Three Sisters - TS), and East (Zinkwazi
- ZK) coasts of South Africa. (SC - S. capensis; SS - S. serrata).

These traits underpin their extensive distribution along wide thermal gradients, across



South Africa’s coastline (Figure 1.1) and throughout the intertidal. Although largely

sympatric, S. capensis is found beyond South Africa’s northern borders on both the West
and East coasts (Allanson 1958, Branch & Griffiths 1994), whereas the distribution of S.
serrata only extends northward past the Orange River on the West coast (Allanson 1958,

Branch & Griftiths 1994).

At a more granular spatial resolution, vertical and micro-habitat partitioning is evident
between the study species (Branch & Cherry 1985, Chambers & McQuaid 1994).
Although their vertical distributions overlap in the upper mid-shore zone, S. capensis
extends further into the high-shore zone, whereas S. serrata is more frequently found in
the lower zones (Chambers & McQuaid 1994). Furthermore, S. capensis commonly
inhabits cool, shallow rock pools with encrusting coralline algae in the high shore, or
warmer, exposed rock surfaces (Garrity 1984, Branch & Cherry 1985, Chambers &
McQuaid 1994). Conversely, S. serrata predominantly occupies bare rock surfaces or
crevices, only occasionally occurring in crustose rock pools. The former habitat is
generally warmer (Garrity 1984, Chambers & McQuaid 1994). This differential use of
high-shore pools is likely driven by S. capensis greater tolerance of the variable salinity
typical of these pools (Wilson et al. 2009). Consequently, the broader distribution of S.
capensis into warmer environments may be partly facilitated by its more frequent pool

use relative to S. serrata.

Given their wide geographic and microscale distributions, which expose them to highly
variable thermal regimes, these two siphonariids are ideal model organisms for
addressing the study’s aims. By simultaneously examining their physiological responses
to rising temperatures and their temperature-driven patterns of microhabitat distribution,
this study explores the specific nature of the benefits likely afforded by their

hypometabolic activity, when it occurs, in the context of a warming climate.
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1.5 Hypotheses

The study hypothesizes that intertidal pulmonate limpets will exhibit responses
consistent with MRS theory, thereby reinforcing its utility as a predictive framework for
elucidating thermal tolerance across varying spatiotemporal scales. This is grounded on
the premise that: 1. Thermally heterogeneous habitats drive differential hypometabolic
responses within conspecific populations, which, in turn, influence distribution patterns
at both broad geographic and localized micro-scales, and 2. Limpets exposed to warmer
conditions exhibit enhanced hypometabolic activity, which is likely to facilitate greater
thermal-tolerance limits compared with individuals subjected to cooler, more stable

thermal ranges.

If populations do not display variations in hypometabolic capacity that reflect their
exposure to different thermal conditions, this would suggest that MRS is not the principal
mechanism driving their differential persistence and performance across thermally
heterogeneous spatiotemporal scales. Furthermore, if limpets subjected to warmer
conditions do not, on average, display both enhanced hypometabolism and markedly
higher thermal tolerances, it would imply that increased hypometabolic activity does not
necessarily confer greater resilience to high temperatures. Consequently, this would cast
doubt on the general premise that MRS theory reliably explains, or forecasts, the thermal

thresholds of intertidal pulmonate limpets across diverse environmental conditions.

1.6 Organization

This thesis is organized into six chapters. Chapter 1 serves as a general introduction,
outlining the study species, study sites, and key concepts relevant to the research.
Chapters 2 and 3 explore the patterns of distribution and dispersal of the study animals
across the research sites. Chapters 4 and 5 examine, respectively, thermotaxis i.e.,

movement driven by thermal cues, in Siphonaria capensis and the cardiac response of
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both species to rising temperatures. Lastly, Chapter 6 synthesizes the findings of the

study and presents the general conclusions.
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Chapter 2

Microhabitat use analysis

2.1 Abstract

Micro-scale thermal heterogeneity is a key, yet sometimes under-appreciated, driver of
intertidal species’ distributions. Here, I quantified the availability of daytime low-tide
microhabitats, their thermal characteristics and their use by the pulmonate limpets
Siphonaria capensis and S. serrata across cool-temperate (Kommetjie), warm-temperate
(Three Sisters) and subtropical (Zinkwazi) rocky shores of South Africa. Point-intercept
quadrats were deployed along 20m transects parallel to the shore to estimate the area of
crevices, horizontal rock surfaces, rock pools, and vertical rock surfaces, and
simultaneously to census limpet abundances within each microhabitat, while temperature
loggers were used to record substratum temperatures at 30 minute intervals for up to nine
months. Pools were consistently the coolest microhabitat, whereas horizontal and east-
or north-facing vertical surfaces were the warmest, although seasonal and site effects
modified these rankings. A zero-inflated Tweedie Generalized Linear Mixed Model
(GLMM) showed that horizontal surfaces overwhelmingly dominated the sampled areas,
followed by rock pools, crevices and the various vertical surface orientations, with
crevices being absent at Three Sisters. Following these spatial patterns, zero-inflated
Poisson GLMMs revealed that both limpets occurred more often in thermally benign
refugia, such as pools and crevices, than availability alone would predict, yet neither
species was confined to them. This reflects divergent risk-avoidance strategies.

Furthermore, the direction of temperature-occurrence relationships varied among sites,
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indicating local modulation by wave exposure, shoreline aspect and life-stage structure.
Overall, microhabitat utilisation was non-random and linked to within-shore thermal
regimes, supporting the hypothesis that fine-scale environmental mosaics influence
limpet distributions, and providing the ecological backdrop for forthcoming

physiological analyses.

2.2 Introduction

Behavioural thermoregulation is widespread across the animal kingdom, occurring in
taxa from insects and other invertebrates to reptiles, birds, and mammals (Kearney et al.
2009, Akin 2011). Animals use this strategy to buffer their body temperature when
physiological regulation is inadequate or energetically costly (Kearney et al. 2009, Akin
2011, Terrien et al. 2011). This behaviour is primarily induced by the need to avoid
thermal stress, either through overheating or excessive cooling, and to keep body
temperature within an optimal range for performance (Akin 2011, Terrien et al. 2011).
This is particularly crucial for ectotherms, which lack substantial endogenous heat
production and therefore rely on behavioural means of thermal control (Cowles &
Bogert 2006, Akin 2011). For instance, desert lizards (e.g., Dipsosaurus dorsalis and
Varanus rosenbergi) shuttle between sun and shade or adjust posture to modulate heat
gain (Cowles & Bogert 2006, Kearney et al. 2009), butterflies (e.g., Hesperia viridis)
orient their wings to absorb solar radiation and warm flight muscles (Clench 1966), and
even endotherms such as emperor penguins (Aptenodytes forsteri) huddle to reduce
individual heat loss in Antarctic winters (Terrien et al. 2011). Access to cooler
microhabitats, such as shade, cool burrows, or rock pools, is therefore crucial for
reducing thermal stress in ectotherms (Kearney et al. 2009, Janetzki et al. 2021).
Consequently, behavioural thermoregulation shapes habitat selection and distribution,
sometimes at centimetre scales, across a wide range of taxa and environments (Janetzki
etal. 2021). This highlights how body size and habitat complexity set the spatial scale at
which such behaviours operate (Kearney et al. 2009, Janetzki et al. 2021).
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Several intertidal gastropods utilize behavioural thermoregulation to minimize heat
stress during emersion (Wolcott 1973, Garrity 1984, Raimondi 1990, Williams & Morritt
1995, Lord et al. 2011). Good examples of these gastropods include some limpets
(Garrity 1984, Branch & Cherry 1985, Williams & Morritt 1995, Gray & Hodgson 1998,
Vat 2000, Seabra et al. 2011, Lord et al. 2011). During low tide, they can often be found
in rock pools, crevices, and shaded vertical rock surfaces, where conditions are usually
cooler compared with the surrounding more exposed environment (Chambers 1995,
Gray & Hodgson 1998, Lord et al. 2011). Limpets, particularly juveniles among various
species, also frequent biogenic microhabitats provided by aggregations of other species,
including bivalves, ascidians, or macroalgae (Harper & Williams 2001, Castilla et al.
2004, Cartwright & Williams 2012). Among the thermoregulatory behaviours of limpets
is an atypical behaviour known as homing, wherein they return to the same resting spot
after foraging during high tide (Santina 1994, Gray & Hodgson 1998, Nuiiez et al.
2014). Philopatry facilitates the formation of small depressions at their resting locations,
known as home scars, which closely resemble the outline of the shell (Santina 1994,
Gray & Hodgson 1998, Jakob et al. 2001, Shanks 2002, Nuiiez et al. 2014). The primary
function of the home scar is to alleviate desiccation stress by minimizing water loss
during periods of emersion (Verderber et al. 1983). The tight seal created between the
shell and the rock surface, however, also offers some thermal insulation to limpets,
providing a degree of protection against extreme temperature fluctuations (Santina 1994,
Shanks 2002). In addition to these behavioural adaptations, limpets also employ
physiological adaptations to heat, including the expression of thermal tolerance plasticity
(Marshall et al. 2018, Brahim et al. 2019, Brahim & Marshall 2020), and an elevated
heat shock response (Tomanek 2010, Dong & Williams 2011, Gleason & Burton 2015),
as well as the capacity for hypometabolism (Newell 1969, Marshall & McQuaid 1991,
Guppy & Withers 2007).

The current study focuses on limpets at three rocky shores, Kommetjie, the Three
Sisters, and Zinkwazi Beach, as described in Chapter 1, to examine how microhabitat
structure and temperature heterogeneity relate to limpet distribution and habitat use. |

quantified within-shore variation in microhabitat availability and the fine-scale
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temperature regimes, using quadrat—transects and temperature loggers, respectively
(Wethey 2002, Harley & Helmuth 2003, Hill & Wilkinson 2004), across the intertidal
zone. By mapping limpet occurrences onto these microhabitats (Chapter 1), I assess how
each species uses pools, crevices, and open rock surfaces. Many studies have shown that
microhabitat temperature heterogeneity influences intertidal organisms’ behaviour and
physiology (Williams & Morritt 1995, Helmuth & Hofmann 2001, Lord et al. 2011,
Chapperon et al. 2017, Moisez et al. 2020), underscoring the importance of fine-scale

temperature differences in shaping species’ performance and tolerance.

The aim of this study is to elucidate the potential association between microhabitat
utilization and local thermal regimes, to provide a framework for understanding how
these factors may influence limpet physiology (e.g., thermal tolerance) in later work.
This stems from evidence that, through thermoregulatory adaptations, recent thermal
history can strongly influence thermal tolerance (Bjelde & Todgham 2013, Verberk et al.
2016, Chapperon et al. 2017, Moisez et al. 2020). Therefore, it is hypothesized that the
variations in microhabitat utilization would yield a negative relationship with
microhabitat temperature, which may dictate species thermoregulation and the
subsequent intraspecific variation in thermal tolerance for both species in a downstream

study.

2.3 Methods

2.3.1 Sample sites and animals

The study examines the utilization of intertidal microhabitats by the two limpet species
mentioned earlier, across three sites located on the East, South, and West coasts of South

Africa (Figure 1.1).
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2.3.2 Near surface thermal regimes

Several temperature data loggers (EnvLogger T2.4, Electricblue, Portugal), encased in
hard grey acrylic, were deployed across three sites in seven high-shore intertidal
microhabitats. These microhabitats included rock pools, crevices, and horizontal as well
as vertical rock surfaces facing the four cardinal directions. An exception was made at
the Three Sisters site, which lacked a suitable crevice microhabitat. To prepare for
logger attachment, sections of rock surface relatively free of algae and other biogenic
materials were cleaned by scraping off any debris with a hammer and chisel. This
process ensured an optimal bond between the substratum and resin. The loggers were
affixed to the rock surfaces using a mixture of Z-spar and epoxy resin, with three loggers
deployed per combination of site and microhabitat, totalling 60 loggers (N) for the study.
These data loggers were programmed to record temperature with a precision of 0.001 °C
at 30 minute intervals using their associated companion application (EnvLogger Viewer,
v1.18), for one year, from 01 June 2019 to 29 February 2020. Due to a temporary
shortage of loggers, however, there was a delayed start of data collection at Three

Sisters, which only began on 26 October 2019.

2.3.3 Sample area selection

To ascertain the microhabitat use of the study species at selected sites, their abundances
within available microhabitats were quantified at each location. Selection criteria for
sample sites included a continuous stretch of rocky intertidal coastline known to have
representative samples of the study species (Chambers & McQuaid 1994, Vat 2000).
Additionally, selected areas measuring 20m along the shore by 20m across the shore,
from high to low intertidal zones, were chosen, ensuring they were not predominantly
covered by sand or characterized by large, deep pools (Table 2.1). This consideration
was crucial, as such features would have greatly impeded the effectiveness of sampling

based solely on visual means.
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2.3.4 Sampling method

Sampling was conducted during the spring low tides of November — December 2019 at
all three sites (13/11 at Zinkwazi, 28/11 at Kommetjie, and 9/12 at Three Sisters), under
clear and sunny weather conditions. Tide information was sourced from the South
African Navy Hydrographic Office. To maximise sampling efficiency, activities
commenced two hours before low tide during the outgoing tide, allowing sufficient time
to complete sampling within a single low-tide period. Microhabitat availability and
limpet species’ abundances were assessed using point-intercept quadrats along transect
lines at each site, following methodologies described by Hill & Wilkinson (2004). Prior
to sampling, two 20m reference lines were established parallel to the coast at each site,
marking the high and low shore sample limits with 50m measuring tapes (Figure 2.1).
The high shore limit was set 1m above the highest observed individual of Siphonaria
capensis, chosen as the reference because it typically occupies higher shore levels than
other intertidal limpets (Chambers & McQuaid 1994), with the low-shore limit

positioned 20m below.

Figure 2.1: Computer-generated image, using (https://www.midjourney.com/explore),
illustrating the use of reference lines (blue) and the direction (yellow arrows)
in which the quadrat and transect line was shifted during the microhabitat use
sampling procedure, with the yellow-shaded area indicating the type of large
sandy area typically avoided.
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Once the reference lines were in place, a 20m measuring tape was laid from the high
shore to the low shoreline to serve as the transect. This tape was then moved sequentially
at 2m intervals, from the 2m to the 18m points along the reference lines, creating a
parallel series of nine transects (Figure 2.1). At each 2m interval along a transect, a 50 x
50cm quadrat, sub-divided into four equal squares with fishing line, was placed so that
the point where the fishing lines crossed aligned precisely with the interval mark. Within
each quadrat, the microhabitats defined in Table 2.1 were identified, and their percentage
cover was visually estimated in each of the four sub-quadrats. The percentages were then
converted to area (cm?) and summed for the entire quadrat. Dividing the quadrat into
four smaller viewing windows reduced the visual field at any one time, allowing more
accurate estimation of microhabitat cover. Slope measurements of the microhabitats

were taken to a precision of 10° using a clinometer.

Table 2.1: Physical descriptions and abbreviations for each microhabitat type.

Type Abbreviation Description

Rock surfaces with an

Horizontal rock HR
orizontatroc incline between 0° - 30°
Rock surfaces with an
Vertical rock VR 1ncl%ne between 71. - 90°,
in all four cardinal
directions
A sli k-lik i
Crevice rock CR slit or pock-like recess in
the rock
Rock pool RP A rock pool < 20cm deep

Rock surfaces with inclines between 31° and 70° were generally not encountered
during the sampling process.

Cardinal directions for VR included north-, south-, east-, and west-facing rock
surfaces.

RP > 20cm deep were avoided. RP depth was determined using a meter stick.

This method, however, presented a limitation when assessing quadrats containing both
horizontal and non-horizontal surfaces, such as crevices and vertical surfaces. Due to the

quadrat’s horizontal alignment and the overhead view adopted for cover estimation
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(Figure 2.2), it was sometimes difficult to accurately gauge the coverage of
non-horizontal surfaces. As shown in Figure 2.2, this resulted in the non-horizontal
surfaces appearing to cover a smaller portion of the area under the quadrat than they

actually did.

Figure 2.2: Computer-generated images, using (https://www.midjourney.com/explore),
illustrating the estimation problem of non-horizontal microhabitats due to
their co-occurrence with horizontal ones in the same quadrat (B and C), in
contrast to quadrats with only horizontal microhabitats (A). 4 - Top view of a
flat rock pool, B - Top view of a rock pool with steep edges, C - Eye-level
view under a quadrat showing a flat rock pool flanked by vertical rock
surfaces. Yellow marks vertical edges and red denotes horizontal surfaces.

Abundances of the study species were then estimated by counting the number of
individuals present in each available microhabitat within each quadrat. The sampling
procedure yielded a final dataset comprising seven variables, including five categorical

ones: species (2 levels), site (3 levels), transect (9 levels), microhabitat (4 levels), and
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quadrat (9 levels). In addition, the dataset contained one discrete, zero-inflated count
variable for occurrences and one continuous, zero-inflated variable for area (cm?).
Zero-inflation in the two numeric variables manifests as pronounced spikes at 0 in their

respective frequency histograms (Figure 2.3).

Figure 2.3: Frequency histograms of the numeric variables generated by the study
sampling procedure.

2.3.5 Statistical analysis

Unless stated otherwise, data analyses and visualisations were conducted using R version
4.4.0 (R Core Team 2021). The analysis of logger data to identify statistical differences
in daytime low-tide temperatures across microhabitats, both within and between sites,
was not feasible due to substantial gaps in the data. These gaps resulted from the
frequent removal of loggers by the public at Zinkwazi and Three Sisters, compounded by
an inability to replace lost loggers and by the delayed arrival of a replacement batch.
Consequently, the reduced number of loggers rendered the dataset insufficient for viable
statistical analysis (Figure 2.4). Logger data were therefore plotted with ggplot from the
ggplot2 package (Wickham 2016) and examined qualitatively after filtering the dataset

to include only the peak two hours of daytime temperature observations. These peak

21



observations, amounting to five per day of available data, were specifically chosen to
focus exclusively on day-time low-tide conditions. All mean temperature records,
termed ‘surface temperature’ throughout, are derived from these peak observations in
this thesis. Critically, such averages alone are not the preferred metric for linking habitat
conditions to species ecology (Helmuth et al. 2006, Sunday et al. 2019, Li et al. 2021).
Mean values, even when taken at peak times, smooth over the brief but intense extremes
that set physiological limits, trigger stress responses, and shape distribution patterns (Li
et al. 2021). For this reason, most studies on ecophysiology favour the inclusion of
absolute daily maxima and minima, which help better represent the full range of thermal
challenges faced by intertidal organisms (Helmuth et al. 2006, Sunday et al. 2019).
Nevertheless, averaging peak low-tide temperatures captures the period of most
pronounced variation in upper temperature extremes among rocky intertidal

microhabitats.
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Figure 2.4: Bar plot showing differences in the number of loggers deployed across
different microhabitats (CR — crevice, HR — horizontal rock, RP — rock pool,
VR _E - east-facing vertical rock, VR N - north-facing vertical rock, VR_S -
south-facing vertical rock, VR_W - west-facing vertical rock), within each
site (ZK - Zinkwazi, TS - Three Sisters, K, - Kommetjie) and season (sum -
Summer, spr - Spring, win - Winter). The deployment date range, following
the extraction of peak daytime temperature data, for each combination of
nominal variables are displayed within the respective bars.

Generalised Linear Mixed Models (GLMMs), all fitted with the function glmmTMB in
the package of the same name (Brooks et al. 2017), were chosen as the final models to
evaluate the influence of the study predictors on the outcomes specified below. GLMMs
are recommended when modelling relationships involving non-normal response
variables and their covariates, especially when the data exhibit dependencies or

hierarchical structure (Bolker et al. 2009). This approach effectively handles the
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variability both within and between groups, providing a more nuanced and accurate

analysis of complex datasets (Bolker et al. 2009).

A Tweedie GLMM, an effective method for analysing zero-inflated continuous data
(Dunn & Smyth 2018), was used to model variation in the response variable area as a
function of microhabitat, irrespective of site. Because equal areas were sampled at each
site, and because variation in area across sites or among microhabitats within sites was
not a primary focus of the current paper, site was excluded from the model. Furthermore,
zero-inflation was not explicitly modelled as a function of any predictors. Instead,
including microhabitat as a predictor in the dispersion component was sufficient to
account for potential overdispersion (Equation 2.1) and zero-inflation, as the Tweedie
distribution naturally accommodates both. Additionally, this model incorporated random

effects for quadrats in the conditional component.

Y, ~ Tweedie(u;, ¢;, 7;,p)

log(p1;) = g + ay Xy + v+ €0
log(¢;) = 0y + 61Xy,
logit(,) = ¢, (2.1)
where

i ~ N(0,07)
v~ N(p;, on), for quadrat j =1, ..., J
In Equation 2.1, Y, represents the response variable area for the i-th observation,
modelled as a Tweedie distribution with mean (1), dispersion (¢,), zero-inflation (1),
and power parameter (p). The model specifies Y; ~ Tweedie(u;, ¢;, 7;, p), where the
mean variation in area is captured by the conditional component as

log(p;) = ag + a; Xy + v, + €;). Here, v, is the random intercept for the j-th level of

Jla
quadrat, o, is the grand intercept, and «; is the regression coefficient for the average
area in different (X ;) microhabitats. The dispersion (¢;) is modelled as

log(¢;) = 0, + 6, X;;, and the zero-inflation probability (7,) is modelled using a logit
link function logit(7;) = (y. The random intercept (v;) follows a normal distribution

v;~ N (1 O jz). The residual variance (¢;)) represents the individual-level variability

not explained by the model, and it is assumed to have a mean of 0 and a variance of 2.
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To analyse the variation in the response variable occurrence in relation to site and
microhabitat, the dataset was divided by species before fitting two separate zero-inflation
Poisson GLMMSs. This approach is an effective way to analyse discrete data with excess
zeros (Zuur & Ieno 2016). The fitting of the conditional component involved
incorporating an offset of log-transformed area, adjusted by adding a small constant to
address zero-inflation in the predictor, and random effects for quadrats. These steps were
taken to control for the effect of area, without explicitly modelling area as a predictor,
and to manage data dependencies on species occurrence. Running two separate models
for each species helped avoid problems typically associated with overly complex
models, such as convergence issues (Barr et al. 2013). Here, zero-inflation in the
response variable was not modelled as dependent on any predictors, instead a uniform
zero-inflation component was applied across all observations in the model

(Equation 2.2). This follows the approach applied to the Tweedie GLMM (Equation 2.1)

without including a dispersion component.

Y, ~ Poisson(\;, ;)
log(A;) = o + oy Xy + o Xy; +10g(A; +6) + v+ €5y
logit(m;) = Go
where
v; ~ N(p,, sz), for quadrat j = 1,...,J

(2.2)

In Equation 2.2, the response variable occurrence for each observation, denoted as Y, is
modelled using a zero-inflated Poisson distribution. The mean of this distribution,
represented as )\, is adjusted for zero-inflation by the factor 7;, formulated as

Y, ~ Poisson(A,, 7;). The model’s grand intercept is defined by «, with the predictors
site (X ;) and microhabitat (X ;) linked to the regression coefficients c; and ay,
respectively. An offset for area is incorporated as log(A; + ¢). The probability of
zero-inflation, ;, is modelled using the logit link function logit(7;) = (,. A random

intercept, v, accounts for variability across the j-th level of quadrat, following a normal

J°
distribution v; ~ N (1 Ny j2). The residual variance (€,;)) represents all unexplained

stochastic variability, assumed to have a mean of 0 and a variance of 2.
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The final structure of the statistical models were generally determined using a
forward-step model selection procedure, facilitated by the Likelihood Ratio Test (LRT),
which can be implemented using the anova function in base R (Zuur et al. 2009).
Initially, null Generalized Linear Models (GLMs), comprising only the conditional
component, were fitted. These models were then progressively modified to increase
complexity by adding interactions between variables, incorporating random effects,
adjusting the distributional component, and including zero-inflation and dispersion
components where required. The goodness of fit between reduced and more complex
models was compared stepwise. Alongside, various statistical and visual model
validation checks were conducted at each step, aiding decisions to either include
additional variables or model terms or to retain the simplest model under scrutiny
(Section A1). Model validation procedures included checks for issues with dispersion,
zero-inflation, significant outliers, significant within-group deviation from uniformity,
and between-group deviation from homogeneity (Section Al). The variable transect was
not included in either of the models represented by the equations. This omission was due
to the unlikely event of along-shore variations in species occurrence within a 20m span

at different sites, which was not a primary focus of this study.

For the Tweedie GLMM on area, post hoc testing was conducted by calculating contrasts
between the estimated marginal means across each level of the categorical predictor.
These post hoc tests were performed using the emmeans function from the package of
the same name (Lenth 2023). To control for type I error inflation, the false discovery rate
(FDR) adjustment method was applied to the p-values. Initial post hoc analysis for the
zero-inflated Poisson GLMMs on species occurrence was carried out using the same
approach as for the Tweedie GLMM. To examine intra-site differences in species
occurrences among microhabitats, however, the data were split by site for each species a
priori due to convergence challenges encountered when attempting to fit models to the
full dataset for each species. This allowed for more reliable parameter estimation and
improved model stability. Models fitted to the data after this split underwent the same
model selection and validation procedure previously discussed, with the objective of

identifying suitable substantive models without including the site variable as a
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predictor.

2.4 Results

2.4.1 Surface temperature

Throughout this study, the overall low-tide surface temperature recorded by all loggers
was 25.1°C, with a range of 36.5°C, spanning from a minimum of 13.5°C to a maximum
of 50°C. Summer emerged as the warmest season with surface temperatures of 28.7°C
(£5.7°C), followed by spring at 26°C (+5.5°C) and winter at 20.4°C (£4.5°C). In terms
of site comparisons, Three Sisters, surprisingly, had the highest recorded low-tide
temperatures, averaging 26.3°C (£5.7°C), closely followed by Zinkwazi at 25.9°C
(£5.6°C), while Kommetjie had the lowest surface temperatures at 24.1°C (£6.7°C).
Analysing differences among microhabitat rock temperatures, regardless of site or
season, the highest surface temperatures were observed on horizontal 27.8°C (£6.7°C),
east-facing 27.2°C (£6.1°C), and north-facing 27.1°C (+6.6°C) vertical rock surfaces,
with negligible differences among these categories. This was followed by west-facing
24.6°C (£5.4°C) and south-facing 24.4°C (£5.9°C) vertical rock surfaces, and crevices
(23.8°C +5.8°C), all of which also differed minimally. Finally, the lowest temperatures

of 22.9°C (£5.6°C) were consistently recorded in rock pools

It is crucial to note the absence of temperature data for Three Sisters during winter, for
crevices at Three Sisters throughout the study, and for rock pools at Three Sisters during
summer (Figure 2.4). When analysing data grouped by season, deviations emerged from
the general trends in low-tide surface temperatures across both sites and microhabitats
(Figure 2.5). During summer, contrary to the general trend of Three Sisters being
warmest, the highest surface temperatures were recorded at both Zinkwazi (28.9 £5.8°C)
and Kommetjie (28.9 £5.6°C), followed by Three Sisters (27.6 £5.6°C). Regarding
microhabitats, the trend deviated slightly: horizontal rocks (31.9 £6°C) remained the

warmest, but north-facing vertical rocks (29.9 +£6.2°C) were warmer than east-facing
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vertical rocks (29.6 £5.4°C), a reversal from the general trend. Crevices (28 £5.3°C),
which were typically cooler than all vertical rocks in the general trend, followed next,
then west- (28 +£4.6°C) and south-facing vertical rocks (27.7 £5°C), with the lowest
temperatures consistently recorded in rock pools (26.2 £5.8°C). In spring, the highest
surface temperatures were also noted at Zinkwazi (27.2 £5°C), deviating again from the
general trend by ranking above Three Sisters (25 £5.5°C), which was followed by
Kommetjie (24.5 £5.6°C). The sequence for microhabitats was horizontal rocks (28.3
+5.6°C), followed by east- (27.9 £6°C), north- (27.4 +£6°C), and south-facing vertical
rocks (26 +£5.3°C), crevices (25 £4.9°C), west-facing vertical rocks (24.3 £3.8°C), and
rock pools (24 £5.4°C). In winter, the general trend for sites was maintained. For
microhabitats, however, the highest temperatures were in east- (23.5 +5.5°C) and
north-facing vertical rocks (23.4 £6.1°C), followed by horizontal rocks (21 +3.5°C),
west-facing vertical rocks (20.6 £5.4°C), rock pools (19.6 £3.4°C), crevices (19.2
+3.4°C), and lastly south-facing vertical rocks (18.9 +2.7°C), which diverged from the

general trend as well.
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Figure 2.5: Violin plots superimposed on box and whisker plots illustrating seasonal
variations (spr - spring; sum - summer; win - winter) in daytime low-tide
temperatures (°C) across microhabitats (CR - crevices, HR - horizontal
surfaces, RP - rock pools, VRE - east-facing vertical surfaces, VRN -
north-facing vertical surfaces, VRS - south-facing vertical surfaces, VRW -
west-facing vertical surfaces) at different sites (zk - Zinkwazi; ts - Three
Sisters; km - Kommetjie). The plot features the mean (blue circles) +
standard deviation, median (central horizontal line), confidence intervals of
the median (box plot notch), interquartile range, as well as minimum and
maximum values (whiskers), and outliers (values falling beyond 3x the
interquartile range) are represented by red symbols.

An analysis of low-tide surface temperatures, comparing different sites within the same
season and contrasting the variations at each site across different seasons, underscored
differences in microhabitat temperature trends (Figure 2.5). For instance, at Zinkwazi

during summer, the highest temperatures were observed on south-facing vertical rock
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surfaces (30.6 £6.4°C). This was followed in descending order by horizontal rock
surfaces (30.5 £6.2°C), rock pools (29.7 £6.7°C), crevices (28.6 £5.7°C), and then east-
(28.6 £5°C), north- (27.3 £4.4°C), and west-facing rock surfaces (27 +£4.1°C). In spring,
however, the temperature hierarchy at Zinkwazi shifted dramatically, with horizontal
rock surfaces emerging as the warmest (29.1 +5.4°C), followed by south- (28.8 +5.3°C),
east- (28.7 £5°C), and north-facing vertical rock surfaces (27.4 £4.5°C), and then rock
pools (27.3 £5.2°C), crevices (26.3 +4.8°C), and west-facing vertical rock surfaces (24.6
+3.2°C) in that order. In stark contrast to Zinkwazi during summer, at Kommetjie, the
highest temperatures were not on south-facing but rather on horizontal rock surfaces
(33.4 £5.5°C), followed by north- (31.3 +£6.4°C), east- (31.3 £5.6°C), and west-facing
vertical rock surfaces (29.7 +4.5°C). Furthermore, at Kommetjie, the lowest temperatures
were observed in rock pools (24.4 +4.3°C), with slightly higher temperatures in
south-facing vertical rocks (27.5 £3.5°C) and crevices (27.6 £5°C). This pattern
markedly differs from that of Zinkwazi, where the lowest rock temperatures in summer

were found in west-, north-, and east-facing vertical rock surfaces (Figure 2.5).

2.4.2 Microhabitat availability

In the zero-inflated Tweedie GLMM (Table 2.2), analysing the variations in area (cm?) as
a function of microhabitat, a significant effect (p < 0.0001) of microhabitat on the

outcome was revealed.

Table 2.2: Analysis results from a zero-inflated Tweedie GLMM assessing variations in
area (cm?) among microhabitats irrespective of site. Microhabitat was treated
as a fixed effect and quadrat as a random effect.

term Chisq Df p.value
(Intercept) 975.7721 1 <0.0001
mh 417.9793 6 <0.0001

Model terms: mh - microhabitat

Horizontal rock surfaces were the dominant feature in the surveyed areas, irrespective of
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site, averaging 1825.6 + 66 cm? of the area in the quadrats used to estimate microhabitat
cover. This difference in area was significantly (p < 0.0001) greater than that of any
other microhabitat (Figure 2.6). This is further reflected in the total area sampled at each
site, with 13.5 m? at Three Sisters, 12.54 m? at Kommetjie, and 10.57 m? at Zinkwazi,

out of a total 22.5 m? (Figure 2.7).

Figure 2.6: Dot and whisker plot showing variations in total area (cm?), represented as
point estimates (+ CI), averaged across all sites for various microhabitats
(CR - crevices, HR - horizontal surfaces, RP - rock pools, VRE - east-facing
vertical surfaces, VRN - north-facing vertical surfaces, VRS - south-facing
vertical surfaces, VRW - west-facing vertical surfaces). Homogenous groups
are shown as lowercase letters.

After horizontal rock surfaces, rock pools, averaging 722.5 + 74.7 cm? per quadrat
(Figure 2.6), constituted the second-largest area regardless of the site. This was
significantly (p < 0.0001) more than the area covered by the remaining microhabitats.
Specifically, rock pools accounted for 5.14 m?, 3.41 m? and 5.82 m? of the sampled area
at Three Sisters, Kommetjie and Zinkwazi, respectively (Figure 2.7). Crevices followed
rock pools in terms of area coverage, comprising a significantly (p < 0.05) greater
amount than all microhabitats except horizontal rocks and rock pools. While crevices

comprised 2.8 m? and 2.17 m? of total area at Zinkwazi and Kommetjie, respectively,
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they were notably absent at Three Sisters (Figure 2.7). When considering the orientation
of vertical rock surfaces as distinct microhabitats, each direction contributed a relatively
minor portion of the total area surveyed at each site, and there were no significant

differences among these microhabitats.

Furthermore, the extremely low variability in area (m?) among quadrats (Table A1)
indicates that including quadrat as a random effect contributes minimal additional
variability to the model intercepts. This was displayed as a negligible variance
component for area in the random effects structure, which suggests that its inclusion
does not significantly improve model fit or explanatory power. Despite this, the random
effect for quadrats was retained to preserve the methodological rationale for addressing

hierarchical data dependencies described in Section 2.3.5.

Figure 2.7: Bar graph showing differences in total area (m?) covered by various
microhabitats (CR - crevices, HR - horizontal surfaces, RP - rock pools, VRE
- east-facing vertical surfaces, VRN - north-facing vertical surfaces, VRS -
south-facing vertical surfaces, VRW - west-facing vertical surfaces) across
sites (Zinkwazi, (zk), Three Sisters (ts), and Kommetjie (km)).
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2.4.3 Microhabitat use

In the two zero-inflated Poisson GLMMs evaluating the occurrence of both species
across sites and microhabitats (Table 2.3), significant main effects (p < 0.0001) were

observed in both models for both species.

Table 2.3: Results from two zero-inflated Poisson GLMMs assessing variations in
Siphonaria capensis and S. serrata occurrences (counts/cm?) separately. Site,
microhabitat, and the log of area (cm?) were treated as fixed effects, while
quadrat was treated as a random intercept.

spp term Chisq Df p.value
(Intercept) 259.3417 1 <0.0001

s¢ site 90.2977 2 <0.0001
mh 146.3526 6 <0.0001

(Intercept) 116.3503 1 <0.0001

ss site 367.2768 2 <0.0001
mh 283.5843 6 <0.0001

Model terms: Spp - Results from separate models split by species, sc - S. capensis, ss - S.
serrata, mh - Microhabitat.

Both study species, Siphonaria capensis and S. serrata, were present at all three sites.
Their overall abundances, however, varied across sites when microhabitat was not
considered (Figure 2.8). At Zinkwazi, both species had low total abundances (S.
capensis, n=19; S. serrata, n=18), particularly when compared to Kommetjie, where the
mean occurrence rate of S. capensis (0.96 + 0.3 counts/cm?, p < 0.0001) and S. serrata
(2.88 £ 1.1 counts/cm?, p < 0.0001) were significantly greater (Figure 2.9). The
occurrence rate of Siphonaria capensis at Three Sisters was significantly higher (p <
0.0001) than at the other two sites (Figure 2.9). Conversely, the mean occurrence of S.
serrata at Three Sisters was significantly lower (p < 0.0001) than at Kommetjie, which
had the highest total abundance, and was not significantly (p = 0.22) different from

Zinkwazi.
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Figure 2.8: Bar graph showing total counts for the species Siphonaria capensis (sc) and
S. serrata (ss) across microhabitats (CR - crevices, HR - horizontal surfaces,
RP - rock pools, VRE - east-facing vertical surfaces, VRN - north-facing
vertical surfaces, VRS - south-facing vertical surfaces, VRW - west-facing
vertical surfaces) at Zinkwazi (zk), Three Sisters (ts) and Kommetjie (km).

Across various microhabitats (Figure 2.8), irrespective of the site, most Siphonaria
capensis individuals were observed on horizontal rocks (n=589), followed by rock pools
(n=178), east- (n=43) and north-facing (n=20) vertical rocks, crevices (n=18), south-
(n=12), and west-facing vertical rocks (n=7). When accounting for the area (cm?) and
the non-independence of data points within quadrats, a slightly different pattern emerged
in the average occurrence rates of S. capensis across microhabitats compared to what
simple comparisons of total abundances suggest (Figure 2.8). The general occurrence
rate of S. capensis on horizontal rocks was significantly lower compared to rock pools (p
<0.0001), east- (p < 0.0001), and north-facing vertical rocks (p < 0.0001), with no
statistical difference observed between horizontal rocks and the remaining microhabitats
(Figure 2.9). In fact, S. capensis had its highest occurrence rates on north- and
east-facing vertical rocks and rock pools, with no significant differences among these

microhabitats (Figure 2.9).
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Figure 2.9: Dot and whisker plot displaying variations in overall occurrence (counts/cm?)
for S. capensis and S. serrata, represented as point estimates (+ CI), across
microhabitats (CR - crevices, HR - horizontal surfaces, RP - rock pools, VRE
- east-facing vertical surfaces, VRN - north-facing vertical surfaces, VRS -
south-facing vertical surfaces, VRW - west-facing vertical surfaces) and sites
at Zinkwazi (zk),Three Sisters (ts), and Kommetjie (km). Homogenous
groups indicated as lowercase letters.

