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Abstract The corallivorous gastropod genus Drupella is known for causing large amounts of
damage across Indo-Pacific reefs, yet little is known about the genus’s thermal sensitivity,
limiting our ability to predict how ocean warming will affect the impact of Drupella on reefs.
Combining physiological and behavioural experimentation, the current study investigated the
thermal response of metabolic rate, feeding, and growth of Drupella spp. Snails collected off the
coast of Moorea, French Polynesia, were held in the laboratory at one of four temperature
treatments: 28 °C (annual mean), 30 °C, 32 °C (annual maximum in 2021), and 34 °C (+2 °C
warming scenario, SSP2-4.5). Using intermittent flow respirometry, metabolic rates were
estimated under both acute ramping and prolonged thermal exposure. During acute thermal
ramping, Drupella spp. acclimated at 28 °C and 34 °C were exposed to a rapid temperature
increase from 29-38 °C. Temperature was increased in 1 °C increments over 30 minutes,
followed by a 30-minute measurement period at each temperature. Metabolic rate increased
consistently across the thermal range tested, indicating that Drupella spp. can tolerate high short-
term temperature changes, at least under well-oxygenated laboratory conditions. In prolonged
exposure, both standard metabolic rate (SMR) and routine metabolic rate (RMR) increased
between 28 and 32 °C for all acclimation durations. After three days of acclimation, SMR and
RMR increased between 28-32 °C by 67.3% and 39.3% respectively, but then both declined by
~30% at 34 °C, indicating metabolic suppression beyond a thermal optimum. In contrast, snails
acclimated for 19-23 days showed lower increases, with SMR and RMR rising between 28—32
°C by 26.9% and 19.1% respectively, and no suppression after 32 °C. These results demonstrate
that Drupella spp. can thermally acclimate, particularly in RMR, which was significantly higher
at 34 °C after longer-term acclimation compared to shorter-term. The same trend was observed
in SMR, however this was not statistically significant. Unlike metabolic rate, feeding and growth
showed no significant effects of temperature and did not increase with metabolic demands.
Although this suggests that feeding and growth may not simply rise with warming; both
remained unchanged compared to lower temperatures, indicating that Drupella spp. can sustain
functional performance at elevated temperatures. The combined ability to withstand acute
warming up to at least 38 °C, show signs of thermal acclimation, and maintain feeding and
growth under elevated temperatures, suggests high thermal resilience in Drupella spp. Thermal
resilience in the corallivorous snails raises concerns that corallivory may continue during periods

of reef thermal stress, when corals themselves are less resilient to damage.
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1 Introduction

1.1 Temperature as a Driver of Ectotherm Metabolism and Ecology

Anthropogenic climate change is increasingly impacting ecological systems, with shifts in
abiotic conditions driving behavioural and physiological changes in organisms, which can have
cascading effects throughout ecosystems. Consequently, there has been a rise in research focused
on understanding and predicting organismal response to environmental change (Azra et al., 2022;
Dillon et al., 2010; Harvey et al., 2020; Islam, Kunzmann & Slater, 2021). Temperature is
considered the most important abiotic factor affecting ectotherms, whose body temperatures, and
thus physiological processes, are primarily determined by external environmental conditions
(Kern, Camp & Franklin, 2015; Paaijmans et al., 2013; Schulte, 2015) Even slight thermal
changes can influence ectothermic metabolism, behaviour, and performance, ultimately causing
changes in species distribution, phenology, and food web structures (Amarasekare, 2024; Gibert,
2019; Paaijmans et al., 2013). For example, increased temperatures can alter activity levels,
feeding rates, predator avoidance strategies, and reproductive behaviours including spawning
timing and mate selection (Jansen & Gislason, 2011; Li, Rodriguez-Muiioz & Tregenza, 2025).
Thermal changes in behaviour and performance can, in turn, affect the physiological pathways
themselves, highlighting the complexity of these relationships (Farrell, 2007; Verberk et al.,
2016). Given the temperature dependence of physiological functions and their cascading
impacts, as well as the increasing concern surrounding the consequences of climate change, there
has been a particular increase in studies investigating the influence of changing temperature on
ectotherm physiology and behaviour (Islam, Kunzmann & Slater, 2021; Kordas et al., 2022;
Minuti et al., 2021).

Metabolism is defined as the totality of chemical processes within a living organism, and
collectively supports functions such as survival, growth, and reproduction. In ectotherms,
metabolic reactions major physiological pathways which are influenced by temperature (Clarke
& Fraser, 2004; Huey & Kingsolver, 2019; Schulte, 2015). Metabolic pathways depend on
enzymes to catalyse reactions by lowering their activation energy (Feller, 2010). As temperatures

rise, increased kinetic energy results in increased molecular motion and diffusion, resulting in
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enzymes and substrates colliding more frequently and enzyme-substrate complexes forming
more rapidly. Higher temperatures also increase the percentage of collisions that are energetic
enough to reach a transition state, where bonds in the substrate(s) are broken or formed to create
the product(s) (Schulte, 2015). This increases the catalytic turnover rate and accelerates the
overall rate of metabolic reactions consistent with the Arrhenius relationship, which describes
the exponential effect of temperature on reaction rates in relation to the probability of molecules
surpassing activation energy (Arrhenius ,1889). However, in biological systems, the increasing
metabolic reaction does not always rise as predicted by Arrhenius, but also is affected by protein
stability, enzyme-substrate binding, and high-level processes, including membrane interactions
(Clarke & Fraser, 2004; Feller, 2010; Schulte, 2015). Within the catalytic cycle, temperature can
therefore increase multiple steps simultaneously, including the encounter and binding of the
enzyme and substrate, the chemical conversion during the transition state, and, in some systems,
the release of the product. This increases the likelihood that activation energies will be surpassed,

and the reaction will continue.

Temperature-driven acceleration of enzyme-catalysed reactions only occurs up to a species-
specific thermal optimum, with most enzymes having a curved temperature activity relationship,
where efficiency declines even before protein denaturation (Feller, 2010; Schulte, 2015). This
decline is caused by changes in protein motions and active-site organisation that alter the
efficiency of enzyme catalysis, rather than being attributed solely to denaturation. As
temperatures rise, enzymes show wider ranges of conformation, which can reduce the tightness
of the active site and result in less effectively stabilised transition states. This lowers the
probability that an enzyme substrate-complex will cross the transition state, decreasing catalytic
efficiency even before denaturation (Somero,2004; Daniel & Danson, 2010). Overall, this
explains why warming increases enzyme-catalysed metabolism up until a certain thermal

optimum, whereafter further increases constrain pathways.

As temperature rises, cellular respiration accelerates, increasing oxygen demands as organisms
need to meet elevated aerobic energy needs (Clarke, 2004; Portner, 2002; Schulte, 2015).
Oxygen requirements come from the increase in enzyme activity as well as the knock-on effect

when an organism uses elevated physiological rates to increase routine behaviours, further
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elevating oxygen demand. To meet this rise in oxygen demand, organisms may increase
ventilation and circulation to deliver more oxygen to tissues, however several constraints can
limit this capacity (Porter, 2001). Biophysical constraints include geometric factors including the
finite surface area available for gas exchange, which can limit respiratory structures' ability to
increase oxygen uptake enough to meet demand (Rubalcaba et al., 2020). Temperature-induced
changes in membrane fluidity further limit function by destabilising interactions between
proteins and lipids as well as increasing proton leak across mitochondrial membranes, which all
can cause issues for metabolic reactions (Clarke & Fraser, 2004; Murata & Los, 1997). At higher
levels of organisation, these molecular and biophysical constraints can limit physiological
systems. For example, when temperatures get too high, circulatory and respiratory systems may
not be capable of delivering sufficient oxygen to meet increased metabolic demands, particularly
in aquatic organisms, where oxygen availability decreases with warming (Clarke & Fraser,
2004). Taken together these constraints can define boundaries of temperature dependent
physiological performance and set thermal tolerance limits. If those thermal limits are surpassed,
cellular processes will start to fail, causing a cascade of dysfunction across multiple levels of
organisation. For example, disruption of enzyme activity and mitochondrial function reduces
ATP production, thus reducing the energy supply needed for essential processes (Schulte, 2015).
At the same time, if oxygen delivery becomes insufficient to meet increasing demands,
organisms may be forced to rely on anaerobic metabolism, which leads to acidosis and
accumulation of toxic byproducts. These failures, therefore, can impact a range of eco-
physiological processes such as growth, reproduction and behaviour. Ultimately, once a critical
thermal maximum is reached, homeostasis can no longer be maintained, leading to mortality. For
example, zebrafish typically reach a critical thermal maximum of around 41°C, at which they
lose equilibrium; if not returned to cooler water, exposure above this temperature significantly
increases the mortality risk (Morgan, Finnoen & Jutfelt, 2018). Variation in thermal thresholds
has been seen across ectothermic taxa, demonstrating how the interaction of molecular
instability, biophysical constraints, and oxygen supply limitation influences the vulnerability of

organisms to rising temperatures.

In recent years, there has been a growing interest in how environmental temperatures affect

metabolic processes, the resulting implications for other physiological and life-history traits, and
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the role of acclimation in mitigating adverse effects (Chen et al., 2021; Hoefnagel & Verberk,
2017; Silva-Garay & Lowe, 2021).Three widely used indicators of metabolic function in
ectotherms are standard metabolic rate (SMR), routine metabolic rate (RMR) and maximum
metabolic rate (MMR) (Chabot et al., 2016; Killen et al., 2021). SMR represents the baseline
energy requirement of a resting, post-absorptive organism, while RMR includes energy spent on
spontaneous activity (Chabot et al., 2016). MMR represents the maximum rate of oxygen
consumption an organism can achieve to fuel ATP production aerobically (Norin & Clark,
2016). The difference between MMR and SMR is used to estimate an organism's aerobic scope
(AS), which represents the metabolic rate available to an organism above maintenance levels
(Clark et al., 2013). SMR, RMR, MMR and AS are all are used to investigate physiological
responses to environmental conditions and are associated with life-history traits such as growth
and energy allocation (Ohlberger et al., 2011; (Chabot et al., 2016). However, rather than
metabolic traits simply determining life-history traits, they are thought to have evolved to meet
the energetic demands required to complete an organism’s life history, consistent with the
principle of symmorphosis, which proposes that metabolic and oxygen-supply systems evolved

to match, rather than exceed, energetic requirements (Weibel, Taylor & Hoppeler, 1991).

In ectotherms, metabolic rate scales with body mass due to larger organisms having more
biomass that must be maintained, increasing their total energetic demand. At the same time,
mass-specific metabolic rate declines with size because internal exchange and transport systems
do not scale directly proportionally to body volume. Therefore, each gram of tissue in a large
ectotherm uses less energy than in a smaller one, producing the well-studied allometric scaling of
metabolism (Brown et al., 2004). However, this relationship between body mass and metabolic
rate is complicated, and can be influenced by temperature (Killen et al., 2010). Warming raises
oxygen demand faster than supply, causing aerobic scope to decline more strongly in larger
aquatic organisms (Rubalcaba et al., 2020). Rubalcaba et al. (2020) showed that these size effects
arise because oxygen delivery systems, including gills and circulation, cannot scale their supply
capacity fast enough to match increasing metabolic demand in warm water. As temperatures rise,
metabolic level increases while the body-mass scaling exponent becomes smaller, meaning
metabolism may scale less steeply with size under warmer conditions. Studies have shown that

larger individuals have smaller proportional increases in metabolic rate with warming than
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smaller ones, reflecting these supply limitations rather than reduced thermal sensitivity (Killen et
al., 2010; Kordas et al., 2022. Therefore, it is important that when considering the influence of
body mass on metabolic rate at different temperatures, as the with the magnitude of this
interaction will depend on oxygen-supply constraints and differ across taxa and environments

(Killen et al., 2010).

1.2 Thermal Acclimation and Climate Resilience in Ectotherms

When temperature rises above an organism’s threshold at which they can no longer meet
metabolic demands, physiological processes may start to break down, reducing performance and
compromising survival, growth, reproduction and maintenance (Portner, Bock & Mark, 2017;
Tattersall et al., 2012). To cope with challenges posed by thermal stress, many ectotherms
exhibit physiological acclimation. Acclimation is a reversible form of phenotypic plasticity that
allows organisms to adjust physiological systems to changing environmental conditions,
including metabolism, cardiovascular function, and neural activity (Lagerspetz, 2006; Rohr et al.,
2018; Sandblom et al., 2014; Zhu et al., 2022). When environmental change effects homeostasis,
organisms may respond by acclimating which involves adjusting their physiological processes to
regulate biological functions, reduce waste and cellular damage, or preserve energy (Hardison et
al., 2023). Acclimation involves mechanisms used to maintain ATP production and overall
function which include enzyme regulation, restructuring of organs, and mitochondrial
adjustments (Duan et al., 2024; Levet et al., 2025; Sollid, Weber & Nilsson, 2005; Voituron et
al., 2021). For example, crucain carp and goldfish have been seen to show reversible gill
plasticity when exposed to hypoxia or high temperature, gill surface area is increased through
induced apoptosis and suppressed mitosis in the intracellular cell mass causing the lamellae to

protrude (Sollid & Nilsson, 2006).

The capacity for thermal acclimation varies across species and individuals and has received
growing research attention in the past years as a key aspect in determining resilience to climate
change (Shah, Funk & Ghalambor, 2017; Stillman, 2003). Acclimation ability has been seen to
be influenced by numerous factors including latitude, body mass and methodological factors
(Allen et al., 2016; Rohr et al., 2018; Somero, 2010). For instance, organisms that live in areas of

high temperature variability such as temperate zones, are thought to have evolved to select for
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greater acclimation abilities than those inhabiting areas with little temperature variability (Allen
et al., 2016; Rohr et al., 2018). Additionally, smaller organisms have been seen to have faster but
overall lower acclimation abilities than larger animals (Rohr et al., 2018). These differences in
acclimation capacity can influence an organisms thermal range and can determine which species
are most resilient to climate change. Variation can even be seen interspecifically, for example, a
study on brook trout populations saw variance in upper thermal tolerance and acclimation
abilities between populations (Stitt et al., 2013). In a world of global climate change, low
acclimation abilities is a documented cause of mortality driven population declines. Differences
in acclimation between species has also been seen to disrupt ecological interactions (Rohr et al.,
2018). This exemplifies the importance in researching species acclimation to understand how
they may cope with ongoing environmental change, and the knock-on effects this may cause in
community structure. Although thermal acclimation has been well studied there are significant
knowledge gaps remain regarding how numerous species adapt to temperature fluctuations, with
taxonomic and geographic biases remaining (De Bonville et al., 2025). Certain groups, such as
fishes, have received disproportionately more attention, while many others remain poorly studied
(Bennett et al., 2018; Seebacher, White & Franklin, 2015). Research has been disproportionately
concentrated in well studied areas including North America, Europe, and parts of Australia,
while a lot of other tropical, polar and freshwater areas remain comparatively underrepresented

(White et al., 2021).

1.3 Acute and Longer-term Responses to Thermal Stress

In addition to raising global mean temperatures, climate change is altering temperature
variability across multiple temporal scales, including acute, diurnal and annual scales (Kefford et
al., 2022). To understand organisms’ thermal acclimatory abilities, it is important to investigate
both short term and more sustained, longer term, thermal acclimation. Due to changing global
temperatures, organisms are undergoing gradual shifts in temperature (Johansen et al., 2021).
The timing of thermal acclimation differs in various physiological processes, and also between
species, some responses take a few days, while others take weeks to fully stabilise. For example,
tropical coral reef fishes exposed to a +3 °C warming showed variations in the timings of

different physiological adjustments (Johansen et al., 2021). In the first week, shifts were
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primarily associated with stress responses in the blood and gills. For instance, in the first week,
Caesio cuning, a marine ray-finned fusilier fish, increased blood glucose levels, likely enhancing
energy delivery, which supports aerobic oxidative phosphorylation and allows for improved
performance.

Additionally, in the first week, C.cuning showed increases in gill lamellar width, improving
capacity for oxygen transport. Between weeks two and three, there were changes in the gills, and
the lamellar perimeter increased. Following five weeks at high temperatures, the concentration of
haemoglobin in the spleen was still increasing, showing that the oxygen transport within the
species was still adjusting (Johansen et al., 2021). Therefore, it is important for studies to
consider acclimation time and choose a duration which is sufficient for recording responses

when studying thermal acclimation.

In addition to long-term thermal change, due to climate change, organisms are increasingly being
exposed to more short-term, acute fluctuations in temperature. Marine heatwaves are emerging
as the principal threat to coral reefs though driving coral bleaching, characterised by rapid
warming in the upper ocean caused by a range of factors including large scale atmospheric
pressure anomalies (Holbrook et al., 2019). Marine heatwaves are defined as periods when sea
temperature exceeds a seasonally varying 90th percentile threshold for more than five
consecutive days, with most heatwaves typically lasting between 10 and 30 days (Wang & Yao,
2025). Heatwaves are increasing in both frequency and severity, showing the importance in
understanding how organisms will respond to these faster intense temperature rises (Holbrook et
al., 2019). Numerous studies using short-term acute heat stress studies to investigate how
heatwaves may influence marine ectotherms (Marzonie et al., 2022; Lang et al., 2021). Another
reason it is important to understand more rapid responses to temperature change is the increasing
diel temperature variability due to climate change. For instance, air temperatures have been
estimated to have increased by up to 1.4°C in polar regions and 1.0°C in temperate regions
between 1975 and 2013 (Wang & Dillon, 2014). It has also been recorded that shallow aquatic
habitats sometimes exhibit even larger diel shifts than their surrounding air (Kefford et al., 2022;
Marchant et al., 2011; Wang & Dillon, 2014). Even if an organism is functioning within its usual
tolerance levels, rapid temperature changes can lead to metabolic disruptions, the breakdown of

homeostasis, and damage to tissues due to the lack of compensatory biological acclimation
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(Tattersall et al., 2012). Therefore, assessing the acute effects of temperature along with the
potential long acclimation times is important for predicting a species’ survival and for

conservation efforts related to climate change. (Schulte, 2015; Somero, 2015).

Temperature's effect on metabolism has been well studied, increasing our knowledge of
environmental change influence on organisms (Kordas et al., 2022; Marshall & Mcquaid, 2020).
In aquatic gastropods, thermal sensitivity has been relatively well studied in intertidal species,
whereas sublittoral species have received considerably less attention (Diederich & Pechenik,
2013). One key example is the coral-eating snail, Drupella spp. Increasing temperatures from
climate change and an increase in corallivore numbers are two of the greatest threats faced by
coral reef ecosystems, and numerous studies have focused on the consequences of these threats
as well as their synergistic effects (Lang et al., 2021; Sully, Hodgson & van Woesik, 2022;
Thirukanthan et al., 2023). However, less is known about how rising temperatures specifically

affect the physiology and behaviour of key coral predators like Drupella spp.

1.4 Thermal Sensitivity and Acclimation in Coral Reef Ecosystems

The extent to which organisms tolerate and acclimate to temperature changes is often impacted
by the thermal variability of their environment (Tatersall et al., 2012). Ecosystems differ in the
amount of thermal fluctuation they experience which can cause influence to the thermal
plasticity of species. Organisms which live in variable temperate environments tend to have
higher acclimatory capacities than those that live in stable conditions (Somero, 2010). For
example, coral reef ecosystems are relatively thermally stable and thus tend to be dominated by
stenothermal organisms that have evolved under historically consistent thermal environments
often resulting in narrow thermal optimal ranges and limited acclimation potential (Johnasen et
al., 2021; Sunday et al., 2011; Tewksbury, Huey & Deutsch, 2008). Such limited plasticity may
heighten the vulnerability of reef-associated species to climate change when their thermal
tolerance is low, especially those which are sedentary or sessile that cannot easily escape thermal
stress. As sea temperatures continue to rise and marine heatwaves become more frequent, coral
reefs are experiencing increasing thermal stress which highlights the importance of
understanding the physiological responses of reef organisms to temperature change (Fordyce et

al., 2019; Sully, Hodgson & van Woesik). While research on thermal tolerance of tropical reef
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fishes has expanded in recent years, revealing species-specific differences, comparatively little is
known about the thermal physiology of reef invertebrates (Donelson et al., 2012; Johnasen et al.,

2021; Nilsson, Ostlund-Nilsson & Munday, 2010).

1.5 Thermal Sensitivity and Knowledge Gaps in a Key Corallivore Drupella
Spp-

One marine invertebrate that plays a key role in coral reef health, but whose thermal physiology remains
understudied is the gastropod genus Drupella. Drupella spp. feed on live coral tissue and are found
throughout the Indo-Pacific. These snails have been associated with severe reef degradation; for example,
they caused a 35% decline in coral cover in Toga Bay, Japan, and up to an 86% decline on Ningaloo
Reef, Australia (Turner, 1994; Ayling & Ayling, 1987). Despite their ability to cause severe damage to
coral reefs, their physiology remains poorly understood, with no studies to date investigating their
metabolic rate. Whilst field observations in Hong Kong have shown that Drupella spp. survive seasonal
temperature fluctuations from 14 °C in winter to 33 °C in summer, there has been limited research
examining sublethal effects of temperature on metabolism, growth, or behaviour. Laboratory studies
examining thermal effects on Drupella spp. have been limited to small-scale behavioural trials, without
formal assessment of thermal performance (Tsang & Ang, 2019). Studying Drupella spp. metabolic rate,
as well as how factors such as temperature and body size influence metabolism, could provide valuable
insights into feeding rates and ecological impact. Such knowledge would help explain how environmental
conditions influence Drupella spp. damage capabilities on coral communities, especially under warming

scenarios where coral is already more vulnerable (Guan et al., 2020; McLeod et al., 2010).

Along with Drupella spp., Crown-of-Thorns Starfish (Acanthaster spp., or COTS) are among the
most damaging corallivores, capable of causing significant coral loss during population
outbreaks. Unlike Drupella spp., whose thermal physiology has received few studies, COTS
physiology has been the focus of many studies. Temperature effects on COTS growth,
metabolism, movement, and larval development are well documented, and this knowledge has
been used to inform predictive population models (Lamare et al., 2014; Lang et al., 2021; Lang
et al., 2022). Establishing a comparable understanding of Drupella spp. thermal sensitivity and
acclimation capacity is important, not only to understand better how they will respond to
changing temperatures, but also to support comparisons between Drupella spp. and COTS to aid

corallivore management. However, it is important to note that whilst COTS provide a useful
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point of comparison due to the amount of research available, comparisons between starfish and
Drupella spp. must be made cautiously. The two groups differ fundamentally in physiology,
including locomotion (water vascular system and tube foot vs. muscular foot) and feeding
mechanisms (external digestion via an eversible stomach vs. a rasping radula (Deaker & Byrne,
2006; Dennis et al., 2021; Morton, Blackmore & Kwok, 2001; Pratchett et al., 2017). Therefore,
COTS studies cannot be used to predict how Drupella spp. will respond to temperature, but
comparing the two taxa can still provide useful ecological context by highlighting how the two

corallivores may contribute to reef degradation under warming conditions.
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Figure 1.1 Cumulative frequency of Web of Science Core Collection papers on Crown-of-
Thorns Starfish (4Acanthaster spp.) and Drupella spp. published per year from 1902 to 2025.
Plot shows the results from Web of Science Core Collection search for both genera, giving 944

papers on Crown-of-Thorns and 153 papers on Drupella spp.
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Figure 1.2 Distributions of Drupella spp. studies across countries. The size of green dots indicates the

count of published papers which focus on Drupella spp. in each respective country. Numbers under dots

specify the number of publications per location. Dots do not represent specific locations of the studies,

just the country of study.
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1.6 Trends in Drupella spp. Literature and Research Gaps

Drupella (Thiele in 1925), recognised as a distinct genus within the family Muricidae, was
defined by its corallivory and the shape of its radula compared to other Muricidae (Thiele, 1925;
Fujioka, 1982, 1984). The radula of Drupella spp. is long with reed-like later teeth that are
forked or denticulate at the tip. After discovery, a small number of studies were published in the
following years (Arakawa, 1957; Cernohorsky, 1969; Taylor, 1978). Nevertheless, it was not
until 1982 that the first account of Drupella spp. causing severe damage to a reef was recorded in
Miyake-Jima, Japan, which led to growing research about the genus (Moyer et al., 1982). Since
1982, a range of studies have been conducted on the genus across the Indo-Pacific, with papers
discussing Drupella spp. populations in Australia, Hong Kong, Thailand, the Maldives, the Red
Sea, and more (Ayling & Ayling, 1987; Bruckner et al., 2017; Morton, Blackmore & Kwok,
2002; Scott et al., 2017) (Fig. 1.1 & Fig. 1.2). The majority of Drupella spp. studies are
conducted in the field, focusing on either population dynamics, spatial distribution, and/or prey
preference (Baird, 1999; Boneka, 2013; Cumming, 1999; Lei et al., 2022; Scott et al., 2017).
Fewer laboratory studies have looked at prey attractants, development, and genetics (Al-Horani
et al., 2011; Claremount et al., 2011; Morton et al., 2002). When compared to the research on
COTS, considerably more studies have been conducted on the starfish than the snail (Fig 1.1).
Therefore, reef management may be disproportionally focused on COTS, as we know a lot more
about their biology, ecology, and outbreaks. Drupella spp., on the other hand, are under-
recognised and this may affect our ability to model and predict damage from them on to reefs.
The reason that research may be focused more on COTS may be partly because they are more
widely recognised as major drivers of rapid reef loss; however, no studies have directly
compared the relative damage caused by COTS and Drupella spp. While an individual COTS
consumes more coral, Drupella spp. can reach very high densities during outbreaks, leading to
substantial cumulative damage. Therefore, it is important that research on Drupella spp. is also

prioritised.
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Figure 1.3 Keyword co-occurrence network of related literature on (A) Drupella spp. and (B)
Crown of Thorns. Created in Biblioshiny (Bibliometrix R package) from the Web of Science Core
Collection (74 documents for Drupella spp. and 510 for Crown of Thorns). The network is based on
Keyword Plus terms, which are generated algorithmically by Web of Science from frequently appearing
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words/ phrases in the titles of an article’s cited references. Nodes represent top 70 keywords, with node
size being proportional to keyword frequency. Lines connect keywords when they appear together in at
least two documents, placing frequently co-occurring terms closer together terms which do not co-occur
further apart. Line thickness reflects the strength of co-occurrence, how many documents contain both

keywords.

