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Abstract

The development of anthropogenic activities during recent centuries has led to an increase
in environmental pollutants such as greenhouse gases causing atmospheric changes,
resulting in elevated atmospheric heat retention, triggering global and ocean warming. The
excess atmospheric carbon dioxide (CO>) dissolved into the Earth’s oceans, reacts with
water molecules in seawater, resulting in the ocean becoming more acidic and pH
decreasing. This process, termed ocean acidification, threatens marine organisms alongside
a multitude of other anthropogenic stressors, one of which being plastic pollution. Plastics
enter the ocean at a rate of 8 to 10 million tonnes per year. The lethal and sub-lethal
impacts of plastic on organisms have been described including ingestion and entanglement,
through to wider population effects such as bioaccumulation of toxic compounds and info-

disruption.

While global climate change and plastic pollution are acknowledged threats to marine life,
the prospective interactions between changing environmental parameters and plastics
remains unclear. There remain significant gaps in our knowledge as to how these two
stressors interact and on their combined effects on ecosystems. Crustaceans serve a crucial
part in the aquatic food chains and are fundamental within their ecosystems. In order to
assess their future in an altered environment and assist management decisions, reliable

knowledge and dependable data are critical.

This research builds on previous knowledge, identifying the effects of low pH on olfactory
abilities on Carcinus maenas (Linnaeus, 1758), and explores the effects of plastic odour in
tandem with ocean acidification. This thesis evaluates the effect of three levels of pH (8.2,

7.6, 7.2) on chemical communication and fitness in the green shore crab C. maenas when



also exposed to plastic odour cues. Individuality factors were also investigated, relating to

body size and weight, sex, injury, and colour of the crabs.

The effects of synthetic and natural chemical cues were investigated at different test pH
treatments for C. maenas for a range of behavioural responses including time taken for
initial response (antennular flicking), time taken to reach the location of an odour cue, the

cue that was contacted and behaviours elicited at the cue location.

The results of this study show that C. maenas experienced significant olfactory disruption in
response to both feeding, and reproductive cues when in a reduced pH environment.
Overall initial reaction times in crabs tested in low pH treatments (7.6 and 7.2) were
significantly slower than the initial reaction times for crabs tested at pH 8.2. When
individuals were tested with the plastic derived odour cues, there was an overall reduced
response to cues with slower initial reaction time displayed. Additionally, when
polyethylene (PE) plastic odour was present and tested in low pH treatments, reaction times
to food and pheromone cues were significantly slower than treatments with plastic odour
tested at normal pH 8.2. The data also demonstrated that C. maenas exhibited significant
variation in response to cues. With initial reaction times showing significant variation
between crabs of different size and colour. Additionally, it was found that individual
variation relating to factors size, sex and weight had a significant impact on the choice of
odour cue. These results may potentially consider long-term adaptation via selection for less

sensitive individuals as a plausible outcome.

The observed response to chemical cues under different pH treatments suggests that pH is
likely to impact the behavioural response to C. maenas. However, it is unclear as to whether

this response is exacerbated by the presence of plastic odour and the relationship between



these two stressors and how they interact is still unclear. The effect of pH on decision-
making in C. maenas is a recognised concern and further study is essential to investigate the
impacts of such multiple stressors. There is potential for plastic odour to become a more
potent attractant under low pH conditions as a result of altered chemical signalling, which

could have detrimental impacts on this species longevity.

This thesis examines the behavioural changes of crustacean species C. maenas during
exposure to acidified seawater, plastic odour, and the combination effects of exposure to
these stressors simultaneously. Following an introductory chapter- Chapter 1- Chapter 2

describes the methodology used for the present study, results, discussion, and conclusions.
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1. Chapter 1: Introduction

1.1 Anthropogenic Impact on the Environment

Human impact on ecosystems is now irrefutable (Millenium ecosystem assessment, 2005).
Within the last 150 years changes to the Earth’s climate have increased exponentially with
current global atmospheric CO, concentrations exceeding those reported for the last 800
000 years (IPCC, 2019). The human population continues to increase with advancements in
medicine, technology and industrial farming resulting in lower mortality rates. However,
overpopulation has become an epidemic with severe environmental impacts. A higher
demand for fossil fuels, food sources and economic development results in severely
damaged ecosystems due to deforestation and huge global CO; emissions. Deforestation
reduces global carbon fixation rates to such an extent that the effect of increasing CO; is
amplified (Houghton et al., 1991; Pan et al., 2011). Overharvesting organisms for food
production is arguably the most direct impact humans have on ecosystems. Exploitation
through fishing pressure increases extinction risks for many marine species that are
harvested for consumption by human populations, such as Pacific salmon, genus
Oncorhynchus, (Walters et al., 2019) and tuna, genus Thunnini (Myers & Worm 2003).
Overfishing can trigger ecosystems to shift beyond their natural equilibrium, meaning
pressures upon species fitness are dramatically increased (Dulvy et al., 2021). Interactions
between humans and the environment can have profound effects on ecological
communities, which can also consequently impact fundamental human requirements
provided by ecosystem services, such as food security, economic stability, and climate
regulation (Richardson, 2010; Smith et al., 2013; Tai et al., 2014; Bommarco et al., 2018;

Hasan et al., 2020).
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Coupled with humans' direct impact on ecosystems through activities such as hunting and
destruction of natural habitats (Burney & Flannery 2005; Ellis et al., 2013; Ayompe et al,,
2021), there are indirect impacts upon ecological systems that have cascading
consequences on biodiversity that may not be immediately evident. Changing the physical
environment that organisms depend on can also shift the structure of an ecosystem
(Vitousek et al., 1997; Western, 2001; Eriksson et al., 2010; Murphy & Romanuk 2014;
Pefiuelas et al., 2013). As a result of industrialisation in the late 18th and early 19th century,
anthropogenic carbon emissions have risen exponentially (Hung et al., 2020; Adamo et al.,
2021; Crippa et al., 2021). The abundance of readily available fossil fuels like coal and crude
oil derivatives were the drivers behind many factories and modern technologies and as a

result of combustion increased quantities of gaseous carbon (Guy & Levine, 2001).

Approximately 90% of anthropogenic CO; emissions originate from the burning of fossil fuels
and industry (Allwood et al., 2010; Jackson et al., 2016; Jackson et al., 2017; Browman, H.1.,
2017; Gao et al., 2021). Aproximately 30% of the excess CO, emitted into the atmosphere is
dissolved into the Earth’s oceans, buffering the planet's climate but having adverse effects
on marine life (Broecker et al., 1971; Bacastow & Keeling, 1973; Gattuso et al., 1999;
Kleypas et al., 1999; Riebesell et al., 2000; Seibel & Walsh, 2001; Langdon et al., 2003;
Kurihara et al., 2004; Portner, et al., 2004; Caldeira & Wickett, 2005; Reid et al., 2009; Levin
& Le Bris, 2015; Quéré et al., 2015; Roggatz et al., 2019). CO, emissions have continued to
rise in line with the most extreme model predictions (Figure 1) (Kirtman, 2013; Le Quéré et
al., 2016), as fossil fuel demands have continued to increase into the 21st century to meet
requirements needed to support the human population (Archer et al., 2009). Without

serious mitigation attempts, atmospheric CO; is anticipated to continue rising, with the
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upper threshold of prediction models estimating concentrations of 1200ppm by the end of

the century (IPCC, 2021).
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Figure 1: From Smith and Myers (2018). Recorded CO; emissions and atmospheric
concentrations compared with model predictions of the year 2100. (a) shows CO; emissions
since the year 1980 and predicted estimate models of carbon emissions until 2100. The
current global level of emissions aligns with the most alarming model calculations. (b) shows
annual surface global CO; concentrations. Representative Concentration Pathway (RCP)

estimates in a and b from Kirtman (2013).

Human activities lead to numerous stressors in the marine environment from temperature
increase to pollution (Nogales et al., 2011; Hader & Gao, 2015; Fischer & Knutti, 2015). Two
phenomena of major concern are plastic pollution and ocean acidification (Honisch et al.,
2012; Doney et al., 2020; Thushari & Senevirathna, 2020; Welden, 2020). Plastic pollution is
ubiquitous due to the use of single use plastics, mismanagement of plastic waste and
subsequent breakdown into micro-plastics (Boucher & Friot, 2017; Mishra et al., 2019;
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Booth, & Sgrensen, 2020). The increased uptake of CO; by the ocean alters its chemical
composition through the process of ocean acidification, which results in an increase in
acidity and the decrease of pH (Feely et al., 2001; Raven et al., 2005; Albright & Langdon,

2011; Bates et al., 2012; Doney et al., 2020).

These issues have been extensively studied due to the increasing significance of
anthropogenic climate change and effects of marine pollution. Independently, both reduced
pH and plastic pollution, have been shown to have detrimental impacts on marine organism
fitness, and survival (Kroeker et al., 2013, Wright et al., 2013) and have been identified as

‘stressors’ (Schram et al., 2014; Ferreira et al., 2016).

Stressors very rarely act in isolation, currently 97.7% of the ocean is affected by more than
one stressor (Halpern et al., 2015; Carrier-Belleau et al., 2021). Harvey et al. (2013) found
the combined effects of ocean warming, and ocean acidification had a negative effect on
calcification (the production and deposition of CaCOs), survival, and reproduction, with a
greater magnitude of response than either stressor alone. Complex relationships between
stressors such as synergistic and antagonistic interactions take place. Synergistic
interactions, also known as additive effects, occur when the combined effects of two or
more stressors is greater than their individual impact (Ellis et al., 2019; Bourai et al., 2020).
Contrary to this, antagonistic interactions exist when multiple stressors in combination elicit
a smaller response than in isolation. The interpretation of an interaction however can
become more complex if multiple stressors exert opposite effects on a biological response.
With combined responses of two stressors being deemed positive or negative effects if the
response is more positive or more negative than the combined expectation (Carrier-Belleau

et al., 2021).
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In order to fully comprehend the mechanisms affecting biological organisation, it is crucial
to examine how multiple stressors affect the responses of whole populations as well as

individuals (Crain et al., 2008; Calosi et al., 2013; Schmolke et al., 2017; Galic et al., 2018).

In this study, | aim to recapitulate the phenomenon of ocean acidification and plastic
pollution and ascertain how they interact with marine organisms, with a focus on the effects
upon the sensory system (chemical signalling) and how the combined stress may alter the

behaviour of marine crustaceans; in this case the shore crab, C. maenas.

1.2 Ocean Acidification

Alterations to the physical and chemical properties of the ocean present grave
repercussions for marine environments (Doney et al., 2012; Constable et al., 2014; Levin &
Le Bris, 2015). Numerous factors contribute to global climate change, though the major
anthropogenic influences stem from atmospheric CO; (Ramanathan & Feng, 2009; Seinfeld
& Pandis, 1998; Jorgenson et al., 2019). Excess atmospheric CO; levels are increasing at an
unprecedented rate and have been well established as an outcome of human activities

linked to fossil fuel and industrial emissions (IPCC, 2019; Doney et al., 2020).

Oceans play a substantial role in global carbon cycles (Falkowski et al., 2000). It is known
that the ocean is a sink for anthropogenic CO; and absorbs an estimated 25-40% of total
anthropogenic CO; emissions (Feely et al., 2004; Canadell et al., 2007; Doney et al., 2020).
The chemical reaction of CO, with water creates carbonic acid and H* ions. Increased H* ions
result in more acidic, lower pH conditions. Due to increased uptake of atmospheric CO; by
the ocean, the phenomenon by which this reaction accumulates H* ions is referred to as
ocean acidification, which results in an overall shift in seawater chemistry (Doney et al.,
2020) (Figure 2).
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atmospheric CO,

Figure 2: The process of ocean acidification illustrated as an Infographic. The

atmospheric CO; absorbed by the ocean reacts with water (H.0) forming carbonic acid
(H2€C03), which disassociates further increasing the concentration of hydrogen ions (H*)
and bicarbonate ions (HCO™3) and a decrease in carbonate ions (CO>~3). The reduction in
CO, 3 limits the availability of carbonate, resulting in impacts on marine calcifying species
such as foraminifera, corals, echinoderms, molluscs, and bryozoans (Figuerola et al.,

2020).

Since the start of the industrialisation period in the 1850s, global oceanic pH has decreased
by an average of 0.1, a 26% increase of H* ions (IPCC, 2014; Jewett & Romanou, 2017;
Garcia-Soto et al., 2021). Oceanic pH is currently averaged at 8.2 however open ocean
surface pH has declined by 0.017—-0.027 pH units per decade since the late 1980s with the
last two decades showing the worst acidification rates (IPCC, 2019). Prolonged oceanic
absorption of atmospheric CO; is expected to exacerbate the effects of ocean acidification

with predictions suggesting that seawater chemistry could be shifted to pH 7.8 by the year
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2100 (Feely et al., 2009; IPCC, 2014, 2019; Findlay & Turley, 2021). Globally, oceanic surface
water pH fluctuates over a range of 0.3 pH units (Schellnhuber et al., 2006), however
climate change is expected to increase the range of pH fluctuation significantly (Turley et al.,
2006; Landschiitzer et al., 2018). Current levels of pH are unseen in the last 20 million years
with projected pH levels undeniably distinct from the pre-industrial period (Figure 3 as seen

in Turley et al., 2006).
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Figure 3: (A) Past and present-day variability of ocean pH. White diamonds showing past pH
levels based on data collected from Pearson and Palmer (2000). Grey diamonds show model
derived predictions of future pH with associated dates based on IPCC mean scenarios. (B)
Past and predicted change in atmospheric CO; and seawater pH based on estimates of

anthropogenic emissions (B) (As seen in Turley et al., 2006).
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1.3 Effects of Ocean Acidification on Marine Organisms

The change of carbonate chemistry of the ocean has been long recognised as a threat to
marine organisms and many studies have been performed in the past decades with the aim
of understanding the extent of its impact (Hofmann & Todgham 2010; Harvey et al., 2013;
Kroeker et al., 2013; Waldbusser et al., 2015, 2016; Arnberg, 2016; Cyronak et al., 20163,

2016b; Cattano et al., 2018; Cominassi, 2019).

Natural CO; leaks from the seafloor through hydrothermal and cold vents (upwellings) can
cause severe localised gradient effects on sea water chemistry (Hall-Spencer et al., 2008;
Fabricius et al., 2011). Studies conducted at sites of marine volcanic seeps give an insight
into potential ecological responses to increased CO; while keeping within natural pH
variability (Foo et al., 2018; Gao et al., 2019). A variety of organisms have been evaluated for
the long-term effects of acidified waters and the consequences of frequent low pH
excursions (Agostini et al., 2018). Sites examined at CO, seeps in the Mediterranean were
characterized by an abundance of invasive macroalgal species, Sargassum, Caulerpa, and
Asparagopsis, which thrive in acidic conditions (Gao et al., 2019) (Figure 4). At projected
acidification levels from the IPCC, a loss in species diversity of around 5% is anticipated (Gao
et al., 2019). However, even though many macroalgae species are resilient to fluctuations in
pH, changes in algal community composition can result in an overwhelming loss of
biodiversity in marine habitats (McGowan et al., 2005; Porzio et al., 2011; Enochs et al.,
2015). Observations include a higher dominance of fleshy algal species, and less calcareous

macroalgae, which are vulnerable to acidic conditions (Hall-Spencer et al., 2008).
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Figure 4: Photograph of a volcanic seep off Ishia Island, Italy. Photograph was taken at a
depth of 1m and mean pH was recorded at pH 7.8 where CO; bubbles can be seen rising
from the seafloor. Also pictured are a number of algae species: green seaweed Caulerpa
prolifera (C), turf algae (T) and seagrass Posidonia oceanica (P). An observation was made
that species of epiphytic and epilithic coralline algae were not present around the area of
the CO; seep, however, were abundant 300 m away where seawater was measured at pH

8.1. (Photo by J. Hall-Spencer).

As a result of ocean acidification, a variety of marine species and ecosystems may suffer
widespread negative consequences, which would have cascading effects throughout the
ocean. Complex interconnected food webs of marine animals may be disrupted by ocean

acidification due to the loss of key species (Browman, 2017).

Calcifying species such as corals, molluscs, crustaceans, and echinoderms are one major

group most at risk as calcium carbonate shells become less viable in more acidic conditions
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(Orr et al., 2005; Hofmann et al., 2010; Rodolfo-Metalpa et al., 2011; Melatunan, 2012;
Hoegh-Guldberg et al., 2017). Species such as calcifying plankton form a key component of
marine food chains and are relied upon by many larger organisms as an essential source of
food (Hays et al., 2005; Azani et al., 2021). Calcification rates are estimated to drop by 30 to
40% by mid-century with ocean acidification being the major driver of these changes
(Kleypas et al., 1999; Andersson & Gledhill, 2013). Population crashes or changes in species
distribution would have serious implications for some of the most abundant marine

ecosystems (Ullah et al., 2018; Jin & Gao, 2020).

The Southern Ocean region experiences low interannual variability in surface ocean
carbonate ions. Organisms are predicted to face rapid changes, which may affect
biomineralization and formation of skeletons since adaptation is unlikely within such a short
timeframe (Orr et al., 2005; Andersson et al., 2008; Fabry, 2008; Conrad & Lovenduski,
2015). However, there are anticipated species-specific responses to ocean acidification, so
the effects may not be synonymous across all species (Price et al., 2011; Byrne, 2012; Vargas

et al., 2017; Barh et al., 2018; Bove et al., 2020).

Calcium carbonate sediments support vital habitats for a vast number of marine calcifying
species and assist in global biogeochemical cycling (Roberts et al., 2017). Globally, more
than 70% of cold-water corals will be subject to environments that are undersaturated with
necessary calcium carbonate minerals by 2100 (Guinotte et al., 2006; Turley et al., 2007,

Figuerola et al., 2020).

Echinoiderms such as starfish and sea urchins are grazers essential for protecting coral reefs
from algae encroachment. When raised in acidic conditions, young sea urchins grow slower

with thinner, smaller, deformed shells (Harrould-Kolieb et al., 2010). Slower growth rates
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and weaker shells result in higher vulnerability to predators and reduced survival (Kroeker
et al., 2014). Furthermore, reproductive processes are stunted under acidified conditions

reducing the creation and persistence of new larvae (Byrne et al., 2013; Duquette, 2016).

Squid and octopus require high levels of oxygen for rapid movement and speed. Increasing
acidity of the oceans has been shown to interfere with acidity levels in squid’s blood and
consequently reduces oxygen levels (Portner et al., 2004, 2005). Squid are vital food sources
for many marine mammals, including beaked and sperm whales, as well as a profitable

fishing industry in many areas (Wirsig, 2017).

1.4 Chemical Communication

Sensory abilities are crucial for organisms to interpret their surrounding environment (Derby
& Sorensen, 2008; Wang & Wang, 2020). Olfactory-mediated behaviour is essential to
species fitness and survival activities, including foraging, reproduction, and predator
avoidance (Leduc et al., 2013). In marine environments olfactory senses are largely
enhanced to compensate for limited visibility (de la Haye, 2012; Wisenden, 2000). Chemical
signalling is a method of communication and perception through chemically mediated
interactions. Chemoreceptors located on external antennae detect chemical signals, or
‘cues’, from various sources in the surrounding environment. Locations of prey or food are
first identified from their odour and trigger foraging responses (Hay, 2009; Tran, 2015).
Intraspecific signals such as pheromones indicate the presence of possible mating partners
and social status of conspecifics (Hay, 2009; Derby & Schmidt, 2017). Interspecies alarm
cues enable species to recognise and differentiate between predators and non-predators,
develop antipredator responses towards unknown cues (Brown, 2003; Kelley & Magurran,
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2003; Jacobsen & Stabell, 2004; Ferrari et al., 2011) and directly link to individual survival

and species population dynamics (Wang et al., 2010; Ferrari et al., 2010).

Chemical cues are omnipresent in marine environments and are fundamental to community
organization and ecosystem function as well as critical aspects of evolutionary behaviour
and relationships (Hay & Kubanek 2002; Pohnert et al., 2007; Hay, 2009; Roggatz et al.,
2016). The recognition of chemical cues and signals by olfactory receptors controls the
decision-making process (Derby & Sorensen, 2008; Leduc et al., 2013), particularly in harsh
environments and conditions (Brown et al., 1997; Chivers & Smith, 1998; Ferrari et al., 2010;

Leduc et al., 2013).

Low pH conditions have been identified as a known cause of sensory impairment in several
marine invertebrates (Gibson et al., 2011; Ashur et al., 2017; McCormick et al., 2019),
compromising biological interactions and reducing survival ability (Clements & Hunt 2015;
Draper & Weissburg, 2019; Velez et al., 2019; Porteus et al., 2021). Evidence indicates that
low ocean pH impacts behavioural processes as a direct result of sensory impairment. These
behaviours are crucial for marine invertebrate growth and survival such as: feeding
behaviour, settlement site, habitat selection, anti-predatory behaviour, movement, and
locomotion (Wang & Wang, 2020). Info-disruption and chemosensory impairment affects
behavioural responses towards essential chemical signals such as feeding and reproductive

cues (Krang & Rosenqvist, 2006; Lirling & Scheffer, 2007; Olsén, 2010; Lirling, 2012).
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1.5 Olfactory Disruption by Ocean Acidification

Studies conducted in aquatic environments have confirmed significant impacts of ocean
acidification on olfactory functions of fish, crustaceans, molluscs, and other
macroinvertebrates, resulting in obscure behavioural responses, with potential widespread
effects to community and population dynamics (Hay, 2009; Leduc et al., 2013). Studies have
documented the link between reduced pH environments and changes in behaviour in a
range of marine species; from polychaete (Bhuiyan et al., 2021) to mollusc (Watson et al.,
2014) to crustacea (Briffa et al., 2012; de la Haye et al., 2011, 2012; Conradi et al., 2019) and

chordata (Munday et al., 2009; Swain et al., 2020).