Siphonaria serrata exhibited a slightly different pattern of simple abundance across sites
compared to S. capensis, as shown in Figure 2.8. Similar to S. capensis, S. serrata was
most commonly found on horizontal surfaces (n = 698) and in rock pools (n = 331). This
was followed, in order of decreasing abundance, by crevices (n = 281), north- (n = 85),
south- (n = 82), east- (n = 54), and west-facing vertical surfaces (n = 33). Echoing the
results for S. capensis, there was a slight deviation in the mean occurrence rates for S.
serrata from the pattern shown for simple abundance (Figure 2.9). Specifically, mean
occurrence rates for S. serrata were highest in crevices and on north-facing surfaces,
with no significant difference between these two microhabitats (p = 0.24), rather than on
horizontal surfaces or rock pools. This was indicated by significantly (p < 0.001) greater
occurrence rates of S. serrata in crevices compared to the other microhabitats and

significantly (p < 0.05) greater occurrence rates on north-facing surfaces compared to all
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other microhabitats except east-facing surfaces (Figure 2.9). For the remaining
microhabitats, mean occurrences on east-facing surfaces, rock pools and south-facing
surfaces were not significantly different from each other (Figure 2.9). The occurrence
rates on east-facing surfaces and in rock pools, however, were both significantly greater
than on horizontal and west-facing surfaces. In contrast, mean occurrence rates for S.
serrata on south-facing surfaces were only significantly greater than on west-facing
surfaces and not significantly different from horizontal surfaces. Finally, there were no
significant differences in mean occurrences between horizontal surfaces and west-facing

surfaces, the two microhabitats where mean occurrence of S. serrata was the lowest.

Moderate variability in occurrence (counts/cm?) across quadrats was detected for both
species (Table A2 and A3). Post hoc analysis of the random effects was not conducted,
however, as understanding species occurrence patterns among individual quadrats was
not of direct interest. This is because quadrats were included as random effects solely to
account for within-group non-independence while also preventing overfitting due to its

numerous levels (Section 2.3.5).

The multiple zero-inflated Poisson GLMMs, which assessed variations in occurrence as
a function of microhabitat within each site, revealed significant effects (p < 0.0001) of

microhabitat on the mean occurrence rates for both species at each site (Table 2.4).

36



Table 2.4: Results from five zero-inflated Poisson GLMMs assessing variations in mean
occurrences of both species as a function of microhabitat at each site,
separately. Microhabitat and the log of area were treated as fixed effects,
while quadrat was treated as a random intercept.

spp term site Chisq Df p-value
mh km 35.80291 3 <0.0001

s¢ mh ts 45.62305 5 <0.0001
mh zk 26.94837 1 <0.0001

mh km 54.24069 6 <0.0001

N mh zk 26.94837 1 <0.0001

Model terms: Spp - Results from separate models split by species (sc - Siphonaria capensis,
ss - S. serrata), Site — Results from separate models for each site, km — Kommetjie, ts — Three
Sisters, zk — Zinkwazi, mh - Microhabitat.

2.4.3.1 Microhabitat use at Zinkwazi

Except for two individuals of each species found on horizontal rock surfaces, Siphonaria
capensis (n=17) and S. serrata (n=16) were predominantly found in rock pools, and in
no other microhabitat, at Zinkwazi (Figure 2.8). This was demonstrated by significantly
(p <0.0001) greater mean occurrence rates in rock pools compared to horizontal surfaces
for both species (Figure 2.11). Regarding their distribution across different shore
heights, at Zinkwazi both species were present at all levels (Figure 2.10). S. capensis,
however, was more frequently observed on the mid-shore, while S. serrata was more

commonly found lower down.
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Figure 2.10: Base map illustrating microhabitat coverage (%), shown in the top panel,
and limpet counts, presented in the bottom panel, at Zinkwazi. The species
are denoted as sc for Siphonaria capensis and ss for S. serrata. The
microhabitats are CR - crevices, HR - horizontal surfaces, RP - rock pools,
VRE - east-facing vertical surfaces, VRN - north-facing vertical surfaces,
VRS - south-facing vertical surfaces, VRW - west-facing vertical surfaces.
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Figure 2.11: Dot and whisker plot displaying variations in occurrence (counts/cm?) for S.
capensis and S. serrata, represented as point estimates (+ CI), across
various microhabitats (HR - horizontal surfaces, RP - rock pools) for both
species at Zinkwazi. Homogenous groups are shown as lowercase letters.

2.4.3.2 Microhabitat use at Three Sisters

At Three Sisters, unlike Zinkwazi where both species were predominantly found in rock
pools, Siphonaria capensis was more frequently observed on horizontal rocks than in
any other microhabitat, while S. serrata was found exclusively on west-facing vertical
rock surfaces (Figure 2.8). The prevalence of S. capensis on horizontal rocks was
followed, in descending order of abundance, by east-facing vertical rocks (n=41), rock
pools (n=22), north- (n=20), south- (n=12), and west-facing vertical rock surfaces (n=7),
respectively. Despite the high numbers on horizontal rocks at Three Sisters, north-facing
surfaces, east-facing surfaces and rock pools had significantly (p <0.01) higher mean
occurrence rates than all other microhabitats, and no significant differences among them
(Figure 2.13). Furthermore, mean occurrence rates of S. capensis were not significantly
different among the remaining three microhabitats. This highlights a distinct habitat

preference for S. capensis at Three Sisters. While S. capensis exhibited a distribution
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from high- to mid-shore only, S. serrata was confined to just the one high-shore

microhabitat at Three Sisters (Figure 2.12).
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Figure 2.12: Base map depicting the percentage of microhabitat coverage in the top
panel and the distribution of limpet populations in the bottom panel at Three
Sisters. The species are indicated as sc for Siphonaria capensis and ss for S.
serrata. The microhabitats are CR - crevices, HR - horizontal surfaces, RP -
rock pools, VRE - east-facing vertical surfaces, VRN - north-facing vertical
surfaces, VRS - south-facing vertical surfaces, VRW - west-facing vertical
surfaces.
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Figure 2.13: Dot and whisker plot displaying variations in occurrence (counts/cm?),
represented as point estimates (= CI), across various microhabitats (HR -
horizontal surfaces, RP - rock pools, VRE - east-facing vertical surfaces,
VRN - north-facing vertical surfaces, VRS - south-facing vertical surfaces,
VRW - west-facing vertical surfaces) for S. capensis at Three Sisters.
Homogenous groups are shown as lowercase letters.

2.4.3.3 Microhabitat use at Kommetjie

The vertical distribution of Siphonaria capensis and S. serrata at Kommetjie mirrored
that at Zinkwazi, in that both species occupied all shore levels (Figure 2.14). S. serrata
was, however, more abundant in the mid- to low-shore zones, primarily on horizontal
rock surfaces and in rock pools (Figure 2.8). In contrast, S. capensis favoured high- to
mid-shore zones (Figure 2.14), most notably in rock pools, while also appearing to a
lesser extent on horizontal rock surfaces (Figure 2.8). S. serrata was also found in
crevices (n=281) and across various vertical rock surfaces, with north (n=85), south
(n=82), east (n=54), and west (n=26) orientations. Conversely, S. capensis was mainly
confined to crevices (n=18) and east-facing vertical rocks (n=2), while being absent on
north-, south-, and west-facing vertical microhabitats. Reflecting the findings from

Three Sisters, there were deviations in the pattern for S. capensis occurrence rates and
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total abundances among microhabitats (Figure 2.15). At Kommetjie, S. capensis had
significantly (p < 0.01) higher occurrence rates on east-facing surfaces and in rock pools
than on horizontal surfaces and in crevices, with no significant differences between
microhabitats within each pair. For S. serrata, mean occurrence rates on north-facing
surfaces, east-facing surfaces, and in rock pools were significantly greater (p < 0.05)
than on the remaining microhabitats, with no significant differences among these three
(Figure 2.15). Additionally, there were no significant differences in mean occurrence

rates of S. serrata in the remaining microhabitats.
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Figure 2.14: Base map displaying the percent microhabitat cover in the top panel and the
distribution of limpet populations in the bottom panel at Kommetjie. The
species are indicated as sc for Siphonaria capensis and ss for S. serrata.
microhabitats are abbreviated as: HR - horizontal surfaces, RP - rock pools,
VRE - east-facing vertical surfaces, VRN - north-facing vertical surfaces,
VRS - south-facing vertical surfaces, VRW - west-facing vertical surfaces.

44



Figure 2.15: Dot and whisker plot showing variations in occurrence (counts/cm?),
represented as point estimates (+ CI), as a function of microhabitat (CR -
crevices, HR - horizontal surfaces, RP - rock pools, VRE - east-facing
vertical surfaces, VRN - north-facing vertical surfaces, VRS - south-facing
vertical surfaces, VRW - west-facing vertical surfaces) for both species at
Kommetjie. Homogenous groups are shown as lowercase letters.

2.5 Discussion

2.5.1 Overview and guiding hypotheses

This chapter investigated patterns in microhabitat utilisation by the pulmonate limpets
Siphonaria capensis and S. serrata at Zinkwazi, Three Sisters and Kommetjie on the
East, South, and West coasts of South Africa, respectively. The primary objectives were
to determine how these limpets are distributed among different microhabitats based on
the thermal properties of these habitats and to relate these patterns to their potential
physiological responses in subsequent studies. I predicted a negative relationship
between limpet occurrence and stressful microhabitat thermal regimes, which should

subsequently manifest as a reduced reliance on physiological adaptations to heat stress.
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If the results showed a positive relationship between microhabitat utilization and

stressful thermal regimes, then these predictions would not hold true.

2.5.2 Summary of key findings

The study found noteworthy variations in low-tide temperatures across different
microhabitats and sites. Three Sisters had the highest average low-tide temperatures,
while the lowest were recorded at Kommetjie. In descending order, the general trend for
temperatures recorded among microhabitats was horizontal surfaces, east-, north-, west-,
and south-facing vertical surfaces, crevices, and rock pools. These patterns, however,
varied between seasons for sites and there were within-season and site variations in the
trend for microhabitats. For instance, during summer, instead of the highest temperatures
being recorded at Three Sisters, they were tied at Zinkwazi and Kommetjie, whereas the
lowest were at Three Sisters. During summer at Kommetjie, the microhabitat
temperature trend largely aligned with the general trend, except that north-facing vertical
surfaces were warmer than east-facing ones, and crevices were warmer than south-facing
vertical surfaces. This was not the case, however, for the trend in temperatures recorded
among microhabitats during summer at Zinkwazi. Here, the highest temperatures were
recorded on south-facing vertical surfaces, followed by horizontal surfaces, rock pools,
crevices, east-, north-, and west-facing vertical rocks. Due to gaps in the temperature
data for Three Sisters during summer, particularly for crevices and south-facing surfaces,
making comparisons of temperature patterns among microhabitats involving Three
Sisters was difficult. Aside from these omissions, however, the pattern of temperature

variation among microhabitats at Three Sisters was identical to Kommetjie.

Horizontal rock surfaces were the most prevalent microhabitat at each site, covering
significantly more area than other types. Rock pools followed, covering the
second-largest area, while crevices were less common. Vertical rock surfaces,
characterized by direction, contributed minor portions to the total surveyed area with no
significant differences among them. Both S. capensis and S. serrata were present at all

three sites, but their abundances, that is number per unit area, varied. They were both
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rare at Zinkwazi. The highest abundances of S. capensis were observed at Three Sisters,
while S. serrata had its highest abundance at Kommetjie. S. capensis showed higher
occurrence rates in rock pools and on east- and north-facing vertical rocks at Kommetjie
and Three Sisters, and in rock pools at Zinkwazi. S. serrata occurrence rates were also
highest in rock pools at Zinkwazi. It was only found on west-facing vertical surfaces at
Three Sisters and, like S. capensis, was predominantly found in rock pools and on east-

and north-facing vertical rocks at Kommetjie.

2.5.3 Microhabitat availability

Research explicitly quantifying differences in the area covered by intertidal rocky shore
microhabitats, as defined in this study, is largely unavailable. The findings from this
study deviate from those in a similar study by Garrity (1984) conducted on rocky shores
off the Pacific mouth of the Panama Canal. In both studies, it was found that the largest
area of the rocky intertidal sample sites consisted of horizontal rock surfaces. Unlike the
current study, however, Garrity (1984) found that horizontal surfaces were followed by
vertical surfaces, crevices, and rock pools in terms of area coverage. Note that the
criteria used to define horizontal surfaces in the current study were used to distinguish
horizontal from sloped surfaces by Garrity (1984). Furthermore, the lower ranking of
vertical surfaces in the trend for microhabitat cover in the current study is likely due to
Garrity (1984) treating vertical surfaces as a single microhabitat irrespective of cardinal

direction, whereas cardinal direction was considered in the current study.

2.5.4 Near surface thermal regimes

2.5.4.1 Near-surface temperatures defy the regional air/sea-temperature gradient

The overall trend in broad geographical, emerged intertidal rock temperatures for the
current study, derived from summary statistics without performing any statistical

analyses, differs from the general trend of increasing surface temperatures from the West
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to the East coast of South Africa (Griffiths et al. 2010, Smit et al. 2013, Tagliarolo et al.
2016, Lathlean et al. 2017). Most research contrasting thermal regimes along the South
African coastline does not distinguish aerial or sea-surface temperatures from
temperatures recorded near the surface of emerged intertidal rocks (Smit et al. 2013,
Tagliarolo et al. 2016). In Tagliarolo et al. (2016), where the aerial component of
temperature logger data was explicitly isolated, the average temperature data logged near
intertidal rock surfaces indicated insignificant differences in general surface temperature
among the West, South, and East coasts of South Africa. Studies like the current one and
that by Tagliarolo et al. (2016), where the surface temperature was isolated and analysed,
are likely to display patterns in broad geographic thermal trends that differ from most

previous research of this type in South Africa.

2.5.4.2 Local atmosphere and geomorphology affect site-specific temperatures

Central to this difference between the two types of studies are the more consistent
thermal profiles observed in datasets consisting entirely of temperature data for
submerged environments or for a combination of submerged and emerged environments,
resulting from the distinct oceanographic features of each coast (Lutjeharms et al. 2000,
Fawcett 2006, Griffiths et al. 2010). These attributes include the combined cooling
effects of the Benguela current and frequent upwelling along the West coast, compared
to the South and East coasts, where upwelling is less frequent and the influence of cold
currents is less prominent, or where upwelling is scarce and the nearshore Agulhas
current is warm, respectively (Andrews & Hutchings 1980, Lutjeharms 2006, Smit et al.
2013, Tagliarolo et al. 2016). In contrast, the more complex patterns observed in surface
temperature data for South African coasts could be attributed to several factors. These
include variations in local atmospheric conditions such as rain, fog, cloud cover, timing
of low tide at different latitudes, and wind intensity, as well as disparities in intertidal
rock characteristics like varying rock porosity or albedo (Dower 1989, Helmuth 1998,
Vat 2000, Harley 2008, Helmuth et al. 2011, Zhao et al. 2015, Helmuth et al. 2016,

Putra et al. 2023). Additionally, fluctuations in the overall slopes and orientation of the
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intertidal rocky shores at each site, along with their interaction with the average angles of
solar radiation, also play a significant role (Zhao et al. 2015, Barbosa et al. 2022, Putra
et al. 2023). These factors have previously been shown to drive large-scale variations in
the thermal characteristics of environmental substrata. The unexpectedly higher overall
temperatures at Three Sisters compared to Zinkwazi in the current study may thus be
attributed to the interplay of local atmospheric conditions and rocky shore
characteristics, with the likely greater overall rainfall at Zinkwazi during the sample
period potentially playing a central role (Reason et al. 2006, Griftiths et al. 2010, Jury
2013, Mashao et al. 2023, Tim et al. 2023).

2.5.4.3 Seasonal modifiers of coastal thermal patterns

The misalignment of season-mediated shifts in the general thermal patterns among
coasts in this study with the more consistent patterns across seasons observed in previous
research (Andrews & Hutchings 1980, Lutjeharms et al. 2000, Smit et al. 2013) can be
attributed to some of the aforementioned factors. For example, seasonal shifts in average
cloud cover or wind intensity can differentially modulate the amount of solar radiation
reaching the intertidal zone or influence the amount of heat transferred from the air to the
rock surfaces, thus affecting rock temperatures to different degrees across seasons along
the coast (Harley 2008, Choi et al. 2019, Mieszkowska et al. 2021). The interaction of
wind with sand surrounding the intertidal zone can further impact the amount of heat
transferred to intertidal rocks. By retaining greater levels of moisture during low tide
compared to exposed rock surfaces, sand inundation is known to reduce intertidal rock
temperatures (Branch 1976, Dower 1989). Fluctuating wind patterns associated with
various seasons can differentially alter the degree of sand inundation at a site (Colosimo
et al. 2020). Furthermore, as mentioned earlier in this paragraph, the angle at which
solar radiation strikes a surface also has a notable effect on the magnitude of heat energy
transferred to that surface. Surfaces angled perpendicularly to the sun at any given time
receive greater solar energy input than surfaces angled away from the sun (Putra et al.

2023). This effect can vary seasonally as the sun’s path changes, altering which slopes
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receive more direct sunlight (Putra et al. 2023).

2.5.4.4 Thermal regime differences between rock pools and crevices

When considering general patterns in high-shore microhabitat thermal regimes
irrespective of site and season, the findings from this study deviate only slightly from
those in Garrity (1984) and Williams & Morritt (1995). For instance, in contrast to the
current study, Garrity (1984) recorded greater surface temperatures in rock pools than in
crevices, but the trend in surface temperature for the remaining microhabitats matched
that of the current study. Without detailed information regarding the geomorphological
features of either rock pools or crevices sampled in both studies, it is challenging to
determine accurately the possible reasons for the discrepancies between studies. This
challenge is further compounded by the fact that I could find no previous research on
intra-microhabitat variations in temperature among crevices. Previous research on rock
pools (Morris & Taylor 1983, Legrand et al. 2018, Buasakaew et al. 2021) however
suggests that the discrepancies in the placement of rock pools in patterns of
inter-microhabitat thermal regime for each study may be driven by differences in surface
temperature associated with variations in the dimensions of the rock pools sampled in the
different studies. Morris & Taylor (1983) also note that rock pool temperature in deep
pools, as defined in (Table 2.1) of this chapter, is influenced by the depth at which the

temperature logger is placed in the pool.

2.5.4.5 Aspect and wave splash influence vertical surface thermal profiles

In their study where aspect-influenced differences in thermal profiles among vertical
surfaces were also considered, Williams & Morritt (1995) found that east-facing vertical
surfaces generally served as thermal refuges at their four sample sites. In contrast, the
current study identified east-facing surfaces as having some of the highest temperatures.
Differences among studies in the thermal profiles of vertical microhabitats can be

attributed to the interplay between temporal and site-specific factors, the latter of which

50



was not considered in the study by Williams & Morritt (1995). For instance, east-facing
surfaces are typically cooler than west-facing surfaces because they receive higher solar
irradiance in the morning, when temperatures are generally lower than in the afternoon,
when west-facing surfaces receive peak solar irradiance (Putra et al. 2023).
Furthermore, changes in the overall shoreline aspect relative to the sea and the cooling
effect of wave splash on surfaces facing the sea can influence thermal profiles among
vertical microhabitats (McQuaid & Branch 1984, Harley 2008, Mieszkowska et al.
2021, Hayes et al. 2024). At the wave-exposed Zinkwazi, the relatively low
temperatures recorded on east-facing surfaces were likely due to the combined effects of
peak solar exposure coinciding with cooler morning conditions, frequent wave splash,
and the general seaward orientation of these surfaces. Conversely, when these surfaces
are angled away from the sea or where wave activity and splash are relatively limited, as
observed at Kommetjie and, to a lesser extent, Three Sisters, they tend to exhibit

comparatively higher temperatures.

2.5.5 Species distribution patterns

2.5.5.1 Decoupling of abundance patterns from the regional temperature gradient

The patterns of abundance for both species were not aligned with the large-scale, average
surface temperature gradient across sites in the current study. It is important to note that
with only one site sampled per region, no conclusions can be drawn about the broader
effects of coastal regions or biogeography. Nonetheless, along the South African coast,
Siphonaria serrata exhibited patterns of distribution consistent with patterns of general
rocky shore biota abundance observed in the study by Bustamante et al. (1997). In their
research on the effects of physical factors on the distribution of South African rocky
shore communities, Bustamante et al. (1997) described a general decrease in biomass of
these communities from the West to East coasts of South Africa. This trend correlates
with similar gradients of nutrient availability and intertidal epilithic microalgae biomass,

as well as the inverse gradient of average sea water temperatures along the South African
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coast (Bustamante et al. 1997). It differs, however, from the findings for S. capensis in
the current study, where abundance peaked at the site, Three Sisters, on the South

coast.

2.5.5.2 Within-site effects modulate regional abundance gradients

The discrepancy in the abundance pattern of S. capensis in the current study compared to
the general patterns reported in other studies cannot be attributed to biogeographical
effects due to key limitations in sampling methodology, particularly the selection of only
one site per region. Instead, site-specific factors likely played a significant role. For
instance, the lower biomass of S. capensis at the West coast site compared to the South
coast site in this study may be due to the fact that Kommetjie is a sheltered site (Tucker
et al. 2017, Rensburg et al. 2021), whereas Three Sisters is an exposed site (Dower
1989, Garner 2013), respectively. As shown in studies by McQuaid & Branch (1984)
and Bustamante et al. (1997), wave-exposed sites generally maintain higher intertidal
organism biomass regardless of region. The differing effects of sheltered versus exposed
sites on the biomass of S. serrata compared to S. capensis may result from the
interaction of wave-exposure with the general patterns of vertical shore distribution of
these species. Bustamante et al. (1997) demonstrated that intertidal organism biomass
decreases exponentially with shore height on sheltered shores and peaks at mid-shore on
exposed shores. Consequently, as the general consensus from both the current study and
earlier research (Chambers 1995, Hodgson 1999) that S. capensis typically occupies
higher shore zones than S. serrata, wave exposure is likely to have a greater impact on
the overall biomass of S. capensis compared to S. serrata. Therefore, within-shore
effects play a significant role in shaping the patterns of occurrence of the sample species
among sites along the South African coast. Further evidence supporting this is provided
by Chambers (1995). In his doctoral dissertation on the ecological and phylogenetic
influences on the reproductive strategies and evolution of Siphonaria species, he found
no substantial differences in biomass for species between the South and East coasts. This

contrasts with what would be expected if large-scale patterns of occurrence followed the
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general thermal regime gradient along South Africa’s coast.

2.5.5.3 Site-specific shifts in temperature mediated micro-scale distribution

patterns

Micro-scale variations in day-time intertidal rock temperatures can be substantial,
sometimes exceeding those observed over larger geographic distances (Helmuth et al.
2006, Denny et al. 2011, Janetzki et al. 2021). This is driven by discrepancies between
the temperatures of exposed rock surfaces and the surrounding air, with differences often
exceeding 15°C, with rock temperatures generally being higher (Bertness 1989, Helmuth
1998, Helmuth & Hofmann 2001, Judge et al. 2018, but see Wang et al. 2020). Because
the body temperatures of intertidal gastropods, including limpets, are closely correlated
with the temperatures of the rock surfaces they inhabit, these variations can significantly
influence their within-shore distribution patterns across different microhabitats (Denny
& Harley 2006, Fraser et al. 2016, Pound et al. 2020, Moisez et al. 2020, Janetzki et al.
2021). Many studies indicate that intertidal gastropods either prefer, are more common
in, or perform better in cooler microhabitats (Denny & Harley 2006, Pound et al. 2020,
Janetzki et al. 2021), suggesting a potential negative correlation between gastropod
abundance and microhabitat temperature. In contrast, findings from this study
demonstrate that, although microhabitat temperature influenced limpet distribution, there
was no consistent pattern linking limpet abundance to the thermal conditions of those
microhabitats. Whether the limpets were more common in warmer or cooler
microhabitats varied depending on the sample site. For example, Siphonaria capensis
was equally abundant in two warm and one cool microhabitat at Kommetjie and it was
most abundant in a warm microhabitat at Zinkwazi. Similarly, S. serrata was equally
abundant in two warm and one cool microhabitat at Kommetjie, most abundant in a cool
microhabitat at Three Sisters, and most abundant in a warm microhabitat at Zinkwazi. In
their study on Littorina littorea and Patella vulgata, Moisez et al. (2020) observed
comparable results to those of this study, though instead of site-dependent effects on the

patterns of occurrence, they found that both species exhibited season-dependent
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preferences for microhabitats based on their thermal conditions. Namely, they showed
that both species favoured warmer microhabitats during cooler months and cooler

microhabitats during warmer months. In the present study, however, both species were
equally likely to occur in warm or cool microhabitats at the coolest site but were more

common in intermediate to cool microhabitats at the warmer site.

2.5.5.4 Life-stage effects on microhabitat use

As discussed in Moisez et al. (2020), a preference for cooler microhabitats when
atmospheric conditions are warm may be an active avoidance of lethal or sub-lethal
temperatures, which can be transferred to them by conduction from the warm substrate
to the gastropod’s foot. A weaker preference for cooler microhabitats, on the other hand,
at cool sites may be driven by several interacting factors. Foremost among these are
ontogeny-based differences in patterns of microhabitat occurrence. For instance, text
from Chambers (1995) implies that ontogeny-related differences in food preferences
could lead to interspecific differences in microhabitat preferences for Siphonaria serrata
in the mid-intertidal zone. Specifically, juvenile S. serrata were more common in
crustose rock pools, whereas adults were more frequently found on bare rocks. Although
data correlating ontogeny and microhabitat were not quantitatively analysed for the
current study, small individuals of both species were predominantly confined to rock
pools (pers. obs.). This observation aligns with previous research (Diederich & Pechenik
2013, Truebano et al. 2018, Delorme et al. 2024) and suggests that ontogeny may have
influenced microhabitat distribution in the study species, potentially shaping their
distribution among thermally variable microhabitats. Other factors contributing to the
patterns of occurrence at the cooler site may include a reduced incentive for limpets to
avoid warmer microhabitats because they possess larger thermal safety margins, i.e., a
wider temperature buffer between their upper thermal limit and routine body
temperatures (Liao et al. 2021, Leeuwis & Gamperl 2022), lower post-settlement
mortality in warmer microhabitats (Wethey 1983, Lathlean & Minchinton 2012), and

possibly due to reduced localized thermal stress, as well as interspecific variations in
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their morphological and physiological adaptations to thermal stress (Vermeij 1972,
Harley et al. 2009, Sangphueak et al. 2024).

2.5.6 Methodological constraints and potential solutions

2.5.6.1 Unmeasured confounders

For a chapter primarily aimed at determining whether the microhabitat distribution
patterns of the study species were correlated with intertidal microhabitat thermal
regimes, other factors such as food availability (Chambers & McQuaid 1994, Thompson
et al. 2000, Lord et al. 2011, Monaco et al. 2016), which can confound temperature
effects on species distribution, were not sufficiently considered during sampling and
analysis. Addressing such a variable would require prior knowledge of the food sources
relevant to the study animals, followed by the recording and analysis of presence,
absence or coverage data. This, however, would further increase the sampling effort
needed to collect sufficient data, a challenge commonly encountered with the traditional
sampling methods used in the current chapter (Godet et al. 2009, Casal et al. 2013,
Rhodes et al. 2015, Estes et al. 2018).

2.5.6.2 Limits of traditional sampling techniques

As highlighted by others (Casal et al. 2013, Estes et al. 2018, Balado et al. 2021),
conventional sampling techniques largely based on the use of point quadrats, transects,
and manual counts of target spatial features and organisms, either in situ or from
photographs taken with hand-held cameras, are often time-consuming and labour
intensive. Consequently, for intertidal data that must be collected within a single
low-tide event to be considered a complete sampling effort (Miller & Ambrose 2000),
accounting for an exhaustive list of potentially confounding variables and groups per
variable would not have been feasible. Several studies suggest using modern image data

collection and processing techniques to enhance the sampling and analysis of species
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distribution (Weinstein 2018, Wildchen & Méider 2018, D’Urban Jackson et al. 2020,
Barbosa et al. 2022, Tallam et al. 2023). These methods include the use of equipment
such as unmanned aerial vehicles equipped with ventrally mounted cameras for rapid
and autonomous data capture, and image processing techniques that apply
photogrammetry alongside advanced computer vision systems for rapid object

identification and counting.

2.5.6.3 Benefits of advanced sampling techniques

Implementing these methods in future studies could enable more frequent sampling
across seasons and at multiple sites on each coast (East, West, and South), potentially
allowing for statistically robust inferences regarding variations in patterns of species
microhabitat distribution among coasts and across seasons (Weinstein 2018, Barbosa et
al. 2022). In the current study, data were collected from one site per coast during a single
sampling event in summer. While the primary aim of this work was to investigate
microhabitat utilization patterns across sites, expanding sampling efforts across
additional sites and seasons would enhance the representation of each coast and allow
additional conclusions to be drawn regarding spatiotemporal variability in these patterns.
Moreover, due to data gaps arising from challenges detailed in Section 2.3.5, statistical
analyses on the temperature logger data were limited. Future studies on similar topics
must consider prioritizing the early availability of, and sufficient redundancy in,
hardware and equipment to avoid the issues encountered in the current study, such as the

frequent loss of key hardware components like the temperature loggers.

2.5.7 Linking physiology with micro-scale distribution

The use of microhabitats by intertidal organisms has been extensively studied by
numerous researchers (Garrity 1984, Raimondi 1990, Vat 2000, Helmuth & Hofmann
2001, Lord et al. 2011), with some attributing their distribution to microscale variations

in heat stress (Pound et al. 2020, Moisez et al. 2020, Janetzki et al. 2021) and associated
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performance limits (Lord et al. 2011, Chapperon et al. 2017, Han et al. 2020, Moisez et
al. 2020). Additionally, a closely related body of research has explored hypometabolism
in several marine organisms and its relationship with prevailing environmental
conditions (Newell 1969, Marshall & McQuaid 1991, 2020, Guppy & Withers 2007,
Verberk et al. 2016). By identifying species’ microscale distribution patterns and linking
these to within-shore temperature variability, the current chapter lays the groundwork for

investigating how these thermal landscapes translate into physiological tolerance.

2.5.8 Conclusion

Based on the findings presented here, I fail to reject the hypothesis that a negative
relationship exists between the microhabitat utilization of the sample species and warm,
intertidal microhabitat thermal regimes. Specifically, both species were more frequently
found in thermally benign microhabitats, such as rock pools and crevices. Their
distributions, however, were not entirely confined to these areas, suggesting variability in
their responses to thermal stress. In conclusion, the findings from this chapter support the
claim that variable environmental conditions at the micro-scale influence the distribution
of pulmonate limpets. The implications of these patterns for physiological responses,

including hypometabolism and thermal tolerance, will be addressed in a later chapter.
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Chapter 3

Microhabitat preference analysis

3.1 Abstract

Behavioural refuge selection can mitigate the thermal extremes that intertidal ectotherms
face within the fine-scale mosaics described in Chapter 2, yet the strength and
consistency of such preferences remain insufficiently resolved. I quantified daytime
low-tide microhabitat preference and homing tendencies in the pulmonate limpets
Siphonaria capensis and S. serrata during winter and summer, on the rocky shores at
Kommetjie and Zinkwazi, in South Africa. This was done to test whether risk-avoidance
(preference for cool refugia) outweighs endurance strategies (i.e., persistence in warmer
microhabitats). Using a multi-state capture—mark—recapture sampling design 6 822
individuals were marked across all sample microhabitats (Chapter 2), yielding 3 633
recovered individuals, located after a two week dispersal period, for the analysis of
homing behaviour. Zero-inflated Beta-binomial GLMMs showed that the proportion of
recaptured S. serrata, but not S. capensis, depended on relocation direction, while a
Binomial GLM revealed strong homing in both species that was weaker under
displacement and differed among species-treatment combinations. Furthermore,
Multinomial GLMs revealed significant preferences for crevices in both species with
only minor site- and season-specific exceptions. Taken together, these findings
demonstrate non-random, risk-averse microhabitat selection coupled with high site

fidelity, reinforcing the proposition that refuge selection underpins limpet resilience and

58



providing essential context for analyses of their physiological responses to climate

warming.

3.2 Introduction

The rocky intertidal zone presents a myriad of environmental stressors, systematically
arranged along a pronounced vertical gradient (Helmuth 2002, Harley & Helmuth 2003,
Little et al. 2009). These include, but are not limited to, wave-induced mechanical stress,
marked risk of desiccation, competition for resources, predation pressure, and severe
temperature fluctuations (Little et al. 2009). The stressor-generated effects on intertidal
fauna are generally dictated by vertical shore position, that is, competition,
hydrodynamic forces and predation decrease with increasing elevation, while desiccation
and thermal stressors increase simultaneously (Denny & Harley 2006, Finke et al. 2007,
Little et al. 2009). Consequently, distribution limits for animals in the high and low
shore regions of the intertidal zone are differentially influenced by the interplay of these
biotic and abiotic stressors (Harley & Helmuth 2003, Portner & Farrell 2008, Miller et
al. 2009, Robles et al. 2009, Little et al. 2009).

Rocky intertidal environments, being topographically complex and varied, offer a variety
of habitats with relatively homogeneous biophysical attributes at spatial scales
particularly pertinent to the resident macrofauna (Morris 1987). Through differential
habitat utilization, these microhabitats not only confer varying degrees of protection
against environmental stressors but also facilitate access to preferred trophic resources
for organisms (Mackay & Underwood 1977, Pinna et al. 2012, Martinez-Laiz et al.
2018). Given this, the intricacy of the topography of many rocky intertidal systems can
modulate an otherwise stark vertical gradient in stressors (Monaco et al. 2015, Monaco
et al. 2017, Rensburg et al. 2021), thus, further complicating species distribution

patterns across these intertidal environments.

Among the physical stressors, this study emphasizes thermal stress, as it is known to

have a direct influence on species physiology and distributions (Angilletta 2009, Monaco
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et al. 2015, Moyen et al. 2020, Dong et al. 2021, Li et al. 2021), and is expected to have
even stronger effects on species due to the projected anthropogenic increase in global
temperatures of 1-4°C by the end of the 21st century (IPCC 2018). Elevated temperatures
can compromise various biological processes, such as organismal metabolism (Ganser et
al. 2015, Tagliarolo et al. 2018, Somero 2020), phenological events (Pankhurst &
Munday 2011, Paxton et al. 2016) and reproductive capabilities (Tropea et al. 2015,
Wright et al. 2017), potentially leading to reduced aquatic animal viability (Somero
2010). This 1s especially true in low-latitude regions, where acclimation capacities are
generally diminished due to relatively warm yet stable macrohabitat thermal regimes
(Stillman & Somero 1996, Deutsch et al. 2008, Nguyen et al. 2011, Faulkner et al. 2014,
Campos et al. 2021). Such concerns are also significant in fringe aquatic environments
like the rocky intertidal, where inhabitants typically possess narrow thermal safety
margins. Because the vast majority of intertidal species have marine origins, they are
especially vulnerable to high air temperatures, leaving them susceptible to increased

thermal stress (Vinagre et al. 2019, Campos et al. 2021, Dong et al. 2021).

Characterized by their intricate topography, rocky intertidal environments form
thermally heterogeneous landscapes during low tide exposure (Lathlean et al. 2015,
Lathlean et al. 2017, Dong et al. 2017). During low tide, organisms within these
environments frequently endure rapid temperature increases that often exceed 20°C
before re-submersion, a fluctuation primarily governed by factors such as tidal elevation
and microhabitat characteristics (Lathlean et al. 2011, Gunderson et al. 2019, Moisez et
al. 2020). Notably, the body temperatures of marine ectotherms, including sessile and
sedentary species such as mussels, barnacles, and limpets, are closely aligned with rock
substratum temperatures, as they gain most of their heat from the substratum rather than
the direct effects of insolation (Garrity 1984, Chapperon & Seuront 2011, Hayford et al.
2021). This results in the formation of thermal stress gradients across available
microhabitats, with temperature differences within-shores often reported to be more
intense than those experienced by intertidal ectotherms separated by thousands of
kilometres (Denny & Dowd 2012, Marshall et al. 2015, Monaco et al. 2015, Seabra et al.

2015). This emphasizes the importance of thermoregulatory adaptations, such as altered
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reproductive seasonality (Pinchuk et al. 2008, Riesgo & Maldonado 2008), geographic
range shifts (Mieszkowska et al. 2006, Wethey & Woodin 2008, Lenoir & Svenning
2015), enhanced thermal-tolerance physiology (Ravaux et al. 2016, Harada & Burton
2019), and, most crucially for the current study, active selection of thermal refugia in the
intertidal environment (Jones & Boulding 1999, Cartwright & Williams 2012, Monaco et
al. 2015, Hayford et al. 2021, Lam et al. 2022).

Active habitat selection, referred to as microhabitat preference throughout this study,
denotes a deliberate choice by animals consistently to occupy specific environments
from among several other possibilities (Krebs & Davies 1987, Herrendorfer 1993,
Crowe & Underwood 1998). This behavioural trait exhibits ontogenetic shifts,
size-dependent differentiation and multiscale spatial variation (Olabarria et al. 2002,
Monaco et al. 2015, Lam et al. 2022). Importantly, microhabitat preference is not
merely a consequence of differential mortality rates reducing populations in less
desirable habitats (Levins 1968, Russo 1987), but rather an active selection of favourable
sites. Furthermore, it is crucial to distinguish this concept from the closely associated
ideas of microhabitat use and microsite fidelity. The former, microhabitat use, is
characterized by passive access to microhabitats, primarily dictated by physical
microscale barriers — essentially, “there is no choice and therefore no preference”
(Olabarria et al. 2002, p 160). Conversely, microsite fidelity, which is typically referred
to as “homing,” represents an organism’s repeated return to the same location,
transcending a simple preference for a certain type of microhabitat, thus demonstrating a
higher degree of specificity in the organism’s habitat selection strategy (Santina 1994,

Gray & Hodgson 1998, Nuiiez et al. 2014).

My focus centers on the daytime low-tide microhabitat preferences of adult Siphonaria
capensis and S. serrata at the chosen sampling sites (Chapter 2), using a multi-state
capture-mark-recapture (CMR) study design (Lebreton et al. 1992, Brownie et al. 1993,
Nichols & Kendall 1995). This approach allows for the investigation of disparities in
survival rates stemming from variability in intertidal conditions and the likelihood of

transitions among different habitat types by employing individual-specific data (Brownie
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et al. 1993, Nichols & Kendall 1995). Prior research on microhabitat use by the study
species indicates potential differences in overall preferences, with S. capensis seemingly
favouring shallow rock pools supporting crustose macroalgae and S. serrata
demonstrating an inclination for crevices (Branch & Cherry 1985, Chambers &
McQuaid 1994). Contemporary research presents compelling evidence linking numerous
ecological factors to microhabitat selection patterns in intertidal organisms,
encompassing size-related effects (Kovach & Tallmon 2010, Monaco et al. 2015),
responses to vertical zonation (Monaco et al. 2015), food availability (Pinna et al. 2012,
Martinez-Laiz et al. 2018), and adjustments to seasonal climatic shifts (Cartwright &
Williams 2012). The underlying mechanisms regulating these environmental processes
include diverse sensory modalities that help intertidal ectotherms navigate complex
environments and optimize their habitat selection (Doering & Phillips 1983, Perea et al.