A keyword co-occurrence network of Drupella spp. literature (Fig. 1.3) illustrates the
fragmented state of the current research available on these snails. The network shows no
prominent terms relating to physiology, thermal tolerance, acclimation or metabolic processes.
Despite their ecological relevance, terms associated with temperature change, climate impact, or
environmental shifts are absent. Not having these terms in the papers on Drupella spp. suggests
that research is yet to address how these organisms respond to environmental stressors,
indicating key gaps in understanding their resilience under changing ocean conditions.
Additionally, clusters are weakly connected and thematically inconsistent, suggesting sparsity
and fragmentation in the research rather than an integrated understanding of the gastropods.
Strong geographic bias is evident, with location-based keywords poorly linked across the
clusters, for example, “Koh Tao,” “Great Barrier Reef,” and “Philippines” occur in entirely
different clusters with few or no connections between them. Methodological diversity is also
limited, with almost all keywords being ecological descriptors (e.g. predation, aggregation), or
geographic location, with no keywords referring to experimental techniques or analytical tools
such as laboratory experiments or modelling. Overall, the network suggests that Drupella spp.
research is still in its early stages with key gaps in their understanding. By contrast, the COTS
network (Fig. 1.3,b) is much denser and thematically diverse when compared to the Drupella
spp. network, with a higher number of connections between terms suggesting more integrated
and developed research. Clusters are larger, more cohesively interconnected and span more
themes including population dynamics, larval ecology and climate resilience. The contrast
between the two networks illustrates the relative immaturity of Drupella spp. research compared
to that on COTS, particularly with respect to climate resilience and physiology while

highlighting the breadth and applied focus of crown-of-thorns studies.

One topic that is often discussed in Drupella spp. research, but not well understood or defined, is

the occurrence of Drupella spp. population ‘outbreaks’. Many studies have reported occurrences
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of population outbreaks, with suggested causes including overfishing of predators, elevated
temperatures, and eutrophication (Cumming, 2009; McClanahan, 1989). Despite these
hypotheses, the confirmed drivers of such outbreaks remain uncertain, and the mechanisms of
interactions between corallivory and anthropogenic stressors are still not well understood
(Boucher, 1986; Rice et al., 2019). A key difficulty in research regarding outbreak causes is due
to the ambiguity of what an outbreak consists of. Terms such as high density, aggregation, and
outbreak are often interchanged and confused, and clear definitions of each in the literature
would benefit future research. High density refers only to the number of individuals in a given
area, whereas aggregation describes the behaviour of individuals clustering together on a
particular coral colony (Bruckner et al., 2017). Drupella spp. may form aggregations that could
lead to considerable damage to the targeted coral colony, even when overall reef densities are
low (Bruckner et al., 2017; Hamman, 2018). An outbreak, on the other hand, implies broader and
longer-term ecological consequences of coral decline. The lack of clear definitions and
inconsistent use of terminology have created confusion in the literature, making it difficult to

identify the true causes of outbreaks and coral damage.

The definition of an outbreak is “any population or elevated density that causes extensive
mortality of corals and persists for months or years over large areas of reefs”. However, this
definition is very vague and does not expand on what constitutes a large area or extensive
mortality. Additionally, many subsequent studies have not even applied this definition and
instead have used a simple density threshold when determining ‘outbreak’ or ‘non-outbreak’.
The commonly referenced density threshold for a Drupella spp. outbreak is when populations
exceed two individuals per square meter of reef area, as established by a 2009 Australian study
that considered coral reef growth rates and Drupella spp. feeding rates (Cumming, 2009).
Cumming (2009) cautioned that due to Drupella spp. densities often being patchy on small
scales, high densities recorded from only a few quadrats to transects should not be considered an
outbreak, with the minimum sampling effort reported being three transects of 0.5 x 20 m.
Although Cumming (2009) explains the importance of considering coral community health when
applying the >2m? threshold, many following studies have focused solely on snail density
(Saponari et al., 2021; Zhang et al., 2024). By only focusing on Drupella spp. density, spatial

context and ecosystem-specific factors such as coral cover and stress may be neglected. For
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instance, a recent review on Drupella spp. defined an outbreak as being over two individuals per
metre squared (Zhang et al., 2023). Relying solely on density to define an outbreak can be
problematic because the threshold for ecological damage varies between reefs. Densities of
Drupella spp. that a reef can sustain without causing considerable damage will depend on several
factors including snail feeding rates, coral species composition, local stressors, and the spatial
extent of the affected area. While Cumming’s (2009) threshold of two individuals per square
meter has become the reference for many outbreak definitions, Bessey et al. (2018) reported that
densities as low as 0.62 individuals per square meter of reef area could result in Drupella spp.
consuming coral faster than it can regrow in the study area. Such findings highlight how relying
solely on density to define an outbreak could be problematic. For instance, if a study measures a
population density of 1.5 individuals m™ they may classify it as non-outbreak based on
Cumming (2009) definition, however, this may overlook the potential threat posed by such a
population if the prey corals are simultaneously experiencing additional stressors such as thermal
stress or bleaching. For example, elevated sea temperatures may reduce coral growth and
recovery capacity, making reefs less resilient to predation, meaning that even lower-density
populations can become ecologically damaging under the right conditions (Bessey et al., 2018).
Rather than a simple density-only based definition for outbreaks, a more effective approach to
assessing Drupella spp. impact may be to focus on the risk presented by a population. An
outbreak could be considered to occur when the combined impact of Drupella spp. metabolic
rate (and thus feeding rate) and population density exceeds the regenerative capacity of the coral

community, i.e., when coral mortality outpaces growth and recruitment.

Compared to Drupella spp. much more research has been done on defining and predicting
outbreaks in COTS, making them more standardised and relying less on local density and more
on a consumption vs growth criterion. COTS outbreaks are also defined as densities high enough
whereby COTS consume coral faster than it can grow (Babcock et al., 2020). Crown of thorns
models allow outbreaks to be measurable by predicting when COTS consumption exceeds coral
growth, through information on different life stages, coral consumption patterns, and coral
growth rates (Morello et al., 2014). Future research should aim to develop models similar to

those used for other coral predators like Acanthaster spp. (Morello et al., 2014), to better
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evaluate outbreak densities and predict the ecological damage posed by Drupella spp.

populations.

1.7 Thermal Sensitivity and Range Dynamics of Drupella spp.

Since Drupella spp. are ectotherms, their physiology will likely be closely linked to ambient
temperature, making thermal information valuable for risk prediction and useful in outbreak
modelling. A few studies have discussed the impact of thermal change on Drupella spp., with
indications of a potential positive correlation between rising temperatures and Drupella spp.
outbreaks on a reef (Al-Horani et al., 2011; Moyer et al., 1982). The literature is lacking;
however, an understanding of the physiological thermal sensitivity of Drupella spp. For
example, a review by Rice et al. (2019) discussed the effects of ocean warming stressors on
corallivory yet only mentioned how temperature will affect coral regeneration without any

discussion of how temperature might affect the corallivores themselves.

The most common topics of investigation in Drupella spp. studies are population dynamics and
spatial distribution (Boucher, 1986; Lei et al., 2022; McClanahan, 1995; Scott et al., 2017).
Several long term population studies have noted a correlation between sea surface warming and
Drupella spp. densities, suggesting a potential role of temperature in instigating aggregations and
outbreaks (Morton & Blackmore, 2009; Moyer et al., 1982). The discussion of warming
temperatures impacting Drupella spp. dates to the first observed aggregation of Drupella fragum,
where thousands of D.fragum was discovered in September and dispersed two months later
alongside a decrease in water temperatures (Moyer et al., 1982). Morton and Blackmore (2009)
also recorded the lowest densities of D. rugosa in Hong Kong during the coldest months
(November to February), followed by an increase in spring and a peak in the warmest summer
months (May to August). Some studies have suggested that spawning in Drupella spp. may be
triggered by rising temperatures and could explain the increased number of aggregations
observed in summer (Haslam et al., 2023). However, studies by Morton and Blackmore (2009)
and by Moyer et al. (1982) stated that temperature-driven changes in Drupella spp. densities and
aggregations recorded were not related to reproductive activity. However, neither Morton and
Blackmore (2009) nor Moyer et al. (1982), offered any alternative physiological explanations for

the trends seen. Despite temperature being one of the most influential abiotic factors on
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ectotherm physiology, including metabolism and growth, both studies fail to address the thermal

impact on Drupella spp. physiology and how this may influence their population growth rate.

Temperature shifts are known to have caused shifts in ectotherm geographical range, sometimes
leading to range expansions, but in other cases resulting in range contractions (Buckley et al.,
2013; Szuwlaski et al., 2021). Recent observations suggest that Drupella spp. are undergoing
geographical expansion, with rising temperatures suggested to be the cause (Haslam et al., 2023).
Haslam et al. (2023) observed extensions in the southernmost spawning of Drupella cornus from
Houtman Abrolhos (28°S) to Rottnest Island (32°S), where sea surface temperatures had been
continuously higher than average since August 2020. Drupella spp. are usually associated with
tropical regions, and the survival of D.cornus through winter temperatures at the temperate sub-
tropical Rottnest Island, unlike many of the tropical fish in the area, raises questions about the
thermal tolerance and adaptability of the species. As subtropical reefs are anticipated to serve as
refuges for coral species in the case of rising ocean temperatures (Berger et al., 2013),
understanding the potential risk of Drupella spp. to these reefs is important. Information on
Drupella spp. thermal range would aid in predicting the risk of Drupella spp. to temperate reefs

and help identify other potential reefs to which Drupella spp. may expand.

1.8 Metabolism, Feeding Rate, and Temperature-Driven Behaviour

While metabolism has been well studied in other gastropods (Chen et al., 2021; Minuti et al.,
2021; Vladirmiova, 2001), there is an absence of papers that focus on Drupella spp. metabolic
rates. Additionally, only a limited number of Drupella spp. studies make mention of metabolism
at all, and when they do, the topic is often underdeveloped. For example, Sam et al. (2017)
observed a shorter rearing time for Drupella rugosa larvae compared to a previous study and
suggested that this was due to warmer temperatures in their study increasing metabolic rate.
However, the connection between temperature and metabolic rate was only briefly mentioned
and not discussed further. Maoka et al. (2011) investigated the carotenoid composition of
Drupella fragum and identified metabolic modifications, including the esterification of peridinin,

with the aims of determining how these compounds reflect the species’ coral-based diet.
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However, the study focused on chemical characterisation and did not explore how these

modifications relate to metabolic rates or broader physiological processes.

In contrast to the little knowledge on Drupella spp. metabolism, there have been numerous
metabolic studies on COTS. Research has been conducted on the relationship between metabolic
rate and factors such as temperature, size, fecundity, movement and feeding (Deaker & Byrne,
2022; Lang et al., 2021; Lang et al., 2022). Specifically, three studies investigate the impact of
temperature on COTS metabolism (Lang et al., 2021; Lang et al., 2022; Yamaguchi, 1974).
Results from these metabolic studies have indicated that, despite COTS exhibiting some signs of
thermal stress, they have relatively high thermal limits, which have been suggested to give them
resilience to short-term marine heatwaves (Lang et al., 2021). Moreover, studies have suggested
that high thermal resilience may be responsible for the occurrence of outbreaks by allowing
populations to remain active and feed during thermal stress events (Lang et al., 2021). COTS
showing signs of thermal resilience has been noted as concerning, as periods of thermal stress
suppress coral growth and recovery, increasing the risk that COTS consumption will exceed
coral regrowth, a key condition for outbreaks (Lang et al., 2022). Knowledge of the impact of
temperature on Drupella spp. metabolism similar to that known for COTS would be helpful and

would allow for comparisons to be made between the two corallivores.

Feeding rates in ectotherms are influenced by the temperature-metabolism relationship (Bilcke et
al., 2006; Wyban, Walsh & Godin, 1995; Rall et al., 2012). Temperature affects the need and
ability of ectotherms to predate, as well as their food processing mechanisms involving
digestion, nutrient absorption, and storage of surplus energy (Volkof & Ronnestad, 2020).
Changes in feeding rates will influence the post-prandial rise in metabolism associated with
digestion known as specific dynamic action of feeding (SDA). As SDA represents an additional
metabolic cost added onto SMR during digestion, increases in either SMR or SDA will reduce
the AS available during digestion for other functions such as locomotion and reproduction. In
extreme cases, increases in SMR and SDA reduce AS to near zero, thereby constraining further
feeding and creating trade-offs with other oxygen demanding processes. For example, a study on
shorthorn sculpin saw that an increase from 10°C to 16°C increased SMR by approximately 82%
and SDA by 54%, such that the estimated AS at peak digestion became so large that AS
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approached zero. This meant that there was little AS for other essential functions including
locomotion or predator avoidance, and digestion itself became metabolically constrained.
Although acclimation of eight weeks at 16°C allowed SMR to adjust and AS to partly recover,
the study highlighted how acute warming can impose severe short-term trade-offs between

maintenance, digestion and other aerobic processes.

Limited research has been done on Drupella spp. feeding rates, with one study measuring the
impact of temperature on coral predation (Al-Hoarni et al., 2011). Al-Horani et al. (2011)
reported a five-fold increase in feeding rates of D. rugosa acclimated to 18°C and 30°C,
suggesting that this increase may be due to the heightened stress experienced by corals at warmer
temperatures. However, the study did not mention any impacts of temperature on Drupella spp.
physiology, or how that may play a role in the increased feeding rates seen. Another study
lacking any physiological explanation is that of Tsang and Ang (2015), which observed Drupella
spp. acclimated and tested at 14°C to exhibit decreased activity compared to the control group at
22°C, as they took approximately twice as long to reach their preferred prey. As metabolic rates
represent the energy production of an organism, it is closely tied to an organism’s activity levels
(Brothers & McClintock, 2015; Lang et al., 2022). However, the study by Tsang and Ang (2015)
offered no physiological explanation for the reduction in activity observed. The absence of a
physiological discussion could create difficulties in fully understanding the root causes of the

observed changes in Drupella spp. behaviour.

The importance of distinguishing between problematic and non-problematic Drupella spp.
populations are essential for effective management planning, and Drupella spp. feeding rates
play an important role in calculating densities sustainable by a coral community (Bessey et al.,
2018).To establish area-specific densities that the study reef could support, Bessey et al. (2018)
calculated the mean Drupella spp. consumption rates from 400 individual snails and measured in
situ coral growth of the preferred prey in the area Acropora spicifera. from this they derived
outbreak thresholds ranging from 0.62 to 2.83 individuals per metre depending on coral cover.
While comprehensive, requiring such large sample sizes for every new Drupella spp. population
study may present financial and logistical challenges. Alternatively, developing a model which

includes feeding rate and coral growth could prove beneficial for future risk prediction. Given
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that laboratory findings indicate temperature influences feeding rates, better investigating the
thermal sensitivity of Drupella spp. could allow temperature to be integrated into predictive
models, potentially leading to more accurate estimates of feeding rates for specific populations.
By addressing the gaps in our knowledge of Drupella spp. metabolism and incorporating
temperature dynamics into predictive models we can improve the effectiveness of future

management and conservation efforts.

1.9 Implications for Coral Reef Management and Conservation

Evidence indicating a potential increase in Drupella spp. feeding rates under heightened coral
stress and elevated temperatures are concerning, as they suggest a possible increase in damage
risk posed by Drupella spp. under ocean warming, when reefs will already be under stress. Given
the already large threat posed by the genus Drupella spp., understanding the extent to which they
may benefit or be hindered under projected environmental changes is an essential aspect of coral
reef conservation. However, the physiological thermal response of Drupella spp. to warming
remains largely unexplored, particularly in terms of metabolic studies. Accurately predicting the
future impact of Drupella spp. requires research on their thermal performance, indicating the

need for increased study to inform future reef management strategies.

1.10 Objectives, Aims & Hypotheis

By studying the metabolic, feeding and growth responses of Drupella spp. to changing
temperatures, this research aims to advance our understanding of their thermal performance and
sensitivity, assess their potential to cope with future temperature increases, and ultimately

evaluate how thermal changes may influence Drupella spp.’s impact on reefs.

1.11.1 Chapter 2

Chapter 2 aims to investigate the acute and prolonged response of increasing temperatures on

Drupella spp. metabolic rates both SMR and RMR. The specific objectives include:
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1. Use ramping experiments to quantify the acute thermal sensitivity of Drupella spp. metabolic

rate.

2. Assess Drupella spp. abilities to acclimate by comparing changes in metabolic rate across three
and 19-22 days of exposure to elevated temperatures.

3. Examine metabolic scaling exponents with body size, and whether this is influenced by

temperature.

We hypothesise that the metabolic rates of Drupella spp. will increase with warming
temperatures until their thermal optimum is exceeded. If this is the case, Drupella spp. metabolic
rates will increase until a critical threshold is reached, after which metabolism will decline. We
further hypothesise that the longer Drupella spp. are acclimated to increased temperatures, the
greater their thermal tolerance will be. If this is so, individuals held for longer durations at
elevated temperatures will maintain metabolic rates to a higher threshold than those exposed for
shorter periods. Finally, we hypothesise that metabolic rates will scale with body size, and that
this relationship will be influenced by temperature. If this is the case, metabolic rates will
increase with wet weight, but the scaling exponents will become shallower or steeper depending

on thermal conditions.

1.11.2 Chapter 3

Chapter 3 aims to determine the effect of elevated temperatures on Drupella spp. feeding and

growth. The specific objectives are to:

1. Quantify feeding amount of Drupella spp. across increasing temperatures.
2. Investigate the relationship between metabolic rates and feeding.

3. Assess Drupella spp. growth under different thermal conditions.

Quantifying metabolic and feeding rates of Drupella spp. across a range of temperatures will
help assess the potential pressure a population may exert under specific environmental
conditions. When considered alongside coral growth and regeneration rates, such data can inform

thresholds of Drupella spp. densities that reefs can tolerate without experiencing net degradation.
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Being able to identify these tipping points is important for assessing population risks, improving
predictive outbreak models, and ultimately guiding management strategies of the corallivores
We hypothesise that the feeding effort of Drupella spp. will increase with warming until their
thermal optimum is exceeded, reflecting changes in metabolic rates. If this is the case, coral
scarring by Drupella spp. will increase as temperatures rise, mirroring their metabolic response,
until decreasing if metabolic rates begin to decline. We further hypothesise that growth will also
increase with rising temperature. If this is the case, thermal effects on growth will parallel
feeding effort, with enhanced growth under moderate warming and reduced growth once thermal

limits are surpassed.
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2 Acute Thermal Tolerance and Prolonged Thermal Acclimation

Response in the Corallivorous Gastropod Drupella spp.

2.1 Abstract

Outbreaks of the corralivore Drupella spp. have caused large scale damage to coral reefs across
the Indo-Pacific, yet little research has been conducted on their metabolism or how it is
influenced by temperature. Using intermittent flow respirometry, I investigated both the acute
and acclimatory metabolic responses of Drupella spp. to elevated temperatures. Drupella spp.
individuals were exposed to one of four final temperatures 28°C, 30°C, 32°C, 34°C. Acute
ramping trials used snails that were held at 28° and at 34°C and ran from 29°C to 38°C with
thirty-minute measurement and thirty-minute ramping intervals. During acute ramping,
metabolic rate increased continuously throughout the temperature range tested suggesting that,
during rapid increases in temperature, 38°C falls within Drupella spp.’s thermal range. To
investigate acclimatory response, Drupella spp. were exposed to their respective final
temperature for either three or 21-23 days. Oxygen declines were measured over 12 hours to
estimate standard metabolic rate (SMR) and routine metabolic rate (RMR). When acclimated to
their final temperatures for three days, Drupella spp. saw increases in SMR and RMR between
28 °C and 32 °C, followed by declines between 32 °C and 34°C. Snails acclimated for 19-22
days maintained elevated SMR and RMR throughout the temperature range, but the difference
between acclimation duration was only significant in RMR. These findings suggest that while
Drupella spp. exhibit some thermal sensitivity, they also have capabilities for acclimation, which
could exacerbate reef vulnerability during times when reefs are already under stress at elevated
temperatures. In the acclimation experiment, metabolic scaling exponents were consistent with
other studies on Gastropods and decreased further with warming. The decrease in scaling
exponents with warming suggests reduced performance in larger individuals under heat stress
which may lead to potential shifts in population size structures toward smaller snails. Knowledge
on Drupella spp. thermal sensitivity should be used in future outbreak monitoring and prediction

models, supporting improved management strategies for coral reef conservation.
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2.2 Introduction

Coral reef ecosystems are facing increasing threats from climate change and outbreaks of
organisms which feed on coral, both of which are recognised as two of the main drivers of reef
degradation (De’ath et al., 2012; Baird et al., 2013; van Hooidonk et al., 2016; Mellin et al.,
2019; Castro-Sanguino et al., 2021). Since the beginning of the industrial era sea surface
temperatures in tropical and subtropical reef regions have risen by nearly 1°C, a trend expected
to intensify throughout the century. By 2100, ocean warming could reach two to four times the
1971-2018 increase under SSP1-2.6 modelling, and four to eight times under SSP5-8.5
scenarios (IPCC, 2021). Warming ocean temperatures are known to cause severe direct impacts
on coral reefs, through processes such as coral bleaching, reduced calcification rates that weaken
coral skeletons, and heat stress that disrupts reproduction cycles and lowers the success of larval
settlement (Anthony et al., 2008; McNeil, Matear & Barnes, 2004; Richmond et al., 2018). In
addition to these direct impacts of warming temperatures to reefs, a growing topic of concern is
the indirect effects that warming may have on coral reef ecosystems. For example, how
temperature may influence the physiology, feeding behaviour, and population dynamics of

corallivores, organisms that feed on coral tissue.

Temperature is a fundamental driver of physiological processes in organisms, with
environmental temperature having a large impact on a wide variety of factors including
behaviour, growth and reproduction (Jansen & Gislason, 2011; Rosenthal & Elias, 2025). One
well documented physiological trait influenced by temperature is metabolism, the rate of energy
expenditure that supports an organism's functional capacity (Schulte, 2015). An animal's
metabolic rate reflects the energy costs of fundamental processes and activities, thus linking
individuals to ecosystem level processes via energy flow (Brandl et al., 2022). Studying the
effects of abiotic and biotic factors on metabolic rate helps us learn how organisms adjust to
changing environmental conditions and their capacity to cope with stressors (Amarasekare, 2024;
Gibert, 2019; Lang et al., 2022). Popular methods for investigating metabolic rate involve
measuring standard metabolic rate (SMR) which is the minimum energy required to sustain life
in a resting, post-absorptive state, and routine metabolic rate (RMR), which includes the energy

expended during spontaneous, low-intensity activity (Killen et al., 2021). Metabolic rate
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generally increases with temperature due to the effect of temperature on the kinetic energy of
cellular components (Arrhenius, 1889), thereby increasing enzyme-substrate collisions and thus
accelerating biochemical reactions. However. the interaction between temperature and metabolic
rate is more complex than just an exponential increase and can be influenced by thermal
acclimation and constrained by upper thermal limits (Peck & Prothero-Thomas, 2002; Clarke &
Fraser, 2004). For example, both SMR and RMR commonly increase with rising temperatures,
but this rise is limited by an organism’s ability to deliver sufficient oxygen, maintain essential

cellular functions, and sustain overall fitness (Portner, 2001, 2002; Portner et al., 2017).

