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Contemporary climate change (CCC) and non-indigenous species (NIS) are two of the
biggest threats to global biodiversity and together are expected to drive a rapid global
redistribution of species by the end of the century. Although understanding the interaction
between NIS and CCC is crucial for the management of native ecosystems, forecasting
future changes remains a significant challenge. It is thus recognised that understanding the
physiological mechanisms that shape distributions and promote NIS spread is necessary to
make robust forecasts under CCC. In this thesis, novel experimental and ecological niche
modelling (ENM) techniques were combined to explore how the highly successful NIS, the
Pacific oyster Magallana gigas, may be affected by end-of-the-century environmental
conditions. The present research has shown during long-term exposure that M. gigas
individuals were physiologically tolerant to CCC conditions predicted for the end of the
century. It was evident that M. gigas has a broad environmental tolerance and have
undergone rapid niche shifts during introduction that have likely facilitated its current rapid
global spread. In addition, both correlative and mechanistic ENMs predicted that M. gigas
will undergo a poleward range expansion by the end of the century. Modelling with inter-
individual variability showed complex geographical changes in life-history traits in response
to CCC. It was apparent that both correlative and mechanistic ENMs can complement each
other and provide a unique insight into the predicted changes in species’ niches under
environmental change.

This thesis presented the first long-term, multi-factor mesocosm study of M. gigas, tested
the differences between popular niche shift frameworks and presented the first bioenergetic
model combining inter-individual variability and environmental variability to predict species
responses to CCC across large geographical areas. Taken together, a combination of
techniques has produced robust predictions forecasting the continued survival and spread

of M. gigas under end-of-the-century CCC.
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Chapter 1 Introduction

1.1 Contemporary climate change

The world’s climate is changing at an unprecedented rate. Anthropogenic activities such as
burning fossil fuels and agriculture have led to an increase in greenhouse gas emissions
into the atmosphere over the last 250 years (IPCC, 2014). Concentrations of carbon dioxide
(COy) in the atmosphere have increased from 280 parts per million (ppm) to more than 410
ppm over the last 200 years, levels which have not occurred for over 800,000 years (Petit
et al., 1999; IPCC, 2014). The accumulation of greenhouse gases has led to the increase
in global surface temperatures by more than 1°C since pre-industrial times (IPCC, 2018).
By the end of the century, it is expected that future climatic states will exist for which there
is no current analog, along with the disappearance of some extant climates (Williams et al.,
2007).

The effects of warming have been observed in the oceans where more than 90% of world’s
excess heat is stored, increasing ocean temperatures (Cheng et al.,, 2019). Global sea
surface temperature (SST) has increased by 0.11°C per decade between 1971 and 2010
(Caldeira & Wickett, 2003, 2005; IPCC, 2014) and the five warmest years in the ocean since
1955 have all occurred between 2015 and 2020 (Cheng et al., 2020). If greenhouse gas
emissions continue at current levels, global SST is expected to rise further by 3 — 4°C by
the end of the century (Caldeira & Wickett, 2005; IPCC, 2014, 2018). In addition, increasing
temperatures are expected to alter ocean stratification and circulation, increase the extent
of oxygen minimum zones, decrease sea ice extent and lead to a rise in sea levels as a
result of thermal expansion (Doney et al., 2012). Changes in temperature also have far-
reaching influences on biotic systems due to temperature-dependent physiological
processes and hence warming is expected to have a profound individual, population and

community-level effects in the future (Doney et al., 2012).

Approximately 30% of anthropogenic carbon dioxide in the atmosphere has been absorbed
by the surface ocean (Sabine et al., 2004). Rising CO, concentrations in seawater increases
the formation of carbonic acid and releases hydrogen ions, which is measured as a
reduction in the pH of the water. This decline in ocean pH over an extended period is known
as ocean acidification. Average surface ocean pH has decreased by 0.1 units over the last
250 years and is expected to decrease by a further 0.3 — 0.4 and 0.5 — 1.0 units by the
years 2100 and 2300, respectively (Sabine et al., 2004; Caldeira & Wickett, 2005; IPCC,
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2014, 2018). Ocean acidification leads to excess hydrogen ions in the water binding to
carbonate ions, subsequently changing the saturation state of aragonite and calcite. This is
expected to severely impact calcifying marine organisms by leading to the net dissolution
of carbonate structures such as calcium carbonate shells and skeletons or internal
structures such as otoliths (Orr et al., 2005; Hofmann et al., 2010). Equally, ocean
acidification can alter other physiological processes and life-history traits such as
reproduction, development, growth rates and survival of species (Kroeker et al., 2010;
Kroeker et al., 2013).

Rapid environmental changes have already been shown to modified the abundance,
distribution and phenology of flora and fauna across terrestrial and marine realms
(Parmesan & Yohe, 2003). Hence, contemporary climate change (CCC) is recognised as
one of the most significant threats to biodiversity and is expected to cause significant
changes to species functioning, distributions and community compaositions in the future
(Walther et al., 2002; Thomas et al., 2004; Berg et al., 2010).

1.2  Species distributions

Understanding the factors which determine spatial variation in species distributions is a
central aim across a range of disciplines in ecology. The realisation that environmental
conditions determine species distributions was recognised in the early 1800s (von Humboldt
& Bonpland, 1807) and is often recognised in the early literature (Salisbury, 1926; Good,
1947). Large-scale patterns in species distributions and biodiversity with gradients in space
or environmental conditions (for example, latitude, altitude, temperature, precipitation) are
well documented (Wallace, 1876; Gaston et al., 1995; Gaston, 2000; Willig et al., 2003). In
the marine environment, pioneering work correlated biogeographic patterns with
temperature (Orton, 1920; Hutchins, 1947). Hutchins (1947) described the role of thermal
tolerance in setting range boundaries of coastal species by correlating SST isotherms with
the global distributions of mussels and barnacles. Similarly, studies have identified
relationships between species distributions and the environment through the mapping of
observational data with environmental gradients and laboratory experiments investigating
species temperature tolerances (Southward & Crisp, 1954a; Crisp & Southward, 1958;
Southward, 1958). Temperature is generally considered one of the main factors determining
large-scale patterns in distribution and the range limits of a species (Chen et al., 2011;
Stuart-Smith et al., 2017). A recent meta-analysis study by Stuart-Smith et al. (2017)
showed that the distributions of 1,790 shallow-water marine ectotherms are strongly defined
by SST.
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A species’ niche ultimately determines its biogeographic range limits where environmental
conditions outside of the niche are either unsuitable or the species fails to adapt (Wiens,
2011). The ‘niche’ concept was first described by Grinnell (1917, 1924) but most notably by
Hutchinson (1957) who described the niche as a set of abiotic and biotic conditions where
a species can persist and sustain a population. The niche of an organism is often separated
into the fundamental niche and realised niche (Hutchinson, 1957) and it is important to
distinguish between the two when determining species distributions. The fundamental niche
encompasses all the areas where the species can exist due to the abiotic conditions and is
defined by the physiological tolerance of a species to the environment. In optimal conditions,
organisms maximise their biological functioning, leading to growth and reproduction.
Outside of the optimum range of conditions functioning can be less efficient and fithess can
be negatively impacted (Portner & Farrell, 2008). The realised niche, however, is essentially
a subset of the fundamental niche and describes all the areas where the species lives due
to constraints such as competition, predation, dispersal capabilities. Understanding the
processes which determine the realised and fundamental niches of an organism has
significant implications for predicting the performance and the biogeographic distributions

of species under environmental change.

1.2.1 Redistribution of species

The redistribution of species occurs naturally in line with climate fluctuations in marine and
terrestrial environments, for example, changes in glaciation and temperature or carbon
dioxide concentrations (Hewitt, 1999; Graham et al., 2010). In response to these
environmental changes, species must tolerate or adapt to new conditions, shift their
geographical distributions or face extinction (Berg et al., 2010; Wiens, 2016). Over long and
short time scales, changes in climate have been recognised to drive shifts in species
distributions and abundances (Southward & Crisp, 1954b, 1956; Southward, 1991;
Southward et al., 1995). Anthropogenic activities are one of the main causes for the recent
and rapid redistribution of species globally. For example, the expansion and contraction of
species distributions due to CCC (Parmesan & Yohe, 2003), an increase in artificial
transport leading to biological invasions (Vitousek et al., 1997), man-made structures acting
as bridges and barriers for dispersal (Adams et al., 2014; Bishop et al., 2017), and habitat
loss and fragmentation (Warren et al., 2001; Cushman, 2006; Reino et al., 2013) have all

redistributed species.



Chapter 1

Ecological systems have already been affected CCC and studies have shown that species
vary greatly in their responses (Parmesan & Yohe, 2003; Bellard et al., 2012). The
unprecedented velocity of CCC has led to environmental changes at a rate which may
outpace the potential adaptation of species and in response species must alter their
distributions in line with these shifts (Loarie et al., 2009). A global meta-analysis by
Parmesan & Yohe (2003) found that terrestrial species ranges have shifted on average by
6.1km per decade towards the poles and an advancement in spring-time phenology by 2.3
days per decade. Climate-related local extinctions have already occurred in hundreds of
species across a range of habitats and climatic zones and, under CCC predicted for the
end of the century, these extinctions could increase two-fold to five-fold (Wiens, 2016).
Ultimately, the ability for the species to shift their distribution to new locations in line with
changing climates depends on dispersal capabilities, habitat availability and abundance
which will determine the supply of recruits to new areas (Mair et al., 2014).

The distributions of marine invertebrates tend to conform to their thermal tolerance limits
(Sunday et al., 2012); therefore in line with warming waters, species are shifting their
distributions to higher latitudes (Helmuth et al., 2006; Mieszkowska et al., 2006; Cheung et
al., 2009). Range shifts have already been observed in the marine environment and have
occurred much faster than in terrestrial systems, with reported poleward shifts of over to 50
km per decade (Mieszkowska et al., 2005; Sorte et al., 2010; Poloczanska et al., 2013).
Meta-analysis by Sorte et al. (2010) showed that 75% of range shifts already experienced
by marine species were in the poleward direction, in line with recent CCC. Contractions in
species trailing range limits (tropical range edge) have been estimated to be up to five times
slower than the rate of leading edge expansions (Poloczanska et al., 2013). As the global
climate continues to rapidly change, shifts in species ranges are expected to continue and
the ability to predict potential shifts under CCC is key for the conservation and management

of ecosystems.

1.3 Ecological niche modelling

Some of the earliest examples of estimating species niches in a geographical space
involved the interpolation of occurrence records to produce ‘distribution maps’ (Grinnell,
1904, 1917). Since then, ecological niche models (ENMs) have been developed using a
variety of mathematical approaches with the aim of describing biogeographic patterns and
predicting species distributions in line with multiple environmental parameters. Early ENM
approaches included statistical methods such as bioclimatic envelopes and convex hulls

(Carpenter et al.,, 1993). Through the development and accessibility of mathematical
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techniques, mapping and programming tools, and open access datasets for species
occurrence and climatic data, the advancement of ENMs has been greatly facilitated
(Guisan & Zimmermann, 2000). Subsequently, this has led to the utilisation of ENMs across
a broad range of topics such as biogeography, invasion and conservation biology, habitat
and species management, and climate change research. The number of publications using
ENMs technigues has been increasing every year (Robinson et al., 2011; Pacifici et al.,
2015). Despite widely available environmental and ecological data, relatively fewer studies
in the marine environment have been conducted compared to the terrestrial environment
(Robinson et al., 2011; Robinson et al., 2017).

Two popular types of ENMs are correlative and mechanistic models, with correlative models
being the most popular and widely used throughout the literature. Correlative approaches
use empirical statistical models to correlate the geographic distribution of a species with the
environmental conditions at their respective locations. These models require presence
and/or absence, or abundance records and data on the environment such as temperature,
salinity and substrate to infer the species’ niche (Figure 1.1) (Buckley et al., 2010; Pacifici
et al., 2015). Assuming species’ distributions are in equilibrium with the surrounding climate
(i.e., they live in all suitable areas and are absent from unsuitable ones, Hutchinson, 1957),
the models estimate the probability that a species is present under any given environmental
conditions. Typically, biotic interactions are not explicitly incorporated into correlative
models, however, occurrence records implicitly reflect factors such as competition and
predation, and thus the models predict the realised niche of the species (Pearson &
Dawson, 2003; Soberén & Peterson, 2005).

The applicability of correlative models for predicting distributions under CCC has been
debated as they often lack information on key variables which influence species
distributions (Thuiller, 2004; Evans et al., 2015), such as how CCC will affect physiology,
dispersal and potentially lead to species adaptation (Robinson et al., 2011; Gillson et al.,
2013; Peterson et al., 2015). A key assumption of correlative ENMs is that the processes
which constrain the population range edges are stable over time and space. This is unlikely
to hold as CCC conditions are expected to alter the physiological processes and create
novel species associations which may change the fundamental and realised niche of a
species (Williams & Jackson, 2007; Buckley et al., 2010; Robinson et al., 2011; Kissling et
al., 2012). Studies using hindcasting approaches (for example, predicting current
distributions from modelling past occurrence and environmental data) have shown low to
moderate model accuracy when modelling to non-analog climates (Aradjo et al., 2005;
Dobrowski et al., 2011; Veloz et al.,, 2012; Uribe-Rivera et al., 2017). Nonetheless,

correlative ENMs are relatively quick and easy to run compared to other modelling
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techniques and, when treated with caution, contribute important first steps towards
predicting distributions under future climates. Advancements are often being made to
increase their robustness such as the integration of biotic or physiological constraints
(Dormann et al., 2012; Wisz et al., 2013). Equally, complementary laboratory experiments
which subject species to predicted non-analog climates, particularly multiple stressors,
could be used to evaluate correlative ENM predictions to further understand species

performance and adaptation under CCC.

The development of mechanistic ENMs has been driven by the desire to incorporate
physiological knowledge into estimates of species distributions. Mechanistic models are
described as being more robust than correlative models when extrapolating species
distributions to future climates and under environmental change as they link functional traits
to the environmental variables (Figure 1.1) (Kearney & Porter, 2009; Elith et al., 2010).
These models do not correlate occurrence data with environmental data so do not rely on
species distributions being in equilibrium with the surrounding climate. Instead, mechanistic
models aim to predict a species’ fundamental niche through the physiological processes
which structure species biogeographic distributions (Kearney et al.,, 2008; Evans et al.,
2015). Physiological processes are responsible for the flow of mass and energy within an
individual when it interacts with the environment (Kearney et al., 2010b). Typically,
mechanistic model parameter estimates of various physiological processes are acquired
through manipulative laboratory and field experiments to understand the responses to the
environment (Kearney & Porter, 2009). However, some parameters cannot be measured
and need to be estimated through model fitting or calibration to observed data. Responses
can then be scaled up from individual fithess to population-level dynamics and mapped into

a geographical space.

Although process-based mechanistic models are recognised as being more robust,
correlative ENMs are overall simpler and less time-consuming to run (Kearney & Porter,
2009). Detailed physiological data are also lacking for the majority of species, and
consequently correlative models have been more popular and used across a wide range of
taxa (Pacifici et al., 2015). Modelling observed and measured real-world data also has an
obvious attraction for model development and validation. A larger investment is required to
derive parameter estimates for mechanistic models (Kearney & Porter, 2009; Elith et al.,
2010; Pacifici et al., 2015), however, for species of economic importance or conservation
interest, such as non-indigenous species (NIS) or species at risk of extinction, the

investment is worthwhile (Kearney & Porter, 2009).
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Figure 1.1 Concept of the data used in correlative and mechanistic species distribution
models. The correlative model concept shows the likelihood of a species occurring within a
range of environmental temperatures. The mechanistic model concept shows a
performance curve of fitness (such as survival, growth, and reproduction) as a function of

the environmental conditions. Redrawn from Kearney et al. (2010b).

The applications of correlative models versus mechanistic models have been widely
discussed in the literature (Elith et al., 2010; Kearney et al., 2010b; Peterson et al., 2015),
however, the use of both models on the same species is rarely undertaken. There are
suggestions that these models complement each other and provide useful predictions of
spatial patterns and the viability of populations for use in conservation and management
planning (Pacifici et al., 2015; Rougier et al., 2015). Mechanistic ENMs on the sunfish Alosa
alosa have predicted similar forecasts in distributions to correlative models under future
climate scenarios but provide a more in depth understanding of potential distribution
changes (Rougier et al., 2015). Kearney et al. (2010b) found that both models predicted a
contraction in the northern range of the greater glider Petauroides volans due to a lack of
water under a 3°C increase in air temperature. Buckley et al. (2010) showed correlative and
mechanistic models performed similarly in predicting current distributions of a butterfly and
a reptile species, however, mechanistic models predicted overall larger shifts in response
to CCC. Making robust predictions is the ultimate goal when using ENMs to forecast
distributions with CCC and thus there is likely greater potential through the use of both

physiological and occurrence data.
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1.4  Marine non-indigenous species

Non-indigenous species (NIS) are described as species which have been introduced to
locations outside of their natural range as a result of human-mediated transport. In the
marine environment, species are transported from their native regions to new locations
either unintentionally by anthropogenic vectors such as shipping, live food and bait trade,
man-made corridors (such as the Suez Canal) and ocean debris, or intentionally for
purposes such as aquaculture (Bax et al., 2003; Hulme Philip, 2009; Katsanevakis et al.,
2013; Bailey, 2015; Campbell et al., 2017; Therriault et al., 2018). If the species can survive
the novel conditions, they can become established and form self-sustaining populations
which may further spread from these points of introductions to new locations (Eno et al.,
1997; Manchester & Bullock, 2000; Jensen et al., 2004; Hellmann et al., 2008). Over 1000
aquatic NIS have been introduced to the northeast Atlantic and European waters with more
than 800 taxa likely to have self-sustaining populations (Gollasch, 2006; Tsiamis et al.,
2018). Shipping is the main vector of introduction on the northeast Atlantic coast accounting
for 47% of introductions, with aquaculture accounting for 13% (Gollasch, 2006; Savini et al.,
2010). NIS can also act as a vector for further NIS introductions, for example, the
importation of the farmed bivalves Magallana gigas and Ruditapes philippinarum were
responsible for the introduction of non-target invertebrate and algae species through
attachment to packaging material, fouling on shells or parasitizing bivalve tissues fouling
(Savini et al., 2010). In addition, NIS can have a positive effect on the spread and
abundance of other NIS (Wonham et al., 2005; Heiman et al., 2008). For example, biogenic
reefs of the NIS Ficopomatus enigmaticus promoted denser aggregations of other NIS than
a comparable native biogenic reefing species (Heiman et al., 2008).