2007, Pinna et al. 2012, Camacho & Thacker 2013, Lam et al. 2022).

Building on Chapter 2, which established the relationship between microhabitat
temperature heterogeneity and species occurrence patterns, this chapter aims to
determine the study animals’ microhabitat preferences as a measure of their
risk-avoidance predisposition. For instance, limpets may leverage visual and
thermally-mediated cues to avoid thermally stressful microhabitats, as seen in intertidal
snails like Chlorostoma funebralis and Littorina sitkana (Jones & Boulding 1999, Tepler
etal. 2011). Certain barriers, however, may prevent individuals of a certain species from
consistently occupying its preferred microhabitats during extreme low tides. These
include the interrelated effects of slow-moving gastropods not being able to return to
their favoured environments in time after foraging during tidal transitions, given that
limited food resources necessitate extended foraging trips away from desired sites (Jones
& Boulding 1999), as well as intraspecific competition for scarce resources within these
preferred areas (Nuiiez et al. 2014). Limpets trapped in unfavourable microhabitats
might be forced to rely on energy-saving strategies to alleviate the impacts of thermal
stress (Jones & Boulding 1999, Monaco et al. 2015, Verberk et al. 2016, Marshall &
McQuaid 2020). This underscores the challenges encountered by organisms striving to

strike a balance between resource requirements, employing endurance-based strategies,
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and risk-avoidance tactics in thermally taxing environments.

Hence, this study aims to quantify how pulmonate limpets navigate thermally adverse
intertidal environments during daytime low tides and how these behavioural responses
might affect their survival and distribution. It is therefore hypothesized that those
pulmonate limpets, which display a potentially restricted capacity for microhabitat
preference during escalating temperatures, may be predisposed to favour

endurance-based strategies, thereby shaping their population persistence.

3.3 Methods

3.3.1 Sample sites and animals

This study explores the microhabitat preferences of Siphonaria capensis and S. serrata
across four distinct intertidal microhabitat types (Table 2.1) within previously designated

sample areas (Chapter 2) on the East and West coasts of South Africa (Figure 1.1).

3.3.2 Sampling method

Fieldwork was carried out at Zinkwazi and Kommetjie during spring low tides from May
to June and November to December 2019. Sampling was confined to sunny days,
commencing two hours prior to low tide, to maximize efficiency as detailed in Chapter 2.
Following methodologies similar to those described by Crowe & Underwood (1998), 1
assessed microhabitat preferences using three treatments. Limpets were either relocated
to different microhabitats in the displacement treatment, temporarily lifted and then
returned to their initial location for the disturbance treatment, or left entirely undisturbed.
Using a coarse scalpel, limpets were carefully removed from their substratum during the
displacement and disturbance treatments, taking care to avoid injuring them.
Displacement was constrained to within one meter of the original microhabitat to align
with the documented limited ranging behaviour of Siphonaria spp. (Creese &

Underwood 1982). To trace limpet movements between original and subsequent
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microhabitats, I implemented a colour-coded marking system using car body paint
whose toxicity in such applications has previously been shown to be negligible (Henry &
Jarne 2007). Microhabitats were marked to reflect this coding, and the apex of the
limpets’ shells were marked to correspond with their original microhabitats, ensuring
accurate tracking. Importantly, for all three relocation treatments, the location where the
limpets were first marked is referred to as the original microhabitat, while the location
where the limpets were placed or left immediately after marking is referred to as the new
microhabitat. This distinction is crucial because new microhabitats always matched
original microhabitats in the disturbance and undisturbed treatments, whereas they
generally differed in the displacement treatment. Furthermore, specific symbols were

assigned to denote each relocation treatment (Table 3.1).

Table 3.1: Description of the colour coded marking scheme used to help trace movement
of the study species, Siphonaria capensis and Siphonaria serrata, among the
microhabitats (HR - Horizontal rock, VR - Vertical rock, CR - Crevice, RP -
Rock pool) of interest.

rel treat symbol mh_type colour
HR red
) VR yellow
displacement -
CR green
RP blue
HR red
VR yellow
disturbance =
CR green
RP blue
HR red
VR yellow
undisturbed +
CR green
RP blue

Variables: rel_treat - relocation treatment, mh_type - Microhabitat type
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The marking process, referred to throughout as “mark events,” involved tagging 20
individuals of each species per microhabitat (original and new) and relocation treatment
at each site in each season (Figure 3.1). Each instance of this process constituted a single
mark event. To maintain the integrity of the study, marked individuals were left in their
sample areas throughout the study to prevent resampling of the same individuals
between trials and seasons. Occasionally, limitations in limpet numbers precluded
marking in specific microhabitats, particularly during mark events in summer
(November/December). This issue was exacerbated by attempts made to avoid tagging
the same individuals more than once. Notably, Siphonaria capensis was scarce on
vertical rock surfaces at both sites (Chapter 2), leading to the exclusion of this class from
the original microhabitat variable in subsequent analyses. Conversely, as long as the
limpets could successfully attach or “home” to a rock surface, that rock surface could be
sampled as a new microhabitat. Therefore, vertical surfaces remained part of the
displacement treatment for S. capensis. Furthermore, spatial distribution of mark events
was carefully managed within the sample area to prevent overlapping and confusion
during later recapture efforts. Post-marking, limpets were left to disperse naturally for
two weeks before recapture attempts commenced. The recapture phase involved
documenting the combination of the relocation treatment, original and new microhabitat
for each limpet, and their recapture microhabitat. Notably, a limpet’s recapture
microhabitat could be its original microhabitat, its new microhabitat, or another of the

study’s defined microhabitat categories.
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Figure 3.1: Bar graph depicting the number of sampled individuals for each species (SC
- S. capensis, SS - S. serrata) across original microhabitats (HR - Horizontal
rock, VR - Vertical rock, CR - Crevice, RP - Rock pool), faceted by new
microhabitats at both sites (km - Kommetjie, zk - Zinkwazi) during winter
(win) and summer (sum)).

The entire mark/recapture process, which includes marking limpets, allowing them to
disperse for two weeks, and then attempting recapture, was replicated three times per
season at each site. This approach enriched the data collection, resulting in a
comprehensive dataset of fourteen variables and 3633 observations, with S. serrata (n =
1909) sampled more than S. capensis (n = 1724) throughout. The dataset featured seven
categorical variables. This included the species (2 levels), site (2 levels), season (2
levels), trial (3 levels), relocation treatment (3 levels), original microhabitat (3 levels for
S. capensis and 4 levels for S. serrata) and new microhabitat (4 levels for both species)
variables. Furthermore, two datetime (mark and recapture dates) and one numerical
explanatory variable (mark event) were included as well. The dataset also included three

response variables, namely, a binary categorical variable for homing status (yes/no)
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defined in the introduction as an organism consistently returning to the same spot, a
categorical variable for recapture microhabitat (4 levels for both species), and a
continuous zero-inflated variable representing the proportion of individuals

recaptured.

3.3.3 Statistical analysis

All statistical analyses and data visualizations were carried out in R version 4.4.0 (R
Core Team 2021). Generalized linear models (GLMs) and Generalized linear mixed
models (GLMMs) were employed to assess the effects of selected predictors on three
target response variables. These models were implemented through the glmmTMB
function discussed in (Chapter 2) and multinom_reg from the tidymodels package (Kuhn
et al. 2024), as detailed below. GLMs, and their extensions GLMMs, are highly
recommended for analyzing relationships involving response variables with non-normal
distributions (Zuur et al. 2009, Bolker et al. 2009), which are characteristic of the
ecological data examined in this study. These models are advantageous because they
extend beyond traditional linear regression, which assumes normally distributed errors,
by accommodating a variety of distribution families. For instance, the use of the
distribution families detailed below allows for a more accurate representation and
analysis of the study data. This approach circumvents the need for a priori
transformation of outcome variables to meet normality assumptions, a method that is not

always viable (Zuur et al. 2009, Dunn & Smyth 2018).

To analyse the variation in the proportion of recaptured individuals in relation to season,
and the interaction between original and new microhabitat, the dataset was divided by
species before fitting two separate zero-inflation Beta-binomial GLMMs. As described
in Chapter 2, separate models were specified to guard against issues associated with
overly complex models. Random effects were modelled to account for data
dependencies arising from separate mark events in the conditional model component,
and a zero-inflation component was included to address the excess zeros in the data

(Equation 3.1). Finally, specifying a compound error structure such as the Beta-binomial
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provides an effective way to analyse count data with an upper bound and excess

variability (Harrison et al. 2018).

Yi ~ BetaBinomial(ni, pia ¢>
logit(p,) = g + a; Xy + Xy X5, +v; + €
logit(,;) = (,

3l

3.1
where 3D
5‘7[2} ~ N(O, 02)

v~ N(uj,ajz), for mark instance j = 1, ..., J

In Equation 3.1, the response variable Y}, representing the proportion of individuals
recaptured for each observation, is modelled using a Beta-binomial distribution. This
distribution is characterized by parameters n,, p,, and ¢, which denote the total number
of individuals marked, the probability of recapture, and the overdispersion, respectively.
The model’s grand intercept, o, is influenced by the predictors: season (X;), and the
interaction between new and original microhabitat (X, X3;), each contributing to the
linear predictor for p, through the regression coefficients «r; and 5. The probability p,
is transformed using the logit link function as logit(p,) =

g+ oy Xq; + @ X9, X3, + v + €1;), where v; denotes the random intercept for each

jlil>
mark event j, adhering to a normal distribution v; ~ N (j1;, 0 j2). The probability of
zero-inflation, 7, is modelled with the logit link function logit(;) = y. The residual

variance €1 Tepresents the individual-level noise, assumed to be normally distributed

with zero mean and a variance of 2.

A Bernoulli GLM was used to model the effect of the interaction between species and
the relocation treatment on the homing response variable (Equation 3.2), given its
proficiency in analysing binary outcomes (Dunn & Smyth 2018). Before running the
model, records without recaptured individuals were removed from the primary dataset to
ensure the analysis focused exclusively on the intended phenomena rather than on the

processes that generate lost individuals.
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Y, ~ Bernoulli(7,)

. Uy
logit (1 - > = ap +a; X; Xy, + €

—

(3.2)
where

g; ~ N(0,0?)
In Equation 3.2, Y/, is the binary response variable representing the homing status for the
1-th individual, modelled with a Bernoulli distribution with success probability 7. The
logit link function logit(r, /(1 — 7;)) linearly relates the predictors and the log odds of
the outcome. The grand intercept is represented by «, and, «; is the coefficient for the
interaction between species (X ;) and relocation treatment (.X,), respectively.
Individual-level variability not accounted for by the model is represented by the residual

variance ¢;, which is assumed to exhibit a variance of o and a mean of 0.

Similar to the analysis of recapture rate (Equation 3.1), the dataset was segregated by
species before modelling the probability of appearing in a recapture microhabitat, as a
function of season, site, and the interaction between original and new microhabitats, by
employing a Multinomial logistic regression (Equation 3.3). A Multinomial GLM was
used because it extends Binomial GLMs by accommodating categorical outcomes with

more than two classes (Urban et al. 1987).

. P(Pi = y)
toett (W) =S Pttt Baat B Fata b 33
where (33)

The log-odds of individual ¢ being in recapture microhabitat y relative to the reference
habitat is expressed as

logit(P(P; = y)/P(P; =ref)) = a, + B, X1; + Bay Xo; + B3y X3:Xy; + € in
Equation 3.3. Here, P; is the categorical response for the microhabitats, horizontal rocks,
crevices, and rock pools, with vertical rocks acting as the reference level. The intercept
«,, represents the baseline log-odds of being in microhabitat y when all predictors are

zero. The coefficients 3, (5, and 33, quantify the effects of the predictors original
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microhabitat (X ;,), new microhabitat (X,;) and, the interaction between season (X5;)
and site (X 4;) on the log-odds of each microhabitat category compared to the reference.
The error term €; accounts for the variability in individual ¢’s microhabitat choice not
explained by the model, following a normal distribution with a mean of 0 and a variance

of o2,

The final model configuration, including the inclusion or exclusion of model terms such
as interactions, was determined using forward-step model selection and validated
through various model diagnostic checks (Section A2), as described in (Chapter 2).
These model validation and selection procedures, including checks for
over/under-dispersion, zero-inflation, outliers, and deviations from uniformity within
and between groups, were applied to the Beta-binomial GLMM (Figures A17, A19, A18
and A20, and Tables A4 and AS), assessing recapture proportion of the limpets. Because
Bernoulli and Multinomial GLMs typically assume two or three (or more) categories,
respectively, they can introduce complexities that render certain standard GLM
validation techniques inadequate. In the case of Multinomial GLMs, these complexities
arise from each outcome category having its own set of regression coefficients, resulting
in intricate likelihood surfaces and interdependent probability structures that necessitate
specialized validation methods (Wang & Tsodikov 2010, Van Hoorde et al. 2014). For
Bernoulli GLMs, the usual concerns about normal errors and homogeneous variances
from linear models do not apply, since the response data are binary (Peng et al. 2002).
Moreover, each residual is the observed outcome minus its predicted probability,
resulting in an unusual residual pattern. Additionally, the variance is directly tied to the

predicted probability and is not assumed to be constant.

To assess the performance of the Bernoulli and Multinomial GLM in distinguishing
between the binary homing outcomes and categorizing recapture microhabitats of
limpets, respectively, several category-specific metrics were used (Section A2). These
included the area under the receiver operating characteristic curve and overall model
accuracy for both, the Hosmer—Lemeshow test and Brier score for the Bernoulli GLM

and a confusion matrix for the Multinomial GLM (Brier 1950, Hosmer 2000, Lloyd &

70



Frommer 2008, Steyerberg et al. 2010). The area under the receiver operating
characteristic curve evaluates the model’s ability to discriminate among levels of the
outcome by comparing the proportion of true positives correctly identified to the
proportion of false positives, across various thresholds. The receiver operating
characteristic curve (roc) visually represents the relationship between true and false
positive rates, with the area under the roc curve (auc) value quantifying overall model
performance. Model accuracy quantifies the proportion of correctly classified
observations in the response variable, offering a comprehensive measure of the model’s
performance. The Hosmer—Lemeshow test is a Pearson statistic that determines how
well a model’s predicted probabilities match its actual outcomes. For binary data, this is
achieved by grouping the data and comparing the proportion of observed versus
predicted positive outcomes in each group. The Brier score is a quadratic scoring rule
that evaluates the accuracy of probabilistic predictions in binary models. It quantifies
this accuracy by calculating the mean squared difference between predicted probabilities
and observed outcomes. A confusion matrix helps determine misclassification rates
across recapture microhabitat levels, indicating the number of correct predictions made
by the model compared to the actual classifications. This matrix provides a
straightforward visualization of the model’s effectiveness in distinguishing among the
response categories. The two datetime variables and the trial factor were excluded from
the final analyses. The former was used solely to denote mark and recapture dates, while
the latter was not expected to be a significant contributor to variation, nor was it

considered a variable of interest.

As described in Section 2.3, the post hoc analysis for the Beta-binomial GLMM also
entailed calculating contrasts between the estimated marginal means for each level of the
categorical predictors. In the case of the Bernoulli and Multinomial GLMs, however,
these analyses involved computing contrasts between the estimated marginal proportions
for different outcome classes. These post hoc tests were performed, and any error
inflation was adjusted for, using the same approach described for the Tweedie GLMM

(see Equation 2.1).
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3.4 Results

3.4.1 Recapture rate

Of the 6822 limpets marked in total across 339 marking events, 52.58% were recaptured.
The recapture rate varied among sites, seasons, and species. At Kommetjie, a higher
recapture rate of 69.07% was observed compared to 29.81% at Zinkwazi. Seasonally,
56.7% of the limpets marked in winter were recaptured, exceeding the 47.68% recapture
rate in summer. Siphonaria capensis exhibited a slightly higher recapture rate of 55.26%
than S. serrata at 50.32%. Variations in recapture rates were also influenced by both the
limpets’ original microhabitat and the new microhabitat to which they were relocated. In
terms of original microhabitats, limpets that were initially found in crevices before being
marked, relocated and allowed to disperse naturally had the highest recapture rate of
69.18%. Limpets initially found on horizontal surfaces had the next highest recapture
rate (54.48%), followed by those initially found in rock pools (40.9%). For new
microhabitats, limpets that were relocated to horizontal surfaces after the initial catch
and mark effort had the highest recapture rate (63.29%). The next highest recapture rate
of 56.71% was for limpets relocated to vertical rocks, followed by limpets relocated to
crevices (50.25%), and finally those that were relocated to rock pools (38.53%).
Considering the non-independence of data points within mark events and the
zero-inflation in the recapture-rate data, the influence of explanatory variables was
weaker than suggested by direct comparisons of the recapture rates across different

levels of these variables. This is made evident in the following paragraph.

The Beta-binomial GLMM analysis for S. capensis, examining the effects of season and
the interaction between original and new microhabitat on the recapture rate, found that
these factors did not significantly affect the recapture rate of S. capensis (Table 3.2).
Furthermore, the extremely low variability associated with mark events (Table A6)
suggests that this random effect does not contribute much additional variability to the

intercepts of the model.
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Table 3.2: Results from a Beta-binomial GLMM analysis of the recapture rate for S.
capensis, with zero-inflation considered. Original microhabitat (omh), new
microhabitat (nmh), their interaction and season (SZN) were analysed as fixed
effects, with mark events treated as a random effect.

predictor Chisq Df p.value
(Intercept) 94.3463 1 <0.0001
omh 4.0750 2 0.1304
nmh 4.0111 2 0.1346
SZN 1.4860 1 0.2228
omh:nmh 8.8347 4 0.0654

Predictors: omh - original microhabitat, nmh - new microhabitat, SZN - season.

In contrast to S. capensis, the model for S. serrata revealed a significant effect of the
interaction between original and new microhabitat on its recapture rate (Table 3.3), while
sample season did not have a significant effect. Similar to S. capensis, the differences in
intercepts among mark events for S. serrata were negligible (Table A7), indicating that

the random effect did not substantially influence the fixed effect estimates.

Table 3.3: Results from a Beta-binomial GLMM analysis of the recapture rate for S.
serrata, accounting for zero-inflation. Original microhabitat (omh), new
microhabitat (nmh), their interaction, and season (SZN) were evaluated as
fixed factors, with mark events included as a random factor.

predictor Chisq Df p-value

(Intercept) 107.3387 1 <0.0001
omh 8.5227 3 <0.05
nmh 2.6897 3 0.442
SZN 3.6880 1 0.0548
omh:nmh 18.3992 9 <0.05

Predictors: omh - original microhabitat, nmh - new microhabitat, SZN - season.

The post hoc analysis results from the Beta-binomial GLMM of S. serrata recapture

rates are best read by holding the levels of each original microhabitat constant while
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assessing contrasts between levels of the new microhabitats (Figure 3.2). Recapture rates
did not differ significantly among new microhabitats for limpets originally found in
crevices, on horizontal rock or in rock pools. By contrast, limpets that originated on
vertical rocks showed different patterns. Individuals moved to rock pools were
recaptured most often, those moved to horizontal rocks and crevices less often, and those
left on vertical rocks only rarely. Post hoc tests confirmed significant (p < 0.05)
differences between limpets relocated to rock pools and all other microhabitats, and,
among the remaining microhabitats, between horizontal and vertical rocks. Conversely,
when the post hoc analysis results are read by holding the levels of each new
microhabitat constant (not graphically displayed), there were no significant contrasts

between any levels of the original microhabitat.

Figure 3.2: Dot and whisker plot illustrating recapture rates as point estimates (£ CI) for
S. serrata relocated from and to different original and new microhabitats,
respectively. CR - crevices, HR - horizontal surfaces, RP - rock pools, VR -
vertical surfaces. Homogeneous groups, indicated by lowercase letters, are
considered within each original microhabitat level only.
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3.4.2 Homing

Among the 3633 recaptured limpets examined, 88.93% demonstrated homing behaviour.
Specifically, within the Siphonaria capensis population, 89.5% exhibited homing, while
88.4% of the S. serrata population showed this behaviour. The homing rates also
differed by relocation treatment. Undisturbed limpets had the highest homing rate at
98%, followed by those subjected to simple disturbance at 94.7%, and displaced limpets
at 81.6%.

Further statistical analysis highlighted significant differences in homing rates across
predictors (Table 3.4), with proportions exceeding 50% indicating a tendency toward
homing behaviour in the limpets (Figure 3.3). In the Bernoulli GLM analysis, examining
the effect of species, relocation treatment, and their interaction on homing rates, a
significant influence was found for species interaction with relocation treatment (p <

0.05), while species (p = 0.5068) showed no significant effects.

Table 3.4: Analysis results from a Bernoulli GLM of the homing rate for both study
species. Species (spp), relocation treatment (rel treat) and their interaction
were treated as fixed effects.

predictor Chisq Df p.value
(Intercept) 294.9806 1 <0.0001
spp 0.4407 1 0.5068
rel_treat 76.2047 2 <0.0001
spp:rel_treat 7.5140 2 <0.05

In the analysis of homing rates, the mean rates for displaced Siphonaria capensis were
significantly lower compared to undisturbed (p < 0.0001) and disturbed individuals (p <
0.0001). Similarly, the mean homing rates for displaced S. serrata were significantly
lower in both comparisons (p < 0.0001) (see Figure 3.3). Furthermore, undisturbed S.
serrata individuals exhibited a significantly higher homing rate than their disturbed
counterparts (p < 0.001). In contrast, there was no significant difference in homing rates

between undisturbed and disturbed S. capensis (Figure 3.3). Worth noting, however, is
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that the homing rate of undisturbed limpets was significantly higher for S. serrata than

for S. capensis (p < 0.05).

Figure 3.3: Dot and whisker plot illustrating homing rates as point estimates (= CI) of
two species (SC - S. capensis, SS - S. serrata) under different relocation
treatments (dp - displacement, dt - disturbance, ud - undisturbed).
Homogeneous groups are indicated by lowercase letters.

3.4.3 Recapture microhabitat

In the total recaptured limpet population of 3633 individuals, the microhabitat showing
the highest recapture rate was crevices (30.88%), followed by horizontal rock surfaces
(30.42%), vertical surfaces (20.07%) and rock pools (18.63%), but the order differed
between coasts (Figure 3.4). Kommetjie exhibited this sequence of crevices (36.13%),
followed by horizontal surfaces (26.88%), rock pools (19.4%) and vertical surfaces
(17.6%). At Zinkwazi, however, limpets were most often recaptured on horizontal
surfaces (41.92%), followed by vertical surfaces (28.1%), rock pools (16.16%), and
crevices (13.82%).
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Figure 3.4: Dot plot displaying recapture rates (%) of the two species combined: A)
overall, and B) by site (zk - Zinkwazi, km - Kommetjie), across various
recapture microhabitats (HR - horizontal rocks, CR - crevices, RP - rock
pools, VR - vertical rocks).

3.4.3.1 Siphonaria capensis

In the Multinomial GLM analysis evaluating the distribution of S. capensis among
recapture microhabitats (Table 3.5), significant effects were identified for season (p <
0.05) and the interaction between original and new microhabitat (p < 0.0001). For
instance, S. capensis was recaptured at significantly higher rates from crevices (p <
0.001) compared to both horizontal surfaces and rock pools during winter (Figure 3.5).
During summer, however, there were no significant differences in recapture rates among
recapture microhabitats. While the effect of site in the Multinomial GLM was
non-significant (p = 0.1950; Table 3.5), post hoc contrasts revealed significant
differences among recapture microhabitats within each site. For instance, S. capensis
recapture rates from specific microhabitats were significantly, albeit marginally (p <
0.05), greater in crevices compared to horizontal surfaces and rock pools at both sites

(Figure 3.5). In describing the remaining results for S. capensis, emphasis is placed on
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the relocation direction. This term, as outlined previously, refers to the experimental

placement of the limpets that allows us to trace their movement post-relocation.

Table 3.5: Results from a Multinomial GLM analysis of the distribution of Siphonaria
capensis among recapture microhabitats throughout the study. Original
microhabitat (omh), new microhabitat (nmh), their interaction, site and season
(SZN) were set as fixed effects.

predictor LR Chisq Df p.value
omh 79.0293 4 <0.0001
nmh 109.2331 6 <0.0001
SZN 7.6192 2 <0.05
site 3.2691 2 0.195

omh:nmh 52.0985 12 <0.0001

When considering relocations involving crevices, S. capensis were recaptured in
crevices at significantly higher rates (at least p < 0.05) than all other microhabitats,
except for relocations from crevices to vertical surfaces. For this final relocation
direction, S. capensis individuals were not recaptured in crevices at significantly
different rates from those on horizontal surfaces, but it was recaptured at significantly

higher rates than in rock pools (Figure 3.5).

For the six relocations involving horizontal surfaces, S. capensis were recaptured on
horizontal surfaces at significantly (p < 0.0001) higher rates compared to all other
microhabitats for only two of the six relocations (Figure 3.5). Specifically, S. capensis
was recaptured at significantly greater rates on horizontal surfaces when individuals
were relocated from horizontal to horizontal surfaces and from horizontal to vertical
surfaces. Finally, when individuals were moved from horizontal surfaces to rock pools,
from crevices to horizontal surfaces, and from rock pools to horizontal surfaces, the
individuals were recaptured at significantly greater (p < 0.0001) probabilities on
horizontal surfaces only when compared to crevices, rock pools, and crevices, for those

relocations, respectively (Figure 3.5).
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As for relocations related to rock pools, the recapture rate within specific microhabitats
for S. capensis was significantly higher (p < 0.0001) in rock pools, than in all other
microhabitats, for only two of the six relocations (Figure 3.5). This was observed when
individuals were moved from rock pools to rock pools and from rock pools to horizontal
surfaces. When individuals were moved from horizontal surfaces to rock pools, from
rock pools to crevices, and vice versa, they were recaptured in rock pools at significantly
higher rates (at least p < 0.01) compared only to crevices and horizontal surfaces,

respectively, for both cases.

Figure 3.5: Dot plot of recapture proportions by recapture microhabitat (mh r) of
Siphonaria capensis as point estimates, spanning seasons (sum - summer,
win - winter), sites (zk - Zinkwazi, km - Kommetjie) or each original and
new microhabitat combination (relocation direction). HR - horizontal rock,
CR — crevices, RP — rock pools, VR — vertical rocks. Homogeneous groups
are indicated for site/season combinations (upper case letters) and relocation
direction (lower case letters) only.

3.4.3.2 Siphonaria serrata

Contrasting slightly with the findings for S. capensis (Table 3.5), the Multinomial GLM

analysis for S. serrata (Table 3.6) indicated significant effects for all predictors on the
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recapture distribution, including site (p < 0.0001). At Zinkwazi, S. serrata recapture
rates within specific microhabitats were significantly greater (p < 0.0001) for crevices
than for all other microhabitats. Here, apart from being recaptured at a greater rate (p <
0.05) on horizontal surfaces compared to rock pools, there were no differences in S.
serrata recapture rates among the remaining microhabitats. Regarding Kommetjie,
however, S. serrata were recaptured at significantly greater (p < 0.0001) rates on both
horizontal surfaces and in crevices than on vertical surfaces and rock pools, with no

significant differences within either of these two microhabitat pairs (Figure 3.6).

During summer, S. serrata recapture rates within specific microhabitats were
significantly higher (p <0.0001) for both horizontal rocks and crevices compared to
vertical rocks and rock pools. S. serrata was not recaptured at significantly different (p =
0.5465) rates between horizontal rocks and crevices, but individuals were recaptured at
significantly higher rates (p < 0.01) on vertical rocks than in rock pools (Figure 3.6). In
winter, S. serrata recapture rates within specific microhabitats were highest (p < 0.0001)
for crevices, followed by horizontal surfaces and rock pools, where individuals were
recaptured at significantly greater (at least p < 0.05) rates in both microhabitats than on
vertical surfaces. Individuals of S. serrata were not recaptured at significantly different
rates between horizontal surfaces and rock pools (Figure 3.6). For the remaining results
for S. serrata, a similar approach to that used for S. capensis was taken, where emphasis

was placed on relocations to analyse their distribution post-relocation.
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Table 3.6: Outcomes of a Multinomial GLM assessment on the distribution of
Siphonaria serrata across recapture microhabitats during the study. Fixed
effects include original microhabitat (omh), new microhabitat (nmh), their
interaction, site, and season (SZN).

predictor LR Chisq Df p.value
omh 132.0539 6 <0.0001
nmh 275.7000 9 <0.0001
SZN 28.2491 3 <0.0001
site 19.7446 3 <0.001
omh:nmh 63.8510 18 <0.0001

For relocations involving crevices, S. serrata were recaptured in crevices at significantly
higher rates (p < 0.05) than for all other microhabitats, except for relocations from
crevices to vertical surfaces or from horizontal surfaces to crevices (Figure 3.6). In
particular, S. serrata were significantly more likely (p < 0.05) to be found on vertical
rocks when relocated from crevices to vertical surfaces, and there was no significant
difference in the likelihood of being found in crevices compared to horizontal rocks

following relocation from horizontal rocks to crevices (p = 0.4414).

Not too dissimilar to the relocations associated with crevices, the likelihood of
recapturing S. serrata on vertical surfaces significantly exceeded that in all other
microhabitats for all three relocations involving vertical surfaces (Figure 3.6). Moreover,
these differences were marked by high levels of significance (p < 0.001) for all
comparisons across microhabitats, except for relocations from crevices to vertical

surfaces, which had a significance level of p < 0.05.

Compared to relocations involving crevices and vertical surfaces, fewer relocations
involving horizontal rocks or rock pools exhibited significantly (p < 0.0001 for both)
higher likelihoods of recapture on horizontal surfaces (n = 2) or in rock pools (n = 1),
respectively, compared to all other recapture microhabitats (Figure 3.6). Specifically,
when considering relocations for horizontal surfaces, S. serrata recapture rates within

specific microhabitats were highest for horizontal surfaces when individuals were
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relocated between horizontal surfaces, or from horizontal surfaces to rock pools. For
relocations concerning rock pools, S. serrata was only recaptured at its highest rate in

rock pools for relocations between rock pools.

Figure 3.6: Dot plot depicting point estimates of recapture proportion for Siphonaria
serrata across different recapture microhabitats (mh_r), categorized by
season (sum - summer, win - winter), site (zk - Zinkwazi, km - Kommetjie),
and every original and new microhabitat combination (relocation direction).
HR - horizontal rocks, VR - vertical rocks, RP - rock pools, CR - crevices.
Homogenous groups are indicated for site/season combinations (upper case
letters) and relocation direction (lower case letters.

3.5 Discussion

3.5.1 Overview and guiding hypotheses

The current chapter examined the microhabitat preferences of two pulmonate limpets,
Siphonaria capensis and S. serrata, at rocky intertidal sites on the East and West coasts
of South Africa. The main objectives were to evaluate the limpets’ movement patterns
primarily in response to variations in micro-scale thermal regimes as an indicator of their

risk-avoidance tendencies in thermally challenging intertidal environments. I predicted a
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negative relationship between limpet microhabitat preference and exposure to thermally
stressful microhabitats, signifying an increased reliance on risk-avoidance strategies and
a reduced dependence on physiologically mediated endurance. Any clear evidence of
preferential selection for more thermally stressful microhabitats would invalidate this

hypothesis.

3.5.2 Summary of key findings

The study revealed significant variations in overall recapture rates only for S. serrata.
More precisely, S. serrata individuals originating from vertical rocks had higher
recapture rates when relocated to rock pools and horizontal surfaces, than when relocated
to vertical rocks. No significant differences were observed for S. serrata originating
from or relocated to any other microhabitat. Both limpets demonstrated strong homing
tendencies, with the highest and lowest rates of homing by S. serrata occurring in
undisturbed and displaced individuals, respectively. Homing rates for S. capensis,
however, showed notable differences only for displaced individuals. Microhabitat
preferences for recapture varied by site, season, and relocation direction for both species.
S. capensis preferred crevices during winter, irrespective of site or relocation direction.
S. serrata favoured crevices in winter and horizontal surfaces in summer, irrespective of
site or relocation direction. When emphasizing relocation direction, both species
preferred crevices after relocation, with some instances of preference for horizontal
surfaces or rock pools, and several cases where S. serrata preferred vertical surfaces

depending on relocation origin or release site.

3.5.3 Recapture rate
3.5.3.1 Species specific patterns and environmental influences
Overall recapture rates in the current study, of 55.3% for Siphonaria capensis and 50.3%

for S. serrata, can be considered to fall within a moderate range when compared to
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research on other intertidal organisms using similar capture-mark-recapture (CMR)
study designs (Gray & Hodgson 1998, Ruiz Sebastian et al. 2002, Nufiez et al. 2014,
Montecinos et al. 2020, Compaire et al. 2022). Apart from the exceptional 100%
recapture rate reported for the rocky shore limpet Helcion pectunculus by Gray &
Hodgson (1998), these studies document recapture rates ranging from 25% to 92%. The
recapture rates observed for limpets in the current study, however, are relatively low
compared to rates of 80% or higher recorded for other limpets (Gray & Hodgson 1998,
Ruiz Sebastian et al. 2002, Nufiez et al. 2014). Variations in recapture rates across
studies could potentially be ascribed to several factors, including geographically
influenced differences in average environmental conditions during sampling (Nufiez et
al. 2014, Nuiiez et al. 2018, Moura et al. 2022), various species-specific traits
(Compaire et al. 2022) and differences in key methodological parameters used across the
studies (Nufiez et al. 2014, Nufiez et al. 2018), all of which function by
disproportionately affecting organism mortality rates or the probability of them leaving
the sample site. When examining the relationship between recapture rates and
spatiotemporally influenced variations in environmental conditions, Nufiez et al. (2014)
reported significantly higher recapture rates for Siphonaria lessoni individuals when
climatic conditions at a site were more stressful. Despite summer often being more
stressful, Nufiez et al. (2014) still found similar recapture rates. Although this may
appear contradictory, their findings suggest that the seasonal differences in
environmental stress during the study were not substantial enough to significantly affect
recapture rates. In the present study, differences in recapture rates between sites were
ultimately not incorporated into the relevant statistical model (Equation 3.1).
Surprisingly, however, temporally driven variations in recapture rates for both species
remained nonsignificant, even though the shift from winter to summer (Kwiecien et al.
2022) is typically more pronounced than the moderate spring-to-autumn transition

reported by Nuiiez et al. (2014).
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3.5.3.2 Methodological considerations

A likely explanation for the variations in recapture rates among studies lies in the
differences in key methodological parameters used across the studies. To illustrate, in
their study on burrow fidelity behaviour of the intertidal crab Neohelice granulata,
Nuiiez et al. (2018) observed substantial disparities in recapture rates for different
mark-recapture intervals, reflecting a response to the time elapsed between marking and
recapture efforts. Notably, they found a negative correlation between crab recapture rates
and the duration of these intervals, where even a modest increase of 48 hours, from 24 to
72 hours, substantially lowered recapture rates. The difference in overall recapture rates
between the current study and that of Gray & Hodgson (1998) serves as a broader
example of how variations in methodological factors can affect results. In addition to
species-specific traits, such as differences in attachment strength or microhabitat
utilization, a seven-day difference in the mark-recapture interval between the current
study and Gray & Hodgson (1998) likely accounts for the approximately 46% lower

recapture rates observed in the current study.

Further methodological considerations that could account for differences in recapture
rates among studies include the study design in the current research, which involved the
deliberate disturbance of the sample animals, as opposed to other studies (Gray &
Hodgson 1998, Ruiz Sebastian et al. 2002, Nufiez et al. 2014), where efforts were made
to avoid disturbing the limpets during sampling. Dislodging and displacing limpets
increases the likelihood of injury to their large muscular foot, particularly when improper
techniques are used (Ellem et al. 2002). Limpets injured in experiments where they have
been displaced or disturbed are more susceptible to predation, heat stress and
desiccation, and are at greater risk of being dislodged by wave activity due to an
impaired ability to clamp adequately to the substratum (McAlister & Fisher 1968,
Branch & Cherry 1985). As a result, they are subject to higher rates of mortality and are
less likely to be recaptured compared to limpets in studies where disturbance is

minimized (Castejon et al. 2022).
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3.5.3.3 Relocation direction and life history effects

Other researchers have also shown that relocation origin and release site influence
animal recapture rates in CMR experiments (Crowe & Underwood 1998, Rochette &
Dill 2000, Rochette et al. 2003, Seuront et al. 2018, Compaire et al. 2022). For most of
these studies, however, variation in recapture rates is closely linked to changes in biotic
and abiotic factors, such as predation risk, desiccation stress, wave exposure, food
availability, competition for space and heat stress, associated with shifts in shore height,
rather than the transplantation of study animals between different microhabitats within
the same shore-zone (Rochette & Dill 2000, Rochette et al. 2003, Seuront et al. 2018,
Compaire et al. 2022). Notably, Rochette & Dill (2000) reported reduced recapture rates
for high-shore Littorina sitkana and L. scutulata transplanted to low-shore environments,
due to the increased predation in low-shore areas, compared to the reverse relocation
direction. In contrast, similar to the current study, Crowe & Underwood (1998) found
that the recapture rates of the intertidal gastropod Bembicium auratum were influenced
by its relocation origin and release site, without considering shore height. In their study,
however, the potential mechanisms driving the differential effect of relocation direction
on recapture rates were not elucidated but are likely related to variations in some of the
same factors listed as influencing the relationship between recapture rate and shore

height above.

Differences in the influence of relocation direction on the recapture rates of two
intertidal congeners were previously demonstrated in the study by Rochette & Dill
(2000). In their research, Rochette & Dill (2000) highlighted variations in life history
traits and behavioural responses to predation risk between the two sample species as
plausible factors for the distinct responses of L. sitkana and L. scutulata to relocation
direction. They explained that the greater dispersal of L. sitkana away from its low-shore
release site, compared to L. scutulata, was driven by stronger local adaptations linked to
its benthic development, in contrast to the pelagic development of L. scutulata. This,
combined with a heightened reaction to chemical cues signalling the presence of

predators, reduced the mortality risk and ultimately increased the recapture rate of L.
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sitkana for that relocation direction. The interplay of the aforementioned factors may
explain the varying effects of relocation direction on recapture rates between Siphonaria
capensis and S. serrata. It is important to note, though, that neither species is known to
actively disperse in response to predators. Instead, they excrete a noxious mucus
containing polypropionate metabolites as their primary defence against predation
(Hodgson 1999, McQuaid et al. 1999, Davies-Coleman 2006, Darias et al. 2006,
Pinchuck & Hodgson 2009). Therefore, the influence of mortality due to predation is
unlikely to explain a distinctive effect of relocation direction on the recapture rates of
these species. Nonetheless, following the logic of Rochette & Dill (2000) the differences
in developmental strategies between the species, with S. serrata being a direct developer
and S. capensis a pelagic developer (Chambers & McQuaid 1994), suggest that
relocation direction would have a more pronounced impact on S. serrata. This is due to
its more limited dispersal and stronger attachment to local environmental conditions
(Chambers & McQuaid 1994), particularly to fluctuating heat stress, leading to greater

variation in its recapture rates compared to S. capensis.