As climate change is driving temperature variability across different temporal scales, it is
important to study Drupella spp. response to both short- and long-term thermal changes (Kefford
et al., 2022). Acute spikes in temperature, including diel variation in shallow habitats and the
increasing frequency and severity of marine heatwaves, can lead to metabolic disturbances at
temperatures normally within a typical organism’s range (Kefford et al.,2022). Sudden thermal
changes can disrupt homeostasis before acclimatory compensatory mechanisms are able to
develop, seriously impacting an organism's performance, and in severe cases even leading to
mortality (Kefford et al.,2022). While these acute events are increasing in frequency and
severity, the more common trend under climate change is a gradual increase in water temperature
over time. To cope with thermal stress many ectotherms exhibit physiological acclimation, a
reversible form of plasticity involving adjustments at metabolic, cellular, and cardiovascular
levels (Franklin et al., 2007; Sandblom et al., 2014). Organisms achieve acclimation through
physiological adjustments which include, modifying enzyme kinetics and expression, changes in
membrane fluidity, or restructuring of cardiovascular and respiratory organs, all which help to
maintain performance during increased temperatures (Duan et al., 2024; Franklin, Davison &
Seebacher, 2007; Somero, 2004). For example, in the Spotted rose snapper (Lutjanus guttatus),
acclimation to 29-32 °C for 21 days significantly increased expression of lactate dehydrogenase
in the gills and muscles, maintaining ATP production via glycolysis at such elevated
temperatures (Larios-Soranio, et al., 2020). The abilities and extent of acclimation vary
considerably among species and play an important role in determining their resilience to climate
change (Stillman, 2003; Somero, 2015). Species with limited plasticity may be particularly

vulnerable to warming environments as they may exhibit reduced performance and fitness with
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increasing temperatures (Anestis et al., 2007; Stillman, 2003). Whereas organisms with high
acclimation capabilities will be less vulnerable to anthropogenic induced climate change
(Johansen et al., 2021). In ecosystems where temperature conditions are typically more stable
throughout the year organisms often show a reduced capacity for thermal acclimation due to
limited evolutionary exposure to thermal variability, this includes coral reefs (Stillman, 2003).
For example, prolonged temperature experiments on COTS showed no metabolic adjustments
over four weeks of exposure to 32 °C, indicating limited evidence for acclimation (Lang et al.,
2022). Lang et al. (2022) discussed the biological implications of COTS’s lack of acclimatory
ability noting that it creates uncertainty around their long term persistence on warming reefs and
suggesting that populations may redistribute to reefs with cooler waters. Unlike the research
conducted on COTS, no equivalent studies have investigated the acclimatory ability of Drupella

spp. to increasing temperatures.

Despite their ecological significance, the thermal physiology of Drupella spp. remains largely
unstudied (See Fig.1.3, chapter 1). These invertebrates are widely distributed across Indo-Pacific
coral reefs and are known to contribute significantly to coral degradation during population
outbreaks (Hoeksema et al., 2013; Morton et al., 2002). However, no studies have quantified
their metabolic rate, or their metabolic response to temperature change. While field observations
indicate that Drupella spp. can tolerate a broad seasonal temperature range (1433 °C), existing
laboratory research has focused primarily on behaviour, lacking any metabolic studies (Tsang &
Ang, 2019). This knowledge gap is particularly apparent when compared to the well documented
thermal biology of COTS, whose metabolic responses to temperature have been extensively
studied (Lang et al., 2021; Lamare et al., 2014). Metabolic studies on COTS have contributed to
a more comprehensive understanding of the genus and have helped inform reef management
efforts (Lang et al., 2021; Lamare et al., 2014). Establishing a comparable understanding of
Drupella spp.’s thermal limits and acclimation abilities is important, not only to allow for
predictions of any potential shifts in their coral predation and geographic distribution under
climate change, but also to enable broader comparisons across corallivores. By investigating both
the acute and acclimatory metabolic responses of Drupella spp. to elevated temperatures the
following study aims to enhance our understanding of the thermal sensitivity of Drupella spp., to

provide insight into their resilience and inform future management.
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2.3 Methods

2.3.1 Animal Collection and Husbandry

In April 2024, Drupella spp. (n = 140) were collected from Porites spp. coral colonies on the
north coast fringing reefs of Moorea (17°29'18.86" S, 149°53’40.69” W), French Polynesia.
Collections were conducted in shallow reef zones (<1.5 m depth), where sea surface
temperatures averaged approximately 31 °C at the time of sampling. Individuals were manually
removed using 20cm stainless steel forceps and transported by boat in coolers filled with
seawater to the CRIOBE research facility. Upon arrival, individuals were randomly assigned (n =
14 per tank) to one of ten experimental aquaria (dimensions: 50 x 30 x 25 cm), each supplied
with recirculating, UV -sterilised seawater sourced directly from the adjacent lagoon. Tanks were
continuously aerated via submerged airstones and maintained on a 12h light:12 h dark
photoperiod using coral specific LED lighting. Water temperature in all tanks was initially held
at 28 °C, the annual mean temperature for Moorea’s fringing reef, regulated using Inkbird digital
thermostats which controlled submersible aquarium heaters. Although snails were collected at
~31 °C, they were acclimated at 28 °C to standardise baseline physiology to the average
temperature to ensure all snails started the experiment from a normal baseline, rather than an
already elevated thermal state. To be able to identify individual snails, Drupella spp. were
uniquely marked with two dots of coloured nail varnish on the shell, a non-invasive tagging
method which has been shown to cause no adverse effects on gastropod behaviour or survival

(Gosselin, 2009).

All snails were acclimated to laboratory conditions at 28 °C for a minimum of six days to
standardise baseline physiological states before commencing the experiment. After baseline
acclimation, water temperatures in the tanks were gradually increased at a rate of +1 °C per day
until the target treatments were reached: 28 °C (annual average), 30 °C, 32 °C (the recorded
annual maximum was 32.61 °C in 2021), and 34 °C (a +2 °C warming scenario projected by the
mid-century under the SSP2-4.5 intermediate emissions pathway (IPCC, 2021). Each

temperature treatment was applied to two replicate tanks, resulting in a total of eight
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experimental tanks across the four thermal conditions. The two remaining tanks were left at

28 °C and were kept as spares.

Although the snails were collected in the field from Porites spp. colonies, previous studies have
demonstrated a strong feeding preference for Acropora spp., a faster-growing species with higher
regenerative capacity (Al-horani, Hamdi & Al-Rousan, 2011; Cumming, 2009; Morton,
Blackmore & Kwok, 2002). Prior to the experiment, a separate group of Drupella spp.
individuals were offered both Acropora spp. and Porites spp. coral fragments. In these
preliminary trials all Drupella spp. consistently selected Acropora spp. over Porites spp., leading
to Acropora spp. being chosen to be used for feeding throughout the study. Drupella spp. were
fed ad libitum with live Acropora spp. coral fragments, which were replenished regularly once
most of the tissue had been consumed. Tissue consumption was obvious from the exposed white

skeleton that results when Drupella spp. feed and strip coral tissue from the skeleton (Cumming,

2009).

2.3.2 Measurement of Metabolic Rates

Metabolic rates of Drupella spp. were estimated from measurements of oxygen consumption,
measured using intermittent flow respirometry (IFR) (Svendsen et al., 2016). The respirometry
system consisted of eight parallel glass chambers (volume: 25 ml?), submerged in a temperature-
controlled water bath, which the Drupella spp. were held in to measure their oxygen uptake. The
water bath had a constant inflow of water pumped form the lagoon through a UV lamp filter, as
well as an air stone held in the bath, to bring in oxygenated seawater and ensure mixing. Each
IFR cycle included a closed phase (2 minutes) during which oxygen decline was measured,
followed by a flush phase (4 minutes in the acute ramping and 5 minutes in the prolonged
thermal exposure experiment) during which fully oxygenated seawater was circulated through
the chambers. Using IFR allows for repeated metabolic measurements over extended periods of
time without animal disturbance. IFR also prevents hypoxia and waste buildup which would
otherwise occur without the flush phase, both of which could affect metabolic rates and limit the
ability for long term measurements. Extended measurement periods therefore allow for the

measurement of sustained periods during which the organism is at rest and functioning at its
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baseline metabolic level, which is important for accurately estimating standard metabolic rate
(SMR). In addition, real-time oxygen consumption measurements enable the identification of

spontaneous, routine activity (RMR).

Water in each chamber was continuously recirculated in a closed loop system using a peristaltic
pump connected to gas impermeable Tygon® tubing. Water was drawn from within the
chambers, passed through external oxygen sensors, and returned to the same chambers.
Continuous recirculation offered several advantages by preventing oxygen stratification within
the chambers, maintaining a consistent flow across the sensors to ensure stable and accurate
readings, and allowing oxygen concentration measurements to reflect the average oxygen level
within the entire chamber volume. Additionally, housing the oxygen probes externally
minimised both disturbance to the animals during measurements and the risk of sensor
interference caused by contact or movement of the snails within the chamber. Dissolved oxygen
concentrations were recorded at two-second intervals by the probes via two four-channel oxygen

meters.

All probes were calibrated at their respective experimental temperatures to 100% oxygen
saturation in fully oxygenated seawater. Water in the bath, and consequently in the chambers,
was maintained to match the specific treatment temperatures required. Thermal control was
achieved using a pump driven circulation system that directed water through a submersible
stainless steel heat exchanger, which was placed inside a heated freshwater reservoir consisting
of a plastic bucket filled with freshwater. The reservoir was heated using two S00W titanium
aquarium heaters and maintained at least 6°C above the target bath temperature. An Inkbird
thermostat regulated the system by activating the pump whenever the water bath temperature
dropped more than 0.3°C below the setpoint. Water levels in the reservoir were checked each
morning and evening and topped up when needed to ensure that the heat exchange would work

throughout.

Seven Drupella spp. individuals were measured per IFR trial, with one chamber always left
empty to as a blank control measuring background microbial respiration. The control chamber

varied between trials to avoid potential chamber-specific effects. Snails were fasted for
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approximately 24 hours before each trial to ensure a post-absorptive metabolic state. To
minimise external stimuli, including visual disturbance and interactions between individuals,
opaque plastic dividers were placed between chambers, and the entire system was covered with a
black sheet during trials. Although the chambers were covered, a controlled 11h:13h light:dark
cycle was maintained as a precaution to simulate natural diel light cycles. At the end of each
trial, snails were removed from their chambers, blotted, and weighed to obtain their wet weights.
Shell length and width were then measured using callipers before individuals were returned to
their respective aquaria.Between respirometry trials, to minimise microbial oxygen consumption,
the system was flushed with 5-9% sodium hypochlorite, then rinsed thoroughly three times with
seawater. To prevent damage during bleaching, the oxygen probes were removed. For
disinfection, oxygen probes were immersed in 70% ethanol for 5-10 seconds before being rinsed

thoroughly with fresh water.

2.3.3 Acute Metabolic Ramping

To evaluate short term metabolic sensitivity to rapid temperature increases, an acute thermal
ramping protocol was conducted on a subset of Drupella spp. individuals (n=28). Trials were
carried out on four dates, 18 April, 19 April, 6 May, and 9 May 2024, corresponding to two
acclimation treatments: 28°C (18, 19 April and 9 May) and 34°C (6 May). Seven different snails
were used on each date, each acclimated for at least 20 days at their respective temperature

treatment.

Drupella spp. were placed in their individual respirometry chambers the evening prior to the
experiment to allow time to settle at 28°C. Oxygen consumption was then measured using IFR,
as described in Section 2.3.3, across a temperature gradient ranging from 28°C to 38°C.
Ramping consisted of each step consisting of a thirty-minute heating period, where the
temperature of the water bath was increased by 1°C, followed by a thirty-minute measurement

phase.



42

2.3.4 Drupella spp. prolonged measurement

To assess the longer-term effects of temperature change and the acclimation abilities of the
metabolic rate of individuals held at their respective temperatures were measured using I[FR
(Section 2.3.2) after three days (shorter-term acclimation) and again after 19-22 (longer-term

acclimation) of exposure to their final temperatures.

Each IFR trial began between 11:30 and 13:00, when the snails were placed in their chambers,
and continued overnight until 07:00-08:00, lasting approximately 19-20 hours. Water in the bath,
and consequently in the chambers, was maintained to match the specific treatment temperatures

(28°C, 30°C, 32°C, and 34°C) and maintained at that temperature throughout.

2.3.5 Drupella spp. volume

To measure oxygen consumption from IFR, it is necessary to calculate the volume of water from
which the oxygen was consumed, therefore it was important to account for the volume displaced
by the experimental organism. Due to the presence of calcareous shells and structural variability
in Drupella spp. an empirical weight-to-volume calibration was created based on water
displacement measurements to allow for volume estimation of the snails used in the experiment.
A subset of 25 individuals were blotted dry, weighed, and then individually submerged in a
graduated cylinder containing a known volume of seawater. The volume of water displaced by
each snail was removed using a pipette and weighed on a digital scale. Assuming a seawater
density of 1 g/cm? (which is within measurement error of typical seawater density, 1.024 g cm™)
the weight of the displaced water was used to calculate the volume taken up by each individual
snail. To do this a linear relationship between wet weight and displaced volume was established
from these measurements. A weight-to-volume conversion factor was then calculated from the
relationship, which allowed the volume of the Drupella spp. in the experiment to be estimated by
multiplying their wet weight by the calculated factor. This method was adapted from previously
published approaches used to measure the volume of snail shells (Orstan, 2011) and live

gastropods in respirometry studies (Alcaraz et a, 2024).
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2.3.6 Data Analysis

All data analyses were conducted in R (R Core Team, 2023) using the dplyr and ggplot2
packages.

In both the ramping trials and the prolonged experiment oxygen consumption rates were
calculated by applying linear regressions to the decline in oxygen during closed respirometry
phases, making sure to first exclude the initial 30 seconds of the closed period to minimise
mixing effects (Killen et al., 2021). In the prolonged experiment, the first two hours of
measurements were also not used in analysis to minimse oxygen consumption being effected by
stress. To correct for background respiration in the chambers, oxygen consumption measured in
a parallel empty chamber was subtracted from each chamber with a snail in it at the
corresponding time points, giving the net oxygen concentration decline caused by snail
respiration (mg Oz L' s7'). To calculate the volume of water available for gas exchange, the
total volume of the respirometry system, including chambers and associated tubing, was
corrected by subtracting the volume displaced by the snail. This corrected volume was used to
convert the net oxygen concentration decline (mg O2 L' s™) into absolute metabolic rate (mg
0O:h™") (Eq.1). Only regression slopes with a coefficient of determination (R?) > 0.9 were kept for
further analysis. RMR was calculated as the mean of all metabolic rate estimates, while SMR

was estimated as the lowest 20th percentile of measurements.

Equation 1: used to calculate the oxygen uptake (MO:; mg O: h™) of individual Drupella
Spp-

MO, = A0, -V -3600

Where:

e MO, = oxygen uptake rate (mg O2 h™)

e A0, =rate of oxygen decline during the closed phase (mg O2 L' s™"), corrected by
subtracting the rate measured in the empty chamber

e V =respirometer volume (L), corrected for the displacement volume of the snail

e 3600 = constant to convert seconds to hours
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For use in tables and figures, metabolic rates were size corrected to allow for comparisons across
individuals (Eq.2). Metabolic rates (SMR and RMR) were size corrected by standardising to a
mean body mass of all the experimental snails (2.98 g), following the allometric scaling approach
used by Killen et al. (2016). An allometric log-log regression was first fitted between oxygen
uptake rate and wet weight. For each individual, a residual was obtained as the difference
between the observed and the value predicted by the fitted regression at that individual’s wet
weight. To standardise these estimates by size, the residuals were added to the predicted value at
the mean Drupella spp. body mass (2.98g). The final values were back transformed to return
them to metabolic rate units (mg O: h™!), giving standardised value of each snail's SMR and
RMR as though each were 2.98¢g in weight. Lastly, to assess thermal sensitivity each temperature

interval was used to calculate Qio values (Eq.3).

To evaluate the effect of temperature on snail growth, changes in wet weight, shell length, and
shell width were assessed between four days and 20-23 days. Only individuals with complete

paired measurements at both time points were included in the analysis.

Equation 2: Allometric Model for Size-Standardisation of Metabolic Rate
log10(MO,) = log10(b) + a -loglO(M) + €
Where:

e MO, = oxygen uptake rate (mg O: h™")
e M = wet weight (g)

e & =residual variation

e a = scaling exponent (slope)

e b =normalisation constant (intercept)
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Equation 3: Qo Temperature Sensitivity Model of Metabolic Rate

10
RZ -Ty

Q0 =5~

Where:

e ;o= temperature coefficient, representing the factor by which the rate changes with a 10
°C increase

e R, =mean metabolic rate (mg O h™!) at temperature T;

¢ R, =mean metabolic rate (mg O: h™") at temperature T,

e T,=lower temperature (°C)

e T, = higher temperature (°C)
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2.3.8 Statistical Analysis

All statistical analyses were conducted in R (R Core Team, 2023) using the dplyr, ggplot2, Ime4,

and ImerTest packages, with significance accepted at p < 0.05.

Linear mixed-effects models were used to evaluate how temperature, wet weight, acclimation
duration, and their interactions influenced metabolic rate across both prolonged (SMR and RMR)
and ramping trials. Models included individual ID and tank as random intercepts to account for
repeated measures. Model selection was guided by comparisons of AIC, BIC, and likelihood
ratio tests, and model assumptions (normality, linearity, homoscedasticity) were verified using
diagnostic plots. For ramping trials, metabolic rate responses across acute temperature steps were
analysed using mixed-effects models with temperature, acclimation treatment, and wet weight as

fixed effects, and individual ID as a random intercept.

2.4 Results

2.4.1 Species Identification

It was challenging to determine the species of snails accurately in this study. We are fairly
confident that snails in this study were Drupella cornus (Roding, 1798) due to the four spiral
rows of prominent nodules on most of the snails, which is one of the characteristic features of
this species (Roding, 1798). An earlier study in Moorea also reported the snails as D. cornus but
the research did not explain how they identified them (Hamman, 2018). However, identification
on the species level was not always possible since many shells were encrusted and eroded,
obscuring key conchological features necessary for confident identification. Therefore, genetic
analysis would be needed to identify species with full confidence. Similar identification
challenges have been encountered in other Drupella spp. studies, which decided to refer to the
snails as Drupella spp. in order to avoid misidentification (Zhang et al., 2024; Saponari et al.,
2021). In alignment with what previous studies established, in this study gastropod snails were

identified up to the genus level and referred to as Drupella spp.
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Figure 2.1 Mass-corrected metabolic rates (mg O:-h™) of Drupella spp. plotted against
temperature (°C) during acute thermal ramping trials. Each point represents an individual
measurement of metabolic rate for a snail at the given temperature. Colour of dots indicate trial
date, shown by the key on the right-hand side. Facets indicate temperature that Drupella spp.
were acclimated at prior to ramping for at least 20 days: snails acclimated to 28 °C are on the left
and those on the right were held at 34°C. Metabolic rates were corrected to the mean mass of
snails in the ramping experiment (2.97 g) using residuals from log-log linear regressions of
metabolism versus wet weight. Black lines show LOESS curves illustrating overall metabolic
trends across temperatures for both acclimation treatments. Graph is made from metabolic-rate
measurements collected from seven snails at each date, total n=28, across the temperature ramp.
A linear mixed-effect model showed a significant positive effect of temperature on metabolic
rate (fo13 = 9.89, p < 0.001), while acclimation temperature and its interaction with temperature

were not significant (p > 0.88).
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Figure 2.2 Scaling of Metabolic Rate with Body Size during acute thermal ramping from
29°C to 36°C. The plot shows the relationship between logio-transformed wet weight and logio-
transformed metabolic rate. Each orange point represents an individual measurement from a
snail. Graph is made from 920 metabolic-rate measurements collected from seven snails at each
date (n=28) across the temperature ramp. The black line shows the fitted linear regression model
(y =-1.21 + 0.42x). Metabolic rate increased significantly with body size (to1s = 11.40, p <

0.001), consistent with standard metabolic scaling relationships.
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2.4.2 Temperature and Body Mass Effects on Metabolic Rate During Acute Ramping

In the ramping trial, metabolic rate increased with body mass and acute temperature in all
Drupella spp. across 29-38°C (Fig 2.1 & Fig 2.2). In total 7 snails on four dates (n=28 snails)
were measured for their metabolic rates in the temperature ramping protocol. To quantify these
effects, two linear mixed-effects models were fitted with temperature, wet weight, and
acclimation temperature as fixed effects, and date included as a random effect to account for
repeated measurements collected on different days. The first model tested whether body mass
modified the acute thermal response, whereas the second examined whether acclimation
temperature altered this relationship. Fitting both interaction terms in a single model would
introduce multicollinearity and thus were analysed separately to provide clearer estimates for
each effect. Full model outputs are provided in Supplementary Figure S2 and S3. The first model
showed a significant interaction between wet weight and temperature (Fi,013 =26.9, p <0.001),
indicating that larger animals showed greater increases in metabolism with temperature than
smaller animals. In contrast to this, the temperature acclimation interaction did not have a
significant effect on metabolism (F1,500 = 0.14, p = 0.89), nor was the acclimation temperature
itself as a main effect (Fi,. = 0.01, p = 0.93). This shows that the effect of temperature on
metabolism in the acute ramping experiment was homogeneous for those that had been

acclimated at 28°C and 34°C.



50

Table 2.1 Mean (+ SD) mass-corrected standard metabolic rate (SMR) and routine
metabolic rate (RMR) of Drupella spp. across temperature treatments at different
acclimation durations. Q.o values were calculated between successive temperature treatments
and indicate the temperature sensitivity of metabolic rate between the different intervals,
expressed as the rate of change between metabolic rates extrapolated to a 10°C increase.
Metabolic rates were obtained from 56 individual snails, with 14 snails held at each temperature
28,30,32,34°C. Values are means + SD based on individual snails and are descriptive indices

calculated from mean SMR or RMR between successive temperature steps and were not

subjected to formal statistical testing.

Temperature Acclimation Mean mass- Qo Mean mass- Q1o
°cO) D EVE corrected SMR £ | (SMR) corrected RMR = (RMR)
SD (mg O: h™) SD (mg O: h™)
-
30 3 0.309 +0.141 2.11 0.37+0.123 2.16
32 3 0.378 £0.113 2.73 0.443 £0.117 2.17
34 3 0.265 +0.069 0.17 0.312 +£0.064 0.2
28 19-22 0.264 + 0.068 - 0.33 +£0.062 -
30 19-22 0.318 £0.075 2.54 0.369 = 0.064 1.74
32 19-22 0.335 +0.064 1.3 0.393 = 0.064 1.37
34 19-22 0.349 +0.145 1.22 0.427 +£0.132 1.5
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Figure 2.3. Temperature effects on size-corrected metabolic rates in Drupella spp. at
shorter-term and longer-term acclimation. (A) Standard metabolic rate (SMR) and (B) routine
metabolic rate (RMR) following either shorter-term (3-day, shown in blue) or longer-term (19-23
day, shown in orange) thermal acclimation to their given temperature (28°C,30°C,32°C or 34°C)
from 56 snails (14 at each temperature). Boxplots show interquartile ranges, median shown as a
horizontal black line, and 1.5% interquartile range are shown by the whiskers. Points represent
individual measurements and means are shown by black diamonds. SMR and RMR were size-
corrected using log-log regression against wet weight and standardized to the mean body mass of
the study organisms (2.98 g). For both SMR and RMR, temperature (p < 0.05) were significant
predictors of metabolic rate. Acclimation duration significantly elevated metabolic rate at 34 °C

(SMR: t=2.15, p<0.05; RMR: t=2.47, p <0.05).
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2.4.3 Metabolic Responses to Sustained Temperature Exposure and acclimation

Across all temperature and acclimation treatments, size-corrected SMR of Drupella spp. ranged
from 0.067 mg O-h" t0 0.621 mg Oz h™!, and size-corrected RMR ranged from 0.176 mg Oz h™!
to 0.635 mg O: h™'. Linear models were fitted to test the effects of temperature, body mass, and
acclimation group on metabolic rate, including interaction terms to assess whether the influence
of temperature varied with body size or acclimation treatment. These analyses were based on
measurements from 54 individual snails, 14 held at each acclimation temperature. Full model

outputs for both SMR and RMR are provided in the Supplementary Materials (S3 and S4).

Temperature significantly influenced both SMR and RMR, with metabolic rate increasing at
30°C, 32°C, and 34°C relative to 28°C for both metrics (all p < 0.05). In Drupella spp.
acclimated for three days, SMR increased by 67.3% and RMR by 39.3%, between 28°C and
32°C. At 34°C both declined from their peaks at 32 (SMR: -29.9%, RMR: -29.6%), returning
close to their values at 28°C (Fig 2.3). Drupella spp. acclimated for 19-22 days saw SMR and
RMR between 28°C and 32°C increases by 26.9% and 19.1% respectively. Yet unlike those
acclimated for only three days, at 34°C both SMR and RMR remained above the 32°C values
with SMR increasing by 4.2% and RMR by 8.7% (Fig. 2.3). These findings indicate that for
Drupella spp. acclimated for three days show stronger thermal sensitivity, with increased
metabolic activity with warming and metabolic depression after 32°C, whereas snails acclimated

for 19-22 days show more moderate increases and no evidence of metabolic depression.