NIS have the potential to alter the communities and ecosystems they are introduced to
through species displacement by competition, predation or smothering, and hybridization
with native species (Huxel, 1999; Sakai et al., 2001; Muhlfeld et al., 2014). The replacement
of specialist native species with generalist NIS through extinctions and introductions are
expected to lead to more uniform communities and a reduction in biodiversity, known as
global homogenisation of biodiversity (McKinney & Lockwood, 1999; Olden et al., 2004).
There is a growing consensus that CCC may facilitate the spread of NIS which will further
alter the global distribution of species (Dukes & Mooney, 1999; Carlton, 2000; Occhipinti-
Ambrogi, 2007; Hellmann et al., 2008; Rahel & Olden, 2008; Occhipinti-Ambrogi & Galil,
2010; Smith et al., 2012). NIS have already experienced range expansions and an increase
in abundance with warming over the last 50 years (Rius et al., 2014). Further, range
expansions of NIS are expected throughout this century in both marine and terrestrial
systems (Occhipinti-Ambrogi, 2007; Rahel & Olden, 2008; Pecl et al., 2017). Investigations
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into the synergies between NIS and CCC will undoubtably increase scientific understanding

of how species, communities and ecosystems may change in the future.

NIS can be classed as invasive if they have negative impacts on the environment, the local
economy or recreation (Nichols et al., 1990; Travis, 1993; Grosholz Edwin et al., 2000;
Molnar et al., 2008; Alvarez et al., 2011). One such example is the zebra mussel Dreissena
polymorpha which was introduced to the USA in the 1980s from the Black, Caspian and
Azov Seas by ship ballast water. D. polymorpha are reported to out-compete the native
mussel species for space and food, therefore impacting local biodiversity, and causing a
large economic impact through damaging ship’s hulls, docks and clogging water pipes
(Pimentel et al., 2000; Strayer, 2009). Invasive NIS are recognised by the Convention on
Biological Diversity (CBD) as one of the greatest drivers of biodiversity loss and ecosystem
service change. The need for monitoring NIS abundance, spread and impact is
acknowledged at national and international levels, for example in Europe, the Marine
Strategy Framework Directive (MSFD) Descriptor 2 outlines the need for monitoring NIS to
achieve Good Environmental Status of European marine waters (European Commission,
2017).

1.4.1 Magallana gigas — a non-indigenous case study

An economically important and highly successful NIS is the Pacific oyster, Magallana gigas
(formerly Crassostrea gigas, Thunberg, 1793). M. gigas is native to the warm temperate
regions of the northwest Pacific at latitudes between 30-40°N (Troost, 2010). It has been
introduced into more than 66 countries for use in aquaculture and has subsequently
established wild populations in at least 17 countries making it a global NIS (Herbert et al.,
2016). Global aquaculture production since the 1950s has increased approximately 4.5
times with major producers including China, Japan and France (FAO, 2019). It was believed
that European waters were too cold for M. gigas to reproduce, leading to its introduction for
aguaculture purposes in the 1960s in the UK and Europe after a decline in the native oyster
fisheries, likely from overfishing (Troost, 2010; Humphreys et al., 2014). Shortly after
introduction, natural spatfall was observed outside of aquaculture locations (Spencer et al.,
1994; Reise, 1998) and self-sustaining wild populations have established on the coastline.
M. gigas are fast growing, reaching marketable size within two years of seeding, have high
survival rates and the ability to occupy a range of habitat types (Troost, 2010). These traits

make them both popular in aquaculture activities globally and also a successful NIS.

M. gigas are a coastal species found within the intertidal coastal zone and tidally dominated

estuaries within their native and introduced range. They settle on hard substrates, such as
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bedrock and cobbles, shell fragments and pebbles on sandy/muddy shores, on other
oysters, and on artificial structures. M. gigas broadcast spawn and the larvae are gregarious
(Tamburri et al., 2007), enabling them to settle in large humbers and can lead to highly
complex three-dimensional reefing populations which can transform the locations they
inhabit. Large eco-engineered reefs exist in its introduced range such as along the east
coast of England, north and west coast of France, with some of the densest reefs occurring
in the Wadden Sea, Oosterschelde estuary, where densities can reach 500 - 700 individuals
per m? (Markert et al., 2010; Wrange et al., 2010), and up to 2000 live and dead oysters per
m? (Markert et al., 2013).

M. gigas are often classed as an invasive species as reefing populations can have negative
impacts on native species, such as altering the composition of blue mussel, Mytilus edulis,
beds (Fey et al., 2010), and displacing sea grass, Zostera marina, beds (Wagner et al.,
2012). Oyster reef formation has led to the modification of habitats protected by the EU
Habitat Directive, for example the deterioration of Sabellaria alveolata reefs in the Bay of
Mont-Saint-Michel (Dubois et al., 2006; Desroy et al., 2011). The overall success of M. gigas
in recent years has been attributed to warm summers and mild winters (Diederich et al.,
2005; Wrange et al., 2010). Alternatively, oyster reefs have been shown to have positive
effects on native species. For example, in the Bay of Brest in France (Lejart & Hily, 2011),
and Colne Estuary in the UK (Herbert et al., 2018), oyster reefs displaced infaunal species,
but overall macro-invertebrate species biomass and richness increased, particularly
intertidal grazers and predators of M. gigas. Similarly, moderate densities of M. gigas have
been shown to create thermal refugia for grazers in British Columbia, Canada (Padilla,
2010). Studies in the UK (Herbert et al., 2018), Europe (Markert et al., 2013) and Argentina
(Escapa et al., 2004) found that M. gigas reefs have benefitted wading bird species by

leading to greater feeding success and intake rates of prey.

Previous experimental studies suggest M. gigas can tolerate a wide range of environmental
conditions, with growth occurring in temperatures between 10 — 40°C and salinities of 10 —
30 (Mann et al., 1991). Optimum temperatures for M. gigas growth, reproduction and other
physiological processes occur between 18 — 23°C (Malouf & Breese, 1977; Mann, 1979;
Spencer et al., 1994; Bougrier et al., 1995). With climatic warming expected to continue
towards the end of the century, warming waters will likely shift the geographical range of M.
gigas to higher latitudes and potentially increase their abundance and spread in their
already introduced range. Increasing SST may also promote spatfall during the summer
and an increase in spat survival during the winter, subsequently leading to population
increase (Troost, 2010). Warming has already been found to increase M. gigas recruitment

in the Wadden Sea (Diederich et al., 2005). Hindcast modelling approaches have attributed
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warming to the northward expansion of M. gigas distributions in Europe over the last 50
years (Thomas et al., 2016). As a highly successful NIS and eco-engineering species, it is
especially important to understand the effects of future CCC conditions on M. gigas fitness

and their potential distributions.

1.5 Specific aims

Given the ecological importance of predicting changes in NIS distributions in the future, it is
clear that a more comprehensive mechanistic understanding of NIS responses to CCC is
needed. There is equally a need to compare the outcomes of popular modelling techniques
and how these may influence the conclusions of modelling species distributions. This thesis
adopts an integrative approach modelling at individual and population-levels to investigate

the effects of CCC on both M. gigas biological functioning and distributions.

In Chapter 2, patterns between present day observational records and environmental
conditions were used to investigate how NIS may thrive in novel conditions. Native and
introduced M. gigas niches were examined in multi-dimensional environmental space to
assess the potential niche shifts between ranges on a global scale. An assessment of
common analytical methods for determining niche changes was undertaken in parallel to
determine their ability to detect niche shifts. Correlative ENMs were then used to examine
habitat suitability and latitudinal shifts expected by the end of the century in geographic

space.

Novel mechanistic approaches were undertaken in Chapters 3 and 4 to investigate how
CCC will affect the physiology and life-history traits of M. gigas. In Chapter 3, the effect of
multiple climate ‘stressors’ on oxygen uptake, clearance and growth were measured in a
comprehensive mesocosm experiment to assess the potential tolerance of M. gigas to
future conditions. The experiment went beyond short-term studies by exposing adult

individuals to long-term warming, ocean acidification and reduced salinities.

Cohort-level changes in life-history traits under environmental change were investigated in
Chapter 4 using a mechanistic approach by integrating an individual-based model with the
bioenergetic dynamic energy budget (DEB) model. The DEB model was parameterised to
estimate growth, maturity and reproduction of individual M. gigas around the coastline of
the northeast Atlantic and regional seas. An innovative approach was used to incorporate
inter-individual variability into the model using laboratory-derived data and literature values

to estimate key parameters in the model. The model was then used to predict changes in
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life-history traits in geographic space between present day and forecasted CCC conditions

for the end of the century.

Chapter 5 summarises the main conclusions of this thesis and highlights the importance of
integrating mechanistic underpinnings when examining how environmental change will
affect species distributions. Findings were placed into context with the current literature to
discuss the potential trends in how M. gigas will be impacted by CCC. With the rarity of
correlative and mechanistic ENMs being conducted on the same organism, a comparison
of these modelling approaches was made with emphasis on the benefits of combining both
techniques. Areas which require further research were identified with an aim to progress
scientific understanding of how NIS will be distributed under CCC conditions and how
consideration of modelling approaches will make for more robust predictions.

1.6 Publications and author contributions

The following details the Chapters in this thesis, their publication status, and CRediT

(Contributor Roles Taxonomy) author statements.

Chapter 2 has been prepared for submission for publication as:

Pack, K.E., Rius, M. & Mieszkowska, N. Rapid niche shifts as possible drivers for the

spread of a non-indigenous species under novel environmental conditions.

Author contributions — Kathryn E. Pack: conceptualization, methodology, software, formal
analysis, investigation, visualization, writing - original draft, writing — review & editing. Marc
Rius: conceptualization, validation, writing — comments & reviewing. Nova Mieszkowska:

conceptualization, writing — comments & reviewing.

Chapter 3 has been published in the journal Marine Environmental Research as:

Pack, K.E., Rius, M. & Mieszkowska, N., (2021). Long-term environmental tolerance
of the non-indigenous Pacific oyster to expected contemporary climate change
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Chapter 2

Chapter 2 Identifying niche shifts in Pacific oysters
highlight their ability to spread in novel

environmental conditions
Abstract

Identifying niche shifts is key for forecasting future species distributions. Non-indigenous
species (NIS) are one of the greatest threats to biodiversity and understanding how niche
shifts affect NIS' spread is fundamental. Here we modelled present day native and
introduced niches, as well as the potential geographical extent, of the widely distributed NIS
Magallana gigas. We investigated niche shifts in both non-analog and analog environmental
spaces and predicted geographical spread of M. gigas under contemporary climate change
(CCCQC) conditions. Two frameworks were used: (1) the two-dimensional Centroid shift,
Overlap, Unfiling and Expansion (COUE) framework and (2) the n-dimensional
hypervolume framework to quantify the niches. The niches were then tested for equivalency
by comparing the observed and randomised overlaps. Ensemble ecological niche models
(ENMs) were then used to predict habitat suitability for the present day and two future CO»
emission scenarios. The n-dimensional hypervolume framework indicated that the
introduced niche of M. gigas has shifted to encompass new environmental conditions
compared to the native niche. The COUE framework implied no niche shift in two-
dimensional space, but the first two dimensions only accounted for a small proportion of the
overall environmental variability. Ensemble ENMs revealed suitable areas in the present
day where M. gigas has yet to be recorded and predicted both a poleward expansion and
a tropical contraction of suitable habitat for M. gigas by 2100. We revealed that M. gigas
has rapidly shifted its niche since its first record as introduced over 50 years ago, suggesting
a mechanism that may facilitate present day and future spread. In addition, the results
showed that M. gigas can tolerate novel environmental conditions. This study also
demonstrates the importance of modelling niche dynamics in multi-dimensional space for

predicting NIS distributions under CCC conditions.
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2.1 Introduction

Non-indigenous species (NIS) are one of the biggest threats to global biodiversity (Bax et
al., 2003; Molnar et al., 2008) and understanding their potential distributions in the near
future is a priority for biodiversity management (Sinclair et al., 2010; Guisan et al., 2013).
Preventing the establishment of NIS is recognised as the most efficient way of reducing
their impact on ecosystems (Simberloff et al., 2013) and analyses predicting habitat
suitability of NIS are fundamental for preventing NIS introductions and controlling their
spread (Therriault & Herborg, 2008; Jiménez-Valverde et al., 2011; Leidenberger et al.,
2015). Ecological niche models (ENMs) are popular mathematical models used to increase
our understanding of suitable habitats and predicting areas that may be at risk of invasion
(Thuiller et al., 2005; Véaclavik & Meentemeyer, 2012; Mainali et al., 2015). In addition,
ENMs can forecast range expansions and contractions under contemporary climate change
(CCC) conditions (Elith & Leathwick, 2009; Elith et al., 2010) such as poleward range shifts
(Cheung et al., 2009; Saupe et al., 2014; Jones & Cheung, 2015; Jueterbock et al., 2016).
In the marine environment, range shifts are an order of magnitude faster than terrestrial
ecosystems (Sorte et al., 2010), and thus investigating potential NIS distributions and areas
at risk of invasion with CCC is of high importance. By the end of the century, the oceans
will experience environmental conditions without modern analog due to CCC (Williams &
Jackson, 2007) and this is expected to lead to native species extinctions and more frequent
NIS introductions, as well as the creation of novel ecological communities (Pecl et al., 2017).
Although an increasing number of studies using ENMs suggest that marine NIS will expand
their ranges and/or shift their ranges poleward as a result of ocean warming (de Rivera et
al., 2011; Saupe et al., 2014; Goldsmit et al., 2018), less is known about the stability of

niche space over time.

The main assumptions of correlative ENMs are that a species’ niche is stable in space and
time and that the species is in equilibrium with the environment (i.e. they live in all suitable
areas and are absent from unsuitable ones) (Hutchinson, 1957; Elith et al., 2010). When
modelling NIS, these assumptions are unlikely to be valid due to the nature of species
introductions. NIS are artificially transported into a new location where the species does not
yet inhabit all suitable areas (Gallien et al., 2012). This raises the question of whether to
model with data from only their native range in ENMs (where the species is likely to be in
equilibrium) or the entire range (Guisan & Thuiller, 2005; Early & Sax, 2014). Studies using
only the native range have poorly predicted habitat suitability in introduced ranges
(Beaumont et al., 2009; Verbruggen et al., 2013), due to growing evidence of so-called

‘niche shifts’ (Figure 2.1) (Broennimann et al., 2007; Reiss et al., 2014; Parravicini et al.,
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2015). Niche shifts describe the divergence in the physical and environmental requirements
of a species over time and geographical space due to ecological and evolutionary changes
(Broennimann et al., 2007). CCC has the potential to alter species’ niches and identifying if
NIS can undergo rapid niche shifts indicates how the species may respond to novel climates
(Guisan et al., 2014; Moran & Alexander, 2014). Coupling these investigations with ENM
studies improves our forecasting accuracy and increases our understanding of the potential
spread of NIS under CCC (Tingley et al., 2014; Parravicini et al., 2015). For example, ENMs
that account for niche changes (by combining data from both native and introduced ranges)
have led to models with higher predictive power across both ranges and under future CCC
scenarios (Broennimann & Guisan, 2008; Beaumont et al., 2009; Pili et al., 2020).
Quantifying niche changes, such as the degree of overlap or expansion, has recently
become a rapidly expanding field of research with the development of several frameworks
(Broennimann et al., 2012; Blonder et al., 2014). However, studies directly comparing
different frameworks are rare (Pili et al., 2020) and further work is required to understand
how these may affect the overall evaluation of niche shifts.