3.5.4 Homing

3.5.4.1 Species specific and methodological effects

Like many other intertidal organisms (Chapman 1986, Gray & Hodgson 1998, Ruiz
Sebastian et al. 2002, Nufiez et al. 2014, Nuiiez et al. 2018, Montecinos et al. 2020,
Compaire et al. 2022), both sample species in this study display homing behaviour. Site
fidelity, characterized by returning to specific home scars or sites, has previously been
described for S. capensis and S. serrata (Branch & Cherry 1985, Hodgson 1999). In
contrast to the current study, numerical values for the homing rates of these siphonariids
were not provided by these researchers. The high homing rates determined for the
limpets in this analysis are comparable to the average rates of 100% and 91% observed
for Helcion pectunculus (Gray & Hodgson 1998) and S. /essoni (Nufiez et al. 2014),

respectively, but exceed the average rates of 30.4% for Scutellastra argenvillei (Ruiz
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Sebastian et al. 2002). Beyond inherent species-specific differences mentioned
previously, the difference in homing rates between this study and that of Ruiz Sebastian
et al. (2002) likely arises due to differences in the mark-recapture intervals and
environmental variations related to shore height at which sampling occurred. As
previously noted, mark-recapture intervals are negatively correlated with recapture rates,
making it reasonable to assume a similar reduction in homing rates with increased
mark-recapture intervals. In Ruiz Sebastian et al. (2002), the homing rate of 30.4% was
determined after four weeks, while the homing rates in this study, as well as those in
Nuiiez et al. (2014) and Gray & Hodgson (1998), were determined after 14, 10, and 7
days, respectively. Moreover, Ruiz Sebastian et al. (2002) reported a sharp decline in

homing rates between mark-recapture intervals of 12hours and four weeks.

3.5.4.2 Environmental effects

More relevant to the specific aims of this analysis is the evaluation of potential
temperature-driven variations in homing rates across studies. The harsher microclimates
experienced by limpets in high-shore areas in this study, as well as the studies by Nufiez
et al. (2014) and Gray & Hodgson (1998), may contribute to the higher homing rates
observed compared to the findings of Ruiz Sebastian et al. (2002), that sampled
Scutellastra argenvillei from the more benign low shore. Although they did not make a
comparison across different shore heights, Nuiiez et al. (2014) observed notably higher
homing rates for Siphonaria lessoni individuals at the warmer Las Grutas than at the
cooler Mar del Plata, Argentina. This aligns with several other studies that attribute
homing behaviour to challenging environmental conditions such as desiccation and heat
stress (Branch & Cherry 1985, Iwasaki 1992, Aguilera & Navarrete 2012, Nufiez et al.
2018).

Homing helps intertidal organisms reduce the adverse effects of desiccation and heat
stress in their immediate environment. Using chemical cues, these organisms
consistently return to home scars or specific resting sites (Branch 1981, Aguilera &

Navarrete 2012, Montecinos et al. 2020). These resting sites, often located in
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microhabitats like crevices, offer more favourable conditions compared to surrounding
areas (see Chapter 2), although home scars can also be found in less favourable
microhabitats (Branch & Cherry 1985). Through isolating the limpet’s soft tissue from
the external environment, home scars provide several benefits to limpets that utilize
them (Garrity 1984, Branch & Cherry 1985). These benefits include a reduced risk of
being dislodged by waves, protection from predators, and most importantly, protection
from overheating. Isolating the soft tissue from external conditions allows limpets to
retain moisture and slow heat absorption from the environment, promoting the effective
regulation of their body temperature, even in challenging microhabitats such as
horizontal surfaces (see Chapter 2). Other factors influencing homing behaviour include
wave activity (Branch & Branch 1988, Gray & Hodgson 1998), predation pressure
(Branch 1978, Iwasaki 1992, Iwasaki 1993), food availability (Jenkins & Hartnoll 2001),
intraspecific competition (Mackay & Underwood 1977, Iwasaki 1995) and size variation
(Jenkins & Hartnoll 2001). As mentioned earlier in the discussion on recapture rates, the
application of different methods in assessing organism site fidelity must also be
considered. For example, in this analysis, undisturbed limpets exhibited higher homing
rates compared to disturbed limpets. This is likely due to the increased likelihood of
injury during disturbance, which impairs a limpet’s ability to attach firmly to the

substratum and successfully home.

3.5.5 Microhabitat preference

3.5.5.1 Ecological benefits

Overall, recapture rates within specific microhabitats, at both sites and during both
seasons for both siphonariids suggest clear preferences at the micro-scale for favourable
environmental conditions, particularly for the cooler-temperature habitats provided by
crevices (see Chapter 2). This corresponds to findings from similar studies on the
microhabitat preferences of the common periwinkle Littorina littorea by Seuront et al.

(2018), the land snails Placostylus ambagiosus and P. hongii by Stringer et al. (2018),
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the gold-mouthed conniwink Bembicium auratum by Crowe & Underwood (1998), and
the littorinid gastropods Littorina sitkana and L. scutulata by Rochette & Dill (2000). In
all four studies, the sample animals demonstrated “true habitat preferences” by actively
selecting certain sections of their environment while avoiding others, following
deliberate displacement by the respective researchers. These preferred habitats generally
provide benefits compared to the areas they avoid, such as increased food availability
(Seuront et al. 2018) and protection from environmental stressors like desiccation
(Crowe & Underwood 1998) and predation pressure (Rochette et al. 2003). For
example, Seuront et al. (2018) found that Littorina littorea favoured a high-shore
vertical seawall, where food was more abundant, instead of a lower-shore horizontal
platform. Similarly, Rochette et al. (2003) demonstrated that L. sitkana exhibited a
strong preference for the high-intertidal zone along the rocky shore at Bamfield Inlet in
Barkley Sound, Canada, driven by predation pressure from the red rock crab Cancer
productus in the low-intertidal zone. In both cases, the consistent, directional return of
these intertidal animals to their preferred habitats is probably mediated by
info-chemicals related to the presence of conspecifics, food sources, and predators
(Finke et al. 2007, Chapperon & Seuront 2009, Seuront & Spilmont 2015), but may also
involve sensory cues underlying geotaxis (Petraitis 1982, Thain et al. 1985), phototaxis

(Seyer et al. 1998, Nilsson 2009), and rheotaxis (Gendron 1977, Murray et al. 1992).

3.5.5.2 Temperature effects

In this investigation, it is reasonable to suggest that temperature shapes the broader
habitat preference patterns of both siphonariid species, specifically driving their
preference for crevices, where average low-tide temperatures are generally lower than in
most other microhabitats examined in this study (see Chapter 2). Previous research
(Williams & Morritt 1995, Crowe & Underwood 1998, Chapman 2000, Harper &
Williams 2001, Cartwright & Williams 2012, Silva et al. 2014, O’Dwyer et al. 2014)
provides compelling evidence for the preference of intertidal organisms for cooler

microhabitats compared to their immediate surroundings. More specifically, some of
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these studies imply that various rocky shore limpets, including S. serrata (Chambers &
McQuaid 1994), prefer crevices (Garrity 1984, Williams & Morritt 1995, Gray &
Hodgson 1998). In contrast, the studies by Branch & Cherry (1985) and Chambers &
McQuaid (1994) reported that S. capensis shows a preference for rock pools rather than
crevices. Interestingly, however, these findings are consistent with the observations in
Chapter 2, where S. capensis was most frequently found in rock pools. Unlike the
current investigation, which explicitly addresses true microhabitat preferences
characterized by the deliberate selection of optimal environments, these earlier findings
likely reflect a different interpretation, where high species abundance was mistakenly
considered indicative of habitat preference. In fact, many of these researchers (Garrity
1984, Branch & Cherry 1985, Chambers & McQuaid 1994, Williams & Morritt 1995,
Harper & Williams 2001), when attempting to determine habitat preferences in intertidal
species, often incorrectly equate abundance with preference. As highlighted previously
(Levins 1968, Russo 1987, Olabarria et al. 2002, Moura et al. 2022), abundance patterns
typically represent incidental site occupancy, driven by differential mortality between
more and less suitable habitats and unequal dispersal influenced by microscale physical

barriers.

3.5.5.3 Explaining the reduced preference for rock pools

Since rock pools generally provide the lowest surface temperatures (Chapter 2) and offer
the greatest buffer against desiccation among rocky shore microhabitats (Newell 1979,
Femino & Mathieson 1980, Jackson et al. 2013), both study animals were expected to
show a stronger preference for rock pools over any other microhabitat. As mentioned
above, this would have aligned with findings from Chapter 2 that indicate greater overall
limpet densities in rock pools compared to any other microhabitat. Based on the
reasoning outlined earlier, the reduced or similar recapture rates of both siphonariids in
rock pools compared to crevices, and particularly to horizontal surfaces, was therefore
largely unexpected. Factors such as highly variable salinity levels (Firth & Williams

2009, Buasakaew et al. 2021), however, may either discourage the animals from
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favouring mid- to high-shore rock pools or, through increased mortality, negatively
affect their recapture rates in these areas, in comparison to microhabitats that are less
favourable in terms of temperature and desiccation. Without specific evidence of the
harmful effects from hyposaline rock pool conditions on siphonariid limpets, an
alternative explanation for the lower recapture rates of both siphonariids in rock pools

must be considered.

As previously discussed, disturbances during experimental procedures can lead to
increased mortality and consequently lower recapture rates. In their study on the
behaviour and adaptive strategies of Siphonaria capensis, Branch & Cherry (1985)
observed that the predatory whelk Burnupena catarrhacta circumvents the chemical
defences of, and effectively preys on, S. capensis individuals whose muscular foot has
been damaged in rock pools. The increased predation of S. capensis by B. catarrhacta in
rock pools occurs because the initial defensive release of mucus in response to
disturbance can be depleted by repeated stimulation (McQuaid et al. 1999) and washed
away by the water. This could lead to high mortality of limpets after translocation to
rock pools, resulting in lower recapture rates in this microhabitat. It is important to note,
however, that the distribution of B. catarrhacta does not extend to the East coast of
South Africa (Dempster & Branch 1999), making it unlikely that predation by this
species accounts for the lower-than-expected recapture rates of S. capensis in rock pools
at Zinkwazi on that coast. Nevertheless, empty shells of marked S. capensis individuals
have been found trapped in rock pools at both study sites (pers. obs.), suggesting that
similar opportunistic predation by another limpet predator, possibly the B. catarrhacta
congener, B. lagenaria, which is found on both coasts (Dempster & Branch 1999), could
explain the comparatively lower preference of S. capensis for rock pools at Zinkwazi.
Although there are no records of S. serrata being preyed upon in this manner, it lacks the
same capacity for producing predator-repelling mucus as S. capensis (Pinchuck &
Hodgson 2009). Therefore, it is plausible that disturbed S. serrata individuals are
similarly preyed upon at both sites, which may account for their similarly reduced
preference for rock pools compared to other microhabitats, particularly at Zinkwazi.

Furthermore, the observation that surface temperatures in rock pools at Zinkwazi are
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higher than those in crevices (see Chapter 2) may also explain the diminished or

comparable preference for rock pools shown by both siphonariids at Zinkwazi.

3.5.5.4 Importance of rock pool edges

Since horizontal surfaces were generally the most unfavourable microhabitat sampled in
terms of temperature stress, and densities of both study animals were among the lowest
in this microhabitat (see Chapter 2), where preferences for it surpass those for rock pools
and vertical surfaces, it is possible that the study animals actually prefer “rock pool
edges.” Rock pool edges are described as a distinct, transitional microhabitat between
rock pools and horizontal surfaces, where organisms may benefit from a combination of
moisture retention from the pool and access to the air, reducing the risk of desiccation
and exposure to temperature extremes (Noé€l et al. 2009, Seabra et al. 2023). There are
previous records of Siphonaria serrata utilizing rock pool edges (Chambers 1995) and
both sample animals have been observed near rock pools (pers. obs.). In the present
study, however, rock pool edges were not explicitly treated as a distinct microhabitat but
rather included as part of the horizontal surface category. Consequently, current findings
suggesting a preference for horizontal surfaces rather than rock pools or vertical surfaces
may, in fact, reflect a preference for this more favourable transitional microhabitat. This
indicates that future studies on organism dispersal patterns among microhabitats in the
rocky intertidal should consider more granular representations of these microhabitats,

while simultaneously assessing the conditions within them.

3.5.6 Methodological constraints and potential solutions

3.5.6.1 Relocation direction effects

As evidenced throughout this discussion, careful consideration of specific methods used
to elucidate limpet dispersal patterns and, ultimately, to generate robust inferences

regarding variations in their microhabitat preference is essential. Variations in
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microhabitat preferences across or between studies can arise from suboptimal
translocation techniques (Ellem et al. 2002) and/or variations in mark-recapture intervals
(Nunez et al. 2018). Moreover, this study shows that relocation direction during animal
displacement can also be considered alongside the two aforementioned methodological
aspects that influence microhabitat preference. There appears to be a relationship
between relocation direction and species’ microhabitat preferences, such that the
limpets’ preferred microhabitats often correspond with either their relocation origin or
release site. For example, in cases where Siphonaria capensis or S. serrata exhibited a
preference for crevices or horizontal surfaces, their relocation direction often involved
crevices or horizontal surfaces, respectively. This outcome was expected, as both the
current study and previous research (Branch & Cherry 1985, Hodgson 1999) report
homing behaviour in these limpets. Although not explicitly examined in prior studies,
stronger homing tendencies likely correspond to higher recapture rates in the associated
microhabitats. The limpets’ stronger preferences for crevices post-relocation to or from
crevices compared to other microhabitats (Figure 3.5 and 3.6) aligns with the broader
findings of this study, which indicate an overall preference for crevices regardless of site
or season. These results are further substantiated with horizontal surfaces following

crevices in this trend.

3.5.6.2 Advanced tagging to reduce sample loss and bias

In intertidal environments, other challenges not previously discussed that could affect the
outcomes of CMR studies involve improper or inadequate tagging, typically associated
with more traditional methods such as the use of plastic tags or paint (Hayford et al.
2015, Hayford et al. 2018, Mace et al. 2018), as in the current study. This often results in
inflated tag-loss rates because intertidal organisms tagged using conventional methods
are usually harder to detect (Judge et al. 2018). These detection difficulties occur
because tags exposed to the harsh conditions of the intertidal zone are often washed
away or obscured by biological growth. Additionally, studies using conventional

approaches may experience higher rates of marked-animal loss or mortality (Judge et al.
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2018). This can happen due to increased visibility of the tags, making tagged animals
more susceptible to predation, or due to behavioural changes induced by the chemicals
used to apply these tags that may cause them to move out of the study area. High tag and
animal loss, in turn, reduces the pool of tagged individuals available for data analysis,
which consequently biases the results of CMR studies. Several researchers recommend
using modern computer-readable tags, such as Passive Integrated Transponder (PIT) or
passive Radio Frequency Identification (RFID) tags, to mitigate the limitations of
conventional tagging methods used in small invertebrate dispersal studies
(Lahoz-Monfort & Magrath 2021, Schtickzelle 2024, Folk & Mennerat 2024). These
tags, which can be as small as 10png and Smm in length, are robust, submersible
electronic devices that can transmit real-time location data via electromagnetic induction
to transceivers through air or water at distances below 1m (Gibbons & Andrews 2004,
Robinson et al. 2009, Bonter & Bridge 2011, Lahoz-Monfort & Magrath 2021). Their
small size, mode of data transmission, and multiple deployment options facilitate
efficient tracking, reduce detection errors and animal stress, and enable continuous
monitoring of small intertidal invertebrates in CMR study designs (Hayford et al. 2018,
Mace et al. 2018, Judge et al. 2018).

3.5.7 Temperature-linked temporal shifts in preference

Seasonal variations in the microhabitat preference patterns of Siphonaria capensis and S.
serrata may be influenced by changes in the interaction between temperature and other
environmental factors discussed previously. These factors include temperature-driven
changes in competition for resources and food availability between seasons. As
temperatures rise from winter to summer, the overall abundance of common food
sources for both animals, including several crustose algae found in the intertidal zone
(Iwasaki 1993, McQuaid et al. 1999, Jenkins & Hartnoll 2001), generally decreases.
This decline is attributed to the co-occurring effects of increased desiccation and
heightened UV exposure, which can inhibit algal growth and reduce photosynthetic

efficiency (Tamega & Figueiredo 2019). Higher summer temperatures also typically
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lead to a greater preference for benign rocky shore microhabitats (Williams & Morritt
1995, Harper & Williams 2001, Cartwright & Williams 2012, Virgin & Schiel 2023),
such as crevices, where already limited macroalgal food resources are further strained by
grazing from sedentary organisms (Mackay & Underwood 1977, Jones & Boulding
1999, Davies et al. 2007, Nuiez et al. 2014). Consequently, increased population
densities and competition for space in these preferred microhabitats reduce their benefits,
particularly due to the lower availability of food resources compared to winter. This may
compel parts of the limpet population to inhabit less favourable nearby microhabitats,
such as horizontal surfaces, during summer, which eventually manifests behaviourally as

equal dispersal among microhabitats by S. capensis (Section 3.4.3.1).

3.5.8 Trade-offs between heat management strategies

This occasional selection of thermally unfavourable microhabitats occurs nearly as often
as the selection of more favourable ones by the sample animals. Such a pattern suggests
a compromise between minimizing thermal stress and meeting nutritional demands
(Santini et al. 2014, Monaco et al. 2015, Crickenberger et al. 2020). Thus, a slightly
larger proportion of individuals favour risk avoidance over endurance, though endurance
strategies remain part of both limpets’ thermoregulatory approach. Due to the proposed
influence of hypometabolism on their capacity to withstand thermal stress (Chapter 1),
the variable adoption of heat management strategies in the thermally heterogeneous
rocky intertidal suggests the variable expression of hypometabolism in both limpet
populations. This observation is supported in the study by Liao et al. (2021) on the role
of hypometabolism in heat tolerance among 26 intertidal mollusc species, where the
researchers established a significant link between environmental thermal variability and
hypometabolic variation. Specifically, Liao et al. (2021) found that individuals or
species in thermally stressful zones exhibited greater capacities for heat tolerance
through hypometabolism compared to those in more benign zones. The findings from
the current study reflect the effective pursuit of the research objective to explore limpets’

movement patterns in response to microscale thermal variations and their implications
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for their heat management strategies and ultimately, hypometabolism, as stipulated by
MRS theory (see Chapter 1). By fulfilling these objectives, I build upon various ideas
and findings from studies that have explored microhabitat utilization (Helmuth &
Hofmann 2001, Lord et al. 2011), examined temperature-mediated microscale
distribution patterns (Pound et al. 2020, Janetzki et al. 2021), linked these patterns to
species thermal tolerance (Chapperon et al. 2017, Han et al. 2020), and determined how
adverse abiotic conditions induce hypometabolism in marine organisms (Guppy &

Withers 2007, Verberk et al. 2016, Marshall & McQuaid 2020).

3.5.9 Conclusion

Based on these findings, I reject the hypothesis that the sampled species prioritize
endurance-based approaches over risk-avoidance strategies. Both species preferred
thermally favourable microhabitats such as crevices, although this did not prevent them
from using less favourable ones. In conclusion, these results show that centimetre-scale
thermal mosaics dictate the movement and settlement of S. capensis and S. serrata across
the intertidal. How these behavioural choices intersect with their capacities for metabolic

rate depression and thermal resilience will be examined in upcoming chapters.
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Chapter 4

Thermal preference analysis

4.1 Abstract

Rocky shore ectotherms are exposed to micro-scale thermal mosaics that dictate their
survival, nevertheless, the extent to which thermal history shapes their
temperature-driven dispersal remains unclear. This study hypothesised that limpets
acclimatized to warmer habitats would either prefer higher temperatures on an
experimental gradient or show a muted tendency to leave warm areas. To test this, the
thermotactic behaviour of the pulmonate limpet Siphonaria capensis was compared
between animals from chronically warm horizontal rock and conspecifics from cooler
rock pools at Kommetjie, South Africa. Two hundred adults, 100 from each
microhabitat, were placed on an aluminium tank spanning 25-35 °C, and their movement
and final position were logged after one hour. A Bernoulli GLM analysis demonstrated
that pool-origin individuals were significantly more likely to move, while a Chi-square
test on temperature-shift direction showed they settled disproportionately in cooler
sections, whereas limpets originating from horizontal rocks mostly remained stationary
within the warmer half of the gradient. A separate Chi-square analysis confirmed that
starting temperature did not influence these patterns. These results show that S. capensis
exhibits low but non-random thermotactic activity governed by prior microhabitat
thermal history, implying acclimatory modulation of behavioural risk-avoidance. The

findings supply a behavioural link between the microhabitat distribution patterns
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reported in Chapter 2 and 3, and the physiological performance explored later in the

thesis.

4.2 Introduction

Marine animals exhibit a diverse range of responses to external stimuli that are
extensively documented in the scientific literature (Crickenberger et al. 2020, Brumley
et al. 2020, Bandara et al. 2021, Teske et al. 2021, Raina et al. 2022, Letendre et al.
2024). This includes responses at the population level, such as mass spawning events
triggered by changing lunar light in reef-building corals, specifically Acropora millepora
(Kaniewska et al. 2015, Zoccola & Tambutté 2015), mass migrations in response to
thermal cues in the sardine Sardinops sagax (Lo et al. 2011, Teske et al. 2021), diel
vertical migrations in herbivorous zooplankton driven by light availability (Bandara et
al. 2021, Hobbs et al. 2021), and coordinated bioluminescence displays in
dinoflagellates such as Noctiluca scintillans due to mechanical disturbance (Letendre et
al. 2024). Such responses affect species distributions, population densities, and

predator—prey interactions, among others.

At a more granular level, researchers have focused their efforts on understanding how
environmental cues influence marine animal behaviour, aiming to elucidate broader
species behavioural patterns from individual responses (Hamilton 1978, Davies &
Beckwith 1999, Diaz et al. 2011, Raw et al. 2013, Ng et al. 2013, Lewis & Ayers 2014,
Morley et al. 2022). For example, the marsh periwinkle Litforina irrorata exhibits
visually mediated anti-predator behaviour by moving toward on-shore or nearby
vegetation when released onto bare sand (Hamilton 1978). Similarly, the common
periwinkle Littorina littorea responds to chemical cues when following the mucus trails
left by other snails during foraging (Davies & Beckwith 1999). Both response
behaviours, broadly referred to as phototaxis and chemotaxis, respectively, contribute to
the clumped natural distributions of these species that provide ecological advantages,

such as reduced exposure to thermal stress and increased foraging success.
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Body temperature plays a crucial role in determining the performance of ectotherms,
influencing their behaviour, physiology, and overall fitness (Somero 2002, Angilletta
2009). Many ectotherms, including marine organisms, exhibit behavioural
thermoregulation to maintain their body temperatures within an optimal range, thereby
enhancing their survival and performance in varying thermal environments (Kearney et
al. 2009, Clusella-Trullas et al. 2011, Hui et al. 2022, Morley et al. 2022). A key
component of behavioural thermoregulation is the capacity for thermal preference
displayed by several marine ectotherms, such as the sea cucumber Cucumaria georgiana
(Morley et al. 2022), the purple sea urchin Strongylocentrotus purpuratus (Salas et al.
2012), and the Atlantic cod Gadus morhua (Behrens et al. 2012, Schakmann et al.
2023). Thermal preference, also known as thermal preferenda, refers to the behaviour of
animals actively seeking specific temperature ranges that maximize their physiological
performance when presented with a choice (Fry 1947, Reynolds & Casterlin 1979, Hertz
et al. 1993, Angilletta et al. 2002). Studies on thermotaxis have been key in enhancing
our collective understanding of the interplay between the physiological and ecological
adaptations of marine ectotherms, particularly those that inhabit the thermally
heterogeneous intertidal zone, where they are subjected to significant thermal
fluctuations due to tidal cycles and, especially, microhabitat variability (Crickenberger et

al. 2020).

The focus here is on determining the thermal preference of the intertidal pulmonate
gastropod Siphonaria capensis collected from horizontal surfaces and rock pools at
Kommetjie (see Chapter 2). To achieve this, I use the Eulerian approach (Tepler et al.
2011, Lewis & Ayers 2014, Padilla-Ramirez et al. 2015), as discussed by Crickenberger
et al. (2020). This analysis entails studying species distributions along an artificially
constructed temperature gradient, in contrast to a control without the gradient
(Crickenberger et al. 2020). Consequently, this allows one to relate species body
temperatures directly to distribution patterns in the context of climate change, which is
expected to exacerbate temperature extremes and variability in coastal environments
(Easterling et al. 2000, Helmuth et al. 2014, Seabra et al. 2015). S. capensis is the ideal

model species for this study due to its broad geographic distribution along the South
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African coastline, where it experiences significant temperature differences between the
warm Indian and cool Atlantic Oceans (Lutjeharms 2006, Lutjeharms 2007).
Additionally, its distribution from mid- to high-shore and among various microhabitats
exposes it to a complex array of temperatures (see Chapter 2). In Chapter 3, it was noted
that S. capensis displays distinct preferences for specific microhabitats with different
thermal regimes. Understanding the thermal preferences of S. capensis can thus provide
insights into the mechanisms underlying its adaptive strategies and potential resilience to

climate change-induced temperature variation.

Key findings from previous studies provide important insights into the relationship
between thermal acclimation and the behavioural responses of intertidal marine
ectotherms to thermal cues, and how this relates to their biological performance (Mcgaw
2003, Lagerspetz & Vainio 2006, Lewis & Ayers 2014, Padilla-Ramirez et al. 2015,
Crickenberger et al. 2020). For instance, research on the Jonah crab Cancer borealis and
the amphibious purple shore crab Hemigrapsus nudus demonstrated a significant effect
of acclimation on the thermal preferences of these crabs (Lewis & Ayers 2014,
Padilla-Ramirez et al. 2015). Generally, crabs acclimated to higher temperatures tend to
prefer warmer temperatures, while those acclimated to lower temperatures show
preferences for cooler temperatures. These studies further imply that by adjusting their
thermal preferences through acclimation, these crabs optimize their physiological
functions to better suit their environments, enhancing their overall fitness. The current
text, however, compares the thermal preferences of Siphonaria capensis individuals
acclimatized to naturally warmer versus cooler habitat conditions. This helps clarify
micro-scale, temperature-driven patterns of species occurrence and microhabitat

preference, as determined in Chapter 2 and 3.

Therefore, this study aims to quantify the effect of acclimatization on the thermotactic
response of Siphonaria capensis to thermal stress. It is hypothesized that individuals
acclimatized to warmer conditions, may exhibit preferences for such conditions or show
potentially subdued thermotactic responses to rising temperatures. This behaviour may

represent a trade-off: a preference for warmer regimes could help match physiological
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optima in warm environments but may also require physiological adjustments (e.g.,

hypometabolism) to survive until conditions improve.

4.3 Methods

4.3.1 Sample sites and animals

This study investigates the thermal preferences of Siphonaria capensis, collected from
the study site on the West coast of South Africa (Figure 1.1; see Chapter 2 for further site
details).

4.3.2 Collection and maintenance

A grand total of 200 individuals of Siphonaria capensis were collected from horizontal
rock surfaces and rock pools (Table 2.1), at a rate of 50 individuals per Spring low tide
from March to April 2020. Limpets were detached from rock substrata and immediately
placed in moistened, pre-marked 500mL containers identified by individual collection
microhabitat, within an insulated box at 20 — 22°C. Specimens were transported to a
climate-controlled environment room (temperature — 20°C; lighting regime — 12 hours
light/dark) within 12 hours, where they were housed in S0L tanks for another 12 hours
while maintaining separation by microhabitat. Thus, experiments commenced within 24
hours of collection. A 6-hour tidal cycle was simulated in the holding tanks using
constantly aerated seawater, an adjacent SOL tank, WACO plug-in timers, and
flow-restricted (20L/h) mini submersible water pumps, each fitted with a filter sponge
(NEWA MN404, NEWA, Italy). The pumps were programmed to run automatically for
30 minutes at the end of each simulated tidal cycle, ensuring a total transfer volume of

10L of water between the adjacent tanks.
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4.3.3 Sampling method

Thermal preferences were measured for Siphonaria capensis individuals that remained
firmly attached to the inner surfaces of the tanks in the climate-controlled room
described above. This was done using a 0.6mm thick, 35cm wide, aluminium sample
tank shaped like a canoe (Figure 4.1). This setup follows a modified experimental
procedure, consolidated from previously established protocols for the assessment of
thermal preference (Licht 1965, Dillon et al. 2009, Tepler et al. 2011). The rounded
corners of the tank helped mitigate potential aggregatory behaviour by the limpets at
otherwise angular edges that has been observed in similar animals, such as Chlorostoma
funebralis (Tepler et al. 2011). A 20mm wide strip of copper tape (Advance Tapes,
Leicester, United Kingdom) was used to line the inner boundary walls of the tank,
serving as a barrier to contain the limpets within a pre-defined experimental area of

130cm by 15cm (Schiider et al. 2003, Roda et al. 2018).

Figure 4.1: Image displaying the layout, equipment and materials used for the sample
tank in the thermal preference assessment of Siphonaria capensis.

To establish a temperature gradient from 20°C to 40°C, one end of the tank was heated
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using two 250-watt heat lamps (Haining Hongxin Electrical, Haining, China), kept
approximately 30cm above the tank, while the opposite end was cooled using water from
a 10L container in a programmable water bath (Grant Optima TXF200-R4). This
gradient, which falls within the typical intertidal temperature range encountered by these
limpets (see Chapter 2) and remains below their acute lethal limit (Kankondi et al.
2018), was maintained by circulating aerated seawater from the water bath through the
tank (Figure 4.1). This circulation was accomplished using flow-restricted (500 mL/h)
Toms 5-watt aqua-lifter dosing pumps. The outer surface of the tank was insulated with
foam to stabilize the temperature gradient, which was allowed to settle for 30 minutes

before initiating each trial.

Starting temperatures of 25.6°C, 27°C, 28.7°C, 30°C, and 34°C were established using
T-type thermocouples, positioned at least 10cm apart and 40cm from the ends of the
tank. These points were marked with 7cm lines drawn across the gradient using a
permanent marker. At the beginning of each trial, two limpets, one from each of the two
different microhabitats, were placed at either end of the five lines, totalling ten limpets
per trial. Mark—recapture data (Chapter 3) show homing in over 90% of undisturbed
limpets, thus confirming that these limpets were exposed to their collection microhabitats
for at least two weeks. Limpets were allowed to move freely for one hour before the
temperature at their final positions was recorded. To track limpet movement, the car
paint applied in Chapter 3 was used in a colour-coded system to distinguish between
limpets from different microhabitats and those placed at the pre-set starting temperatures.
This procedure was repeated 20 times. After each trial, the tank was cleaned to eliminate
potential biases from lingering chemical cues or mucous trails left by the limpets (Davies
& Beckwith 1999, Edwards & Davies 2002, Raw et al. 2013, Ng et al. 2013). To ensure
unbiased responses to the temperature gradient, fresh limpets were collected after every
five trials, and the temperature settings at the ends of the tank were alternated to
minimize local substrate effects (Tepler et al. 2011). The water level was maintained

Smm below the copper tape to eliminate copper leaching (Krull & Newman 2022).

This experimental procedure produced the penultimate dataset, which comprised four
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variables: one numerical (start temperature) and two categorical predictor variables (trial
and microhabitat). Additionally, it included the numerical response variable end
temperature. Subsequently, four additional variables were created to form the final
dataset with a total of eight variables. These included a categorical predictor, start
temperature status, which ranked the start temperatures from coldest to hottest. Three
outcome variables were also generated: a zero-inflated continuous variable for
temperature change (reflecting differences between end and start temperatures); a
categorical temperature shift variable indicating whether limpets moved to a warmer or
colder position on the thermal gradient or showed no change; and movement status (1 =
moved, 0 = stationary) as a binary measure of micro-scale dispersal during the
experiment. Here, dispersal refers specifically to the centimetre-scale displacement of an
individual along the experimental thermal gradient during each trial, not to large-scale

demographic migration.

4.3.4 Statistical analysis

All statistical analyses and data visualizations were conducted using R version 4.4.0 (R
Core Team 2021). A Generalized Linear Model (GLM) and a Chi-square test were
employed to assess the effects of predictors on the response variables of interest. These
models were implemented using either the glmmTMB function, as discussed in

Chapter 2 and 3, or the ggbarstats function from the ggstatsplot package (Patil 2021).

A Bernoulli GLM was utilized to model limpet movement status as a function of
microhabitat (Equation 4.1). Although the interaction between microhabitat and start
temperature status was initially considered in this study, it was not included in the final
model because it did not significantly improve model fit (p = 0.76), as determined by the
Likelihood Ratio Test (Table A15) conducted with base R’s anova function (Zuur et al.
2009).
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Y, ~ Bernoulli(7;)

logit (1 T ) =0+ Xy + ¢ 4.1)

where €; ~ N (0, 02)

In Equation 4.1, Y, represents the binary response variable for the movement status of
the ¢-th individual, modelled using a Bernoulli distribution with success probability ;.
The logit link function logit(7, /(1 — m;)) linearly relates the predictor to the logarithm
of the odds ratio (log odds) of the outcome, which indicates the ratio of the probability of
the outcome occurring relative to its complement. The grand intercept is denoted by «,,
and o is the coefficient for the predictor microhabitat (X ;). The residual variance €,
representing individual-level variability not accounted for by the model, is assumed to

have a variance of o2 and a mean of 0.

The primary research question aimed to identify differences in the direction of
temperature changes for animals from perceived cooler versus warmer microhabitats,
rather than their magnitude per se. This led to the creation of the new temperature shift
variable introduced earlier in this chapter. Consequently, two separate Pearson’s
Chi-square tests of independence were conducted to determine the influence of
microhabitat and start temperature status on the direction of thermal change associated
with animal movement. Chi-square tests of independence are appropriate in scenarios
where the impact of one categorical variable on another must be statistically assessed.
However, using the non-parametric Chi-square test may not be as efficient, powerful, or
precise as its parametric counterparts (Vickers 2005, Hopkins et al. 2018, Gerald &
Patson 2021). For example, employing the Multinomial GLM would have allowed for a
single analysis model to test the effects of the two categorical predictors on temperature
shift status, rather than conducting two separate tests. Nevertheless, the Chi-square test
was utilized because it does not adhere to the strict assumptions required by the
Multinomial GLM, as discussed in Chapter 3, and can therefore be applied more

reliably.

Model validation procedures, as outlined in Chapter 2 and 3, were applied to the
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Bernoulli GLM assessing the movement status of the limpets. These procedures
involved determining the area under the receiver operating characteristic curve, overall
model accuracy, the Hosmer—Lemeshow test and Brier score (Section A3). A similar
method utilized for evaluating the main effects of the Bernoulli model in Chapter 3 was
employed here, using a Type I test appropriate for simpler or balanced designs where
interactions are not a primary concern (Shaw & Mitchell-Olds 1993). For the Chi-square
tests examining variation in limpet temperature shift status (Figure 4.3 and 4.4), the
assumptions for independent observations, mutually exclusive cells, and categorical
variables could only be qualitatively verified (Bolboaca et al. 2011, McHugh 2013,
Singhal & Rana 2015). The final assumption, that all expected values for all levels of the
combination of predictors must be above 5 (Table A16 and A17), was satisfied as

determined using the chisq.test function from the stats package (R Core Team 2021).

Post hoc analyses for the Bernoulli GLM involved generating contrasts between the
estimated marginal proportions for different outcome classes, as detailed in Chapter 2
and 3. For the Chi-square test, the chisq.posthoc.test function in base R facilitated direct
pairwise comparisons between the proportions of animals associated with each level of
temperature shift status. To reduce the likelihood of Type I errors, the Bonferroni

adjustment was applied to these multiple pairwise comparisons for the Chi-square test.

4.4 Results

4.4.1 Movement status

Overall, only 41.5% of the Siphonaria capensis sampled in this study moved during the
thermal preference treatments. Among these individuals, a higher percentage was
observed in those collected from rock pools (60.2%) compared to those from horizontal

surfaces (39.8%).

The Bernoulli GLM analyzing the influence of microhabitat on the movement status of

S. capensis during treatments revealed a significant tendency for the limpets not to move,
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as indicated by an overall rate below 50% (Figure 4.2).

Figure 4.2: Dot and whisker plot illustrating the shift in movement status between S.
capensis individuals collected from horizontal surfaces (hr) and rock pools
(rp), represented as point estimates (= CI).

Additionally, limpet sample microhabitat significantly affected their movement status
(x?=5.88,df =1, p <0.05), as shown in Table 4.1. In particular, when comparing the
movement status between microhabitats (Figure 4.2), S. capensis collected from
horizontal rocks were less likely to move compared to individuals collected from rock

pools (0.49, p <0.05).

Table 4.1: Analysis results from a Bernoulli GLM on the movement status of Siphonaria
capensis. Microhabitat was treated as a fixed effect.

predictor Chisq Df p.value

mh 5.8845 1 0.0153

Predictor: mh - Microhabitat.
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4.4.2 Temperature shift status

Out of the 200 limpets sampled for thermal preference, raw proportions indicate that the
majority (58.5%) showed no inclination to move towards either the warmer or cooler
sections of the thermal gradient after being placed at their starting temperature. Among
the remainder, a larger proportion preferred warmer temperatures (23.5%) as opposed to

cooler ones (18%).

4.4.2.1 Collection microhabitat

In the Pearson’s Chi-square test analyzing the impact of Siphonaria capensis collection
microhabitats on their temperature-driven movement, a significant probability of
dependence (x2 = 19.51, df =2, p < 0.0001) was identified, along with a moderate effect
size (Cramér’s V = 0.30; Figure 4.3). Post hoc analyses show that limpets collected from
horizontal rocks were significantly less likely to move to cooler sections of the gradient
than expected (p < 0.0001). In contrast, limpets from rock pools were significantly more
likely to move towards cooler sections (p < 0.0001). Finally, for both microhabitats, the
movement rates for the remaining temperature-shift categories were consistent with

expectations (p = 0.0882 for warmer sections and p = 1 for no change; Figure 4.3).
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Figure 4.3: Stacked bar chart depicting the results of a Pearson’s chi-square test of
independence on the relationship between microhabitat and temperature shift
status in S. capensis. The chart overlays the proportion of observations within
each category. Frequentist statistics are presented at the top of the chart.