Info-disruption is caused by anthropogenic impacts that can alter the information that an
animal receives (Cothran et al., 2021). For example, pH fluctuations affect organic
compounds in the marine environment, such as chemical signalling molecules (Hardege et
al., 2011) which are essential to biological systems. Successful chemoreception depends on
both an organism’s ability to receive and interpret information from the source, as well as
the composition of the chemical cue (Wang & Wang, 2020). Sensory organs of organisms
can become altered chemically or morphologically as a result of charge distribution on the
protein receptor shifting under reduced pH conditions (Tierney & Atema, 1988; Hardege et
al., 2011; de la Haye et al., 2012). Additionally, reduced pH may alter the chemical structure
of a cue as found in a study on chemosensory behaviour in C. maenas (Roggatz et al., 2016,
2019), whereby reduced pH altered the protonation state of three peptide signalling
molecules presenting a concept which may explain altered behaviour in low pH conditions
(Roggatz et al., 2016; Porteus et al., 2021). Due to change of charge, structure and function,

the signal molecule had reduced bioavailability in lowered pH and consequently a higher
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concentration of the cue was required to produce a behavioural response in C. maenas
(Roggatz et al., 2016; Velez et al., 2019). Different mechanisms have been discussed by
which reduced pH can trigger an altered response to cues in crustaceans summarised into 4
pathways by Schirrmacher et al. (2021) (Figure 5). The effect of low pH on the signal source
(pathway 1), the direct effects of pH on the signalling molecule and its interaction with the
receptor (pathway 2 & 3) and potential interference of ocean acidification with signal

transduction (pathway 4) (Schirrmacher et al., 2021).

Intracellular:
Hermit Crab

Extracellular:
Sea Water

Receptor
Protonation State
Conformation
Dipole Moment

Figure 5: From Schirrmacher et al. (2021). Diagram of potential mechanisms by which ocean

N

Signal E>Altered
=) — " ,

Signal
Source Transductio Behaviour

Ligand: PEA

acidification or low pH can lead to an altered behavioural response in hermit crabs. Signal
transmission from source to response is highlighted by light grey arrows. Potential
mechanisms of low pH obstructing the pathway is highlighted by the dark grey arrows with
numbers linking to the different mechanisms. Low pH affecting the source of the signal (1),
the signalling cue (2), the receptor or its interaction with the ligand (3) and the signal

transduction (4).
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Munday et al. (2009) examined orange clownfish larvae (Amphiprion percula) for their
ability to discriminate between settlement selection olfactory cues under predicted oceanic
acidification scenarios. Clownfish larvae reared in current pH 8.15 seawater could
discriminate between suitable and unsuitable settlement sites according to cues, and
between kinships and non-kinships. This discriminatory ability, however, was reduced for
larvae raised in future ocean acidification conditions pH 7.8 and 1050 ppm CO; and larvae
showed attraction to olfactory stimuli which was typically avoided. In a similar study,
cardinalfish (Cheilodipterus quinquelineatus) recorded in acidified conditions exhibited
significantly decreased abilities to differentiate between odours from their home settlement
site and an unfamiliar site (Devine et al., 2012). As well as these findings, larval clownfish
reared in aquariums under acidified conditions were observed to show attraction to
predator odour and had difficulty recognising olfactory cues of predators and non-predators

(Dixson et al., 2010).

Additional experiments showed that clownfish (Amphiprion percula) and damselfish
(Pomacentrus wardi) raised in low pH conditions also displayed impaired olfactory-mediated
behaviour, in which low pH cultured fish initially evaded predator odours as did control fish,
but eventually became attracted to these odours (Munday et al., 2010). Similarly, to the
failure of alarm responses in freshwater fishes, a study revealed that juvenile damselfish
displayed significantly reduced response to conspecific chemical alarm cues when exposed
to CO;-acidified conditions after 4 days (Ferrari et al., 2011). Predators’ responses to prey
alarm cues have also shown to be altered in the brown dottyback (Pseudochromis fuscus), a

natural predator of juvenile damselfishes, spending around 20% less time in a stream
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containing prey odour after exposure to acidification conditions (Cripps et al., 2011; Ferrari

et al., 2011).

Young fish eggs and larvae have been shown to have complications at early stages in
development (Munday et al., 2009; 2011). While adult fish may be relatively insensitive to
ocean acidification, their larvae have shown a reduced olfactory ability in acidified
conditions as seen in Clownfish and damselfish (Munday et al., 2009; 2011; 2013; Ferrari et
al., 2011; Branch et al., 2013; Leis, 2018). However, studies have linked increased CO; with
fish actively swimming away from safe shelters and to not responding to predators as
quickly as those not living in acidic conditions. Studies have shown that up to 9 times more
fish did not survive due to these associated risky behaviours as compared to those living in a

nonacidified environment (Munday et al., 2010; Ferrari et al., 2011).

Navigation and homing of reef fish is seen to have reduced success due to impaired
cognition and olfactory abilities under elevated CO; conditions (Domenici et al., 2012;
Ferrari et al., 2012; Nilsson et al., 2012). Cardinalfish are one of many species which use
olfactory cues and visual landmarks to assist in navigation and locating suitable resting sites
after foraging, a 22— 31% reduction in homing success was displayed by individuals kept
under elevated CO; treatments compared with control fish kept under normal CO;
conditions (Devine et al., 2012). The survival of coastal fish species largely depends on larvae
successfully locating safe settlement sites where they can evade predators. The effects of
ocean acidification on behaviours such as habitat selection and predator avoidance may
have significant consequences on the success of fish population replenishment (Weissburg

et al., 2010). Sensitivity to acidification is likely to vary among prey species potentially
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causing instability in community structure through shifts in predator prey preference

(Ferrari et al., 2011a, 2011b).

Reproductive behaviours and mate choice also heavily rely on olfactory cues. For instance, it
is thought females may use scent to perceive major histocompatibility complex alleles to
select suitable males (Reusch et al., 2001; Aeschlimann et al., 2003). Attraction and mating
success has been studied under various pH conditions, including more alkaline pH levels.
Female stickleback (Gasterosteus aculeatus) showed more attraction to male olfactory cues
when pH was increased from 8.0 to 9.5 (Heuschele & Candolin, 2007). However, a similar pH
increase reduced the number of pregnant males in pipefish (Syngnathus typhle) (Sundin et
al., 2012). While these studies demonstrate the effects of seawater alkalinisation rather
than acidification, they emphasize that variability in seawater pH levels may alter critical

processes in sexual selection.

1.6 Crustaceans and Ocean Acidification

Increased acidity in the marine environment has been shown to profoundly affect
crustacean behaviour. Hermit crabs (Pagurus bernhardus) showed impaired shell
assessment and selection (De La Haye et al., 2011, 2012), survival rate of juvenile red king
crabs (Paralithodes camtschaticus) decreased with low pH (Long et al., 2013), mud crabs
(Panopeus herbstii) showed reduced feeding behaviour (Dodd et al., 2015), as well as
compromised cue detection associated with food, reproductive and predator cues in the

green shore crab (Carcinus maenas) (Roggatz et al., 2016; Richardson et al., 2021).

Hermit crabs (Pagurus bernhardus) select specific shells for protection against predation and
harsh environments. Shells are physically, visually, and chemically assessed before
habitation as selecting an optimal shell is critical for survival. Low seawater pH was shown to
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cause disruption to assessment and decision-making processes of hermit crabs (De la Haye,
2012). At low pH 6.8, crabs were more reluctant to move from a suboptimal shell to an
optimal one compared to individuals kept in current condition seawater, the time taken for
individuals to change shells also increased significantly in low pH (De La Haye et al., 2011,
Leduc et al., 2013). Additionally, in low pH hermit crabs had reduced olfactory success and
displayed less locomotory activity compared with those in current condition seawater (De La

Haye et al., 2012; Leduc et al., 2013).

The effects of low pH on consumption and behavioural interactions of mud crabs (Panopeus
herbstii) were examined at three pCO? levels over a period of 71 days. Under acidified ocean
conditions mud crabs showed reduced prey consumption of juvenile oysters, and
significantly impacted foraging behaviour (Dodd et al., 2015). Long et al. (2013) assessed
survival, growth rates, calcification, and condition of two juvenile crustacean species, the
red king crab and tanner crab, reared under low pH conditions pH 7.5 and pH 7.8. In both
species, survival decreased with pH. Although neither species had any apparent
morphological damage from acidification, both species reared in low pH water grew slower
than those in control pH 8.0. On assessment of calcium content post-experiment, it was
suggested that juvenile red king crabs may be able to sustain calcification rates, but at a high

energetic cost to the individual.

C. maenas inhabit coastal habitats and are known to experience extreme fluctuations in pH
(Carstensen & Duarte, 2019) for example when isolated in tidal pools (Briffa et al., 2012).
Richardson et al. (2021) found C. maenas individuals tested in 7.6 pH seawater took
significantly longer to detect a natural prey odour cue than those acclimated to current pH

conditions of 8.2. However, another finding showed that although prey detection was
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impacted by reduced pH, the response to a predator cue was not. Additional research into
predator—prey interactions observed similar results in Blue Crabs (Callinectes sapidus)
(Glaspie et al., 2017) and Mud Crabs (Panopeus herbstii) (Dodd et al., 2015) exhibiting
reduced success in detecting an odour source and reduced foraging behaviours in predicted

low pH conditions.

1.7 Plastic pollution

Marine plastic pollution has rapidly become one of the world’s leading environmental
challenges. Since the 1950s, 9 billion tons of plastic have been generated (Ritchie & Roser,
2018; Alabi et al., 2019). Currently 400 million tons of plastic is processed annually with 8
million tons entering the ocean every year (Danso et al., 2019; Maraveas, 2020). Plastic
pollution endangers ecosystems and fauna as well as creating severe economic
repercussions (Brems et al., 2013; Wang et al., 2019; Landrigan et al., 2020; Zapata, 2021;
Ford et al., 2022). Plastics are seen to wash up on beaches, accumulate in ocean gyres,
causes destruction to marine ecosystems and impact coastal communities (Cheng et al.,
2013; Jayasiri et al., 2013; Cdézar et al., 2015; Baudrimont et al., 2020; Ryan, 2020). Marine
plastic pollution originates from terrestrial human activities through accidental or illegal
disposal, which accounts for 80% of marine debris (Sheavly & Register, 2007; da Costa et al.,
2016; Coyle et al., 2020). Negative effects of plastic pollution are commonly associated with
entanglement in plastic fishing nets and wires or ingestion of plastic fragments, which has
been reported in several species including mammals, birds, turtles, down to organisms such
as fish and benthic invertebrates (Laist, 1997; Andrady, 2011; Wegner et al., 2012; Besseling

et al., 2013; Foekema et al., 2013). It is now estimated that there are approximately 5.25
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trillion plastic particles on the surface of the ocean, 92% of which are smaller than 5mm in
size and categorised as microplastics (Andrady, 2011; Eriksen et al., 2014; Auta et al., 2017).
Microplastics are also intentionally manufactured for products including resin pellets,
exfoliators, and beads (Cole et al., 2011; da Costa et al., 2016; Auta et al., 2017), or
produced through general use of items containing plastics including synthetic clothing and
by weathering of larger plastic debris which reduces structural integrity and leads to
fragmentation (Browne et al., 2011; Cole et al., 2011). Plastic degradation can occur through
physical, chemical, and biological processes (Andrady, 2011; Gewert et al., 2015; da Costa et
al., 2016; Alimi et al., 2018; Coyle et al., 2020; Kabir et al., 2022). Plastics are manufactured
with synthetic chemicals that give them their durable properties. These chemical additives
such as plasticisers, heat stabilisers, slipping agents and antioxidants leach into the marine
environment from various plastic polymers (Brydson, 1999; Heudorf et al., 2007; Teuten et

al., 2009; Hermabessiere et al., 2017; Hahladakis et al., 2018; Greenshields et al., 2021).

1.7.1 Plastic leaching and plastic odour

Harmful chemicals associated with plastics fall under three main categories: components of
the plastic material, by-products of manufacturing, and chemicals absorbed from the
environment (Barnes et al., 2009; Rani et al., 2015; Verma et al., 2016; Groh et al., 2019).
The possible toxicological effects of plastic can therefore be caused by a combination of
these chemicals. Many plastic-derived compounds must be monitored and controlled by
government organisations due to their toxicity to organisms and persistence in food webs
(Rochman, 2015). Chemicals termed priority pollutants are recognised to impair essential

physiological processes in organisms, causing diseases and reproductive complications. In
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addition to heavy metals and pesticides, these chemicals include polycyclic aromatic
hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) (EI-Shahawi et al., 2010; Hirai et
al., 2011; Lithner et al., 2011). The Environmental Protection Agency (US EPA) lists that at
least 78% of priority pollutants are associated with plastic waste, while the EU lists 61% to
be linked with plastic waste either originating from manufacturing processes or from the

environment (Browne, 2015; Rochman, 2015).

Plastics of all types and sizes have the potential to leach and adsorb hazardous substances
(Table 1). A particles size and surface area influence leaching and adsorption properties,
smaller particles have a higher surface area-to-volume ratio, and thus larger surface area to
allow the release or binding of compounds compared to larger ones (Mei et al., 2020). The
leaching of additives from polymers can influence their fragmentation behaviour in the
marine environment over a longer period of time, which could potentially enhance the
leaching or adsorption of harmful substances from the surrounding environment (Jahnke et
al., 2017; Luo et al., 2022). Some of the toxic compounds, such as polycyclic aromatic
hydrocarbons (PAHSs), can form during the production of polystyrene or can be adsorbed to
the plastic from the environment, making it a challenge to establish whether a compound
has been present in the plastic from manufacturing (Hirai et al., 2011; Rochman et al,,

2013).

When assessing the impacts of chemicals on marine life, it is necessary to consider
interacting chemicals and synergic effects of the chemicals present in the environment, such
as in sediments, the water column, plastics, and those released by organisms (Oehlmann et
al., 2009). Most studies to date have evaluated the impacts of plastic debris focusing on

their leachates (Gunaalan et al., 2020; Delaeter et al., 2022) or adsorbed contaminants (Rios
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et al., 2010; Joo et al., 2021). By only examining the influences of individual substances,

studies fail to consider the concoction of chemicals and concentrations found in the material

(Onwudili et al., 2009; Andrade et al., 2021).

Table 1: The 7 most common plastic types, showing toxicity, and most commonly leached

toxins.
Polymer Polyethylene High- Polyvinyl Low- density | polypropylene | polystyrene All other
name terephthalate | density chloride polyethylene plastics:
polyethylene acrylic,
fiberglass,
nylon,
polycarbonate,
polyactic acid
(a bioplastic)
Abbreviation | PET or PETE HDPE PVC LDPE PP PS OTHER
How long to |5—10 years 100 years never 500- 1000 20-30years 50 years Mostly never
decompose years polyactic acid 6
under months
perfect
conditions
Toxicity level | High low high low low high high
Most Antimony Chromium Benzene, Carbon | Benzene, Methanol, 2,6- | Styrene, BPA, BPS as
commonly Oxide, Bromine, | Oxide, Tetrachloride, Chromium di-tert-Butyl-4- | Ethylbenzene, |well as all
leached Diaszomethane, | Benzoyl 1,2- Oxide, Cumene | Methyl Phenol, |Benzene, other toxins
toxins Lead Oxide, and | Peroxide, Dichloroethane, |Hydroperoxide, | and Nickel Ethylene, mentioned
Benzene Hexane, and | Phthalates, and Tert-butyl | Dibutyl Carbon
Cyclohexane | Ethylene Oxide, |Hydroperoxide |Dithiocarbamate | Tetrachloride,
Lead Chromate, Polyvinyl
Methyl Acrylate, Alcohol,
Methanol, Antimony
Phthalic Oxide, and
Anhydride, Tert-butyl
Tetrahydrofuran, Hydroperoxide,
and Tribasic Bensoquinone
Lead Sulfate,
Mercury,
Cadmium,
Bisphenol A
(BPA)
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1.7.1.1 Leaching of harmful substances

The large molecular size of polymers means they are generally regarded to be biochemically
inert and non-harmful to the environment (Kyrikou & Briassoulis, 2007; Lithner et al., 2011).
However, since polymerization reactions are seldom complete, unreacted residual
monomers and small oligomers can still be released into the environment from the plastic
(Crompton, 2007; Bjérnsdotter, 2015). Some plastic monomers, such as ethylene and
propylene, are considered safe (Lithner et al., 2011). However, in contrast bisphenol A (BPA)
is known to disrupt endocrine functions, whilst vinyl chloride monomers and styrene have
both displayed carcinogenic and mutagenic effects (Bartsch & Montesano, 1975; Huff &

Infante, 2011; Brandt-Rauf et al., 2012).

Research examining the toxicity of 55 plastic polymers relating to their chemical
composition found 29% comprised partially or entirely of monomers classified as
carcinogenic, mutagenic, or toxic for reproduction (Lithner et al., 2011; DeMattea et al.,
2013). According to their monomer composition, polyurethanes (PUR), polyacrylonitriles
(PAN) and polyvinyl chlorides (PVC) were evaluated as the most hazardous polymer types,
whereas polypropylene (PP), ethylene-vinyl acetate (EVA), polyvinyl acetate (PVAc) and
polyethylenes (PE) were assessed to be the least hazardous (Lithner et al., 2011). While this
ranking provides a useful overview, it focuses only on monomers, and fails to take into

account the numerous additives used during plastic manufacturing.

The most harmful components of plastics are often compounds, such as solvents, catalysts,
softeners, initiators, and other polymerization additives (Lithner et al., 2011; Dube &

Salehpour, 2014). Toxic and flammable solvents are difficult to remove from the polymer
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during the manufacturing process. Solvents used such as methanol, cyclohexane and
heptane are toxic to aquatic life, as are catalysts consisting of metals such as zinc oxide,
copper chloride, and tributyltin. Initiator’s potassium persulfate and benzoyl peroxide cause

respiratory and skin irritations (Dowaidar et al., 2007; Lithner et al., 2011; Rochman, 2015).

The plastic production process involves several thousand different additives (Brydson,
1999). Among the most hazardous additive types are brominated flame-retardants,
phthalates, and lead compounds used as heat stabilizers (Darnerud, 2003). Brominated
flame-retardants such as PBDEs have been found to share structural similarities with
polychlorinated bisphenyls (PCBs), well-recognized environmental contaminants found to
accumulate in aquatic animals' fat tissues and cause neurotoxic effects and damage thyroid
hormone functionality (Darnerud, 2003). The estrogenic compounds present in phthalates
can disrupt endocrine functions and reproductive systems of a variety of organisms (van
Wezel et al., 2000; Giulivo et al., 2016). Phthalate plasticizers, especially those of low
molecular weight, are severely toxic to aquatic life including micro-organisms, algae,

invertebrates, and fish (Heudorf et al., 2007).

Although the dangers of plastic leachate are seemingly evident, much ambiguity and debate
regarding the extent and rate of uptake by organisms still exists (Burns & Boxall, 2018;
Koelmans et al., 2016). The rate and volume of release into the environment has been
examined in marine (Staniszewska et al., 2016; Suhrhoff & Scholz-Bottcher, 2016; Rani et al.,
2017; Paluselli et al., 2018), freshwater (Suhrhoff & Scholz-Bottcher, 2016; Sun et al., 2019;
Liu et al., 2020), and terrestrial contexts (Li et al., 2019). Bioaccumulation has been
discovered through field observations (Ryan et al., 1988; Yamashita et al., 2011; Tanaka et

al., 2013) and in laboratory studies (Gaylor et al., 2013; Li et al., 2019; Aminot et al., 2020;
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Tanaka et al., 2020). Contrary to these findings, earlier research reported microplastics as an
insufficient pathway for the uptake of additives in marine species (Koelmans et al., 2014).
However, upon further research featuring more accurate concentrations of additives, plastic
was concluded to be a successful mechanism for the uptake of additives (Diepens &
Koelmans, 2018). This debate highlights the importance of understanding how and to what

extent plastic pollution facilitates the uptake of additives and various leachable substances.

1.7.1.2 The process of leaching

During every phase of the plastics life cycle, hazardous substances can be released, including
plastic monomers, solvents, additives, and by-products of degradation (Lithner et al., 2011;
Katzenberger, 2015; Groh et al., 2019). Chemically unbound additives, particularly those
with low molecular weight, leach out of polymer matrixes because they are not covalently
bonded (Marcilla et al., 2004). The amount and concentration of chemical substances
leaching from plastic varies due to different factors such as particle size, temperature,
solvent properties, and polymer structure and can be shaped substantially by the additives

in the plastic (Marcilla et al., 2004).

Firstly, how much and what can be leached from plastic depends on the content of the
chemicals present. The properties of the polymer, such as structural permeability and the
physical state of the polymer- either glassy, rubbery, or crystalline, influence the size of the
gaps (Pixton et al., 1994; Hiltner et al., 2005; Choudalakis & Gotsis, 2009). Polymers with
rubbery textures have larger gaps and thus higher leachate dispersion rates compared to

other polymer types. Chemical properties, such as the size of the chemical in relation to the
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polymer gaps, affect leaching (Lithner et al., 2012). Additives with small molecular weight
have higher volatility and diffusion rates. Linear additives easily migrate into liquid

compared to branched ones which volatilise easier to air (Brydson, 1999; Braun et al., 2005).

In addition to the polymer properties, the characteristics of surrounding media can
influence leaching rate. The leaching of additives into surrounding water, such as in the
marine environment, occurs as seawater infiltrates the polymer structure, where it dissolves
the additives inside the polymer matrix and diffuse out to the surrounding environment
(Crompton, 2007). Until recently, there have been limited publications on the leaching of
additives from plastic debris in the marine environment, with studies featuring various
experimental approaches (Bandow et al., 2017; Rani et al., 2017; Sun et al., 2019). However,
a much wider understanding of plastic leaching has been established within the

pharmaceutical, food safety and waste management industries.