Quantifying niche dynamics between different NIS geographic ranges requires a distinction
between analog and non-analog environments (Figure 2.1) (Guisan et al., 2014). If the
introduced niche shifts into non-analog climates (i.e., where conditions are not experienced
in the native range), it cannot be assumed that the niche has shifted as it could simply be a
factor of these environmental conditions being unavailable in the native range (Mandle et
al., 2011; Guisan et al., 2014). In analog climates (i.e., where environmental conditions are
available in both native and introduced ranges) niche changes demonstrate ‘true niche
shifts’ as the introduced individuals inhabit common environments that the native do not
(Figure 2.1). Nonetheless, colonisation of non-analog climates from the introduced range
still provides crucial information on the potential tolerance of NIS to novel climates and has
important implications for future management strategies (Early & Sax, 2014). The majority
of studies modelling niche shifts do not distinguish between non-analog and analog climates
and therefore may just be identifying environmental conditions that are unavailable in one

range (Guisan et al., 2014).
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Figure 2.1 A two-dimensional representation of a niche shift from the native (green) to
introduced (red) climate spaces. The thin, outer solid lines show all the environmental
conditions available in the native and introduced ranges. The grey area shows the
environmental conditions that exist in both ranges, known as the analog climate. The green
and red thick lines depict the native and introduced niches, respectively. Conditions inside
the native niche that are non-analog to the introduced range. (b) ‘Niche unfilling’ showing
analog conditions filled by the native niche but not filled by the introduced niche. (c) ‘Niche
overlap’ showing analog conditions that both the native and introduced niches occupy. (d)
‘Niche expansion’ showing conditions in the introduced niche not occupied by the native
niche. (e) Conditions inside the introduced niche that are non-analog to the native range.
The quantification of b, ¢, and d imply the level of niche shift (or niche conservatism)
between the native and introduced niches. Note that the introduced niche is larger than the
native niche, which would be expected considering the extensive introduced range of

Magallana gigas. Figure redrawn from Guisan et al. (2014).

Here, we first assessed the potential for a highly successful NIS the Pacific oyster,
Magallana gigas, to shift its niche in non-analog and analog climates using different

frameworks for quantifying niche shifts. M. gigas has wild populations in more than 17
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countries mainly due to the species’ artificial introductions for aquaculture purposes
(Herbert et al., 2016). Field observations show that warming over the last few decades has
already facilitated the spread of M. gigas along the coastlines of Europe and the US
(Diederich et al.,, 2005; Wrange et al., 2010; Valdez & Ruesink, 2017). Laboratory
investigations have also shown that M. gigas can tolerate a wide set of environmental CCC
conditions (Pack et al., 2021). Studying whether M. gigas has undergone rapid niche shifts
during its invasion may further highlight its ability to thrive under novel CCC conditions. In
this study we used ENMs with data from both native and introduced ranges to forecast if,
under continued warming scenarios predicted by the end of the century, M. gigas
distributions will continue to extend poleward as environmental conditions become more
habitable. We hypothesised that (1) quantifying the degree of niche overlap in non-analog
and analog environmental space would show the introduced niche of M. gigas has
expanded compared to the native niche, (2) two commonly used niche dynamic frameworks
would have similar results in terms of overlap and expansion of M. gigas niches, and (3)
ensemble ENMs would forecast a poleward range shift of suitable habitat for M. gigas by
the end of the century.

2.2 Methods

2.2.1 Environmental layers

Present-day environmental layers for the surface ocean were obtained from Bio-ORACLE
(version 2.0) at 5 arcminute (9.2 km) resolution (Tyberghein et al., 2012; Assis et al., 2018).
This database contains global variables collected from satellite sensors and interpolated in
situ measurements averaged across 2000-2014 (Assis et al., 2018). For modelling in both
environmental and geographical space, we used five environmental variables that are
known to be biologically relevant to sessile filter-feeders and were not highly correlated
when tested for collinearity (Pearson’s correlation coefficient of r > 0.75). These included

temperature, salinity, pH, chlorophyll concentration and calcite concentration (Table 6.1).

To estimate future climatic conditions, a bias correction method using predicted
environmental conditions from the Hadley Centre Global Environment Model — Earth
System (HadGEM-ES) general circulation model from phase five of the Coupled Model
Intercomparison Project (CMIP5) (downloaded from https://esgf- node.linl.gov/projects/

cmip5) was applied to the Bio-ORACLE present-day layers. Simulated monthly values for
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each variable were extracted for 2000-2014 and 2090-2100 and the mean for each period
calculated per 1° x 1° grid cell for two scenarios based on the Intergovernmental Panel on
Climate Change (IPCC) ‘Representative Concentration Pathways’: RCP4.5 (stabilisation
scenario) and RCP8.5 (‘business as usual’ scenario). The change factor (delta) between
the simulated present day and future variables for each scenario were calculated for each
grid cell and the delta applied to the Bio-ORACLE observations to estimate future conditions
(Navarro-Racines et al., 2020). Calcite was removed from future projections as a measure
of end of the century as calcite concentration was not available from the HadGEM-ES

model.

2.2.2 Species records

Global presence-only occurrence records for M. gigas were downloaded from the Global
Biodiversity Information Facility (GBIF, https://www.gbif.org/species/7820753) and
contrasted with literature data. The data were cleaned to obtain a high-quality dataset
containing georeferenced records or collected museum records. Dead and washed-up
individuals as well as records which were on land or unverified in the literature were
excluded. In total there were 1864 unique presence records before spatially aggregating

points to one per 1° x 1° environmental grid cell, leaving 663 records.

2.2.3 Comparison of niches in environmental space

Species records were split into two data sets containing native (N = 54) and non-indigenous
(N = 609) records and environmental data for each of their ranges extracted. The densities
of introduced and native occurrences with each environmental variable were compared in
a univariate space. Then, two popular modelling methods were used to quantify the niches
in environmental space; the widely used Centroid shift, Overlap, Unfilling and Expansion
(COUE) framework (Broennimann et al., 2012) and the n-dimensional hypervolume
framework (Blonder et al., 2014) which measure the degree of overlap and environment

equivalency between niches.

2.2.31 The COUE framework

Using the COUE framework the niches were compared in two-dimensional space using
Schoener’'s D metric of niche overlap (Broennimann et al., 2012). Principal components
(PC) analysis was used on the extracted environmental data from the native and introduced

ranges. The first two PCs accounted for 57% of the variability. The environmental space
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was divided into 100 grid cells and the density of occurrences within the environmental
space was estimated using a kernel density estimator (Broennimann et al., 2012; Parravicini
et al., 2015). Schoener's D metric quantified the degree of overlap of the two niches,

calculated using

1
D=1-> Z|Zlij_ Za i)
ij

where z3; is the space the native range occupies, z»j is the space the non-indigenous range
occupies. The z terms are based on the relative occurrence for the species in the grid cell
relative to the frequency of that environmental condition, thus, ensuring an unbiased
comparison of occurrence densities between different ranges where environments are not
equally available. Shoener's D metric ranges between 0 (no overlap) to +1 (complete

overlap) (Warren et al., 2008; Broennimann et al., 2012).

A test of niche equivalency was performed to assess whether the observed overlap (D) was
significantly different to a null distribution of 1000 generated D metrics from randomly
reallocating the occurrences of both niches into two datasets (Warren et al., 2008;
Broennimann et al., 2012). The null hypothesis that the niches are identical was rejected if
the observed D was below the 5th percentile of the null distribution. A test for niche similarity
was performed to assess if the observed D was significantly different to a null distribution
of 1000 generated D metrics when accounting for geographic availability of environmental
conditions (by randomly distributing one niche over its background whilst the other is
unchanged). The null hypothesis that the niches are dissimilar was rejected if the observed
D was greater than the 95" percentile of the null distribution (Warren et al., 2008;
Broennimann et al., 2012). If the observed D is less than the null distribution, it indicates
niche divergence and if the observed D is greater than the null distribution then the niches
are more similar than random (Warren et al., 2008; Broennimann et al., 2012). A significant
difference from the niche similarity test would indicate differences in the environmental
niche space the two species occupy and that these differences are not due to the

environmental conditions that are geographically available.

Niche stability, the proportion of environments within the introduced niche shared with the
native niche, niche expansion, the proportion of environments of the introduced niche that
do not intersect with the native niche, and niche unfilling, the proportion of environments not

currently filled by the invasive niche (Guisan et al., 2014) were reported. Niche metrics
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described above were calculated in R version 4.0.3 (R Core Team, 2019) with the ecospat
package version 3.1 (Di Cola et al., 2017).

2232 The n-Dimensional Hypervolume Framework

As noted above, the first two PC in the COUE framework accounted for only 57% of the
total variability in the five environmental variables, therefore important information on the
differences between the niches may not have been satisfactorily captured in these first two
components. This may be expected since the PC method does not make use of any

information on groupings in the data such as the two different populations.

The n-dimensional hypervolume framework was used to assess differences in the niches
within a multidimensional environmental space (Hutchinson, 1957; Blonder et al., 2014).
This framework is based on Hutchinson’s proposed n-dimensional hypervolume which
guantifies the fundamental niche of a species and is used widely in ecology (Hutchinson,
1957). The hypervolume for a species is defined as the space the species occupies within
independent axes based off the environmental variables. The introduced and native niches
were quantified in five dimensions, accounting for 100% of the variability in the
environmental data. The five PCs of the original five environmental variables were used to
allow a comparison with the COUE framework. Multidimensional hypervolumes for the
native and introduced niches were generated using the Gaussian kernel density estimation
method (Blonder et al., 2014). Hypervolume niche metrics and analyses were conducted

using the hypervolume R package (Blonder et al., 2014).

To assess the differences between the niches, Jaccard’'s index and Sgrensen-Dice index

were calculated by:

i _ 2|AnB|
Sgrensen-Dice S(4,B) = D
Jaccard J(A,B) = lAnB| _ |An B

(AUB) ~ (JAl+|B]) - (AN B)

where A and B are the two hypervolumes, N is the intersection between the two
hypervolumes and U is the union of the two hypervolumes (Blonder et al., 2014). Both
indices are variations on the concept of the proportion of the total volume occupied by both
populations in the intersection region. Both indices range between 0 and 1, with 1 indicating
equivalency and 0 indicating no intersection. Similar to the COUE equivalency test, the

Sgrensen-Dice and Jaccard indices were compared to a null distribution from 1000
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iterations to assess significance. Jaccard and Sgrensen-Dice metrics were also calculated
for the first two PCs (similar to the COUE framework) to allow for a more direct comparison

between the two frameworks.

2233 Analog environment

To better understand if changes in the introduced niche were as a result of a ‘true niche
shift’, the two niches were modelled as above but in analog environments, which were
extracted using the ecospat package in R (R Core Team, 2019). Based off Mesgaran et al.
(2014), the package uses Mahalanobis distance to detect covariate correlations between
the univariate range of covariates. The presence records and associated climates within the

analog environment were then modelled in environmental space.

2234 Partial least squares

The first two PCs may not contain information pertinent to the differences between native
and introduced niches, especially when the first two components only explain a relatively
low percentage of the total variation. This implies that visualisations based on the first two
PCs may be uninformative. Partial Least Squares (PLS), used as a discriminant analysis
technique, may better illustrate population differences as it maximises the covariance
between the environmental data from the two niches. As the PLS approach can be
influenced by sample sizes, the datasets were balanced by clustering the introduced
records using a k-means approach into 54 clusters (i.e., number of records in the native
range) and the centroids of each cluster formed into a new dataset of 54 records. This
clustering approach ensured that the new dataset best covered the space of the introduced

niche. The new factors and scores from the PLS were extracted (equivalent to PCA).

2.2.4 Habitat suitability modelling

To predict the current and future habitat suitability of M. gigas around the globe, ENMs were
calibrated using occurrence records from both the native and introduced ranges, as a broad
geographical extent allows for a closer approximation of the fundamental niche (Phillips et

al., 2006; Broennimann et al., 2007; Broennimann & Guisan, 2008).

Four widely used presence-only models, BIOCLIM, Mahalanobis distance, Maxent and
Boosted Regression Trees (BRT), were used to model the realised niche of M. gigas. The

bioclimatic envelope model BIOCLIM creates a rectilinear ‘envelope’ in the environmental
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space, defined by the maximum and minimum records of the species on each
environmental variable (Tsoar et al., 2007). The model determines the range of conditions
suitable for a species by treating the environmental data at the species’ presence points as
distributions of percentiles. Then environmental data within each grid cell of the entire study
area is compared to the distribution percentiles of the occurrence to calculate relative
suitability within one grid cell. Values nearer the median (50" percentile) are considered

most suitable for the species (Tsoar et al., 2007; Duan et al., 2014).

Mahalanobis Distance (Mahal) allows for modelling in a multidimensional climatic space
using an elliptical envelope as opposed to a rectilinear approach (Farber & Kadmon, 2003;
Tsoar et al.,, 2007). The model computes the distances from each point (presence data
matched to the 5 environmental variables) to the mean value of the niche (centroid),
weighted by the covariances of variables. The Mahalanobis distances are calculated by

MD? = (x—m)T C™ 1 (x —m)

whereby MD is the distance, x is the vector of points, m is the vector of mean values of
each variable, C is the covariance matrix of the environmental variables and T denotes a
matrix transpose. To obtain a measure (probability) for the habitat suitability, a univariate
kernel density was first constructed based on the MDs of the presence points comprising
the model. The MDs for the grid cells in the global environment were then calculated with
reference to the mean and covariance of the model. Finally, to obtain a habitat suitability,
the environmental MDs were compared to the kernel density of the model MDs and the
corresponding tail areas for each point calculated to provide the probability. This approach

effectively quantifies how ‘far away’ the global points are from the model.

Maxent uses a machine learning algorithm to estimate habitat suitability by finding the
probability distribution of maximum entropy. This is based on the principal that species will
spread as far as possible without ecological constraints with a probability distribution closest
to uniform (Phillips et al., 2006). Two probability densities are used to calculate the potential
distribution of the species, one for the environmental variables at the presence locations
and one of the environmental variables at a set of background points (where presence at
these locations is unknown). The ratio between these densities gives the relative habitat
suitability for the presence of a species for each point in the study area. The distribution
which maximises the similarity between presence and background points is chosen (Phillips
et al., 2006; Elith et al., 2011; Merow et al., 2013).
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BRT is a machine learning ensemble method which builds regression (decision) trees and
combines them to produce a final prediction. Tree-based models partition the environmental
(predictor) space to identify regions with homogeneous responses based on the
relationships between presence-absence data and environmental (predictor) variables
(Elith et al., 2008). The boosting method increases accuracy of the model by weighting input
data in subsequent trees depending on how it performed in the previous tree (Elith et al.,
2008) then combining the models. Where absence data are unavailable, pseudo-absence

records can be used.

An ensemble model of the four models was used to estimate habitat suitability of M. gigas
globally. Each individual model was run using a bootstrap with replacement method,
replicated 100 times and the median model determined. Habitat suitability in the ensemble
model was calculated as the mean probability per grid cell weighted by their performance
(area under the curve, see below). Habitat suitability was modelled for the present day using
all five present day environmental variables and for two end-of-the-century scenarios based
on RCP4.5 and RCP8.5 projections (Table 6.1). The end-of-the-century models were
trained on environmental variables and occurrence records in the present day then

projected into conditions for each scenario.

2.2.41 Model validation and variable importance

To evaluate model performance, the area under the receiver operating characteristic (ROC)
curve (AUC) and true skill statistic (TSS) were calculated based on 20 model runs with a
randomly sampled training and test data set of 75% and 25% of the presence records,

respectively.

The importance of each of the five variables in the present-day model was examined using
a leave-one-out technique. BIOCLIM, Mahalanobis distance, Maxent and BRT were run
and evaluated based on models with only four of the five environmental variables and the
mean AUC and TSS for each leave-one-out model was calculated based on 20 randomly
sampled training and test datasets. The changes in the AUC and TSS between the models

were then compared.

2.24.2 Latitudinal shift in habitat suitability

The average poleward shift of suitable habitat for M. gigas was predicted between the

present-day ensemble model and the two end of the century ensemble models. Firstly, both
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ensemble models were split geographically into northern and southern hemispheres to
account for the differences in the direction of movement above and below the equator.

Then, the latitudinal centroids (C), weighted by habitat suitability, were calculated using

YN Lat; x Hs;

C =
?’=1H5i

where Lat; is the latitude at the centre of the spatial cell (i), Hs; is the habitat suitability in
the cell, and N is the total number of cells (Cheung et al., 2009). The difference between

the latitudinal centroid was then calculated and converted to kilometres using:

T

Latitudinal shift (km) = (Lat, — Laty) Tgg X 63782

where Lat,, and Lat; are the latitudinal centroids for present day and future, respectively

(Cheung et al., 2009; Jones & Cheung, 2015) and 6378.2 is the Earth’s diameter in
kilometres. Habitat suitability was averaged per 1° latitude for the present day and end of
the century models and the difference calculated.

2.3 Results

2.3.1 Niche overlap
23141 COUE and hypervolume niche shifts

The univariate density curves showed that the biggest difference between the climatic
niches occurred for temperature where the optimum temperature in the native niche was
19.6°C and the optimum in the introduced was 12.1°C (Figure 2.2a). The introduced niche
occupied a similar but broader set of conditions than the native niche for salinity, pH and

calcite (Figure 2.2b, c, e).
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Figure 2.2 The scaled kernel density of native and introduced range occurrences of
Magallana gigas for the environmental variables used in the ensemble models. The five
environmental variables include temperature (a), salinity (b), pH (c) chlorophyll (d), and
calcite (e).