Q1o values for SMR and RMR were calculated between successive temperature steps using
treatment means and are shown in Table 2.1. From 28 °C to 32 °C Q1o values across both
acclimation groups (SMR: 1.30-2.73; RMR: 1.37-2.17, Table 2.1) fell within the range reported
in other ectotherms, consistent with metabolic responses to moderate warming (Hue &
Kingsolver, 2019). Q10 values between 32°C and 34°C differed between acclimation treatments.
In Drupella spp. acclimated for three days, Q1o values dropped below one (SMR: 0.17; RMR:
0.20), indicating metabolic depression, whereas in the 19-22-day group values remained above
one (SMR: 1.22; RMR: 1.50). These findings indicate that Drupella spp. acclimated for three
days show stronger thermal sensitivity, with increased metabolic activity with warming and

metabolic depression after 32°C, whereas snails acclimated for 19-22 days show more moderate
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increases and no evidence of metabolic depression. This suggests a greater capacity in those

acclimated for longer to sustain metabolic performance under increasing temperatures.

Even though metabolic suppression was not seen in either RMR and SMR in Drupella spp.
acclimated to 34 °C for 19-22 days (Fig 2.3), the statistical significance of the effect of
acclimation duration differed between the two measures. For SMR, acclimation duration was not
a significant factor at any temperature (p > 0.05), and including the interaction between
temperature and acclimation duration did not significantly improve model fit (F4,99=2.10,
p=0.087). Contrastingly, a significant effect of acclimation was detected for RMR at 34 °C
(Temperature34 x Acclimation 19-22:t=2.13, p <0.05), indicating that individuals acclimated
for 19-22 days had higher RMR at 34 °C compared to those acclimated for only three days. This
pattern is also evident in Figure 2.3, where the longer acclimation group in RMR have a visibly
higher median, and overall distribution compared to the shorter acclimation duration, whereas in
SMR the medians and spread are more closely together for the two acclimation groups. These
findings indicate that Drupella spp. show evidence for thermal acclimation, but that longer

acclimation to high temperatures has a stronger influence on RMR than SMR.
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Figure 2.4. Relationship between log-transformed wet weight and log-transformed
metabolic rate in Drupella spp. across four temperature treatments (28°C,30°C,32°C and
34°C). (A) Standard metabolic rate (SMR) and (B) routine metabolic rate (RMR) as functions
of wet weight (g), with temperature-specific linear regressions. Points represent individual snails;
lines indicate fitted models. The slopes show temperature-dependent shifts in the scaling of
metabolic rates with body size. The colours of the different lines correspond with the

temperature treatment, shown in the key on the right-hand side.
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Table 2.2 Scaling components (b) from log-log regression of metabolic rate on body mass. b
values are shown for both standard metabolic rate (SMR) and routine metabolic rate (RMR) at
each temperature tested 28°C,30°C,32°C and 34°C. b values shown are the regression slopes,
plus/minus standard error (SE), that relates log metabolic rate to log mass indicating how

metabolism scales with mass at each temperature.

Temperature SMRb = SE RMRb + SE

(°C)
28 1 0.971+£0.155 | 0.845%0.123 \
30 | 0.445+0.201 | 0.46+0.126
32 1 0.362+0.162 \ 0.407£0.151 |

34 1 0.441 +£0.29 1 0.337 £0.199

2.4.4 Body Mass—Temperature Interactions Under Sustained Warming

To investigate how SMR and RMR scaled with body mass across temperatures, linear models
were fitted with temperature, wet weight, and their interaction, testing of whether the effect of
body mass on metabolic rate changed with warming. Full model outputs are presented in the
Supplementary Materials (S3 & S4). Both SMR and RMR increased significantly with body
mass across all acclimation temperatures (Fig. 2.4; SMR: 1= 6.94, p <0.001; RMR: 1= 7.40, p <
0.001), with corresponding mass-scaling exponents of b = 0.64 + 0.10 for SMR and b =0.59 +
0.08 for RMR. Interestingly, the strength of the effect of body mass on both SMR and RMR
decreased with increasing temperature (Fig. 2.4; SMR: Temperature x Wet weight ¢ values from
—2.35t0 —3.49, all p <0.05; RMR: ¢ values from —1.99 to —3.32, all p < 0.05). This can be seen
by the progressively shallower slopes from 28 °C to 34 °C (Fig. 2.4). SMR scaling exponents (b)
decreased by 55 % from 28 °C to 34 °C, while RMR scaling exponents decreased by
approximately 60 % (Table 2.2). Therefore, the results indicate a reduction in the influence of

body mass on metabolic rate under increasingly warmer conditions.
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2.5 Discussion

As coral reefs experience increasing thermal stress the capacity of corallivores to maintain or
adjust their metabolic performance will influence both their survival and the extent of their
impact on already vulnerable reef systems (Lang et al., 2021; Rice et al., 2019). Drupella spp.
exposed to acute warming exhibited no limits to metabolic performance up to 38 °C, with
metabolic rates increasing across all individuals in line with typical ectotherm thermal responses
(Schulte et al., 2011; Lang et al., 2021). This pattern reflects the increased kinetic energy at
higher temperatures, which raises enzyme—substrate collision frequency and elevates the
proportion of molecules exceeding activation energies. The absence of metabolic downturn
suggests that 38 °C falls within their acute thermal tolerance range under well oxygenated
laboratory conditions. Such tolerance may enhance the resilience of Drupella spp. to heatwaves
(which last days to months) or short duration thermal increases lasting a few hours, events that
are becoming more frequent with climate change (Hobday et al., 2016; Oliver et al., 2021).
While behavioural response to acute thermal increase were not measured here, the ability to
maintain metabolic function at elevated temperatures could have implications for their activity

during periods when corals are most thermally stressed (Lang et al., 2022).

Drupella spp. which had been acclimated to 28°C and 34°C prior to ramping showed similar
increases in metabolic rate with rising temperature, indicating that prior exposure to warmer
temperatures did not alter their thermal sensitivity. Similarly, Shirokova et al (2025) found that
the depth where freshwater amphipods, Ommatogammarus, were found, representing
acclimation history, did not alter response to 1 °C h™' ramping experimental. The authors
attributed the lack of effect from acclimation history to the species’ broad tolerance to heating,
for instance noting their robust antioxidant defences under thermal stress. The absence of an
acclimation effect on acute warming in Drupella spp. may therefore reflect a similarly wide
physiological tolerance, allowing similar metabolic increases regardless of recent thermal
history. Further research could study underlying physiological markers such as glucose levels,
antioxidant enzyme activities, and measures of anaerobic metabolism (LDH activity and lactate),
to provide insight into the processes occurring at the cellular level in the snails during acute

warming (Shirokoca et al.,2015).
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During prolonged exposure, Drupella spp. showed temperature-dependent metabolic responses,
with SMR and RMR increasing between 28 °C and 32 °C across all acclimation durations. After
three days of acclimation at their final temperatures, Drupella spp. showed decreases in
metabolic rate above 32 °C, with SMR and RMR declining by 29.9% and 29.67%, respectively,
unlike individuals acclimated for 19-22 days, in which no metabolic decline was observed. Such
reductions may impair movement, feeding, immune response and tissue repair, increasing
mortality risk (Lang et al., 2022; Huey & Kingsolver, 2019; Sahoo & Acharya, 2025). Several
mechanisms may explain this decline, the most plausible being that individuals were
approaching their thermal optimum and physiological processes began to break down. While
moderate warming can increase enzyme activity, excessive heat can denature or destabilise
enzymes, reduce substrate affinity, or disrupt enzyme complexes involved in aerobic
metabolism, leading to impaired ATP production and metabolic depression (Schulte, 2015;
Tattersall et al., 2012). Reduced oxygen supply could also contribute, as oxygen solubility
declines with temperature; however, this alone would be expected to cause a metabolic plateau
rather than the downturn observed (Rubalcaba et al., 2020).An alternative explanation is adaptive
metabolic depression, in which organisms actively reduce metabolic rate by downregulating
aerobic enzyme production to limit energy use and prevent cellular damage (Guppy & Withers,
1999; Storey & Storey, 1990). For example, the subtidal gastropod Turritella bacillum exhibited
sustained bradycardia and low oxygen uptake under heat and hypoxic stress, reflecting a
regulated hypometabolic state that supports survival without incurring substantial anaerobic debt
(Marshall & McQuaid, 2020). However, if the decline in Drupella spp. were due to adaptive
metabolic depression, it would be expected across all acclimation durations. The absence of
metabolic suppression in individuals acclimated for 19-22 days instead suggests that the
decrease observed after three days reflected an acute heat-shock response occurring before

sufficient time for acclimation.

Drupella spp. acclimated for 19-22 days showed no metabolic decline with warming, and at 34
°C had significantly higher RMR than snails acclimated for only three days. SMR showed the
same pattern, though not statistically significant due to greater overlap. This indicates that
prolonged acclimation enhances thermal tolerance, with greater plasticity in RMR than SMR.

Higher metabolic variation in the 19—22-day group compared to the three days at 34 °C also
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suggests individual differences in acclimation capacity. As RMR reflects spontaneous activity
rather than baseline maintenance, it may be more responsive to temperature (Norin et al., 2016),
as seen in other marine ectotherms where SMR remains stable while MMR and aerobic scope
show greater thermal plasticity. Increasing RMR at high temperatures may enable Drupella spp.
to continue feeding and reproducing during warming events, potentially intensifying their
ecological impacts with temperature. This supports the idea that Drupella spp. may experience a
transient heat-shock response at 34 °C which is resolved once physiological adjustments (e.g.,
enzyme stabilisation, membrane restructuring) occur during prolonged acclimation, however
more research into these physiological underpinnings would be beneficial to fully understand

what is happening during this acclimation.

In both prolonged and acute studies, the temperatures at which Drupella spp. maintain high
metabolic performance coincide with the onset of mass coral bleaching on Indo-Pacific reefs
(Fitt et al., 2001; Hughes et al., 2017). This overlap suggests that peak feeding may occur when
corals are already physiologically compromised, accelerating reef degradation (Sharp, Brown &
Miller, 1997). For example, Acropora spp. in northwest Australia experienced severe bleaching
and up to 75% mortality at daily averages above 32 °C (Schoepf et al., 2015). Moreover,
increases in SMR and RMR do not necessarily indicate that aerobic scope is maintained; if
MMR plateaus or declines while baseline metabolic costs rise, aerobic scope will contract,
potentially constraining performance despite the absence of metabolic depression. Future work

should therefore quantify MMR to determine how warming affects aerobic capacity in Drupella

Spp.

Temperature shaped these patterns differently across experiments. In the prolonged trial, the
scaling component at 28 °C was almost double that observed at warmer temperatures, indicating
that at lower temperatures larger individuals can fully express size-related metabolic capacity. At
30-34 °C, thermal constraints likely dampened size effects and drove convergence in metabolic
rates regardless of body size, consistent with evidence that environmental stress can reduce
metabolic scaling slopes (Glazier, 2020; Rubalcaba et al, 2020; Killen et al., 2010). In the acute
ramping trial, where temperature increased by 7 °C over nine hours, larger individuals showed

steeper rises in metabolism than smaller ones, likely because physiological systems such as gill
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ventilation and heart rate can temporarily match rising oxygen demand under well-oxygenated
laboratory conditions (Gilbert & Farrell, 2021). In the absence of oxygen limitation, larger snails
are able to sustain the increased oxygen requirements associated with warming, supporting their
greater energetic demands arising from larger cell numbers and more complex internal transport
systems (Brown et al., 2004). This temperature-dependent shift in size effects may alter
population size structure and therefore predation pressure on corals, with warming favouring
smaller individuals and potentially changing the ecological impact of Drupella spp, outbreaks,

but more research is needed to assess this.
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3 The influence of thermal warming on Feeding and Growth in the

Corallivorous gastropod Drupella spp.

1.1 Abstract

The obligate corallivore muricid gastropod Drupella spp., has been documented to cause
extensive damage to reefs across the Indo-Pacific. Increasing ocean temperatures and corallivore
outbreaks are two of the biggest risks facing coral reefs. However, little is known about the
synergistic impacts of these two stressors, including how thermal shifts may affect Drupella spp.
feeding and growth rates. In laboratory conditions, we investigated how increasing seawater
temperatures (28°C, 30°C, 32°C) influence Drupella spp. feeding on Acropora spp. and short-
term growth. To measure feeding, Drupella spp. were placed individually in floating tubs within
their given temperature treatments, each containing a single piece of Acropora spp., and left for
18 hours. Feeding was calculated from measuring the area of coral scarring left by the snails.
Despite mean feeding area increasing by 26.4% from 28°C to 32°C, temperature had no
significant effect on feeding activity. Standard metabolic rate and routine metabolic rate also did
not predict feeding performance in Drupella spp. Wet weight, on the other hand, showed a
significant positive effect on feeding area. Over 20-23 days, Drupella spp. showed no
significant increase in wet mass and shell length but not shell width, and size metrics were not
significantly effected by temperatures. Our results suggest that within the given temperature
range Drupella spp. can maintain feeding capacity and growth, but temperature alone does not
explain the variation. Ecologically, even stable or weak temperature increases in predation
coupled with stressed corals could be damaging. Incorporating temperature and feeding rates into
outbreak models will improve predictions and management thresholds under progressing climate

change.

3.2 Introduction

Corallivorous gastropods of the genus Drupella spp. are among the most ecologically damaging

invertebrate predators on Indo-Pacific coral reefs (Bruckner et al., 2017; Morton & Blackmore,
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2009; Cumming, 2009; Hoeksema et al., 2013). In contrast to many coral predators whose
feeding mechanisms are less damaging, more spatially restricted, or short lived, Drupella spp.
can cause prolonged and severe coral mortality (Cole et al., 2008; Turner, 1994). Unlike
corallivores that feed on coral mucus, these obligate corallivores feed on the actual living tissue
of scleractinian corals, with their aggregative feeding behaviour often resulting in significant reef
degradation (Turner & Buckley, 2001; Morton & Blackmore, 2009; Hoeksema & Scott, 2020).
Outbreaks have been reported across a wide geographical range, from the Red Sea to Japan and
Australia, prompting increasing research into their distribution, behaviour, and prey preferences
(Cumming, 1999; Antonius & Riegl, 1998; Hoeksema & Scott, 2020; Fujioka et al., 2015).
Although research on Drupella spp. feeding has increased, there has been a disproportionate
focus on prey selection, with comparatively fewer studies examining the rate of coral tissue
consumption or the influence of environmental variables on feeding behaviour (Morton &

Blackmore, 2009; Al-Horani et al., 2011).

Drupella spp. feed using a specialised radula adapted to rasp coral tissue from the calcium
carbonate skeleton, leaving behind distinctive white scars on coral surfaces (Cernohorsky, 1969;
Fujioka, 1982). Feeding typically occurs nocturnally, whilst during the day individuals remain
cryptic, aggregating in crevices and camouflaged by pink calcareous algae (Boucher, 1986;
Cumming, 1999). Drupella spp. are rarely observed feeding in isolation, instead, they are
commonly found in small groups or dense aggregations, a behaviour that not only intensifies
localised coral damage but also complicates management effort (Bruckner et al., 2017;
Cumming, 2009). At natural densities on healthy reefs, Drupella spp. may play a functional role
in shaping coral assemblages by preferentially feeding on fast-growing genera such as Acropora
and Montipora, Drupella spp. reduce coverage of competitive dominant coral genera and create
space for slower-growing, more stress-tolerant species (Rotjan & Lewis, 2008). By allowing
space for slow-growing corals, Drupella spp. can help enhance both structural and taxonomic
diversity on a reef (Turner, 1994; Morton et al., 2002). However, under the present day impacts
of climate change, characterised by widespread coral bleaching, elevated thermal stress and
decreased recovery capacity, reefs are less resilient to such predation (Hughes et al., 2017;

Edmunds & Lenihan, 2010; Sivaguru et al., 2023).
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There are multiple reports of Drupella outbreaks following major coral stress events, such as
bleaching (Hoeksema et al., 2013; Bruckner et al., 2017) or cyclone damage (Zhang et al., 2024).
When preferred fast-growing corals are depleted, such as during bleaching events, Drupella spp.
may shift to feeding on slower growing, structurally important species that are less capable of
recovery (Hoeksema et al., 2013; Kayal et al., 2012; Sivaguru et al., 2023). Such shifts highlight
how rising ocean temperatures can indirectly increase reef vulnerability, not only changing
Drupella spp. feeding patterns but also potentially disrupting the equilibrium between coral
recovery and snail predation. Without effective refuges for the coral, or top-down controls prey
on the snails, Drupella spp. populations may persist beyond the point of prey depletion due to
abilities to switch between prey. These dynamics seen in classic predator—prey models where
delayed population responses or limited spatial refuges result in ecosystem instability (Huffaker,

1958).

Temperature not only reduces reef resilience to corallivory but may also amplify the ecological
impact of Drupella spp. by increasing their feeding and activity levels. In marine ectotherms,
both behaviour and metabolism are strongly influenced by temperature, with warmer conditions
generally driving increased consumption and activity (Wyban et al., 1995; Rall et al., 2012).
Results from the previous chapter showed that elevated temperatures (up to 32 °C with three
days acclimation, and at least 34°C with longer acclimation), can increase metabolic demands,
which in turn will require greater energy intake to sustain basic physiological processes. The
resulting increase in energy requirement can drive greater feeding intensity (Wyban et al., 1995;
Rall et al., 2012). For example, in channel catfish (Ictalurus punctatus), increased water
temperatures have been shown to increase food consumption and growth (Buentello et al., 2000).
Although the relationship between metabolic rate and feeding is well established, no research has

yet explored how metabolic rate relates to feeding behaviour in Drupella spp.

Seasonal and thermal patterns in Drupella spp. activity have been observed in the field, for
example, Drupella rugosa populations in Hong Kong showed elevated feeding and increased
densities during the summer months when sea temperatures exceeded 27 °C, whereas in winter,
when temperatures fell below 20 °C, feeding activity ceased as individuals became inactive

(Morton & Blackmore, 2009). The study suggests that temperature impacts Drupella spp.
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behaviour, influencing levels of feeding intensity and therefore the heightening ecological
impact. Despite these field-based observations, experimental data on temperature-driven feeding
responses in Drupella spp. remain limited. Most existing research on temperature effects in
aquatic gastropod feeding has focused on herbivorous or detritivores species (e.g., McLean,
1962; Paine, 1971; Foster & Hodgson, 1998), leaving a gap in our understanding of thermal
sensitivity in corallivorous taxa. To date, only one laboratory study has explicitly examined
temperature effects on Drupella spp., using only two individuals of D. cornus (Al-Horani et al.,
2011). Al-Horani ef al. (2011) reported a fivefold increase in feeding rates between 18 °C and
30 °C. Although limited in sample size, these results raised important concerns that ocean
warming could enhance the top-down pressure exerted by Drupella spp., particularly when coral
tolerance is already compromised at high temperatures. Therefore, there is a need for additional
research to better understand how temperature affects feeding behaviour in Drupella spp. and the

broader implications for reef ecosystems under climate change.

Thermal increases in metabolic rate and consequentially feeding rate has been seen to lead to
increasing organismal growth (Volkoff & Rennestad, 2020). However, just like metabolism, this
relationship is often only seen within species specific thermal limits, with excessive or prolonged
heat exposure potentially suppressing growth by reducing energy available for tissue synthesis or
impairing feeding efficiency (Cloyed et al., 2019; Rall et al., 2010, 2012; Shokri, Cozzoli &
Basset, 2024). For instance, Arctic char exhibited increased growth between 5 °C and 13 °C, but
growth halted entirely at 21 °C (Beuvard, Imsland & Thorarensen, 2022). Similar patterns have
been seen in molluscs, where short-term warming extends foraging and enhances tissue growth
whereas prolonged heat induces stress responses that divert energy from growth to cellular
maintenance (Vaughn et al., 2013) In a broad comparative study of molluscs, Broell et al. (2017)
reported that growth increased with the time spent at optimal temperatures, but declined when
temperatures fell outside this range. Understanding how temperature influences growth in
Drupella spp. is ecologically important as growth rates determine the timing of reproductive
maturity and can affect the onset of population outbreaks. Consequently, changes in Drupella
spp. growth, whether accelerated or suppressed, are likely to impact both feeding pressure and

broader reef ecosystem damage.
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In contrast to the little research on Drupella spp. feeding and growth, the nutritional and
developmental responses of COTS to environmental change are far better studied. Numerous
studies have shown that COTS show increases in both feeding and growth under ocean warming
and acidification. The increases are thought to be driven by elevated metabolic rates as well as
changes in prey condition, such as weakened skeletal defences (Lang et al., 2022; Kamya et al.,
2017, 2018; Uthicke et al., 2013). Similar mechanisms may apply to Drupella spp., where
warming may both increase metabolic demand and weaken coral hosts, potentially enhancing
predation rates. Drupella spp. are known to be attracted to stressed corals, showing preferecne to
injured coral tissue over healthy tissue (Hoeksema et al., 2013; Rice et al., 2019). Preference to
damaged tissue is thought to result from chemical cues released by stress. For example, Morton,
Blackmore & Kwok (2002) found that increased mucus release from stressed corals attracts
Drupella spp. to the injured area. Warming temperatures could therefore create conditions that
both raise Drupella spp.’s metabolic, and consequent feeding, while also making coral prey more
vulnerable to predation. Such synergistic interactions could potentially lead to intensified and
prolonged predation events, yet little research has examined how temperature affects the feeding

of Drupella spp.

Despite the importance of understanding the relationship between seawater temperature and
Drupella spp. feeding for predicting ecological damage and defining outbreak densities, this
relationship remains poorly quantified under controlled experimental conditions. As climate
change accelerates and coral stress events become increasingly frequent, it is even more
important now to understand how rising temperatures may influence the behaviour of coral
predators. This study investigates the effects of seawater temperature on feeding rates and
growth in Drupella spp. when presented with their preferred prey, Acropora spp. By examining
temperature-dependent feeding and growth responses, we aim to evaluate whether ocean
warming may influence Drupella spp. coral predation and population increases. These findings
provide important insights into predator—prey dynamics on coral reefs under climate stress,

which can inform strategies for mitigating future coral loss.
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3.3 Methods

3.3.1 Feeding Assay and Coral Exposure Protocol

Figure 3.1 Example of coral scarring measurement to estimate Drupella spp. feeding.
Acropora spp. fragment that Drupella spp. was confined with in a floating tub for 18 hours at
their given temperature treatment. Scarring is the white area of the coral where the coral tissue
has been scraped away by Drupella spp. radula. Scarring area measured using Image J as shown
by the yellow line. The Drupella spp. individual in the image, marked with pink nail varnish for

identification, is the snail that consumed the coral tissue.

To investigate the effects of elevated temperature on Drupella spp. feeding behaviour, an
overnight feeding assay was conducted using live Acropora spp. coral fragments. Fragments of
Acropora spp. (6 cm in length) were placed individually into eight floating mesh containers, each
fitted with a secure plastic lid, and held in the same temperature-controlled tanks used to house
the snails during acclimation. The mesh design allowed for water exchange between the
containers and their surrounding aquaria, ensuring that the water inside the containers accurately

reflected the assigned treatment temperatures (28 °C, 30 °C, or 32 °C). Feeding was also trialled
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at 34 °C however, the coral consistently bleached under this temperature, making it impossible to
reliably distinguish feeding scars from bleaching, and therefore was excluded from any further
analysis. Coral fragments were acclimated in their tubs to their respective temperatures for
approximately 18 hours prior to the introduction of Drupella spp. individuals. During the coral
acclimation period, Drupella spp. were held in the intermittent flow respirometry (IFR) for
measuring of their metabolic rates. To control for postprandial metabolic effects, all snails were
fasted for approximately 51 hours prior to the feeding trial, having last been in a tank with food
at midday two days earlier. Before being introduced to the experimental containers, each snail
was blotted dry and weighed. At 15:00, one Drupella spp. individual was placed into each
floating container containing an acclimated Acropora spp. fragment. One container per trial was
maintained without a snail to serve as a control for background coral tissue changes unrelated to
feeding. All containers were maintained under a 12:12 h light—dark cycle, with lights switching
off at 18:00 and on at 06:00, to simulate natural diel rhythms and provide environmental cues

consistent with the species’ nocturnal activity pattern.