A study testing pellets of virgin plastics: polyethylene (PE), polypropylene (PP), polystyrene
(PS), polyvinyl chloride (PVC) and high-density polyethylene (HDPE) found leaching of
additives and residual monomers from the pellets after only 24 hours in artificial seawater
(Bjornsdotter, 2015). Leachates were recognized in all plastics, with the exception of
polypropylene, including monomers, such as styrene, and oligomers. Similar results were
found from research investigating the leaching of additives from household plastic items
made of low-density polyethylene (LDPE), polyethylene terephthalate (PET), polystyrene
(PS) and polyvinyl chloride (PVC). Leaching rates were noticeably higher at the start of the
experiment and decreased over the duration of testing, however cumulating effects of

additives meant the highest concentration was recorded at the end of the experiments.
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Leached additives and oligomers were detected from all plastic types including BPA,

phthalates, citrates, and styrene oligomers (Zimmermann et al., 2019).

Research has investigated additive leaching from plastic debris to determine the extent and
rate of release, bioavailability, and ecotoxicity. Plastics PE, PVC, and PS are the most studied,
corresponding with their production volumes, prevalence in the environment, and assumed
risk (Lithner et al., 2011; Andrady, 2017). Static leaching experiments are most common and
aim to simulate typical exposure conditions (Hermabessiere et al., 2017). In this approach
plastic samples are immersed in an aqueous solution over a specified time frame without
the media being replaced. Dynamic experiments feature the solution being refreshed
periodically or continuously flowing (Suhrhoff & Scholz-Bottcher, 2016; Bandow et al., 2017,
Sorensen et al., 2021). While dynamic approaches may be more complex to perform, they
can effectively simulate the vast dilution capacity of open ocean environments and ensure

that additive release is not limited by solubility or the attainment of equilibrium conditions.

Environmental factors, such as temperature, water turbulence, and micro-organisms, can
further influence the leaching process. A study examining variations in the leaching
potential of different plastics found water turbulence increased leaching of additives in all
tested plastics (Suhrhoff & Scholz-Bottcher, 2016). PBA leaching from polyvinylchloride
(PVC) was 11 % higher under turbulent conditions and increased leaching of phthalates was
also observed. The highest increase in leaching under turbulent conditions was observed for
plastics PVC and PE, which may be due to their flexible composition (Suhrhoff & Scholz-
Bottcher, 2016; Fauvelle et al., 2021). Other physical parameters including salinity and UV
radiation were studied however these were found to have little effect on leaching

behaviour. It was hypothesised that due to continuous exposure to UV radiation throughout
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the experiment immediate photodegradation of released additives may have occurred,
since many of them are UV sensitive (Suhrhoff & Scholz-Bottcher, 2016; Romera-Castillo et
al., 2018). Additionally, it has been found that exposure to UV radiation prior to an
experiment increased the leakage of hazardous substances from plastics suggesting that
weathering can influence leaching properties (Staniszewska et al., 2016; Rai et al., 2021).
Polycarbonate plastic litter was treated with UV radiation and immersed in Baltic Sea water
for 60 days prior to experiments to determine BPA leaching from weathered versus virgin
plastic litter (Staniszewska et al., 2016). During the first days of the experiment, BPA leached
from virgin plastic more readily than weathered plastic, but by the end the leaching from
weathered plastic was greater. Results concluded that the concentration of BPA in seawater
with weathered plastic exceeded 600 ng/L, whereas virgin plastic resulted in a

concentration of less than 20 ng/L (Staniszewska et al., 2016).

1.7.2 Info-chemicals

In ocean environments, plastic debris provides a durable substrate for microorganisms,
many of which produce info chemicals (Barnes, 2002; Botterell et al., 2020; Lobelle &
Cunliffe, 2011). Establishment of biofouling biota, and the formation of biofilms, causes
plastic fragments to acquire a chemical signal, which can attract organisms using
chemosensory mechanisms to locate, identify, and ingest food (Yoch, 2002; Pohnert et al.,

2007; Savoca et al., 2013; Zettler et al., 2013; Botterell et al., 2020).

Studies have observed that the odour emitted from plastic is the driving force behind the
attraction as opposed to visual misidentification of plastic as a food source (Cadée, 2002;
Schuyler et al., 2014; Savoca et al., 2017). The common slipping agent oleamide shares

37



similarities with a chemical released during the decomposition of arthropods, suggesting
crustacean species may mistake oleamide as a food source, creating an olfactory trap
(Schirrmacher et al., 2021). Additionally, plastic marine debris host chemicals adsorbed on
plastic debris surfaces from the surrounding seawater. A known example of this is biofouling
of plastic debris caused by algae. One example of these chemicals is dimethyl sulfide (DMS)
produced by phytoplankton (Yoch, 2002), causing fauna to misidentify plastic as a food
source. This effect has been studied and observed in zooplankton, fish, hermit crabs, sea
turtles and some seabirds (Savoca et al., 2016, 2017; Botterell et al., 2020; Pfaller et al.,
2020; Greenshields et al., 2021). Plastic that has been ingested has varying levels of harm
and can be a pathway for bioaccumulation of virulent compounds throughout the food web
(Gregory, 2009; Cole et al., 2011; Zarfl et al., 2011; Savoca et al., 2017; Trotter et al., 2019;

Markic et al., 2020; Miller et al., 2020; Chen et al., 2021).

1.7.3 Combined effects of stressors, specifically, Ocean Acidification and Plastic Odour

There is practical evidence suggesting that pH influences leaching from plastics (Bosnir et al.,
2003; Annamalai & Namasivayam, 2017). Bosnir et al. (2003) performed a study assessing
the migration of phthalates from plastic bottles to different beverages with the aim of
establishing a link between the amount and type of phthalate migration, type of
preservative used, and the pH of the sample. The study found bottled carbonated beverages
with lower, more acidic pH around 2.7 had higher levels of phthalates observed compared
to bottled drinking water around pH 6.5 which has lower observed phthalate
concentrations. This suggests very acidic pH and preservatives such as orthophosphoric acid,

sodium benzoate and potassium sorbate have a significant role in leaching of phthalates.
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The study concluded that phthalate migration seems to be influenced by the drink’s pH, the

lower the pH value, the greater the phthalate migration (Bosnir et al., 2003).

Shams et al. (2020) investigated the aggregation kinetics and stability of polyethylene and
polystyrene nanoscale plastics investigating ranges of pH, salt types and ionic strength
applicable to natural marine environments. Findings revealed that ionic strength and salt
types had significant effects on the stability of both, polyethylene and polystyrene
nanoscale plastics, however, pH did not. The pH ranges investigated were over a range from
2 to 10. Polyethylene nanoscale plastics remained highly negatively charged across the
studied pH range indicating that either polyethylene nanoscale plastics do not have an
isoelectric point (Ohsawa et al., 1986; Lefevre et al., 2009; Barany et al., 2012), or they have
an isoelectric point below pH 2. In the marine environment pH fluctuates but generally
remains between pH 5 to 9 (Wootton et al., 2008; Hofmann et al., 2011; Lauvset et al,,
2020). The study concluded that pH is not likely to affect the behaviour of those nanoscale

plastics in the aquatic environment (Shams et al., 2020).

In C. maenas, pollutants such as polycyclic aromatic hydrocarbons (PAHs) and heavy metals
cause substantial physiological costs to the individual (Lundebye & Depledge, 1998a,b;
Dissanayake et al., 2010) including reduced metabolic scope, limited energy available and
thus impaired behaviour and performance (Dissanayake et al., 2010). Additionally, there is
ample data supporting significant developmental and physiological costs in invertebrates
associated with low pH environments (Portner et al., 2004; Orr et al., 2005; Briffa et al.,
2012). High CO; conditions elevate the cost of maintaining an internal acid—base balance
and leads to an increased metabolic load for marine species to sustain (Portner et al., 2004;

Spicer et al., 2007). As seen with exposure to chemical pollutants, changes in underlying
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physiological condition as a result of low pH environments is likely to reduce behavioural

competence (Dissanayake & Ishimatsu, 2011).

1.8 Study organism: the green shore crab Carcinus maenas

The green shore crab C. maenas is a highly resilient epibenthic crustacean species with a
wide range of thermal and salinity tolerances and extensive phenotypic plasticity (Tepolt &
Somero, 2014; Young & Elliott, 2019) (Figure 6). These features enable extensive distribution
and a variety of potential habitats across sheltered soft and hard environments within and
outside of their native range (Baeta et al., 2005; Young & Elliott, 2019), making them one of
the top 100 most successful, and harmful, globally invasive marine species (Lowe et al.,
2000; GISD, 2021). The shore crab is well studied and extensively used in ecotoxicology
experiments. As a common intertidal species, C. maenas are abundant, easily identified,
measured, and marked making them highly convenient for experimental studies (Crothers,

1968; Rodrigues & Pardal, 2014; Young & Elliott, 2019).
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Figure 6: Photo of Carcinus maenas from Lamb and Hanby (2005).

The native range of C. maenas extends the northeast Atlantic coastline, coastal areas of
Europe and Africa, from Iceland, Norway and the British Isles, to Mauritania in northern
Africa (Carlton & Cohen, 2003; Darling et al., 2008; Young & Elliott, 2019). C. maenas is
considered to be one of the most prolific globally invasive species, with at least two well-
studied invasions in the north-western Atlantic and north-eastern Pacific as well as
populations established in Argentina, Australia, and South Africa (Grosholz & Ruiz 1996;

Grosholz, 2002; Carlton & Cohen, 2003; Hidalgo et al., 2005; Compton et al., 2010).

C. maenas uses chemical signalling and chemoreception to navigate its environment and
control olfactory-mediated behaviours such as foraging, mating and prey detection.
Extended antennules display a characteristic flicking motion which serves to enhance
chemosensory function when foraging for food (Schmitt & Ache, 1979). Funnel canals
located on the walking legs respond to the stimulus of prey beneath them and the prey is

then grasped within the crabs’ chelae (Crothers, 1968). Mating behaviours displayed by C.
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maenas is distinct from both feeding and typical locomotory movements. When sexually
stimulated through olfaction, receptive C. maenas males elevate themselves on extended
Pereopods 2 to 4 with the long axis of the propodus of the chelipeds pointing forward at an
approximate 90° angle to the front of the carapace and may commence a searching motion
(Bamber & Naylor, 1995). Often Pereopods 5 are held above the level of the carapace
behind the crab (Bamber & Naylor, 1995). These processes can be disrupted by ecological
changes such as ocean acidification and chemicals released by plastics through leaching

(Olsén, 2010; Briffa et al., 2012; Porteus et al., 2021).

1.9 Potential for adaptation or acclimatisation

Adaptation and acclimation are two means for species developing tolerance to a new or
changed environment (Cominassi, 2019). Adaptation requires genetic variation within the
population, with the selection of features or adaptive traits, which enable individuals to
survive or reproduce more successfully in certain environmental conditions (Garcia de
Leaniz et al., 2007; Edelaar et al., 2008). Acclimation is a form of phenotypic plasticity where
a genotype is expressed on phenotype fitting to the environment enabling the individual to
maintain or improve its performance and often survival under new conditions (Whitman &

Agrawal, 2009).

The effects of ocean acidification are typically studied over a short-term time period
however, realistically, shifts in seawater chemistry will take place over several generations.
Adaptation of populations of species with shorter lifespans have been considered as a
potential outcome (Melzner et al., 2009; Ofori et al., 2017), however, a more common
finding is that short-term exposure to future ocean conditions may not be a sufficient
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evolutionary force resulting in potential for rapid adaptation, and that adaptation is a more

plausible possibility over many generations (Uthicke et al., 2019).

Marine species can experience climate change associated stress conditions throughout their
lifespan and over generations. It is important to consider adaptive potential occurring after
acclimatising over a longer time frame (Sunday et al., 2014; Foo & Byrne 2016; Senner et al.,
2018). Environmental properties of the ocean such as pH, salinity, temperature, and oxygen
vary substantially during seasonal, tidal, and diel cycles, as well as across geographical
location and solar and lunar interactions (Morris & Taylor 1983; Aagaard, 1996). These
routine physicochemical variations require constant biochemical, physiological, and
behavioural adjustments. Organisms such as C. maenas inhabiting these environments are
often highly eurythermal and demonstrate considerable acclimatisation potential (Fangue et
al., 2006; Madeira et al., 2012). Organisms inhabiting highly stable environments are likely
to have narrower thermal tolerances and reduced acclimation abilities (Peck et al., 2014;

Tepolt & Somero, 2014).

Tolerance and acclimatization capacities have been seen to differ between closely related
species that have evolved in diverse environments (Stillman & Somero, 2000; Stenseng et
al., 2005; Tepolt & Somero, 2014). For instance, porcelain crabs inhabiting environments
close to their upper thermal constraints struggled to acclimate outside of those limits.
Populations inhabiting cooler environmental conditions were able to modify their optimal
thermal tolerances substantially beyond their usual limit after acclimation to warmer

temperatures (Stillman, 2003; Calosi et al., 2008; Bozinovic et al., 2011).

A key ecological study system for examining intraspecific variations in environmental

sensitivities is invasion biology as described in Tepolt and Somero (2014). Widespread
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invasive species are often successful in establishing populations across a range of habitats
with wider abiotic variations and present key opportunities for analysing differences in
genetic variation and acclimatisation potential (Chown et al., 2007; Sorte et al., 2010;

Lockwood & Somero, 2011; Tepolt & Somero, 2014).

Invasion success is largely determined by the capability of a species to acclimatise to new
conditions (Yeh & Price, 2004; Smith et al., 2009; Nyamukondiwa et al., 2010; Tepolt &
Somero, 2014). Invasive species such as fruit flies, Drosophila subobscura, have established
widespread populations across diverse environments in its non-native range (Miura, 2007;
Moran & Alexander, 2014). Species with high levels of genetic variation and short

generation time, are often able to readily adapt to new environments.

C. maenas is also considered a classic model of a successful invasive species with non-native
populations established in Japan, Australia, Argentina South Africa, and both North
American coastlines (Carlton & Cohen, 2003; Hidalgo et al., 2005). Tepolt and Somero (2014)
observed high thermal tolerance and acclimatory plasticity in the shore crab. They found
individuals to be extremely tolerant of both heat and cold, with a stronger ability to survive
higher temperatures than native marine crustaceans inhabiting the same environment. It is
becoming increasingly evident that invasive species are characterised by a higher thermal
tolerance than related non-invasive species (Schneider, 2008; Sorte et al., 2010; Lenz et al,,

2011; Lockwood & Somero, 2011; Zerebecki & Sorte, 2011).

Impaired chemical signalling due to ocean acidification lends to the prospect of organisms
facing increased risk of extinction. However, adaptation to detect chemical cues under

acidified conditions may be possible. For long-term adaption by evolution to successfully
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occur, there must be a level of individual variability allowing an advantageous trait, allowing

for better tolerance to acidified conditions, to be inherited.

In the case of short-term adaption, evolution is not essential where there is adequate
plasticity to accommodate for the change in environment condition (Susoy et al., 2015).
Research focusing on microorganisms and metazoan species representing Crustacea,
Bryozoa and Polychaeta groups has revealed successful short-term adaptation to high pCO;
environments (Melzner et al., 2009; Calosi et al, 2013). Individuals were relocated from
stable pH environments to CO; vents with significantly lower pH (ranging from 6.8 — 7.7 pH).
While the species were able to exist in these vent systems, trade-offs are unsurprisingly
incurred, with no clear observations of breeding success (Rodolfo-Metalpa et al., 2010;

Burrell et al., 2015; Turner et al., 2015).

As C. maenas occupy various shoreline types, many get isolated in shallower waters so it
would be likely that many individuals used in experimental studies are already likely to be
adapted to fluctuations in temperature, salinity and light intensity due to their natural
environmental conditions. High individual variation and phenotypic diversity could promote
adaptation to future ocean acidification and changes in the marine environment. By
comparing behavioural results to individuality data, we can identify if the variability in
certain characteristics in C. maenas enable those individuals to be more tolerant, better

adapted or more susceptible to the impacts of microplastics and pH induced stress.
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1.10 Individuality

Individual variation such as morphological differences and heterogeneity in behaviour has
become a key focus of studies relating to social behaviour due to its potential to influence
animal communities (Sih et al., 2004; Dall et al., 2012; Wolf & Krause, 2014; Farine et al.,
2015). Numerous studies have found that the behavioural response of an animal is heavily
impacted by individual characteristics such as sex, size and weight and social hierarchy
which need to be considered when studying the effect of an external factor on behaviour
(Blueweiss et al., 1978; Dall et al., 2004; Hayden et al., 2007; McNamara & Houston., 2009;
Anthes et al., 2010; Schuett et al., 2010; Wolf et al., 2011; Kelley et al., 2015; Eldgy et al.,

2021; Thoré et al., 2021).

1.10.1 Sex

Male and female individuals have sex specific responses to pheromone cues due to varying
interests in the stimuli. Males react strongly to female sex pheromones uridine diphosphate
(UDP) and uridine triphosphate (UTP) in comparison to females (Hayden et al., 2007,
Hardege et al., 2011; Clark, 2017). It is known that female shore crabs display stronger
responses to food odours than males throughout the year with males showing significantly
reduced responses to feeding stimulants during their reproductive season in the summer

months (Hayden et al., 2007).

Sex specific changes to behavioural responses to odour cues under low pH conditions was
found by Richardson et al. (2021), who observed detection and response behaviour of C.
maenas in response to prey and predator cues. The study showed an altered response at pH
7.6 with males detecting prey cues faster than females, suggesting that there may be
physiological or morphological differences between sexes. However, results also showed
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that in response to odour of the common cuttlefish (Sepia officinalis), a predator species,

detection behaviour was not altered in males or females (Richardson et al., 2021).

Thoré et al. (2021) found sex specific behavioural variation in the freshwater fairy shrimp
(Branchipodopsis wolfi), although larger than males, females were less active. Additionally,
activity was negatively associated with size amongst females, whereas an opposite
relationship was found for males. Trade-offs like these often aid in antipredator tactics to

avoid detection by visual predators.

1.10.2 Size and weight (carapace width)

Body size is recognized as a key component of evolutionary fitness as it can impact
physiological performance, behaviour, anatomy, reproduction, and longevity (Hines, 1982,
1988; Naganuma & Roughgarden, 1990; Hart & Bychek, 2011; Kelley, 2013; Kelley et al.,
2015). In stone crabs (Hapalogaster dentata) it was observed that larger males had a
significantly higher fertilization success than smaller male conspecifics when mating with
females (Sato & Goshima, 2007). A larger body size is assumed to be advantageous in
competition and utilisation of resources (Brown & Maurer 1986; Bonner, 1988), foraging
and predator escape (Reimchen, 1991; Scharf et al., 2000; Cook et al., 2013), as well as
greater ability to endure extreme environmental conditions (Peters, 1983; Peters &
Wassenberg, 1983; Smith et al., 1991; Sogard, 1997; Portner, 2002; Brand| et al., 2020). It is
known that in polychaete individuals kept at low pH are on average smaller than individuals
reared in current oceanic pH conditions (Sokotowski et al., 2020). Larvae cultured in low pH

had reduced sizes at metamorphosis, abnormal growth, and resulted in juveniles of a
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smaller size (Kroeker et al., 2013; Lane et al., 2013; Espinel-Velasco et al., 2018, 2021; Diaz-

Castafieda et al., 2019).

Studying the effect of body size is complex due to larvae and juveniles typically being
smaller than mature adults, making it a challenge to disentangle body size and development
as different factors. In many species maturity is determined in relation to size (Crothers,
1967), in C. maenas males often reach maturity by 21 mm, and in females around 28 mm,
with individuals below these measurements classed as juveniles (Audet et al., 2008). Sexual
maturity can vary with size, male shore crabs reach sexual maturity at around 30-35 mm
carapace width; however, as the species is highly competitive, individuals measuring below
60 mm are unlikely to mate (Styrishave et al., 2004). C. maenas are generally larger in both
the north-western Atlantic and north-eastern Pacific non-indigenous populations compared

to those in the native European population (Thresher et al., 2003; Young & Elliott, 2019).

Laboratory trials studying shore crab larvae from invasive populations on the Atlantic and
Pacific coasts of North America suggest that juvenile crab larvae have a narrower thermal
tolerance than adults, with successful development occurring only between 10 and 22.5°C
(deRivera et al., 2007). However, in contrast, juvenile Carcinus in the Mondego estuary
showed a higher tolerance to lower salinities than adults and larvae in the population.
Juvenile Carcinus were located in upriver areas and observations confirmed that as
individuals increased in size, they began a migration downstream towards the mouth, into

more saline waters (Baeta et al., 2005; Monteiro et al., 2021).
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1.10.2.1 Size relating to dominance and hierarchical factors

In crustaceans, dominance hierarchies are determined and maintained largely by size
(Jachowski 1974; Fielder & Lee, 1983; Barki et al., 1991; Huntingford et al., 1995;
Goessmann et al., 2000; Gilpin & Chadwick, 2020), and fights between individuals are
usually resolved by the smaller opponent retreating (Glass & Huntingford, 1988; Sneddon et
al., 1997; Huber et al., 2002; Edwards et al., 2005). Encounters between male shore crabs (C.
maenas) are aggressive and observations suggest fights are significantly more intense in the
presence of females (Sneddon et al., 2003) than in the presence of food. Size is the single
most important factor in determining the outcome of these conflicts, large males with
carapace width over 60 mm show higher dominance than smaller males and thus higher
success rate in winning fights and approaching receptive females (Berrill & Arsenault, 1982;

Styrishave et al., 2004).

During fights dominant males (winners) initially climb on top of their opponents, followed
by the weaker crab (losers) retreating from the fight (Sneddon et al., 1997). Winners of
fights are more likely to win again, and losers are more likely to lose again; this is described
as the winner-loser effect. Losing a fight was also seen to impact the responses of males
towards pheromone cues (Fletcher & Hardege, 2009), which can greatly influence

community and population structure (Chase et al., 1994; Daw et al., 2002).

Fletcher and Hardege (2009) observed the responses of male C. maenas after an
antagonistic interaction and established a link between the outcome of social interactions
and the animal’s response to reproductive chemical cues. 40% of losers failed to respond to
the female sex pheromone, with both winners and losers showing a delayed response after

a conflict. Individuals exposed to pheromone odour cues after a loss in a fight performed
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fewer mating behaviours. Status-dependent responses seen here in males indicate the
presence of social structures and social hierarchy-driven mating tactics to potentially reduce
the number and intensity of costly fights during the short reproductive window (Fletcher &
Hardege, 2009). A similar study by Johnson et al. (2008) staged fights between Norway
lobsters (Nephrops norvegicus) and observed that only the losers of the fights reduced their

aggression from the first to second encounter.