The COUE framework suggested that the introduced niche covered a broader set of
environmental conditions than the native niche (Figure 2.3a). Schoener’s D metric indicated
that niche overlap was moderately low (D = 0.12) and the climatic niche of introduced M.
gigas has expanded by approximately 30% compared to the native (Figure 2.3a) with niche
stability at 70% and unfilling niche at 0%. The null hypothesis of niche equivalency was
accepted (p = 0.21, Figure 2.3b) implying the niches were equivalent. The environments
occupied by the introduced niche were more similar to the native niche than expected by
chance (p = 0.032) (Figure 2.3c). These results were expected as the native niche was
completely overlapped by the introduced niche in Figure 2.3a. The environments occupied
by the native niche were not more similar than expected by chance to the introduced niche
(p = 0.10) (Figure 2.3d), reflecting the expansion in the introduced niche.

Jaccard and Sgrensen-Dice indices were moderately high in two-dimensional space at 0.34
and 0.51, respectively (Table 2.1), reflecting the overlap observed in Figure 3a. Only 14%
of the native niche was unique and 64% of the introduced niche was unique. These results
imply that M. gigas in the introduced range have colonised nearly all the available climate

conditions occupied by the native niche and has expanded into novel climates.
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Table 2.1 The metrics for determining the proportion of the native and introduced niches

that are unique, and Jaccard and Sgrensen-Dice indices for the union between the native

and introduced niches in environmental space. The metrics were quantified in two-

dimensional and five-dimensional principal components space for the total environment

(combined non-analog and analog environments) and the analog space.

Total environment

Analog environment

2 dimensions

5 dimensions

2 dimensions

5 dimensions

Fraction of unique
niche outside of the

) 14% / 64% 66% / 83% 50% / 75% 86% / 87%
overlap (native /
introduced) (%)
Jaccard index 0.34 0.13 0.20 0.07
Sgrensen-Dice index 0.51 0.23 0.33 0.13
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Figure 2.3 Principal components niche comparisons in two-dimensional space using the
COUE framework in non-analog (a-d) and analog spaces (e-h) of Magallana gigas. The
niches of M. gigas in the native and introduced ranges and the overlap in environmental
space (a, e). The solid and dashed lines represent 100% and 75% of the available
environmental space in the native (green) and introduced (red) ranges and shading
indicates the density of occurrences. Blue indicates overlapping of the niches, green
indicates unfilling in the native niche and red indicates expansion in the introduced range.

Histograms showing the null distribution of D from 1000 iterations compared to the observed
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Schoener’'s D metric (red diamond) for niche equivalency (b, f), and similarity for the
introduced to native niche (c, g) and native to introduced niche (d, h).

Similar to the COUE framework, the five-dimensional hypervolume showed the introduced
niche covers a broader range of environmental conditions than the native niche (Figure
2.4a). The first plot of the hypervolume (PC1 vs PC2, Figure 2.4) is synonymous to the
COUE plot (Figure 2.3a). There was low overlap at the 95% percentile probability boundary
of the hypervolumes with 0.23 and 0.13 from the Sgrensen-Dice and Jaccard indices,
respectively (Table 2.1). Contrary to the two-dimensional metrics, 66% of the native
hypervolume was unique and 83% of the introduced hypervolume was unigue (Table 2.1).
The null-hypothesis of niche equivalency was rejected (Sgrensen-Dice: p=0.003, Jaccard:
p=0.003, Figure 2.4b, c), thus the niches were not more equivalent to each other than
expected by chance in a five-dimensional space.
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Figure 2.4 (a) Five-dimensional hypervolume in pairwise, two-dimensional space
comparing the niches of the native (blue) and introduced (red) ranges of Magallana gigas
in non-analog space. The filled circles indicate the centroid of the hypervolume and the
small, filled dots represent true species presence records. The native points overlay
introduced points. The observed values from the Sgrensen-Dice (b) and Jaccard indices (c)
(red diamond) are compared to a histogram of the null distribution of simulated values using

a randomisation method with 1000 iterations.
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231.2 Niche shifts in analog environments

Isolating the analog environment showed that approximately 61.7% of the introduced
occurrences (376 of the total 609) exist in areas with environments analogous to the native
range, with the remaining 38.3% living in environments deemed non-analog. From the
COUE framework, the Schoener index implied moderate overlap, D = 0.31, with an
expansion in the introduced niche of 17.8%, niche stability of 82.2% and niche unfilling of
24.1% (Figure 2.3e). The null hypothesis of niche equivalency was accepted (p = 0.39,
Figure 3f) implying the niches are the equivalent. The environments were also more similar
than expected by chance for both niches (Figure 2.3g, h). The two-dimensional Jaccard and
Sgrensen-Dice indices for the analog space were 0.20 and 0.34, respectively with 50% of
the native niche and 75% of the introduced niche being unique (Table 2.1).

In analog space, a clear separation in the native and introduced hypervolumes can be
observed between the niches between PC2 and PC3 (Figure 2.5a). The Sgrensen-Dice
and Jaccard indices for the five-dimensional hypervolume indicated very low intersection at
0.07 and 0.13, respectively, and a high proportion of the native and introduced niches were
unique, 86% and 87%, respectively (Table 2.1). The niches were considered not equivalent
as the observed Sgrensen-Dice Jaccard indices were less than 95% of simulated values in

the null distribution (Sgrensen-Dice: p<0.001, Jaccard: p<0.001, Figure 2.5b, c).
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Figure 2.5 (a) Five-dimensional hypervolume in pairwise, two-dimensional space
comparing the niches of the native (blue) and introduced (red) ranges of Magallana gigas
in an analog environmental space. The large, filled circles indicate the centroid of the
hypervolume and the small, filled dots represent true species presence records. The
observed values from the Sgrensen-Dice (b) and Jaccard (c) indices in the analog
environmental space (red diamond) are compared to a histogram of the null distribution of

simulated values using a randomisation method with 1000 iterations.

2313 Partial least squares

Partial least squares were consistent with the hypervolume statistics showing a clearer
separation between the native and introduced niches within the first two PLS factor (Figure
6.1). The first PLS is predominately based on temperature in contrast with calcite, hence
temperature is largely responsible for the separation between the native and introduced
niches (Table 6.2). The pairwise PC plots misleadingly suggest a high level of overlap with
the COUE framework implying a complete overlap of the native by the introduced niches
(Figure 2.3). This was reflected in the eigenvectors which show that none of the variables
have a strong influence on the axes (Table 6.2), thus not representing the difference

between the native and introduced niches.
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2.3.2 Ecological niche modelling

Moderate to high habitat suitability in temperate regions of the northwest and northeast
Pacific, north Atlantic and Australasia were predicted for the present day, with the northern
European coast and UK predicted to have the most suitable habitat for M. gigas, highlighting
areas where dense populations can currently exist (Figure 2.6a). The model predicted areas
of moderate habitat suitability in areas where few presence records have been recorded,
such as the coasts of South America and South Africa and east coast of the US. The final
ensemble model had high predictive ability with an AUC of 0.92 and the TSS of 0.74.
Standard deviations implied a low level of variation of habitat suitability (Figure 6.2).

Overall, habitat suitability decreased for both scenarios predicted for the end of the century
compared to the present-day ensemble model (Figure 2.6b, c). Habitat suitability for M.
gigas was predicted to increase at higher latitudes such as the west coast of Canada and
Alaska, northwest Europe and northeast Asia by the end of the century in both scenarios,
(Figure 2.6b, c). A decline in habitat suitability was predicted in some regions, such as along
the coasts of Australasia, southern Africa, and south America, particularly under the worst-

case scenario (RCP8.5) (Figure 2.6c).

Under both RCP scenarios, the two envelope models, BIOCLIM and Mahalanobis distance,
predicted low to no suitable habitat by the end of the century (Figure 6.3). Maxent and BRT
models were therefore responsible for the predicted habitat suitability in the ensemble
models. All four models had good accuracy (Figure 2.7). The leave-one-out method for
variable importance showed consistent results across all four models. The removal of
temperature had the greatest effect on the AUC and TSS. Temperature was therefore the
most important predictor of habitat suitability for M. gigas. The other four variables had

minimal impact on the model accuracy when omitted (Figure 2.7).
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Figure 2.6 Ensemble maps for habitat suitability for Magallana gigas along the world’s
coastline for the present day (a) and the end of the century based on RCP4.5 and RCP8.5
scenarios (b, ¢), respectively. The ensemble predictions are based on the median BIOCLIM,

Mahalanobis distance, Maxent and BRT predictions.
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Figure 2.7 The mean (x standard deviation) AUC and TSS resulting from the removal of
each environmental variable from the present-day ecological niche models. The model
validation statistics were calculated for BIOCLIM, Mahalanobis distance, Maxent and BRT

using a 75% train and 25% test data set and averaged over 20 replicates.

Both the northern and southern hemisphere latitudinal centroids of habitat suitability shifted
polewards by the end of the century in both IPCC scenarios (Table 2.2). As expected, the
predicted shift in the latitudinal centroids were more extreme for RCP8.5 (924.4 km and
785.4 km) than for RCP4.5 (501.7 km and 203.5 km). The latitudinal differences between
the present day and future scenarios showed that habitat suitability decreased in lower
temperate latitudes but increased in the higher latitudes by approximately 10-25% (Figure
2.8).
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Table 2.2 The predicted latitudinal shift in Magallana gigas under RCP4.5 and RCP8.5

climate change scenarios. The latitudinal centroids for both the present day and end of the

century ensemble models were determined for the northern and southern hemispheres. The

predicted future latitudinal shifts were then calculated as the difference between the present

and future centroids and expressed in kilometres.

Present day Future centroid Difference Distance
centroid (decimal (decimal (decimal degrees) (km)
degrees) degrees)
Hemisphere N S N S N S N S
RCP4.5 50.0 36.6 4.5 2.0 501.7 | 203.5
45.5 34.6
RCP8.5 53.8 41.7 8.3 7.1 924.4 | 785.4
50
Scenario
8 = Present
2
= 0
m
— — RCP4S5
— RCP85
-50
00 02 04 06 08 00 02 04 06 08 -050 000 025 050

Habitat suitability

Figure 2.8 Latitudinal mean habitat suitability per 1° latitude for (a) present day and (b) two
scenarios for the end of the century and (c) difference between the two. The dotted lines

indicate the latitudinal centroids for the different models. The shaded area represents

standard deviation.
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2.4 Discussion

In environmental space, introduced M. gigas have shifted their niche relative to the native
niche in both analog and non-analog environments, implying that M. gigas can thrive in
novel environments. The ability to shift niches could ultimately facilitate its spread under
CCC conditions. We found inconsistent results from examining niche shifts using two
popular frameworks. The five-dimensional hypervolume framework implied niche shifts in
the introduced niche, however, the two-dimensional COUE framework implied niche
conservatism. The first two PCs used in the COUE framework explained a low amount of
the variability in the environmental data and therefore were unlikely to contain the
information relevant to the differences between the native and introduced niches. This study
highlights the need for careful interpretation of the results when comparing niches in two-
dimensional space and suggests the use of higher dimensions to give a better
understanding of the differences between the two niches. Areas of suitable climates for the
NIS M. gigas were generated for both the present day and end of the century, with the
species range predicted to increase towards the poles and contract towards the tropics
under two forecasted CCC scenarios by 2100. This agrees with several ENM studies which
show that towards the end of the century, NIS are predicted to undergo a poleward range
shift (de Rivera et al., 2011; Lowen & DiBacco, 2017; Goldsmit et al., 2018) due to ocean

warming.

The results from this study support previous findings showing that NIS across a range of
habitats and taxa are undergoing rapid niche shifts in their introduced ranges (Li et al., 2014;
Tingley et al., 2014; Parravicini et al., 2015; Torres et al., 2018; Pili et al., 2020; Zhang et
al., 2020). Parravicini et al. (2015) demonstrated that 33% of the invasive tropical fishes
studied in the Mediterranean Sea show expansions in their introduced niches and
concluded that ENMs which do not account for niche shifts may underestimate their
potential spread. In freshwater systems, up to 90% of the 22 invertebrate species exhibited
significant changes in their introduced niche compared to their native niche (Torres et al.,
2018). Identifying niche shifts gives an indication of the potential for a species to adapt and
spread into novel climates both currently and in the future, which may ultimately increase
NIS success with CCC.

Our modelling in analog climates indicated a ‘true’ shift has occurred in the introduced niche

of M. gigas over a relatively short time since introduction for aquaculture. Several factors

may contribute to an observed shift in the realised niche in the introduced range (Pearman
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et al., 2008; Alexander & Edwards, 2010): expansion in the introduced niche or unfilling in
the native niche may be a result of rapid evolution (Alexander, 2013; Moran & Alexander,
2014; Sotka et al., 2018), a change in biological interactions (e.g. competition and
predation), or changes in dispersal capabilities (Rodder & Loétters, 2009; Alexander &
Edwards, 2010; Atwater et al., 2018). Rapid evolutionary changes such as adaptation
during early life-history stages to novel climates (Whitney & Gabler, 2008; Hoffmann & Sgro,
2011), hybridisation with native species (Muhlfeld et al., 2014) and broadening
environmental tolerances (Davidson et al., 2011; Tepolt & Somero, 2014) are common
observations in studies on NIS. M. gigas has been shown to be genetically diverse in both
native and introduced populations (Boom et al., 1994; English et al., 2000) and exhibit high
phenotypic plasticity in terms of growth and survival across a wide range of environmental
conditions (Hamdoun et al., 2003; Taris et al., 2006; Li et al., 2018). For example, growth in
adult oysters occurs in temperatures between 10-40°C and salinities of 10-30, and can
spawn across a wide range of conditions (Troost, 2010). This broad environmental
tolerance suggests the niche shift in analog climates is likely due to increased availability of
suitable habitats due to, for example, reduced competition or predation within in the
introduced range. This is further supported by the high proportion of M. gigas existing in
non-analog climates. Future studies should couple their investigations with genetic
analyses or experiments investigating species physiological tolerances between individuals
from native and introduced ranges, and biotic interactions to determine the underlying cause

behind these niche shifts in NIS and gain insight into how species niches change over time.

Habitat suitability models can be useful for guiding NIS monitoring programmes that can aid
conservation and management efforts (Crall et al., 2013). The present-day models suggest
there are climatically suitable areas of the globe where M. gigas have not yet been recorded,
for example in South America and South Africa. Similarly, modelling in environmental space
highlighted areas of unfilling in the native niche. These results are likely a factor of either M.
gigas not having been introduced, not yet to spread to these locations from their points of
introduction, or survey effort in these areas being low. Occurrence records for marine
invasive species tend to be opportunistic or incidental (Phillips et al., 2009; Guillera-Arroita
et al., 2015), therefore lending themselves to spatial bias, a lack of true absence records
and thus, may not fully represent a species’ niche (Elith et al., 2006). The present habitat
suitability maps for M. gigas can, however, be used to highlight areas at potential risk to
invasion and guide targeted surveys, particularly in under-represented areas, which would
ultimately increase occurrence records and make for more robust model predictions (Ruiz
& Hewitt, 2002; Feeley & Silman, 2011).
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The present and end-of-the-century ENMs predicted suitable habitats vulnerable to future
invasion. However, it relies on whether the species could be introduced or successfully
spread to these areas. Factors such as natural (propagules/larvae) or artificial (shipping
and aquaculture) dispersal and biological interactions are rarely incorporated into ENMs
(Wisz et al., 2013) but are an important influence on invasion success and are often the
cause for NIS absence from areas of its fundamental niche (Hastings et al., 2005; Aradjo &
Guisan, 2006; Briscoe et al., 2019). There have been advances in hybridizing ENMs that
incorporate dispersal models which have shown to increase accuracy in predicting NIS
distributions (Vaclavik & Meentemeyer, 2009; Wisz et al., 2013). However, whilst
incorporating biological interactions has made recent progress (Araujo & Luoto, 2007;
Araujo et al., 2014), challenges remain in determining which interactions are important for
structuring communities and having sufficient data on geographical scales. Predictions of
M. gigas distributions would highly benefit from inclusion of these biotic factors to determine
their realised niche on regional and local scales and with CCC.

The COUE and hypervolume frameworks used for examining native and introduced niches
showed contrasting results. The hypervolume for both the total and analog environmental
space supported the likelihood that introduced M. gigas have encountered a niche shift.
These results were inconsistent with the COUE framework which found the niches to be
equivalent and similar, implying niche conservatism. The five-dimensional hypervolumes
showed that there were large unique fractions of both niches occurring outside their overlap
(Figures 4, 5). It is likely, however, that the COUE framework is limited by comparing niches
in only two dimensions. Other studies comparing both of these popular frameworks are rare
but have similarly shown differences in the results of niche shifts (Pili et al., 2020).
Conversely, Tingley et al. (2014) found both methods provided similar results, however, the
first two PCs in their study accounted for 88.9% of the variability in the data. It is likely
therefore that modelling in higher dimensions would be unlikely to change their conclusions.
It is common for this percentage to be low in studies investigating niche shifts, including in
the present study where correlations between the environmental variables are low. The first
two PCs do not necessarily contain information relevant to the differences between species,
as PC analysis only attempts to explain variability in the environmental data. The use of the
n-dimensional hypervolume framework allows up to 100% of the variability in the
environmental data to be accounted for, therefore providing a more complete understanding

of the differences between the native and introduced niches.