At 09:00 the following morning, 18 hours after snail introduction, each coral fragment and its
corresponding Drupella spp. individual were removed from their container and placed on a white
plastic tray alongside a metric ruler. Coral fragments were photographed from both lateral sides
under consistent lighting provided by a standard adjustable desk lamp positioned overhead.
Drupella spp. individuals were included in each photograph to allow for accurate identification
of snail and coral fragments during image analysis. After being photographed, the snails were
returned to their assigned respective aquaria. Feeding amount was identified as areas of white,
bleached, or necrotic coral tissue indicative of Drupella spp. grazing scars, following methods
adapted from Al-Horani et al. (2011). Image analysis was conducted in ImagelJ (v1.53), using the
freehand polygon selection tool to manually outline grazed areas on both lateral surfaces of each
coral fragment. The traced regions were added together to yield a total feeding area (cm?) per
individual, providing a quantitative measure of grazing intensity across the temperature

treatments.
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3.3.2 Growth Rate Measurements

To assess the growth of Drupella spp., measurements of wet weight, shell width and shell length
were taken immediately after each time the snail went through IFR (See Chapter 2). Snails were
removed from their IFR chambers, gently blotted dry using a clean cloth to minimise surface
water from their shells and then weighed to the nearest 0.001 g. Shell length and width were
measured using standard callipers to the nearest 0.01 mm. The first measurements were taken
after IFR following three days of acclimation, and subsequent measurements were conducted 20
to 23 days later, also directly after metabolic respirometry. For each individual, growth rate was
calculated by subtracting the initial measurement from the final measurement for each trait (wet
weight, shell length, or shell width) and dividing the result by the number of days between

measurements, giving a daily growth rate for each parameter.

3.3.3 Data and Statistical Analysis

The feeding trial was conducted over a fixed duration of 18 hours, but individual feeding activity
was not continuously monitored and thus the data represents cumulative feeding area rather than
specific feeding rates. Many individuals did not graze during the trial, resulting in a substantial
number of zero values in the dataset. To account for these zero inflations, a zero-inflated Gamma
generalised linear model (GLM) was fitted using the glmmTMB package in R. Feeding area was
modelled separately as functions of SMR and RMR, with both models including interactions
with temperature and wet weight. In the model, the conditional component described variation in
Drupella spp. feeding area that fed on coral (non-zero), whilst the zero-inflation component
modelled the probability of a snail not eating at all (zero values). Temperature and wet weight
were included as predictors of both the non-zero and the zero values, to see whether these factors
influenced the occasion of Drupella spp. feeding or not. Likelihood ratio tests were used to
compare full models with reduced models for both SMR and RMR, allowing assessment of the

overall effect of temperature beyond the main effects of metabolic rate and body size.

To analyse temperatures effect on growth, measured as changes in individuals wet weight, width

and shell width over the 20-23-day experimental period, linear models were fitted for each trait.
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These models used initial size and temperature as predictors of each growth trait. Additionally,
paired t-tests were used to compare growth of the three traits from the start to end to evaluate net
change across the individuals. Model fits were assessed using diagnostic plots of residuals to
check assumptions of normality and homoscedasticity. All statistical analyses were conducted in

R. Graphs and model diagnostics were performed using ggplot2.

3.4 Results

3.4.1 Field Observations of Drupella spp. Distribution

In the field, Drupella spp. individuals were observed feeding exclusively on branching Porites spp.
colonies with no individuals recorded on other coral genera. Despite its presence at other sites around the
island, no Drupella spp. were seen on Acropora spp. High densities of Drupella spp. >100 snails per coral
colony were found but were not quantified or further investigated in this study. Individuals were typically

found within the coral branches rather than on the surface of the coral.

Table 3.1 Mean feeding area (= SD) of Drupella spp. at each temperature treatment (28°C,
30°C, 32°C). Feeding area was assessed after holding individual snails with a piece of Acropora
spp for 18 hours and was measured as the area of scarring in cm?. N = number of individuals of

which results were obtained from at each temperature.

Temperature (°C) Mean feeding area = SD (cm?) | N

28 2.77+2.42 25
30 2.83 +£2.87 26
32 3.50+2.44 19
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Figure 3.2 Feeding area cm? of individuals across three temperature treatments 28,30,32.
Boxes represent the interquartile range (IQR), with the median shown as a horizontal black line
and the mean shown by the red dot. Whiskers extend to 1.5% IQR, and individual black circles

represent raw data points.
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Figure 3.3 Feeding area (cm?) of Drupella spp. across experimental dates, grouped by
temperature treatment. Boxes represent the interquartile range (IQR), with the median shown
as a horizontal black line. Whiskers extend to 1.5x IQR, and individual points represent
individual observations. Temperature treatments are indicated by colour, 28°C (green), 30°C
(orange) and 32°C (purple). Feeding measurements were taken after 18 hours of holding

individual snails with a single Acropora spp. fragment at their given seawater temperatures.
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3.4.2 Feeding rates across temperature treatments, wet weight, and time

Zero-inflated Gamma models were used to analyse feeding area, with full models including SMR
or RMR, temperature, and wet weight as fixed effects, along with interactions between metabolic
rate and temperature or wet weight (S5 & S6) . Model selection based on likelihood ratio tests
showed that these interaction terms did not improve model fit (SMR model: y>*=5.43,df=3,p =
0.143; RMR model: ¥* =3.77, df = 3, p = 0.288), and the reduced models containing only the
main effects provided a better fit, as shown by their lower AIC values. The conditional (non-
zero) component revealed no significant main effect of either SMR or RMR on feeding area
(SMR: B=4.84,z=0.897, p = 0.370; RMR: = 4.30, z= 0.903, p = 0.366) suggesting that
changes in metabolic rate did not influence feeding area. Mean feeding area increased by 2.2%
from 28 °C to 30 °C, followed by a further 23.7% increase from 30 °C to 32 °C, resulting in a
total increase of 26.4% between the lowest and highest temperature treatments (Table 2).
However, temperature did not significantly affect feeding area in the conditional model (SMR
model: 30 °C p=10.431, 32 °C p =0.192; RMR model: 30 °C p =0.350, 32 °C p = 0.143). These
findings are consistent with the strong overlap in feeding distributions across treatments (Fig. 3.2
which indicates that variation in temperature did not explain differences in feeding activity.
Consistently, overlap in interquartile ranges across temperature treatments further illustrates the
lack of significant influence of temperature on feeding area (Fig. 3.2. Additionally, the likelihood
of zero feeding events was not significantly influenced by temperature (SMR : all ps > 0.05;
RMR : all ps > 0.05). Overall, there was no evidence that variation in SMR, RMR, or

temperature explained differences in feeding activity or the chance of grazing in Drupella spp.

Feeding activity varied across experimental dates, with moderate grazing observed on some days
(e.g., 03/04, 07/04, 11/04) and little to no feeding on others (e.g., 21/04, 28/04) (Figure 3.3).
However, adding sampling date as a fixed effect in the zero-inflated Gamma model did not
significantly improve model fit (> = 14.36, df = 8, p = 0.073) indicating no consistent temporal
trend in feeding behaviour. Drupella spp. wet weight had a significant positive effect on feeding
area (SMR model: B =0.182, p <0.05; RMR model: B = 0.225, p < 0.05), indicating that larger
individuals consumed greater amounts of coral when they fed. In the zero-inflation component,

the likelihood of individuals that did not feed was not significantly impacted by wet weight (B =
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0.086, p=0.671). Together, these results show that although feeding area increased with
temperature, temperature, SMR and RMR did not significantly explain variation in feeding
activity or the chance of feeding. Body weight was the only predictor of feeding amount in

Drupella spp, yet also did not influence whether a snail fed or did not feed.
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Figure 3.4 Growth rates in shell morphology and wet weight of Drupella spp. over 20-23
days of exposure to one of four temperature treatments (28°C, 30°C, 32°C, 34°C). (A) Wet
weight (g/day), (B) shell length (mm/day), and (C) shell width (mm/day) are shown as daily
rates of change per individual. Boxes represent the interquartile range (IQR), black horizontal
lines show medians, black diamonds are the means, and individual points represent raw

observations.
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3.4.4 Growth performance and shell morphometrics

Analysis of Drupella spp. growth over 20-23 days held at one of 28°C, 30°C, 32°C, 34°C
showed that on average snails increased wet weight by 5.88%, shell length by 2.95% and shell
width by 0.67%. Paired t-tests between the first and second measurements of growth metrics
showed significant increases in wet weight (ta7 = 2.58, p<0.01, mean change = 0.099g) and shell
length (tss = 2.23, p<0.01= 0.031, mean change = 0.056mm), while shell width did not change
significantly (tas = —0.61, p = 0.55, mean change = —0.028 mm). Smaller snails grew more than
larger ones with initial size significantly affecting growth in length (B =—0.36, p <0.001; model
R?=0.26), width (B = —0.84, p < 0.001; R>=0.68), and wet weight (3 =—0.115, p <0.001; R? =
0.22). Temperature had no significant effect on any of the growth metrics, shell length ( =
0.006, p=0.56, R = 0.26), shell width (f = 0.006, p = 0.63, R? = 0.68), or wet weight (f =
0.019, p=10.23, R2=0.22).

3.5 Discussion

In the field, Drupella spp. were observed exclusively on branching Porites spp. colonies, an
interesting observation given their well-documented preference for Acropora spp. across much
of the Indo-Pacific (Turner, 1994; Schoepf et al., 2010; Moerland et al., 2016). Despite Acropora
spp. being present elsewhere on the reef, their spatial separation from the sites where Drupella
spp. were seen suggests that prey availability alone does not fully account for the observed
Drupella spp. distribution on the reefs of Moorea. This may suggest that local environmental
conditions and biotic interactions may also being playing a role in Drupella spp. distribution.
Branching Porites spp. offer structural complexity comparable to that of Acropora spp.,
potentially providing refuge for cryptic or juvenile individuals (Schoepf et al., 2010). This is
supported by field observations, where Drupella spp. individuals were frequently found deep
within the inner branches of Porites spp. colonies rather than on exposed surfaces.

The occurrence of Porites spp. predation in Moorea may have important ecological implications
as branching Porites spp. exhibit significantly slower growth rates (2—4 cm per year; Lewis et al.,
1968) compared to branching Acropora spp. (6—10 cm per year; Gladfelter, Monahan &

Gladfelter, 1978), making them less capable of recovering from sustained tissue loss or structural
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damage due to predation. In contrast, the faster growth of Acropora spp. will allow these corals
to regenerate more rapidly following disturbances. Continued targeting of slower growing
Porites spp. by Drupella spp. could therefore hinder colony recovery, reduce local Porites spp.
abundance, and ultimately reduce reef resilience and structural complexity in reefs of Moorea.
Furthermore, despite it not being the focus of the study and thus was not properly studied, it is
important to note that large numbers of at least a hundred of Drupella spp. were found on
multiple coral colonies. The fact that large numbers of Drupella spp. were found on coral species
which are not normally reported as their preferred prey highlights the need for further monitoring
and studies of the Drupella spp. populations on the reefs of Moorea. Although Drupella spp.
individuals were observed feeding on Porites spp. in the field, in the laboratory, when both
Acropora spp. and Porites spp. were presented to the snails, they fed exclusively on Acropora
spp. and therefore Acropora spp. was chosen as the coral to feed the snails throughout the
experiment. This preference is consistent with previous research which has seen Drupella spp. to
have strong feeding preference for Acropora spp., thought to be mediated by species specific

chemical cues (Turner, 1994; Schoepf et al., 2010).

Contrary to expectations and previous findings in other taxa (Norin et al., 2016), our results
showed no significant relationship between metabolic rate (SMR or RMR) and feeding activity
in Drupella spp. Increased SMR and RMR with temperature (as seen in chapter 2) will result in
Drupella spp. needing to increase energy intake to meet these rising metabolic demands. As no
significant relationship was seen between metabolic rate and feeding, this suggests that other
factors were playing more important roles in affecting feeding behaviour. Large numbers of
individuals did not feed across all temperature treatments, and several zero-feeding days
occurred randomly across all groups, indicating reasons rather than a thermal effect, as the lack
of feeding was not associated with any specific temperature. The isolated conditions used during
feeding trials likely influenced the social dynamics that play a key role in feeding in these snails,
potentially obscuring effects of temperature or body size (Morton et al., 2002; Bruckner et al.,
2017). Isolating individuals in feeding trials likely influenced the social dynamics that play a key
role in feeding in these snails, and this potentially obscured effects of temperature or body size

(Morton et al., 2002; Bruckner et al., 2017). Drupella spp. are known to exhibit social foraging
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behaviour, typically feeding in aggregations and rarely found alone in the wild (Morton et al.,

2002; Bruckner et al., 2017).

Previous research has shown that Drupella spp. respond strongly to conspecific presence,
preferentially selecting corals already occupied or damaged by conspecifics over artificially
damaged corals (Hamman, 2018). Schoepf et al. (2010) further demonstrated that both juvenile
and adult Drupella spp. chose to associate with conspecifics when given the choice between
conspecifics and food, highlighting the strength of social cues in influencing behaviour.
Consequently, the isolated conditions in which this study tested feeding, and absence of social
cues, likely suppressed feeding activity and may have masked treatment effects that potentially
would emerge under more ecologically realistic, conditions where snails are held in groups.
Moreover, the possibility that individuals could detect chemicals from nearby conspecifics, while
being physically separated in individual containers, may have introduced behavioural confusion

or stress, further influencing feeding responses and causing Drupella spp. not to feed at points.

Overall, these findings give insight into the complexity of Drupella spp. feeding behaviour.
While temperature has clear influence on Drupella spp. metabolic processes, it does not appear
to be a driver of feeding activity under isolated laboratory conditions. Instead, social interactions
may be important for initiating and sustaining feeding. Future research should incorporate group
foraging trials at different temperatures to more accurately replicate natural conditions. Given the
potential for Drupella spp. outbreaks to accelerate reef degradation, a deeper understanding of
the ecological and physiological factors regulating their feeding behaviour is important,
particularly in the context of climate change, which is increasing coral vulnerability and alter
predator prey dynamics on reefs (Rice et al., 2019; Wolff et al., 2018). The absence of a clear
link between metabolic rate and feeding activity in Drupella spp. may suggest that rising
temperatures alone may not directly intensify predation pressure from these corallivores.
However, even if feeding rates remain stable, the declining resilience of coral hosts under
thermal stress means that similar levels of predation could have more severe consequences.
Corals weakened by bleaching or other stressors may be less able to recover from tissue loss,
making them more vulnerable to sustained or repeated Drupella spp. grazing. Thus, unchanged

predation intensity in a warming ocean does not necessarily mean unchanged ecological impact
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In contrast to temperature, wet weight had a significant positive effect on feeding area, indicating
that larger Drupella individuals consumed more coral tissue during feeding trials. This increase
in feeding performance with size is consistent with allometric expectations, where larger
gastropods possess greater grazing capacity due to increased radular surface area and higher
energetic requirements (Keesing & Lucas, 1992; Meirelles & Matthews-Cascon, 2003).
Biologically, this means that larger Drupella spp. will exert stronger predation pressure on coral
colonies, suggesting that it is important to consider size of the snails when assessing the risk of a
given population Although most studies on Drupella outbreaks only look snail abundance, this
study suggests that incorporating size structure is also necessary, as populations dominated by

larger individuals may impose greater impacts on coral than those with smaller individuals.

Growth was observed in both wet weight and shell length over the 20-23-day experimental
period, while little change was seen in shell width. These changes in growth metrics were the
same across temperature treatments, with no evidence of thermal conditions within the 28-34°C
range influencing growth. This suggests that Drupella spp. are capable of somatic and shell
growth under laboratory conditions across a 28—34 °C. No differences in growth across
temperatures tested may reflect that the temperatures were still below Drupella spp.’s thermal
maximum for growth. Therefore, testing a wider range of temperatures over a longer period of
time could give more insight into a thermal maximum. Additionally, inter-individual variation in
growth rates may have obscured temperature effects including differences in starting age or prior
nutritional status. As expected, growth was strongly related to initial body size, with smaller
individuals growing more than large ones. This aligns with field studies on Drupella spp. which
saw individuals around 15mm increasing by 3.8-5.2mm in length over six months, whereas those
bigger than 35 mm showed little to no growth (Black & Johnson, 1993). The size dependent
effect on growth is consistent with allometric growth, where younger organisms invest more
energy into somatic growth whereas larger ones are reproductive mature, so they allocate
proportionally more energy into maintenance and reproduction rather than shell growth (Black &

Johnson, 1993).

The lack of temperature effects on feeding in our study may explain the lack of changes in
growth, as growth will be constrained by energy intake. If temperature did not affect feeding, this

could explain the lack of temperature dependent growth. It is also possible that thermal effects on
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growth require longer-term exposure to be seen. For example, Hoefnagel & Verberk (2017)
reared Lymnaea stagnalis for 300 days and found that snails reared under warm conditions
(22°C) grew faster and bigger than those reared cold (17°C), illustrating how long-term rearing
at different temperatures can show thermal effects on growth that may not have been detectable
in the short duration of the current study. A small decline in shell width was observed in some
individuals, occurring mainly at 28 °C. This may reflect a temperature-driven response but was
not investigated further, and alternative explanations, such as measurement uncertainty or minor
shell damage, cannot be ruled out and would require additional study. The lack of a temperature
effect on growth implies that Drupella spp. may have a relatively broad thermal tolerance for

growth, or that increasing temperatures are not enough to increase growth.

Even despite a change in growth with temperature, the fact that Drupella spp. maintained growth
even at 34°C, a temperature by which most corals will be under considerable thermal stress, has
important ecological implications. Higher growth rates in corallivores are often associated with
earlier reproductive maturity and increased outbreak potential (Black & Johnson, 1994). The
ability of Drupella spp. to grow under such conditions suggests that populations may continue
developing toward reproductive size during marine heatwaves, when coral hosts are already
physiologically stressed. This decoupling between coral vulnerability and predator growth could
intensify top-down pressures on reef ecosystems under climate change if Drupella spp. populations

continue to grow and reproduce even under these stressful conditions.

Overall, these findings suggest that future reef resilience may be compromised not by dramatic
increases in Drupella spp. predation per se, but by the increasingly fragile state of coral hosts
and the persistent viability of Drupella spp. populations under warming scenarios. Increases in
metabolic rate without corresponding increases in feeding or growth raises the possibility of an
energetic imbalance at higher temperatures. However, whether this reflects a true energy deficit
cannot be determined without a full energy budget. Understanding and managing this dynamic
will be essential as climate change continues to reshape the structure and stability of coral reef

ecosystems.
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4 Conclusion and Future Directions

4.1 Conclusion

This thesis investigated the thermal sensitivity of the corallivorous gastropod Drupella spp. using
laboratory experiments to measure the effects of elevated seawater temperatures on metabolic
rate, feeding behaviour, and growth. Through investigating both physiological and behavioural
data, the study gives insight into how ocean warming may influence the ecological impact of this
coral predator on Indo-Pacific reef ecosystems. As the first study to measure metabolic rates in
Drupella spp., our findings indicate a resilient physiological response to temperature change,
which may have concerning effects on reefs. Under well oxygenated laboratory settings,
Drupella spp. showed increasing metabolic rates across acute temperatures from 28 °C to 36 °C.
These results suggest that 36 °C lies within the acute thermal range of Drupella spp., which may
be concerning as it suggests the capability of the snails to put pressure on coral reefs at
temperatures well above coral bleaching. During exposure to prolonged temperature change,
metabolic rates increased between 28°C and 32°C across all acclimation durations further
indicating elevated energetic demands under moderate warming conditions which may intensify
coral predation and accelerate reef degradation. At 32°C, most corals are already undergoing
extreme thermal stress and widespread bleaching; therefore, the potential for elevated Drupella
spp. metabolism, and the increase in activity and feeding which would be needed to meet this
demand, is particularly concerning. Although Drupella spp. populations may collapse if their
energetic demands cannot be met after bleaching, their rising metabolic rate in conjunction with
their ability to switch between a large amount of coral prey suggests that they will be able to

cause substantial reef damage prior to that point.

For Drupella spp. acclimated to their final temperatures for only three days, a decline was
recorded in metabolic rates after 32 °C, indicating a potential thermal limit at such temperatures
for snails acclimated for a shorter period of time. Sustained exposure to such temperatures could
therefore impair physiological functions, including feeding, locomotion, and immune response,
eventually compromising survival. However, when acclimated for 19-23 days to their final
temperatures, no metabolic suppression was seen in Drupella spp. While acclimation duration

was not significant in SMR, significant acclimatory plasticity was observed in RMR, suggesting
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ability for physiological adjustment. Abilities to acclimate may allow individuals to maintain
activity levels during thermal stress, enhancing their ability to survive temperature increases and
continue to put feeding pressure on reefs when they are most vulnerable. Therefore, the ability to
maintain metabolic rate up until at least 36 °C during acute thermal ramping, in combination
with showing signs of thermal acclimation after prolonged exposure, raises questions about the

role of Drupella spp. in coral damage and delaying reef recovery during ocean warming.

With increased metabolic rates Drupella spp. will need to increase feeding to meet energetic
demands, yet when tested in the current study no significant changes in feeding rates were seen
with increasing temperatures or metabolic rates. The reasons no significant relationship between
temperature or metabolic rate and feeding was detected may be due to experimental conditions,
such as the isolation of individuals during feeding, which likely disrupted social foraging cues
known to feeding in Drupella spp. In natural reef environments, these gastropods typically feed
in aggregations and are strongly influenced by the presence of conspecifics and coral tissue
damage. The absence of increased feeding despite heightened metabolic demand may highlight
the importance of social feeding behaviour in Drupella spp. In addition to no thermal change in
feeding, no clear temperature dependent differences in shell growth or wet weight were detected.
The ability for Drupella spp. to continue feeding and growth at 34°C may raise concern due to
the vulnerability of reefs at such temperatures. The combined lack of temperature driven changes
in feeding and growth, despite rising metabolic demand, highlights the role of other factors in
influencing energy use under warming conditions. Specifically, the potential importance of

social cues in regulating feeding behaviour may be involved.

An important future direction will be the development of temperature-dependent energy budgets
for Drupella spp., which would allow the relationship between metabolic demand, feeding,
growth and overall energetic balance to be quantified. Constructing such budgets would require
simultaneous measurements of ingestion rate, assimilation efficiency, respiration and, where
feasible, excretion across multiple temperatures to estimate scope for growth. This approach
would determine whether the non-significant increases in feeding observed in the present study
were sufficient to offset elevated metabolic costs, or whether individuals incur energetic deficits

under warming. Establishing complete energy budgets would provide a mechanistic foundation
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for predicting how temperature influences net energy allocation to maintenance, growth and
reproduction, thereby improving our understanding of the drivers of Drupella spp. population

dynamics and outbreak potential under climate change.

The findings of this study suggest that rising ocean temperatures considered alongside partial
acclimation observed in RMR, this suggests a degree of thermal resilience. Drupella spp. may
therefore be capable of withstanding warming conditions and resuming feeding once
temperatures moderate, potentially allowing them to persist in degraded reef environments.
Despite some physiological constraints, the capacity for acclimation and maintenance of
physiological functions raise concerns that Drupella spp. could continue to exert substantial
predation pressure on coral communities, potentially intensifying reef degradation and delaying

post-disturbance recovery under future climate scenarios.

4.2 Future Research

The current study provides an important first step toward understanding the thermal physiology
of Drupella spp., however, further research is needed to build on these findings. Firstly, more in-
depth studies could be done to look more specifically at enzyme activity, gene expression and
oxidative stress markers to create a greater understanding of how thermal increase influences
Drupella spp. physiology. Measuring citrate synthase as a proxy for aerobic metabolic capacity,
and lactate dehydrogenase as proxy for anaerobic capacity across multiple temperatures, and
then at a single common temperature, would help determine whether changes seen in metabolism
are due to a kinetic effect of temperature, an increase in enzyme capacity through acclimation, or
a shift toward anaerobic metabolism. Research could use comparison of thermal activity curves
to test how the same enzyme extract responds when investigated across different temperatures, to
show how much of the increases in reaction rate are purely temperature-affected. In addition,
studies could measure enzyme extracts from numerous individuals which have been acclimated
to different temperatures and then tested at a single common temperature would show whether
warm-acclimated snails have higher activity at the same temperature. If so, this would reveal
increased enzyme capacity through acclimation rather than just faster reaction kinetics. Similar

techniques were used by Lang et al. (2021), where such enzyme-based approaches revealed
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shifts between aerobic and anaerobic pathways under thermal stress. Applying similar analyses
in Drupella spp. would provide greater insight into the physiological basis of the metabolic

increases observed with warming and how acclimation shapes thermal tolerance.

Another factor which could be useful for future research is investigating the combined effects of
ocean warming and ocean acidification. Previous studies have investigated the combined effects
of ocean warming and ocean acidification on marine molluscs, stressors which co-occur because
of rising carbon dioxide concentrations under climate change (Portner, 2008). Acidification can
impair shell formation, ion regulation and cellular function, and thus may influence metabolic
rates in conjunction with temperature. A study conducted on the sea hare Stylocheilus striatus
showed that while metabolic rate was not significantly affected by temperature or acidification
alone, when combined, it caused a significant increase in metabolic rate (Horwitz et al., 2020).
This reveals the synergistic effect of the two stressors on mollusc physiology, highlighting the
importance of studying the two stressors in conjunction to get a full picture of how climate

change could affect Drupella spp. physiology.