1.10.3 Injury

C. maenas is a known aggressive species so intraspecific and interspecific competition is to
be expected (see above section 1.10.2.1). Fighting behaviour can also lead to injuries so
body condition of individuals can vary depending on severity of the damage often visible by

missing limbs.

In crustaceans there is generally a high size to body weight ratio regarding cheliped
dimensions (Stein, 1976; Lee & Seed, 1992). Chelipeds have been widely studied for their
use in foraging activities however it has been noted that cheliped size and structure is not
driven by foraging alone and plays a prominent role in success and efficiency of feeding,
reproductive behaviour, and antagonistic interactions (Lee & Seed, 1992). Cheliped
movement is considered the main display and expression of aggressiveness (Wright, 1968).
Carcinus with larger chelae have selective advantages when competing for mates and in
antagonistic interactions within the group, owing to higher success and significant
importance in mating behaviour (Lee & Seed, 1992; Sneddon et al., 1997). The size and
spread of chelipeds is considered more influential in determining the response pattern of
hermit crab individuals than general body size (Yoshino et al., 2011). It was observed that
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mating pairs are established after a fight has occurred between males (Lee & Seed, 1992).
Aggression and fighting behaviour naturally increase during the mating season, essentially
promoting intrasexual selection among males, as only those successful in winning fights and

defending the moulting female will reproduce.

it is known that damage or loss of limbs decreases male pairing success and male C. maenas
without functioning chela had reduced ability to compete for and protect a moulting female
(Sekkelsten, 1988; Abello et al., 1994). Whilst injured crabs will require energy to rebuild
lost limbs and to cope with the physiological stress of an injury, crabs in “optimal condition"
with no injuries have greater metabolic needs and so require higher cardiac activity
(Aagaard, 1996; Rovero et al., 2000). Additionally, larger cheliped size has been related to
cause disproportionately higher metabolic rates during high activity tasks such as swimming,

suggesting that there is a trade-off.

In laboratory studies often opponents are sized matched in order to remove bias from the
outcome of a fight when examining external factors (Huber et al., 2001; 2002; Johnson et
al., 2008), however this does not present an accurate representation of fights occurring in
the natural environment, where the larger individual would most likely be the winner of the

antagonistic interaction.

Furthermore, it is common for individuals with injuries to be excluded from fighting
experiments, although this is a straightforward way to reduce the influence of body
condition on results, it does not reflect real life situations in the field. Including individuals in
suboptimal conditions provides more accurate and realistic results for ecological studies as
individuals in the natural environment often experience damage or injury through fights and

predation.
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1.10.4 Colour variation (carapace colour)

Throughout their ontogenetic development, C. maenas presents a variation in colouration,
exhibiting a range of carapace colours whilst undergoing moults allowing for growth
(Styrishave & Andersen, 2000). The difference in morphotype indicates the stage of
intermoult: newly moulted crabs being green in colour and individuals with a longer

intermoult period presenting as red (Reid et al., 1997; Monteiro, 2019).

The varying colour morphs of C. maenas (Todd et al., 2006; 2012; Stevens et al., 2014) allow
distinguishing the different stages of moult phases (McGaw et al., 1992; Styrishave et al.,
2004). Colouration can vary from a red to green carapace with darker marbled appearance
and a lighter coloured abdomen (Crothers, 1968; Reid & Aldrich, 1989; McGaw et al., 1992).
Moulting is age and temperature dependent (Young & Elliot, 2019) and as in many decapod
crustaceans coincides with reproduction (Steel, 1980; Adiyodi, 1985; Nelson, 1991; Cuzin-
Roudy, & Buchholz, 1999). Before and during the moult female shore crabs release sex-
pheromones predominantly in the urine, which attract males and induce mating behaviours
such as guarding (Bamber & Naylor, 1996; Hardege et al., 2002, 2011). In female C. maenas
the first sex pheromone was identified as the nucleotide uridine diphosphate (UDP)
(Hardege et al., 2011). Further examination of female urine samples over the moult cycle
revealed a pheromone bouquet with UDP as well as uridine triphosphate (UTP) being
detected. A combination of the two nucleotides at a ratio of 4:1 UDP:UTP induces the male
mate guarding behaviour (cradling) and elicited an even stronger mating response than
either UDP or UTP in isolation (Fletcher et al., 2021). This compound changes over the moult
period pre and post ecdysis relating to the physiological state of the female releasing it

(Fletcher et al., 2021).
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Colour-dependent variation relating to distribution of C. maenas individuals within
populations in combination with size and sex has been investigated (Hunter & Naylor, 1993;
Warman et al., 1993; Aagaard et al., 1995; Aagaard, 1996). Research has analysed various
aspects of C. maenas physiology and morphology with regard to differences in carapace
colour (Reid & Aldrich, 1989; Kaiser et al., 1990). For example, in males, red individuals have

thicker, more robust carapaces compared to green individuals (McGaw et al., 1992).

Green crabs show higher levels of activity compared to red crabs (Hunter & Naylor, 1993;
Warman et al., 1993; Aagaard et al., 1995) which may be due to red coloured individuals
needing to fulfil increased metabolic demands of growing tissues in prolonged intermoult
(Aagaard, 1996). Reid and Aldrich (1989) found red shore crabs had significantly higher
“excited” oxygen uptake rates and a lower ability to withstand environmental stress such as

low salinity and hypoxia than the green crabs.
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2. Chapter 2: The impact of reduced pH and plastic odour upon the green
shore crab Carcinus maenas

2.1 Introduction to study

Marine ecosystems face numerous human induced stressors including overexploitation of
natural resources, habitat destruction, invasive species, pollution, and climate change, all of
which are known to negatively impact species functionality (Claudet & Fraschetti, 2010;
Gallardo et al., 2017; Cordier et al., 2019; Montero-Serra et al., 2019; Portner, et al., 2019;
von Schuckmann et al., 2020; Lyu et al., 2021). These environmental stressors rarely act in
isolation, and instead often act together (Manriquez et al., 2021). There has been an
exponential interest in research aiming to unravel and predict the consequences of ocean
acidification on marine species, populations, and ecosystems (Davidson, 2013); as well as
the inescapable issue that is plastic pollution. However, species face exposure to these

stressors simultaneously.

It is known that individual variations within a species population have varying responses to
stressors e.g., sex, size, hierarchy, colour (Bell et al., 2010; Koolhaas et al., 2010; Pankhurst
& Munday, 2011). However, the anticipated ecological and fitness consequences for species
if plastic and/or pH impacts their olfactory systems are unknown (Hoet et al., 2004; Savoca
et al., 2017). The lasting impacts on population structure and ecological systems could be
detrimental if functional traits are impacted. Understanding the effects of multiple stressors
and unravelling multiple-stressor effects is challenging. Marine stressors can interact and
cause synergistic, additive, or antagonistic effects, but experimental research on
crustaceans encountering stressors simultaneously are limited (Sokolova, 2013; Curry, 2020;

Stein & Harzsch, 2021). Studying the diversity in the individual behavioural response relating
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to individual characteristics within the species population may be key to species endurance

in a changing environment (Tepolt & Somero, 2014).

The present study aims at studying the responses of the shore crab, C. maenas a decapod
crustacean, when facing combinations of low pH and plastic odour. The effects of plastic
derived odour and ocean acidification as combined stressors affecting shore crab olfaction,
behaviour and consequently fitness have been examined. Additionally, objectives also

consider if individuality factors (size, sex, colour, and injury) are influential amongst results.

This study aimed to address the following questions:

(i) How does C. maenas respond to acidification and plastic odour in isolation?
(ii) How does C. maenas respond to the combined effects of acidification and plastic
odour?

(iii) How do the impacts of acidification and plastic odour interact?

The shore crab C. maenas was selected as an appropriate study species for this research as
there is sufficient data that document responses to feeding and reproductive cues in the
form of increased rates of antennule flicking, making this species a suitable experimental
organism for this study (Ropes, 1968; Lyons et al., 2012; Roggatz et al., 2016). There is
knowledge of the chemical ecology of C. maenas (Sneddon et al., 2003; Hayden et al., 2007;
Hardege et al., 2011; Rodrigues & Pardal, 2014) focusing on both feeding and reproductive
behaviours (Ekerholm & Hallberg, 2005; Bublitz et al., 2008; Edgell & Hollander, 2011;

Fletcher et al., 2021). Behavioural studies on this species were performed with known
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synthetic cues which enables the use of quantitative evaluation of behavioural changes in
individuals (Bublitz et al., 2008; Hardege et al., 2002, 2011; Fletcher et al., 2021). The
impacts of temperature and salinity on C. maenas have been described (Therriault et al.,
2008; Appelhans et al., 2012; Monteiro et al., 2021), making animal husbandry and culture

procedures simple to maintain.

2.2 Aims and objectives

Current research suggests that ocean acidification will modify the structure of a variety of
olfactory chemical cues and will affect crustaceans’ ability to detect and respond to
chemical cues in the environment (Leduc et al., 2013; Roggatz et al., 2016; Ashur et al,,
2017; Schirrmacher et al., 2021). With only a very small number of studies utilising known
synthetic compounds, evidence for this phenomenon is limited (Porteus et al., 2021). With
the increase of plastic odour and leachates polluting the marine environment, this project
aims to observe detection ability and response time of C. maenas when exposed to
synthetic and natural cues under combined plastics exposure and acidified ocean

conditions.

Experiments will be conducted at three different pH levels simulating current, projected,
and extreme localised cases of ocean acidification. This study will observe behavioural
responses in relation to feeding and reproductive cues at varying levels of pH as well as
combined effects when exposed to plastic odour. Individual variability will be analysed to
investigate if certain factors: size, sex, colour and injury, influence susceptibility or resilience

of marine crustaceans to ocean acidification.
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2.3 Hypotheses

To explore the impacts of low pH and plastic odour, the following hypotheses were tested

throughout this study:

1. Atlow pH (7.6 and 7.2) C. maenas will show a reduced response to a) feeding cue
(glutathione) and b) synthetic reproductive olfactory cues (UDP/UTP) than
individuals tested at normal pH 8.2.

Null hypothesis: At low pH C. maenas will show no difference in response to the synthetic

olfactory cues UDP/UTP and glutathione compared to individuals at a normal pH.

2. Individuals tested with the presence of plastic odour will show a reduced response to
olfactory cues (UDP/UTP and glutathione) than individuals tested without the
presence of plastic odour.

Null hypothesis: With the presence of plastic odour C. maenas will show no difference in
response to the synthetic olfactory cues UDP/UTP and glutathione compared to individuals

tested without the presence of plastic odour.

3. Atlow pH individuals tested with the presence of plastic odour will show a more
reduced response to olfactory cues (UDP/UTP and glutathione) than individuals
tested with the presence of plastic odour at normal pH.

Null hypothesis: At low pH C. maenas individuals tested with the presence of plastic odour
will show no difference in response to the synthetic olfactory cues UDP/UTP and glutathione

compared to individuals tested with the presence of plastic odour at normal pH.
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4. Individuals will have variability in cue detection and response relating to size, sex,
colour, and injury.
Null hypothesis: There will be no individual variability in cue detection and response relating

to size, sex, colour, and injury.
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3. Methodology

3.1 Animal collection

C. maenas were collected on the 4t of June 2021 from the British coast at the rocky shore in
Whitby, North Yorkshire (Figure 7). All collections were carried out in non-protected areas
with no conservation designation, that are frequently used by the University of Hull and

fellow researchers. Whitby was chosen for crab collecting as C. maenas populations are

plentiful and easily located.

Whitby K\inﬂ

WhitBy

Figure 7: Location of the collection site, the rocky shore in Whitby, North Yorkshire where
Carcinus maenas specimens were collected (pictures from Google images 2022, Google

Maps, 2022; Wikipedia contributors, 2022) [Accessed 19/04/22]
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The most effective way to collect animals was by using crab drop nets with bait to attract
individuals that could then be pulled out of the water and collected in buckets. Intermoult
adults, both males and non-ovigerous females were collected, identified, and sexed based
on the observation of abdomen morphology. Males feature a triangular abdomen, while
females display a rounded abdomen of equal breadth for most of its length (Figure 8,
bottom A, B- males and C, D- females). 100 crabs were collected in total, 60 males (3.5 — 8.5
cm) and 40 females (3.5 — 6.5 cm) and placed into separate labelled cool boxes lined with
cooling blocks to lower internal temperature and reduce metabolic rate. Collected animals
were transferred to tanks in the culture room at the University of Hull within 6 hours of
collection. These methods of collection, transportation and removal have been used and

proved to be effective in other previous projects conducted at the University of Hull.

3.2 Culture maintenance

All experimental animals were kept in holding tanks supplied with circulating natural sea
water (pH 8.2, temperature 15-20°C, salinity 32 to 34%) where they were monitored daily
under controlled conditions. Daily pH readings were taken to monitor the carbonate
chemistry (measured using an Orion 8103SC pH electrode calibrated on the National Bureau
of Standards (NBS) scale. Males and females were housed separately in groups ranging
between 3 - 6 animals per holding tank (50 cm x 40 cm x 25 cm). C. maenas remained in the
aquaria facilities until their natural death, typically up to 1 year. During this time in captivity,
cannibalism on soft moulting animals was expected to be a common cause of death for
crabs kept together in tanks (Breteler, 1975). To reduce predation during moulting, crabs

were grouped by size to avoid predation of larger older crabs on the smaller juvenile crabs.
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When moulting, death or injury occurred, it was marked on the crab database spreadsheet

and the individual was re- marked as described below in section 3.4.1 Marking Individuals.

3.2.1 Feeding

C. maenas were fed on mussel (Mytilus edulis) flesh twice weekly as a standard, prior to
biological assays and for the duration of the experimental period. Crabs were only used for
experimental assays at least two days after feeding to standardise hunger levels at the time
of the assays, especially as some cues were associated with feeding. Crabs were fed at the
end of the days with bioassays and not tested in assays for at least two days. The animals
were fed blue mussel Mytilus edulis flesh as recommended by Ameyaw-Akumfi & Hughes
(1987). This was prepared by placing approximately 200g of frozen cooked mussels into a
container containing 100ml of water and allowed to defrost. Once the mussels had
defrosted the flesh was cut into pieces of around 1cm3in size. Food was distributed evenly
allowing for one piece per individual, care was taken to spread out the pieces to minimise

fighting over food placed in one area.

3.3 General experimental procedures

3.3.1 Ethics statement

All experimental work using C. maenas was undertaken following appropriate ethical
approval through the University of Hull ethics committee (reference code: UO20). The
collection and housing of the organisms used in this project and the behavioural bioassays

used were covered ethically by the chemical ecology research group’s general ethics form.
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After the experiments, organisms were kept in aquaria at the University of Hull for future

use.

3.4 Assessment of Animals: Measuring and observing individuals

Prior to and during data collection, a series of measurements and observations were
recorded for each individual crab. Size and weight of each individual was recorded to

determine data trends relating to body size (Appendix Table 1).

C. maenas individuals were placed into a container and paper towels were used to absorb
and remove excess surface water to ensure only the crabs body weight was being
measured. The individual was moved to a separate container placed on 3-point scales which
was re-set to remove the weight of the container from the measurement. As gill chamber
water could not be drained, the wet weight of the crab was recorded in grams (g). This

method was repeated for all individuals.

Size was measured as carapace width. Measuring the widest point of the carapace, the
measurement was recorded to the nearest 0.1 cm. For this study individuals were
categorised as ‘large’ or ‘small’ based on mean carapace width, individuals measuring 6cm

and under were classified as ‘small’ and those over 6cm were classified as ‘large’.

At the same time as the above procedure the animals were examined for their body
condition. Body condition relates to the physical condition of the animal accounting for any
damage to the individuals form including loss of appendages, cheliped, or antenna. If the
individual was in less-than-optimal condition it was deemed as ‘compromised condition’, if

the individual was in optimal condition, it was deemed as ‘good condition’.
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Sex was distinguished as described above in section 3.1 Animal collection, and colour was
determined using a colour index chart as defined by Lee et al. (2005) ranging from green (1)
to shades of yellow and orange (2—-9) to red (10) (Figure 8). For the analyses, crabs were
categorized as either green (colour codes 1-5) or red (colour codes 6—-10)

GREEN CRAB COLOR INDEX

:M :- il o
1 8
- ;" . ;
-
3 6 11
4 5

Color index used to quantify ventral coloration in Carinus mamas. Color chips are sections of paint swatches, Color of third maxillipeds was

matched 10 a color chip to determine the appropriate color index (C1) value

Examples of Carcinus maenas ventral coloration. Arrow points to third maxillipeds that were used to determine color index (CI) values. A, green

male (CI = 1); B, yellow male (CI = 6); C, orange female (CI = 9); D, red female (C1 = 12

Figure 8: Charts created by Lee et al. (2005) from Young et al. (2017). Colour index chart

(top image) and examples of C. maenas colouration and differentiation of sex (Bottom).
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3.4.1 Marking individuals

For the data recorded to be successfully linked to individual variability, a database of all
individuals used in the study was created, containing the sex, weight, carapace width,
colour, and condition (Appendix Table 1). This spreadsheet was updated regularly and prior
to bioassays. To link this data to individuals nail varnish was used to mark the carapace with
a unique number and colour, depending on sex. Earlier studies established no effect of nail
varnish on the behaviour or mortality of C. maenas (Lee et al., 2005; Sturm et al., 2006).

Markings were reapplied in the case of an individual moulting (Figure 9).

Figure 9: Markings made with nail varnish on Carcinus maenas individuals, here pictured

Females 7 — 12.
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3.5 Development of methods and preliminary testing

To try and develop a bioassay that tested a single crab and could be repeated for different
crabs, pH treatments and odour cues, various small-scale preliminary bioassays were carried
out. Preliminary bioassays were selected and used to determine the duration and
effectiveness of the cues and responses to differing cue concentrations. Experimental

methods were altered if not successful.

In order to investigate how a change in pH affects chemical cues, a concentration threshold
had to be determined to ensure pH would have an effect when experiments were repeated
at different pH treatments. The chemical odour cue glutathione (GSH, 70-18-8, Sigma-
Aldrich) was selected as the feeding cue as it is a known chemical foraging cue (Loomis,
1955; Reimer, 1972), particularly well-studied in Portuguese man o’ war jellyfish (Physalia
physalis) and hydra (Lindstedt, 1971; Bellis et al., 1992; Kulkarni & Galande, 2014; Lenhoff,
2018). Concentration threshold for glutathione was tested on crabs with concentration
gradient of between 10® M to 102 M. UTP/UDP concentrations and glutathione
concentrations were both 10 M. These concentrations were initially tested as previous
similar studies at the University of Hull found reactions of organisms to experimental

concentrations within this concentration gradient.

Crabs were tested for behavioural responses to the cues prior to experiments. C. maenas
males perform distinct posing and cradling behaviours in response to female pheromone
cues (Berrill & Arsenault, 1982). Posing is typically displayed by the individual rising onto the
tips of its pereopods with the fifth pereopods raised to carapace height and chelipeds
extending 90 degrees from the body. Cradling is described as the crab grabbing or mounting

the ‘female’, in this case; the tea strainer containing the cue. Observations of these
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behaviours were considered a positive mating response. As testing started in the summer
(July — September) crabs were deemed sexually active as the males responded strongly to
the female pheromone cue by performing typical mating behaviour. For this reason,
experiments testing response to pheromone cues were completed first, followed by the
conditions testing food and plastic odour. To assess when the crabs had reached the end of
the reproductive season later in the year, the same preliminary tests for response to
pheromone odour were repeated. When male crabs no longer responded to the pheromone
cue with mating behaviour, they were considered to be winter crabs, this was observed

through testing during the months of October- February.

When carrying out trial experiments for the odour cues the following set up was used
(Figure 10). 0.5ml of the cue was pipetted onto a sponge and placed into one end of the
tank. The individual was isolated in the centre of the tank by a plastic tube, with the odour
cue on one side and a blank cue on the other side. The positioning of the odour cues was

chosen at random. These trial experiments were repeated for all the odour cues used in the

O O

Figure 10: The experimental set up used during preliminary testing and for Lolitrack™ video
analysis. Carcinus maenas isolated in the centre of the tank (58 cmx 31 cmx31cm) by a
tube (10 cm diameter), and the two odour cues positioned at each side; one of which was

selected at random as the required odour cue. Diagram from Richardson et al. (2021).
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experiment: Glutathione, UDP/UTP and plastic odour. These results decided the final

experimental concentration of each cue.

To assess the crab’s response to plastic odour, the response to three different plastics was
tested, using the same methods for creating plastic odour water as described below in

section: 3.8 Preparation and storage of experimental cues (see page 71).

The plastics tested were Polypropylene (PP), Polyethylene (PE), and Polyvinylchloride (PVC).
Response was measured by observing the time taken for antennule flicking and
observations of behaviour. If the crab moved towards the odour cue and stayed in proximity
for the duration, we regarded this as a positive response. Lolitrack™ video analysis software
was used to create heatmaps of individuals and their movement within a small rectangular
tank (size- 58 x 31 x 31 cm), with approximate 11cm depth of artificial sea water (salinity
35%, 19°C). A tripod was positioned 83 cm above the tank, where a camera (iPhone) was
held to record responses. The two 4.25cm diameter filter paper circles were soaked with
solution, one with 2ml of plastic odour solution and the other with 2ml of seawater as a
control. The filter paper was then secured in place at opposite ends of the tank with equal
sized stones and were frequently repositioned to reduce bias. The crab was placed into the
tank in a holding tube and acclimatised for 20 seconds. The crab was then released and
recorded for 2 minutes. This was repeated in pH conditions 8.2 and 7.6. From these trial
experiments PE was found to be the most effective and this was used to create the plastic

odour for the plastic odour cues used in the study (Appendix Table 2).
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Video footage was inputted into Lolitrack™ software to produce individual heatmaps and
data outputs. This allowed prediction of whether plastic would be an attractant or deterrent

and if response changed under low pH (Figure 11).