Sgrensen-Dice and Jaccard indices predicted low niche overlap in M. gigas niches,

however, the two-dimensional PC plots (Figure 2.3) did not represent this difference. The
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pairwise PC plots misleadingly suggested a high level of overlap. This provided evidence
that the PCs did not in themselves contain the relevant information to enable a visualisation
of the niche differences, thus niche overlap analyses using only the first two PCs should be
interpreted with caution. For visualising the data, the PLS approach found new factors
(analogous to PCs) specifically to explain species differences using the first two PLS factors
and provides an informative 2D projection. Two PCs allows for a simpler interpretation of
high-dimensional data, however, in cases where the first two PCs account for a low amount

of the variability in the dataset, higher-dimensional techniques or PLS should be explored.

2.5 Conclusion

This study has revealed rapid niche shifts in a highly successful marine NIS in its introduced
range. This niche divergence and broad environmental tolerances expressed by M. gigas
highlights its ability to establish in novel climates and may facilitate its spread under CCC.
From comparing the popular COUE and n-dimensional hypervolume frameworks, we
highlighted that modelling in higher dimensions should be considered for analysing niche
overlap, especially when low dimensions do not describe a high amount of the variability in
environmental variables. In addition, we predicted a poleward expansion and tropical
contraction of suitable habitat by the year 2100 under two RCP scenarios. Ultimately,
although exploring niche shifts of highly successful NIS advances understanding on NIS
spread, the underlying causes of niche shifts require further investigation before they can

be truly integrated into ecological niche models.
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Chapter 3 Long-term environmental tolerance of the
non-indigenous Pacific oyster to expected

contemporary climate change conditions

This chapter has been published in the journal Marine Environmental Research. The text
provided is reproduced from the published version and is written in the style of the journal.

Abstract

The current global redistribution of biota is often attributed to two main drivers:
contemporary climate change (CCC) and non-indigenous species (NIS). Despite evidence
of synergetic effects between these drivers, studies assessing the long-term effects of CCC
conditions on NIS fitness remain rare. We examined the interactive effects of warming,
ocean acidification and reduced salinity on the globally distributed marine NIS Magallana
gigas (Pacific oyster) over a ten-month period. Individuals were exposed to a range of
environmental conditions reflecting current and predicted conditions for the end of the
century in the northeast Atlantic Ocean. Growth, clearance and oxygen consumption rates
were measured monthly to assess individual fithess. Our results showed that lower salinity
had a significant, permanent effect on M. gigas, reducing and increasing clearance and
oxygen consumption rates, respectively. Neither predicted increases in seawater
temperature and reduced pH had a long-term effect on the species physiology. Although
reduced salinity has the potential to negatively affect M. gigas, our results showed that
temperature and pH conditions predicted for the end of the century will not affect adult
physiology and survival. These results suggest that M. gigas will remain a globally
successful NIS and predicted CCC conditions will continue to facilitate the competitive

dominance of this NIS in the near future.
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3.1 Introduction

Non-indigenous species (NIS) and contemporary climate change (CCC) are two of the most
significant threats to global biodiversity. From their main points of introduction (e.g.
agricultural exploitations, harbours and aquaculture sites), NIS can spread to surrounding
areas and establish new populations, becoming invasive (Eno et al., 1997; Manchester &
Bullock, 2000; Richardson et al., 2000; Jensen et al., 2004; Hellmann et al., 2008). In
addition, NIS can negatively impact native biodiversity and alter the structure and
functioning of ecosystems (Nichols et al., 1990; Carlton & Geller, 1993; Travis, 1993;
Grosholz Edwin et al., 2000). Knowledge of the potential impacts of CCC on marine NIS
has advanced rapidly in recent years through the use of laboratory and field experiments
(for example Lemasson et al., 2018; Miranda et al., 2019; Nguyen et al., 2020), habitat
suitability modelling (for example Sara et al., 2018; D’Amen & Azzurro, 2019; Zhang et al.,
2020) and mechanistic modelling (Thomas et al., 2016). Mounting evidence suggests that
CCC is likely to facilitate NIS spread and alter the current global distribution of species
(Dukes & Mooney, 1999; Carlton, 2000; Occhipinti-Ambrogi, 2007; Hellmann et al., 2008;
Rahel & Olden, 2008; Occhipinti-Ambrogi & Galil, 2010; Smith et al., 2012).

Anthropogenic activities have led to both an increase in global temperatures and ocean
acidification over the last 150 years (Caldeira & Wickett, 2003, 2005; Gattuso et al., 2015;
IPCC, 2019). It is expected that by the end of the century, global surface temperatures and
ocean pH will rise by 2 - 4°C and decrease by 0.3 - 0.4 units, respectively, relative to 1986
— 2005 (Caldeira & Wickett, 2003; Sabine et al., 2004; Caldeira & Wickett, 2005; IPCC,
2019). In response to these environmental changes, species distributions are shifting to
higher latitudes and altitudes, or deeper depths in the oceans (Parmesan & Yohe, 2003;
Parmesan et al., 2005; Helmuth et al., 2006; Hickling et al., 2006; Mieszkowska et al., 2006;
Cheung et al., 2009; Chen et al., 2011; Pecl et al., 2017). Range expansions and increases
in abundance have already been reported on NIS that have experienced a 50-year period
of warming (Rius et al., 2014). Consequently, range expansions of NIS are expected
throughout this century in both marine and terrestrial ecosystems (Occhipinti-Ambrogi,
2007; Rahel & Olden, 2008; Pecl et al., 2017). A meta-analysis of NIS performance under
CCC conditions showed that NIS displayed more positive responses to increased ocean
acidification and warming than native species (Sorte et al., 2013), probably due to
successful NIS being able to survive across a wider range of these parameters. Overall, the
potential positive effects of CCC on NIS may ultimately facilitate NIS dominance in the near

future.
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The environmental factors linked to CCC rarely act in isolation and interactions between
multiple environmental stressors are known to exacerbate the effects of CCC on species
performance (Przeslawski et al., 2005; Staudt et al., 2013; Delorme & Sewell, 2014;
Przeslawski et al., 2015). It is therefore crucial to study the combined effects of multiple
abiotic stressors on species physiology to fully understand how CCC will affect the success
of NIS. However, assessments of the effects of multiple stressors, particularly those using
more than two stressors, are uncommon with the majority of CCC experiments focusing on
short-term exposures (Kroeker et al., 2013). Although these experiments provide key
insights into how CCC affects the physiology of both native and NIS, short-term experiments
may not account for the acclimation of the species to experimental conditions and only
provide limited evidence of chronic stress responses (Hollister et al., 2005; Leuzinger et al.,
2011; Dupont et al., 2013; Smith & Dukes, 2013; Stewart et al., 2013; Suckling et al., 2015).
Data from long and short-term experiments have revealed contrasting results (Form &
Riebesell, 2011; Dupont et al., 2013; Munday et al., 2013; Suckling et al., 2015), with
species showing acclimation and resilience only in long-term and/or trans-generational
exposure to abiotic stressors (Donelson et al., 2011; Munday, 2014; Palumbi et al., 2014;
Suckling et al., 2015; Ross et al., 2016). Long-term studies are therefore crucial for accurate
predictions of the effects of CCC on species fitness. Another advantage of long-term
experiments is that they can encompass seasonal changes in environmental conditions,
which are often overlooked in short-term experiments. By including maximum and minimum
temperatures, an assessment can be made of the effects of stressors across phenological

cycles.

In this study we assessed how changes in key environmental conditions, as predicted under
CCC at the end of the 21% century, interact and affect the long-term performance of the
highly successful marine NIS the Pacific oyster, Magallana gigas (Thunberg, 1793). From
its native range in northeast Asia, M. gigas has been introduced into over 65 countries for
use in aquaculture worth approximately $1.2 — $1.4 billion per year (Figure 7.1a). M. gigas
has already established wild populations in more than 17 countries (Figure 7.1b) , making
it a globally successful NIS (Herbert et al., 2016). M. gigas is classified as an invasive
species due to its ability to spread and form extensive reefs, modifying the habitats and
threatening indigenous biodiversity (Richardson et al., 2000; Lejart & Hily, 2005; Smaal et
al., 2008; Troost, 2010; Holm et al., 2016).

There are a wealth of studies investigating environmental change on M. gigas fitness,
however, contrasting results have shown both neutral/positive (Havenhand & Schlegel,
2009; Falkenberg et al., 2019) and negative (Kurihara et al., 2007; Lannig et al., 2010;
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Barros et al., 2013; Lemasson et al., 2018) effects of warming and ocean acidification on
adult and larval stages. Whilst the majority of these experiments have shown the short-term
sensitivity of M. gigas to CCC, M. gigas may acclimate and express resilience to these
conditions in the long-term. Further investigation is therefore needed to assess the effects
of prolonged, seasonal exposure of adult M. gigas to predicted CCC conditions and how
the long-term interactive effects between altered abiotic factors will contribute to their

continued success.

Here, M. gigas were exposed to varying levels of three abiotic stressors, temperature, pH
and salinity, over a ten-month period. We hypothesised that: (1) long-term exposure to
expected CCC conditions and reduced salinity would negatively affect M. gigas fitness, and
(2) the manipulated environmental conditions will have synergistic interactions, ultimately

affecting the performance of M. gigas.

3.2 Methods

3.21 Mesocosm set up and conditions

We created a mesocosm system with 12 independent experimental treatments (Figure 3.1).
Each treatment consisted of a closed system with a header and footer tank circulating
approximately 200 litres of natural, untreated, filtered seawater from Plymouth Sound
through six, nine litre experimental tanks. The 12-level (2 temperature x 3 pH treatments x
2 salinity) factorial experiment included different temperature (ambient and +4 °C), pH
(ambient at 8.1, 7.7 and 7.5), and salinities (34 and 20) levels (Figure 3.1). Temperature
and pH were chosen to reflect ambient and forecasted projections from both IPCC and
UKCPO9 reports (Jenkins et al., 2009; Lowe et al., 2009; Hughes et al., 2017; IPCC, 2019).
Reduced salinity is a key range limiting factor for marine species, often having a negative
impact on species physiology and survival (Cognetti & Maltagliati, 2000; Paavola et al.,
2005; Braby & Somero, 2006; Pourmozaffar et al., 2020), and thus salinity was manipulated
to reflect the tolerance range of M. gigas with conditions experienced in northwest Europe
as intertidal coastal and estuarine organisms. Salinities above 20 are regarded as important
for the establishment of Pacific oysters and adult oysters having been observed in salinities
ranging from 20 (Scandinavian coast (Wrange et al., 2010)) to more than 35. M. gigas are
also common in estuaries where salinity fluctuates on a semi-diurnal basis. Each of the 12

treatments was run for 10 months between June 2018 to March 2019.
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Temperature +0°C (ambient) +4°C
pH 8.1 7T 7.5 8.1 7.7 7.5
Salinity 34 20 34 20 34 20 34 20 34 20 34 20

One treatment setup

A

6 tanks per treatment - 4 oysters per tank

T

Y

Header Tank

Footer Tank

N

Figure 3.1 Experimental design used for the 12-level factorial experiment and the layout of
each closed treatment system. Treatment refers to each of the 12 independent
combinations of the environmental parameters. The six, nine litre tanks per treatment acted

as the units of replication.

The pH was regulated using Aqua Medic pH computers, which administered CO, when the
pH deviated by 0.02 above the treatment value. To reflect seasonality in natural systems,
daylength and temperature were adjusted at the start of every month, with seawater
temperature reflecting the average sea surface temperature at L4 station in the Western
English Channel off the coast of Plymouth (www.westernchannelobservatory.org.uk)
(Figure 3.2). Air temperature was used to control ambient seawater temperature and was
adjusted to 2°C below the monthly average at L4 to achieve the desired seawater
temperatures. Seawater temperature in the +4°C treatments were achieved by placing
heaters in the reservoir tanks. Seawater temperatures varied by +0.5°C across the two
temperature levels. A 10% water change with filtered seawater occurred twice a week and

at the same time freshwater was added to reduce salinity to 20 in half of the treatments.
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Total alkalinity for each treatment was measured every other week using an Alkalinity
Titrator (Model AS-ALK2, Apollo SciTech, Bogart). The water chemistry recorded for each

treatment is shown in Table 7.1.
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Figure 3.2 Monthly mean seawater temperature (ambient and +4°C) and daylight hours in

the mesocosm system between June 2018 and March 2019.

Adult M. gigas individuals (60 - 113 mm maximum length) were collected at the end of
March 2018 from the low intertidal zone of the River Yealm estuary (50.3098°N, 4.0537°W),
which is 15 km away from the laboratories of the Marine Biological Association of the United
Kingdom (50.3641°N, 4.1391°W) where the experiments were conducted. The collected
individuals were placed in insulated containers that were transported to the laboratory within
one hour. Once cleaned of epibionts, a total of 288 oysters were randomly allocated to
tanks, with 24 M. gigas per treatment across six replicate tanks, i.e. four oysters per tank
(based off Utting & Spencer, 1991) (Figure 3.1). M. gigas were initially acclimated to their
temperature and salinity treatments for four weeks prior to introducing CO- to the systems,
then acclimated for a further four weeks before measuring physiological parameters.
Oysters were fed with a diet of Isochrysis galbana and Tetraselmis sp. (Instant Algae® by

Reed Mariculture) five days a week at an amount equivalent to 2% of the mean oyster dry
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weight (dry weights based on destructively sampling a representative sample of oysters
from the Yealm Estuary) (Helm & Bourne, 2004). The concentration of food in the tanks at
each feed was in the order of x108 cells per litre. Tanks were checked prior to feeding and

dead oysters removed; only 11 oysters died over the duration of the experiment.

3.2.2 Growth

Initially, all 288 oysters were weighed to the nearest 0.01g prior to treatment exposure to
obtain a baseline weight. Weight of the oysters was then assessed at the start of each
month (with the exception of January and February). Every oyster was removed from their
tank, carefully dried to remove excess water from the shell and total live wet weight (shell
and wet tissue) of each individual oyster was measured. Weight change was then
determined as the difference in the monthly weight compared to baseline weight.

3.2.3 Physiological measurements

Physiological measurements were taken during the fourth week of each month, after M.
gigas were exposed to the monthly environmental conditions for three weeks. Daily feeding
was stopped two days prior to measuring physiological parameters to obtain values at a
routine metabolic rate. Oysters were returned to their respective tanks after physiological

measurements were taken.

3.2.31 Clearance rate

The clearance rates for M. gigas (i.e. the volume of water cleared of algal cells per hour)
were measured to assess their efficiency to remove seston within each treatment.
Clearance rates were measured on six individual oysters from each treatment (one
haphazardly selected from the replicate tanks). Oysters were placed in an enclosed
chamber with 1 litre of filtered seawater with temperature, pH and salinity levels matching
their respective treatments. Once the oyster was visibly feeding (valves open) a
concentration of 2 x 108 cells per litre (below pseudofaeces production threshold) of
Isochrysis sp. was added to the water and the oyster left to feed for 30 minutes. Strong,
continuous aeration was used to keep the water constantly mixed and prevent the
settlement of algae cells. Water samples at the beginning and end of each 30-minute period
were collected and the cell concentration of each sample analyzed using a Beckman
Coulter Counter Z Series. Clearance rate (CR) was calculated from the exponential

decrease in cells using the following equation described in Coughlan (1969):
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CR =V x In(C0O) — In (C1)/¢

where V is the volume of water in the enclosed chamber, C1 and C2 are the concentration
of cells before and after 30 minutes, respectively, and t is the time in hours. Clearance rates
were then standardised to 1 g total wet weight of the oyster. Total wet weight was used to
standardize the rates due to oyster size and condition having an effect on physiological
parameters. As a control, tanks were run without oysters to assess potential algal settlement

during clearance rate measurements.

Due to unforeseen circumstances, the clearance rates in August from all four treatments
with a pH of 8.1 were removed from the analysis due to an equipment failure leading to

measurements being unreliable.

3.23.2 Oxygen consumption

Oxygen removal from the water by M. gigas, a proxy for metabolic demand (Treberg et al.,
2016), was measured monthly (last week of every month) using a fibre-optic oxygen logger
(Piccolo2; PyroScience). Oxygen consumption rates were obtained from four oysters per
treatment (one randomly selected from four tanks per treatment). Individuals were isolated
in a closed chamber with 1 litre of seawater with temperature, pH and salinity levels
matching their respective treatments. Oysters were left to acclimatize to the chamber for at
least 15 minutes before measuring oxygen concentration. Once the oysters began to uptake
oxygen (valves opened), after the acclimatizing period, oxygen concentration was recorded
every second for a minimum of 30 minutes. If the oyster closed its values during the
recording, the timer was restarted when valves were opened to ensure 30 minutes of
continuous oxygen decline in the water. Seawater was continuously stirred during each trial
with a magnetic stirrer to ensure oxygen was equally mixed throughout the water. If the
individual remained shut for more than 60 minutes, and therefore was not taking up oxygen,
the individual was replaced with another from within the same tank. Oxygen in the water did
not fall below 70% saturation during any of the trials and therefore did not limit oxygen
consumption (Ren et al.,, 2000). Oxygen removal in control tanks, without oysters, was
measured for each treatment each month to determine the potential rate of decline from

bacterial respiration.

Oxygen consumption was estimated as the rate of oxygen decrease per second in the

chamber. Linear regression was used to obtain the average rate of oxygen consumption.
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The rate was taken after the first ten minutes of the oyster consuming oxygen to allow time
for the oyster to reach a steady state of respiration. The rate of change was then scaled up
to obtain a rate of uptake per hour and standardised to 1 g total wet weight of the oyster by

dividing the rate by the total wet weight (including shell) of the oyster.