4.4.2.2 Initial temperature status

The Pearson’s Chi-square test, which assessed the effect of initial temperature status on
limpet temperature-driven movement, indicated an insignificant probability of
dependence (2 = 5.30, df = 8, p = 0.73) with a negligible effect size (Cramér’s V = 0;
Figure 4.4). Despite this, significant differences in expected temperature-driven
movement rates were detected within all groups of temperature status, except for the
‘warm’ category (Figure 4.4). It is important to note, however, that these findings of
significant deviations from expected movement rates were not corroborated by further

post hoc tests (Table A19).
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Figure 4.4: Stacked bar chart presenting the results of a 3x5 Pearson’s Chi-square test of
independence, examining the relationship between the initial temperature and
temperature shift status of S. capensis. The bars are annotated with the
proportion of observations, while Frequentist statistics are displayed above
the chart.

4.5 Discussion

4.5.1 Overview and guiding hypotheses

The present chapter explored thermotaxis in the pulmonate limpet Siphonaria capensis
collected at Kommetjie on the West coast of South Africa. The primary objectives were
to examine temperature-driven dispersal of S. capensis acclimatized to contrasting
microhabitat thermal profiles during low tide and to link this to their distribution
patterns, heat-management strategies (as discussed in Chapter 2 and Chapter 3), and
potential physiological responses addressed in Chapter 5. I hypothesized that S. capensis
would favour warmer conditions, potentially reflecting acclimatization to elevated

temperatures. Conversely, if no preference for higher temperatures is observed, these
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hypotheses would not be supported.

4.5.2 Summary of key findings

Overall, Siphonaria capensis exhibited low frequencies of micro-scale dispersal during
the thermal preference treatments, which varied based on the sample microhabitat.
Specifically, limpets originating from rock pools had substantially higher dispersal
frequencies than those from horizontal surfaces. Further analysis showed that, regardless
of their collection microhabitat, S. capensis generally followed temperature-driven
patterns of dispersal consistent with random movement, highlighting its overall low
dispersal frequency. Limpets from rock pools, however, occasionally demonstrated
notable preferences for cooler temperature zones, while those from horizontal surfaces
tended to avoid cooler areas. Furthermore, the results were not affected by the initial
placement of individuals along the experimental temperature gradient, indicating that
dispersal patterns were shaped by the microhabitat of origin and inherent thermal

preferences, rather than the starting point of experiment trials.

4.5.3 Dispersal frequency

4.5.3.1 Relationship between dispersal frequency and heat management strategies

Many gastropods including Siphonaria spp., are relatively slow-moving (Creese &
Underwood 1982, Herrera et al. 1996). For example, Herrera et al. (1996) reported
average dispersal rates of 2—14cm/h for the sea snail Bulla gouldiana, while Creese &
Underwood (1982) documented even slower rates for S. denticulata and S. virgulata
(0.2—-6¢cm/day). Although dispersal rates were not quantified here, the consistently low
dispersal frequencies observed in S. capensis fit these benchmarks and likely result from
ecological drivers rather than morphological constraints. Restricted dispersal may serve
as a risk-avoidance strategy, keeping limpets near home scars or in favourable

microhabitats during foraging at high tide (Hui et al. 2022) and reducing exposure to
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lethal heat or desiccation at low tide (Chapters 2 - 3). Where access to cooler refuges is
limited by barriers, space, or food, however, limpets may instead rely on endurance
tactics such as clamping, metabolic depression, and related physiological adjustments to
survive (Jones & Boulding 1999, Monaco et al. 2015, Verberk et al. 2016, Marshall &
McQuaid 2020). This constitutes unaccounted for intraspecific variation in S. capensis
employment of thermoregulatory adaptation strategies, which are only elucidated

through more granular analyses.

4.5.3.2 Effects of acclimatization to harsh conditions

The results from the current study, together with several field and laboratory studies
(Jones & Boulding 1999, Chester et al. 2015, Deldicq et al. 2021, Hui et al. 2022), but
see Bonte et al. (2012) and Raina et al. (2022), show that animals acclimatized to
thermally harsh habitats disperse less than conspecifics from benign sites. For instance,
the drought-exposed small caddisfly Agapetus sp. limits its dispersal in response to
increased drying during droughts (Chester et al. 2015). Similarly, S. capensis individuals
adapted to unfavourable microhabitats may adjust their behaviour to limit their dispersal,
facilitating faster clamping behaviour at ebb tide to conserve moisture (Wolcott 1973).
Comparable thermal cues trigger burrowing in the protozoan Haynesina germanica
(Deldicq et al. 2021), preventing body temperatures from reaching critical thermal
maxima, the temperature at which marine organisms experience neuromuscular
inhibition and a loss of presynaptic functionality due to thermal stress (White 1983).
Because clamping alone does not fully mitigate heat stress in limpets, it may instead
prompt metabolic depression, which could help them endure extended exposure to high
temperatures (Chapter 2 and 3). Such links between inactivity and hypometabolism are
well documented in animals adapted to high temperatures (Storey & Storey 2004, 2012,
Navas & Carvalho 2010, Storey 2015, Jiang et al. 2023).

Thermoregulatory responses associated with restricted limpet movement can only be
sustained for finite periods. Prolonged reliance on them leads to harmful metabolic

by-products and other adverse effects (see Chapter 1), including the buildup of
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nitrogenous waste, reduced foraging and escape capacity, and increased molecular
damage due to restricted energy availability for repair (Storey 2015, Marshall &
McQuaid 2020, Leeuwis & Gamperl 2022). Therefore, there is ample incentive for S.
capensis to avoid these costs by maintaining higher dispersal frequencies in cool
microhabitats, where stressful thresholds are seldom reached. This is corroborated by
previous research (Santina 1994, Gray & Hodgson 1998, Nufiez et al. 2014), where
increased dispersal of the study animals was typically observed under relatively cool

rock shore conditions.

4.5.4 Thermal preference

4.5.4.1 Drivers of interspecific variation in thermal preference

Other taxa show the opposite pattern to Siphonaria capensis when thermal preferences
are compared between animals acclimatized to warm and cool microhabitats
(Garcia-Guerrero et al. 2013, Johansson 2015). Warm-acclimated juvenile red claw
crayfish (Cherax quadricarinatus) selected cooler areas, whereas the cool-acclimated
freshwater snail (Radix balthica) generally preferred the warmer regions of a gradient.
Along with the present study’s finding that S. capensis from cool microhabitats preferred
cooler sections while those from warm microhabitats remained stationary, these cases
suggest distinct but comparable physiological drivers of thermal preference. Cooler
water may limit heat stress and conserve energy in the warm-acclimatized C.
quadricarinatus, whereas moving to 17°C on the thermal gradient places R. balthica near

its 20°C growth optimum (Johansson 2015).

The differences in thermal preferences observed between warm- and cold-adapted S.
capensis and the other two species, C. quadricarinatus and R. balthica, probably arise
from contrasting evolutionary histories, body size, locomotor anatomy, and sample
location (Crickenberger et al. 2020). The large crayfish C. quadricarinatus, with
carapace lengths ranging from 50 to 250mm (Ahyong & Yeo 2007, Patoka et al. 2016,
Douthwaite et al. 2018, Liu et al. 2024), uses jointed appendages for rapid, efficient
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movement (McCormack 2012), whereas the much smaller S. capensis and R. balthica,
which reach shell lengths of up to 28mm (Chambers & McQuaid 1994, Schniebs et al.
2011), rely on a muscular foot and disperse slowly (Miller 1974, Creese & Underwood
1982, Lai et al. 2010, Tyrakowski et al. 2012). Consequently, the decapod can readily
track cooler refuges, while S. capensis may have to rely more heavily on behavioural
thermoregulation, such as clamping. Although R. balthica and S. capensis are similar in
size and locomotor anatomy, they differ in thermal preference among cool-origin
individuals. Cool-origin S. capensis appear predisposed to avoid warmer conditions on
the high-shore rocky intertidal to mitigate the risk of thermal stress and the need to
employ sub-optimal physiological adaptations for survival. In contrast, cool-acclimated
R. balthica, from the stable environment of sub-Arctic Lake Myvatn in Iceland
(Johansson 2015), likely seeks slightly warmer water to optimize metabolic processes
like growth and digestion, illustrating how habitat and morphology jointly shape thermal

preference strategies.

4.5.4.2 Drivers of intraspecific variation in thermal preference

These interspecific differences echo reports that species prefer either cooler conditions
(Gonzalez et al. 2010, Tepler et al. 2011, Deldicq et al. 2021, Hui et al. 2022, Ripley et
al. 2022, Morley et al. 2022, Helmond et al. 2023) or warmer ones (Herrera et al. 1996,
Diaz et al. 2006, Dillon et al. 2012), regardless of acclimatization status. Although
risk-avoidance strategies dominate (Crickenberger et al. 2020), intraspecific variation is
common (Bovbjerg 1975, Clusella-Trullas et al. 2011, Salas et al. 2012, Behrens et al.
2012, Padilla-Ramirez et al. 2015, Truitt et al. 2018, Strunov et al. 2023, Schakmann et
al. 2023), including in S. capensis. Key drivers include body size (Clusella-Trullas et al.
2011, Schakmann et al. 2023), food-resource induced chemotaxis (Bovbjerg 1975),
temporal fluctuations in environmental conditions (Salas et al. 2012, Padilla-Ramirez et
al. 2015), and animal-health status (Truitt et al. 2018). For example, Drosophila
melanogaster infected with the endosymbiotic bacterium Wolbachia prefer cooler

temperatures than uninfected flies (Truitt et al. 2018), while larger squamate ectotherms
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tend to select warmer sites to offset their greater thermal inertia (Clusella-Trullas et al.
2011). Furthermore, despite efforts to minimize size differences during sampling, S.
capensis remains size-segregated between microhabitats, with larger individuals
typically found on horizontal surfaces rather than in rock pools (pers. obs.). This

suggests that size-linked physiology may underlie its broad thermal preferences.

4.5.5 Methodological constraints and potential solutions

Assessments of thermal preference based on the manual observation and tracking of
specimens are prone to bias and can introduce spurious intraspecific variation (Myrick et
al. 2004, Dillon et al. 2009, Diaz et al. 2011, Chen et al. 2011, Reiser et al. 2013,
Touska et al. 2016). Consequently, small, subtle movements are easily missed, and
errors in maintaining or logging stable thermal gradients further skew results. Precision
in detecting minor changes can be enhanced using high-resolution video paired with
automated tracking systems (Pérez-Escudero et al. 2014, Truitt et al. 2018, Henry et al.
2022, Strunov et al. 2023, Schakmann et al. 2023), which can record movement
frequency, speed, direction, course adjustments, and distances travelled. This approach
minimizes bias, allows finer scale quantification of temperature-driven dispersal, and
detects minute behaviours such as subtle shifts in body orientation (Reiser et al. 2013,
Touska et al. 2016, Henry et al. 2022). Therefore, integrating such tracking with
feedback-controlled temperature gradients (Reiser et al. 2013) would yield more

accurate assessments of thermotactic behaviour in future studies.

4.5.6 Thermal preference links distribution and physiological expression

The broad range of thermal preference determined here echoes findings for Siphonaria
capensis in Chapter 2 and 3, where its distribution between favourable and less
favourable microhabitats suggests an equilibrium between two primary heat
management strategies. This variation reflects differences in energy requirements among

individuals and their capacity to regulate these demands under conditions that fluctuate
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across spatial and temporal scales, potentially contributing to differing heat tolerances.
As in many ectotherms (Crickenberger et al. 2020), limpet thermal preferences are
shaped by the need to access resources or maintain optimal conditions for physiological
functions as climatic conditions alternate between being hospitable and challenging.
This may require differing propensities for hypometabolism across the S. capensis
population to conserve energy and maintain thermal tolerance across highly variable
thermal conditions. The proposed links among thermotaxis, microhabitat distribution,
dispersal, and hypometabolic capacity are only inferred, because they are drawn from
separate studies (Salas et al. 2012, Padilla-Ramirez et al. 2015, Crickenberger et al.
2020, Pound et al. 2020, Liao et al. 2021, Janetzki et al. 2021). The influence of
temperature on micro-scale distribution (Pound et al. 2020, Janetzki et al. 2021) appears
to shape dispersal patterns through thermal preference (Padilla-Ramirez et al. 2015,
Crickenberger et al. 2020) and hypometabolism-mediated thermal tolerance (Liao et al.

2021).

4.5.7 Conclusion

Building on these results, I fail to reject the hypothesis that in sifu acclimatization to
higher temperatures fosters a preference for elevated temperatures, which could amplify
hypometabolic responses and enhance thermal tolerance in Siphonaria capensis when
behavioural thermoregulation is chronically restricted. While a clear preference for
warmer conditions was observed, thermal preferences were context-dependent, with
individuals from warmer habitats favouring higher temperatures and those from cooler
habitats preferring lower temperatures. Ultimately, the findings of this chapter
underscore that variable thermal histories create cascading effects on the thermal
tolerance of pulmonate limpets, shaped by their distribution, dispersal patterns, and

capacity for hypometabolic activity.
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Chapter 5

Thermal limit analysis

5.1 Abstract

Intertidal organisms face rapid, tide-driven temperature oscillations that can push body
temperatures to physiological extremes within hours, yet the extent to which
hypometabolism modulates their absolute thermal tolerance has not been
comprehensively established. In this chapter I assessed whether energy-saving
hypometabolism enhances heat tolerance in two South African limpets, Siphonaria
capensis (n = 240) and S. serrata (n = 160), collected in spring and summer from
Kommetjie, Three Sisters and Zinkwazi. Guided by metabolic rate suppression (MRS)
theory, I hypothesized that (i) the link between hypometabolism and sub-lethal limits
would strengthen under warmer regimes, and that (i1) lethal and sub-lethal limits would
covary more tightly in cooler conditions. Non-invasive plethysmography was used to log
heart rate across controlled heat ramps (20 — 55°C at 0.25°C/min) to generate cardiac
thermal response curves. From these curves, final breakpoint temperature (FBT), flatline
temperature (FLT) and cardiac suppression range (CSR) were derived as proxies for
sub-lethal limits, lethal limits and hypometabolic activity, respectively. Mixed effects
models showed that CSR and FBT were positively correlated, an association that was
only steeper at the warmer site for S. serrata, whereas the correlation between FLT and
FBT was weaker and inconsistent across sites particularly for S. serrata. These results
indicate that individuals expressing stronger hypometabolism attained higher sub-lethal

limits, while lethal thresholds remained comparatively inflexible. Additionally, mean
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FBTs peaked at the warmest sites and during the warmest conditions, whereas limpets
were largest at the coolest site, with minor size differences among microhabitats
reflecting local thermal heterogeneity. Collectively, these findings confirm that
hypometabolism not lethal limit plasticity, principally underpins heat endurance in these
pulmonate limpets, supporting metabolic suppression theory as a predictive framework

for intertidal resilience under climate warming.

5.2 Introduction

Various factors are likely to govern the ability of intertidal ectotherms to survive
extreme, tide driven temperature fluctuations under climatic warming. Of these, access
to thermally heterogeneous environments, at different spatial scales, and specialized
physiological adaptations are often discussed (Marshall & McQuaid 1991, Dong et al.
2017, Monaco et al. 2017, Choi et al. 2019, Rilov et al. 2019, Moyen et al. 2020, Liao et
al. 2021). Individuals that mitigate costly metabolic responses to acute and/or sustained
temperature increases, by tandem physiological/behavioural processes, are generally
predicted to fare better than those that do not (Richards 2010, Marshall & McQuaid
2011, Choi et al. 2019, Hui et al. 2020, Li et al. 2021). As discussed in Chapter 1,
metabolic rate depression is an energy saving adaptation to harmful abiotic conditions
(Newell 1969, Sokolova & Pdértner 2001, Guppy & Withers 2007, Verberk et al. 2016)
that reduces respiratory costs during severe thermal stress (Abele et al. 2002), preventing
energy deficits and extending thermal tolerance (Hand & Hardewig 1996). Attempts
have been made to establish patterns of the incidence of metabolic depression in
thermally variable environments (Li et al. 2021) and to predict the onset of metabolic
depression using autocorrelative environmental cues (Hui et al. 2020). However, past
studies fall short of making substantial links between metabolic depression and thermal
tolerance. By utilizing a range of physiological parameters derived from heart rate
measurements (described below), this study aims to investigate the potential effect of
metabolic depression on thermal tolerance and the degree to which lethal limits are

plastic, replicating the analysis in two congeneric intertidal pulmonate limpets,

119



Siphonaria capensis and S. serrata, that experience similar shore temperatures along the

South African coast (see Chapter 2).

Organismal response to increasing temperatures are normally represented by thermal
performance curves (TPC), which commonly exhibit a left-skewed pattern (Huey &
Kingsolver 1989, Angilletta Jr. et al. 2006, Angilletta 2009, Sunday et al. 2011, Woods
et al. 2018). Generally, TPCs describe an increase in the rate of some fitness related trait
(e.g., growth, locomotion, etc) with temperature, followed by a sudden crash after

reaching peak performance at the optimum temperature (T, ), and a flatline, or failure to

opt
respond to increasing temperatures, at the critical maximum temperature (CT,,, ).
Deviations from the rate-temperature norm have, however, been described for some
species (McMahon & Russell-Hunter 1977, Fangue et al. 2008, Fangue et al. 2009,
Marshall & McQuaid 2011, Verberk et al. 2016). This is shown in regions of the TPC
where animals exhibit a plateau in performance (performance thermoneutrality) or a

drop in performance (metabolic rate depression), below T, ., that varies in temporal

opt>
extent depending on the species and environmental conditions (Storey & Storey 2004,

Guppy & Withers 2007, Marshall & McQuaid 2011).

Along with their thermal limit indicators, cardiac thermal response curves or TRCs,
which relate heart rate to temperature, are commonly used to study metabolic patterns in
intertidal ectotherms (Stenseng et al. 2005, Dong & Williams 2011, Tagliarolo &
McQuaid 2015). TRCs are similar in shape and features to TPCs at higher temperatures.
Specifically, TRCs also display a rapid and usually non-lethal drop in cardiac function at
the peak of the curve, which is often referred to as the Arrhenius breakpoint temperature
(ABT) in TRCs with a single breakpoint (Stillman & Somero 1996, Stenseng et al. 2005,
Dong & Williams 2011, Huang et al. 2015, Tagliarolo & McQuaid 2015, Xing et al.
2016, Monaco et al. 2017, Kankondi et al. 2018, Han et al. 2020). In this study,
however, I use the term ‘final breakpoint temperature’ (FBT) instead of ABT, as it
provides a more accurate representation of peak performance for TRCs that deviate from
the rate-temperature norm, specifically those with multiple breakpoint temperatures

(BPT) before the FBT (see Figure 5.1). Multiple breakpoints have been identified in the
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TRCs of several intertidal ectotherms (Bjelde et al. 2015, Pasparakis et al. 2016) and it
has previously been implied that they contribute to energy conservation at elevated
temperatures (Bjelde & Todgham 2013). This study defines regions segmented by two of
the multiple breakpoints, one of which could be the FBT (Figure 5.1 E), as the cardiac
activity suppression range (CSR), where cardiac response either plateaus or drops before
recovering (Pasparakis et al. 2016). After this, FBTs are typically followed in close
succession by the flatline temperature, or FLT (Figure 5.1), a critical point at which the
heart ceases to function, often leading to fatal consequences for the organism. As shown
by Bjelde & Todgham (2013) and Wang et al. (2023), several ectotherms exhibit
considerable variability in breakpoint temperatures, and consequently in the overall
shape of their TRCs (Figure 5.1). This variation is likely driven by fluctuating energy
states before thermal stress events (Pasparakis et al. 2016), differences in individual
thermal history, and the extent to which various physiological safeguards against heat
stress are deployed (Wang et al. 2023). Following several other studies (Stillman &
Somero 1996, Dong & Williams 2011, Bjelde & Todgham 2013, Tagliarolo & McQuaid
2015, Pasparakis et al. 2016, Kankondi et al. 2018, Marshall et al. 2018, Hann 2021), I
used the final breakpoint temperature (FBT) and flatline temperature (FLT) as markers
for thermal tolerance. Specifically, FBT, along with the CSR, which serves as a proxy
for metabolic depression in this study, was employed to investigate the relationship
between metabolic depression and thermal tolerance across different spatiotemporal
scales (Bjelde & Todgham 2013, Bjelde et al. 2015, Giomi et al. 2019, Hui et al. 2020,
Hann 2021, Li et al. 2021).
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Figure 5.1: Cardiac thermal response curves with cardiac activity suppression range
(CSR), flatline temperature (FLT), final (FBT) and preceding breakpoint
temperatures (BPT) shown for six individual Siphonaria capensis.

Final breakpoint temperatures represent maximal upregulation of heat induced protective
molecules (i.e., Heat Shock Proteins and Heat Shock Transcription Factors) after their
steady accumulation in cellular systems (Han et al. 2013, Zhang et al. 2014). Thermal
injury associated with FBT is typically reversible through the action of Heat Shock
Proteins (HSPs) that facilitate protein refolding following proteolysis (Lindquist 1986,
Feder & Hofmann 1999, Richter et al. 2010). At somatic temperatures above FBT,
protein damage extends beyond the capacity of the organism for cellular repair often
resulting in the formation of cytotoxic aggregates and excessive apoptosis closer to FLT
(Kultz 2005, 2020, Gracey et al. 2008). Neural damage of this extent to the visceral
ganglia could disrupt the neurotransmission responsible for cardio-modulation (Carlson
1905, Zhuravlev & Safonova 1984, Beninger & Le Pennec 2006), ultimately resulting in
death due to failure of the heart’s electrical system or asystole. This lethality and
irreversibility is thought to contribute to the reputation of FLTs as being physiologically

rigid (Stenseng et al. 2005, Moyen et al. 2020), particularly when compared to FBT,
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which is believed not to be as tightly conserved (Pasparakis et al. 2016, Dong et al.
2017, Li et al. 2021, Moyen et al. 2022, but see Drake et al. 2017). Comparisons of
plasticity in animals’ lethal limits have generally been made by acclimating differentially
acclimatized individuals to contrasting temperature regimes and reporting any
subsequent differences. Here, | used a simpler approach by examining covariance in
limpet FLT~FBT to examine comparative, inter-population plasticity of FLT across time

and space.

The study hypothesizes that: 1. Cardiac activity suppression range (CSR) will be
positively correlated with final breakpoint temperature (FBT), with this relationship
predicted to be strongest in warmer environments and in limpets typically exposed to
higher temperatures, where a more pronounced CSR is anticipated. 2. Flatline
temperature (FLT) will show greater variability, and tighter covariance with FBT in
limpets from cooler environments, where a greater scope for FLT acclimatization is

predicted.

5.3 Methods

5.3.1 Sample sites and animals

I examined the aerial thermal response metrics of two pulmonate limpets, Siphonaria
capensis and S. serrata with the potential for metabolic rate depression (Marshall &
McQuaid 1991) from three and two sites, respectively, along the South African coast

(Figure 1.1).

5.3.2 Collection and maintenance

A grand total of 240 individuals of Siphonaria capensis and 160 of S. serrata were
collected across all microhabitats at each species respective site, throughout spring low
tides, specifically during spring (September 2019 — November 2019) and summer

(December 2019 - February 2020). To minimize overlap and potential ambiguity
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between seasons, collection was spaced such that the first spring low tide of each month
was reserved for collections from Kommetjie, while the second spring low tide was
reserved for collections from Zinkwazi and Three Sisters. This ensured roughly a month
between sample collections for each site between levels of season. The remaining
collection, transportation, and initial handling procedures for these specimens followed
those detailed in Section 4.3.2, with experiments commencing within 24 hours of

collection.

5.3.3 Heart rate measurements

Heart rates were recorded using non-invasive plethysmography (Depledge & Andersen
1990, Burnett et al. 2013), as a proxy for metabolic activity (Armstrong 1986, Green
2011). Optoelectronic sensors (CNY70, Vishay, Germany) were attached to 4 limpet
shells, near their hearts, using Pattex super glue (Henkel (Pty) Ltd, South Africa), before
moving them to 4 dampened 500mL containers. Limpet movement within the containers
was restricted using mesh netting, secured to the bottom with melted polyvinyl chloride
plastic. There was a 1 hour pause at 20°C in the container before starting each heat ramp,
to allow for heart rate recovery. Heat ramps (20 - 55 °C at 0.25°C min_l), as in Kankondi
et al. (2018), were then generated using a programmable water bath (Grant Optima
TXF200-R4), whilst simultaneously recording temperature with a 4-channel data logging
thermometer (Gilson Company, USA) and T-type thermocouples (Fluke Corporation and
Cromega) set beneath each limpet’s foot. The impedance signals were amplified
(custom-built pre-amplifier), smoothed (Triangular-Bartlett), filtered and logged using
PowerLab 4/30 and 2/26 (LabChart version 8, ADInstruments, Australia).

Each ramp, combined with the preliminary 1h pause, lasted 200 minutes, with 2-3 ramps
being run each day for 72h after collection. This constituted a single trial, with six trials
conducted per season over a total of two seasons. The order in which samples from each
microhabitat was analysed, was randomized within and between trials, and between
trials for each site. Individual shell lengths (mm) were measured immediately after each

ramp, with the entire dataset consisting of 240 measurements for Siphonaria capensis
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and 160 for S. serrata. For subsets of the data, shell heights were measured for 156 S.
capensis individuals and 104 S. serrata individuals, shell widths were measured for 156
S. capensis individuals and 104 S. serrata individuals, shell weight was recorded for 101
S. capensis individuals and 83 S. serrata individuals, and shell thickness was measured
for 60 S. capensis individuals and 35 S. serrata individuals. Subsets were used because
these variables were considered only at different stages after the experimentation began.
Vernier callipers (0.02mm precision) were used to measure length, height and width. A
micrometer screw gauge (0.01mm precision) and electric lab measuring scale (precise to

0.0001g) were used to measure thickness and weight, respectively.

5.3.4 Data analysis

Unless stated otherwise, data analyses and visualizations were conducted using R
version 4.4.0 (R Core Team 2021). TRCs were visualized using ggplot from the ggplot2
package (Wickham 2016), and data producing plots with no clear trend, approximately
42% and 34% of all heart rate measurements for Siphonaria capensis and S. serrata,
respectively, were considered missing and treated as discussed in Section 5.3.5 below.
The remaining data were treated by log transforming heart rate LN(HeartRate) and
calculating inverse (1/T) temperature (K). Final and preceding breakpoint temperatures
(BPT) were derived by back transforming breakpoints (Figure 5.1), obtained using
segmented regressions (Muggeo 2008). Total numbers of breakpoints were then
determined according to the lowest Bayesian information criterion (BIC) score, between
models fitted with different numbers of breakpoints, using the selgmented function
(Muggeo 2020). The calculation of the cardiac suppression range (CSR) varied
depending on the number of breakpoints identified. When there were two breakpoints,
the CSR was determined as the difference between them, thereby giving a single value
that represents the span of this range. In cases where there were more than two
breakpoints, the CSR was calculated as the cumulative difference between all the
breakpoint temperatures (BPTs), creating a cumulative range value (Figure 5.1 C).

Flatline temperatures (FLTs) were determined by first fitting natural cubic splines,
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developed by Hastie & Tibshirani (2017), to back-transformed cardiac response data.
Then, the regression model was extrapolated beyond the FBT until the predicted heart
rate (y) reached 0 bpm, a method similar to the one described in Hui et al. (2020). The
degrees of freedom needed to generate the “best fit” spline, was determined using K-fold

cross-validation (K=10) with the boot package (Canty et al. 2017).

In order to ensure the accuracy of the FLTs derived from my spline regression models,
the estimated flatline temperatures (FLTs) for 20 randomly selected individuals were
validated by comparing them with FLTs calculated using a more established reference
method. This reference method, described in the supplementary information provided by
Marshall et al. (2018), determines FLTs based on the detection of a “loss of periodicity
within a one-minute band” of the heart rate data. Two multilevel datasets, one for each
species, were generated. These datasets included five numerical level 1 covariates,
length, height, width, weight, and thickness. Additionally, three explanatory categorical
variables were incorporated. This included the level 2 variable microhabitat that
consisted of four groups, nested within the level 3 variable site with two groups for S.
serrata and three for S. capensis, and crossed with the level 3 variable season that had
two groups. Finally, the dataset included three level 1 response variables, namely the
continuous variables FBT, FLT, and CSR. These response variables were collectively
referred to as ‘thermal limit’ variables while the rest of the continuous data were termed

size variables, where it was syntactically convenient to do so.

5.3.5 Missing data

Data gaps present a pervasive and often overlooked challenge in many research fields,
especially in ecological and evolutionary studies (Nakagawa & Freckleton 2008, Ginkel
et al. 2010, Eekhout et al. 2012, Ellington et al. 2015, Nakagawa 2015, Hossie et al.
2021). The problem manifests as missing values in a dataset, usually attributed to
potential issues with sample and data collection procedures (Enders 2010), but can be the
result of planned missing data designs (Graham et al. 2006, Noble & Nakagawa 2018,
Hossie et al. 2021, Noble & Nakagawa 2021). Here, missing thermal limit data arose
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when thermal limits could not be derived from TRCs, for environments where finding
more sample animals for additional tests was prohibitively time consuming. Missing
data were generated for size variables as indicated in Section 5.3.3. When implemented,
missing data “solutions” generally involve the wholesale exclusion of incomplete cases
from data analyses via listwise or pairwise deletion (Enders 2010). This often produces
biased parameter estimates and can reduce the statistical power of affected studies
(Nakagawa & Freckleton 2008, Graham 2009, Little et al. 2014). An extensive body of
research over the past decade has coincided with the emergence of modern missing data
techniques and the enhancement of their associated theoretical frameworks (Graham et
al. 1996, Enders 2001, Graham 2003, Buuren & Groothuis-Oudshoorn 2011, Buuren
2018, Heymans & Eekhout 2019). At the forefront of this research are the advanced
techniques, multiple imputation and full information maximum likelihood (Rubin 1976,

Graham 2009, Enders 2010).

5.3.5.1 Missing data inspection

The original datasets for both species had missing values across all continuous variables
except shell length. In this study, to address the issue of missing data, I employed
multiple imputation. Before implementing this on the original datasets of both species, I
conducted a simulation study as a “proof of concept.” This simulation was broadly
informed by the missing data patterns observed in the incomplete Siphonaria capensis
dataset but was not an exact replication. It is important to note that the imputation of the
actual datasets for both species was set to follow the imputation methods and
specifications detailed for the simulation in the rest of Section 5.3.5.1 and 5.3.5.2 below.
This did not, however, include any steps involved in determining the accuracy of
imputed parameter estimates. Any discrepancies in the methods used for the simulation
and actual datasets, particularly for S. serrata, are stated explicitly. For the simulation
study, I generated a complete dataset using faux for factorial designs (DeBruine 2021) to
“mimic” the intraclass correlations, correlation coefficients (Table 5.1), and frequency

distributions of the continuous variables (Figure 5.2). Numeric values for all variables
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were generated from normal distributions except for CSR. The zero-inflated (24.2%),
positive skewed distribution for CSR, as evidenced from the summary statistics of its
non-zero values (minimum 2.35, mean 9.98, maximum 19.74), was derived by sampling
from a gamma distribution. Finally, an integer Cluster ID variable was added to the
simulated dataset. This variable assigned a unique identifier to each cluster that was

derived from the unique combinations of the season, site, and microhabitat variables.

Figure 5.2: Frequency distributions of all continuous variables in the simulated complete
dataset of Siphonaria capensis.
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Table 5.1: Correlation matrix of all continuous variables used in a simulated missing data
analysis based on Siphonaria capensis data.

Var FBT FLT CSR L H W Wt Th
FBT 1 0.5964 0.2274 -0.2063 -0.2175 -0.1927 -0.1901 0.0631
FLT 1.0000 0.0904 -0.1308 -0.0957 -0.1405 -0.0477 0.0116
CSR 1.0000 -0.0596 -0.0838 -0.0163 -0.0345 0.1861
L 1.0000 0.8494 0.9421 0.8674 0.0076
H 1.0000 0.7694 0.9204 0.0320
W 1.0000 0.7887 -0.0092
Wt 1.0000 -0.0032
Th 1.0000

Var - Variables,; FBT - final breakpoint temperature (°C); FLT - flatline temperature (°C);
CSR - cardiac suppression range (°C); L - length (mm),; H - height (mm); W - width (mm),
Wt - weight (mg), Th - thickness (mm)

An incomplete dataset with data missing at random (MAR), with a similar missing data
pattern (Table 5.2) and mechanism to the original dataset, was produced from the
complete dataset using the missMethods package (Rockel 2022). The missing data
pattern describes the distribution of missing and observed data in a dataset, whereas
missing data mechanisms (referred to as “missingness” throughout) refer to the
underlying processes that lead to data being missing. Missingness details the possible
relationships between measured variables and the probability of missing data (Rubin
1976, Enders 2010). There are three types of missingness, namely, data missing
completely at random (MCAR), missing at random (MAR), and missing not at random
(MNAR). Including variables with more than 50% missing data in imputation models is
generally discouraged (Collins et al. 2001, Marshall et al. 2010), as rates exceeding this
threshold can introduce biased parameter estimates. This exclusion criterion, however, is
not an absolute rule, and variables with missing data rates marginally above 50% may
still be retained. For instance, in the simulation exercise, weight (58%) and thickness

(75%) were excluded from the main analyses. In contrast, height and width, which had
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missing data rates of 55% and 56% in the Siphonaria capensis and S. serrata data,

respectively, were retained for final analysis.

Table 5.2: Induced missing data patterns for the simulated incomplete data of Siphonaria
capensis, displayed as frequencies of missing (0) and observed (1) data.

NrC IND CID L SZN SITE MH FLT FBTCSR H W Wt Th IC

60 1 1 1 1 1 1 1 1 1 1 1 1 1 0

41 1 1 1 1 1 1 1 1 1 1 1 1 0 1
5 1 1 1 1 1 1 1 1 1 1 1 0 0 2
63 1 1 1 1 1 1 1 1 1 0 0 0 0 4
21 1 1 1 1 1 1 0 0 0 0 0 0 0 7

Tot 0 0 0 0 0 0 21 21 21 84 84 139 180 NA
Pent 0 0 0 0 0 0 9 9 9 35 35 58 75 NA

IND - Individual; CID - Cluster ID; L - length (mm); SZN - season; MH - microhabitat; FLT
- flatline temperature (°C); FBT - final breakpoint temperature (°C); CSR - cardiac
suppression range; H - height (mm); W - width (mm); Wt - weight (mg); Th - thickness (mm).

NrC - Number of cases with a specific pattern; Tot - Total missing values in each variable;
Pcnt - Percent of total cases that are missing; I _C - Number of incomplete variables in that
pattern.

Data are MAR when the probability of missing data in an incomplete variable Y is
dependent on other measured variables, but not on data within Y, representing a
systematic relationship between one or more variables and missing data in Y. This is in
contrast to MNAR missingness, where missing values in Y are dependent on other
measured variables and are correlated with observed and unobserved values in Y (Biro
& Dingemanse 2009). In MCAR data, the probability of missing values in Y is the same
for all cases and unrelated to data in all measured variables (Rubin 1976, Graham 2009)
but, see Enders (2010) pp. 24-27 for a more detailed explanation. Truly distinguishing
the missingness of an incomplete dataset, particularly the difference between MAR and
MNAR, is not always possible because the information needed to achieve that is often
held in the missing cases. However, several tests (Little 1988, Ridout & Diggle 1991,

Buuren 2018) and graphic functions are available to help develop an idea about potential
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missingness, e.g., logistic regression analysis, t -tests and Little’s MCAR test from the
naniar package (Tierney et al. 2021). In this study, the MCAR test indicated significant
differences (x?=56.2484 , p<0.001) between observed and estimated means in each
missing data pattern, suggesting that missingness for the incomplete data were not

MCAR (Table 5.3).

Table 5.3: Littles” MCAR test statistic for continuous variables in the simulated
incomplete data of Siphonaria capensis.

statistic df p-value

56.2484 13 0.0001

Figure 5.3 and 5.4 serve as visual diagnostic tools to help determine the likelihood that
data may be MAR, by determining if missing data in Y depend on other variables
(Buuren 2018). Here (Figure 5.3), the missing data rate for FBT was not equally
distributed across site, microhabitat, or season. This indicates an MAR dependence of
FBT on the explanatory variables that also applies to the other thermal limit variables
because the missing data pattern and rate were exactly the same (Table 5.2). By this
logic, missingness in shell height and width were also likely MAR (Figure 5.4), despite a

more severe missing data problem for these two variables.
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Figure 5.3: Bar plots displaying the missing data rate (%) for the variable FBT (final
breakpoint temperature °C) for Siphonaria capensis across microhabitats
(HR - horizontal rock; VR - vertical rock; CR - crevice; RP - rock pool), sites
(zk - Zinkwazi; ts - Three Sisters; km - Kommetjie) and seasons (SUM -
summer; SPR - spring) in the incomplete dataset. Panels with the facet label
‘true’ indicate that values are missing.
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Figure 5.4: Bar plots displaying the missing data rate (%) for the shell height variable in
Siphonaria capensis across microhabitats (HR - horizontal rock; VR -
vertical rock; CR - crevice; RP - rock pool), sites (zk - Zinkwazi; ts - Three
Sisters; km - Kommetjie) and seasons (SUM - summer; SPR - spring) in the
incomplete dataset. Panels with the facet label ‘true’ indicate that values are
missing.

5.3.5.2 Data Imputation

A clear idea regarding the missing data mechanism is important because that governs
how missing data problems are handled. Traditional techniques (e.g., single imputation
methods, listwise and pairwise deletion) are heavily reliant on the assumption that
incomplete data are MCAR (Little 1988, Peugh & Enders 2004). Using these techniques

when the data are MAR or MNAR invariably generates distorted parameter estimates
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and, in the case of single imputation, attenuated standard errors. Even where MCAR
holds, traditional deletion-based techniques are considered wasteful and result in reduced
statistical power (Schafer & Graham 2002). For these reasons, many researchers advise
against their use (Brown 1994, Arbuckle 1996, Wothke 2000, Enders 2001) and instead
advocate for more advanced techniques (e.g., multiple imputation and maximum
likelihood estimation) that yield unbiased results in MAR or MCAR scenarios (Little
1988, Carpenter & Kenward 2012).