Beyond cellular physiology, to understand the ecological drivers of Drupella spp. outbreaks, an
integrated approach that considers both abiotic and biotic factors on feeding and growth are
needed. Our findings showed that temperature alone is not a predictor of feeding activity in
isolated individuals. Future research should incorporate group foraging trials that allow
conspecific interactions to better replicate natural conditions to understand how changes in
temperatures may influence feeding. Additionally, to create a fuller understanding of the effects
of temperature on Drupella spp. growth, longer-term field-based studies are needed. Two
approaches could be used including the deployment of in situ temperature loggers combined with
repeated measurement of individually marked snails (e.g., via PIT tags) over months or years, as
well as analysis of shell growth increments calibrated against oxygen isotope ratios. Such work
is essential to understand whether thermal conditions influence Drupella spp. growth in the field,

and to what extent laboratory observations translate to ecological realities.

A further question arising from this study is whether elevated metabolic rates at higher
temperatures create an energetic imbalance if feeding and growth do not increase

correspondingly. Future work would be useful to investigate energy budget analyses using
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measurements of assimilation efficiency, the energetic content of the consumed coral tissue, and
excretory losses. Integrating these components would allow feeding rates to be converted into
actual assimilated energy, enabling direct comparison with metabolic expenditure. Quantifying
assimilated energy relative to metabolic demand would allow for a greater understanding of how
Drupella spp. meet increased energetic requirements under warming, and how this could

ultimately influence growth, survival or outbreak potential.

In addition to feeding and growth, temperature may influence other behaviours that affect
ecological impact which were not investigated in this study. For instance, elevated metabolic
rates with temperature increase could increase locomotion, allowing snails to travel across reefs
more quickly potentially expanding the area of coral they prey on. Increased temperatures and
activity may also cause range shifts into previously unaffected reef systems. Another factor
which may be affected by warming is host-selection behaviour, which could change, potentially
altering how efficiently Drupella spp. locate and target live coral. In addition, if temperature
modifies Drupella spp. finding mates or spawning cues, behavioural shifts could interact with
reproduction and contribute to outbreak dynamics. Future research into these non-feeding
behaviours is therefore important to build a more complete understanding of how warming may

reshape Drupella spp. impacts on reef ecosystems.

Although our measurements of metabolic rate, feeding and growth provide insight into Drupella
spp.’s physiological sensitivity and ecological influence on a reef in warming waters, alone they
do not explain whether temperature is a direct driver of outbreaks. Investigating how temperature
influences reproduction would be valuable in trying to see whether temperature might influence
population boosts, and thus how it may influence outbreaks. Thermal reproductive studies could
include looking at fecundity, larval survival and early development, as has been done for COTS
(Lamare et al., 2014). For example, laboratory experiments rearing embryos and larvae at
different temperature treatments could monitor fertilisation success and developmental rate to
investigate the effects of temperature on Drupella spp. reproduction and development. Studies
such as these could help identify thermal thresholds for population growth, which may improve

our capacity to predict and manage outbreak risk.
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Ultimately, integrating physiological data into outbreak models will greatly improve our ability
to identify when Drupella populations pose a threat to reef health. Such models should include
coral cover, coral species composition and growth rates, as well as temperature and its effects on
both coral growth and Drupella spp. feeding. These models will help with outbreak identification
and therefore management, allowing for determination of whether certain populations are at
outbreak densities. Additionally, models would allow for prediction, helping monitor which
populations may be heading towards outbreak densities. This will allow for more effective
management, particularly as intervention becomes increasingly difficult once outbreaks have

already occurred.

In conclusion, understanding Drupella spp. thermal physiology is important for predicting the
snail’s impact on future reef ecosystems under climate change. The current study offers a good
beginning to understanding Drupella spp. thermal response, yet further research into metabolic
and reproductive response to long-term temperature changes could help create a fuller picture of
the relationship between temperature, feeding, growth and population densities. Integrating this
physiological and ecological data into models will help predict populations that may pose
specific risks and assist in reef management. Such abilities will not only improve our ability to
manage Drupella spp. outbreaks but will enhance our ability to provide reef conservation in a

warming ocean.



84

List of references

. Alcaraz, G., Alvarez-Galicia, A., Ramirez-Sanchez, M.M., Burciaga, L.M., 2024. Snail
shell shape, force of attachment, and metabolic rate together cope with the intertidal
challenge. Mar Biol 171, 172. https://doi.org/10.1007/s00227-024-04496-1

. Al-Horani, F.A., Hamdi, M., 2011. Prey Selection and Feeding Rates of Drupella cornus
(Gastropoda: Muricidae) on Corals from the Jordanian Coast of the Gulf of Aqaba, Red
Sea. Jordan Journal of Biological Sciences (JJBS), 4.

. Allen, J.L., Chown, S.L., Janion-Scheepers, C., Clusella-Trullas, S., 2016. Interactions
between rates of temperature change and acclimation affect latitudinal patterns of

warming tolerance. Conserv Physiol 4, cow053. https://doi.org/10.1093/conphys/cow053

. Anestis, A., Lazou, A., Portner, H.O., Michaelidis, B., 2007. Behavioral, metabolic, and

molecular stress responses of marine bivalve Mytilus galloprovincialis during long-term
acclimation at increasing ambient temperature. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology 293, R911-R921.
https://doi.org/10.1152/ajpregu.00124.2007

. Anthony, K.R.N., Kline, D.I., Diaz-Pulido, G., Dove, S., Hoegh-Guldberg, O., 2008.
Ocean acidification causes bleaching and productivity loss in coral reef builders. Proc.
Natl. Acad. Sci. U.S.A. 105, 17442—17446. https://doi.org/10.1073/pnas.0804478105
. Antonius, A., Riegl, B., 1998. Coral diseases and Drupella cornus invasion in the Red
Sea. Coral Reefs 17, 48—48. https://doi.org/10.1007/s003380050093

. Arakawa, Y., 1957. On the remarkable sexual dimorphism of the Radula of Drupella.
Venus Fukuyama 19, 206-214.

. Audzijonyte, A., Barneche, D.R., Baudron, A.R., Belmaker, J., Clark, T.D., Marshall,
C.T., Morrongiello, J.R., Van Rijn, 1., 2019. Is oxygen limitation in warming waters a
valid mechanism to explain decreased body sizes in aquatic ectotherms? Global Ecol

Biogeogr 28, 64—77. https://doi.org/10.1111/geb.12847



10.

11.

12.

13.

14.

15.

16.

85

Azra, M.N., Noor, M.I.LM., Eales, J., Sung, Y.Y., Ghaffar, M.A., 2022. What evidence
exists for the impact of climate change on the physiology and behaviour of important
aquaculture marine crustacean species in Asia? A systematic map protocol. Environ Evid
11, 9. https://doi.org/10.1186/s13750-022-00263-1

Babcock, Russell C., Plaganyi, Eva E., Condie, Scott A., Westcott, David A., Fletcher,
Cameron S., Bonin, Mary C., Cameron, Darren, 2020. Suppressing the next crown-of-
thorns outbreak on the Great Barrier Reef. Coral Reefs 39, 1233-1244.
https://doi.org/10.1007/s00338-020-01961-8

Baird, A., 1999. A large aggregation of Drupella rugosa following the mass bleaching of
corals on the Great Barrier Reef. James Cook University Reef Research, 6—7.

Baird, A.H., Pratchett, M.S., Hoey, A.S., Herdiana, Y., Campbell, S.J., 2013. Acanthaster
planci is a major cause of coral mortality in Indonesia. Coral Reefs 32, 803—812.
https://doi.org/10.1007/s00338-013-1025-1

Beger, M., Sommer, B., Harrison, P.L., Smith, S.D.A., Pandolfi, J.M., 2014. Conserving
potential coral reef refuges at high latitudes. Diversity and Distributions 20, 245-257.
https://doi.org/10.1111/ddi.12140

Bennett, J.M., Calosi, P., Clusella-Trullas, S., Martinez, B., Sunday, J., Algar, A.C.,
Aratjo, M.B., Hawkins, B.A., Keith, S., Kiihn, 1., Rahbek, C., Rodriguez, L., Singer, A.,
Villalobos, F., Angel Olalla-Tarraga, M., Morales-Castilla, 1., 2018. GlobTherm, a global
database on thermal tolerances for aquatic and terrestrial organisms. Sci Data 5, 180022.
https://doi.org/10.1038/sdata.2018.22

Bessey, C., Babcock, R.C., Thomson, D.P., Haywood, M.D.E., 2018. Outbreak densities
of the coral predator Drupella in relation to in situ Acropora growth rates on Ningaloo
Reef, Western Australia. Coral Reefs 37, 985-993. https://doi.org/10.1007/s00338-018-
01748-7

Bihun, C.J., Murphy, M.K., Johnson, T.B., Fisk, A.T., Guzzo, M.M., Madenjian, C.P.,
Raby, G.D., 2024. Effects of temperature, body size, and sex on the standard metabolic
rates of a sexually dimorphic freshwater piscivore, walleye ( Sander vitreus ). Can. J.

Fish. Aquat. Sci. 81, 879—886. https://doi.org/10.1139/cjfas-2023-0323



17.

18.

19.

20.

21.

22.

23.

24.

25.

86

Bilcke, J., Downes, S., Biischer, 1., 2006. Combined effect of incubation and ambient
temperature on the feeding performance of a small ectotherm. Austral Ecology 31, 937—
947. https://doi.org/10.1111/7.1442-9993.2006.01663 .x

Black, R., Johnson, M.S., 1994. Growth rates in outbreak populations of the corallivorous
gastropod Drupella comus (R6ding 1798) at Ningaloo Reef, Western Australia. Coral
Reefw.

Boucher, L.M., 1986. CORAL PREDATION BY MURICID GASTROPODS OF THE
GENUS DRUPELLA AT ENEWETAK, MARSHALL ISLANDS. BULLETIN
OFMARINE SCIENCE.

Brandl, S.J., Lefcheck, J.S., Bates, A.E., Rasher, D.B., Norin, T., 2023. Can metabolic
traits explain animal community assembly and functioning? Biological Reviews 98, 1—
18. https://doi.org/10.1111/brv.12892

Brothers, C.J., McClintock, J.B., 2015. The effects of climate-induced elevated secawater
temperature on the covering behavior, righting response, and Aristotle’s lantern reflex of
the sea urchin Lytechinus variegatus. Journal of Experimental Marine Biology and
Ecology 467, 33-38. https://doi.org/10.1016/j.jembe.2015.02.019

Brown, A.C., Da Silva, F.M., 1984. Effects of temperature on oxygen consumption in
two closely-related whelks from different temperature regimes. Journal of Experimental
Marine Biology and Ecology 84, 145—153. https://doi.org/10.1016/0022-0981(84)90207-
7

Brown, J.H., Gillooly, J.F., Allen, A.P., Savage, V.M., West, G.B., 2004. TOWARD A
METABOLIC THEORY OF ECOLOGY. Ecology 85, 1771-1789.
https://doi.org/10.1890/03-9000

Bruckner, A.W., Coward, G., Bimson, K., Rattanawongwan, T., 2017. Predation by
feeding aggregations of Drupella spp. inhibits the recovery of reefs damaged by a mass
bleaching event. Coral Reefs 36, 1181-1187. https://doi.org/10.1007/s00338-017-1609-2
Buckley, L.B., Tewksbury, J.J., Deutsch, C.A., 2013. Can terrestrial ectotherms escape
the heat of climate change by moving? Proc. R. Soc. B. 280, 20131149.
https://doi.org/10.1098/rspb.2013.1149



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

87

Cernohorsky, W.0., 1970. Drupella Thiele, 1925, (Gastropoda):proposed designation of a
type-species under the plenary powers. Z.N. (S.) 1891. The Bulletin of zoological
nomenclature. 26, 233-234. https://doi.org/10.5962/bhl.part.9908

Cernohorsky, W.O., 1969. The Muricidae of Fiji. Part II — Subfamily Thaidinae. The
Veliger 11, 293-315.

Chabot, D., Steffensen, J.F., Farrell, A.P., 2016. The determination of standard metabolic
rate in fishes. Journal of Fish Biology 88, 81-121. https://doi.org/10.1111/jfb.12845
Chen, Y., Wang, J., Liao, M., Li, X., Dong, Y., 2021. Temperature adaptations of the
thermophilic snail Echinolittorina malaccana : insights from metabolomic analysis.
Journal of Experimental Biology 224, jeb238659. https://doi.org/10.1242/jeb.238659
Clark, T.D., Sandblom, E., Jutfelt, F., 2013. Aerobic scope measurements of fishes in an
era of climate change: respirometry, relevance and recommendations. Journal of
Experimental Biology 216, 2771-2782. https://doi.org/10.1242/jeb.084251

Clarke, A., Fraser, K.P.P., 2004. Why does metabolism scale with temperature?
Functional Ecology 18, 243-251. https://doi.org/10.1111/;.0269-8463.2004.00841.x
Cloyed, C.S., Dell, A.L., Hayes, T., Kordas, R.L., O’Gorman, E.J., 2019. Long-term
exposure to higher temperature increases the thermal sensitivity of grazer metabolism and
movement. Journal of Animal Ecology 88, 833—844. https://doi.org/10.1111/1365-
2656.12976

Cole, A.J., Pratchett, M.S., Jones, G.P., 2008. Diversity and functional importance of
coral-feeding fishes on tropical coral reefs. Fish and Fisheries 9, 286-307.
https://doi.org/10.1111/5.1467-2979.2008.00290.x

Cumming, R.L., 2009. Population outbreaks and large aggregations of drupella on the
Great Barrier Reef. Great Barrier Reef Marine Park Authority, Townsville, Qld.
Cumming, R.L., 1999. Predation on reef-building corals: multiscale variation in the
density of three corallivorous gastropods, Drupella spp. Coral Reefs 18, 147-157.
https://doi.org/10.1007/s003380050170

Daniel, R.M., Danson, M.J., 2010. A new understanding of how temperature affects the
catalytic activity of enzymes. Trends in Biochemical Sciences 35, 584-591.

https://doi.org/10.1016/j.tibs.2010.05.001



37.

38.

39.

40.

41.

42.

43.

44,

45.

88

De Bonville, J., Andreassen, A.H., Cowan, Z.-L., Silva-Garay, L., Leeuwis, R.H.J.,
Asheim, E.R., Speers-Roesch, B., Raby, G.D., Binning, S.A., Jutfelt, F., 2025. Dynamics
of thermal tolerance plasticity across fish species and life stages. Journal of Thermal
Biology 127, 104024. https://doi.org/10.1016/].jtherbi0.2024.104024

Deaker, D.J., Byrne, M., 2022. The relationship between size and metabolic rate of
juvenile crown of thorns starfish. Invertebrate Biology 141.
https://doi.org/10.1111/ivb.12382

De’ath, G., Fabricius, K.E., Sweatman, H., Puotinen, M., 2012. The 27—year decline of
coral cover on the Great Barrier Reef and its causes. Proc. Natl. Acad. Sci. U.S.A. 109,
17995-17999. https://doi.org/10.1073/pnas.1208909109

Deutsch, C.A., Tewksbury, J.J., Huey, R.B., Sheldon, K.S., Ghalambor, C.K., Haak,
D.C., Martin, P.R., 2008. Impacts of climate warming on terrestrial ectotherms across
latitude. Proc. Natl. Acad. Sci. U.S.A. 105, 6668—6672.
https://doi.org/10.1073/pnas.0709472105

Diederich, C., Pechenik, J., 2013. Thermal tolerance of Crepidula fornicata (Gastropoda)
life history stages from intertidal and subtidal subpopulations. Mar. Ecol. Prog. Ser. 486,
173-187. https://doi.org/10.3354/meps10355

Dillon, M.E., Wang, G., Huey, R.B., 2010. Global metabolic impacts of recent climate
warming. Nature 467, 704—706. https://doi.org/10.1038/nature09407

Donelson, J.M., Munday, P.L., McCormick, M.I., Pitcher, C.R., 2012. Rapid
transgenerational acclimation of a tropical reef fish to climate change. Nature Clim
Change 2, 30-32. https://doi.org/10.1038/nclimate1323

Duan, C., Zhou, D., Feng, R., Li, Xiaolong, Yang, L., Li, Xinyi, Li, G., Chen, H., Liao,
Y., Tian, C., 2024. Long-term thermal acclimation enhances heat resistance of Hong
Kong catfish (Clarias fuscus) by modulating gill tissue structure, antioxidant capacity and
immune metabolic pathways. Ecotoxicology and Environmental Safety 284, 116930.
https://doi.org/10.1016/j.ecoenv.2024.116930

Edmunds, P.J., Lenihan, H.S., 2010. Effect of sub-lethal damage to juvenile colonies of
massive Porites spp. under contrasting regimes of temperature and water flow. Mar Biol

157, 887-897. https://doi.org/10.1007/s00227-009-1372-1



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

89

Farrell, A.P., 2007. Cardiorespiratory performance during prolonged swimming tests with
salmonids: a perspective on temperature effects and potential analytical pitfalls. Phil.
Trans. R. Soc. B 362, 2017-2030. https://doi.org/10.1098/rstb.2007.2111

Feller, G., 2010. Protein stability and enzyme activity at extreme biological temperatures.
J. Phys.: Condens. Matter 22, 323101. https://doi.org/10.1088/0953-8984/22/32/323101
Fitt, W., Brown, B., Warner, M., Dunne, R., 2001. Coral bleaching: interpretation of
thermal tolerance limits and thermal thresholds in tropical corals. Coral Reefs 20, 51-65.
https://doi.org/10.1007/s003380100146

Foo, S.A., Millican, H.R., Byrne, M., 2024. Crown-of-thorns seastar (Acanthaster spp.)
feeding ecology across species and regions. Science of The Total Environment 930,
172691. https://doi.org/10.1016/j.scitotenv.2024.172691

Fordyce, A.J., Ainsworth, T.D., Heron, S.F., Leggat, W., 2019. Marine Heatwave
Hotspots in Coral Reef Environments: Physical Drivers, Ecophysiological Outcomes, and
Impact Upon Structural Complexity. Front. Mar. Sci. 6, 498.
https://doi.org/10.3389/fmars.2019.00498

Foster, G.G., Hodgson, A.N., 1998. Consumption and apparent dry matter digestibility of
six intertidal macroalgae by Turbo sarmaticus (Mollusca: Vetigastropoda: Turbinidae).
Aquaculture 167, 211-227. https://doi.org/10.1016/S0044-8486(98)00315-9

Franklin, C.E., Davison, W., Seebacher, F., 2007. Antarctic fish can compensate for
rising temperatures: thermal acclimation of cardiac performance in Pagothenia
borchgrevinki. Journal of Experimental Biology 210, 3068-3074.
https://doi.org/10.1242/jeb.003137

Fujioka, Y., 1982. On the secondary sexual characters found in the dimorphic radula of
Drupella (Gastropoda: Muricidae) with reference to its taxonomic revision. Venus Tokyo
40, 203-223.

Gibert, J.P., 2019. Temperature directly and indirectly influences food web structure. Sci
Rep 9, 5312. https://doi.org/10.1038/s41598-019-41783-0

Gilbert, M.J.H., Farrell, A.P., 2021. The thermal acclimation potential of maximum heart
rate and cardiac heat tolerance in Arctic char (Salvelinus alpinus), a northern cold-water
specialist. Journal of Thermal Biology 95, 102816.
https://doi.org/10.1016/j.jtherbio.2020.102816



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

90

Gladfelter, E.H., Monahan, R.K., Gladfelter, W.B., 1978. Growth Rates of Five Reef-
Building Corals in the Northeastern Caribbean. BULLETIN OF MARINE SCIENCE 28.
Glazier, D.S., 2020. Activity alters how temperature influences intraspecific metabolic
scaling: testing the metabolic-level boundaries hypothesis. ] Comp Physiol B 190, 445—
454. https://doi.org/10.1007/s00360-020-01279-0

Gosselin, L.A., 1993. A Method For Marking Small Juvenile Gastropods. J. Mar. Biol.
Ass. 73, 963-966. https://doi.org/10.1017/S0025315400034834

Guan, Y., Hohn, S., Wild, C., Merico, A., 2020. Vulnerability of global coral reef habitat
suitability to ocean warming, acidification and eutrophication. Global Change Biology
26, 5646-5660. https://doi.org/10.1111/gcb.15293

Guppy, M., Withers, P., 1999. Metabolic depression in animals: physiological
perspectives and biochemical generalizations. Biol. Rev. 74, 1-40.
https://doi.org/10.1017/S0006323198005258

Halsey, L.G., Matthews, P.G.D., Rezende, E.L., Chauvaud, L., Robson, A.A., 2015. The
interactions between temperature and activity levels in driving metabolic rate: theory,
with empirical validation from contrasting ectotherms. Oecologia 177, 1117-1129.
https://doi.org/10.1007/s00442-014-3190-5

Hamman, E.A., 2018. Aggregation patterns of two corallivorous snails and consequences
for coral dynamics. Coral Reefs 37, 851-860. https://doi.org/10.1007/s00338-018-1712-z
Hardison, E.A., Schwieterman, G.D., Eliason, E.J., 2023. Diet changes thermal
acclimation capacity, but not acclimation rate, in a marine ectotherm ( Girella nigricans )
during warming. Proc. R. Soc. B. 290, 20222505. https://doi.org/10.1098/rspb.2022.2505
Harvey, J.A., Heinen, R., Gols, R., Thakur, M.P., 2020. Climate change-mediated
temperature extremes and insects: From outbreaks to breakdowns. Global Change
Biology 26, 6685—6701. https://doi.org/10.1111/gcb.15377

Haslam, V.M., Bessey, C., Chaplin, J.A., Keulen, M.V., 2023. Evidence of corallivorous
Drupella cornus breeding on the higher latitude reefs of Rottnest Island (32° S), Western
Australia. (preprint). In Review. https://doi.org/10.21203/rs.3.rs-2905663/v1

Hoefnagel, K.N., Verberk, W.C.E.P., 2017. Long-term and acute effects of temperature

and oxygen on metabolism, food intake, growth and heat tolerance in a freshwater



67.

68.

69.

70.

71.

72.