Control With plastic odour cue

Figure 11: Heatmaps created with Lolitrack™ showing an example of movement and
response to control cues (A) and plastic odour cue (B). (A) shows movement of a Male in a
static tank with two Control odours (artificial seawater) at each end pH 8.2. (B) shows
movement of the same Male when a plastic odour (yellow) was added to one end of the

tank pH 8.2.

Once all the concentrations were found and the cues were created, a preliminary test was
conducted to assess the cue diffusion rate and the amount of time an odour was detectable.
This test was carried out in a Y shaped olfactometer flume (180cm x 90cm x 45 cm) (Figure
12). Food colouring was added to several test carboxycellulose gels (described below page
71), which were placed into the arms of the Y shaped tank. The duration of time taken for
the food colouring to diffuse to the other end was tested and recorded at various flow rates.

The results (Appendix Table 3, Table 4) showed that it took approximately 5 minutes for
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food colouring to diffuse to the other end of the Y-shaped tank. The same process was
tested with the odour cues through preliminary bioassays, and it was concluded that the

cues were detectable for approximately 2 hours before needing to be replaced.

Silicon tea strainer
containing cellulose gel
odour cue: Glutathione,
UDP/UTP, PE Plastic odour
or artificial sea water

Expected direction of
individual movement

4—
L
———
\ Starting position
Expected direction of of C. maenas

odour cue dispersion

Figure 12. Arial view of the experimental set up of Y- shaped olfactometer used during
bioassays (dimensions 180cm x 90cm x 45 cm). The crab C. maenas contained at the far end
of the tank (black circle) by a PVC basket (15 cm length), and the two cues randomly

positioned at the end of each branch of the tank; one containing the desired odour cue.

To standardise observational data for the response of the crab, all behaviours observed

throughout preliminary testing were identified and defined (Table 2).
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Figure 12 A. Re-circulating system set up for behavioural assay design. Two 210L water butts

connected via tubing were used to pump artificial seawater into the Y shaped olfactometer.

Charcoal filters were fitted to remove any previously released odours from the water.

Table 2. Description of behavioural acts observed throughout preliminary testing and
experiments. Standardised definitions of behaviours were agreed on for observations

recorded during bioassays.

Behaviour Description

Antennular flicking Rapid flicking or twitching of antennules

Wafting Mandibles moving or rubbing together

Grabbing Using chelipeds to grab or move the cue probing / grasping

Cradle Holding the cue underneath in cradling action

Burial Buried into the sediment either at the start of the experiment or
next to the cue

Continuous activity Moving around the tank or cue but not interacting with the
odour cue

No visible reaction No visible reaction or no behaviours shown

Cue being chosen Individual reaching the location of a cue and displaying any

behaviour or interaction towards the cue
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3.6 Behavioural assays

All bioassays were conducted in the same room and the tanks were positioned prior to
experiments and remained in the same position throughout the duration of data collection.
Artificial sea water was made the day of experiments and temperature, salinity, pH and light
intensity was recorded prior to experiments to ensure the parameters for testing were

uniform across all bioassays.

Two identical Y-shaped olfactometer flumes were positioned side by side with split flow
tubes allowing artificial seawater to enter each branch of the tank at the same flow rate of
500ml per minute, and 1 litre per minute exiting at the other end. Identical flow rates
ensured that odours from the cues diffused at an equal rate and removed any odours from
previous testing. Each Y-shaped flume was filled up to a 12 cm mark with artificial sea water,
and pH was adjusted so one measured at pH 8.2 and the other pH 7.6: this modelled current
and predicted ocean pH conditions. One tank was then used for pH 7.2 conditions after
other experiments had been completed. pH was regularly measured throughout
experiments and before the start of the bioassay to ensure pH was maintained at the
correct level throughout testing and could be readjusted if necessary using sodium
hydroxide or hydrochloric acid. The Y shaped olfactometers were positioned side by side, to
ensure temperature and light intensity remained consistent for all pH conditions. The
flumes were made from opaque non-reflective material to reduce reflections that may
cause distress and affect results, as behaviour can be impacted by factors such as
background noise, light intensity, and vibrations (Lewejohann et al., 2006; Sim¢i¢ & Brancelj,
2007; Chiesa et al., 2010; Erbe, 2012; Wale et al., 2013; Filiciotto et al., 2016; O'Connor et

al., 2019; Scott et al., 2020; Wilson et al., 2021). On the bottom of the flume 2 cm of
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sediment was added to mimic natural environment conditions. Silicon tea strainers were
used to hold the cellulose chemical cues in place and buried into the sediment to prevent
them from floating to the surface of the water. These were positioned at the end of each
branch and provided a source of the odour cues, and as a physical object the crabs could

grab.

A continuous flow set up was operating with two sea water butts holding the artificial
seawater made up the day of experimental trials, and a charcoal filter in the pump to
prevent odours being transferred in water (Figure 12 A). The two sea water butts were
connected using a tube to make a continuous cycle, these were recirculating systems with
charcoal filters to remove previously released odours. Artificial sea water entered through
split flow tubes at the end of each branch at a flow rate of 500ml per minute. Artificial
seawater exited at the other end of the flume at 1 litre per minute, this maintained the
water level within the flumes and identical flow rates ensured that odours from the cues

diffused at an equal rate.

Specimens of C. maenas were individually marked a few days prior to experiments for
individual identification (Figure 9). However, in order to account for any change to
individuals through injury, loss of limbs etc. crabs were weighed, and carapace width
measured individually again and checked against the previous measurements before the
experiment began. For each of the bioassay trials 40 randomly allocated C. maenas
individuals were selected, 30 Males and 10 Females (Appendix Table 5). Males and females
were tested separately with the 30 males tested first and 10 females tested second
(Appendix Table 6). Silicon tea strainers were used to hold the cellulose odour cues in place

and buried into the sediment to prevent them from floating to the surface of the water.
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These were positioned at the end of each branch of the Y shaped olfactometer and provided
a source of the odour cues, and as a physical object the crab could grab (Figure 12).
Positioning of the cues was undertaken at random. The individual crab was placed into an
overturned PVC basket inside the Y shaped olfactometer experimental set up for an

acclimatisation period.

The acclimatisation period was for a duration of 2 minutes, by this time individuals had
settled and showed no signs of stress or discomfort. After the acclimation period, the basket
holding the crab was removed, and a timer was started. The crab was observed for a
duration of 5 minutes and any behaviours were recorded upon observation: initial reaction
(antennule flicking), time taken for individual to reach a cue at the end of either branch of
the flume, which cue the crab ‘chose’ and any behaviours performed at the cue (Appendix
Table 6). The behavioural reactions observed included initial detection: increased antennule
flicking, maxilla fanning and reaction at cue: wafting, grabbing, burial, and continuous

activity (Table 2).

If an individual did not reach a cue or perform any categorised behaviours this was also
recorded. Once the 5-minute experiment duration was completed, the individual was

removed from the Y shaped olfactometer and replaced into the holding tank.

Due to the required number of crabs for each pH treatment and cue, crabs were placed
back into culture tanks after experiments were carried out. This ensured they could be re-
used with a different cue on a different day. Different cues were tested on different days
meaning there would always have been at least two days between the different cues to
minimise the chance of cue recognition. There was no chance of the same crab being used

twice in the same day as they were marked and after experiments crabs were placed in a
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separate holding tank until all experiments had been carried out before been returned to

the culture tanks (Appendix Table 5).

3.7 pH treatments

C. maenas were cultured at pH 8.2 from the date of collection throughout the entirety of
the study. Crabs were tested at the culture pH 8.2 as well as at pH 7.6 and 7.2 to test
responses under low pH conditions. Where the test pH was different to the culture pH,
crabs were not given any prior acclimation period other than the two-minute acclimation
period as part of the experimental design. These three test pH treatments were selected for
this experiment as pH 8.2 is used as a control level as it replicates the existing ocean pH
level, pH 7.6 to create predicted future pH, and extremely low pH 7.2 to simulate extreme
localised cases such as upwellings or CO, vents (de la Haye et al., 2012; Chan et al., 2017).

Within these three pH conditions there were six treatments (cue combinations):

i.  Plastic odour polyethylene (PE) v food odour glutathione (GSH)

ii.  Plastic odour polyethylene (PE) v pheromone odour uridine diphosphate (UDP) and
uridine triphosphate (UTP)

iii.  Plastic odour polyethylene (PE) v control

iv.  food odour glutathione (GSH) v control

v. pheromone odour uridine diphosphate (UDP) and uridine triphosphate (UTP) v
Control

vi. food odour glutathione (GSH) v pheromone odour uridine diphosphate (UDP) and

uridine triphosphate (UTP)
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Food odour cues were made with the recognised feeding odour glutathione (GSH) (Loomis,
1955; Reimer, 1972), sex pheromone cues were made with a combination of uridine
triphosphate (UTP) and uridine diphosphate (UDP), major components identified in female
C. maenas urine (Hayden et al., 2007; Hardege et al., 2011). Artificial seawater was used for
experiments, in the holding tanks between experiments, and for control cues in
replacement of odour cues. Artificial seawater was selected as opposed to natural seawater
for use in experiments as it could be presumed that there would be no pre-existing olfactory
cues within samples. To prepare artificial seawater approximately 35 grams of salt was
dissolved for every 1 litre of water, to align with typical ocean salinity. Artificial seawater
measured 35 PSU in salinity and a temperature of 18 £ 0.5°C. Salinity was measured using
HI196822 Refractometer (Hanna Instruments). pH levels of samples were achieved by
bubbling CO; through samples using a pressurised canister, and then using 0.1 M sodium
hydroxide (NaOH) or 0.1 M hydrochloric acid (HCI) for more precise adjustments. This was
carried out in the same laboratory facilities where bioassays were completed at the
University of Hull. The seawater was monitored throughout the course of each series of
experiments and readjusted when the pH began to change, again using NaOH or HCI. The pH
of the cues was increased/decreased using 0.01 M sodium hydroxide or 0.01 M hydrochloric

acid in the same manner as the seawater.

3.8 Preparation and Storage of experimental cues

The experimental cues used in the bioassays were categorised into synthetic cues, plastic
odour cues and controls. The synthetic cues used were glutathione (GSH) a food cue at 103

M concentration from Sigma-Aldrich. Pheromone odour cues were 4:1 uridine diphosphate

75



(UDP) to uridine triphosphate (UTP) at a concentration of 103 M, as the female pheromone
cue (Hayden et al., 2007; Hardege et al., 2011). The control cues used were made with

artificial seawater to provide a comparison to the odour cues.

Using the same methods as Savoca et al. (2016, 2017), polyethylene plastic (PE) beads with
a size of 3 mm in diameter were used. The ‘Plastic odour solution” was created by shredding
15g of the raw PE beads using a small electrical blender. The PE beads were blended for
approximately 2 minutes. Then, 500ml of artificial seawater (pH 8.2) was added, this was
the same seawater used in the experimental treatments. The plastic water solution was
then blended for a further 2 minutes and was then transferred into a sealable glass beaker.
The plastic was left to soak in the water stirring occasionally and left in a fridge for 6 hours.
After 6 hours the mixture in the beaker was strained into a glass beaker through Whatman
filter paper to remove particles greater than 25um. After filtration the solution was stirred,

and the solution was used to make carboxycellulose gels.

The cellulose odour cues were made by mixing carboxycellulose powder with artificial sea
water and the required concentration of the odour (Table 3), then mixed well before
pouring into ice cube trays and freezing overnight at -20°C. All cues were freeze-dried using

liquid nitrogen and stored in a -20° freezer until required for use in bioassays.
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Table 3. Experimental cues used in bioassays, and their structural composition.

Plastic Polyethylene
odour cue | (PE) w
Liliya (2021) Polyethylene molecule [computer generated model] Available
online: https://www.alamy.com/polyethylene-polythene-pe-polyethene-
polymethylene-molecule-it-is-polymer-of-ethylene-the-most-common-
plastic-molecule-model-vector-illustra-image457382054.html [Accessed
17/11/21].
Food cue Glutathione .
(GSH) m
Mills, B. (2008) Ball-and-stick model of the glutathione molecule [computer
generated model] Available online:
https://commons.wikimedia.org/wiki/File:Glutathione-from-xtal-3D-
balls.png [Accessed 17/11/21].
Pheromone | Uridine : } \ § o
cue diphosphate >
Jynto (2011) Ball-and-stick model of the uridine diphosphate molecule
(UDP) [computer generated model] Available online:
https://en.wikipedia.org/wiki/File:Uridine_diphosphate_anion_3D_ball.png
[Accessed 17/11/21].
Uridine } } 4 ? .
triphosphate 3
Jynto (2011) Ball-and-stick model of the uridine triphosphate molecule
(UTP) [computer generated model] Available online:
https://en.wikipedia.org/wiki/File:Uridine_triphosphate_anion_3D_ball.png
[Accessed 17/11/21].
Control cue | Filtered § s
5
seawater

OpenStax (2015) Image of saltwater molecule modified from "Water: Figure
3”. by OpenStax College, Biology. Available online:
https://cnx.org/contents/GFy_h8cu@9.87:pPjfgsd4@9/Water [Accessed
18/11/21].
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3.9 Data analysis methods

Statistical analysis was performed using R Studio v1.3. Raw data (Table 4, Appendix Table 6)
was logged on an excel spreadsheet with a simple layout and clear data columns. This
spreadsheet was saved as a comma separated values file (.csv) in order to be uploaded to R

Studio for data analysis to be completed.

Table 4. Partial example of spreadsheet showing headings and a few data entries.
Description of raw data layout when recorded from bioassay observations. Completed test

sheet included in appendices (Appendix Table 6).

crab ID # | size (cm) | Initial reaction (min) | Time to cue (min) | Cue chosen | reaction
28 M 6.8 00:04 02:25 GSH Grab

29 M 6 00:02 00:26 GSH Grab

30 M 5.4 00:05 04:41 PE Waft
31 M 5 00:02 00:19 PE Grab

32 M 5.6 00:02 - - Buried

Behavioural assays were limited to 5 minutes, if the individual did not reach either cue
within the designated time, a time to cue of 300 seconds was given. Therefore, some
individual bioassays were censored. To account for this, the effects of sex, size, colour,
injury, and pH on time to cue were analysed using survival analysis or time-to-event analysis
as described in Clements et al. (2021). This method can be applied to data that records the
amount of time taken until an event of interest occurs, in the case of this study the event
was reaching a cue, and takes into account ‘censored’ data points in which the event of

interest did not occur within the defined time period, here individuals that did not reach a
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cue within the 5 minute bioassay observation period (Schober & Vetter, 2018; Clements et
al., 2021). For T-tests the p-value was set at 0.05 meaning for a significant difference to be
observed and the null hypothesis rejected a p-value of <0.05 was required. The heatmaps

and video footage was analysed on Lolitrack™ software.
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4. Results

4.1 Response to feeding and reproductive cues

Hypothesis: At low pH (7.6 and 7.2) C. maenas will show a reduced response to a)
feeding cue (glutathione) and b) synthetic reproductive olfactory cues (UDP/UTP)

than individuals tested at normal pH 8.2.

There was a significant difference in initial reaction time for feeding and pheromone cues
between pH 8.2 and 7.2 (P = 0.0017) (T-test between pH 8.2 and 7.2) (Figure 13 A). Initial
reaction time was observed to be significantly slower for both pheromone (UDP/UTP) and
feeding (GSH) cues as pH decreased (Figure 13 A), suggesting that reception of the cue is
impaired by low pH. (P = < 0.000013) (T-test between pH 8.2 and 7.2 for pheromone cue), P
=< 0.00001 (T-test between pH 8.2 and 7.6 for pheromone cue), (P = < 0.00001) (T-test
between pH 8.2 and 7.2 for glutathione feeding cue), and (P = < 0.00001) (T-test between

pH 8.2 and 7.6 for glutathione feeding cue) (Figure 13 A).

Time taken to reach the cue increases as pH decreases to 7.2. There was a significant
difference in time to reach cue for both feeding and pheromone cues between pH 8.2 and
7.2 (P =<0.00001) (T-test between pH 8.2 and 7.2 for pheromone cue), (P = 0.000355) (T-
test between pH 8.2 and 7.2 for glutathione feeding cue) (Figure 13 B). However, there was
no significant difference between pH 8.2 and 7.6 for both pheromone and feeding cues

(Figure 13 B).
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Figure 13: Initial reaction time in seconds A, and time taken to reach a cue in seconds B, for
bioassays testing feeding GSH (Glutathione) and reproductive UDP/UTP

(Uridinediphosphate and Uridinetriphosphate) cues in the three pH treatments 8.2, 7.6 and
7.2. Results based on mean values with standard error bars. In each pH treatment, number

of replicates (n) = 40, additional individuality data presented in Appendix Table 5 and Table

In the condition food cue (GSH) v pheromone cue (UDP/UTP), results showed that C.
maenas had a strong preference to the pheromone cue in pH 8.2, however when this was
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repeated in pH 7.6 this preference switched and GSH was chosen over the pheromone cue
(Table 5). In pH 7.2 50% of individuals remained at the starting end of the tank for the study
duration without making a choice. From the individuals who did make a choice GSH was
again favoured over the pheromone cue (Table 5). The result of the condition pheromone v
control showed that pheromone was chosen over the control cue in both pH 8.2 and 7.6.
However, in pH 7.2 60% of individuals chose the control cue (Table 5). From these results
there is a clear pattern that in extreme low pH 7.2 treatments individuals made significantly

less choices than in the other two pH treatments (Table 5).

Table 5. Percentage of shore crabs that interacted with food and pheromone odour cues
across experimental conditions in current pH (8.2) low pH (7.6) and extreme pH (7.2)
treatments. N/A refers to percentage of individuals that did not reach either cue in the 5-

minute bioassay time.

pH GSH V Control GSH V Pheromone Pheromone V Control

GSH Control  N/A GSH Pheromone N/A Pheromone Control  N/A
8.2 25 57.5 17.5 30 57.5 125 55 30 15
7.6 375 55 7.5 42.5 37.5 20 45 37.5 175
7.2 225 30 47.5 37.5 125 50 17.5 225 60
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4.2 Response to plastic odour cues

Hypothesis: Individuals tested with the presence of plastic odour will show a reduced
response to olfactory cues (UDP/UTP and glutathione) than individuals tested

without the presence of plastic odour.

Hypothesis: At low pH (7.6 and 7.2) individuals tested with the presence of plastic
odour will show a more reduced response to olfactory cues (UDP/UTP and
glutathione) than individuals tested with the presence of plastic odour at normal pH

(8.2).

In order to determine whether plastic odour influenced the response to olfactory cues a
series of t-tests were performed to compare conditions with plastic odour and those
without. There was a significant difference between initial reaction time in conditions with
plastic odour tested at pH 8.2 and conditions without plastic odour at pH 8.2 (T-test: p =

<0.00001).

Initial reaction time was observed to be slower with plastic odour present for both feeding
and reproductive cues across all pH treatments (Figure 14 A and B). The initial reaction time
for detecting the pheromone cue (UDP/UTP) increased by an average of 2 seconds with the
addition of a plastic odour cue across the pH treatments. The initial reaction time for
detecting the feeding cue Glutathione (GSH) increased by an average of 3.9 seconds with
the addition of a plastic odour cue across the pH treatments. Time taken to reach the cue
was not affected by the presence of plastic odour as there was no significant difference

(Figure 14 C and D).
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Figure 14: Comparison of initial reaction time and time taken to reach cue with the
presence of plastic odour (grey) and without (white) for bioassays testing feeding and
reproductive cues (GSH and UDP/UTP). With initial reaction time to pheromone cues
(A), initial reaction to Glutathione feeding cues (B), time taken to reach cue in
pheromone bioassays (C), time to reach cue in Glutathione feeding cue bioassays (D).
Results based on mean values with standard error bars. In each pH treatment n = 40,

additional individuality data presented in Appendix Table 5 and Table 1.
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When comparing responses across all six conditions at each of the three test pH treatments
there was a significant difference (p = 0.014469) between initial reaction time in conditions
with a plastic odour and those without (Figure 15 A). Time taken to reach the cue across the
six conditions at each pH test treatment showed no clear trends or patterns regarding the
presence of plastic odour or not. However, it was clear that in the extreme low pH 7.2 time

to reach cue was significantly longer than the other pH treatments (Figure 15 B).

In order to determine whether pH had an influence on the response to plastic odour a series
of t-tests were performed to compare against conditions with plastic odour between pH
levels. There was a significant difference in initial reaction time in conditions with plastic
between pH 8.2 and 7.6 (T-test, p = <0.0001). There was also a significant difference in initial
reaction time in conditions with plastic between pH 8.2 and 7.2 (T-test, p = <0.0001). For
time taken to reach the cue there was no significance between pH 8.2 and 7.6, however, in
extremely low pH 7.2 there was a significant difference in time taken to reach cue (T-test, p

=0.000213).

In the condition Plastic vs Food (PE v GSH) results showed a mix of preference to plastic

odour cue and the glutathione feeding cue with no clear preferred choice (Table 6). As pH
was reduced the percentage of crabs that did not respond increased. From the individuals
who did make a choice GSH was favoured over the plastic odour cue however only slightly

and not sufficient to be significant.
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Figure 15: Responses to olfactory cues across all six conditions at each of the three test pH
treatments (Conditions testing odour cues against plastic odour displayed on the left of the
dotted line and conditions testing odour cues without plastic odour on the right). Shows the
mean values for initial reaction (A) and time taken to reach the cue (B). Results based on
mean values with standard error bars. Each bar represents n = 40, additional individuality

data presented in Appendix Table 5 and Table 1.
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The result of the condition PE v Pheromone showed that in the treatment pH 8.2, 50% of
crabs chose the pheromone. However, in pH 7.6 this was reversed as 50% of individuals
then chose the plastic odour cue. In pH 7.2 responses were mixed and no significant results

(Table 6).