MNAR cases present more complex problems, with few substantive options available to
deal with them (Buuren & Groothuis-Oudshoorn 2011). Possible solutions for MNAR
often involve finding more data to clarify potential causes of missingness or performing
a sensitivity analysis (Little 2008, Verbeke & Davidian 2009). Despite their robustness
(Carpenter & Kenward 2012), applying multiple imputation or maximum likelihood
estimation under MNAR will likely also lead to biased estimates, underlining the
importance of clearly understanding the missingness problem. Overall, the tests and
diagnoses performed here provide sufficient evidence to suggest MAR missingness.
Consequently, the missing data were addressed using “multiple imputation by chained
equations” with the mice package (Buuren & Groothuis-Oudshoorn 2011). Through
multiple imputation, several completed (m) datasets are produced by repeatedly
sampling from the Bayesian posterior distributions of the missing data, based on
observed values and parameters from the imputation model. Each of these m datasets
undergo individual analysis using conventional data analysis techniques. Subsequently,
the results are combined using Rubin’s rules to provide a consolidated inference (Rubin
1987, Enders 2010). Keeping the imputation and analysis phase separate allows for the
inclusion of auxiliary variables (e.g., Cluster ID in Table 5.2) in the multiple imputation
model to improve its predictive power and help ensure MAR (Collins et al. 2001),
without sacrificing parsimony in the substantive analysis model. A multilevel model
with random intercepts (Snijders & Bosker 2011), including interaction terms,

represented the model of interest in this case (Equation 5.1).
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Yij =ag+ B Xy + anZy;+ agZy; + B121,;X14;
+ 8929 X 15 + B3 X + ByZ1X0ij + B5Z2;Xa;;

where (5.1
uj ~ N(07 121,>

v; ~ N(0,07)

In Equation 5.1, Y;; is the response variable FLT, where «, is the grand intercept, and
the equation symbols «; and a, represent regression coefficients for the average FLT in
different sites (£ ;) and seasons (Z5;). The symbols 53, 83 and 4 denote regression
slopes for the continuous predictors FBT (X, ), CSR (X5, ) and shell length (X3, ),
correspondingly. /3; and 3, account for FBT’s interactions with the categorical
predictors site and season, respectively, while 3, and (35 capture CSR’s interactions with
site and season. Residual variance ¢, ; represents the individual-level variability not
explained by the model, and it’s assumed to have a mean of 0 with a variance of 0. The

microhabitat level introduces the random effects u;, v;X;,; and v, X, ;. These random

1ij
effects are assumed to be independent of the residuals and each other, and they all have a
mean of 0. Specifically, u; has a variance of o2, while the terms involving v; have a
variance of o2, microhabitats are denoted by subscript j (1...J) and individual limpets

by subscript 2 (1...7n;).

By imputing in repeated sequential cycles, updating current imputed estimates with
values from the previous cycle each time, the uncertainty involved in replacing missing
values is incorporated into the multiple imputation process (Buuren &
Groothuis-Oudshoorn 2011). The fully conditional specification feature implemented in
mice allows for the handling of multilevel data (Buuren & Groothuis-Oudshoorn 2011).
Multiple imputation models must be as or less structurally complex than the substantive
model to ensure valid statistical inferences (Schafer 2003, Hippel 2009, Andridge 2011,
Drechsler 2015, Enders et al. 2016). This is achieved using fully conditional

specification by permitting the imputation of each incomplete/target variable separately,
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using some or all of the remaining variables as predictors in the imputation model.
Utilizing dummy indicator variables to represent each categorical predictor group helps
account for multilevel structure during multiple imputation (White et al. 2011, Ludtke et

al. 2017).

A “fluxtable” (Table 5.4), generated from the fluxplot function in mice, was used to
determine model predictors by comparing influx and outflux values among variables
(Buuren 2018). Influx refers to the dependence of a variable on other variables for
imputation, while outflux refers to the dependence of other variables on a given variable
for imputation. A high influx indicates a high rate of missing data in a given variable,
whereas a high outflux means the variable has substantial influence in the imputation of
other variables. Relatively high influx (0.2808) and low outflux values (0) are observed
for both height and width. Moreover, they exhibit strong correlations with length, with
correlation values of 0.8494 for height and 0.9421 for width (Table 5.1). This highlights
both height and width as low-quality predictors that should not be used. Additionally, the
similar influx and outflux values observed among groups of variables, such as the
thermal limit variables FBT, CSR, and FLT (Table 5.4), can be attributed to the shared
missing data pattern (Table 5.2) and similar missingness among them. As mentioned
previously in Section 5.3.5 for the analysis of missing data, missing values were
predominantly generated when thermal response curves could not be used for heart rate
analyses. This leads to simultaneous missingness and results in similar influx and

outflux values across these variables.
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Table 5.4: Influx and outflux statistics for the simulated missing data of Siphonaria

capensis.

Var influx outflux
IND 0.0000 1.0000000

L 0.0000 1.0000000
SZN 0.0000 1.0000000
SITE 0.0000 1.0000000
MH 0.0000 1.0000000
FLT 0.0484 0.5454545
FBT 0.0484 0.5454545
CSR 0.0484 0.5454545

H 0.2808 0.0000000

W 0.2808 0.0000000

Var - Variables, IND - Individual; CID - Cluster ID; L - length (mm); SZN - season;
MH - microhabitat; FLT - flatline temperature (°C); FBT - final breakpoint
temperature (°C),; H - height (mm); W - width (mm)

Added advantages of full conditional specification are its non-dependence on the
assumption of multivariate normality and the reduction of group level bias through the
inclusion of pre-calculated group means (Buuren 2018, Grund et al. 2018). These, along
with any product terms in interactions, were accounted for by using passive imputation
which, facilitates the recalculation of interaction terms after the imputation of their
constituents (Royston 2004, Enders et al. 2016, Buuren 2018). The target variables FBT
and FLT were imputed using the 21.pan imputation method from the pan package (Grund
et al. 2016), to allow for variance and covariance at level 1 and level 2 (Andridge 2011).
Both size variables, height and width, were imputed using the general purpose
imputation method, predictive mean matching (pmm) in mice, because it does not rely
on the normality assumption (Little 1988, Buuren 2018). Predictive mean matching can
also be used on data with skewed distributions, because it preserves the distribution of

the data (White et al. 2011), making it ideal for the imputation of cardiac suppression
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range (CSR). Prior to its imputation, a constant +1 was added to CSR before
log-transformation to mitigate problems faced log transforming zeros (Lee & Carlin
2010, White et al. 2011, Buuren 2018). This has been shown to yield favourable results
for zero-inflated data with skewed distributions by MacNeil-Vroomen et al. (2016).
Contrary to MacNeil-Vroomen et al. (2016), however, I chose not to back-transform the
data prior to analysis, thus maintaining a linear relationship between the predictor and
response variables. In the study by MacNeil-Vroomen et al. (2016), they used a
Generalized Linear Mixed Model with a gamma distribution specifically to address the
skewed nature of the response variable in the analysis. Considering other variables with
distributional issues, such as the bimodality observed in length (Figure 5.2), the primary
concern is ensuring overall model fit and meeting model assumptions. Since the model
assumptions for the mixed effects model are met (see Section A4), and because mixed
effects models are generally robust to bimodal distributions (Schielzeth et al. 2020), the
bimodality of length is unlikely to pose a significant issue. As a rule of thumb, White et
al. (2011) suggest that the number of imputations should at least equal the highest
percentage of missing cases in the incomplete data. In this instance, the number of
imputations was set to 100 with 5 iterations, far surpassing 35%, the highest missing data
rate for the eligible dataset (Table 5.2). Notably, this specified amount also exceeds the
highest missing data rates observed for the real Siphonaria capensis and S. serrata
datasets, allowing for the same number of imputations and iterations to be applied during

the imputation of the actual data.

5.3.5.3 Imputation diagnostics

Several graphic diagnostic tools are provided by mice to assess the quality of imputed
data. These tools focus on distributional discrepancies, where similar distributions
between imputed and observed data signify good imputations (Buuren 2018).
Convergence plots (Figure 5.5 and 5.6), fit using autocorrelation and trace functions,
helped assess the appearance of any trends in the imputed thermal limit and size

variables (Schafer & Olsen 1998, Enders 2010). Variance between the imputation chains
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were equal to variance within chains and there were no clear signs of autocorrelation for

either set of variables, which is indicative of unproblematic convergence.

Figure 5.5: Convergence plots displaying mean and standard deviation (SD), for the
thermal limit variables of Siphonaria capensis data, plotted against 5
iterations of the imputed data. FBT - final breakpoint temperature (°C); FLT
- flatline temperature (°C); CSR - cardiac suppression range (°C).
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Figure 5.6: Convergence plots displaying mean and standard deviation (SD), for the size
variables of Siphonaria capensis data, plotted against 5 iterations of the
imputed data. H - height (mm); W - width (mm).

The bwplot function was used to evaluate distributions among datasets, with
“side-by-side” box-and-whisker plots for the observed and imputed data (Figure 5.7).
These revealed potential systematic differences for the FBT outcome, where imputed
data values were slightly larger than observed data. This is usually associated with
MNAR or a problem with the multiple imputation model (Buuren &
Groothuis-Oudshoorn 2011). It can, however, be seen from Figure 5.3 that missing
values for FBT were mostly linked to warmer microhabitats, sites and/or seasons. This
implies that the higher imputed values reflect an expected positive relationship between
these thermal limits and spatiotemporal thermal conditions (Somero 2002, Norin et al.
2014, Xing et al. 2016), offering a reasonable explanation for larger imputed FBT

values.
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Figure 5.7: Box-and-whisker plots comparing the distribution within variables of the
first 9 multiply imputed datasets (in pink) with the incomplete dataset (in
blue) for Siphonaria capensis. FBT - final breakpoint temperature (°C), FLT
- flatline temperature (°C), CSR - cardiac suppression range (°C), H - height
(mm), W - width (mm).

Further exploration shows that the relationships between FLT and FBT, and between
FBT and CSR, were preserved in the imputed data (Figure 5.8 and 5.9). The distribution
of imputed values for both sets of variables was on the high and low end of observed
values i.e., missing values were imputed according to their missing data patterns. This
lends more credence to the MAR assumption and provides evidence that there were no

substantial problems with the multiple imputation model.
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Figure 5.8: Scatterplots illustrating the relationship between flatline (FLT) and final
breakpoint (FBT) temperatures (°C) in the last six multiple imputations
(number displayed in strip panel), contrasting imputed (pink) with
incomplete (blue) data for Siphonaria capensis.

The persistent presence of zero values in the imputed data involving CSR, as shown in
Figure 5.9, reflects the fact that the available analytical strategies for addressing
zero-inflated data do not directly eliminate these zeros. Instead, these strategies account
for and model the prevalence of zeros within the data. Their overarching goal is to
generate normalized residuals, whilst concurrently tackling the heteroscedasticity
typically associated with the non-zero portions of right-skewed, zero-inflated datasets

(MacNeil-Vroomen et al. 2016, Liu et al. 2019).

142



Figure 5.9: Scatterplots illustrating the relationship between cardiac suppression range
(CSR) and final breakpoint temperature (FBT) in the last six multiple
imputations (number displayed in strip panel), contrasting imputed (pink)
with incomplete (blue) data for Siphonaria capensis.

5.3.6 Statistical analysis

A principal components analysis (PCA) was used to help reduce the dimensionality of
the imputed datasets (Section A4.1.2) by omitting redundant variables prior to the main
analysis (Zuur 2007). The prcomp function was used to compute the PCA, with data
zero centred and scaled to unit variance, and the associated biplot was produced using
the biplot function from the stats package (R Core Team 2021).

Three main analysis models were specified for the complete, incomplete and imputed
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data (incomplete and imputed data are collectively referred to as “test data”), to compare
parameter estimate accuracy between the test data, with the complete data analysis
results set as the reference. First, variations in the effect of the continuous predictor FBT
on the response variable FLT were compared using a multivariate linear mixed effects
model. This is the recommended modelling method to account for data dependencies,
borne out of nested structures, by including random effects (Goldstein 2011, Snijders &
Bosker 2011). Building on the same rationale, I used a linear mixed model (LMM) to
elucidate the covariance between the semi-continuous predictor CSR and the response
variable FBT in the second analysis model. The variable microhabitat was treated as a
random intercept for all LMMs because microhabitats represent a random sample from
the broader set of rocky intertidal habitats in this study, individual observations are
nested within these microhabitats (Gomes 2022), and model diagnostics did not reveal
any major issues with this specification (Section A4). Meanwhile, season and site were
treated as fixed categorical variables, and length was controlled for as specified in
Equation 5.1. The intraclass correlation coefficient ICC1 was also determined using the
equation below, as a measure of non-independence within microhabitat observations.

High ICC1 values (>0.1) necessitate the use of multilevel models (Bliese 2000).

_ Too
p= (To0+0?)

Here, the proportion of variance (p) was calculated with 7, representing between-group
variance and o2 representing within-group variance. Finally, FBT was compared
between seasons and among three sites for the Siphonaria capensis data and between
two sites for the S.serrata data for each season, using a factorial analysis of variance
(ANOVA), with a three-way interaction between microhabitat, site and season. Limpet
sizes (length) were also compared among the three sites for S.capensis data and two sites
for S.serrata data using a factorial ANOVA, with an interaction between microhabitat

and site.

All linear mixed models were run using the Imer function in the Ime4 package (Bates et
al. 2015). Mixed model statistics for the multiply imputed data were pooled using the

standard pool function from mice. For the ANOVAs, base R’s aov function was used for
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the complete and incomplete data, and the mi.anova function in the miceadds package
was used to analyse the imputed data and to test for differences in length (Robitzsch &
Grund 2022). The mi.anova function’s default D2 statistic was used to pool ANOVA
results, because it is easily implemented and suitable for most ANOVA applications

(Grund et al. 2016).

Raw coefficient bias and root mean square error (RMSE) were used to assess parameter
accuracy, while comparisons of the significance outcome determined if effect
significance in the complete data analysis corroborated that of the test analyses (Buuren
2018). The significance outcome refers to whether the p-values for the parameter
estimates indicate that the effects of the predictors are statistically significant or not
(“Yes”/“No”). Together, these key performance indicators (KPI) were used to evaluate
the test analyses against each other. Bias was estimated by calculating the difference
between the parameter estimates from the test analyses and the true population
parameters. The RMSE was determined by calculating square difference from the square
root of estimates and true parameters, providing an overall measure of parameter
estimate accuracy. Optimal estimators had a bias below 0.1, a comparatively small
RMSE, and accurately assigned significance outcomes (Grund et al. 2018). The
diagnostic summary of the multiple imputation indicates that the analyses based on the
imputed data produced parameter estimates that are within acceptable limits, and

therefore statistically reliable (see Section A4.1.1).

Only the imputed versions of the actual datasets were considered for post hoc analyses.
Treatment coding (or dummy coding) systems are automatically used to represent
categorical variable groups in linear mixed models (Dalgaard 2002, Zuur et al. 2009,
Brown 2021). Spring and Zinkwazi were set as the initial reference levels (represented
by the intercept where dummy code = 0) for season and site against which the magnitude
and direction of subsequent mean estimates were assessed. Post hoc testing for linear
mixed models consisted of changing the reference levels for season and site to ensure all
relevant contrasts were included in the model interpretation (Dalgaard 2002, Zuur et al.

2009). Thereafter, a Benjamini—Hochberg false discovery rate (FDR) correction was
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used to adjust p-values for multiple testing. Pairwise, Tukey adjusted contrasts were
computed for the multiply imputed ANOVA, using the estimated marginal means
emmeans package (Lenth 2023), as described in Section 2.3.5 and 3.3.3, to determine

where significant differences in FBT and length lay.

5.4 Results

5.4.1 Relationship between flatline and final breakpoint temperature

It is evident from Figure 5.10 that there was a positive correlation between FLT and FBT
for Siphonaria capensis (Table 5.5). For spring at Zinkwazi, Three Sisters and
Kommetjie, each unit increase in FBT led to a significant average FLT increase of
0.66°C (p <0.0001), 0.51°C (p <0.0001) and 0.49°C (p < 0.0001), respectively, with no
significant differences in the slopes among sites. In summer, however, the positive effect
of FBT on average FLT was only significant at Zinkwazi (p < 0.01) and Three Sisters (p
< 0.05), with no significant differences in slope among sites or for any of the remaining

predictors (Table 5.5).
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Figure 5.10: Relationship between FLT (°C) and FBT (°C) across seasons (SUM -
Summer; SPR - Spring) and sites (zk - Zinkwazi; ts - Three Sisters; km -
Kommetjie) for S. capensis.

The variance estimates for the microhabitat random effect, in the S. capensis dataset,
indicates that FLT varied around the average intercept by about 0.09°C, less than the
residual variance of 8.32°C. This pattern, coupled with an ICC of 0.01 (Bliese 2000),

signifies higher within-group than between-group variation.
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Table 5.5: Summary of the pooled linear mixed model (LMM) analysing the influence of
FBT (°C), season, and site on FLT (°C) variation in S. capensis, while
accounting for the effect of length (mm). The model incorporates season, site,
and their interactions with FBT as fixed effects, with microhabitat treated as a
random effect. Only predictors with estimates that have non-adjusted p-values
less than 0.05 are displayed.

Imm term estimate std.error statistic df p.value p.FDR
Interceptl 21.6391 6.6318 3.2629 98.8213 0.0015 <0.01
or_ LMM
FBT 0.6593 0.1434 4.5982 96.9922 0.0000 < 0.0001
Intercept2 28.7034 5.7742 49710 118.4413 0.0000 <0.0001
rel LMM
FBT 0.5129 0.1160 4.4206 127.6505 0.0000 <0.0001
Intercept3 29.5029 5.4708 5.3928 120.4419 0.0000 <0.0001
re2 LMM
FBT 0.4947 0.1059 4.6699 134.2267 0.0000 <0.0001
Intercept4 309131 5.9583 5.1882 98.1589 0.0000 <0.0001
re3_LMM
FBT 0.4848 0.1290 3.7592 95.0835 0.0003 <0.01
Intercept5 379773 6.2330 6.0929 107.0856 0.0000 <0.0001
re4 LMM
FBT 0.3384 0.1274 2.6557 110.2125 0.0091 <0.05
Intercept6 38.7769 6.5550 5.9156 118.2336 0.0000 <0.0001
reS_ LMM
FBT 0.3202 0.1296 24711 128.2200 0.0148 0.0665
InterceptMH 0.0943 NA NA NA NA NA
All Residual 83200 NA NA NA NA NA

ICCIMH 0.0111 NA NA NA NA NA

FLT - flatline temperature (°C); FBT - final breakpoint temperature (°C); Intercept|MH -
microhabitat random effect.

Model includes Benjamini-Hochberg, false discovery rate, corrected p.values (p.FDR).

The variable LMM specifies LMMs fit with different reference levels for the categorical
predictors season and site.

or LMM - Spring and Zinkwazi; rel LMM - Spring and Three Sisters; re2 LMM - Spring
and Kommetjie; re3 LMM - Summer and Zinkwazi; re4_LMM - Summer and Three
Sisters; re5 LMM - Summer and Kommetjie.

As for Siphonaria capensis (Figure 5.10), there was some evidence of a positive
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relationship between the FLT and FBT of S. serrata (Figure 5.11). In this case, however,
the effect of FBT on FLT was non-significant for all seasons, across sites, except for
Kommetjie in summer (p < 0.05). The effects of all other predictors of FLT variation for

S. serrata were non-significant (Table 5.6).

Figure 5.11: Variation in the Relationship between FLT (°C) and FBT (°C) across
seasons (SUM - Summer; SPR - Spring) and sites (zk - Zinkwazi; km -
Kommetjie) for S. serrata.

A residual variance of 12.8°C, similar to the high residual variance of the random
intercept for the linear mixed model on S. capensis (Table 5.5), suggests minimal

clustering by microhabitat for S. serrata (Table 5.6).
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Table 5.6: Summary of the pooled linear mixed model (LMM) analysing the influence of
FBT (°C), season, and site on FLT (°C) variation in S. serrata, while
accounting for length (mm). The model incorporates season, site, and their
interactions with FBT as fixed effects, with microhabitat treated as a random
effect. Only predictors with estimates that have non-adjusted p-values less
than 0.05 are displayed.

Imm term estimate std.error statistic df p.value p.FDR

or LMM Interceptl 449478 7.0930 6.3370 81.6858 0.0000 < 0.0001

Intercept2 359246 6.7765 5.3013 111.5881 0.0000 <0.0001

rel LMM
FBT 0.3511 0.1528 2.2985 108.7524 0.0234 0.1094
Intercept3 40.2223 6.5995 6.0947 89.3116 0.0000 <0.0001
re2 LMM
FBT 0.2851 0.1411 2.0198 84.5299 0.0466 0.1863
Intercept4 31.1990 7.7765 4.0120 102.7510 0.0001 <0.001
re3 LMM
FBT 0.4768 0.1630 2.9242 103.5910 0.0042 <0.05
InterceptMH 0.0577 NA NA NA NA NA
All Residual 12.7953 NA NA NA NA NA

ICCIMH 0.0040 NA NA NA NA NA

FLT - flatline temperature (°C),; FBT - final breakpoint temperature (°C); Intercept| MH -
microhabitat random effect.

Model includes Benjamini-Hochberg, false discovery rate, corrected p.values (p.FDR).

The variable LMM specifies LMMs fit with different reference levels for the categorical
predictors season and site.

or_LMM - Spring and Zinkwazi; rel LMM - Spring and Kommetjie; re2 LMM - Summer
and Zinkwazi; re3 LMM - Summer and Kommetjie.

5.4.2 Relationship between final breakpoint temperature and cardiac suppression

range

Figure 5.12 shows a positive relationship exists between FBT and CSR for Siphonaria
capensis, although this relationship was context-dependent (Table 5.7). For instance,
during spring and summer, the overall effect of CSR on FBT was non-significant at

Zinkwazi (p = 0.1409), whereas CSR had a significant positive effect on FBT at Three
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Sisters and Kommetjie in both seasons (p < 0.05 for all significant effects). There were

no significant effects for any of the other predictors of FBT variation (Table 5.7).

Figure 5.12: Variation in the relationship between FBT (°C) and the natural log of CSR
(°C) across seasons (SUM - Summer; SPR - Spring) and sites (zk -
Zinkwazi; ts - Three Sisters; km - Kommetjie) in Siphonaria capensis.

The microhabitat random effect suggests that the variations in the FBT of S. capensis
around the mean intercept of about 0.33°C, was much less than the 12.93°C residual

variance (Table 5.7).
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Table 5.7: Summary of the pooled linear mixed model (LMM) analysing the influence of
CSR (°C), season, and site on FBT (°C) variation in Siphonaria capensis,
while accounting for length (mm). The model incorporates season, site, and
their interactions with FBT as fixed effects, with microhabitat treated as a
random effect. Only predictors with estimates that have non-adjusted p-values
less than 0.05 are displayed.

Imm term estimate std.error statistic df p.value p.FDR
Interceptl 39.0155 3.1329 12.4535 114.7585 0.0000 <0.0001
or_ LMM
CSR 1.0588 0.4844 2.1860 124.9329 0.0307 0.1409
Intercept2 38.2142 3.2864 11.6281 119.9467 0.0000 <0.0001
rel LMM
CSR 1.3929 0.5164 2.6973 113.8760 0.0081 <0.05
Intercept3 36.2345 4.0464 8.9547 114.3383 0.0000 <0.0001
re2 LMM
CSR 1.4637 0.5027 29118 114.7426 0.0043 <0.05
Intercept4 40.2864 3.1746 12.6904 106.5029 0.0000 <0.0001
re3_LMM
CSR 1.1887 0.5438 2.1858 94.2276 0.0313 0.1409
Intercept5 39.4851 3.3114 11.9238 113.5577 0.0000 <0.0001
re4 LMM
CSR 1.5228 0.5243 29047 104.1738 0.0045 <0.05
Intercept6 37.5053 4.0266 9.3143 112.9243 0.0000 <0.0001
reS_ LMM
CSR 1.5936 0.4908 3.2471 141.7288 0.0015 <0.05
InterceptMH 0.3241 NA NA NA NA NA
All Residual 12.9391 NA NA NA NA NA

ICCIMH 0.0243 NA NA NA NA NA

FBT - final breakpoint temperature (°C); CSR - cardiac suppression range (°C);
Intercept|MH - microhabitat random effect.

Model includes Benjamini-Hochberg, false discovery rate, corrected p.values (p.FDR).

The variable LMM specifies LMMs fit with different reference levels for the categorical
predictors season and site.

or LMM - Spring and Zinkwazi; rel LMM - Spring and Three Sisters; re2 LMM - Spring
and Kommetjie; re3 LMM - Summer and Zinkwazi; re4_LMM - Summer and Three
Sisters; re5 LMM - Summer and Kommetjie.

A positive relationship between FBT and CSR was evident for Siphonaria serrata
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(Figure 5.13). Unlike S. capensis, the effect of CSR on FBT was significant at both
Zinkwazi (p < 0.0001) and Kommetjie (p < 0.05) in spring (Table 5.8). In summer,

however, this effect was only significant at Zinkwazi (p < 0.01).

Figure 5.13: Variation in the relationship between FBT (°C) and the natural log of CSR
(°C) across seasons (SUM - Summer; SPR - Spring) and sites (zk -
Zinkwazi; km - Kommetjie) for Siphonaria serrata.

At Zinkwazi during summer, the intercept for FBT increased significantly by 3.6°C (p <
0.01) compared to spring, but there was no significant change in the slope (p = 0.3130).
This indicates higher initial FBTs for S. serrata during summer, but no change in the
effect of CSR on FBT between seasons. At Kommetjie, the intercept was significantly
higher (p <0.01), and the slope was significantly (p < 0.05) reduced compared to
Zinkwazi. This indicates higher initial FBTs but a diminished effect of CSR on FBT at
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Kommetjie in general. Furthermore, similar to S. capensis, the effect of length on FBT
was generally non-significant. In terms of microhabitat variation, there was more
within-group variability in the FBT values of S. serrata than between-group variability

(Table 5.8), which was consistent with the patterns for S. capensis (Table 5.7).

Table 5.8: Summary of the linear mixed model (LMM) analysing the effect of CSR (°C),
season, and site on FBT (°C) variation in S. serrata, with the effect of length
(mm) accounted for. The model includes season, site, and their interactions
with CSR as fixed effects, and treats microhabitat as a random effect. Only
predictors with estimates that have non-adjusted p-values less than 0.05 are
displayed.

Imm term estimate std.error statistic df p.value p.FDR

Interceptl 31.9520 3.1095 10.2755 98.7474 0.0000 <0.0001

CSR 27773 0.5964 4.6570 71.8279 0.0000 < 0.0001
or_ LMM SUM 3.5957 1.1027 3.2608 94.4227 0.0015 <0.01
km 4.6660 1.3582 3.4355 75.8426 0.0010 <0.01
CSR:km -1.6124 0.5984 -2.6948 93.1773 0.0084 <0.05
Intercept2 36.6181 3.4932 10.4827 104.1884 0.0000 <0.0001
rel LMM
CSR 1.1648 0.4703 2.4768 102.4450 0.0149 <0.05
Intercept3 35.5477 2.7554 12.9011 104.1550 0.0000 < 0.0001
re2 LMM

CSR 2.1763 0.5663 3.8428 72.8152 0.0003 <0.01

re3_ LMM  Intercept4 40.2138 3.1772 12.6569 110.7648 0.0000 <0.0001

InterceptMH 0.1754 NA NA NA NA NA
All Residual 11.8155 NA NA NA NA NA
ICCIMH 0.0140 NA NA NA NA NA

FBT - final breakpoint temperature (°C); CSR - cardiac suppression range (°C);
Intercept|MH — microhabitat random effect.

Model includes Benjamini-Hochberg, false discovery rate, corrected p.values (p.FDR).

The variable LMM specifies LMMs fit with different reference levels for the categorical
predictors season and site.

or_LMM - Spring and Zinkwazi; rel LMM - Spring and Kommetjie; re2 LMM - Summer
and Zinkwazi; re3 LMM - Summer and Kommetjie.
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5.4.3 Potential season, site and/or microhabitat driven differences in FBT

The Siphonaria capensis samples collected during the study exhibited FBT values
ranging from 31°C to 54°C, with an overall mean of 44°C. In the factorial ANOVA
evaluating FBT values across microhabitats, sites and seasons (Table 5.9), neither the
three-way interaction among season, site and microhabitat (p = 0.51) nor the main effects
of these factors on FBT were significant. The interaction between season and site,

however, did significantly effect FBT (p < 0.05).

Table 5.9: Results from the factorial ANOVA on the effect of the three-way interaction
among season, site, and microhabitat on the FBT (°C) values of Siphonaria
capensis. All factors were treated as fixed.

Parameters SSQ df1 F.value p.value
SZN 131.027 1 3.488 0.063
SITE 92.029 2 1.336 0.264
MH 38.149 1 1.021 0.313

SZN:SITE 234.293 2 3.953 <0.05

SZN:MH 38.432 1 1.173 0.279

SITE:MH 81.994 2 0.893 0.41

SZN:SITE:MH 86.154 2 0.681 0.507
Residual 3,268.301 NA NA NA

SZN - season; MH - microhabitat

During spring, mean S. capensis FBTs were significantly higher (p <0.05) in Zinkwazi
than in Kommetjie. Additionally, mean FBTs in Kommetjie were significantly higher (p
< 0.01) in summer than in spring (Figure 5.14). There were no other significant
differences in mean S. capensis FBTs when considering the post hoc of the interaction
between season and site. Within site differences, however, revealed significantly greater
FBTs for S. capensis on vertical surfaces compared to crevices at Zinkwazi during
summer, with no other significant differences among microhabitats for this or any other

combination of site and season (Figure 5.14).
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Figure 5.14: Panelled box and whisker plot illustrating the effects of season (SUM -
Summer; SPR - Spring), site (zk - Zinkwazi; ts - Three Sisters; km -
Kommetjie), and the interactions of microhabitat (MH) and season with site
on the FBT (°C) of Siphonaria capensis. The plot showcases the mean
(orange rhombuses), median (central horizontal line), interquartile range, as
well as minimum and maximum values (whiskers). Plot colours correspond
to different microhabitats (HR - Horizontal rock; VR - Vertical rock; CR -
Crevice; RP - Rock pool). Homogenous groups are indicated for site and
season (upper case letters) and, for microhabitat within season/site
combinations (lower case letters) only.

The summary statistics for FBT in Siphonaria serrata, which closely mirrored those of
S. capensis, ranged from 30°C to 52°C, with an overall mean of 43°C. In the factorial
ANOVA assessing these values across various microhabitats, sites and seasons

(Table 5.10), the interaction effect between season and site, and both of their main
effects, were significant (p < 0.05 for all three). The main effect of microhabitat (p =
0.503) and its three-way interaction with season and site (p = 0.210) were not significant,

however (Table 5.10).

156



Table 5.10: Results from the factorial ANOVA run on the effects of the three-way
interaction among season, site and microhabitat on the FBT (°C) values of
Siphonaria serrata. All factors were treated as fixed.

Parameters SSQ df1 F.value p-value
SZN 167.006 1 6.002 <0.05
SITE 208.009 1 6.616 0.01
MH 12.866 1 0.448 0.503

SZN:SITE 167.926 1 6.250 <0.05

SZN:MH 13.526 1 0.378 0.539

SITE:MH 23.182 1 0.634 0.426

SZN:SITE:MH 51.373 1 1.573 0.21
Residual 2,280.485 NA NA NA

SZN - season; MH - microhabitat

Similar to S. capensis, the mean FBTs of S. serrata in Kommetjie were significantly
greater in summer than in spring (p < 0.0001). The FBT of S. serrata at Kommetjie in
summer were also significantly greater compared to the mean FBTs in Zinkwazi during
both summer and spring (Figure 5.15). Additionally, as with S. capensis, there were no
other significant differences in mean FBTs of S. serrata based on the post hoc analysis

for the interaction between season and site.
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Figure 5.15: Box and whisker plot, panelled by season (SUM - Summer; SPR - Spring),
site (zk - Zinkwazi; ts - Three Sisters; km - Kommetjie), and the
interactions of microhabitat (MH) and season with site, depicting FBT (°C)
variations in Siphonaria serrata. The plot highlights the mean (orange
rhombuses), median (central horizontal line), interquartile range, minimum,
and maximum values (whiskers). Different colours represent distinct
microhabitats (HR - Horizontal rock; VR - Vertical rock; CR - Crevice; RP -
Rock pool). Homogenous groups are indicated for site and season (upper
case letters) and, for microhabitat within season/site combinations (lower
case letters) only.

5.4.4 Animal length

Samples of Siphonaria capensis collected throughout the study had lengths ranging from
14.5mm - 28.1mm (Figure 5.16). There were significant effects of site (p < 0.0001),
microhabitat (p < 0.05) and their interaction (p < 0.0001) on length (Table 5.11).
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Figure 5.16: Box and whisker plot illustrating the effects of site (zk - Zinkwazi; ts -
Three Sisters; km - Kommetjie) and the interaction between site and
microhabitat (MH) on the shell length (mm) of Siphonaria capensis. The
plot highlights the mean (orange rhombuses), median (central horizontal
line), interquartile range, as well as minimum and maximum values
(whiskers). Plot colours correspond to different microhabitats (HR -
Horizontal rock; VR - Vertical rock; CR - Crevice; RP - Rock pool).
Homogenous groups are indicated for site (upper case letters) and for
microhabitat within each site (lower case letters) only.

The mean length of Siphonaria capensis at Kommetjie was significantly larger by
5.54mm than at Zinkwazi (Tukey HSD; p <0.0001) and by 4.09mm than at Three Sisters
(Tukey HSD; p < 0.0001). Additionally, individuals from Three Sisters were on average
1.46mm (Tukey HSD; p < 0.0001) longer than those from Zinkwazi (Figure 5.16).

159



Table 5.11: Results from the pooled factorial ANOVA on the effect of site and the
interaction between site and microhabitat on the average (+=SE) shell length
(mm) of Siphonaria capensis. All predictors were treated as fixed factors.

Parameters SSQ df1 F.value p-value
SITE 1,320.992 2 201.581 <0.0001
MH 16.156 1 4.931 <0.05

SITE:MH 89.159 2 13.606 <0.0001
Residual 766.719 NA NA NA

MH - microhabitat

Overall, S. capensis collected from vertical rocks had the longest shells (Tukey HSD; p <
0.0001), while there were no significant differences in average lengths among the other
microhabitats (Figure 5.16). Further differences in shell length among microhabitats
were evident within each site. At Zinkwazi, limpets from vertical rocks and rock pools
did not have significantly different shell lengths. Limpets from vertical rocks, however,
were significantly longer than those from crevices and horizontal rocks, with no
differences in lengths between limpets from this pair of microhabitats. Furthermore,
limpets from rock pools were only longer than limpets collected from horizontal rocks
(Figure 5.16). At Kommetjie, limpets from rock pools had the shortest shells, while at
Three Sisters, the trend in limpet shell length among microhabitats followed the general

pattern described above.

Throughout the study, Siphonaria serrata samples exhibited lengths between 14.62mm -
29.61mm (Figure 5.17). Notably, length was significantly influenced by site (p <
0.0001), microhabitat (p < 0.001) and their interaction (p < 0.01) as indicated in

Table 5.12. The average length of Siphonaria serrata from Kommetjie exceeded that
from Zinkwazi by 3.61mm, a difference that was statistically significant (Tukey HSD; p
<0.0001).
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Figure 5.17: Box and whisker plot illustrating the effects of site (zk - Zinkwazi; km -
Kommetjie) and the interaction between site and microhabitat (MH) on the
shell length (mm) of Siphonaria serrata. The plot highlights the mean
(orange rhombuses), median (central horizontal line), interquartile range, as
well as minimum and maximum values (whiskers). Plot colours correspond
to different microhabitats (HR - Horizontal rock; VR - Vertical rock; CR -
Crevice; RP - Rock pool). Homogenous groups are indicated for site (upper
case letters) and for microhabitat within each site (lower case letters) only.

In general, S. serrata collected from crevices had shorter shells (Tukey HSD; p <
0.0001) than those collected from horizontal and vertical surfaces, with no significant
difference to those from rock pools. Additionally, there were no significant differences
in average lengths among the other microhabitats. In contrast to S. capensis, further
differences in S. serrata shell length among microhabitats were only observed at
Kommetjie (Figure 5.17). Specifically, limpets from crevices had shorter shells than
those from all the other microhabitats. Among the remaining microhabitats, the only

other significant difference was that limpets from horizontal rocks were longer than
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those from rock pools.

Table 5.12: Factorial ANOVA results, based on pooled data, assessing the influence of
site and its’ interaction with microhabitat on the mean (+SE) shell length
(mm) of Siphonaria serrata. All predictors were treated as fixed factors.