3.24 Data analysis

Weight change from baseline, clearance rates and oxygen consumption rates were
analysed separately using linear, mixed effect, repeated measures analysis of variance
(RM-ANOVA) models with an autocorrelated error structure (Quinn & Keough, 2002). The
models included a term for month and the 12 treatments (see details in Figure 3.1) were
fitted as a 2x2x3 factorial with main effects, 2-factor interactions, and the 3-factor interaction
(Quinn & Keough, 2002). Month-by-treatment interactions were also fitted. For weight
change, individual oyster was used in the model as the repeated measure, and for

clearance and oxygen consumption rates, tank was used as the repeated measure.

Assumptions of parametric tests were checked by analysing normality, which was assessed
by plotting theoretical quantiles with versus standardised residuals (Q-Q plots) and using
Shapiro-Wilk test; and homogeneity of variances, which was tested by plotting residuals
versus fitted values and Levene test. All assumptions were met, except for clearance rate
where there was evidence of non-normality. A non-parametric ANOVA (randomization test)
was performed and the results were consistent with the parametric test, therefore given the
conclusions are the same, we have reported the values from the parametric model. All
models were fitted in R (R Core Team, 2019).

3.3 Results

3.31 Growth

Oysters lost an average of approximately 0.5g in weight in the first month after
establishment in the mesocosm. Weight increased at the start of the experiment before
decreasing for all treatments to a minimum in September (Figure 3.3a). There were
statistically significant interactions between month and the three treatment factors however,

no clear or consistent treatment-related trends were observed (Figure 3.3b, ¢, d).
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Figure 3.3 Mean weight change (g + standard error) from their baseline weight at collection
between June 2018 and March 2019 (a) across all treatments, (b) averaged for treatments
at ambient or +4 °C to investigate temperature effect (c) averaged for treatments at a pH of
8.1, 7.7 or 7.5 to investigate pH effects and (d) averaged for treatments at a salinity of 20

or 34 to investigate salinity effect.

3.3.2 Clearance rate

Overall, mean clearance rates were highest at the beginning of the experiment in June and
July 2018 at a maximum of 0.024 (+0.001) | hr?, standardised to 1g total weight. Clearance
rate then decreased by more than half in August at 0.011 (x0.001) | hr! and reached a
minimum in January 2019 at 0.005 (£0.0004) | hr. Clearance rate was also relatively stable

between November 2018 and March 2019 (Figure 3.4a).

The estimate of the autocorrelation parameter for both clearance rate models was 0.04
indicating almost complete independence of the measurements over time. There was no
significant three-factor or two-factor interaction between any of the factors nor was there a
significant long-term effect of temperature or pH (Figure 3.4b, c). There was a statistically
significant difference between the two salinity levels, with a larger volume of water cleared
in a salinity of 34 compared a salinity of 20 (Table 3.1, Figure 4d). There was no significant
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interaction between month and salinity, therefore the difference between the salinity levels

was constant over time. Oysters in a salinity of 20 cleared an estimated 0.0016 (£0.0004) |

hr! less per month, approximately 20% less than those in a salinity of 34.

Overall, mean clearance rate across all treatments did not change with actual temperature
of the water (Weighted linear regression: R?2= 0.38, F1, s = 4.78, p = 0.06). Further, the

salinity effect (difference between the two salinity levels per month) did not correlate actual

temperature (Weighted linear regression: R>=0.39, F1 s = 5.02, p = 0.06).

Table 3.1 Repeated measures ANOVA output stating the degrees of freedom, F-statistic

and p-values for each individual factor and their interactions. Significant effects are denoted

with an asterisk.

Clearance rate

Oxygen consumption rate

df  F (df, 94) P df  F(df, 101) P

Month 9 112.1 <0.0001* 9 21.8 <0.0001*
Temperature 1 0.04 0.83 1 11.29 0.001*
pH 2 0.11 0.90 2 1.44 0.24
Salinity 1 10.1 <0.002* 1 7.37 0.009*
Temp X pH 2 0.95 0.39 2 0.71 0.50
Temp X Salinity 1 0.72 0.40 1 0.06 0.81
pH X Salinity 2 0.85 0.43 2 1.17 0.32
Temp X pH X Salinity | 2 1.68 0.19 2 0.35 0.71
Month X Temp 9 0.21 0.99 9 2.05 0.03*
Month X pH 18 0.72 0.78 18 0.89 0.59
Month X Salinity 9 1.63 0.11 9 0.77 0.65
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Figure 3.4 Mean clearance rates (I hr' + standard error) between June 2018 and March
2019 (a) across all treatments, (b) averaged for treatments at ambient or +4 °C to
investigate temperature effect, (c) averaged for treatments at a pH of 8.1, 7.7 or 7.5 to
investigate pH effects and (d) averaged for treatments at a salinity of 20 or 34 to investigate
salinity effect. All rates are standardised to 0.01g total weight.

3.3.3 Oxygen consumption

Mean oxygen consumption rate across all treatments was highest between June and
September 2018 before decreasing between September 2018 at 0.0077 (0.0024) mg hr?,
standardised to 1g total weight, to March 2019 at 0.0038 (+0.0019) mg hr* (Figure 3.5a).
This decrease coincided with a decrease of 6°C between the warmest and coldest months
of the experiment. Consumption was high at the beginning of the experiment although
temperatures in June and July 2018 are similar to those in October and November 2018
where rates were lower.

The estimate of the autocorrelation parameter for oxygen consumption rate models was
0.04 indicating almost complete independence of the measurements over time. There was
no significant interaction between any of the three experimental factors. There was a
significant effect of temperature (Table 3.1, Figure 3.5b). This was observed as those at

+4°C had either equal to or higher oxygen consumption rates than the ambient treatments.

52



Chapter 3

There was a significant interaction between month and temperature, therefore the
difference in oxygen consumption rates between the temperature levels was not constant
over time. There was, however, a large difference between factors during the first couple of
months and minimal difference in oxygen consumption rates between August and January
(Figure 3.5b).

Oxygen consumption rate had no long-term trend with pH (Figure 3.5¢) and overall, the
effect of pH was not statistically significant. There was a statistically significant effect of
salinity (Table 3.1, Figure 3.5d). There was no significant interaction between month and
salinity, therefore the observed differences between the two salinity levels was constant
over time. On average, a salinity of 20 led to an estimated 0.00056 (+0.0002) mg hr! more
oxygen being consumed, approximately 10%, compared to those kept at a salinity of 34.
Oxygen consumption increased significantly with increasing actual temperature (Figure 7.2)
(Weighted linear regression: R? = 0.89, F1 s = 66.42, p <0.001) at 0.0004 mg hr* every 1°C
increase. The salinity effect was not significantly affected by actual temperature.
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Figure 3.5 Mean oxygen consumption rates (mg hr! + standard error) between June 2018
and March 2019 (a) averaged across all treatments (b) averaged across treatments at
ambient or +4 °C to investigate temperature effect, (c) averaged across treatments at a pH
of 8.1, 7.7 or 7.5 and (d) averaged across treatments at a salinity of 20 or 34. All rates are
standardised to 0.01 g total weight.
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3.4 Discussion

Our long-term mesocosm experiment showed that reduced salinity conditions had a
statistically significant, persistent impact on the physiology of M. gigas. In turn, water
temperature and pH had little to no impact on clearance and oxygen consumption rates of
M. gigas. This suggests that key environmental conditions as predicted by the end of the
century will not negatively affect adult physiology and survival of this highly successful NIS.
Our study highlights the importance of conducting long-term, seasonal experiments to fully

understand the tolerance of NIS to abiotic stressors.

Broad environmental tolerance and phenotypic plasticity to environmental change are
common traits of NIS compared to native species in marine and terrestrial environments
(Daehler, 2003; Funk, 2008; Davidson et al., 2011; Tepolt & Somero, 2014). The ability of
a species to alter its physiology and morphology to novel environmental conditions, such
as CCC, may give them a competitive advantage over other species and, in the case of
NIS, enable them to spread to a wide range of habitats (Stachowicz et al., 2002; Davidson
et al., 2011). Our results support growing evidence that successful NIS have high

environmental tolerance and will tolerate predicted future environmental conditions.

Salinity had a constant effect on M. gigas physiology over the duration of the experiment. It
may therefore be physiologically necessary for M. gigas individuals to increase oxygen
consumption rates and decrease clearance rates to ensure survival in areas of freshening.
Other physiological studies have shown that M. gigas have faster growth and gonadal
development at a salinity of 30 and reduced growth and larval mortality at lower salinities
(Shumway & Koehn, 1982; Muranaka & Lannan, 1984; Brown & Hartwick, 1988; His et al.,
1989). Environmental stressors such as low salinity result in changes in water chemistry
(Dickinson et al., 2012; Casas et al., 2018b) and osmotic pressure (Maoxiao et al., 2019),
which in turn increases energy expenditure (increase metabolic rate) or reduced energy
storage capacity leading to reduced fitness, survival and growth (Lannig et al., 2006;
Dickinson et al., 2012; Maoxiao et al., 2019). Our results showed that a salinity of 20 led to
an increase in energy demand of M. gigas, as shown by an increased oxygen uptake
(Hawkins & Hilbish, 1992; Lannig et al., 2006; Sokolova et al., 2012), therefore may have
had a negative impact on performance. This negative effect of salinity has also been
observed in European flat oysters (Ostrea edulis) and eastern oysters (Crassostrea
virginica) (Hutchinson & Hawkins, 1992; Dickinson et al., 2012).
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Decreased clearance rates with salinity have already been reported as a stress response
in other bivalves (Wang et al., 2011). Our results are consistent with the results found in
Gray & Langdon (2018) with M. gigas which showed a decrease in clearance rates under
reduced salinity conditions. Sara et al. (2008) described how clearance rate decreased with
lower salinities in the non-indigenous bivalve Brachidontes pharaonis but salinity followed
the normal-shaped tolerance curve (decline in rates towards the extremes) and concluded
this species can tolerate a wide range of salinities. Although lower salinities may be less
favourable, M. gigas may be able to tolerate and survive these conditions better over the
long-term compared to indigenous species. Whilst lower salinities may reduce the fithess
of M. gigas, areas with low salinity such as estuaries have fewer competing species and
predators, therefore settlement will likely occur in these locations if conditions are tolerable
to larval stages (Gunter, 1955).

It has been proposed that organisms inhabiting coastal areas and exposed to a range of
temperatures and carbonate chemistry are more likely tolerant of future warming and ocean
acidification (Range et al., 2012). M. gigas individuals used in our experiment were collected
from a low-intertidal, estuarine environment that is classed as highly stressful for marine
organisms as temperature, salinities and pH fluctuate on a daily basis (Lannig et al., 2006;
Range et al., 2012). Local adaptation to this type of environment may explain why our
manipulation of temperature and pH showed little to no long-term effect on M. gigas
physiology. Although ocean acidification has been shown in many cases to suppress the
growth and important physiological processes such as feeding and respiration (Range et
al., 2012; Barros et al., 2013; Gazeau et al., 2013; Ivanina et al., 2013; Bressan et al., 2014;
Zhao et al., 2017), some species show neutral or positive effects to near-future pH levels
(Ries et al., 2009; Matoo et al., 2013; Gazeau et al., 2014). Zhang et al. (2012) found that
M. gigas have an extensive set of genes that leads to unique adaptation to the stressful
conditions of intertidal and estuarine environments. Further, both adult and early life-history
stages of M. gigas have shown to have a high degree of plasticity in their physiology, such
as thermal stress (Hamdoun et al., 2003), resource allocation and feeding (Honkoop et al.,
2003; Ernande et al., 2004; Dutertre et al., 2007), reproductive timing (Fabioux et al., 2005),
growth (Bayne, 2002; Taris et al., 2006), and circadian rhythms (Mat et al., 2012).

No clear temperature effect was observed in clearance rates whereby the overall rates were
relatively similar between the highest and lowest temperatures. A similar trend has been
recorded in Crassostrea virginica with no difference in clearance rate between individuals

in the winter (17 °C) and summer (27 °C) (Casas et al., 2018b). Seasonality can have an
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important influence on physiological energetics. Studies have shown that clearance rates
in bivalves are not always temperature dependent as seasonal cycles in life history traits
(reproduction and growth) can lead to variation in filtration rates in bivalves, typically with
reduced feeding in the winter months and an increase in spring and summer (Hornbach et
al., 1984; Viergutz et al., 2012; Rahman et al., 2020). For example, Viergutz et al. (2012)
showed that at peaks in clearance rate of the invasive bivalve Corbicula fluminea likely
corresponded to spawning patterns increasing food (energy) demand. In our study, M. gigas
clearance rates were not directly influence by seawater temperature, however, high rates
were measured in the spring/early summer (at the start of the experiment). These rates
were followed with a decrease in oyster weight in all treatments. M. gigas typically spawn
between July and October in Europe which leads to a substantial decrease in wet meat
weight (up to 50%) (Enriquez-Diaz et al., 2009; Bernard et al., 2016; Reise et al., 2017,
Ubertini et al., 2017; Bali¢ et al., 2020). It is therefore likely that an increase in energy
demand (and therefore clearance rate) occurred prior to spawning in August and
September.

Whilst a seasonal pattern in clearance rate is likely to have been observed, acclimation to
new environmental conditions at the start of the experiment may have also led to increased
clearance rates through an increased stress response. Acclimation can be characterised by
an initial stress response (for example, increased metabolic rate) followed by a stabilization
of the organism’s response (Suckling et al., 2015). The acclimation of species to new
environmental conditions can take several months (Dupont et al., 2013; Suckling et al.,
2015; Pintor et al., 2016) and, as clearance rates were high at the very start of the

experiment, the effects of species acclimation on M. gigas cannot be fully ruled out.

A seasonal effect on oxygen consumption was observed across all treatments in line with
changes in SST. Similar trends in oxygen consumption rates have been reported in situ for
M. gigas where the highest and lowest oxygen consumption rates occurred in the summer
and winter, respectively (Mao et al., 2006; Casas et al., 2018b). Increasing oxygen
consumption with actual temperature agrees with several studies on marine bivalves
(Bougrier et al., 1995; Ren et al., 2000; Sara et al., 2008; Casas et al., 2018b), reflecting an
increase in physiological and biochemical reactions with warming. Seasonality in metabolic
demand may also reflect life history cycles, which are often linked to seawater temperature
(Clarke, 1993; Casas et al., 2018a). Oxygen consumption rates also showed a significant
effect of temperature with month, however, the effect of +4°C was variable. Rates were
similar to that of the ambient temperature treatment with the exception of June and July

and, to a lesser extent, February and March where +4°C is associated with higher oxygen
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consumption rate (Figure 4b). The effects of end of the century temperatures on M. gigas

may therefore be dependent on time of the year.

Although the adult oysters used in this study exhibited no negative effect with ocean
acidification, studies on early life-history stages have shown vastly different results. Ocean
acidification has been shown to have a negative effect on the development and calcification
of early life stage M. gigas under pH values predicted for 2100 and 2300 (Kurihara et al.,
2007; Parker et al., 2010) and varying effects on fertilization due to intraspecific differences
between populations (Havenhand & Schlegel, 2009; Parker et al., 2010; Barros et al., 2013).
Studies over multiple generations are rare but give an important insight on the potential
carry-over effects between different life stages. These studies would increase
understanding regarding trans-generational acclimation which has been shown in a variety
of species to reduce the effects of CCC (Donelson et al., 2011; Munday, 2014; Parker et
al., 2015; Ross et al., 2016). For a more complete understanding of the long-term effects of
CCC on individual species, it is crucial for future work to incorporate individuals from multiple
populations and multiple generations into their experimental designs to investigate both
intraspecific differences and the potential acclimation of a species through trans-

generational carry-over effects to environmental change.