91

gastropod. Journal of Thermal Biology 68, 27-38.
https://doi.org/10.1016/j.jtherbio.2016.11.017

Hoeksema, B.W., Scott, C., True, J.D., 2013. Dietary shift in corallivorous Drupella
snails following a major bleaching event at Koh Tao, Gulf of Thailand. Coral Reefs 32,
423-428. https://doi.org/10.1007/s00338-012-1005-x

Holbrook, N.J., Scannell, H.A., Sen Gupta, A., Benthuysen, J.A., Feng, M., Oliver,
E.C.J., Alexander, L.V., Burrows, M.T., Donat, M.G., Hobday, A.J., Moore, P.J.,
Perkins-Kirkpatrick, S.E., Smale, D.A., Straub, S.C., Wernberg, T., 2019. A global
assessment of marine heatwaves and their drivers. Nat Commun 10, 2624.
https://doi.org/10.1038/s41467-019-10206-z

Huey, R.B., Kingsolver, J.G., 2019. Climate Warming, Resource Availability, and the
Metabolic Meltdown of Ectotherms. The American Naturalist 194, E140-E150.
https://doi.org/10.1086/705679

Hughes, T.P., Kerry, J.T., Alvarez-Noriega, M., Alvarez-Romero, J.G., Anderson, K.D.,
Baird, A.H., Babcock, R.C., Beger, M., Bellwood, D.R., Berkelmans, R., Bridge, T.C.,
Butler, I.R., Byrne, M., Cantin, N.E., Comeau, S., Connolly, S.R., Cumming, G.S.,
Dalton, S.J., Diaz-Pulido, G., Eakin, C.M., Figueira, W.F., Gilmour, J.P., Harrison, H.B.,
Heron, S.F., Hoey, A.S., Hobbs, J.-P.A., Hoogenboom, M.O., Kennedy, E.V., Kuo, C.,
Lough, .M., Lowe, R.J., Liu, G., McCulloch, M.T., Malcolm, H.A., McWilliam, M.J.,
Pandolfi, J.M., Pears, R.J., Pratchett, M.S., Schoepf, V., Simpson, T., Skirving, W.J.,
Sommer, B., Torda, G., Wachenfeld, D.R., Willis, B.L., Wilson, S.K., 2017. Global
warming and recurrent mass bleaching of corals. Nature 543, 373-377.
https://doi.org/10.1038/nature21707

Hui, T.Y., Dong, Y., Han, G., Lau, S.L.Y., Cheng, M.C.F., Meepoka, C., Ganmanee, M.,
Williams, G.A., 2020. Timing Metabolic Depression: Predicting Thermal Stress in
Extreme Intertidal Environments. The American Naturalist 196, 501-511.
https://doi.org/10.1086/710339

Islam, M.J., Kunzmann, A., Slater, M.J., 2022. Responses of aquaculture fish to climate
change-induced extreme temperatures: A review. J] World Aquaculture Soc 53, 314-366.
https://doi.org/10.1111/jwas.12853



92

73. Jacobson, L.M., Edmunds, P.J., Muller, E.B., Nisbet, R.M., 2016. The implications of
reduced metabolic rate in a resource-limited coral. Journal of Experimental Biology
jeb.136044. https://doi.org/10.1242/jeb.136044

74. Jansen, T., Gislason, H., 2011. Temperature affects the timing of spawning and migration
of North Sea mackerel. Continental Shelf Research 31, 64-72.
https://doi.org/10.1016/j.csr.2010.11.003

75. Johansen, J.L., Nadler, L.E., Habary, A., Bowden, A.J., Rummer, J., 2021. Thermal
acclimation of tropical coral reef fishes to global heat waves. eLife 10, €59162.
https://doi.org/10.7554/eLife.59162

76. Johnson, L.G., Babcock, R.C., 1994. Temperature and the Larval Ecology of the Crown-
of-Thorns Starfish, Acanthaster planci. The Biological Bulletin 187, 304—-308.
https://doi.org/10.2307/1542287

77. Kamya, P.Z., Byrne, M., Mos, B., Dworjanyn, S.A., 2018. Enhanced performance of
juvenile crown of thorns starfish in a warm-high CO2 ocean exacerbates poor growth and
survival of their coral prey. Coral Reefs 37, 751-762. https://doi.org/10.1007/s00338-
018-1699-5

78. Kamya, P.Z., Byrne, M., Mos, B., Hall, L., Dworjanyn, S.A., 2017. Indirect effects of
ocean acidification drive feeding and growth of juvenile crown-of-thorns starfish,
Acanthaster planci. Proc. R. Soc. B. 284, 20170778.
https://doi.org/10.1098/rspb.2017.0778

79. Kapsenberg, L., Bitter, M.C., Miglioli, A., Aparicio-Estalella, C., Pelejero, C., Gattuso,
J.-P., Dumollard, R., 2022. Molecular basis of ocean acidification sensitivity and
adaptation in Mytilus galloprovincialis. iScience 25, 104677.
https://doi.org/10.1016/j.is¢1.2022.104677

80. Kayal, M., Vercelloni, J., Lison de Loma, T., Bosserelle, P., Chancerelle, Y., Geoffroy,
S., Stievenart, C., Michonneau, F., Penin, L., Planes, S., Adjeroud, M., 2012. Predator
Crown-of-Thorns Starfish (Acanthaster planci) Outbreak, Mass Mortality of Corals, and
Cascading Effects on Reef Fish and Benthic Communities. PLoS ONE 7, e47363.
https://doi.org/10.1371/journal.pone.0047363

81. Kefford, B.J., Ghalambor, C.K., Dewenter, B., Poff, N.L., Hughes, J., Reich, J.,

Thompson, R., 2022. Acute, diel, and annual temperature variability and the thermal



82.

83.

84.

85.

86.

87.

88.

&89.

90.

93

biology of ectotherms. Global Change Biology 28, 6872—-6888.
https://doi.org/10.1111/gcb.16453

Kern, P., Cramp, R.L., Franklin, C.E., 2015. Physiological responses of ectotherms to
daily temperature variation. Journal of Experimental Biology jeb.123166.
https://doi.org/10.1242/jeb.123166

Killen, S.S., Atkinson, D., Glazier, D.S., 2010. The intraspecific scaling of metabolic rate
with body mass in fishes depends on lifestyle and temperature. Ecology Letters 13, 184—
193. https://doi.org/10.1111/1.1461-0248.2009.01415 .x

Killen, S.S., Christensen, E.A.F., Cortese, D., Zavorka, L., Norin, T., Cotgrove, L.,
Crespel, A., Munson, A., Nati, J.J.H., Papatheodoulou, M., McKenzie, D.J., 2021.
Guidelines for reporting methods to estimate metabolic rates by aquatic intermittent-flow
respirometry. Journal of Experimental Biology 224, jeb242522.
https://doi.org/10.1242/jeb.242522

Kordas, R.L., Pawar, S., Kontopoulos, D.-G., Woodward, G., O’Gorman, E.J., 2022.
Metabolic plasticity can amplify ecosystem responses to global warming. Nat Commun
13, 2161. https://doi.org/10.1038/s41467-022-29808-1

Lagerspetz, K.Y.H., 2006. What is thermal acclimation? Journal of Thermal Biology 31,
332-336. https://doi.org/10.1016/j.jtherbio.2006.01.003

Lamare, M., Pecorino, D., Hardy, N., Liddy, M., Byrne, M., Uthicke, S., 2014. The
thermal tolerance of crown-of-thorns (Acanthaster planci) embryos and bipinnaria larvae:
implications for spatial and temporal variation in adult populations. Coral Reefs 33, 207—
219. https://doi.org/10.1007/s00338-013-1112-3

Lang, B.J., Donelson, J.M., Caballes, C.F., Doll, P.C., Pratchett, M.S., 2021. Metabolic
Responses of Pacific Crown-of-Thorns Sea Stars ( Acanthaster sp.) to Acute Warming.
The Biological Bulletin 241, 347-358. https://doi.org/10.1086/717049

Lang, B.J., Donelson, J.M., Caballes, C.F., Uthicke, S., Doll, P.C., Pratchett, M.S., 2022.
Effects of elevated temperature on the performance and survival of pacific crown-of-
thorns starfish (Acanthaster cf. solaris). Mar Biol 169, 43.
https://doi.org/10.1007/s00227-022-04027-w

Le Moullac, G., Soyez, C., Latchere, O., Vidal-Dupiol, J., Fremery, J., Saulnier, D., Lo
Yat, A., Belliard, C., Mazouni-Gaertner, N., Gueguen, Y., 2016. Pinctada margaritifera



91.

92.

93.

94.

95

96.

97.

98.

94

responses to temperature and pH: Acclimation capabilities and physiological limits.
Estuarine, Coastal and Shelf Science 182, 261-269.
https://doi.org/10.1016/j.ecss.2016.04.011

Levet, M., Killen, S.S., Bettinazzi, S., Mélancon, V., Breton, S., Binning, S.A., 2025.
Acclimation temperature and parasite infection drive metabolic changes in a freshwater
fish at different biological scales. Functional Ecology 39, 350-361.
https://doi.org/10.1111/1365-2435.14709

Lewis, John B.; Axelsen, Fritz; Goodbody, Ivan; Page, Cynthia; Chislett, Geoffrey, 1973.
Comparative Growth Rates of Some Reef Corals in the Caribbean (No. ADA080111).
McGill University (Montreal, Quebec), Marine Sciences Centre.

Li, R., Rodriguez-Mufioz, R., Tregenza, T., 2025. The impact of body temperature on
predation avoidance behaviour in a wild insect. Animal Behaviour 223, 123165.
https://doi.org/10.1016/j.anbehav.2025.123165

Lucey, N., Haskett, E., Collin, R., 2020. Multi-stressor Extremes Found on a Tropical
Coral Reef Impair Performance. Front. Mar. Sci. 7, 588764.
https://doi.org/10.3389/fmars.2020.588764

. Maoka, T., Akimoto, N., Tsushima, M., Komemushi, S., Mezaki, T., Iwase, F.,

Takahashi, Y., Sameshima, N., Mori, M., Sakagami, Y., 2011. Carotenoids in Marine
Invertebrates Living along the Kuroshio Current Coast. Marine Drugs 9, 1419—-1427.
https://doi.org/10.3390/md9081419

Marsden, 1.D., Shumway, S.E., Padilla, D.K., 2012. Does size matter? The effects of
body size and declining oxygen tension on oxygen uptake in gastropods. J. Mar. Biol.
Ass. 92, 1603—-1617. https://doi.org/10.1017/S0025315411001512

Marshall, D.J., McQuaid, C.D., 2020. Metabolic Regulation, Oxygen Limitation and Heat
Tolerance in a Subtidal Marine Gastropod Reveal the Complexity of Predicting Climate
Change Vulnerability. Front. Physiol. 11, 1106. https://doi.org/10.3389/fphys.2020.01106
Marshall, D.J., Rezende, E.L., Baharuddin, N., Choi, F., Helmuth, B., 2015. Thermal
tolerance and climate warming sensitivity in tropical snails. Ecology and Evolution 5,

5905-5919. https://doi.org/10.1002/ece3.1785



95

99. Marzonie, M.R., Bay, L.K., Bourne, D.G., Hoey, A.S., Matthews, S., Nielsen, J.J.V.,
Harrison, H.B., 2023. The effects of marine heatwaves on acute heat tolerance in corals.
Global Change Biology 29, 404—416. https://doi.org/10.1111/gcb.16473

100. McCue, M.D., 2010. Starvation physiology: Reviewing the different strategies
animals use to survive a common challenge. Comparative Biochemistry and Physiology
Part A: Molecular & Integrative Physiology 156, 1-18.
https://doi.org/10.1016/j.cbpa.2010.01.002

101. McLeod, E., Moffitt, R., Timmermann, A., Salm, R., Menviel, L., Palmer, M.J.,
Selig, E.R., Casey, K.S., Bruno, J.F., 2010. Warming Seas in the Coral Triangle: Coral
Reef Vulnerability and Management Implications. Coastal Management 38, 518—539.
https://doi.org/10.1080/08920753.2010.509466

102. Mellin, C., Matthews, S., Anthony, K.R.N., Brown, S.C., Caley, M.J., Johns,
K.A., Osborne, K., Puotinen, M., Thompson, A., Wolff, N.H., Fordham, D.A., MacNeil,
M.A., 2019. Spatial resilience of the Great Barrier Reef under cumulative disturbance
impacts. Global Change Biology 25, 2431-2445. https://doi.org/10.1111/gcb.14625

103. Messina, S., Costantini, D., Eens, M., 2023. Impacts of rising temperatures and
water acidification on the oxidative status and immune system of aquatic ectothermic
vertebrates: A meta-analysis. Science of The Total Environment 868, 161580.
https://doi.org/10.1016/j.scitotenv.2023.161580

104. Minuti, J.J., Corra, C.A., Helmuth, B.S., Russell, B.D., 2021. Increased Thermal
Sensitivity of a Tropical Marine Gastropod Under Combined CO2 and Temperature
Stress. Front. Mar. Sci. 8, 643377. https://doi.org/10.3389/fmars.2021.643377

105. Moerland, M.S., Scott, C.M., Hoeksema, B.W., 2016. Prey selection of
corallivorous muricids at Koh Tao (Gulf of Thailand) four years after a major coral
bleaching event. Contributions to Zoology 85, 291-309.
https://doi.org/10.1163/18759866-08503003

106. Morello, E., Plaganyi, E., Babcock, R., Sweatman, H., Hillary, R., Punt, A., 2014.
Model to manage and reduce crown-of-thorns starfish outbreaks. Mar. Ecol. Prog. Ser.
512, 167—-183. https://doi.org/10.3354/meps10858

107. Morgan, R., Finngen, M.H., Jutfelt, F., 2018. CTmax is repeatable and doesn’t
reduce growth in zebrafish. Sci Rep 8, 7099. https://doi.org/10.1038/s41598-018-25593-4



96

108. Morton, B., Blackmore, G., 2009. Seasonal variations in the density of and
corallivory by Drupella rugosa and Cronia margariticola (Caenogastropoda: Muricidae)
from the coastal waters of Hong Kong: ‘plagues’ or ‘aggregations’? J. Mar. Biol. Ass. 89,
147-159. https://doi.org/10.1017/S002531540800218X

109. Morton, B., Blackmore, G., Kwok, C.T., 2002. CORALLIVORY AND PREY
CHOICE BY DRUPELLA RUGOSA (GASTROPODA:MURICIDAE) IN HONG
KONG. Journal of Molluscan Studies 68, 217-223.
https://doi.org/10.1093/mollus/68.3.217

110. Moyer, J.T., Emerson, W.K., Ross, Michael.A., 1982. Massive destruction of
scleractinian corals by the muricid gastropod, Drupella, in Japan and the Philippines.

111. Murata, N., 1997. Membrane Fluidity and Bemperature Perception’ 115.

112. Nilsson, G.E., Ostlund-Nilsson, S., Munday, P.L., 2010. Effects of elevated

temperature on coral reef fishes: Loss of hypoxia tolerance and inability to acclimate.
Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology
156, 389-393. https://doi.org/10.1016/j.cbpa.2010.03.009

113. Norin, T., Clark, T.D., 2016. Measurement and relevance of maximum metabolic
rate in fishes. Journal of Fish Biology 88, 122—151. https://doi.org/10.1111/jfb.12796
114. Norin, T., Malte, H., Clark, T.D., 2016. Differential plasticity of metabolic rate

phenotypes in a tropical fish facing environmental change. Functional Ecology 30, 369—
378. https://doi.org/10.1111/1365-2435.12503

115. Ohlberger, J., Edeline, E., Vollestad, L.A., Stenseth, N.C., Claessen, D., 2011.
Temperature-Driven Regime Shifts in the Dynamics of Size-Structured Populations. The
American Naturalist 177, 211-223. https://doi.org/10.1086/657925

116. Oliver, E.C.J., Benthuysen, J.A., Darmaraki, S., Donat, M.G., Hobday, A.J.,
Holbrook, N.J., Schlegel, R.W., Sen Gupta, A., 2021. Marine Heatwaves. Annu. Rev.
Mar. Sci. 13, 313-342. https://doi.org/10.1146/annurev-marine-032720-095144

117. Orstan, A., 2011. A METHOD TO MEASURE SNAIL SHELL VOLUMES.
TRITON.
118. Paaijmans, K.P., Heinig, R.L., Seliga, R.A., Blanford, J.1., Blanford, S., Murdock,

C.C., Thomas, M.B., 2013. Temperature variation makes ectotherms more sensitive to



97

climate change. Global Change Biology 19, 2373-2380.
https://doi.org/10.1111/gcb.12240

119. Peck L, P., Prothero-Thomas, P.-T., 2002. Temperature effects on the metabolism
of larvae of the Antarctic starfish Odontaster validus , using a novel micro-respirometry
method. Marine Biology 141, 271-276. https://doi.org/10.1007/s00227-002-0834-5

120. Portner, H., 2008. Ecosystem effects of ocean acidification in times of ocean
warming: a physiologist’s view. Mar. Ecol. Prog. Ser. 373, 203-217.
https://doi.org/10.3354/meps07768

121. Portner, H.O., 2002. Climate variations and the physiological basis of temperature
dependent biogeography: systemic to molecular hierarchy of thermal tolerance in
animals. Comparative Biochemistry and Physiology Part A: Molecular & Integrative
Physiology 132, 739-761. https://doi.org/10.1016/S1095-6433(02)00045-4

122. Portner, H.O., 2001. Climate change and temperature-dependent biogeography:
oxygen limitation of thermal tolerance in animals. Naturwissenschaften 88, 137—-146.
https://doi.org/10.1007/s001140100216

123. Portner, H.-O., Bock, C., Mark, F.C., 2017. Oxygen- and capacity-limited thermal
tolerance: bridging ecology and physiology. Journal of Experimental Biology 220, 2685—
2696. https://doi.org/10.1242/jeb.134585

124. Prakoso, V.A., Chang, Y.J., 2018. METABOLIC RATES (SMR, RMR, AMR,
AND MMR) OF Oplegnathus fasciatus ON DIFFERENT TEMPERATURE AND
SALINITY SETTINGS. Indonesian Aquaculture Journal 13, 23.
https://doi.org/10.15578/1aj.13.1.2018.23-29

125. Pratchett, M., Caballes, C., Wilmes, J., Matthews, S., Mellin, C., Sweatman, H.,
Nadler, L., Brodie, J., Thompson, C., Hoey, J., Bos, A., Byrne, M., Messmer, V.,
Fortunato, S., Chen, C., Buck, A., Babcock, R., Uthicke, S., 2017. Thirty Years of
Research on Crown-of-Thorns Starfish (1986—2016): Scientific Advances and Emerging
Opportunities. Diversity 9, 41. https://doi.org/10.3390/d9040041

126. Pratchett, M.S., Cowan, Z.-L., Nadler, L.E., Caballes, C.F., Hoey, A.S., Messmer,
V., Fletcher, C.S., Westcott, D.A., Ling, S.D., 2017. Body size and substrate type
modulate movement by the western Pacific crown-of-thorns starfish, Acanthaster solaris.

PLoS ONE 12, e0180805. https://doi.org/10.1371/journal.pone.0180805



98

127. Rall, B.C., Brose, U., Hartvig, M., Kalinkat, G., Schwarzmiiller, F., Vucic-Pestic,
0., Petchey, O.L., 2012. Universal temperature and body-mass scaling of feeding rates.
Phil. Trans. R. Soc. B 367, 2923-2934. https://doi.org/10.1098/rstb.2012.0242

128. Ren, J., Wang, C., Yao, Y., 2025. Spatiotemporally Continuous Marine
Heatwaves: A Novel Clustering Approach Reveals Increasing Frequency, Duration, Area,
Intensity, and Movement Distance. Geophysical Research Letters 52, €2024GL113211.
https://doi.org/10.1029/2024GL113211

129. Rice, M.M., Ezzat, L., Burkepile, D.E., 2019. Corallivory in the Anthropocene:
Interactive Effects of Anthropogenic Stressors and Corallivory on Coral Reefs. Front.
Mar. Sci. 5, 525. https://doi.org/10.3389/fmars.2018.00525

130. Richmond, R.H., Tisthammer, K.H., Spies, N.P., 2018. The Effects of
Anthropogenic Stressors on Reproduction and Recruitment of Corals and Reef
Organisms. Front. Mar. Sci. 5, 226. https://doi.org/10.3389/fmars.2018.00226

131. Rohr, J.R., Civitello, D.J., Cohen, J.M., Roznik, E.A., Sinervo, B., Dell, A.L,
2018. The complex drivers of thermal acclimation and breadth in ectotherms. Ecology
Letters 21, 1425-1439. https://doi.org/10.1111/ele.13107

132. Rosenthal, M.F., Elias, D.O., 2025. The influence of temperature on courtship and
mate choice in a wolf spider: implications for mating success in variable environments.

Evolution 79, 641-649. https://doi.org/10.1093/evolut/qpaf015

133. Rotjan, R., Lewis, S., 2008. Impact of coral predators on tropical reefs. Mar. Ecol.
Prog. Ser. 367, 73-91. https://doi.org/10.3354/meps07531
134. Rubalcaba, J.G., Verberk, W.C.E.P., Hendriks, A.J., Saris, B., Woods, H.A.,

2020. Oxygen limitation may affect the temperature and size dependence of metabolism
in aquatic ectotherms. Proc. Natl. Acad. Sci. U.S.A. 117, 31963-31968.
https://doi.org/10.1073/pnas.2003292117

135. Sahoo, D., Acharya, S., 2025a. Metabolic depression and non-specific immune
response during hibernation of common Asian toad, Duttaphrynus melanostictus. Biology
Open bi0.061789. https://doi.org/10.1242/b10.061789

136. Sahoo, D., Acharya, S., 2025b. Metabolic depression and non-specific immune
response during hibernation of common Asian toad, Duttaphrynus melanostictus. Biology

Open 14, bio061789. https://doi.org/10.1242/b10.061789



99

137. Sam, S.Q., Toh, T.C., Kikuzawa, Y.P., Ng, C.S.L., Taira, D., Afig-Rosli, L., Tan,
K.S., Chou, L.M., 2017. Egg capsules and veligers of the corallivorous muricid gastropod
Drupella rugosa (Born, 1778). Invertebrate Reproduction & Development 61, 164—171.
https://doi.org/10.1080/07924259.2017.1315343

138. Sandblom, E., Grins, A., Axelsson, M., Seth, H., 2014. Temperature acclimation
rate of aerobic scope and feeding metabolism in fishes: implications in a thermally
extreme future. Proc. R. Soc. B. 281, 20141490. https://doi.org/10.1098/rspb.2014.1490

139. Saponari, L., Dehnert, ., Galli, P., Montano, S., 2021. Assessing population
collapse of Drupella spp. (Mollusca: Gastropoda) 2 years after a coral bleaching event in
the Republic of Maldives. Hydrobiologia 848, 2653—2666.
https://doi.org/10.1007/s10750-021-04546-5

140. Schoepf, V., Herler, J., Zuschin, M., 2010. Microhabitat use and prey selection of
the coral-feeding snail Drupella cornus in the northern Red Sea. Hydrobiologia 641, 45—
57. https://doi.org/10.1007/s10750-009-0053-x

141. Schoepf, V., Stat, M., Falter, J.L., McCulloch, M.T., 2015. Limits to the thermal
tolerance of corals adapted to a highly fluctuating, naturally extreme temperature
environment. Sci Rep 5, 17639. https://doi.org/10.1038/srep17639

142. Schulte, P.M., 2015. The effects of temperature on aerobic metabolism: towards a
mechanistic understanding of the responses of ectotherms to a changing environment.
Journal of Experimental Biology 218, 1856—1866. https://doi.org/10.1242/jeb.118851

143. Schulte, P.M., Healy, T.M., Fangue, N.A., 2011. Thermal Performance Curves,
Phenotypic Plasticity, and the Time Scales of Temperature Exposure. Integrative and
Comparative Biology 51, 691-702. https://doi.org/10.1093/icb/icr097

144. Scott, C.M., Mehrotra, R., Hein, M.Y., Moerland, M.S., Hoeksema, B.W., 2017.
Population dynamics of corallivores (Drupella and Acanthaster) on coral reefs of Koh
Tao, a diving destination in the Gulf of Thailand. RAFFLES BULLETIN OF
ZOOLOGY.