Table 6. Percentage of shore crabs that interacted with odour cues across experimental

conditions with plastic odour in current pH (8.2) low pH (7.6) and extreme pH (7.2)

treatments.
pH PE V Control PEV GSH PE V Pheromone
PE Control N/A PE GSH N/A PE Pheromone N/A
8.2 22.5 40 37.5 525 375 10 30 50 20
7.6 37.5 40 22.5 40 42.5 17 50 32.5 17.5
7.2 42.5 325 25 30 35 35 35 37.5 27.5

By comparing the choice of cue made by individuals across all conditions it was clear that

decisions became altered under extremely low pH conditions (Figure 16). The percentage of
crabs which did not respond within the 5-minute bioassay time increased in extreme low pH
7.2 conditions, this trend was most apparent in the treatments not containing plastic odour

(Figure 16 D, E, F).
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Figure 16: Comparison of choice % of olfactory cues reached across all six bioassay

conditions at each of the three test pH treatments. In each pH treatment n = 40, additional

individuality data presented in Appendix Table 5 and Table 1.
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4.3 Individuality

Hypothesis: Individuals will have variability in cue detection and response relating to

sex, size, colour, and injury.

Variances between individuals were observed throughout data collection. To verify
statistically significant variance between individuals, data regarding initial reaction for each

individual was tested using a Kruskal-Wallis test (Appendix Table 7).

The Kruskal-Wallis test results indicated that the initial reaction times show significant
variability, which is dependent on different individuals. Tests were carried out to determine
whether this variance between individuals shared a relationship to a simple measurable
morphologic trait: sex (male or female), body-size measured by carapace width (cm), colour

morph (red or green) and whether the individual had any injuries.

4.3.1 Sex: comparison of response of male and female C. maenas to feeding and

reproductive cues

General observations made during bioassays noted sex specific differences in response to
cues. Overview of choices made by male and female individuals (Appendix Figure 1.) shows

that males respond much stronger to female sex pheromone UDP.

Results showed sex dependant responses. There was statistical significance between cue
chosen and sex of crab (p=0.00012) (shared data Ohnstad, 2022) (Appendix Figure 1.) and
between the sex of the crab and the behaviour shown at the chemical cue (p=0.0015) (Table

7).
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Table 7. Statistical output for Kruskal Wallis test, testing for individuality relating to sex

Testing for individuality relating to sex

X 2 df p-value
Kruskal-Wallis test: sex and cue chosen 14.727 1 0.00012
Kruskal-Wallis test: sex by behaviour 19.566 5 0.0015

Initial reaction times for male and female individuals showed no significant difference

(Figure 18).

Time taken to reach cue for male and female individuals showed no significant difference,

however in low pH on average females took longer to reach a cue than males (Figure 19).

However, there may be a sex dependent response to plastic odour. On average female
individuals had a much wider range of distance than males, and were showing less interest

in the plastic odour, particularly in pH 8.2 (Appendix Figure 2.).
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Figure 18: Initial reaction times for male and female C. maenas across three pH treatments
(8.2, 7.6 and 7.2). A (light grey background) pooled results from bioassays tested containing
plastic odour (PE v GSH, PE v UDP/UTP) excluding those tested against control cues, B (white
background) pooled results from bioassays tested without plastic odour (GSH v UDP/UTP)
excluding those tested against control cues. In each pH treatment n = 80, additional

individuality data presented in Appendix Table 5 and Table 1.
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Figure 19: Time taken to reach a cue for male and female C. maenas across three pH
treatments (8.2, 7.6 and 7.2). A (light grey background) pooled results from bioassays tested
containing plastic odour (PE v GSH, PE v UDP/UTP) excluding those tested against control
cues, B (white background) pooled results from bioassays tested without plastic odour (GSH
v UDP/UTP) excluding those tested against control cues. In each pH treatment n = 80,

additional individuality data presented in Appendix Table 5 and Table 1.

92



4.3.2 Size: comparison of response of small and large C. maenas to feeding and

reproductive cues

There was statistical significance between the size of the crab (cm) and the initial reaction
time (s), p=0.047 (Figure 20 B) (Table 8). Additionally, there was significant difference
between size of the individual and the cue chosen (p=0.0016) (Table 9) (shared data

Ohnstad, 2022).

Table 8. Statistical output for Kruskal Wallis test, testing for individuality relating to size and

initial reaction

Testing for individuality relating to initial reaction

X 2 df p-value
Kruskal-Wallis test: Initial reaction by size 36.673 24 0.04716

Table 9. Statistical output for Kruskal Wallis test, testing for individuality relating to size

Testing for individuality relating to size

X 2 df p-value
Kruskal Wallis: size and cue chosen | 49.527 24 0.001626
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Figure 20: Initial reaction times for small and large C. maenas across three pH treatments
(8.2, 7.6 and 7.2). A (light grey background) pooled results from bioassays tested containing
plastic odour (PE v GSH, PE v UDP/UTP) excluding those tested against control cues, B (white
background) pooled results from bioassays tested without plastic odour (GSH v UDP/UTP)
excluding those tested against control cues. In each pH treatment n = 80, additional

individuality data presented in Appendix Table 5 and Table 1.
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Figure 21: Time taken to reach a cue for small and large C. maenas individuals across three
pH treatments (8.2, 7.6 and 7.2). A (light grey background) pooled results from bioassays
tested containing plastic odour (PE v GSH, PE v UDP/UTP) excluding those tested against
control cues, B (white background) pooled results from bioassays tested without plastic
odour (GSH v UDP/UTP) excluding those tested against control cues. In each pH treatment n

= 80, additional individuality data presented in Appendix Table 5 and Table 1.
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4.3.3 Colour: comparison of response of red and green C. maenas to feeding and

reproductive cues

Initial reaction of red crabs was significantly slower than green crabs in pH 7.2. Kruskal-
Wallis test: Initial reaction by colour x 2 =4.1635, df = 1, p-value = 0.0413 (Table 10). Red
crabs had longer initial reaction times in extreme low pH 7.2 suggesting olfactory ability was
affected more than green crabs (Figure 22). Additionally red crabs also took longer to reach

a cue than green crabs in all pH conditions (Figure 23).

Table 10. Statistical output for Kruskal Wallis test, testing for individuality relating to colour

and initial reaction.

Testing for individuality relating to initial reaction
X 2 df p-value
Kruskal-Wallis test: Initial reaction by colour 4.1635 1 0.0413
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Figure 22: Initial reaction times for red and green C. maenas individuals across three pH
treatments (8.2, 7.6 and 7.2). A (light grey background) pooled results from bioassays tested
containing plastic odour (PE v GSH, PE v UDP/UTP) excluding those tested against control
cues, B (white background) pooled results from bioassays tested without plastic odour (GSH
v UDP/UTP) excluding those tested against control cues. In each pH treatment n = 80,

additional individuality data presented in Appendix Table 5 and Table 1.
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Figure 23: Time taken to reach a cue for red and green C. maenas individuals across three
pH treatments (8.2, 7.6 and 7.2). A (light grey background) pooled results from bioassays
tested containing plastic odour (PE v GSH, PE v UDP/UTP) excluding those tested against
control cues, B (white background) pooled results from bioassays tested without plastic
odour (GSH v UDP/UTP) excluding those tested against control cues. In each pH treatment n

= 80, additional individuality data presented in Appendix Table 5 and Table 1.
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4.3.4 Injury: comparison of response of injured and non-injured C. maenas to feeding,

reproductive and plastic cues

Initial reaction was significantly impacted under extreme low pH 7.2 conditions (Figure 24
B), however there was no significant difference between reaction times in pH 8.2 and 7.6. In
treatments containing plastic odour there was no significant difference between the three
pH conditions (Figure 24 A). Individuals with no injuries took longer to exhibit initial
reactions than those with injuries, however this was not statistically significant. Injury
significantly affected the time taken to reach cue X?=8.99, df = 1, p-value = 0.002715

(Figure 25).
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Figure 24: Initial reaction times for injured and non-injured C. maenas individuals across
three pH treatments (8.2, 7.6 and 7.2). A (light grey background) pooled results from
bioassays tested containing plastic odour (PE v GSH, PE v UDP/UTP) excluding those tested
against control cues, B (white background) pooled results from bioassays tested without
plastic odour (GSH v UDP/UTP) excluding those tested against control cues. In each pH

treatment n = 80, additional individuality data presented in Appendix Table 5 and Table 1.
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Figure 25: Time taken to reach a cue for injured and non-injured C. maenas individuals
across three pH treatments (8.2, 7.6 and 7.2). A (light grey background) pooled results from
bioassays tested containing plastic odour (PE v GSH, PE v UDP/UTP) excluding those tested
against control cues, B (white background) pooled results from bioassays tested without
plastic odour (GSH v UDP/UTP) excluding those tested against control cues. In each pH

treatment n = 80, additional individuality data presented in Appendix Table 5 and Table 1.
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4.3.5 Individuality: Overview and trendlines

Results from individuality analysis revealed similar trendlines in initial reaction time (Figure
26) and time taken to reach cue (Figure 27) across all individuality aspects studied: sex, size,
colour, and injury. General trends showed initial reaction times were slower in pH 7.2 and
conditions with plastic odour present also resulted in slower initial reaction times (Figure
26). Time taken to reach a cue increased in pH 7.2. Additionally, the presence of plastic

odour increased time taken to reach a cue in normal pH 8.2 (Figure 27).
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Figure 26: Comparison of initial reaction times in seconds for all aspects of individuality: Sex
(A), size (B), colour (C), and Injury (D) across three pH levels in conditions without and with
plastic odour. Initial reaction times with plastic odour present are indicated by diagonal

banding. Results based on mean values with standard error bars.
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Figure 27: Comparison of time taken to reach cue in seconds for all aspects of individuality:
Sex (A), size (B), colour (C), and Injury (D) across three pH levels in conditions without and
with plastic odour. Initial reaction times with plastic odour present are indicated by diagonal

banding. Results based on mean values with standard error bars.
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5. Discussion

5.1 Response to feeding and reproductive cues under low pH

Hypothesis 1: At low pH (7.6 and 7.2) C. maenas will show a reduced response to a) feeding
cue (glutathione) and b) synthetic reproductive olfactory cues (UDP/UTP) than individuals

tested at normal pH 8.2.

The findings of this study confirmed that for C. maenas, both detection and response to
feeding cues (glutathione) and synthetic reproductive olfactory cues (UDP/UTP) were
significantly affected by a reduction in pH. Impairments were seen under low pH 7.6 and
extremely low pH 7.2 conditions aligning with predicted changes to occur by the year 2100
(IPCC, 2014, 2019; Findlay & Turley, 2021) and potentially localised areas of extreme low pH
(Hall-Spencer et al., 2008; Boatta et al., 2013; Aiuppa et al., 2021). Overall, there was a
reduced response to feeding (glutathione) and sex pheromone (UDP/UTP) olfactory cues in
pH 7.6 conditions and significantly lower response in pH 7.2 condition in comparison to

responses in the pH 8.2 conditions (Figure 13 A and 13 B).

Initial reaction time was significantly different between pH 8.2 and 7.2 for all olfactory cues
(Figure 13 A), suggesting that cue reception was impaired by extremely low pH. Examining
the response to the feeding cue glutathione separately revealed that initial reaction time
significantly increased when tested under pH 7.6 and 7.2. This response was also identified
when examining the synthetic reproductive cue UDP/UTP, initial reaction times in both pH

7.6 and 7.2 were significantly delayed compared to pH 8.2.

In the present study, cue choices revealed that in extremely low pH 7.2 fewer individuals
made it to either cue presented (Table 4) (Figure 16). The percentage of individuals that did

not seek out a cue increased in extremely low pH 7.2 and more individuals remained in the
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far end of the tank and displayed behaviours such as burying as opposed to antennule

flicking and makxilla fanning.

Time taken to reach the cue was significantly different between pH 8.2 and extremely low
pH 7.2, however not between pH 8.2 and 7.6 (Figure 13 B). This suggested that low pH did
not affect organism physiology and activity unless in extremely low pH. However, the
increased time taken to reach the cue could also be due to impaired detection of the odour
source, and therefore reduced decision making thus causing a delayed reaction time when
seeking out the olfactory cue. Here the reduced response to chemical cues was presumed to
be a result of impaired detection of the chemical signal rather than due to damage to
physiological state or fitness levels of the individual. Many studies have described reduced
olfactory mediated behaviours in marine organisms under low pH conditions, including
foraging, resource assessment, and predator recognition (see Draper & Weissburg, 2019 for

review).

These findings align with the current literature on ocean acidification, which predicts that
low pH will trigger significant olfactory disruptions in multiple species (De La Haye et al.,
2011, 2012; Nilsson et al., 2012; Leduc et al., 2013; Clements & Hunt 2015; Kim et al., 2016).
C. maenas showed a significantly reduced response to both feeding and reproductive
olfactory cues in low pH 7.2 compared to individuals at pH 8.2 meaning the hypothesis can
be accepted. Previous studies focusing on crustacean behaviour under predicted low pH
conditions have described similar results. Initial reaction, often identified by antennule
flicking, was seen to reduce significantly in the freshwater crayfish (Cambarus bartoni)
under low pH conditions, and individuals had difficulty locating a food odour (Allison et al.,

1992). Kim et al. (2016) observed reduced antennular flicking, impaired olfactory behaviour
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and reduced prey detection in hermit crabs (Pagurus tanneri) under low pH conditions.
Inability to elicit a response is generally thought to be due to failure to detect the odour due
to damage to chemoreceptors or disruption in the signal pathway as highlighted in
Schirrmacher et al. (2021) and Roggatz et al. (2016). A similar effect was also found in
seabream (Velez et al., 2019), where it was concluded that physical damage to sensory
organs due to low pH, caused impaired olfactory ability. Additionally, individuals began to
develop an additional thicker layer of mucus on the epithelia, presumably as a mechanism
to protect sensory organs against low pH exposure (Velez et al., 2019). However,
crustaceans such as C. maenas frequently experience fluctuations in pH so are less likely to
sustain serious physical damage from short term exposure. De la Haye et al. (2012)
identified no physical damage to hermit crab antennules after a 5-day period of exposure to

low pH conditions.

5.1.1 How chemical cues change under low pH

Research on behavioural responses to the alteration of cues under acidified conditions has
been emphasised (Roggatz et al., 2016; Hardege et al., 2016, 2019; Nagelkerken et al., 2019;
Velez et al., 2019). In low pH it is known that organic compounds including chemical
olfactory cues can become structurally altered, due to mechanisms such as protonation,
structural charge or tautomerisation and become less or even undetectable to the animal
(Zhang & Byrne, 1996; Cripps et al., 2011 Roggatz et al., 2016) when the bioactive form of a
cue falls below the detection threshold. When using unidentified natural cues in
experiments, it adds a level of complexity or a potential source of error or variation, as these

cues can be either pH stable or unstable but are not quantifiable. The pheromone cue used
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in the present study is a combination of UDP and UTP (Hardege et al., 2011; Fletcher et al.,
2021). These two molecules are known to alter in shape and protonation under reduced pH
with an increase of the non-bioactive tautomer of UDP increasing (Hardege pers. Comm.).
This may render them more difficult for C. maenas to detect in low pH conditions. The
pheromones released by female C. maenas during pre-moult and post moult differ, with
pre-moult urine serving as an attractant (Fletcher et al., 2021). Examining these side by side
would provide a greater insight into the ecological impacts of the PE compounds. Further
study should consider the use of both pre and post moult female urine to provide a
comparison to the synthetic odours used in this study. As chemical cues change under low
pH, using natural odour from females undergoing moulting would provide environmentally

realistic insights into how behavioural responses may change.

Additionally, glutathione is a pH unstable compound between pH 7-9 and known to change
protonation state under low pH conditions and therefore is not pH stable (Wang et al.,
2009; Vila-Vigosa et al., 2013); this could potentially explain why detection is impacted
under low pH. Roggatz et al. (2016) identified impaired functionality of the signalling tri-
peptides shore crabs use for hatching and larvae irrigation behaviour under acidified
conditions, presenting a plausible mechanism explaining altered behaviour such as delayed
detection and response in low pH conditions. Unlike natural cues, using synthetic cues can
ensure that either the chemical changes to the cues can be calculated and predicted, or that
compounds are selected that remain pH stable in the pH region selected for the study.
When selecting synthetic cues and identifying their uses in future applications, such as for
integrated pest management of shore crabs, it is important to test the effectiveness in
varying levels of pH. This ensures the cue will remain effective despite changes to pH

(Porteus et al., 2021).
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5.2 Response to feeding and reproductive cues with exposure to plastic odour

Hypothesis 2: Individuals tested with the presence of plastic odour will show a reduced
response to olfactory cues (UDP/UTP and glutathione) than individuals tested without the

presence of plastic odour.

The influence of plastic odour revealed a significant difference between the responses to
olfactory cues in conditions with plastic odour compared to those without. In pH 8.2, initial
reaction time was significantly delayed in conditions with plastic odour present than in
conditions without (Figure 14 A and B; Figure 15 A). Additionally, here plastic odour is seen
to affect the response to sexual and feeding odour cues, with reduced efficiency of cue
detection. This may suggest that plastic odour impairs cue reception or, more likely, emits a
stronger chemical signal, which may be more persistent or mask other olfactory cues. The
time taken for individuals to reach the cue with the presence of plastic odour was not
significantly different to treatments without plastic odour (Figure 14 C and D; Figure 15 B).
This suggests that plastic odour does not affect physiology of C. maenas individuals, as once
a cue was detected the individual was able to source the odour regardless of plastic odour

being present or not.

In the present study cue choices revealed that individual response to the synthetic
pheromone cue did not change with the presence of plastic odour. In normal pH 8.2 with no
plastic odour present, 55% of individuals chose the pheromone cue (Table 3) and, similarly,
50% of individuals chose the pheromone cue when plastic odour was present (Table 5). This

suggests that plastic odour did not influence the choice made by individuals.

Furthermore, the same observation was made regarding the feeding cue glutathione. In
treatments without plastic odour, 25% of individuals chose the feeding cue (Table 5), and
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37.5% chose the feeding cue when plastic odour was present (Table 6), indicating very little
difference in choice made with or without plastic odour. However, it is important to note
that the plastic odour cue was favoured over the feeding cue in normal pH 8.2, and from
informal observations, Carcinus individuals were seen to elicit feeding behaviours towards
the plastic odour cues. This observation is supported by the growing literature surrounding
info-chemicals and odours emitted by plastic particles that are often mistaken as food
sources or acting as attractants (Allen et al., 2017; Savoca et al., 2016, 2017; Potocka et al.,

2019; Greenshields et al., 2021).

Another unexpected finding, as shown in Table 4, was that at pH 8.2 a higher percentage of
individuals interacted or favoured the control cue over the food cue GSH, this may be due to
the feeding conditions throughout captivity or could point to the Y chamber not working
fully effectively. Studies have criticised the use of Y shaped apparatus due to lack of realistic
conditions such as non-turbulent flow (Steinberg et al., 1992; Hay, 1996; Finelli, 2000;
Weissburg et al., 2002). Additionally, organisms are artificially constrained and may not
respond to cues (Zimmer-Faust et al., 1996; Weissburg et al., 2002) limiting the accuracy of
any behaviours exhibited. Identifying responses to choices made between two odour cues
requires controlled environmental conditions which are unobtainable in the field. The
foraging behaviour of invertebrates such as decapod crustaceans has been successfully
examined through studies where cues have been applied in turbulent but controlled

conditions (Finelli, 2000; Spooner et al., 2007).

Additionally, during this study, as animals were held for an extended period in artificial
conditions, behavioural responses may have been inaccurate compared to natural scenarios

under future environment predictions. Furthermore, throughout this study animals were
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fed a mono diet of cooked mussel flesh. Not only is this chemically different to the live
mussels C. maenas would consume in the field, there may have also been habitation to the
cues, whereby individuals learn that cooked mussel is the main source of food provided.
These conditions during long term captivity are likely to affect both behaviour and olfactory
sensitivity, particularly towards the food cue GSH, as this may not have been recognised as a
usual food source. Studies should consider conducting experiments in the field or using
‘conditioned water from live mussels’ as positive cue, it would be expected that there would
be an even greater impact of the plastic compounds under these conditions as the positive

cue is likely to be ‘weaker’ than mussel juice.

Immense amounts of plastic are produced globally for the manufacturing of consumer
products due to its lightweight, durable, and inexpensive qualities. However, it is these
same convenient attributes of plastics, which make them detrimental to the environment.
The findings of the present study contribute to the accumulating literature on the effects of
marine plastic pollution. Mounting data suggest that plastics may have ecotoxicological
impacts on marine ecosystems and species through the release of harmful chemicals (Wu
and Seebacher, 2020; Kumar et al., 2021; Liu et al., 2022). Studies on numerous marine
organisms have shown that growth (Besseling et al., 2014), immunity (Liu et al., 2019; Tang
et al., 2020), food consumption (Sussarellu et al., 2016; Foley et al., 2018), reproduction
(Sussarellu et al., 2016), and survivorship (Naidoo & Glassom, 2019) are adversely affected
by exposure to microplastics (Foley et al., 2018), however, the effects of plastic odour on
organism behavioural response is yet to be fully investigated. A recent study by Uguen et al.
(2022) studied the effect of plastic leachates on the behavioural response of the blue mussel
(Mytilus edulis). When exposed to plastic leachates, mussels displayed reduced movement

compared to control conditions (Uguen et al., 2022).
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Previous studies have focused on the physiological impacts of chemical additives released
by plastics in the marine environment, the most detrimental being those with endocrine
disruptive potential (Lithner et al. 2011). Most plasticizers appear to act by interfering with
the functioning of various hormone systems. The toxic effects of exposure to the plastic
additive BPA have been studied and have shown to cause adverse effects on growth (Laufer
et al., 2013; Naveira et al., 2021), immunity (Tang et al., 2020), fertilization (Rhee & Rhee,
2016), embryonic development (Balbi et al., 2016), and metabolism (Huang et al., 2018; Mu
et al., 2018). BPA leaching is a concern at marine sites where plastic waste has accumulated,
as BPA leaches more rapidly in marine systems than freshwater (Sajiki & Yonekubo, 2003;
Crain et al., 2007). Due to its omnipresence in the marine environment, organisms may face
constant exposure to BPA or during vulnerable life stages. The effect of BPA appears to vary
considerably among related species. Studies observed biological effects at environmentally
relevant exposures, and it appears that some invertebrates may be hypersensitive to BPA

exposure, such as molluscs, crustaceans, insect larvae, and marine copepods.