3.5 Conclusion

This long-term multiple stressor study on M. gigas demonstrated that a globally distributed
NIS is tolerant to key CCC stressors, as predicted for the end of the century. Our results
imply that NIS with broad environmental tolerances like M. gigas may thrive under expected
CCC conditions, potentially leading to an increase in NIS populations and further impacting
native biodiversity (Dubois et al., 2006; Kelly et al., 2008; Lejart & Hily, 2011; Anglées
d'Auriac et al., 2017). Although previous studies have shown negative synergistic effects of
CCC factors on organism fitness, we found no interactive effects between any of the three
stressors over the long-term. However, further long-term, trans-generational studies are
required to investigate the presence of possible synergistic effects across multiple life-
history stages (Rius et al., 2010). Our results also demonstrated how seasonality may
influence physiological rates and the importance of allowing the studied organism to reach
a physiologically stable state (Suckling et al., 2015), which is key for interpreting laboratory

experiments of differing temporal lengths. Ultimately, the long-term effects of CCC on NIS
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are still relatively unknown and continued research in this area will advance our

understanding on the physiological resilience of NIS to environmental change.
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Chapter 4 Variable responses to contemporary climate
change across geographic regions: an inter-
individual simulation approach using the life-

history traits of the Pacific oyster

Abstract

Predicting the effects of contemporary climate change (CCC) on species’ physiological
performance is crucial for making robust predictions of species distributions. The Dynamic
Energy Budget (DEB) is a powerful bioenergetic model for predicting the impacts of
environmental changes on individual fitness. However, variability in individual physiological
rates are rarely incorporated into DEB models and as a consequence DEB studies fail to
consider the magnitude of species responses to CCC. Here, DEB modelling was used
considering inter-individual variability and region-specific environmental variation to predict
the effect of CCC on the life history traits of the non-indigenous Pacific oyster (Magallana
gigas). Inter-individual variability was incorporated by simulating a unique set of seven
parameters per oyster based on values measured in a laboratory or reported in the
literature. Regional variation considered conditions along northeast Atlantic, Mediterranean
and North Sea coastlines. We found that patterns in growth, maturity and reproduction
varied in response to local changes in chlorophyll concentrations, and to a lesser extent
temperature under CCC conditions. Future warming increased the number of spawning
events and fecundity at high latitudes potentially facilitating a poleward range expansion.
Higher chlorophyll concentrations increased oyster length, number of spawning events and
number of oysters reaching maturity particularly in areas of the Mediterranean Sea.
Incorporating inter-individual variability highlighted that average changes in life-history traits
predicted for the end of the century may not lead to observable changes in the wild. It was
clear that small changes in parameter means may result in markedly different estimates of
life-history traits under CCC, and studies which use fixed values (i.e. not considering inter-
individual variability) may underestimate model uncertainty. This study showed that
simulation approaches incorporating inter-individual variability make robust predictions of
species responses on large spatial scales and provide estimates of the potential

establishment and spread of non-indigenous species under CCC.
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4.1 Introduction

Physiological tolerances are fundamental in determining the geographical distribution of
species (Kearney & Porter, 2009). Contemporary climate change (CCC) is expected to have
a significant impact on species distributions (Parmesan & Yohe, 2003; Thomas et al., 2004,
Chen et al., 2011) and thus predicting the physiological performance of species under novel
conditions is crucial (Helmuth et al., 2004). Robust ecological niche models (ENMs,
including species distribution models) have been developed to better understand the
relationship between species and the environment (Elith & Leathwick, 2009) and have
become important in policy-level management and climate change research (Rodriguez et
al., 2007; Guisan et al., 2013). The majority of ENMs, however, correlate occurrence data
to environmental variables (i.e. correlative ENMs) and do not account for the mechanisms
underpinning species responses to different environments. Hence, they may come under
scrutiny when extrapolating to future non-analog climates (Fitzpatrick & Hargrove, 2009;
Bell & Schlaepfer, 2016). Mechanistic ENMs move beyond identifying spatial patterns from
correlations by determining the physiological constraints on species functioning that are key
for structuring species biogeographic patterns (Kearney et al., 2010b; Kearney & Porter,
2020). As a result, they may be more robust when modelling CCC conditions (Elith et al.,
2010). Whilst mechanistic ENMs are slowly increasing in popularity, it is still relatively
unknown how both multiple environmental changes and model specification impact
predicted distributions when considering individual-level mechanisms (Brook et al., 2008;
Johnston et al., 2019).

Climatic conditions drive the exchange of energy and mass within organisms (Kearney &
Porter, 2009; Tomlinson et al., 2014). For example, varying environmental conditions such
as food availability and temperature can alter energy expenditure and individual fitness
which ultimately has bottom-up population-level effects (Grant & Porter, 1992; Helmuth et
al., 2006). Bioenergetic models focus on the acquisition and allocation of energy, and thus
lend themselves to predicting distributions by estimating patterns in growth and
reproduction in response to environmental stimuli (Martin et al., 2012). One example of
these models is the Dynamic Energy Budget (DEB) model, which describes how energy is
assimilated, stored and utilised for metabolic processes throughout all life-history stages.
DEB models thus consider the development, growth, structural maintenance and
reproductive output of an individual, and can predict mortality and sub-lethal responses
(Pouvreau et al., 2006; Kearney et al., 2010a; Kooijman, 2010). DEB theory was first used

in the 1980s (Kooijman, 1986) and has since become a very popular tool for estimating
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underlying physiological trends. This is partly because the fundamental equations in the

DEB model are applicable across different taxa and life-history stages (Sousa et al., 2010).

DEB models are often used to study a species’ underlying responses to environmental
change (Sara et al., 2011; Thomas et al., 2011; Sara et al., 2013b; Montalto et al., 2014,
Maar et al.,, 2015; Mangano et al.,, 2020). By integrating the DEB theory with spatial
environmental data, species functioning can be estimated in geographic space and can be
used to predict distributions and range shifts (Kearney et al., 2010b; Kearney et al., 2012;
Mangano et al., 2019; Tan et al., 2021; Giacoletti et al., 2021). In a terrestrial example,
Kearney (2012) predicted seasonal and geographical variation in growth, maturation time
and reproductive outputs of the North American lizard, Sceloporus undulatus and found that
maturation time was mostly explained by climate, whilst reproduction was mostly explained
by body size. In the marine environment, Sara et al. (2013b) showed through DEB modelling
that the subtidal areas of the Mediterranean Sea provide a suitable habitat for the non-
indigenous species (NIS) Brachiodontes pharaonic. DEB modelling has also been used to
model historic climate-driven shifts of Magallana gigas by investigating its reproductive
niche with changes in food availability and sea surface temperature (Thomas et al., 2016).
The application of DEB theory for spatial modelling is, however, relatively limited in the
literature (but see examples such as Thomas et al. (2011); Sara et al. (2018); Thomas &
Bacher (2018)). With the recognised importance of having robust models for predicting
species distributions, DEB modelling could be applied on larger spatial scales to assess

environmental changes on species physiology in both terrestrial and marine realms.

The DEB literature is extensive with examples of modelling across a wide range of taxa
(Molnar et al., 2011; Martin et al., 2013; Arnall et al., 2019; De Cubber et al., 2020), however,
parameters used for estimating the assimilation and utilisation of energy are typically fixed
averaged values representing a whole population. Although fixed values allow for simplicity
in DEB parameterisation and modelling, intraspecific variability within populations is not
being represented (Boersch-Supan & Johnson, 2019; Koch & De Schamphelaere, 2020).
Additionally, experimental variability in the determination of DEB parameter values is rarely
captured. Inter-individual variation can have important ecological and evolutionary
implications and play a key role in facilitating niche evolution (Bolnick et al., 2011; Violle et
al., 2012; Des Roches et al., 2018). Moreover, it is vital that CCC-induced changes in
biological outputs are considered relative to the variability within the simulated cohort so
that the magnitude of any changes can be put into context. Individual-based models (IBM)
that explicitly model heterogeneity by assigning individual organisms their own unique set

of DEB parameters can be used to simulate the physiological variability of biological
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functions, but have only been incorporated into a handful of DEB models to date (for
example (Duarte et al., 2010; Martin et al., 2012; Martin et al.,, 2013; Koch & De
Schamphelaere, 2020; Arnould-Pétré et al., 2021). This bottom-up approach can be used
to estimate population-level effects as differences in vital physiological rates will reflect the
contribution the individual makes towards maintaining the population (Martin et al., 2013;
Pethybridge et al., 2013; Johnston et al., 2019).

Incorporating inter-individual variability into DEB modelling was demonstrated by Koch &
De Schamphelaere (2020) on the copepod Nitocra spinipes. Two influential DEB
parameters were simulated from a log-normal distribution, namely maximum surface area
specific assimilation rate and the maturity thresholds, which then allowed them to reproduce
the variability observed in experimentally derived physiological data. Martin et al. (2013)
varied the DEB parameter maximum specific ingestion rate for the water flea Daphnia
magna from a log-normal distribution and found their model successfully predicted
population growth rates. Duarte et al. (2010) calibrated a DEB-IBM to simulate mussel
growth over time by randomly assigning 20 varying parameter values to each individual
from ranges in the literature. The model reasonably predicted observed growth of harvested
mussels. Introducing inter-individual variability makes for a more biologically realistic model
and furthers the application of DEB-based modelling (Bolnick et al., 2011; Boersch-Supan
& Johnson, 2019).

Bivalves are a model organism for applying DEB theory as they conform to the assumption
that organisms are isomorphic (i.e. their shape stays the same as they grow) and,
subsequently, DEB models have been parameterised for a range of native and non-
indigenous marine and freshwater bivalves (Saraiva et al., 2011; Lavaud et al., 2017; Sara
etal., 2018; Haberle et al., 2020). Several studies have used the DEB to examine life-history
traits of the Pacific oyster Magallana gigas, however, these studies use fixed parameter
values for their models, most of which originate from three key papers (Pouvreau et al.,
2006; van der Veer et al., 2006; Bernard et al., 2011). Previous publications on M. gigas
(Thomas et al., 2016; Thomas & Bacher, 2018; Palmer et al., 2021) have explored the
variation in growth and reproduction through varying external drivers, i.e. temperature and
food, but have kept DEB model parameters fixed. For example, Thomas & Bacher (2018)
investigated spatial patterns of population responses by modelling individual cohorts of M.
gigas over 15 years with regional environmental parameters. Some authors have also
performed sensitivity analysis of DEB model outputs by changing parameter values in

systematic ways (Bacher & Gangnery, 2006; Duarte et al., 2012).
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This present study is the first to comprehensively combine both inter-individual variability
into parameter estimates and large-scale spatial patterns in environmental variables to
predict the effects of CCC on NIS life-history traits. A DEB-IBM approach was developed to
forecast changes in growth, maturity and reproduction of the non-indigenous Pacific oyster,
M. gigas, around the northeast Atlantic, Mediterranean Sea and North Sea under two end-
of-the-century CCC scenarios. Here, we used new experimental data from the field and
mesocosm (Pack et al.,, 2021), together with literature data to derive seven key DEB
parameter means and standard deviations. These were then used to simulate unique
parameter sets for individual oysters. In this way, it was possible to evaluate the changes
caused by CCC relative to the variability within the simulated cohort and so put the
magnitude of any changes into context. It is hypothesised that (1) the interaction of multiple
environmental variables would alter present day spatial patterns in growth and reproduction
with CCC in the study area, (2) M. gigas reproductive output would increase at higher
latitudes in line with warming at the end of the century, (3) modelling with inter-individual
variability would reflect real-world observations of life-history traits in populations, and (4)
predictions from the DEB model are sensitive to small changes in parameters.

4.2 Methods

421 Dynamic energy budget model description

The standard DEB model equations are derived from Kooijman (2010) (Table 4.1, Figure
4.1). Food and body temperature are assumed to be central to the DEB theory as primary
drivers of an organism’s metabolism (Kooijman, 2010; Sara et al., 2013a). Assuming the
structural volume V of the organism is proportional to the surface area, the energy available
for physiological processes is determined by the energy assimilation rate P,. The parameter
P, is calculated using the volume together with the maximum surface-area-specific
assimilation rate P,,, (a function of ingestion rate), food density, immersion time (the time
available for feeding in intertidal bivalves) and temperature at each time interval, for
example each day (Table 4.1, Eq. 1). Food density is incorporated through a Hollings type
Il functional response. The scaled functional response, f, which varies between 0 and 1
(Table 4.1 Eq. 2), is a quantification of the amount of food available and the organism’s

capacity to ingest it.
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The model assumes the energy assimilated from the ingestion of food is stored in a reserve
E. From this reserve, a fixed fraction k is used for somatic maintenance and structural
growth. The remaining energy fraction (1 —kx) is used for maturation maintenance,
reproduction and production of gametes in adults (Figure 4.1). Energy allocation to the
gonad has been incorporated into the DEB model based on equations and parameters from
Bernard et al. (2011). Somatic maintenance is given priority over maturation and
reproduction and, if energy utilisation is insufficient to cover maintenance costs, the

organism fails to grow (van der Meer, 2006).

All physiological rates are dependent on body temperature. In the DEB model, the effect of
temperature follows the Arrhenius relationship where physiological rates increase in an
exponential relationship with temperature (Kearney et al., 2010a). This enables the model
to incorporate changes in metabolic rates in line with species tolerances (Table 4.1, Eq. 3)
where, outside of upper and lower (Ty, Ty, respectively) boundaries, physiological rates

drop rapidly.

To determine the state of the organism at a given time point, a set of differential equations
are solved using the organism’s DEB parameter set, its state at the previous time point and
the current temperature and food concentration. The solution to each equation determines
the energy in the reserves, E, the structural volume, V, energy level available for maturity
and reproduction, Eg, and the energy content of the gametes, E;,, respectively (Table 4.1,
Egs. 15-18) (Nisbet et al., 2000). To fit the DEB model, R code was modified from Kearney
& Porter (2020) (NicheMapR).
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Table 4.1 Dynamic energy budget model equations used to model growth and

reproduction of Magallana gigas.

Description

Equation

1)

Assimilation rate

Py Z{PAm}-f- V2/3-Tim

)

Functional response

®)

Temperature effect

T T,
(4) Reserve mobilization rate b = E/V [Ec]. {Pam}- V*/3 (Py].V
T [Eq)+k.E/V [Em] M
(%) Structural growth rate Py = k- oy — P
G — c1~ Pm

6 i i , 1- K
(6) Maturity maintenance rate P = min(V,15) . [Pul .
(7) Maturation and

A PRZ(l_K).P61_P]

reproduction rate
(8) Gamete mobilization rate b _ Pam} (1-K).E {Pgm}- V*/?
€27 [E,].Vi/3 [Ec].V+ K.E

C)

Emergency maintenance

PMZ= mln(PMV— K.PCl, PCZ)

rate
(10) Gonad allocation rate Pgy = (Pgy — Pya)
(11) Lysis of structure rate Py = max (Py; — (. Pey + Puz+ Ppp),0)
(12) Gamete resorption rate b (Pm — (K. Pcy + Pyy) >
L2 = max Y , 0
Go
(13) Dry meat weight DMW = V.d, + Ego - dgo
[EGgo]
15 dE
(15) Reserves O = By Pur)
(16) Structural volume a _ (Pa - Pu) c
dt [Ecl /77
17 i dE
(7) Development/reproduction d_;e = (Pa—Po).Cr
18 dE,
(18) Gametes dgo — (Poo—Py) .Cr

65




Chapter 4

Food Ingestion Faeces
— —
1 Assimilation
PA
Reserves

Structure  _..» Maintenancev Maturity/
B, A ’0.,.PM2 ’reproguction
P R
g o* Pe

*

*
Gametes &* Pg,
EG

o

Figure 4.1 Dynamic Energy Budget theory diagram demonstrating the flow of energy in an

oyster from ingesting food to growth and reproduction. Based on Bernard et al. (2011).

4.2.2 DEB parameters

4.2.21 Laboratory derived parameters

A key feature of this study is to introduce real-world variability into the DEB model. This
allows changes in oyster physiology and life-history traits with CCC to be put into context
and is preferred over fixed values when simulating a cohort of individuals. With regards to
M. gigas inter-individual variability, three experimental variables were firstly determined
from oysters from the River Yealm estuary in south Devon, UK (50.3098°N, 4.0537°W),
namely the ingestion rate, the volume to length relationship and the dry mass to structure
ratio. From these quantities it was then possible to estimate specific DEB parameters and

their distributions for the purposes of the simulations.
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4.2.2.2 Maximum surface-area-specific assimilation rate (P 4,,)

Maximum surface-area-specific assimilation rates P,,, were firstly derived from the
maximum surface-area-specific ingestion rates Jy,,,. These in turn were calculated for each
acclimated Yealm oyster in the control treatment group from the mesocosm experiment in

Chapter 3 using the formula from Sara et al. (2013b):

CR. POM . 18381
Cr. (f. V2/3)

Jxm =

then converted into P,,, using

Pym = Jxm.ae

where CR is the clearance rate of water (L/day), POM is the concentration of particulate
organic matter (mg/L of Isochrysis galbana), C; is the Arrhenius temperature effect (Table
4.1, Eq. 3), f is the functional response (Table 4.1, Eq. 2) and ae is the assimilation
efficiency. The value of 18.81 (mg/J) was used to convert the ingestion rate of cells into
energy (joules) based on the calorific content of algae fed to the oysters, Isochrysis galbana
(Reed Mariculture Inc, 2019) and the conversion of calories into joules assuming 1 calorie
=4.18 joules (Lucas & Beninger, 1985).

The calculated P,,, values for oysters in the Yealm estuary reasonably followed a log-
normal distribution (Figure 4.2). The mean and standard deviation were estimated and
values were randomly sampled from the corresponding log-normal distribution for each
individual oyster, similar to Koch & De Schamphelaere (2020). These simulated values
could then be used to calculate M. gigas assimilation rate P, in the DEB model (Table 4.1,
Eqg. 1). The functional response f used to calculate P, depends on the food density X and
the half saturation coefficient X, (the food concentration at half the maximum ingestion rate).
X}, changes with food quality and quantity and was estimated to reflect its linear relationship
with food concentration reported in Alunno-Bruscia et al. (2011) for each location in the

study area.
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Figure 4.2 The probability density of maximum surface-area-specific assimilation rate (P,,,)
values calculated from clearance rates of Magallana gigas from the Yealm

estuary.