145. Seebacher, F., White, C.R., Franklin, C.E., 2015. Physiological plasticity
increases resilience of ectothermic animals to climate change. Nature Clim Change 5, 61—

66. https://doi.org/10.1038/nclimate2457



100

146. Shah, A.A., Funk, W.C., Ghalambor, C.K., 2017. Thermal Acclimation Ability
Varies in Temperate and Tropical Aquatic Insects from Different Elevations. Integrative
and Comparative Biology 57, 977-987. https://doi.org/10.1093/icb/icx101

147. Sharp, V.A., Brown, B.E., Miller, D., 1997. Heat shock protein (hsp 70)
expression in the tropical reef coral Goniopora djiboutiensis. Journal of Thermal Biology
22, 11-19. https://doi.org/10.1016/S0306-4565(96)00029-0

148. Shirokova, Y., Telnes, E., Mutin, A., Rzhechitskiy, Y., Shatilina, Z., Sokolova, I.,
Timofeyev, M., 2025. Metabolic responses to thermal ramping in two endemic
eurybathic amphipods of the genus Ommatogammarus from ancient Lake Baikal.
Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology
306, 111881. https://doi.org/10.1016/j.cbpa.2025.111881

149. Shokri, M., Cozzoli, F., Basset, A., 2025. Metabolic rate and foraging behaviour:
a mechanistic link across body size and temperature gradients. Oikos 2025, e10817.
https://doi.org/10.1111/01k. 10817

150. Shokri, M., Cozzoli, F., Vignes, F., Bertoli, M., Pizzul, E., Basset, A., 2022.
Metabolic rate and climate change across latitudes: evidence of mass-dependent
responses in aquatic amphipods. Journal of Experimental Biology 225, jeb244842.
https://doi.org/10.1242/jeb.244842

151. Silva-Garay, L., Lowe, C.G., 2021. Effects of temperature and body-mass on the
standard metabolic rates of the round stingray, Urobatis halleri (Cooper, 1863). Journal of
Experimental Marine Biology and Ecology 540, 151564.
https://doi.org/10.1016/j.jembe.2021.151564

152. Sollid, J., Nilsson, G.E., 2006. Plasticity of respiratory structures — Adaptive
remodeling of fish gills induced by ambient oxygen and temperature. Respiratory
Physiology & Neurobiology 154, 241-251. https://doi.org/10.1016/j.resp.2006.02.006

153. Sollid, J., Weber, R.E., Nilsson, G.E., 2005a. Temperature alters the respiratory
surface area of crucian carp Carassius carassius and goldfish Carassius auratus. Journal of
Experimental Biology 208, 1109-1116. https://doi.org/10.1242/jeb.01505

154. Sollid, J., Weber, R.E., Nilsson, G.E., 2005b. Temperature alters the respiratory
surface area of crucian carp Carassius carassius and goldfish Carassius auratus. Journal of

Experimental Biology 208, 1109—-1116. https://doi.org/10.1242/jeb.01505



101

155. Somero, G., 2015. Temporal patterning of thermal acclimation: from behavior to
membrane biophysics. Journal of Experimental Biology 218, 500—-500.
https://doi.org/10.1242/jeb.119933

156. Somero, G.N., 2010. The physiology of climate change: how potentials for
acclimatization and genetic adaptation will determine ‘winners’ and ‘losers.” Journal of
Experimental Biology 213, 912-920. https://doi.org/10.1242/;eb.037473

157. Somero, G.N., 2003. Protein adaptations to temperature and pressure:
complementary roles of adaptive changes in amino acid sequence and internal milieu.
Comparative Biochemistry and Physiology Part B: Biochemistry and Molecular Biology
136, 577-591. https://doi.org/10.1016/S1096-4959(03)00215-X

158. Stillman, J.H., 2003. Acclimation Capacity Underlies Susceptibility to Climate
Change. Science 301, 65-65. https://doi.org/10.1126/science.1083073
159. Stitt, B.C., Burness, G., Burgomaster, K.A., Currie, S., McDermid, J.L., Wilson,

C.C., 2014a. Intraspecific Variation in Thermal Tolerance and Acclimation Capacity in
Brook Trout ( Salvelinus fontinalis ): Physiological Implications for Climate Change.
Physiological and Biochemical Zoology 87, 15-29. https://doi.org/10.1086/675259

160. Stitt, B.C., Burness, G., Burgomaster, K.A., Currie, S., McDermid, J.L., Wilson,
C.C., 2014b. Intraspecific Variation in Thermal Tolerance and Acclimation Capacity in
Brook Trout ( Salvelinus fontinalis ): Physiological Implications for Climate Change.
Physiological and Biochemical Zoology 87, 15-29. https://doi.org/10.1086/675259

161. Storey, K.B., Storey, J.M., 1990. Metabolic Rate Depression and Biochemical
Adaptation in Anaerobiosis, Hibernation and Estivation. The Quarterly Review of
Biology 65, 145—-174. https://doi.org/10.1086/416717

162. Sunday, J.M., Bates, A.E., Dulvy, N.K., 2011. Global analysis of thermal
tolerance and latitude in ectotherms. Proc. R. Soc. B. 278, 1823—-1830.
https://doi.org/10.1098/rspb.2010.1295

163. Szuwalski, C., Cheng, W., Foy, R., Hermann, A.J., Hollowed, A., Holsman, K.,
Lee, J., Stockhausen, W., Zheng, J., 2021. Climate change and the future productivity and
distribution of crab in the Bering Sea. ICES Journal of Marine Science 78, 502-515.
https://doi.org/10.1093/icesjms/fsaal40



102

164. Tattersall, G.J., Sinclair, B.J., Withers, P.C., Fields, P.A., Seebacher, F., Cooper,
C.E., Maloney, S.K., 2012. Coping with Thermal Challenges: Physiological Adaptations
to Environmental Temperatures. Comprehensive Physiology 2, 2151-2202.
https://doi.org/10.1002/j.2040-4603.2012.tb00455.x

165. Taylor, J.D., 1978. Habitats and diet of predatory gastropods at addu atoll,
maldives. Journal of Experimental Marine Biology and Ecology 31, 83—-103.
https://doi.org/10.1016/0022-0981(78)90138-7

166. Thirukanthan, C.S., Azra, M.N., Lananan, F., Sara’, G., Grinfelde, 1., Rudovica,
V., Vincevica-Gaile, Z., Burlakovs, J., 2023. The Evolution of Coral Reef under
Changing Climate: A Scientometric Review. Animals 13, 949.
https://doi.org/10.3390/ani13050949

167. Tollrian, R., Harvell, C.D. (Eds.), 2021. The Ecology and Evolution of Inducible
Defenses. Princeton University Press. https://doi.org/10.2307/j.ctvldddlcn

168. Tsang, R.H.L., Ang, P., 2015. Cold temperature stress and predation effects on
corals: their possible roles in structuring a nonreefal coral community. Coral Reefs 34,
97-108. https://doi.org/10.1007/s00338-014-1210-x

169. Turner, S., 1994. The biology and population outbreaks of the corallivorous

gastropod Drupella on Indo-Pacific reefs. Oceanogr Mar Biol.

170. Turner, S.J., 1994. Spatial variability in the abundance of the corallivorous
gastropod Drupella cornus. Coral Reefs 13, 41-48. https://doi.org/10.1007/BF00426434
171. Uthicke, S., Logan, M., Liddy, M., Francis, D., Hardy, N., Lamare, M., 2015.

Climate change as an unexpected co-factor promoting coral eating seastar (Acanthaster
planci) outbreaks. SCIENTIFIC REPORTS.

172. Van Hooidonk, R., Maynard, J., Tamelander, J., Gove, J., Ahmadia, G.,
Raymundo, L., Williams, G., Heron, S.F., Planes, S., 2016. Local-scale projections of
coral reef futures and implications of the Paris Agreement. Sci Rep 6, 39666.
https://doi.org/10.1038/srep39666

173. Vaughn, D., Turnross, O.R., Carrington, E., 2014. Sex-specific temperature
dependence of foraging and growth of intertidal snails. Mar Biol 161, 75-87.
https://doi.org/10.1007/s00227-013-2316-3



103

174. Venegas, R.M., Acevedo, J., Treml, E.A., 2023. Three decades of ocean warming
impacts on marine ecosystems: A review and perspective. Deep Sea Research Part I1:
Topical Studies in Oceanography 212, 105318.
https://doi.org/10.1016/5.dsr2.2023.105318

175. Verberk, W.C.E.P., Durance, 1., Vaughan, I.P., Ormerod, S.J., 2016. Field and
laboratory studies reveal interacting effects of stream oxygenation and warming on
aquatic ectotherms. Global Change Biology 22, 1769-1778.
https://doi.org/10.1111/gcb.13240

176. Vladimirova, I. G., 2001. Standard Metabolic Rate in Gastropoda Class. Biol.
Bull. Russ. Acad. Sci. 28, 163—169. https://doi.org/10.1023/A:1010474627973
177. Voituron, Y., Roussel, D., Teulier, L., Vagner, M., Ternon, Q., Romestaing, C.,

Dubillot, E., Lefrancois, C., 2022. Warm Acclimation Increases Mitochondrial Efficiency
in Fish: A Compensatory Mechanism to Reduce the Demand for Oxygen. Physiological
and Biochemical Zoology 95, 15-21. https://doi.org/10.1086/716904

178. Volkoff, H., Rennestad, 1., 2020. Effects of temperature on feeding and digestive
processes in fish. Temperature 7, 307-320.
https://doi.org/10.1080/23328940.2020.1765950

179. Wang, George; Dillon, Michael E., 2014. Recent geographic convergence in
diurnal and annual temperature cycling flattens global thermal profiles. Nat. Clim.
Chang. 4. https://doi.org/10.1038/nclimate2378

180. Weibel, E.R., Taylor, C.R., Hoppeler, H., 1991. The concept of symmorphosis: a
testable hypothesis of structure-function relationship. Proc. Natl. Acad. Sci. U.S.A. 88,
10357-10361. https://doi.org/10.1073/pnas.88.22.10357

181. Wendering, P., Nikoloski, Z., 2023. Model-driven insights into the effects of
temperature on metabolism. Biotechnology Advances 67, 108203.
https://doi.org/10.1016/j.biotechadv.2023.108203

182. White, C.R., Marshall, D.J., Chown, S.L., Clusella-Trullas, S., Portugal, S.J.,
Franklin, C.E., Seebacher, F., 2021. Geographical bias in physiological data limits
predictions of global change impacts. Functional Ecology 35, 1572—-1578.
https://doi.org/10.1111/1365-2435.13807



104

183. Wyban, J., Walsh, W.A., Godin, D.M., 1995. Temperature effects on growth,
feeding rate and feed conversion of the Pacific white shrimp (Penaeus vannamei).

Aquaculture 138, 267-279. https://doi.org/10.1016/0044-8486(95)00032- 1

184. Yamaguchi, M., 1974. Effect of Elevated Temperature on the Metabolic Activity
of the Coral Reef Asteroid Acanthaster planci (L.)I. PACIFIC SCIENCE 28.
185. Zhang, F., Jia, X., Lin, Z., Jiang, Y., Qu, M., 2024. The outbreak of Drupella

snails and its catastrophic effects on coral reefs: a comprehensive review. Front. Mar. Sci.

10, 1290001. https://doi.org/10.3389/fmars.2023.1290001



6 Supplementary Information

105

Supplementary Table S1. Checklist of 53 essential criteria for reporting methods in aquatic intermittent-flow respirometry. Edited from Killen et al. (2021),
“Guidelines for reporting methods to estimate metabolic rates by aquatic intermittent-flow respirometry” (J. Exp. Biol. 224)

Number

10
11

12

13

14

15

Criterion and Category

EQUIPMENT, MATERIALS, AND SETUP

Body mass of animals at time of respirometry
Volume of empty respirometers
How chamber mixing was achieved

Material of tubing used in any mixing circuit

Volume of tubing in any mixing circuit

Confirm volume of tubing in any mixing circuit was included in calculations of

oxygen uptake
Material of respirometer (e.g. glass, acrylic, etc.)

Type of oxygen probe and data recording

Sampling frequency of water dissolved oxygen

Describe placement of oxygen probe (in mixing circuit or directly in chamber)

Flow rate during flushing and recirculation, or confirm that chamber returned to

normoxia during flushing
Timing of flush/closed cycles

Wait (delay) time excluded from closed measurement cycles

Frequency and method of probe calibration (for both 0 and 100% calibrations)

State whether software temperature compensation was used during recording of water

oxygen concentration

Response Value (where
required)
Measured post-trial after blotting 2.98 (mean)
Glass chambers 25

Continuous recirculation with peristaltic pump

Chambers were mixed by continuous closed-loop
recirculation using peristaltic pumps
Tygon® tubing (gas-impermeable)

7.32 — 12.32 mL depending on chamber 7.32-12.32

Yes, volume of tubing was included

Glass

External oxygen sensors and four-channel oxygen
meters; recorded using Firesting software
Recorded every 2 seconds 2

In mixing circuit, not inside chamber

5 min flush phase ensured normoxia during flushing

Prolonged: 5 min flush / 2 min closed; Ramping: 4
min flush / 2 min closed

First 30 seconds excluded 30
100% oxygen calibration in fully oxygenated

seawater before trials began
Yes, during calibration

Units

g

ml

ml

seconds

seconds



16

17

19

20

21

22

23

24

25

26
27

28

29

MEASUREMENT CONDITIONS
Temperature during respirometry

How temperature was controlled

Photoperiod during respirometry

If (and how) ambient water bath was cleaned and aerated during measurement of
oxygen uptake (e.g. filtration, periodic or continuous water changes)

Minimum water oxygen dissolved oxygen reached during closed phases
State whether chambers were visually shielded from external disturbance

How many animals were measured during a given respirometry trial (i.e. how many
animals were in the same water bath)

If multiple animals were measured simultaneously, state whether they were able to
see each other during measurements

Duration of animal fasting before placement in respirometer

Duration of all trials combined (number of days to measure all animals in the study)

Acclimation time to the laboratory (or time since capture for field studies) before
respirometry measurements

BACKGROUND RESPIRATION

State whether background microbial respiration was measured and accounted for, and
if so, method used (e.g. parallel measures with empty respirometry chamber,
measurements before and after for all chambers while empty, both)

State if background respiration was measured at beginning and/or end, state how
many slopes and for what duration

Prolonged acclimation trials: 28 °C, 30 °C, 32 °C,
34 °C Acute ramping trials: 29-38 °C in 1 °C
increments

Temperature controlled water bath regulated via
Inkbird thermostats that controlled a pump-driven
circulation system connected to a heated freshwater
reservoir

Simulated diel cycle: 11 h light: 13 h dark during
trials. Bath covered but light kept on photoperiod
anyways

Water bath had a air stone in it. Chambers were
aerated during closed phases

Dissolved oxygen never dropped below levels that
would induce hypoxia

Yes, opaque plastic dividers between chambers;
whole system covered with a black sheet

Seven each in individual chambers

No, chambers were visually isolated by the opaque
dividers

24 hours

37 days

Minimum 6 days baseline acclimation at 28 °C prior
to experiments. Additional acclimation, 3 days and
then 19-22 days at final temperatures before IFR
measurement

One of the 8 chambers was left empty during every
trial; blank chamber rotated between trials. Oxygen
decline from the blank was subtracted from each
occupied chamber

28, 30, 32, 34
29-38

24

37

Degrees
Celsius

Snails

hours

days



30

31

32

33

34

35

36

37

38

39

40

41

State how changes in background respiration were modelled over time (e.g. linear,
exponential, parallel measures)

Method and frequency of system cleaning (e.g. system bleached between each trial,
UV lamp)

STANDARD OR ROUTINE METABOLIC RATE

Acclimation time after transfer to chamber, or alternatively, time to reach beginning
of metabolic rate measurements after introduction to chamber

Time period, within a trial, over which oxygen uptake was measured (e.g. number of
hours)

Value taken as SMR/RMR (e.g. quantile, mean of lowest 10 percent, mean of all
values)

Total number of slopes measured and used to derive metabolic rate (e.g. how much
data were used to calculate quantiles)

Whether any time periods were removed from calculations of SMR/RMR (e.g. data
during acclimation, periods of high activity [e.g. daytime])

12 threshold for slopes used for SMR/RMR (or mean)

Proportion of data removed due to being outliers below r-squared threshold

DATA HANDLING AND STATISTICS
Sample size

How oxygen uptake rates were calculated (software or script, equation, units, etc.)

Confirm that volume (mass) of animal was subtracted from respirometer volume
when calculating oxygen uptake rates

Parallel subtraction of the blank chamber at each
time point/closed phase

between trials: system flushed with 5-9% sodium
hypochlorite, then rinsed 3% with seawater;
oxygen probes removed during bleaching, then
disinfected in 70% ethanol for 5-10 s and rinsed
with fresh water before reinstalling. supply water
went through a UV lamp filter

In prolonged trials the first two hours of
measurements were removed as acclimation to the
chamber time; in ramping trials, they acclimated
overnight (~12 h)

Oxygen uptake was measured for around 19-20 h
in prolonged trials (after exclusion) and for 30 min
at each 1 °C step in ramping trials

SMR was taken as the lowest 20% of slopes, while
RMR was calculated as the mean of all valid slopes

The first 2 house of prolonged trials and the first 30
s of each closed phase were excluded from
calculations

Only slopes with R? > 0.9 were kept for analysis

Mean of 13.2% in the trials tested

56 snails used in the prolonged, 28 used in the 56 and 28
ramping

Oxygen uptake calculated in R from 2-min

regressions of Oz decline (mg O2 L' s7?!), converted

to mg Oz h! using MO2= A0z X V x 3600

Yes, snail displacement volume (from wet mass—

volume calibration) was subtracted from chamber

volume

Snails
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43 State whether analyses accounted for variation in body mass and describe any Yes, rates were size-standardised to 2.98 g using
allometric mass-corrections or adjustments allometric log—log regression and back-
transformation

Supplementary Figure S1. Output of the linear mixed-effects model (LMM) testing effects of Temperature, Acclimation Temperature,
Wet Weight, and the interaction of temperature and acclimation metabolic rate in the ramping experiment.

Linear mixed model fit by REML. t-tests use Satterthwaite's method ['lmerModLmerTest']
Formula: Metabolism ~ Temperature * Acclimation_Temp + Wet_Weight + (1 | Date)
Data: df_cleaned

REML criterion at convergence: -2498.6

Scaled residuals:
Min 10 Median 3Q Max
-2.7954 -0.5660 -0.0533 @.5325 6.5572

Random effects:
Groups  Name Variance Std.Dev.
Date (Intercept) 0.002341 0.04838
Residual 0.003633 0.06027
Number of obs: 920, groups: Date, 4

Fixed effects:

Estimate Std. Error df t value Pr(>I1tl)
(Intercept) -1.801e-01 3.631e-02 5.637e+00 -4.960 0.00305 **
Temperature 6.573e-03 6.643e-04 9.130e+02 9.894 < 2e-16 ***
Acclimation_TempAcclimated to 34°C -4.299e-03 7.956e-02 8.105e+00 -0.054 0.95821
Wet_Weight 2.493e-02 2.188e-03 9.131e+02 11.397 < 2e-16 ***
Temperature:Acclimation_TempAcclimated to 34°C 2.349e-04 1.663e-03 9.130e+02 ©.141 0.88772

Signif. codes: @ ‘***’ 9.001 ‘**’ 90.01 ‘*’ 9.05 ‘.’ 0.1 * ’ 1

Correlation of Fixed Effects:

(Intr) Tmprtr A_TAt3 Wt_Wgh
Temperature -0.608
Acc_TAt34°C -0.443 0.277
Wet_Weight -0.187 ©.000 ©0.015
T:A_TAt34°C ©.241 -0.399 -0.709 0.008




Supplementary Figure S2. Output of the linear mixed-effects model (LMM) testing effects of Temperature, Acclimation Temperature,
Wet Weight, and the interaction of wet weight and temperature on metabolic rate in the ramping experiment.

Linear mixed model fit by REML. t-tests use Satterthwaite's method ['lmerModLmerTest']
Formula: Metabolism ~ Temperature * Wet_Weight + Acclimation_Temp + (1 | Date)
Data: df_cleaned

REML criterion at convergence: -2523.2

Scaled residuals:
Min 1Q Median 3Q Max
-2.7560 -0.5770 -0.0514 ©.5538 6.4326

Random effects:
Groups  Name Variance Std.Dev.
Date (Intercept) 0.002332 0.04829
Residual 0.003529 9.05941
Number of obs: 92@, groups: Date, 4

Fixed effects:

Estimate Std. Error df t value Pr(1tl)
(Intercept) 0.155273 0.073795 89.994009 2.104 0.0382 *
Temperature -0.003496 0.002041 913.005519 -1.713 ©0.0870 .
Wet_Weight -0.087241 0.021755 913.003825 -4.010 6.56e-05 ***
Acclimation_TempAcclimated to 34°C ©0.005351 @.056005 2.011486 ©0.096 0.9326
Temperature:Wet_Weight 0.003368 0.000650 913.002031 5.182 2.71e-@7 ***

Signif. codes: @ ‘***’ 0.001 ‘**’ 9.01 ‘*’ 0.05 ‘.’ 0.1 ‘ * 1

Correlation of Fixed Effects:

(Intr) Tmprtr Wt_Wgh A_TAt3
Temperature -0.921
Wet_Weight -0.885 0.951
Acc_TAt34°C -0.184 -0.008 -0.003
Tmprtr:Wt_W ©.880 -0.956 -0.995 0.006
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Supplementary Figure S3. Output of the linear model (LM) testing effects of Temperature, Wet Weight, Acclimation duration, and their
interactions on SMR.

Call:
Im(formula = SMR ~ Temperature * Wet_weight + Acclimation_Group *
Temperature, data = data)

Residuals:
Min 1Q Median 3Q Max
-0.101332 -0.023853 -0.002469 0.027495 0.072131

Coefficients:

Estimate Std. Error t value Pr(>Itl)
(Intercept) -0.015164 0.020265 -0.748 0.456060
Temperature30 .076495  0.029588 .585 0.011185
Temperature32 .107645  0.034565 .114 0.002412
Temperature34 .091914 0.032619 .818 0.005838
Wet_weight .044163 0.006368 .936 4.21e-10
Acclimation_Groupl19-22 .006370  0.013959 .456 0.649120
Temperature30:Wet_weight .025703  0.009327 .756 0.006971
Temperature32:Wet_weight .025361 0.010726 .365 0.020005
Temperature34:Wet_weight .034236  0.010052 .4060 0.000954
Temperature3@:Acclimation_Group19-22 0.016347 ©.019819 .825 0.411478
Temperature32:Acclimation_Group19-22 009082 ©.019930 .456 0.649595
Temperature34:Acclimation_Groupl19-22 0.033275 ©0.019768 .683 0.095464 .

OO0 PO OOS

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 * ’ 1

Residual standard error: @.03693 on 99 degrees of freedom
Multiple R-squared: .4532, Adjusted R-squared: 0.3925
F-statistic: 7.461 on 11 and 99 DF, p-value: 3.422e-09




Supplementary Figure S4. Output of the linear model (LM) testing effects of Temperature, Wet Weight, Acclimation duration, and their
interactions on SMR.

Call:
Im(formula = SMR ~ Temperature * Wet_weight + Acclimation_Group *
Temperature, data = data)

Residuals:
Min 1Q Median 3Q Max
-0.101332 -0.023853 -0.002469 0.027495 0.072131

Coefficients:

Estimate Std. Error t value Pr(>ltl)
(Intercept) -0.015164 0.020265 -0.748 0.456060
Temperature30 .076495  0.029588 .585 0.011185 *
Temperature32 .107645 0.034565 .114 0.002412
Temperature34 .091914 0.032619 .818 @0.005838
Wet_weight .044163 0.006368 .936 4.21e-10
Acclimation_Group19-22 .006370 ©.013959 .456 0.649120
Temperature30:Wet_weight .025703  0.009327 .756 0.0006971
Temperature32:Wet_weight .025361 0.010726 .365 0.020005
Temperature34:Wet_weight .034236  0.010052 .406 0.000954
Temperature3@:Acclimation_Groupl9-22 0.016347 ©.019819 .825 0.411478
Temperature32:Acclimation_Groupl9-22 009082 0.019930 .456 @.649595
Temperature34:Acclimation_Groupl9-22 0.033275 0.019768 .683 0.095464 .

Signif. codes: @ ‘***’ 0.001 ‘**’ 0.01 ‘*’ .05 .’ 0.1 ¢’ 1

Residual standard error: ©0.03693 on 99 degrees of freedom
Multiple R-squared: 0.4532, Adjusted R-squared: 0.3925
F-statistic: 7.461 on 11 and 99 DF, p-value: 3.422e-09




Supplementary Figure S5. Output of the Gamma zero-inflated GLMM analysing Feeding Area as a function of RMR, Temperature, and
Wet Weight.

Call:
Im(formula = RMR ~ Temperature * Wet_weight + Acclimation_Group *
Temperature, data = data)

Residuals:
Min 1Q Median 3Q Max
-0.096262 -0.026312 0.001006 0.026522 ©.088775

Coefficients:

Estimate Std. Error t value Pr(>1tl)
(Intercept) .0010526 0.0209824 .050 0.96009
Temperature30 .0705951 0.0306360 .304 0.02329
Temperature32 .1037581 0.0357899 .899 0.00401
Temperature34 .0910108 0.0337741 .695 0.00828
Wet_weight .0488165 0.0065932 404 4.43e-11
Acclimation_Group19-22 .0005447 0.0144533 .038 0.97002
Temperature3@:Wet_weight .0212663 0.0096574 .202 0.02998 *
Temperature32:Wet_weight .0221670 0.0111056 .996 0.04868 *
Temperature34:Wet_weight .0345296 0.0104085 .317 0.00127
Temperature3@:Acclimation_Groupl9-22 .0052966 0.0205215 .258 0.79686
Temperature32:Acclimation_Groupl9-22 .0145280 ©0.0206358 .704 0.48307
Temperature34:Acclimation_Groupl9-22 0.0437164 0.0204679 .136 0.03516

Signif. codes: @ ‘***’ 0.001 ‘**’ 9.01 ‘*’ 0.05 ‘.’ 0.1 * ’ 1

Residual standard error: 0.03824 on 99 degrees of freedom
Multiple R-squared: 0.5229, Adjusted R-squared: 0.4699
F-statistic: 9.865 on 11 and 99 DF, p-value: 7.424e-12
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Supplementary Figure S6. Output of the Gamma zero-inflated GLMM analysing Feeding Area as a function of SMR, Temperature, and Wet
Weight.

Family: Gamma ( log )
Formula: Feeding_Area ~ SMR + Temperature + Wet_Weight
Zero inflation: ~Temperature + Wet_Weight
Data: model_data

AIC BIC loglLik -2*log(L) df.resid
610.1 638.9 -295.1 590.1 121

Dispersion estimate for Gamma family (sigma/r2): ©.502

Conditional model:

Estimate Std. Error z value Pr(Glzl)
(Intercept) 0.94940 0.25122 3.779 0.000157
SMR -1.65103 1.90288 -0.868 0.385586
Temperature3@ 0.14122 0.17927 ©0.788 0.430848
Temperature32 0.23650 0.18139 1.304 0.192306
Wet_Weight 0.18216 0.09005 2.023 0.043089

Signif. codes: @ ‘***’ 9,001 ‘**’ 0.01 ‘*’ 0.05 °.

Zero-inflation model:

Estimate Std. Error z value Pr(>lzl)
(Intercept) -1.38837 0.65052 -2.134 0.0328
Temperature3@ 0.34045 0.46399 0.734 0.4631
Temperature32 -0.27384 0.53607 -0.511 0.6095
Wet_Weight 0.08611 0.20280 0.425 0.6711

Signif. codes: @ ‘***’ 9,001 ‘**’ 0.01 ‘*’ 0.05 °.
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