Parameters SSQ df1 F.value p-value
SITE 520.021 1 106.912 <0.0001
MH 57.443 1 11.810 <0.01

SITE:MH 32.858 1 6.755 <0.01
Residual 758.784 NA NA NA

MH - microhabitat

5.5 Discussion

5.5.1 Overview and guiding hypotheses

This chapter investigated the physiological adaptations of two pulmonate limpets,
Siphonaria capensis and S. serrata, to thermal stress across seasons and various South
African coastal sites. The focus was on spring and summer at Zinkwazi, Three Sisters,
and Kommetjie for S. capensis and at Zinkwazi and Kommetjie for S. serrata. The main
objectives were to assess spatiotemporal variations in the links between hypometabolism
and thermal tolerance, and between lethal and sub-lethal thermal limits, in these limpets.
Based on MRS theory, I hypothesized that hypometabolic activity would correlate with
thermal tolerance, particularly in warmer environments where heightened energy
conservation mechanisms are required to mitigate thermal stress. Additionally, I
predicted that, in cooler environments, lethal thermal limits would show greater
co-variability with sub-lethal limits, reflecting a tighter coupling and broader potential
for acclimatization of lethal limits under milder conditions. The absence of significant
relationships between hypometabolic activity and thermal tolerance, or between lethal

and sub-lethal thermal limits, would reject these hypotheses.
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5.5.2 Summary of key findings

The results revealed significant patterns and relationships in the data. Limpet size varied
significantly among sites and microhabitats, with both species attaining their largest and
smallest sizes at Kommetjie and Zinkwazi, respectively. Moreover, S. capensis
individuals from vertical surfaces were generally the largest, whereas S. serrata attained
their largest sizes on both vertical and horizontal rocks. While no explicit hypothesis was
proposed, these size differences provide valuable context for understanding potential
confounding effects of variations in size across different sites or habitats on
physiological performance. Both species exhibited a positive relationship between lethal
and sub-lethal limits. While the relationship was significant at all sites except
Kommetjie during summer for S. capensis, it was significant only at Kommetjie for S.
serrata. Despite the multiple significant effects observed for S. capensis, this
relationship between thermal limits remained consistent across seasons and sites. The
markedly positive relationship between hypometabolism and thermal tolerance was
context-dependent for both species. For S. capensis, the relationship was significant
during both seasons exclusively at Three Sisters and Kommetjie, with no variation in the
effect between seasons or between the two sites. In contrast, hypometabolism in S.
serrata had a significant positive relationship with thermal tolerance at both Zinkwazi
and Kommetjie during spring, but only at Zinkwazi during summer. The overall effect
was stronger at Zinkwazi, though it did not vary across seasons. Both species
demonstrated greater sub-lethal thermal tolerances during summer at Kommetjie, with
no differences between seasons at Zinkwazi. During spring, S. capensis showed greater
thermal tolerances in Zinkwazi, whereas S. serrata, interestingly, displayed higher
thermal tolerances at Kommetjie during both seasons. Finally, there were generally no

significant differences in thermal tolerances among microhabitats.
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5.5.3 Animal size

5.5.3.1 Regional size gradients

The size range of approximately 15-30 mm recorded for both species in the current
study compares favourably to the 15-25 mm size range reported by Chambers &
McQuaid (1994), the only other study found that documented shell lengths for both
species. Given the limited data available on size variations in the study animals sampled
here, the results of this study can be compared only to findings from the scarce existing
literature on general trends in marine intertidal organism sizes along the South African
coast (Bustamante et al. 1995, Boland 1997). Specifically, the current study’s findings of
a decrease in size from the site on the West coast to the site on the East coast of South
Africa are consistent with the patterns reported for the limpet Scutellastra granularis by
Bustamante et al. (1995). Furthermore, although Boland (1997) did not examine size
trends for the barnacles Tetraclita serrata and Octomeris angulosa eastward beyond the
southern edge of the Cape Peninsula, both species were also found to be largest at the
westernmost site. Both Bustamante et al. (1995) and Boland (1997) attribute the
observed size variations in their study animals to co-occurring gradients in intertidal
primary productivity. As described in Chapter 2, this trend in primary productivity
corresponds to a parallel gradient in nutrient availability and an opposing trend in sea
water temperatures (Bustamante et al. 1997), all of which are influenced by variable
oceanographic features along the South African coast (Lutjeharms et al. 2000, Fawcett

2006, Griffiths et al. 2010).

Although species-size distributions along the South African coast in the present study
cannot be definitively linked to biogeographical effects due to the sampling here being
limited to one site per coast, the mechanisms underlying the intraspecific size variations
described above are also highly likely to drive the observed size differences among the
sites for the present study. For example, while Bosman & Hockey (1988) found that
increased primary productivity leads to higher growth rates that ultimately determine

maximum size (Branch 1975) in Scutellastra granularis, Jaramillo et al. (2017) reported
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that body sizes of several intertidal crustaceans are negatively correlated with sea surface
temperature. This aligns with patterns of animal size predicted by ecogeographical
principles such as Bergmann’s Rule (Mayr 1963), the Temperature-Size Rule (Atkinson
et al. 1994), and James’s Rule (Blackburn et al. 1999). Collectively, these principles
suggest that changes in the size of ectothermic animals result from the dynamic
interaction of intrinsic and extrinsic factors, including metabolic constraints, energy
demands, and the availability of various biotic and abiotic resources (Dugan et al. 1994,

Chapelle & Peck 1999, Thomas et al. 2001, Cheung et al. 2013, Weber et al. 2015).

5.5.3.2 Within-shore size gradients

Whereas more thermally benign conditions on broad geographical scales appear to
encourage the occurrence of larger limpets in the current study, the opposite pattern
emerges at smaller spatial scales. Several previous studies (Vermeij 1972, Branch 1975,
Chambers & McQuaid 1994) align with these findings, indicating that smaller intertidal
ectotherms are more frequently located in thermally favourable rocky intertidal
microhabitats compared to their larger counterparts. This pattern, however, contrasts
with certain inferences (Jaramillo et al. 2017, Gunderson et al. 2019, Elahi et al. 2020)
and established principles (Mayr 1963, Atkinson et al. 1994, Blackburn et al. 1999)
discussed earlier, which focus on broader-scale size variations in relation to
environmental conditions. Specifically, across large spatial scales, larger animals tend to
dominate favourable regions over smaller individuals of the same species due to a
combination of interrelated factors. For instance, chronically warmer conditions across
broad spatial scales elevate maintenance energy demands and accelerate reproductive
development, limiting the energy available for somatic growth. This, in turn, reduces the
potential for animals to achieve large body sizes (Cheung et al. 2013, Weber et al. 2015).
Additionally, the greater abundance of food resources in more favourable regions
amplifies this trend. Conversely, at smaller spatial scales, the inverse relationship
between size and increasingly favourable environmental conditions appears to be

influenced by fewer interacting factors. Larger individuals, with their lower surface
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area-to-volume ratios, typically experience reduced rates of heat absorption and water
loss. As a result, they are better able to withstand harsh environmental conditions
expressed over short timescales and are more frequently found occupying less
favourable microhabitats than smaller individuals (Vermeij 1972). These findings
highlight the complex and variable mechanisms driving two opposing trends in size
variation along similar thermal gradients, influenced by different environmental factors

at different scales of time and space.

5.5.4 Relationship between lethal and sub-lethal limits

Observed positive correlations between sub-lethal and lethal limits, indicative of their
concurrent increase under thermally stressful conditions, align with findings from similar
studies, which highlight this pattern across various taxa and contexts (Wang et al. 2019,
Moyen et al. 2020, 2022, Li et al. 2021, Zhang et al. 2021, Hardison et al. 2023).
Notably, while Moyen et al. (2020) and Moyen et al. (2022) explicitly tested this
relationship, most other studies only infer such a positive association without directly
quantifying its statistical significance, as done in the current study. In their work on the
high-shore mussel Mytilus californianus, Moyen et al. (2020) and Moyen et al. (2022)
reported contrasting results regarding the relationship between critical and flatline
temperatures, finding a significant positive relationship between critical and flatline
temperatures only in the earlier study. The divergence in the relationship between
physiological thresholds observed among these studies likely arose from methodological
differences in data collection. In the current study and in Moyen et al. (2020), specimens
were sampled from various intertidal zones, across several biogeographic regions or
tested at consistent intervals over an extended acclimation period. These variations in
sampling conditions likely introduced variability in the thermal limits of the test
organisms compared to those sampled from a single rocky intertidal zone at one site on
the West coast of the United States of America by Moyen et al. (2022). As noted in
previous research (Anestis et al. 2007, Byrne et al. 2011, Zerebecki & Sorte 2011),

environmental heterogeneity across time and space fosters more pronounced individual
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and population-level differences in thermal tolerance, influencing the adaptive capacity

and resilience of species.

Nevertheless, it is important to recognize that a decoupling between an organism’s lethal
limits and any of its sub-lethal thresholds are arguably relatively common due to
differences in the regulatory mechanisms governing these threshold categories. As noted
previously in this chapter, these physiological thresholds often exhibit contrasting
degrees of plasticity, with lethal limits being inherently more physiologically constrained
and less adaptable to environmental variability compared to sub-lethal thresholds
(Stenseng et al. 2005, Pasparakis et al. 2016, Dong et al. 2017, Moyen et al. 2020, 2022,
Lietal. 2021). Moreover, the limited plasticity typically associated with lethal
thresholds provides insight into why significant correlations between the two limits, as
well as variations in the strength of these relationships, were not consistent across all

sites and seasons, for either sampled species.

5.5.5 Relationship between thermal limits and hypometabolism

5.5.5.1 Evidence that hypometabolism extends sub-lethal limits

Although studies similar to the present one, where the effect of hypometabolism on
absolute thermal tolerance was empirically determined, are lacking, there is compelling
evidence in support of a positive relationship between hypometabolism and sub-lethal
thermal limits across a diverse array of species and ecological contexts (Storey & Storey
2004, Guppy & Withers 2007, Kelly et al. 2014, Verberk et al. 2016, Pasparakis et al.
2016, Gorr 2017, Marshall & McQuaid 2020, Hui et al. 2020, Hann 2021, Li et al. 2021,
Liao et al. 2021, but see Bjelde & Todgham 2013). Studies of metabolic rate depression
primarily suggest that by reducing metabolic demands as cellular processes become
increasingly energy-intensive near an organism’s thermal limits, hypometabolism allows
these organisms to endure unfavourable conditions for longer as they approach sub-lethal
thresholds (see reviews by Guppy & Withers 2007, Staples 2016, Sokolova 2021). This

is achieved because metabolic depression generally facilitates energy conservation under
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stressful abiotic conditions (Hui et al. 2020). For instance, during summer aestivation or
winter hibernation, extended dormancy periods when energy acquisition through feeding
is constrained, metabolic depression slows the depletion of endogenous energy reserves

(Storey & Storey 1990, Jiang et al. 2023).

Based on the observed positive effects of hypometabolism on sub-lethal limits in both
species examined here, however, it can be argued that hypometabolism not only prolongs
survival but also actively extends the sub-lethal thermal limits of animals. As previously
discussed, hypometabolism is a physiological adaptation that allows energy conservation
in organisms from environments subject to chronically adverse conditions, such as
extreme heat and desiccation stress (Newell 1969, Sokolova & Portner 2001, Verberk et
al. 2016, Gorr 2017). Specifically, hypometabolism in Siphonaria species encompasses
regulatory mechanisms that reduce energy expenditure through the depletion of ATP
within a temperature range preceding sub-lethal thermal thresholds (see Chapter 1). By
mitigating the risks of uncontrolled ATP depletion during thermal stress,
hypometabolism may help extend the thermal limits of these organisms (Hand &
Hardewig 1996, Abele et al. 2002). Moreover, while not empirically determined before
the present study, examples of the extension of organism thermal limits by
hypometabolism in warm versus cool conditions is provided in the review by Verberk et
al. (2016) and the study by Liao et al. (2021), where a large proportion of species that

express hypometabolism had greater thermal limits than those that do not.

5.5.5.2 Lack of context-dependent hypometabolic effects

Building on this observation that organisms in warmer environments typically exhibit
greater hypometabolic activity and thermal tolerance, a stronger positive effect of
hypometabolism on the sub-lethal limits of Siphonaria serrata at Zinkwazi, a site
consistently warmer than Kommetjie during sampling (Chapter 2), was anticipated.
Conversely, given that summer sampling conditions were typically warmer than those in
spring (Chapter 2) and that S. capensis experiences similar environmental conditions to

S. serrata at both sites, the absence of seasonal differences in the hypometabolic effect
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on sub-lethal limits for either species, or site-specific differences for S. capensis, was
unexpected. The lack of significant seasonal variation for both species may reflect the
relatively mild seasonal transition in climatic conditions between spring and summer
(Kwiecien et al. 2022). As highlighted in Chapter 3, the surface temperature difference
of approximately 3°C recorded between these seasons in Chapter 2 may be insufficient to
drive meaningful changes in the response variable of interest, especially when compared
to the more substantial temperature shift of about 8°C observed between summer and

winter.

Although not determined explicitly in this study, the difference between species in the
effect of hypometabolism on sub-lethal limits can be attributed to inherent interspecies
differences in the expression of hypometabolism. Notably, as outlined in Chapter 1, the
fact that S. capensis is a pelagic developer while S. serrata is a direct developer
(Chambers & McQuaid 1994), and that S. capensis produces greater quantities of
anti-predator mucus compared to S. serrata (Pinchuck & Hodgson 2009), suggests a
greater capacity for a risk-avoidance stress response strategy in S. capensis. Given that
risk-avoidance strategies generally align with increased mobility, S. capensis s stronger
inclination toward risk-avoidance, compared to S. serrata, may reduce its reliance on
behaviours that induce hypometabolism, such as clamping, as a means of regulating
body temperature (Jones & Boulding 1999, Monaco et al. 2015, Verberk et al. 2016,
Marshall & McQuaid 2020). Consequently, the relatively lower expression of
hypometabolism in S. capensis may introduce floor effects in the data, representing a
clustering of observations near the lower detection limit, that typically occur when a
measurable response is infrequent (Gulledge et al. 2019, Arslan & Benke 2023, Rossi et
al. 2024). Therefore, the capacity to discern subtle differences in the effect of
hypometabolism on sub-lethal thermal limits in S. capensis is diminished. Another
example of this effect can be found in the study by Rossi et al. (2024), who, in their
assessment of the gross motor function of children with cancer related motor
impairments, found that floor effects distorted the ability to discriminate among different

levels of the Gross Motor Function Measure (GMFM-88).
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5.5.6 Spatiotemporal drivers of sub-lethal limit variation

5.5.6.1 Seasonal acclimatory shifts in sub-lethal limits

The overall mean sub-lethal thermal limit values of 44°C for both limpets in the current
study are comparable to those determined for the limpets Cellana toreuma (ABT =
41.81°C) and C. grata (ABT =47°C) by Dong & Williams (2011). These limpets were
also sampled during summer in the mid- to high-shore zone on the rocky intertidal at a
subtropical site. Apart from the study by Dong & Williams (2011), however, most
similar studies report much lower sub-lethal limits for rocky intertidal limpets sampled
from similar shore levels (Bjelde & Todgham 2013, Bjelde et al. 2015, Pasparakis et al.
2016, Kankondi et al. 2018). Besides species-specific thermoregulatory adaptations, the
observed variation in sub-lethal thermal limits across studies is likely attributable to
differences in seasonal climatic variation or site-specific climatic conditions.
Specifically, in the previous research listed above (Bjelde & Todgham 2013, Bjelde et al.
2015, Pasparakis et al. 2016, Kankondi et al. 2018), all limpets were sampled either

during cooler months or from sites with cooler climatic conditions.

Elevated sub-lethal thermal limits during warmer periods, as observed in summer
compared to spring at Kommetjie in the current study, are likely driven by anticipatory
enhancements in physiological mechanisms that boost thermal tolerance. These
adaptations include the synergistic induction of hypometabolic states and the HSP
response. Several researchers have shown that intertidal organisms increase baseline
HSP levels as temperatures gradually rise from winter to summer (Roberts et al. 1997,
Buckley et al. 2001). This primes these organisms to respond effectively to the
temperature extremes typically associated with summer, thereby fostering proteome
stability before the onset of harsh abiotic conditions and reducing the need for
energetically expensive protein repair and synthesis. Consequently, this HSP mediated
stabilization of the proteome facilitates the suppression of energy output during
hypometabolic states, delaying the rapid depletion of cellular energy reserves and

eventual metabolic failure (see Sokolova 2021 for review). As discussed previously in
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the current chapter, when there are no observable differences in sub-lethal thermal limits
between seasons, the variation in thermal profiles across seasons may not be pronounced
enough to elicit significant changes in key physiological responses. Any variations in
sub-lethal limits between studies, linked to site-specific climatic factors, are further
supported by Broitman et al. (2021), who reported a consistent decline in the critical
thermal minimum (CTmin) with decreasing temperatures along latitudinal gradients in
their research on the intertidal barnacle Jehlius cirratus. A similar result was also
recorded for Siphonaria capensis in the current study. This finding, however, was
limited to a specific variation in thermal limits between two sites and was observed

during only one of the sampled seasons.

5.5.6.2 Dispersal-mediated paradoxes in site-level tolerance

The observation that Siphonaria capensis exhibited a higher thermal limit at the warmer
site in Zinkwazi, while S. serrata displayed the opposing trend by showing greater
thermal limits at the cooler site, was unexpected. As discussed throughout this thesis,
any enhanced thermal tolerances of limpets at sites with comparatively higher
temperatures are likely a result of dynamic fluctuations between heat management
strategies that prioritize endurance over risk-avoidance. These strategies typically unfold
over short timescales, prompting intertidal ectotherms to adjust their behaviour and
physiology in response to thermal changes during daily or tidal cycles (Crickenberger et
al. 2020). This suggests quasi-continuous, environmentally and physiologically driven
shifts between an inability, hesitation, and reduced need to evade increasingly
unfavourable environmental conditions during day-time low tide. More specifically, for
Siphonaria spp., which often forage on open rock surfaces during night-time low tides
(Branch & Cherry 1985, McQuaid pers. comm.), low dispersal while foraging likely
restricts access to cooler microhabitats before rising tides. Consequently, this leads to a
greater reliance on physiological adaptations, such as hypometabolism, which extend
sub-lethal limits. Without these adaptations, surviving micro-climatic conditions at

warmer sites or during periods of chronically elevated temperatures would be much less
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feasible on a day-to-day basis.

Given these dynamics, S. serrata, with its reduced dispersal rates compared to S.
capensis (discussed in Chapter 3), was expected to exhibit the variation in thermal limits
between sites observed for S. capensis. The finding, however, that only S. capensis
displays greater thermal tolerance at the warmer site suggests a paradoxical operation of
the underlying mechanism for each species, given their marginal differences in adult
mobility and physiological strategies. Such that, rather than greater dispersal rates
providing access to suitable microhabitats, S. capensis’s mobility can place it at greater
risk of encountering suboptimal microhabitats after foraging during high tide.
Conversely, S. serrata, which disperses less frequently and over shorter distances, may
be less susceptible to exposure to such unfavourable conditions during low tide. Thus,
through the dispersal-mediated variability in physiological responses described above, S.
capensis displayed higher sub-lethal thermal limits at Zinkwazi, while S. serrata had

greater sub-lethal limits at Kommetjie.

5.5.6.3 Regional food gradients modulate thermal limits

The contrasting trends in sub-lethal thermal limits can further be attributed to food
resource availability and how it affects metabolic demands and adult dispersal. As
mentioned in Chapter 2, the east-west gradient of increased nutrient availability results
in greater productivity and intertidal food availability. The abundant food resources
across rocky intertidal microhabitats at Kommetjie, compared to Zinkwazi, implies a
heightened capacity for energy allocation, in the form of ATP, to essential maintenance
and protective measures in intertidal animals at elevated temperatures (Dowd et al.
2013). Consequently, costly protective measures, such as the upregulation of antioxidant
defences to manage oxidative stress, can be sustained without invoking hypometabolism
(Santini et al. 2002). This increased energy synthesis also lessens the dependency of
Siphonaria capensis on its comparatively greater potential for extended movement away
from thermal refugia during foraging, further curbing hypometabolic activity. As

discussed in Chapter 2, intertidal organisms often move away from thermal refugia
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during foraging due to overgrazing caused by higher herbivore densities in these cooler
microhabitats compared to those with warmer thermal profiles. By limiting the range

and frequency of its foraging trips, S. capensis at Kommetjie is less likely to encounter
unfavourable microhabitats after foraging than at Zinkwazi, and therefore depends less
on physiological adaptations such as hypometabolism, typically associated with greater

thermal tolerance.

Conversely, by benefiting from the increased food availability and the slightly milder
overall thermal conditions at Kommetjie, S. serrata may deliberately remain in what
would generally be considered less favourable microhabitats, where conditions elicit an
enhanced physiological response to thermal stress. Elevated temperatures in these
microhabitats therefore appear to extend thermal limits at Kommetjie through enhanced
biochemical processes that reinforce oxidative defence independently of
hypometabolism. These processes aid thermal tolerance primarily by neutralizing
reactive oxygen species during heat stress, thereby guarding various cellular components

from heat damage (P6hlmann et al. 2011, Dowd et al. 2013).

5.5.6.4 Morphological and behavioural buffers of thermal stress

These findings suggest that the two species employ distinct short-term strategies and
cost-benefit approaches to mitigate thermal stress, resulting in the divergent
thermoregulatory patterns observed across sites and seasons. Several additional factors,
however, not addressed in the current study, could help account for these patterns. For
instance, subtle differences in morphological traits among limpet populations, such as
shell shape, texture, thickness, and colouration, and ecological interactions such as
aggregatory behaviour or the use of biogenic structures as shelter, may generate
discrepancies between microhabitat thermal profiles and the actual body temperatures
experienced by individuals (Feare 1971, Britton 1995, Soto & Bozinovic 1998, Lang et
al. 1998, Sokolova & Berger 2000, Stafford & Davies 2004, Bates & Hicks 2005, Harley
et al. 2009, Chapperon & Seuront 2012). These factors can consequently shape local

thermal tolerance patterns in complex and sometimes unexpected ways.
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For example, in their study on the limpets Lottia gigantea, Patella vulgata, and
Siphonaria gigas, Harley et al. (2009) found that individuals with high-spired shells
maintained lower body temperatures, particularly at moderate wind speeds, compared to
those with low-spired shells. According to Harley et al. (2009), this difference arises
because high-spired shells, projecting further into moving air, facilitate greater
convective heat loss than low-spired shells, which experience higher heat conduction
from contact with warm surfaces. Regarding aggregatory behaviour, Chapperon &
Seuront (2012) observed that the intertidal snail Nerita atramentosa exhibited cooler
mantle temperatures when in aggregations compared to solitary individuals, especially in
the high shore zone during summer. As further proposed by Chapperon & Seuront
(2012), this reduction in heat gain among aggregatory snails can be attributed to shared
shading effects within the group. Ultimately, by keeping limpet body temperatures
below their critical thermal thresholds these cooling effects may lessen their dependence
on hypometabolic responses during heat stress (Harley 2008). Over time, this could
translate into reduced thermal limits due to a weaker impetus to physiologically tolerate

extreme heat beyond the thermally buffered conditions.

5.5.7 Methodological constraints and potential solutions

The methods used to quantify thermal tolerance and physiological responses in this study,
while effective for rapid data acquisition, may influence the observed patterns in limpet
thermoregulatory responses compared to established techniques. For example, inferring
hypometabolism from plateaus or drops in heart rate before final breakpoints in thermal
response curves provides valuable insights into hypometabolic responses during acute
heating regimes (Bjelde & Todgham 2013). More established approaches, however, are
specifically designed to explicitly determine hypometabolic states. These approaches
include measuring O, debt repayment after re-introducing test animals to benign
conditions (Marshall & McQuaid 1991, Sokolova & Portner 2001, Zippay & Helmuth
2012), quantifying the accumulation of anaerobic by-products like lactate or alanine

(Gordon et al. 1970), assessing oxygen consumption rates (Marshall & McQuaid 1992,
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Marshall & McQuaid 1993), and monitoring the downregulation of metabolic enzymes
(Storey & Storey 1990, Ivanina et al. 2016). These methods leverage key properties of
anaerobic respiration in animals subjected to environmental stressors. In Chapter 1, |
note that anaerobic respiration provides ATP during oxygen-limited conditions but is
inefficient and generates harmful by-products requiring clearance via aerobic respiration
(Houlihan et al. 1981, McMahon 1988, Simpfendorfer et al. 1995, Donovan et al. 1999,
Sokolova & Portner 2001). By reducing overall metabolic demands, however, organisms
capable of hypometabolism can mitigate reliance on anaerobiosis and its associated

production of harmful by-products (Grieshaber et al. 1994, Sokolova & Pdortner 2001).

Hypometabolism is characterized by the absence of what is often referred to as cardiac or
respiratory overshoot, where post-stressor cardio-respiratory rates are significantly
elevated compared to pre-stressor rates (Brown & Wynberg 1987, Hochachka 1988,
Marshall & McQuaid 1993, Proum et al. 2017, Marshall & McQuaid 2020). To
understand the relationship between heat-induced hypometabolism and organismal
thermal tolerance better, future studies should adopt more integrative approaches that
involve more properties of hypometabolism, as demonstrated by (Bjelde & Todgham
2013). Their investigation into how the physiological performance of the limpet Lottia
digitalis varies between immersion and emersion during temperature increases combined
measurements of oxygen consumption, cardiac activity, and glycogen content across a
range of temperatures. Using this approach, they showed that in a substantial portion of
the test population, heart rates, oxygen consumption, and glycogen usage were
significantly suppressed despite rising temperatures until sub-lethal thresholds were
reached. Therefore, their work established a connection between cardiac activity and

hypometabolism, offering a framework that future studies can use and build upon.

5.5.8 Hypometabolic flux as a driver of thermal tolerance variability

The relationship between hypometabolism and environmental factors has been widely
studied across various species (Newell 1969, Marshall & McQuaid 1991, Guppy &

Withers 2007, Verberk et al. 2016), with some research exploring its interactions with
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factors such as ontogeny and oxygen availability in relation to thermal performance
(Bjelde & Todgham 2013, Kelly et al. 2014, Bjelde et al. 2015, Marshall & McQuaid
2020) and others connecting its influence on thermal performance to species distribution
patterns (Hann 2021, Liao et al. 2021, Leeuwis & Gamperl 2022). While these studies
deepen our understanding of the complex interactions among environmental factors and
hypometabolism, and their influence on thermal tolerance, this study elucidates the
nature of correlations among these variables. This chapter builds upon key inferences
generated previously (Chapter 2 and 3) about the potential role of metabolic rate
depression in extending the study animals’ capacity to endure acute thermal stress,

aligning with predictions from MRS theory discussed in Chapter 1.

In continuation, the observed lack of a pattern in the covariance between hypometabolic
activity and thermal tolerance across seasons and sites, despite a significant positive
correlation between the two variables, aligns with the findings of Chapter 2 and 3 for
both species and those in Chapter 4 for Siphonaria capensis. These findings highlight
how microscale distribution and thermally driven preference patterns reveal a dynamic
interplay between two key heat management strategies. This subsequently underscores
the capacity of individuals to adjust their metabolism flexibly in response to shifting
energy demands across variable environmental conditions (Staples 2016, Sokolova
2021). For many animals inhabiting extreme environments, such as the high intertidal
zone, there is evidence that hypometabolism can be reversibly triggered, “on-demand,”
in response to environmental stressors (Leeuwis & Gamperl 2022). There is also
somewhat conflicting evidence, however, of hypometabolic activity being endogenously
hardwired and synchronized with specific environmental cues. This suggests that both
internal and external signals collectively drive the observed constant state of
hypometabolic flux, which, in turn, influences hyper intra-specific variability in thermal
tolerance (Staples 2016, Leeuwis & Gamperl 2022). Consequently, any true patterns of
covariance between hypometabolism and thermal tolerance remain obscured until a

broader array of potentially intersecting factors and signalling pathways is considered.
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5.5.9 Conclusion

Based on the results described here, I fail to reject the hypotheses that a positive
relationship exists between hypometabolism and thermal tolerance, or between
sub-lethal and lethal thermal limits, despite inconclusive evidence that these
relationships do not vary in magnitude with differing environmental conditions across
spatial scales. In summary, while variable thermal histories likely modulate the effect of
hypometabolism on thermal tolerance, the moderate differences in short-term strategies
for managing heat stress displayed by the study animals, coupled with the highly
dynamic and reversible characteristics of hypometabolism, preclude the identification of

consistent patterns in this study.
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Chapter 6

General Discussion

Climate warming poses an increasing threat to coastal ecosystems by amplifying local
temperature extremes, sea-level rise and weather volatility, all of which can drive
wholesale reorganisation of intertidal assemblages and their functional roles (IPCC
2018, 2021). Predicting how intertidal animals may respond to projected warming is
therefore critical. Metabolic rate suppression (MRS) theory provides a mechanistic
framework that can refine these predictions (Newell 1969, Marshall & McQuaid 1991,
2020, Sokolova & Portner 2001, Guppy & Withers 2007, Verberk et al. 2016). Unlike
universal temperature dependence (UTD) models, which predict continuous increases in
metabolic rates with temperature, MRS theory posits that certain organisms employ
hypometabolism to limit energy consumption and survive acute stress (Storey & Storey
1990, Marshall & McQuaid 1991, Sokolova & Portner 2001). In the tide-driven thermal
mosaics of the intertidal zone, MRS helps explain how marine species extend their
thermal tolerance while maintaining ecological function (Branch 1981, Garrity 1984,

Little et al. 2009).

Building on this framework, the current study assessed whether the capacity for
metabolic suppression clarifies the temperature-driven distributions, preferences, and
thermal tolerances of Siphonaria capensis and S. serrata along a pronounced thermal
gradient on the South African coast. This involved investigating whether
hypometabolism influences the resilience of intertidal limpets to thermal stress, and
whether this relationship is more pronounced in those individuals predominantly

exposed to warmer conditions through their distribution and habitat preferences. Thus,
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by analyzing how the relationship between sub-lethal thermal limits and hypometabolic
activity varies over time and across space, | examined whether hypometabolism
enhances thermal tolerance in warm environmental conditions. It was therefore
hypothesized that MRS theory would be supported, if, at the individual level,
hypometabolism correlates positively with thermal tolerance and if this relationship is

more pronounced under warmer conditions.

Chapter 5 confirms the core hypothesis of the study that limpet thermal limits were
positively correlated with individual hypometabolic activity, however, this relationship
did not differ between warm and cold conditions. Chapter 2 and 3 show that both limpets
preferentially occupy cool refuges and, when displaced, return to them, thereby
supporting the first hypothesis by demonstrating adaptive shifts in distribution and
movement under thermal stress. Chapter 4 further revealed that limpets from cool
microhabitats move toward cooler zones along a gradient, whereas individuals from
warm microhabitats remain stationary, implying that warm-acclimated animals rely more
on physiological than behavioural responses. Therefore, aligning with the expectation
that those in warm conditions have enhanced physiological adaptations. Consequently,
Chapters 2 - 4 document behavioural thermoregulation that complements the
physiological trends measured in Chapter 5. Nevertheless, despite these adaptive
behaviours and the overall benefits of hypometabolism, I did not observe a markedly
stronger hypometabolic advantage in warm versus cool conditions. These findings likely
reflect the highly dynamic and reversible nature of hypometabolism, which can obscure
short-term contrasts in the highly variable rocky intertidal (Marshall & McQuaid 1991,
Verberk et al. 2016). Furthermore, the limited variability in temperature ranges analysed,
evident in the small seasonal differences in surface temperatures recorded in Chapter 2,
limited the power of the study to detect population level differences. This is emphasized
in Chapter 5 where a lack of significant seasonal variation in the correlation between
hypometabolic activity and thermal limits was found. Finally, incomplete data for
potentially relevant microhabitats, particularly rock pool edges, which were subsumed
within the horizontal rock surface category (Chapter 3), may have muted physiological

contrasts between benign and warmer microhabitats. Theoretically, this could explain
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the reduced physiological differences observed between limpets in warmer conditions

and those from more thermally favourable microhabitats.

Several methodological challenges that may have unintentionally influenced the results
must be acknowledged. These include limited sampling across key explanatory variables
such as site and season (Chapter 2 and 3), gaps in temperature logger data (Chapter 2)
and heart rate measurements (Chapter 5), and the absence of any measurement of
confounding variables such as food availability (Chapter 2). Additionally, sampling only
one site on each of the East, South, and West coast (Chapter 2) likewise constrains
broader biogeographic inference, highlighting the need for wider spatial replication.
Furthermore, missing data reduced the robustness of meaningful statistical comparisons
and introduced potential biases in some of the analysis models. Collectively, these
challenges narrow the scope and precision of the findings and may obscure true patterns
in limpet responses. Therefore, interpretations of temperature-driven variation should be

made cautiously, with an appreciation for these methodological constraints.

Nevertheless, sufficient evidence was presented to reject the null hypothesis that
hypometabolic activity has no effect on upper thermal tolerance. Therefore, I fail to
reject the alternative hypothesis that hypometabolism extends thermal tolerance, with no
definitive evidence to refute the possibility that this effect is particularly pronounced in
warm conditions. The consistent positive correlation between hypometabolic activity
and thermal limits, despite the reversible nature of hypometabolism and methodological
constraints, positions MRS theory as a useful predictive framework for thermal
tolerance. Comparable findings for the mussel Mytilus galloprovincialis, the snail
Echinolittorina malaccana, and various other molluscs (Anestis et al. 2007, Marshall &
McQuaid 2011, Liao et al. 2021) imply that hypometabolism enables survival under
high-temperature stress by effectively extending thermal tolerance limits. Marshall &
McQuaid (2011) and Liao et al. (2021) attribute this benefit to biochemical and
molecular processes that lower energy demand, while Anestis et al. (2007) emphasise
the synergistic expression of anaerobic metabolism and MRS. This synergy facilitates

sustained ATP production without excessive accumulation of metabolic by-products,
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helping prevent the extreme energy deficits and subsequent mortality that otherwise

accompany rising temperatures.

The primary energy-saving principles of MRS theory (Chapter 1), can enhance other
mechanistic frameworks that predict organismal responses to global warming. Notable
examples include Dynamic Energy Budget (DEB) theory (Sousa et al. 2008, Kooijman
2010, Sara et al. 2013), Oxygen- and Capacity-Limited Thermal Tolerance (OCLTT)
theory (Portner 2001, Portner & Farrell 2008, Portner 2010, Verberk et al. 2011, Portner
etal. 2017), and the Metabolic Theory of Ecology (Brown et al. 2004, Allen & Gillooly
2007). For instance, to evaluate DEB theory under highly variable climatic
environments, (Monaco & McQuaid 2018) incorporated MRS as an additional
parameter. Dynamic Energy Budget theory provides insights into how organisms acquire
and allocate energy throughout their lifetime (Kooijman 2010). It was originally
parameterised for organisms in relatively stable environments (Ross & Nisbet 1990).
Therefore, to address hypometabolism in thermally variable environments, Monaco &
McQuaid (2018) integrated a metabolic depression constant into the DEB framework.
This integration enables more precise predictions of species fitness-related traits by

simulating metabolic patterns that align more closely with observed empirical data.

Building on earlier discussions of OCLTT (Chapter 1), here I illustrate how MRS theory
bolsters mechanistic frameworks of thermal tolerance. OCLTT argues that thermal
tolerance is defined by aerobic scope, the balance between oxygen demand and supply,
which declines as rising temperatures drive demand beyond supply (Frederich & Portner
2000, Portner 2001, Portner & Knust 2007, Portner & Farrell 2008). Subsequently, tissue
hypoxia and time-limited anaerobiosis occur, ultimately defining sub-lethal thermal
limits and the ensuing collapse of physiological functions (Zielinski & Portner 1996,
Sommer et al. 1997, Portner 2010). Much of the support for OCLTT is derived from
studies of aquatic animals inhabiting relatively stable environments (Zielinski & Portner
1996, Frederich & Portner 2000, Peck et al. 2002, Portner & Knust 2007), yet in more
variable conditions aerobic scope alone proves an unreliable predictor of thermal

tolerance (Clark et al. 2013, Norin et al. 2014, Ern et al. 2014, Gréns et al. 2014,
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Neubauer & Andersen 2019). This limitation arises because non-aerobic processes, such
as the synergistic expression of anaerobic metabolism and MRS (Chapter 1), can extend
thermal tolerance beyond what would be predicted by a decline in aerobic scope
(Ejbye-Ernst et al. 2016). In their study, Ejbye-Ernst et al. (2016) highlighted the
potential overestimation of the metabolic scope available for sustainable activities in
OCLTT studies that fail to consider the role of anaerobic metabolism adequately.
Integrating OCLTT with MRS theory therefore promises a more holistic framework for
understanding how energy-saving strategies mitigate oxygen limitation and enhance a
species’ ability to withstand environmental stress. In much the same way as the earlier
integration of MRS with DEB, this synthesis can improve predictions of physiological
resilience, ecological stability, and ecosystem dynamics in response to climate change.
The integration of OCLTT with MRS would reconcile energy conservation strategies
with organismal energy budgets. This in turn would provide new insights into the
physiological responses of organisms capable of metabolic suppression to broad-scale

environmental change under climate warming.
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Chapter 7

Appendix

This appendix provides supplementary material, primarily detailing the validation and
diagnostic procedures for the statistical methods and models used in data Chapters 2, 3, 4

and 5 of the current thesis.

A1l Microhabitat use analysis

The diagnostic assessments in Figure Al confirmed that the residuals of the Tweedie
GLMM (Equation 2.1) used in (Chapter 2) were normally distributed, with no significant
evidence of zero-inflation, overdispersion, or outliers. For the variance homogeneity
tests, no significant deviations were detected overall, however, a significant within-group
deviation from uniformity for horizontal rocks was identified (Figure A2). Although the
uniformity issue for horizontal surfaces suggests a need for caution when interpreting the
model estimates, this does not invalidate the model (Burnham & Anderson 2002). This
localized deviation likely reflects the much larger average area of horizontal rocks across
sites compared to other microhabitats (Figure 2.7), which may have introduced residual
bias for this category (Bolker et al. 2009). Nonetheless, the diagnostics collectively
indicate that the chosen model is suitable for understanding broad differences in
microhabitat area using the available data from each site. Additionally, attempts to
include an interaction term between microhabitat and site resulted in model convergence

issues, further supporting the decision to exclude this term given that specific site-level
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differences in microhabitat cover patterns were not a primary interest of this study

(Section 2.3.5).
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Figure Al: Diagnostic plots for the zero-inflated Tweedie GLMM analyzing variations
in area (cm?) among microhabitats (CR - crevices, HR - horizontal rocks, RP
- rock pools, VRE - east-facing vertical rocks, VRN - north-facing vertical
rocks, VRS - south-facing vertical rocks, VRW - west-facing vertical rocks)
irrespective of site.
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Within-group deviations from uniformity significant (red)
Levene Test for homogeneity of variance n.s.
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Figure A2: Diagnostic tests of within-group uniformity and variance homogeneity for
the zero-inflated Tweedie GLMM analyzing variations in area (cm?) among
microhabitats (CR - crevices, HR - horizontal rocks, RP - rock pools, VRE -
east-facing vertical rocks, VRN - north-facing vertical rocks, VRS -
south-facing vertical rocks, VRW - west-facing vertical rocks) irrespective of
site.

For the Poisson GLMMs analyzing variation in occurrence rates for both species
(Equation 2.2), neither the microhabitat groups nor the site groups exhibited any
significant within-group deviation from uniformity or variance heterogeneity (Figure A3
and A4). This indicated stable residual distributions across those factors in these

models.

242



Within-group deviation from uniformity n.s. Within-group deviation from uniformity n.s.
Levene Test for homogeneity of variance n.s. Levene Test for homogeneity of variance n.s.