Ingestion of plastic debris has been recorded in multiple species (Laist, 1987; Teuten et al.,
2007; Savoca et al., 2016, 2021; Wéjcik-Fudalewska et al., 2016), and recently identified in
the crustacean species the American lobster (Homarus americanus) (Potocka et al., 2019).
When consumed, microplastics containing plasticizers such as bisphenol A (BPA) and
phthalates have been found to affect hatching success and the development and

reproduction of offspring in amphibians, crustaceans, and insects (Oehlmann et al. 2009).
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5.2.1 Info-chemicals

It is known that plastic debris can acquire a chemical signature from biofouling algae and
bacteria in the marine environment (Lobelle & Cunliffe, 2011; Savoca et al., 2016). Savoca et
al. (2017) highlighted that the chemical signature emitted by aged plastic debris induces
foraging behaviour in northern anchovy (Engraulis mordax) and supports previous findings
suggesting that consumption of plastic material may be due to chemosensory mechanisms
(Savoca et al., 2016; Greenshields et al., 2021). Plastic additives such as oleamide may be
perceived as a feeding cue by marine species potentially increasing the consumption of
microplastics. Hermit crabs displayed an attraction to low concentrations of oleamide and
elicited a feeding response (Greenshields et al., 2021). Studies on crustacean interactions
with marine plastic debris revealed that the Atlantic ghost crab (Ocypode quadrata) was
unable to distinguish between marine debris and natural food sources (Costa et al., 2019).
Interactions were seen with all debris types that were mixed with potential food odours,
one of which being algae (E. brasiliensis, D. hanleyanus). However, it was noted that plastic
straws were interacted with three times less than all other debris types. Fewer interactions
occurred between the crabs and debris as prey availability was increased, suggesting that as
natural food availability declines, the risk of interaction and ingestion of marine debris by

ghost crabs increases (Costa et al., 2019).

5.2.2 Conclusion

The results from the present study on C. maenas did not find plastic to influence the
behavioural response to the feeding cue glutathione, however, informal observations and
preliminary tests revealed individuals showing an attraction to the plastic odour, particularly
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males. The plastic odour in this study was created from virgin unaged plastic pellets, so
there would be no biofouling or chemical signature that could be mistaken as a food odour
as suggested by Savoca et al. (2016). This would suggest that the attraction shown towards
the plastic odour cue was perhaps due to visual stimulus of the filter paper and less of an
olfactory attraction to the plastic odour. The polyethylene (PE) plastic odour used in this
study may have contained a concoction of chemicals resulting in adverse behavioural effects
and eliciting a feeding response by C. maenas, however it would be a challenge to
distinguish the exact chemical or mixture of chemicals causing this response. Additionally,
there is a possibility that many novel compounds could be attractive to crabs previously
maintained in tanks and fed a single component diet, as in this study. Future studies should
aim to include a variety of natural food sources in animal husbandry procedures. To further
investigate the effects of plastic odour on response to chemical cues, it would be beneficial
to study the effects of a single chemical additive known to affect organism behaviour, such

as BPA or PCB concentrations found in PE pellets.

5.3 Combined effects of plastic and low pH

Hypothesis 3: At low pH individuals tested with the presence of plastic odour will show a
more reduced response to olfactory cues (UDP/UTP and glutathione) than individuals tested

with the presence of plastic odour at normal pH.

Investigating the combined effects of plastic odour and low pH revealed that there were
significant differences in the response of individuals tested at normal pH 8.2 with plastic
odour present and those tested in treatments of combined low pH (7.6 and 7.2) with plastic
odour present (Figure 14 A, B, Figure 15).
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Initial reaction time was significantly slower in conditions with plastic odour at low pH 7.6,
compared to conditions with plastic odour at normal pH 8.2. This was also the case when
the pH was reduced to extremely low pH 7.2 with the presence of plastic odour (Figure 14 A,
B). These findings indicate that the combined effects of low pH and plastic odour impaired
detection and altered the response to olfactory cues (UDP/UTP and glutathione) to a greater

extent than the singular effects of low pH or plastic odour.

The time taken to reach the cue was significantly different between treatments with plastic
odour at 8.2 compared to 7.2, however was not significant from 8.2 to 7.6 (Figure 14 C, D).
Based on these results it can be concluded that the combination of low pH and plastic odour
does not affect C. maenas physiology over the short-term time frame of this study, and
instead that this response is due to impaired cue detection mainly caused by extremely low

pH causing individuals to take longer to locate and thus reach the cue.

In the present study on C. maenas, individuals’ initial reaction times in extremely low pH 7.2
conditions with the additional presence of plastic odour were significantly slower than those
only exposed to extremely low pH 7.2 without any plastic odour present (Figure 14 A, B)
(figure 15 A). Although model predictions for oceanic pH do not suggest pH will drop to as
low as pH 7.2 globally, there is still a likelihood that certain localised areas will experience
extreme low pH conditions. In coastal areas the average nightly pH is predicted to drop to
around pH 7.4, thus low pH will likely be frequent at night by the year 2100 which could

impact species feeding rhythms (Bertolini et al., 2021).

Although these results imply that the combined effects of low pH and plastic odour
influence the response to olfactory cues, further study is required to understand at a greater

depth the processes happening within this interaction. It would be beneficial if future

115



studies tested the response to these olfactory cues in the field by using slow-release
cellulose gel cues, as described in Rising et al. (2022). It is unclear as to whether this
impaired response is due to both stressors acting in tandem, or if extremely low pH is the

driving influence of the reduced response.

5.3.1 The effect of combined stressors

A review by Gissi et al. (2021) summarised that climate change generally intensifies the
effects of anthropogenic stressors at species level. However, the combined effects of
climate change and anthropogenic stress can vary among and within ecosystems depending

on the environmental conditions or organisms involved (Gissi et al., 2021 Review).

With the aim of understanding the ways in which climate change and anthropogenic
stressors may affect marine environments in tandem, potential impacts and interactions
between species, communities and ecosystems have been explored (Bartolino et al., 2014;
Gissi et al., 2021). The combined effect of climate-induced coral bleaching and reduced
calcification driven by elevated seawater temperatures, with reducing sedimentation and
nutrient pollution from anthropogenic land use, were found to reduce the ability of coral
reefs to recover from natural environmental disturbances such as storms (Bruno et al.,
2007). Similarly, the detrimental impacts of intensive fishing on predator populations in the
Southern Ocean was found to be intensified by climate change stress, resulting in lower
reproduction success (Ainley & Blight, 2009). Le Bris et al. (2018) found ocean warming had
an intensifying effect in combination with the effects of the fishery on the American lobster
(Homarus americanus), leading to the collapse of the Southern New England lobster fishery.
However, fishery management measures targeting the preservation of large reproductive
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individuals, in combination with lower predation, was found to reduce the adverse effects of
ocean warming at a lobster fishery in the Gulf of Maine (Le Bris et al., 2018). Sara et al.,
(2018) investigated the impacts of multiple anthropogenic stressors on the invasion
trajectory of the non-indigenous Lessepsian mussel (Brachidontes pharaonis) in the
Mediterranean Sea. Climate change was expected to have a generally intensifying effect,
however distribution varied, with the greatest impacts caused by nutrient inputs of
chlorophyll-a (from urbanization), salinity and sea surface temperature (tropicalization)

(Sara et al., 2018).

Climate change in combination with other anthropogenic stressors was found to have both
intensifying and mitigating effects on seabird species depending on distribution and latitude
range (Rivalan et al., 2010; Burthe et al., 2014), seasonality (Rolland et al., 2008; Burthe et
al., 2014), life history traits (Rolland et al., 2008; Pardo et al., 2017) and community
behaviour (Burthe et al., 2014). Two colonies of Caribbean corals (Siderastrea sidereal and
Pseudodiploria strigosa) located across the Belize Mesoamerican Barrier Reef System, were
analysed for growth. Skeletal extension rates over the past century showed a higher decline
in nearshore colonies compared to off-shore colonies, this decline was instigated by the
combined effects of long-term ocean warming and exposure to increased land-based
anthropogenic pollution (Baumann et al., 2019). In only one case, the combined effects of
climate change and anthropogenic stressors were seen to have a mitigating effect.
Anthropogenic stressor-induced decline of species stock was reduced as warmer
temperatures lead to faster growth and earlier maturation, allowing the population of
Atlantic cod (Gadus morhua) to potentially sustain higher fishing rates (Wang et al., 2014).
However, when accounting for the combined effects of temperature and acidification with

the current fishing effort, the risk of collapse for the Atlantic cod stock of the Western Baltic
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significantly increased, counteracting the potential positive effects of warming as a stressor

acting in isolation (Voss et al., 2019).

5.3.2 Water chemistry affecting plastic chemicals

An often-overlooked aspect of global climate change is how it can affect organic pollutants
in the marine environment. Changing water conditions associated with climate change, such
as water temperature, pH, and salinity, may affect the environmental fate, transport,
bioavailability, bioaccumulation, and toxicity of pollutants, which are already present in the

marine environment.

Plastics can add significant additional stress effects to an already stressed ecosystem. The
stable chemical bonds in these polymer macro-molecules not only make them resilient, but
also impervious to natural degradation (Shaw & Sahni, 2014), meaning plastic debris only
photodegrades into smaller fragments, the majority of which accumulate and persist in

ocean gyres found in the Atlantic, Pacific, and Indian oceans (Zbyszewski & Corcoran, 2011).

Low-density polyethylene microplastic particles were identified to be a persistent source
releasing Bisphenol A (BPA), as mentioned above (section 5.2, page 101), into aquatic
environments. BPA has been found to persist longer in seawater than in freshwater without
degradation (Ying & Kookana, 2003; Kang et al., 2005) and high concentrations have been
found adsorbed to sediments (Bolz et al. 2001; Heemken et al. 2001; Fromme et al. 2002).
Most organic pollutants have ionizable groups, which affect their form and charge in water
thus affecting degradability (Wang et al., 2015; Zhang et al., 2018). Climate change affects

various ocean conditions such as salinity, temperature, and pH which are known to have an
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effect on the partitioning of BPA between a water phase and an organic phase and influence
sorption and desorption behaviour (Borrirukwisitsak et al., 2012); and the adsorption
process and aggregation behaviour of microplastics (Li et al., 2018; Liu et al., 2019; Zhou et
al., 2020). Higher solubility of chemicals leads to higher concentrations in the water phase,
and this results in greater bioavailability and mobility of plastic derived chemical additives in
seawater, which may lead to exposure for species previously unaffected. This effect has
been observed in the marine polychaete (Platynereis dumerilii), where the solubility of the
pheromone uric acid was seen to decrease with pH and uric acid was found to be less water
soluble in lower pH environments (Halabe & Sperling, 1994; Hardege et al., 1998; Zeeck et

al., 1998; Bagnati et al., 1999; Breithaupt & Hardege, 2012).

Microplastics have a large hydrophobic surface area meaning these particles often become
heavily contaminated with anthropogenic environmental pollutants harbouring
concentrations up to six times higher than the ambient seawater (Mato et al., 2001; Teuten
et al., 2009; Andrady, 2011; Hirai et al., 2011). Examples of pollutants include hydrophobic
pollutants such as polycyclic aromatic hydrocarbons (PAHs), poly chlorinated biphenyls
(PCBs) and other persistent organic pollutants (POPs), and metals. The majority of these
substances are considered to be harmful to organisms, and can act as mutagens,
carcinogens and endocrine disruptors (Teuten et al. 2009; Zbyszewski & Corcoran, 2011;
Rochman et al., 2013). The International Pellet Watch project analysed plastic pellets
collected by volunteers from beaches worldwide for sorbed pollutants. PE pellets were
found to have PCB concentrations up to 600 ng/g pellet and dichloro-diphenyl-
trichloroethane (DDT) concentrations up to 300 ng/g (Ogata et al., 2009). PCBs have been
found to have negative effects on the immune system, nervous system, endocrine system,

and reproductive system and in some cases cause cancers in marine animals or (EPA, 2013).
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5.3.3 Bioaccumulation within food webs

Ingestion of plastic fragments is common due to their diminutive size and availability, thus
increasing the bioaccumulation of the chemicals found within the plastic or chemicals
absorbed onto the plastics from the external environment (Teuten et al., 2009; Rochman et

al., 2014).

Plastic biomagnification in crustaceans has been researched under laboratory conditions.
Trophic level transfer of microplastics was observed in shore crabs (Carcinus maenas) that
were fed on mussels (Mytilus edulis) having previously been fed with 0.5 um fluorescent
polystyrene microspheres (Farrell & Nelson, 2013). The numbers of microspheres in the
haemolymph of the crabs were observed over a 21-day period, exhibiting the highest
number of microspheres after 24 h with almost a complete removal after 21 days. A second
study similarly observing trophic transfer from mussels (Mytilus edulis) to crabs (Carcinus
maenas) found polystyrene microspheres could be retained in the foregut of the crabs up to
14 days after the ingestion of mussels that had been fed with 8 — 10 um microspheres
(Watts et al., 2014). Rochman et al. (2014) studied the bioaccumulation of hazardous
chemical ingredients associated with plastic litter in myctophid fish in the South Atlantic
Ocean. The fish caught in high plastic density sampling sites demonstrated a significantly
higher concentration of PBDEs in their tissues, but lower concentrations were recorded in
water samples. This indicates that PCB concentrations originated from the plastic as an

additive substance and were not sorbed from ambient seawater (Rochman et al., 2014).
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5.3.4 Conclusion

The most prominent gaps in our current knowledge on the impacts of plastic associated
chemicals on organisms are the lack of data for long-term exposures to environmentally
relevant concentrations and their ecotoxicity when part of complex mixtures. It would be
beneficial to study the effects of plastic chemicals over an extended study period, as
potential carcinogenic or mutagenic effects would only present themselves over a longer
timeframe such as several months or even years. Studying the response to food and
pheromone cues after continuous exposure to plastic odour compared to individuals that
have not been exposed to plastic odour may present effects of long-term exposure. It would
also be beneficial to study the physiological impacts as well as the behavioural responses, as
additives from virgin plastic have been found to affect organism physiology and
reproductive success. Furthermore, studying the effects over generations with a focus on
reproductive success and juvenile growth and development would be a valuable
contribution to this research and provide an insight into potential effects on C. maenas

populations.

5.4 Individuality

Hypothesis 4: Individuals will have variability in cue detection and response relating to size,

sex, colour, and injury.

5.4.1 Sex

No significant difference was found in initial reaction time or time taken to reach the cue

between males and females (Figure 18, Figure 19). Response time to cues is expected to
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remain similar as the physiological differences between male and female Carcinus are very
marginal. As expected, males had a stronger response to the female reproductive cue and
lower response to the feeding cue glutathione (Appendix Figure 1.). This aligns with previous
research findings by Hayden et al. (2007). As testing was conducted over the summer
reproductive months, seasonality influences male shore crabs’ response to pheromone cues
(Fletcher & Hardege, 2008, 2009; Hardege, 2011). Mating season for shore crabs occurs
between the months of April and October (Hardege et al., 2002), with populations of male
Carcinus in the UK showing the greatest response to female sex pheromones in the month
of July (Crothers 1967; Hardege et al., 2002). Hayden et al. (2007) reported significantly
reduced feeding responses in males during the summer months' reproductive season, this

shift in preference is assumed to reduce cannibalism towards moulting soft-shelled females.

Additionally, male crabs generally showed a higher response rate to olfactory cues in low pH
conditions compared to females. Richardson et al. (2021) suggested that C. maenas males
may be better acclimated to future climate change conditions due to physiological or

morphological differences between males and females.

Informal observations from preliminary static tank experiments, and results of cue choices
implied that there may be a sex dependent response to plastic odour cues. Males showed a
much higher attraction to the plastic odour cues than females (Appendix Figure 1.). There
are recognised differences between male and female foraging behaviour, males being more
aggressive in their approach. Additionally, there may even be mechanical differences
between make and female foraging behaviour and diet choice due to claw form and size

(Elner, 1980; Spooner et al., 2007).
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Mincarelli et al. (2021) investigated the responses of blue mussels (Mytilus spp.) to climate
change induced temperature rise and exposure to DEHP (Di-2-ethylhexyl phthalate) the
common softener of polyvinyl chloride (PVC) (Erythropel et al., 2014) as separate and
combined stressors. The study identified differences in the response of males and females
to high temperature treatments. Males displayed advanced development in sexual maturity;
however, a delay was observed in females. Sex-specific differences in energy allocation and
metabolic status could influence the susceptibility of either sex to thermal stress, with the
potential to disrupt breeding synchrony, which in turn could alter the structure of
populations and food webs (Bedulina et al., 2017). Additionally, high temperature appeared
to accentuate the toxic effect of DEHP, with a higher sensitivity of males observed under
combined environmental stressors, which may suggest a more resilient status of developing
females under prolonged stress conditions (Mincarelli et al., 2021). Although these
conclusions from Mincarelli et al. (2021) differ from the findings of the present study on C.
maenas, there is a relevance which contributes to the understanding of the effect of plastic
pollution in the context of global climate change and how this may affect future marine

communities.

5.4.2 Size

There was a significant difference in initial reaction time between small and large sized
individuals (Figure 20 B). On average, smaller individuals took longer before performing

antennule flicking motions.

Additionally, there was a significant difference between the choice of cue and the size of the
individual, with larger crabs choosing the pheromone cue more and smaller crabs opting for
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the feeding cue as preference. This can be explained as a difference in sexual maturity, as
smaller individuals are often still sexually immature and therefore would not pursue a
female. Instead, smaller individuals show more interest in feeding cues as seen here. In the
current study size was split into two categories: small and large, this was done by calculating
the average size of all individuals and all those below the average were categorised as small,
and those over categorised as large. Crabs used in this study were housed together in
groups meaning fights between individuals were inevitable. C. maenas show variations in
behavioural response to different stimuli in relation to recent social interactions, with
dominant and submissive male individuals recognising their status within the hierarchy after
a fight (Fletcher & Hardege, 2009; Jiménez-Morales et al., 2018). Crabs of a higher social
status, usually larger crabs, win most fights and therefore will present a stronger response
towards the female pheromone cue than smaller ‘submissive’ crabs with lower social status
(Fletcher & Hardege, 2009). Size here is shown to have significant variation on response to
cues (Figure 20 B), which may be due to smaller crabs having not yet reached sexual
maturity. By nature, females are also often smaller than males and so many fell into the
smaller category, this may have also influenced results of cue choices as it is known that

females show less interest in female sex pheromones than males (Hayden et al., 2007).

In crustaceans larger body size is generally associated with higher fitness, greater
reproductive success and increased survival in both males and females (Blueweiss et al.,
1978; Speakman, 2005; Woodward et al., 2005; Kelley et al., 2015). Crustaceans of a larger
size are likely to possess larger antennules, which is assumed to have a positive correlation
with cue detection speed (Devine & Atema, 1982). Hence, larger individuals may be better
equipped to adapt to future low pH projections. However, a discussion in Widdicombe and

Spicer (2008) suggested that an organism's sensitivity to acidification would be related to
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body size with larger organisms more sensitive than smaller ones over an evolutionary
timescale. Additionally, in polychaetes, it has been observed that individuals kept at low pH
are on average smaller than individuals kept in current oceanic pH conditions (Batten &

Bamber, 1996; Sokotowski et al., 2020).

5.4.3 Colour

Compared to green individuals, red crabs showed delayed initial reaction times in extreme
low pH 7.2, suggesting that olfactory ability of red colour morphs was affected more than
green in extremely low pH (Figure 22). Additionally red crabs also took longer to reach the
cue compared to green crabs, this was seen in all pH conditions (8.2, 7.6, and 7.2) (figure

23).

Previous studies on variation within colour morphs of C. maenas have highlighted
interesting differences that align with the findings of the present study. Red morphotypes
were observed to have a lower tolerance to high salinity and are particularly susceptible to
low salinity variations (Reid & Aldrich, 1989; Styrishave et al., 2004; Monteiro et al., 2021).
Additionally, red crabs were found to have higher rates of mortality than green crabs when
exposed to prolonged environmental hypoxia (Reid & Aldrich, 1989; McGaw & Naylor,

1992).

This theory is further supported by Styrishave et al. (2004) who found red crabs to have
higher reproductive success than green crabs, although at the expense of a lower
physiological tolerance. Green crabs were shown to be more proficient in coping with

changes in the surrounding environment. This increased tolerance is not only observed
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regarding natural habitat variations, but green coloured shore crabs also appear to be more

resilient to variations caused by anthropogenic pollution (Styrishave et al., 2004).

These previous findings and comparisons of physiology between green and red colour
morphs of C. maenas support the results of the present study and reinforce observations on
distribution and ecology (Abellé et al., 1997). Baeta et al. (2005) and Monteiro (2019)
studied the shore crab population in the Mondego estuary, Portugal, and noted the green
morphotype was located predominantly in the intertidal areas of the Pranto River. Green
colour morphs are able to withstand and exploit turbulent estuarine habitats where salinity
and temperature fluctuates daily due to tidal action. This allows for colonisation of new

areas minimising interspecific competition (Monteiro et al., 2021).

5.4.4 Injury

Interestingly, results showed that individuals with no injuries took longer to exhibit initial
reactions than those with injuries, although this was not statistically significant (Figure 24).
This may be due to other factors such as dominance hierarchies, which suggest that losers
of fights are less likely to pursue a female pheromone odour than a winner (Fletcher &
Hardege, 2009). Additionally, factors such as size may have played a role in this result. Most
individuals sustaining injuries were larger and therefore sexually mature, meaning their
responses to pheromone odours would have been stronger than those smaller immature

individuals with no injuries.

Results showed that injury significantly affects the time taken to reach cue (Figure 25). This

result is unsurprising as many individuals that were classified as injured had missing legs or
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claws. Obvious damage and loss of appendages, puts these individuals in a compromised
position and physiological disadvantage. Although these individuals may have been able to

detect an odour cue, inevitably it took them longer than those with no injury.