1.00
|
1.00
|

—_ —r - - —_ —_ - —_—T —_—T —_—T

I‘
T
1
F
A
b
T

1
1
1
|
1
1
1
1
1
1
1
L

T — e

0.75
|

0.75
|
1

simulationOutputfscaledResiduals
0.50
|
1
T
1
1
1
i
1
1
1
1
1
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
|
T
1
simulationOutputfscaledResiduals
0.50
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

A,
RN

2

N

CR HR RFP VRE VRN VRS VRW km ts zk

catPred catPred

Figure A3: Diagnostic tests of within-group uniformity and variance homogeneity for
the zero-inflated Poisson GLMM assessing variations in Siphonaria capensis
occurrences (counts/cm?) among microhabitats (CR - crevices, HR -
horizontal rocks, RP - rock pools, VRE - east-facing vertical rocks, VRN -
north-facing vertical rocks, VRS - south-facing vertical rocks, VRW -
west-facing vertical rocks) and sites (km - Kommetjie, ts - Three Sisters, zk -
Zinkwazi).
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Figure A4: Diagnostic tests of within-group uniformity and variance homogeneity for
the zero-inflated Poisson GLMM assessing variations in Siphonaria serrata
occurrences (counts/cm?) among microhabitats (CR - crevices, HR -
horizontal rocks, RP - rock pools, VRE - east-facing vertical rocks, VRN -
north-facing vertical rocks, VRS - south-facing vertical rocks, VRW -
west-facing vertical rocks) and sites (km - Kommetjie, ts - Three Sisters, zk -
Zinkwazi).

The remaining diagnostic tests (Figure A5 and A6) indicate that the model residuals were
normally distributed, showing no significant signs of zero-inflation or overdispersion for
both study species. Additionally, while no significant outliers were detected for
Siphonaria serrata, the outlier issue for S. capensis was statistically significant. This
suggests that a small number of observations in the affected dataset exert high leverage
on model estimates, potentially reflecting genuine ecological extremes, data errors, or
unresolved overdispersion (Bolker et al. 2009). Only a minor proportion (/= 1.3%) of the
1701 observations were flagged as outliers, however. Moreover, most outliers (=~ 55%)
were linked to Zinkwazi, where the unusually low occurrence rates of S. capensis (see

Section 2.4.3.1) may have contributed substantially to the outlier issue. Thus, while the
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presence of outliers was significant, its limited magnitude and probable association with
a documented ecological extreme suggest it likely has minimal impact on model fit
(Bolker et al. 2009) and can be retained in the current model specification. Furthermore,
as with the Tweedie GLMM (Equation 2.1), including an interaction term caused model
convergence issues in the Poisson GLMMs fitted to both species’ data (Equation 2.2).
Nonetheless, examining broad site- and microhabitat-level differences in occurrence

rates was deemed sufficient to address the primary research question of this chapter.
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Figure A5: Diagnostic plots for the zero-inflated Poisson GLMM assessing variations in
Siphonaria capensis occurrences (counts/cm?) among microhabitats and
sites.
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Figure A6: Diagnostic plots for the zero-inflated Poisson GLMM assessing variations in
Siphonaria serrata occurrences (counts/cm?) among microhabitats and sites.

For the diagnostic tests performed on the Poisson GLMMs fitted to assess within-site
variation in microhabitat-specific species distributions, any flagged outlier (Figures AS,
A10, A14 and A16 ) or overdispersion (Figure A12) issues exhibited similar severity and
characteristics to those described above for the Tweedie and Poisson GLMMs in this

appendix section. These issues were subsequently addressed in a similar fashion.

246



Within-group deviation from uniformity n.s.
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Figure A7: Diagnostic tests of within-group uniformity and variance homogeneity for
the zero-inflated Poisson GLMM assessing variations in Siphonaria capensis
occurrences (counts/cm?) among microhabitats (CR - crevices, HR -
horizontal rocks, RP - rock pools, VRE - east-facing vertical rocks) at
Kommetjie.
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Figure A8: Diagnostic plots for the zero-inflated Poisson GLMM assessing variations in
Siphonaria capensis occurrences (counts/cm?) among microhabitats at
Kommetjie.
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Within-group deviation from uniformity n.s.
Levene Test for homogeneity of variance n.s.
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Figure A9: Diagnostic tests of within-group uniformity and variance homogeneity for
the zero-inflated Poisson GLMM assessing variations in Siphonaria capensis
occurrences (counts/cm?) among microhabitats (HR - horizontal rocks, RP -
rock pools, VRE - east-facing vertical rocks, RP - rock pools, VRE -
east-facing vertical rocks, VRN - north-facing vertical rocks, VRS -
south-facing vertical rocks, VRW - west-facing vertical rocks) at Three
Sisters.
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Figure A10: Diagnostic plots for the zero-inflated Poisson GLMM assessing variations
in Siphonaria capensis occurrences (counts/cm?) among microhabitats at
Three Sisters.
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Within-group deviation from uniformity n.s.
Levene Test for homogeneity of variance n.s.
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Figure A11: Diagnostic tests of within-group uniformity and variance homogeneity for
the zero-inflated Poisson GLMM assessing variations in Siphonaria
capensis occurrences (counts/cm?) between microhabitats (HR - horizontal
rocks, RP - rock pools) at Zinkwazi.
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DHARMa zero-infistion test via comparison to
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Figure A12: Diagnostic plots for the zero-inflated Poisson GLMM assessing variations
in Siphonaria capensis occurrences (counts/cm?) between microhabitats at
Zinkwazi.
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Within-group deviation from uniformity n.s.
Levene Test for homogeneity of variance n.s.
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Figure A13: Diagnostic tests of within-group uniformity and variance homogeneity for
the zero-inflated Poisson GLMM assessing variations in Siphonaria serrata
occurrences (counts/cm?) among microhabitats (CR - crevices, HR -
horizontal rocks, RP - rock pools, VRE - east-facing vertical rocks, VRN -
north-facing vertical rocks, VRS - south-facing vertical rocks, VRW -
west-facing vertical rocks) at Kommetjie.
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DHARMa zero-infistion test via comparison to
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Figure A14: Diagnostic plots for the zero-inflated Poisson GLMM assessing variations
in Siphonaria serrata occurrences (counts/cm?) among microhabitats at
Kommetjie.
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Within-group deviation from uniformity n.s.
Levene Test for homogeneity of variance n.s.
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Figure A15: Diagnostic tests of within-group uniformity and variance homogeneity for
the zero-inflated Poisson GLMM assessing variations in Siphonaria serrata
occurrences (counts/cm?) between microhabitats (HR - horizontal rocks, RP
- rock pools) at Zinkwazi.
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DHARMa zero-infistion test via comparison to
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Figure A16: Diagnostic plots for the zero-inflated Poisson GLMM assessing variations
in Siphonaria serrata occurrences (counts/cm?) between microhabitats at
Zinkwazi.
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Table A1: Random effect (quadrat) output from the detailed model summary of the
zero-inflated Tweedie GLMM used to analyze the variation in area (cm?) as a
function of microhabitat irrespective of site.

group variance st_dev

Quadrat <0.0001 <0.0001

Table A2: Random effect (quadrat) output from the detailed model summary of the
zero-inflated Poisson GLMM used to evaluate the occurrence (counts/cm?) of
Siphonaria capensis across sites and microhabitats.

group variance st_dev

Quadrat 0.7809 0.8837

Table A3: Random effect (quadrat) output from the detailed model summary of the
zero-inflated Poisson GLMM used to evaluate the occurrence (counts/cm?) of
Siphonaria serrata across sites and microhabitats.

group variance st_dev

Quadrat 1.2117 1.1008

A2 Microhabitat preference analysis

The diagnostic evaluations presented in Figure A17 and A 18, revealed no significant
within-group deviations from uniformity or variance heterogeneity in the models
assessing variation in the proportion of recaptured individuals of both species
(Equation 3.1). Furthermore, Figure A19 and A20 displayed no evidence of
non-normality, zero-inflation, overdispersion, or influential outliers in the model

residuals.
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Figure A17: Diagnostic tests of within-group uniformity and variance homogeneity for
the zero-inflated Beta-binomial GLMM assessing variation in the
proportion of recaptured Siphonaria capensis between seasons (sum -
summer, win - winter), and among original and new microhabitats (CR -
crevices, HR - horizontal rocks, RP - rock pools) irrespective of site.
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Figure A18: Diagnostic tests of within-group uniformity and variance homogeneity for
the zero-inflated Beta-binomial GLMM assessing variation in the proportion
of recaptured Siphonaria serrata between seasons (sum - summer, win -
winter), and among original and new microhabitats (CR - crevices, HR -
horizontal rocks, RP - rock pools, VR - vertical rocks) irrespective of site.
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Figure A19: Diagnostic plots for the zero-inflated Beta-binomial GLMM assessing
variation in the proportion of recaptured Siphonaria capensis between
seasons, and among original and new microhabitats irrespective of site.
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Figure A20: Diagnostic plots for the zero-inflated Beta-binomial GLMM assessing
variation in the proportion of recaptured Siphonaria serrata between
seasons, and among original and new microhabitats irrespective of site.

The likelihood ratio tests comparing different Beta-binomial models for the proportion of
recaptured Siphonaria capensis and S. serrata yield contrasting findings regarding the
decision on whether to include interaction terms versus no interaction terms (Table A4
and AS). For Siphonaria capensis, models excluding interaction terms demonstrated
superior fit, while for S. serrata, models incorporating multiple interaction terms
performed best (Table AS). I chose, however, to supersede the likelihood ratio test
results and selected models for analyzing limpet recapture proportions that retained only
the interaction term between new and original microhabitat. This specification was
adopted for S. serrata because interactions between season and each of original and new
microhabitat generated significantly overdispersed residuals and deviations from the
expected residual distribution. For S. capensis, although likelihood ratio tests favoured
the interaction-free model, the selected model exhibited lower AIC and deviance scores

(Table A4). This indicates that the interaction-free model offers only a marginal
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improvement, as it outperformed the selected model in just two of three fit criteria.
Finally, choosing this interaction-based model for S. capensis achieves consistency in
how I specified models for both species’ recapture proportions (Equation 3.1), while still

maintaining acceptable model performance.

Table A4: Model selection results for the zero-inflated Beta-binomial GLMM assessing
variation in the proportion of recaptured Siphonaria capensis between
seasons, and among original and new microhabitats irrespective of site.

model Df AIC BIC logLik deviance Chisq ChiDf p.value
modell 9 1,692.4 1,733.0 -837.2 11,6744 NA NA NA
model2 13 1,691.3 1,750.0 -832.7 1,6653 9.1 4 0.1
model3 17 1,693.0 1,769.6 -829.5 1,659.0 64 4 0.2

modell - no interaction between variables, model2 - two-way interaction between
original (omh) and new microhabitat (nmh), model3 - two-way interaction of
season with original microhabitat and with new microhabitat.

Table AS5: Model selection results for the zero-inflated Beta-binomial GLMM assessing
variation in the proportion of recaptured Siphonaria serrata between seasons,
and among original and new microhabitats irrespective of site.

model Df AIC BIC logLik deviance Chisq Chi Df p.value

modell 11 2,283.4 2,336.4 -1,130.7 2,261.4 NA NA NA

<
model2 20  2,282.4 2,378.7 -1,121.2 2,2424 19.0 9 0.0001

<
model3 26 2,279.8 2,405.0 -1,113.9 2,227.8 14.6 6 0.0001

modell - no interaction between variables, model2 - two-way interaction between
original (omh) and new microhabitat (nmh), model3 - two-way interaction of
season with original microhabitat and with new microhabitat.
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Table A6: Random effect (mark event) output from the detailed model summary of the
zero-inflated Beta-binomial GLMM assessing variation in the proportion of
recaptured Siphonaria capensis between seasons, and among original and new
microhabitats irrespective of site.

group variance st_dev

m 1 <0.0001 <0.0001

m_i - mark event

Table A7: Random effect (mark event) output from the detailed model summary of the
zero-inflated Beta-binomial GLMM assessing variation in the proportion of
recaptured Siphonaria serrata between seasons, and among original and new
microhabitats irrespective of site.

group variance st_dev

m i <0.0001 <0.0001

m_i - mark event.

The metric scores presented in Table A8 demonstrate that the Bernoulli GLM

(Equation 3.2), fitted with an interaction term to assess variations in homing status,
achieved good discrimination between classes, showed insignificant evidence of poor fit,
and exhibited high predictive capacity and overall accuracy. The likelihood ratio test
results (Table A9) further confirm that the selected model specification (Equation 3.2)

was the most appropriate for the data.
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Table A8: Metric scores assessing the overall Bernoulli GLM performance for the
variation in homing status between species across the different relocation

treatments.
metric value
roc_auc (%) 70.60000
hos-lem (p) 0.99996
brier score 0.09300
accuracy (%) 88.90000

roc_auc (%) - receiver operating characteristic value, hos-lem -
hosmer-lemeshow test score, accuracy (%) - model accuracy.

Table A9: Model selection results for the Bernoulli GLM used to determine differences
in the Homing rates of both sample species as a function of relocation
treatment.

model Df AIC BIC logLik deviance Chisq Chi Df p.value

modell 4 2,297.5 23223 -1,144.7 2,289.5 NA NA NA

<
model2 6 2,292.6 2,329.8 -1,140.3 2,280.6 8.8 2 0.0001

modell - no interaction between variables, model2 - two-way interaction between
species and relocation treatment.

The performance metrics shown in Figure A10 and A1l indicate that the Multinomial
GLMs used to evaluate variations in post-relocation distribution patterns of Siphonaria
capensis and S. serrata across microhabitats, respectively (Equation 3.3), demonstrated

high overall accuracy and strong discrimination among classes.
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Table A10: Metric scores assessing the overall Multinomial GLM performance for
Siphonaria capensis distribution among recapture microhabitats.

metric estimator estimate
accuracy multiclass 0.85
roc_auc hand_till 0.96

accuracy - overall accuracy of the models predictions, roc_auc - evaluates
how well a classifier can distinguish between classes.

Table A11: Metric scores assessing the overall Multinomial GLM performance for
Siphonaria serrata distribution among recapture microhabitats.

metric estimator estimate
accuracy multiclass 0.85
roc_auc hand _till 0.96

accuracy - overall accuracy of the models predictions, roc_auc - evaluates
how well a classifier can distinguish between classes.

In the roc plots for both species (Figure A21 and A22), the model’s sensitivity versus (1
— specificity) performance is clearly better than random chance. Furthermore, the overall
separation of the curves (sensitivity versus (1 — specificity)) from the diagonal confirms

that the model discriminates among classes reasonably well.
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Figure A21: Receiver operating characteristic (roc) curve generated from the
Multinomial GLM output used to evaluate the distribution of S. capensis
among recapture microhabitats (CR - crevices, HR - horizontal rocks, RP -
rock pools) as a function of relocation direction, site and season.

Figure A22: Receiver operating characteristic (roc) curve generated from the
Multinomial GLM output used to evaluate the distribution of S. serrata
among recapture microhabitats (CR - crevices, HR - horizontal rocks, RP -
rock pools, VR - vertical rocks) as a function of relocation direction, site
and season.
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The confusion matrix generated from the Multinomial GLM for Siphonaria capensis
shows that the model correctly predicts most crevice observations but had moderate
misclassification rates for horizontal surfaces and rock pools (Table A12). Therefore, the
model was generally suitable for inference. For S. serrata, the matrix indicated similarly
accurate predictions for crevices and horizontal surfaces as in the S. capensis data, along
with low misclassification for vertical surfaces, but revealed a particularly high
misclassification rate for rock pools (Table A13). High misclassification in a single class
often signals missing predictors, structural model issues, insufficient ability of the
predictors to distinguish response variable classes, and/or a high class imbalance in the
response variable (Manel et al. 2001, Allouche et al. 2006). In this case, rock pool
outcomes for the categorical response variable, recapture microhabitat, were relatively
few compared to other levels (Figure 3.4). This may have biased the model towards
predicting the recapture of relocated individuals in more common categories, even when,
in reality, they were recaptured from rock pools (Allouche et al. 2006). The most
straightforward approaches to remedying these model performance issues are the
inclusion of additional predictors or collecting more data (Manel et al. 2001, Burnham &
Anderson 2002). Here, however, the model remains acceptable to use due to the strong
overall performance indicated by the other model metrics (Table A10 and Figure A21),
the model’s moderately-to-highly accurate classification for other microhabitat classes
(Table A13), and because the model was primarily intended for inference rather than

perfect prediction (Burnham & Anderson 2002).
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Table A12: Classification performance, based on a confusion matrix of observed and
predicted outcomes, of the Multinomial GLM used to describe the
distribution of Siphonaria capensis among recapture microhabitats.

Truth maxfreq sumotherfreq missclass %
HR 421 124 29.5
CR 511 12 2.3
RP 415 95 22.9

Truth - target predictor class against which model predictions are compared
(HR - horizontal rocks, CR - crevices, RP - rock pools), maxfreq - the maximum
frequency of predictions made involving the target predictor class,
sumotherfreq - frequency of incorrect predictions, missclass% - the model
misclassification rate.

Table A13: Classification performance of the Multinomial GLM used to describe the
distribution of Siphonaria serrata among recapture microhabitats, based on a
confusion matrix of observed and predicted outcomes.

Truth maxfreq sumotherfreq missclass %
HR 421 93 22.1
CR 490 59 12.0
RP 103 51 49.5
VR 176 5 2.8

Truth - target predictor class against which model predictions are compared
(HR - horizontal rocks, CR - crevices, RP - rock pools), maxfreq - the maximum
frequency of predictions made involving the target predictor class,
sumotherfreq - frequency of incorrect predictions, missclass% - the model
misclassification rate.

A3 Thermal preference analysis

An examination of the performance metrics in Table A14 reveals that the Bernoulli GLM
analyzing changes in Siphonaria capensis movement status (Equation 4.1) achieves

moderate discrimination and acceptable calibration (Hosmer-Lemeshow p > 0.05),
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though the predictive capacity and overall model accuracy are relatively low. Potential
reasons for these moderate performance metrics include missing predictors, unmodeled
heterogeneity, or inherently high individual-level variability (Bolker et al. 2009). As
with the Multinomial GLM described in Section A2, additional predictors or expanded
datasets are typically required to address suboptimal performance scores and improve
model fit (O’Hara & Kotze 2010, Harrison 2014). In the absence of such refinements,
however, the model can still be deemed acceptable for further use, as it was specified to
prioritize hypothesis testing and inferential clarity over predictive precision (Burnham &
Anderson 2002). Furthermore, the current model specification, without additional
complexity such as interaction terms, provides the best fit for the available data, as

confirmed by a likelihood ratio test (Table A15).

Table A14: Metric scores assessing the overall performance of the Bernoulli GLM
analyzing the influence of microhabitat and start temperature status on the
movement status of S. capensis.

metric value
roc_auc (%) 61.60000
hos-lem (p) 0.98547
brier score 0.23200
accuracy (%) 59.50000

roc_auc (%) - receiver operating characteristic value, hos-lem -
hosmer-lemeshow test score, accuracy (%) - model accuracy.
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Table A15: Model selection results for the Bernoulli GLM analyzing the influence of
microhabitat and start temperature status on the movement status of
Siphonaria capensis collected from Kommetjie.

model Df AIC BIC logLik deviance Chisq Chi Df p.value
mh+sts 6 274.6 2944 -131.3 262.6 NA NA NA
mhxsts 10 280.7 313.7 -130.4 260.7 1.9 4 0.8

mh - microhabitat, sts - start temperature status.

mh+sts - model excluding interaction between microhabitat and start temperature
status, mhxsts - model including interaction between microhabitat and start
temperature status.

Table A16 and A17 confirm that the Chi-square test assumption, that all expected cell
counts should be more than 5, is satisfied for the interactions between microhabitat and
temperature shift and also, between start temperature status and temperature shift,

respectively.
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Table A16: Verification of Chi-square test assumption that expected cell counts for all
levels of the combination of microhabitat (hr - horizontal rock, rp - rock
pool) and temperature shift (nc - no change) are > 5.

temperature shift
mh cold hot nc
hr 18 23.5 58.5
p 18 23.5 58.5

mh - microhabitat

Table A17: Verification of Chi-square test assumption that expected cell counts for all
levels of the combination of start temperature status (hr - horizontal rock, rp -
rock pool) and temperature shift (nc - no change) are > 5.

temperature shift
sts cold hot nc
cold 7.2 9.4 234
cool 7.2 9.4 23.4
hot 7.2 9.4 23.4
moderate 7.2 9.4 23.4
warm 7.2 9.4 23.4

Sts - start temperature status

The post hoc analysis results in Table A18 revealed a significant positive association
between rock pool origins and shifts to cooler temperatures, as well as between
horizontal surface origins and shifts away from cooler temperatures in Siphonaria
capensis. In contrast, no meaningful associations were observed between microhabitat
origin and temperature shift state (Table A18), nor between the initial temperature state

of S. capensis and its temperature shift status (Table A19).
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Table A18: Post hoc pairwise comparisons for the Pearson’s Chi-square test of
independence on the relationship between microhabitat and temperature shift
status in S. capensis.

Dimension Value cold hot nc
hr Residuals -4.4173 1.1674 2.4397
hr p values 0.0001 1.0000 0.0882
p Residuals 4.4173 -1.1674 -2.4397
p p values 0.0001 1.0000 0.0882

nc - No change

Table A19: Post hoc pairwise comparisons for the 3x5 Pearson’s Chi-square test of
independence, examining the relationship between the initial temperature
and temperature shift status of S. capensis.

Dimension Value cold hot nc
cold Residuals 0.3681 -0.5837 0.2153
cold p values 1.0000 1.0000 1.0000
cool Residuals 0.3681 -1.4176 0.9328
cool p values 1.0000 1.0000 1.0000
hot Residuals -0.5522 0.2502 0.2153
hot p values 1.0000 1.0000 1.0000

moderate Residuals -0.0920 1.9179 -1.5786
moderate p values 1.0000 0.8269 1.0000
warm Residuals -0.0920 -0.1668 0.2153
warm p values 1.0000 1.0000 1.0000

nc - no change
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A4 Thermal limit analysis

A4.1 Imputation results

Multiple imputation produced mostly unbiased estimates across the three analysis
models. Although only two estimators in the first (Table A20) and third (Table A22)
analysis models showed substantial bias, the second analysis model exhibited a few

more biased parameter estimates (Table A21).

A4.1.1 Key performance indicator comparisons

Overall, the parameter estimates for the first model run on the incomplete data exhibited
a greater degree of bias compared to estimates from the same model run on the imputed
data. The RMSE values for the estimates were also generally smaller for the imputed
data. Furthermore, no differences in significance outcomes of the parameter estimates
produced by the analysis on the complete/“reference” data and both test datasets were

detected (Table A20).

273



Table A20: Comparison of the key performance indicators, for the imputed versus
incomplete data, derived from the coefficients of the initial linear mixed
model fit using FLT (°C) as the response variable. Highlighted cells indicate
larger BIAS and RMSE values for imputed estimates and significance
outcome values (SO) that did not match those of the reference dataset (N)
versus those that did (Y).

BIAS RMSE STC

Parameter  Missingl Imputedl Missing2 Imputed2 Missing3 Imputed3

INT -0.2036  -0.1905  8.2489  7.7172 Y Y
FBT -0.4266 -0.4026  0.2203  0.2079 Y Y
SUM -4.0889 -0.5562  3.6611  0.4980 Y Y

ts -25.9077 -13.9089 10.7705  5.7823 Y Y
km -0.0004 -0.6396  0.0009  1.6254 Y Y

L -1.5680 -1.4592  0.8041  0.7483 Y Y
FBT.SUM -4.5499  -0.1497  0.0787  0.0026 Y Y
FBT.ts -5.2373  -3.1462  0.2895  0.1739 Y Y
FBT.km 44.8979  8.8687  0.0490  0.0097 Y Y

RE.MH 0.5299  -0.5904 0.1000  0.1113

Z
>

NA

INT - Intercept; SUM - Summer,; SPR - Spring; L - length (mm); FLT - flatline
temperature (°C); FBT - final breakpoint temperature (°C); zk - Zinkwazi, ts -
Three Sisters; km - Kommetjie; RE.MH - microhabitat random effect.

In the second model, more of the parameter estimates from the imputed data analysis
exhibited higher bias compared to estimates from the incomplete data when contrasted
with the first model. This trend was mirrored in the RMSE values, which showed similar
disparities between the two datasets, as observed in the estimate bias. Unlike the first
model, however, when comparing the significance outcomes of the parameter estimates
produced by the analysis on the complete/“reference” data and the test data, a difference
in significance outcomes were detected between the reference and both test datasets
(Table A21). Specifically, the significance outcome for the parameter Three Sisters,

produced from the analysis of the test datasets did not match those of the corresponding
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predictors from the analysis on the reference data. Nevertheless, these parameter
estimates were less biased in the imputed data than those produced by the incomplete

dataset.

Table A21: Comparison of the key performance indicators, for the imputed versus
incomplete data, derived from the coefficients of the initial linear mixed
model fit using FBT (°C) as the response variable. Highlighted cells indicate
larger BIAS and RMSE values for imputed estimates and significance
outcome values (SO) that did not match those from the reference dataset (N)
versus those that did (Y).

BIAS RMSE STC

Parameter  Missingl Imputedl Missing2 Imputed2 Missing3 Imputed3

INT 0.1311 0.1050  4.4592  3.5713 Y Y
CSR 3.3069 34782 0.1787  0.1879 Y Y
SUM 0.2484  0.2073  0.4547  0.3795 Y Y
ts -2.4940  -2.5363 4.9054  4.9887 N N

km -1.2141  -1.2202 4.0786  4.0992 Y Y

L -0.4948  -0.2884  0.1155  0.0674 Y Y
CSR.SUM -4.8683 -3.8145 0.1755  0.1375 Y Y
CSR.ts 3.6841  2.1212  0.1482  0.0853 Y Y
CSR.km -0.2503  -0.0096  0.0141  0.0005 Y Y
RE.MH -0.0200  1.2347  0.0482  2.9708 NA NA

INT - Intercept; SUM - Summer,; SPR - Spring; L - length (mm); FBT - final
breakpoint temperature (°C); CSR - cardiac suppression range (°C), zk - Zinkwazi;
ts - Three Sisters; km - Kommetjie; RE.MH - microhabitat random effect.

Key performance indicator analysis results for the third model were similar to those of
the first two models. Specifically, when considering overall bias and RMSE across all
parameters of the third model, the analysis model performed better on the imputed
dataset than the incomplete dataset. The imputed dataset, however, had a slightly higher
number of discrepancies between its significance outcomes and those of the reference

dataset (Table A22).
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Although some coefficient estimates derived from multiple imputation were suboptimal,
they were generally more accurate than those obtained from the incomplete data. This
suggests that final inferences and conclusions based on the imputed data would likely be

more reliable than those drawn from the incomplete data.

Table A22: Comparison of the key performance indicators, for the imputed versus
incomplete data, derived from the coefficients of the ANOVA analysis on
FBT (°C). Highlighted cells indicate larger BIAS and RMSE values for
imputed estimates and significance outcome values (SO) that did not match
those from the reference dataset (N) versus those that did (Y).

BIAS RMSE STC

Parameter Missingl Imputedl Missing2 Imputed2 Missingd Imputed3

SZN -0.4118 0.3079 89.7113  67.0788 Y Y
SITE -0.6060 0.0478  132.6592 10.4586 Y Y
MH -0.2536  -0.9998  286.1945 1,128.4799 Y N
SZN.SITE -0.9659  -0.5835 2.4534 1.4822 Y Y
SITE.MH -0.6696 -0.8850 10.5969  14.0061 Y Y

SZN - season; MH - microhabitat

A4.1.2 Principal components analysis

In the PCA summary table generated from the imputed data for both Siphonaria capensis
(Table A23) and S. serrata (Table A24), the first two principal components collectively
explained slightly less than 75% of the total variance, which is commonly considered an
acceptable threshold. Nevertheless, because the shortfall was marginal, only these two
principal components were selected to generate the biplots for both species’ imputed

data (Figure A23 and Figure A24).
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Table A23: PCA summary, generated using only the first multiply imputed dataset for
Siphonaria capensis.

Content PC1 PC2 PC3 PC4 PC5S PCé

Standard

. L 1.6529 1.3000 0.9233 0.6276 0.5214 0.2440
deviation

Proportion
of 0.4553 0.2817 0.1421 0.0656 0.0453 0.0099
variance

Cumulative
propor- 0.4553 0.7370 0.8791 0.9448 0.9901 1.0000
tion

Table A24: PCA summary, generated using only the first multiply imputed dataset for
Siphonaria serrata.

Content PC1 PC2 PC3 PC4 PC5 PCé6

Standard
deviation

1.7010 1.1932 0.9895 0.7048 0.3647 0.2721

Proportion
of 0.4822 0.2373 0.1632 0.0828 0.0222 0.0123
variance

Cumulative
propor- 0.4822 0.7195 0.8827 0.9655 0.9877 1.0000
tion

For §. capensis, most of the variability was captured by principal component one at
45.5% in Figure A23, with principal component two accounting for an additional 28.2%.
Notable collinearity was observed among the size variables and between the three
thermal limit variables (Figure A23). Consequently, to mitigate potential model fit
issues, height and width were excluded from subsequent analyses of the S. capensis
dataset. The thermal limit variables, however, were retained given the specific interest in
their interrelationships. No correlation was expressed between these two groups of
variables. Along principal component one, two distinct clusters materialized, with

Kommetjie being distinguished from the other sites primarily due to size differences.
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Kommetjie had larger individuals compared to the other two sites, which did not exhibit
obvious differences in limpet size (Figure A23). In contrast, no site-specific clusters
were observed along principal component two. Instead, separation on this component
was more uniform and primarily influenced by the thermal limit variables. Although
clustering along principal component two might become more discernible in a biplot
colour-coded by one of the other categorical variables, such determination was outside

the scope of the PCA as it was not the primary focus of this analysis.

Figure A23: PCA biplot displaying clusters coded by site (zk - Zinkwazi; ts - Three
Sisters; km - Kommetjie) in the first imputed dataset for Siphonaria
capensis. Arrows indicate the direction and magnitude of the size (L -
length (mm); H - height (mm); W - width (mm)) and thermal limit (FLT -
flatline temperature (°C); FBT - final breakpoint temperature (°C); CSR —
cardiac suppression range (°C)) variables.

The biplot derived from the Siphonaria serrata data reveals trends similar to those
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observed in the S.capensis dataset (Figure A24). Principal component one accounted for
the majority of the variability in the S. serrata dataset, capturing 48.2% of the variance,
while the second principal component contributed a significant 23.7%. As with the
S.capensis data, this dataset showed notable collinearity among thermal limit and size
variables, indicating that a subset of the variables from each group may provide
redundant information. Therefore, height and width were also removed from further
analysis of the S. serrata dataset without the risk of losing significant insights. A distinct
clustering along the first principal component suggests that larger S.serrata individuals

are predominantly found at Kommetjie.

Figure A24: PCA biplot displaying clusters coded by site (zk - Zinkwazi; km -
Kommetjie) in the first imputed dataset for Siphonaria serrata. Arrows
indicate the direction and magnitude of the size (L - length (mm); H - height
(mm); W - width (mm)) and thermal limit (FLT - flatline temperature (°C);
FBT - final breakpoint temperature (°C); CSR — cardiac suppression range
(°C)) variables.
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A4.2 Model diagnostics

Model assumptions for all analyses in Chapter 5 were assessed using a range of
graphical tools. The diagnostics were computed using the first imputed dataset for both
species because there are no recognized methods available to perform regression

diagnostics on pooled data.

A4.2.1 First model

Examination of the residuals vs fits plots from the linear mixed models, which focused
on the covariance of FLT with FBT, revealed no evident heteroscedasticity for the

extracted datasets of either Siphonaria capensis or S. serrata (Figure A25 and A26).

Figure A25: Plot of residuals vs fits for model 1 of the first imputed S. capensis dataset.
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Figure A26: Plot of residuals vs fits for model 1 of the first imputed S. serrata dataset.

Consistent with the observations for the full datasets mentioned above, the variance

among the levels of the random effect was homogeneous for both species (Figure A27

and A28).
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Figure A27: Plot of residuals vs fits by random effect (HR - Horizontal rock; VR -
Vertical rock; CR - Crevice; RP - Rock pool) for model 1 of the first
imputed Siphonaria capensis dataset.
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Figure A28: Plot of residuals vs fits by random effect (HR - Horizontal rock; VR -
Vertical rock; CR - Crevice; RP - Rock pool) for model 1 of the first
imputed Siphonaria serrata dataset.

The dotplot function from the lattice package, which represents standardized random
effect distributions, indicated low variability across its levels in the plots for both species
(Figure A29 and A30), supporting the Gaussian assumption. Although the confidence
intervals for horizontal rocks in Figure A30 do not include zero, they overlap with those
of the random effect levels for rock pools and vertical surfaces, which themselves
overlap with one another and include zero. This pattern suggests that horizontal rocks
were only marginally different from zero and remains consistent with the overall

minimal variability observed (Figure A30).
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Figure A29: Standardized random effect distribution for the first model of the first
imputed S. capensis dataset. HR - Horizontal rock; VR - Vertical rock; CR -
Crevice; RP - Rock pool.
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Figure A30: Standardized random effect distribution for the first model of the first
imputed S. serrata dataset. HR - Horizontal rock; VR - Vertical rock; CR -
Crevice; RP - Rock pool.

Although the quantile-quantile plot (qgplot), produced with the qgnorm function from
base R, for the Siphonaria capensis and S. serrata data showed pronounced deviations
from the reference line, these deviations were primarily concentrated at the tails

(Figure A31 and A32). This suggests that the assumptions of normality for this model

were reasonably met.
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Figure A31: Normal QQ-Plot from the first model of the first imputed S. capensis
dataset.
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Figure A32: Normal QQ-Plot from the first model of the first imputed S. serrata dataset.

Apart from a few observations with high hat-values (leverage > 0.167) for both species
(Figure A33 and A34), the majority of observations showed low standardized residuals
(Cook’s distance < 1) and low hat-values. The observations with high hat-values were
not removed, as they did not appear to substantially affect the model’s assumptions or
overall fit. Hat-values measure the influence of individual observations on the fitted

values in a regression model (Cook 1977, Fox & Monette 2002).

287



Figure A33: Plot of Cook’s distance and Leverage to identify influential outliers from
the first model of the first imputed Siphonaria capensis dataset.
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Figure A34: Plot of Cook’s distance and Leverage to identify influential outliers from
the first model of the first imputed S. serrata dataset.

A4.2.2 Second model

Upon reviewing the residuals vs fits plots from the second model, which explored the
covariance between FBT and CSR, no clear signs of heteroscedasticity was found in the

datasets extracted for either Siphonaria capensis or S. serrata (Figure A35 and A36).
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Figure A35: Plot of residuals vs fits for model 2 of the first imputed S. capensis dataset.
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Figure A36: Plot of residuals vs fits for model 2 of the first imputed S. serrata dataset.

In line with earlier findings regarding heteroscedasticity in the imputed datasets,
variance across the random effect levels was also uniform for both species (Figure A37

and A38).
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Figure A37: Plot of residuals vs fits by random effect for model 2 of the first imputed
Siphonaria capensis dataset. HR - Horizontal rock; VR - Vertical rock; CR -
Crevice; RP - Rock pool.
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Figure A38: Plot of residuals vs fits by random effect for model 2 of the first imputed
Siphonaria serrata dataset. HR - Horizontal rock; VR - Vertical rock; CR -
Crevice; RP - Rock pool.

Similar to the estimated effects in the standardized random effect distribution plots for
the first model (Figure A29 and A30), the second model’s estimated effects also
supported the Gaussian assumption (Figure A39 and A40). Furthermore, the confidence
intervals for horizontal surfaces and crevices in the Siphonaria serrata data (Figure A40)
do not include zero, but as described for Figure A30, they remain consistent with the

overall minimal variability that was expected.
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Figure A39: Standardized random effect distribution for the second model of the first
imputed S. capensis dataset. HR - Horizontal rock; VR - Vertical rock; CR -
Crevice; RP - Rock pool.
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Figure A40: Standardized random effect distribution for the second model of the first
imputed S. serrata dataset. HR - Horizontal rock; VR - Vertical rock; CR -
Crevice; RP - Rock pool.

The quantile-quantile plots for both Siphonaria capensis and S. serrata displayed points
largely aligned with the reference line, indicating that the residuals were predominantly

normally distributed, despite slight deviations at the tails (Figure A41 and A42).
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Figure A41: Normal QQ-Plot from the second model of the first imputed S. capensis
dataset.
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Figure A42: Normal QQ-Plot from the second model of the first imputed S. serrata
dataset.

For both species, most observations had low Cook’s distances and Leverage values, with
only a few mildly increased Cook’s distances for Siphonaria serrata that were not

sufficiently high to regard them as influential outliers (Figure A43 and A44).
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Figure A43: Plot of Cook’s distance and Leverage to identify influential outliers from
the second model of the first imputed S. capensis dataset.
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Figure A44: Plot of Cook’s distance and Leverage to identify influential outliers from
the second model of the first imputed S. serrata dataset.

A4.2.3 Third and fourth models

The diagnostic plots indicate that the assumptions of linearity (residuals vs fitted),
normality (quantile-quantile normal), and constant variance (scale-location) for the
ANOVA fit using the response variable FBT, were upheld for both Siphonaria capensis
and S. serrata (Figure A45 and A46). The numbered observations in Figure A45 and
A46 represent data points from the dataset that were flagged by the various diagnostic
measures (e.g., high Cook’s distance, large standardized residuals) as potentially being
outliers or influential outliers. As with the outliers shown in Figure A33 and A34, |
chose not to remove them from the dataset and re-run the model. In this case, although

these observations are flagged as outliers under more recent thresholds for identifying
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influential points (e.g., Cook’s distance d = 4/n, where n = 240 observations), they do not
exceed the original threshold proposed by Cook (1977) (Cook’s distance d = 1) for

determining influence.

Figure A45: Diagnostic plots from the factorial ANOVA conducted on FBT (°C) values
derived from TRCs of S. capensis.
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Figure A46: Diagnostic plots for the factorial design ANOVA analyzing FBT (°C) values
from TRCs of S. serrata.

For both species, no model violations were detected for the ANOVA fit with Length as
the response variable (Figure A47 and A48). Similar to Figure A45 and A46, the
numbered observations in these figures represent data points that were flagged by
diagnostic measures. Furthermore, these observations were treated in the same manner

as those in Figure A45 and A46.
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Figure A47: Diagnostic plots from the factorial ANOVA analyzing the Length (mm) of
S. capensis individuals.
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Figure A48: Diagnostic plots for the factorial ANOVA analyzing the Length (mm) of S.
serrata individuals.
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