5.4.5 Conclusions

Similar trends in initial reaction time and time taken to reach the cue were observed
throughout all the individuality parameters investigated. In normal pH 8.2 individual
differences (size, sex, colour, injury) had little to no effect on initial reaction time. However,
as pH was reduced all individuality aspects showed delayed initial reaction times suggesting
impairment regardless of the individual characteristic of the animal. Furthermore, a similar
trend was seen with the addition of plastic odour, initial reaction times became longer as pH
decreased, although not significantly (Figure 26). There was no obvious trendline for time to

reach cue, but this lack of trend was observed across all individuality parameters (Figure 27).

Individual variation in behaviour can be influenced by social situations, where the
behavioural response of an individual is determined by the interactions and responses of
other conspecifics (Dall et al., 2004; McNamara & Houston., 2009; Anthes et al., 2010;
Schuett et al., 2010; Wolf et al., 2011). When animals interact socially, they observe other
individuals’ behaviour in order to make better decisions. Long-term holding will change
behaviour of crabs- particularly if they are held together as occurred in this study. Regular
animal collections and using fresh animals would be a better option when carrying out

behavioural studies of this sort.
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One of the key variables for individuality is the moult status of the crabs. Pre-moult crabs
do not feed for some days prior to moult (Williams, 1982; Waiho et al., 2015), and post-
moult require some days to harden prior to foraging (Cameron, 1989; Turner et al., 2003).
This may have influenced the results as individuals undergoing or preparing for moulting are
often less active and have reduced response to feeding cues. Additionally, red crabs in
terminal moult will have deteriorating condition and therefore likely to be less active

compared to crabs in earlier moult stages (Greco et al., 2014; Campos et al., 2022).

Studies often aim to select similar sized organisms in similar physiological conditions to
minimize differences in biological responses. However as highlighted by Dall and Griffith
(2014), a single population-representative may not be biologically meaningful as it fails to
include the full-range of individual-level patterns of behavioural variation that is necessary
to effectively test theoretical predictions. Studies are best to test groups of animals in
sufficient numbers and then compare against similar batches of variants, as this method
also introduces significant variables particularly if animal variations are mixed and
representation of specific forms within tests is low. Additionally, factors such as pre-
adaptation to local conditions and differences between populations may well explain

differences in results achieved in separate studies.

Despite the results from this study indicating that individuals differ in their response to cues,
this result can only be extrapolated to a single population, since all the animals used in this
study were collected from a single population. Although individuality in olfactory response
exists even within a population, it would have been more beneficial to obtain data from
additional populations. Particular areas of interest would be examining populations

inhabiting environments where pH conditions are stable, or individuals that stem from

128



warmer or colder climates will allow to achieve a more rounded picture of species-wide
individuality. Studies have shown that different ecosystems and pre-adaptation have an
impact on responses under stress (Ferreira, 2021; Quijada-Rodriguez, 2021; Vajedsamiei et

al., 2021).

Studies have explored the impact of ocean acidification on C. maenas and have suggested
the species is already likely to be adapted to natural fluctuations in temperature, salinity,
and light intensity due to their natural environmental conditions. As C. maenas occupy the
harsh intertidal zone, many become isolated in shallower waters so naturally experience
wide ranges of pH and temperature, meaning the species is highly tolerant and eurythermal.
In the natural environment conditions are constantly changing for example with the tides.
Static pH does not exist in the marine environment due to a multitude of interacting factors
(Schmidt & Psenner, 1992; Hofmann et al., 2011; Cornwall et al., 2013). In the future there
will be a greater range of fluctuation and overall lower mean pH, so it is vital to recognise

the variability of pH now and what is to be expected to occur in predicted future scenarios.

Species inhabiting coastal regions, naturally experience greater spatial and temporal
fluctuations in carbonate chemistry due to the complex interactions that occur at the land
ocean atmosphere interface (Gattuso et al., 1998; Takahashi et al., 2002; Takahashi et al.,
2009; Waldbusser & Salisbury, 2014; Kapsenberg et al., 2015; McNeil & Sasse, 2016; DeVries
et al., 2017). Dilution of coastal waters due to terrestrial freshwater input decreases salinity
and therefore alkalinity, resulting in a stronger shift of carbonate chemistry at a given
seawater pCO;. Moreover, nutrient enrichment of coastal waters via riverine discharge and
land runoff can alter rates of primary production in coastal areas which may lead to changes

in carbonate chemistry at diurnal and/or seasonal time scales (Drupp et al., 2011;
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Waldbusser & Salisbury, 2014; Wahl et al., 2018; Hopwood et al., 2020; Santos et al., 2021).
The species inhabiting these environments may be more resilient to shifts in oceanic pH

caused by ocean acidification (Fassbender et al., 2016; Vargas et al., 2017).
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6. Conclusions

Global climate change is regarded as a key driver of change in marine environments
affecting resilience, functionality, and associated ecosystem services (Doney et al., 2012;
Smale et al., 2019). Climate change is manifested by sea temperature rise and ocean
acidification, sea level rise, and the intensification of extreme weather events, impacting

marine biodiversity dynamics at species, community, and ecosystem levels (IPCC, 2019).

Cases of extreme and localised low pH can occur due to events such as leaks from volcanic
seeps (Hall-Spencer et al., 2008; Cigliano et al., 2010; Crook et al., 2012), periodic upwellings
of CO; enriched sea water (Feely et al., 2008; Thomsen et al., 2012), or leaks from geological
CO; storage sites (Seibel & Walsh, 2001; Hawkins, 2004). Global model predictions have
made it clear that overall ocean pH is likely to decrease by the end of the century. At the
same time, more than 95% of the world's oceans are currently exposed to numerous other
local stressors stemming from anthropogenic activities (Halpern et al., 2008, 2015).
Concerns of plastic pollution in the marine environment are growing, with recurrent
observations of debris ingestion in crustaceans and associated detrimental effects. Despite
the knowledge we currently have on these topics, the behavioural effects of combined
stressors are severely under researched. With current predictions into future ocean
conditions, organisms are likely to endure multiple changes simultaneously (Solomon et al.,
2009). Studies incorporating multiple stressors and natural variability will substantially
increase predictive power in regard to understanding crustacean behaviour and associated

ecological functioning under projected future ocean conditions.

Few studies within this field of research focus on medium or long-term projections,

restricting potential management strategies to mitigate future changes at a global or
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regional scale. The effects of climate change can be reflected in the future through

distribution shifts, phenotypic plasticity, local adaptation, and evolution (Rilov et al., 2019).

Although this study attempted to accurately replicate predicted conditions for intertidal
environments of the coastal species C. maenas, as previously discussed, short-term
laboratory studies cannot accurately simulate variation that occurs within the natural
environment. As C. maenas is an intertidal species, individuals may have expressed varied

response due to plasticity and acclimation abilities (Rilov et al., 2019).

To further this research and develop the potential suggestion for adaptation of the study
species, | would recommend analysing endpoints such as food consumption by monitoring
amount consumed (grams) from a pre-weighed amount of food of individuals housed in pH
8.2 and individuals housed in pH 7.2 by removing, drying and weighing left over food after a
set period of time i.e. 2 minutes, as well as analysing growth rates and active time searching
for food, to gain a deeper understanding of potential changes in their behaviour. Additional
studies should explore longer exposure periods through housing individuals for up to a
month at multiple pH levels (7.2, 7.6 and 8.2) to assess acclimation, plasticity, and genetic
adaptation in the event of environmental change. Future research should also focus on
transgenerational and multigenerational studies to quantify tolerance levels of organisms to
ocean acidification (Clements & Hunt, 2015). Studies should aim to include eco-
evolutionary processes when predicting the combined effects of anthropogenic stressors
and climate change. Additionally, future research should aim to include a variety of stressors
and ranges when predicting the combined effects of anthropogenic stressors and climate
change. Salinity ranges below 4 and above 52% PSU, temperature ranges below 0 and above

30°C, and aquatic pollutants such as metal and plastic pollution are known to affect
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behavioural responses of C. maenas (Berrill & Arsenault, 1982; Yamada & Gillespie, 2008;
Appelhans et al., 2012; Rodrigues & Pardal, 2014; Macdonald et al., 2018; Damasceno et al.,
2021; Nancollas & McGaw, 2021) and are key areas that could be explored in further
research as potential interacting stressors. It is important to consider the synergistic effect
of environmental factors in combination as stress caused by one abnormal variable can
result in diminished survival when combined with exposure to other irregular variables

(Young and Elliott, 2019).

It is widely acknowledged that understanding the response of organisms to the combined
effects of climate change and local anthropogenic stressors is crucial to ecosystem
management efforts, however the research itself is challenging due to the complexity of the
interactions among climate change, anthropogenic stressors, and the ecosystem
components (Niiranen et al., 2013; Jutterstrom et al., 2014). Building insight into the effects
of these interactions, will hopefully contribute to successful management actions and

mitigation strategies (Gissi et al., 2019; Rilov et al., 2020).

The findings of this current study do however fit with the growing body of research
surrounding behavioural changes under low pH conditions and showed that C. maenas
displayed individual population-level variation, and therefore may be plausible for long term
adaptation to low pH environments. The extensive tolerance ranges of C. maenas, owing to
its success as a globally invasive species, may provide a model for successful endurance and

survival in a changing environment (Tepolt & Somero, 2014).
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Table 1. Database of crab IDs and individual characteristics: sex, size, colour, injury of animals used.
Dates of death and moults.

COLLECTED DATE

04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021

25/08/2021
25/08/2021
11/11/2021
11/11/2021
25/08/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
08/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
05/08/2021
11/11/2021
11/11/2021
10/08/2021
11/11/2021
10/08/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
25/08/2021
11/11/2021
11/11/2021
11/11/2021
25/08/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
10/08/2021

CRABID SEX

50 M
51M
52 M
53 M
54 M
55M
56 M
57M
58 M
59 M
60 M

WEIGHT COLOUR

921G
90.4 R
72G
89.1R
719 R
88.4 R
921G
90.4 R
72G
86 R
70.5 R
89.2 R
48.8 G
44.7 G
422G
36.6 G
226G
16.5G
47.2R
992G
93.5G
83 R
789 R
68.5 G
89 R
83.8 R
81R
825G
51.8 R
426G
3116
51G
50 G
46 R
47.8G
188G
11556
14216
87.5G
65.7 G
733G
417G
90.4 G
47.5G
44.7 G
402 G
36.6 G
98.1G
83 R
789 R
712G
88.3 R
83.8R
81R
80.2 G
50.6 R
457G
317G
48.5 R
89.8 G

8. Appendices

INJURED POST MOULT DEATH

Y

Zzzz<zZzz<zzzz<<z<zzz<<<zzzzzzz<<<zz<zzzz<zZ2zzz<zZ<zZ2<<<zz<z=<<z2

15/10/2021

10/08/2021

12/08/2021

16/08/2021

10/09/2021
10/09/2021

12/10/2021

14/11/2021

07/08/2021

17/08/2021

11/08/2021

07/10/2021

08/10/2021

17/11/2021

23/08/2021
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04/06/2021
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04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
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04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021
04/06/2021

COLLECTED DATE

11/11/2021
11/11/2021
11/11/2021
11/11/2021
25/08/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
10/08/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021
25/08/2021
11/11/2021
11/11/2021
10/08/2021
11/11/2021
11/11/2021
11/11/2021
11/11/2021

CRABID SEX

WEIGHT COLOUR

26.2G

57R
66.1 R
57.7R
255G
48.8 R
37.7R
376 R
42.8 G
53.1R
69.7 R
57.2R
104 G
28.6 R
52.8 R
422 R
52.8 R

45 R
62.6 R
44.6 R

49 R
47.7R

38R
52.2 R
19.2 R
49.1 R
55.5 R
57.8 R
63.6 R
32.7R

59 R
59.1 R
44.7 R
42.8 G
53.1R
69.7 R
57.2 R
50.4 R
47.7R

38R

INJURED

N

Zz<zZzzz<<<<=<z<<z<zzz<zzzz<<zzzzz=<zz-<z2-<-=<z2

12/08/2021

18/08/2021

04/08/2021

19/07/2021

17/08/2021

03/08/2021

POST MOULTDEATH

03/10/2021

17/11/2021

25/08/2021

11/09/2021

15/08/2021



Table 2. Preliminary testing of three plastics: Polyethylene (PE), Polypropylene (PP), and
Polyvinylchloride (PVC). 20 C. maenas individuals were presented with filter paper soaked in
plastic conditioned water in pH 8.2 to assess which was the most effective to use for study.

Plastic Odour Percentage of crabs reacted (%)
PE 75%
PP 55%
PVC 45%

Table 3. Time taken for odour cues to diffuse to the other end of the Y shaped flume. Food
colouring was used to measure defusal rate of the odour cues. Food colouring was inserted
at the tip of each branch of the Y shaped tank and timed until the colouring had reached the
other end of the tank. This was tested over a range of flow rates to select the most
appropriate for bioassays.

Flow Rate Time to diffuse (Minutes)
0.5 L/Min 9.14
1 L/Min 5.01
1.5 L/Min 3.45
2 L/Min 2.46
2.5 L/Min 2.01
3 L/Min 1.32
3.5 L/min 0.54
4 L/Min 0.36

Table 4. Mean time of cue duration at a flow rate of 500ml per minute. As mentioned above
in Table 3. cues were placed into the Y shaped tank and monitored. At select intervals the
cues were tested for effectiveness. From this it was deduced that cues were effective for a
duration of approximately 2 hours before the odour was no longer detectable by animals
and needed to be replaced.

Cue mean time (Minutes)
Pheromone 124
Food 128
Plastic 120
Control N/A
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Table 5. Timeline of when bioassays were performed, number and proportions of animals

used in each test. P — Plastic odour, C — control, G — Glutathione, U — pheromone.

Date of Assays | pH Animals tested | Proportion of animal types tested
testing tested | tested | (Male, Female)
Male Female
Size Colour Injury Size Colour Injury
08/07/21 | PvC 8.2 10Mand 10 F 7 LG, 3SM 5G,5R 51,5NI 41G, 6 SM 8R,2G 31,7NI
prelim PvC 7.6 10Mand 10 F 7 LG, 3SM 5G,5R 51,5NI 41G, 6 SM 8R,2G 31,7NI
plastic
testing
02/08/21 | PvG 7.6 24Mand 16 F 12 LG, 12 SM 19G,5R 101, 14 NI 91LG,7SM 13R,3G | 61,10NI
PvG 8.2 24Mand 16 F 12 LG, 12 SM 19G,5R 101, 14 NI 91LG,7SM 13R,3G | 61,10NI
03/08/21 | PvC 7.6 24 Mand 16 F 16 LG, 8 SM 13G,11R 101, 14 NI 10 LG, 6 SM 14R,2G | 51,11 NI
PvC 8.2 24Mand 16 F 16 LG, 8 SM 13 G, 11R 101, 14 NI 10 LG, 6 SM 14R,2G | 51,11 NI
05/08/21 | Pv U 7.6 30Mand 10 F 17 LG, 13, SM 29G,1R 111,19 NI 5LG,5SM 8R,2G 51,5NI
PvU 8.2 30Mand 10F 17 LG, 13, SM 29G,1R 111,19 NI 5L1G, 5SM 8R,2G 51,5NI
09/08/21 | GvC 7.6 30Mand 10 F 18 LG, 12 SM 30G 111,19 NI 5LG,5SM 9R,1G 21,8 NI
GvC 8.2 30Mand 10 F 18 LG, 12 SM 30G 111,19 NI 5LG,5SM 9R,1G 21,8 NI
GvU 7.6 30Mand 10 F 18 LG, 12 SM 30G 111,19 NI 5L1G, 5SM 9R,1G 21,8NI
GvU 8.2 30Mand 10F 18 LG, 12 SM 30G 111,19 NI 5L1G, 5SM 9R,1G 21,8NI
10/08/21 | UvC 7.6 30Mand 10 F 21 LG, 9SM 30G 131,17 NI 7LG,3SM 10R 61,4 NI
UuvcC 8.2 30Mand 10 F 211G,9SM 30G 131,17 NI 7LG,3SM 10R 61,4 NI
25/08/21 | PvC 7.2 30Mand 10 F 18 LG, 12 SM 19G, 11R 111,19 NI 6 LG, 4 SM 10R 41,6 NI
PvG 7.2 30Mand 10 F 18 LG, 12 SM 19G, 11R 111,19 NI 6 LG, 4 SM 10R 41,6 NI
PvU 7.2 30Mand 10 F 18 LG, 12 SM 30G 111,19 NI 6 LG, 4 SM 10R 41,6 NI
GvC 7.2 30Mand 10 F 18 LG, 12 SM 30G 111,19 NI 6 LG, 4 SM 10R 41,6 NI
UvcC 7.2 30Mand 10 F 18 LG, 12 SM 30G 111,19 NI 6 LG, 4 SM 10R 41,6 NI
GvU 7.2 30Mand 10F 18 LG, 12 SM 30G 111,19 NI 6 LG, 4 SM 10R 41,6 NI
04/11/21 winter crabs
08/11/21 | PvC 8.2 30Mand 10 F 18 LG, 12 SM 19G, 11R 111,19 NI 6 LG, 4 SM 10R 61,4 NI
winter PvC 7.6 30Mand10F 13 LG, 17 SM 29G,1R 151, 15 NI 7LG,3SM 10R 61,4 NI
09/11/21 | PvG 8.2 30Mand10F 19 LG, 11 SM 30G 141, 16 NI 7LG,3SM 9R,1G 61,4 NI
winter PvU 8.2 30Mand 10F 19 LG, 11 SM 30G 141,16 NI 7LG,3SM 9R,1G 61,4 NI
PvG 7.6 30Mand10F 15 LG, 15 SM 20G,10R 111,19 NI 6 LG, 4 SM 8R,2G 61,4 NI
PvU 7.6 30Mand10F 15 LG, 15 SM 20G,10R 111,19 NI 7LG,3SM 9R,1G 61,4 NI
11/11/21 | PvU 7.2 30Mand 10F 17 LG, 13 SM 27G,3R 151, 14 NI 5LG,5SM 9R,1G 61,4 NI
winter PvG 7.2 30Mand 10F 13 LG, 17 SM 29G,1R 151, 14 NI 5LG,5SM 9R,1G 61,4 NI
PvC 7.2 30Mand10F 11 LG, 19 SM 26G,4R 151, 14 NI 5LG,5SM 9R,1G 61,4 NI
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Table 6. Example test sheet of raw data.

crab ID # | size (cm) | Initial reaction | Time to cue | Cue chosen | reaction
(min) (min)
28 M 6.8 00:04 02:25 GSH Grab
29 M 6 00:02 00:26 GSH Grab
30M 5.4 00:05 04:41 PE Waft
31 M 5 00:02 00:19 PE Grab
32 M 5.6 00:02 - - Buried
21 M 7.2 00:04 00:53 GSH Grab
7™M 7.5 00:04 02:25 GSH Waft
8M 7 00:02 00:26 GSH Waft
9M 7 00:05 01:41 PE Continuous activity
10M 7.3 00:02 00:33 GSH Buried
11 M 6.9 00:04 02:25 GSH Grab
12 M 7.5 00:02 00:26 PE Grab
39 M 6.5 00:05 04:32 PE Waft
40 M 6 00:02 00:19 GSH Grab
41 M 6.5 00:02 02:25 GSH Waft
42 M 5.4 00:04 00:26 GSH Waft
43 M 6.7 00:07 03:38 GSH Continuous activity
44 M 5.7 00:02 00:14 PE Grab
45 M 5.5 00:05 04:41 PE Waft
51 M 6.6 00:02 00:19 GSH Waft
52 M 7.2 00:02 02:25 GSH Waft
53 M 7.1 00:04 00:26 PE Waft
54 M 6.5 00:04 00:24 PE Buried
55 M 6.8 00:02 02:25 GSH Continuous activity
56 M 6 00:05 00:26 PE Waft
1M 7.6 00:03 03:11 PE Waft
4 M 7.5 00:02 00:18 GSH Waft
3IM 7.1 00:04 04:58 GSH Waft
18 M 35 00:04 00:19 PE Waft
25M 7 00:02 00:59 PE Waft
37F 6.5 00:05 02:25 GSH Continuous activity
38F 6.3 00:12 - - Waft
39F 5.9 00:02 03:59 PE Continuous activity
40 F 5.5 00:04 00:19 PE Waft
6F 5.6 00:03 04:41 GSH Waft
5F 4.5 00:02 00:19 GSH Grab
4 F 6.3 00:05 01:45 GSH Waft
3F 6.2 00:02 02:23 GSH Continuous activity
2F 6 00:02 00:42 GSH Waft
1F 4.5 00:04 00:51 GSH Waft
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Table 7. All statistical outputs of the Kruskal-Wallis tests performed on initial reaction,
testing for significant differences between individuals.

Kruskal wallis X2 df p-value
Sex x behaviour 19.566 5 0.001507
Injury x cue chosen 9.5196 4 0.04935
Condition x behaviour 14.243 5 0.01414
Initial Reaction x size 36.673 24 0.04716
Initial Reaction x colour 4.1635 1 0.0413
Cue chosen x size 49.527 24 0.001626
Cue chosen x sex 14.727 1 0.0001242
Cue chosen x weight 94.908 64 0.007296
Time to cue x injury 8.99 1 0.002715
behaviour x size 37.75 24 0.03677
behaviour x injury 4.2399 1 0.03948
pH x weight 91.095 64 0.01467
Size x injury 10.187 1 0.001414
Weight x injury 6.0947 1 0.01356
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Figure 1. Figure displaying an overview of results shown from the bioassays completed in
the Y shaped olfactometer flume. Whereby six experimental conditions were carried out
in three pH treatments. This figure displays the resulting ‘choice’ individuals made under
the different conditions and treatments. A refers to male individuals and B refers to
female individuals.

7.6 | | 82 |
Wilcoxan, p = 0.07 ilcoxon, p = 0.25

A
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Figure 2. Boxplot showing average distance to plastic of male and female individuals in a
static tank experiment. comparisons between distance in pH 7.6 and 8.2 (Shared data with
Ohnstad, 2022)
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