4223 Volume to length relationship

The standard DEB model assumes that the organism is isomorphic during its life cycle and
thus does not change shape during growth (Kooijman, 2010). In the DEB model, structural
volume is estimated and converted to total shell length L using the shape parameter 6,

where

The shape parameter, 6y, is typically a fixed parameter in the DEB literature, with the
majority of studies using a value of 0.175 from van der Veer et al. (2006), based on a sample
of 30 oysters from the Dutch Wadden Sea. In the present study a specific expression for
the relationship between structural volume and length was derived for oysters in the Yealm
estuary which is a variation on the above expression. Assuming the density of the wet meat

weight (WMW) for benthic invertebrates is equal to 1 g cm (Rosland et al., 2009; Sara et
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al., 2013b), the WMW of oysters can be assumed equivalent to the structural volume V. In
November 2019, 100 oysters were collected from the Yealm to coincide with the quiescent
period/early gametogenesis stages of M. gigas (when gonad weight and therefore WMW is
at its lowest point of its seasonal cycle). The lengths and WMWs were then measured. The
relationship between length and WMW (i.e. V) from above was rearranged and expressed
as the allometric function (Peters, 1983; Ren & Ross, 2001)

L=aWMW?P

where L is the shell length of the oyster (cm) and WMW is the wet meat weight of the oyster
(9). A linear regression between the log of length against log of wet meat weight was used
to estimate a and b for oysters in the Yealm (Figure 4.3), with values of 2.75 and 0.42,
respectively. The allometric function was then used to determine the length of M. gigas at
each time point in the DEB model. The allometric function yielded a different numerical
expression between length and volume compared to the standard DEB model expression.
The parameter b (0.42) can be compared to the value of 1/3 and the value of a (2.75) can
be compared to 1/ [1/ 0.175 = 5.71 in van der Veer et al. (2006)]. The Yealm-specific
allometric model was more geographically relevant to the present study and so was

preferred in the subsequent simulations.
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Figure 4.3 Length versus wet meat weight of Magallana gigas from the Yealm estuary
(n=100) and the line showing the allometric model L = 2.75. WMW %42,
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4.2.2.4 Dry mass ration of structure

The dry mass ratio of structure d,, is used in the DEB model to convert structural volume V,
and equivalent WMW, to dry meat weight (DMW) (Table 4.1, Eqg. 13). The meat of the 100
Yealm oysters were weighed after being dried for 3 days at 60°C. Similar to P,,,,, individual
variability was introduced for values for d,, by sampling from a log-normal distribution based
on the corresponding mean and standard deviation.

4225 Literature derived parameters

A literature search on M. gigas DEB applications revealed that the parameter values used
are generally obtained from six studies, with the majority coming from three key papers
(Table 4.2). Five of the reserve and structure parameters (V;,, Py, En, E¢, k) (Table 4.2) have
been derived in two or more M. gigas studies. For each of these parameters, the mean and
one standard deviation of the literature values were calculated. This approach is simplistic
but given the lack of data in the literature this allows a further degree of variability to be built
into the DEB simulations. Then, for each individual oyster simulated, the values were
randomly sampled from the corresponding log-normal distributions (to assure non-
negativity). For the remaining parameters, values are derived in only a single study in the

literature therefore that value in the DEB model remained static.
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Table 4.2 Parameter values used in the Magallana gigas DEB model and their sources.
The sources of the parameters are labelled as (1) mean + standard deviation of the raw
data for parameters derived from field and laboratory data, (2) mean + standard deviation
of the literature derived data, and (3) static literature values from single literature values.

Citations for literature derived parameters are provided (see bottom of table).
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Description Parameter |Units Value Source
Biological parameters

Volume at maturity (cm?3) V, cm3 1.27 £0.25 (=3
Half saturation coefficient X, ugchl-aL?! - (°
Immersion time Tim - 0.8 3"
Reserve parameters

Maximum surface-area-specific Pim Jcm2d? 632 + 188 (1)
assimilation rate

Volume-specific maintenance cost Py Jem3dt  28.8+13.4 (2)234
Energy content of 1g of reserve ue Jg?t 19600 ®)°
Maximum storage density E, Jcm® 4131 + 1803 (2) 234
Assimilation efficiency ae - 0.75 (3)
Structure parameters

Shape coefficient Sy - - @

Dry mass ratio of structure d, - 0.18 £ 0.02 (€]
Volume-specific cost of growth E; Jcm3 2900 + 1000 ()24
Fraction of reserves allocated to K - 0.55+0.10 223
maintenance and somatic growth

Reproduction parameters

Energy per egg E, J 0.001 ®)?
Egg diameter Lo cm 0.05 ®)?
Dry mass ratio of gonad dgo - 0.31 (3)°
Volume-specific cost of gonad EGgo Jcm?3 7500 ®*
Yield of gonad tissue for maintenance Yoo - 0.25 (3)°
Gonado-somatic index threshold for Gy % 35 O
spawning

Spawning temperature threshold - °C 18 @
Temperature effect
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Arrhenius temperature Ty K 5800 Ok
Reference temperature T, K 293 ®)?
Lower boundary tolerance range T, K 281 (3?2
Upper boundary tolerance range Ty K 305 (3?2
Arrhenius temp. for lower boundary ' K 75000 (3)?
Arrhenius temp. for upper boundary Tyu K 30000 (3?2

1 Pouvreau et al. (2006), ?2van der Veer et al. (2006), 3 Ren & Schiel (2008), 4 Bernard et al. (2011), > Alunno-
Bruscia et al. (2011), ® Deslous-Paoli & Héral (1988)

4.2.3 Environmental forcing and contemporary climate change scenarios

To investigate the effect of CCC on M. gigas life-history traits, temperature and food
concentration in the DEB model were varied in line with present day values and end of the
century projected values for two end-of-the-century CCC scenarios. End-of-the-century
scenarios are based on two of the Representative Concentration Pathways (RCPs) in
standard use by the Intergovernmental Panel on Climate Change (IPCC), RCP4.5
(stabilisation scenario) and RCP8.5 (‘business as usual’ scenario). Daily sea surface
temperature (SST) data at 1° x 1° geospatial resolution were obtained from the Hadley
Centre Global Environment Model — Earth System (HadGEM-ES) from phase five of the
Coupled Model Intercomparison Project (CMIP5) (Met Office Hadley Centre, 2020) for the
present day between 2010-2020, and projected CCC scenarios between 2090-2100 for the

northeast Atlantic, Mediterranean Sea and North Sea coastlines.

Seasonal chlorophyll concentration (ug/L) was used as a proxy for food concentration in the
DEB model. Three-monthly mean (seasonal) chlorophyll concentrations at 4km resolution
were obtained from MODIS (NASA Goddard Space Flight Center, 2020) between 2010-
2020 for the European coastline. The chlorophyll concentrations were aggregated using the
mean concentration to obtain a 1° x 1° resolution. To estimate end-of-the-century
chlorophyll concentrations, projected chlorophyll concentrations for RCP4.5 and RCP8.5
were extracted for 2090-2100 from the HadGEM-ES model and the three-monthly means
calculated. A bias correction method was applied by calculating the percentage change
between the present day observed MODIS and present day projected HADGEM-ES
concentrations for each time point and 1° x 1° grid cell. This change factor was then used
to scale the 2090-2100 HadGEM-ES projections.
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4.2.4 DEB-IBM simulations

4.2.41 DEB outputs

Inter-individual variability was incorporated using a total of seven parameters
(%) Pams Prs Ems dy, Eg, ) Which  were randomly sampled from their corresponding
distributions, derived as above, and combined with the static parameters to create a unique
set of parameters for each individual oyster. The DEB model differential equations were
solved daily to determine the daily change in life-history traits of M. gigas. Length was
determined using the allometric function as stated above. Time taken to reach maturity was
determined as the number of days it took for the individual to reach volume at maturity, V.
Spawning events were triggered by simultaneously exceeding two thresholds, a
temperature threshold at 18°C and a gameto-somatic index (Gg;) threshold of 35% (Table
2), where Gg; is defined as the ratio between the gonadic mass and total DMW. The number
of spawning events reported equates to the total number of times spawning was triggered
during the 10-year simulation. To determine total fecundity, the energy in the gamete
reserve was converted to the number of eggs per event using the amount of energy per
egg, Ey, and the cumulative number of eggs over the 10-year simulation was calculated.
The energy in the reproductive and gamete reserves was reduced to zero once spawning

had occurred.

4.2.4.2 Model testing and validation

A fundamental test of validity was whether the model reproduced the length distribution of
the 100 M. gigas collected from the Yealm estuary. Firstly, 1000 oysters were simulated
under present day environmental conditions from the grid cell overlapping the estuary
(50.5°N, 4.5°W). Secondly, kernel density distributions of the simulated and observed
lengths were overlaid to assess the similarity. It is important to note that the oysters from
the Yealm estuary were of varying ages, whereas lengths from simulated oysters were
taken after ten years. This, however, still provided a reasonable validation of the relationship

between observed and simulated outputs.

The DEB model was also validated by comparing shell length over time using independent
field data from the literature on M. gigas length versus age. Cardoso et al. (2007) compared
shell length to age (to the nearest year) of M. gigas through the analysis of the seasonal

incorporation of manganese in the shells from three locations along the European coast.
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These sites included Texel (Wadden Sea estuary, The Netherlands 51.5°N, 4.0°E) and
Yerseke (Oosterschelde estuary, The Netherlands 53.1°N, 4.7°E) between 2002 — 2003 ,
and La Rochelle (France, 46.1°N, 1.2°W) between 2003 — 2004. Pogoda et al. (2011)
measured the growth in average shell length of M. gigas over four months at different
locations within the German Bight (North Sea 54.3°N, 7.8°W) in 2004. Using the DEB
model, daily length of 1000 individuals was simulated using environmental data extracted
from the corresponding 1° x 1° grid cells matching the years in which the literature studies
were undertaken. The simulated length values were plotted over time to assess the fit of

the model against the observed data at each location.

4243 Contemporary climate change predictions

The DEB-IBM model was run on each grid cell around the coastline to simulate a cohort of
1000 oysters under present day and both RCP4.5 and RCP8.5 environmental conditions.
For each individual oyster, the DEB model was run daily for a 10-year period starting in
August, in line with seasonal spawning of in M. gigas in Europe (Antonio & Camacho, 2019).
Final length, time to maturity, and total fecundity (cumulative number of eggs) for each
individual oyster were output from the DEB simulations. For each grid cell the median of
each DEB output was calculated for the present day and future by firstly filtering out
individuals which did not reach sexual maturity, i.e. volume did not reach the maturity

threshold V;,. The percentage change in medians between the present day and the two

future scenarios was then calculated.

The median number of spawning events per grid cell for each scenario and the proportion
(%) of individuals in each grid cell failing to reach maturity after ten years was calculated for

the present day and future scenarios.

For plotting purposes, a threshold was placed on the percentage increases for time to
maturity at the 90" percentile to allow for spatial patterns to be more clearly observed.
Percentage change in log total fecundity was used due to the magnitudes and ranges of
the numbers generated.

4244 Parameter importance and sensitivity analysis

A Random Forest model was used to estimate the importance of the seven DEB parameters

(%» Pams Pus Ems dy, E, k) in determining the life history traits: mean final length, time to
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maturation and total fecundity in M. gigas. For each trait, the percentage increase in the
mean squared error (MSE) of the predictions was calculated between the original dataset
of 1000 simulated oysters and the same dataset where the values one of the DEB
parameters were randomly permuted across oysters. This was repeated for each DEB
parameter and across all grid cells with the results averaged to produce a summary of the
effect of each DEB parameter. Calculations were performed using the R package
randomForest (Liaw & Wiener, 2002).

Sensitivity analysis was then performed to assess how the DEB outputs (mean final length,
time to maturation and total fecundity) differ in response to perturbations in DEB
parameters. For climates in the Yealm estuary grid cell, the mean of each of the seven
simulated parameters was perturbed univariately by +10% and the DEB model run for 1000
oysters for the present and worst-case scenario RCP 8.5. The sensitivity of the present day
and future models was determined as the percentage change between the sensitivity
models and the final models.

4.3 Results

431 Model validation

DEB simulations parameterised with M. gigas physiological data from the Yealm estuary
and forced with present day temperature and chlorophyll conditions reproduced the length
distribution of M. gigas from the Yealm estuary (Figure 4.4).
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Figure 4.4 A comparison of observed length (black) and simulated length (red) of Magallana

gigas for the Yealm estuary.

The simulated growth of M. gigas over time showed agreement with the independent
literature field observations (Figure 4.5). The model had a tendency to over-predict growth
at La Rochelle and to slightly over-predict lengths during the first two years at Texel and
Yerseke (Figure 4.5a, b). The model produced a good fit with the early years of growth of
M. gigas at the German Bight (Figure 4.5d), albeit with very little observed data. The inter-
individual variability in the simulated cohort (as represented by the 2.5% and 97.5%

percentiles) adequately covered the range in lengths in the observed datasets.

Given the many sources of variation contributing to the DEB simulated data (e.g. the DEB
model itself, parameter estimation, fluctuating environmental data), plus the sources of
variation in the observed data (e.g. access, sampling, local environmental conditions), the
level of agreement between the model and the available observed data was high and

supported the validity of the model.
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Figure 4.5 Validation of the DEB model comparing length versus age of Magallana gigas
from the median simulated length (red line) and observed data (black dots). Observed data
are from (a) Texel, (b) Yerseke, (c¢) La Rochelle from Cardoso et al. (2007), and (d) The
German Bight from Pogoda et al. (2011). Observed data represent individual oyster (a-c)
and mean oyster length (d). Dotted lines show the 2.5% and 97.5% percentiles of the

simulated individuals.

4.3.2 Contemporary climate change effect

Over the study area, SST is predicted to increase by an average of 1.5°C and 3.2°C
between the present day and RCP4.5 and RCP8.5, respectively (Figure 4.6a). Warming
was more extreme at every location under RCP8.5 with SST predicted to increase by up to
4°C in the Mediterranean Sea and southern North Sea and between 1.5 — 3°C at higher

latitudes such as the north coast of Scotland and Norway (Figure 4.6b, c).
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Chlorophyll concentrations exhibited a seasonal pattern with maximum values coinciding
with spring months where temperatures were cooler. Mean chlorophyll concentrations were
similar across present day and future scenarios (2.43, 2.86 and 2.35 pg/L for the present,
RCP4.5 and 8.5 respectively), however, future scenarios had more inter-annual variability
compared to the present day (Figure 4.6d). Compared to the present day, chlorophyll
concentrations are predicted to increase along Mediterranean Sea coastline, northwest
France and southwest UK coastlines in both future scenarios and decrease along coastlines
in the North Sea (Figure 4.6e, f).

43.21 Overall impact of environmental changes on life-history traits

In the present day, M. gigas were predicted to be larger in lower SST regions with longest
oysters coinciding with the highest chlorophyll concentrations (Figure 4.7). Under the two
future scenarios, the largest M. gigas were predicted to occur across the range of
temperatures in the study area where chlorophyll concentrations were higher, suggesting

chlorophyll was a key factor limiting length.

M. gigas matured more slowly under high SST and low chlorophyll present day conditions
(Figure 4.7). Predictions under the RCP4.5 scenarios showed a similar result to the present
day, however, warmer conditions under RCP8.5 led to longer maturation times throughout
the temperature range of the study area where chlorophyll concentrations were limiting.
Across both present day and future scenarios, the proportion of M. gigas not reaching
maturation was highest in the high STT and low chlorophyll concentration regions (Figure
4.7).

Present day predictions for total fecundity showed little trend with SST and chlorophyll
concentrations with no eggs being produced over the 10-years in the coldest and warmest
temperature regions (Figure 7). At the end of the century a larger number of eggs were
predicted with higher chlorophyll concentrations, particularly at cooler temperatures. The
largest number of spawning events coincided with the largest numbers of eggs where

chlorophyll concentrations were highest (Figure 4.7).

Overall, these results suggest that chlorophyll concentration was the main limiting factor in
determining growth and maturity over the 10-year simulations in both the present day and
future scenarios. Reproduction was limited by the temperature threshold for spawning in
cold regions but was likely limited by chlorophyll concentrations when temperatures

exceeded this threshold.

78



Chapter 4

W W
o,

]
]

Temperature (°C)
o B

—_
[=]

35°N-

9)]

2012 2014 2016 2018 2020
2092 2094 2096 2098 2100

Year
d e
30 — Present 65°N
- — RCP4.5
& — RCP8.5
=20 55N
=
=
S
510 45°N-
=
o
0 ' : S 35°N- . )
2012 2014 2016 2018 2020 10°W 0° 10°E 20°E 30°E
2092 2094 2096 2098 2100
Year

Figure 4.6 Time series and maps of the environmental forcing variables. Time series of mean daily SST (a) and mean seasonal chlorophyll
concentrations (d) averaged across the study area for the present day (2010-2020) and end of the century RCP4.5 and RCP8.5 (2090-2100).

The change in mean temperature (b, c) and mean chlorophyll concentrations (e, f) between the present day and future scenarios for each grid
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Figure 4.7 The relationships between chlorophyll concentration and SST and their effect on each of the DEB outputs for Magallana gigas

under the present day, RCP4.5 and RCP8.5 scenarios. Each point corresponds to the mean chlorophyll concentration and SST for each grid

cell in the study area and is the median DEB output of 1000 oysters at the end of a 10-year simulation. The median DEB outputs (aside from

the proportion not reaching maturity) are based on individuals that reached the maturity threshold V,
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4.3.3 Spatial variation in life-history traits

In both future scenarios, northern latitudes and the coast of Spain will see smaller oysters
relative to the present day with a decrease of up to 50% in length (Figure 4.8). These regions
are expected to experience an increase in SST but no increase in chlorophyll concentrations
(Figure 4.6). In the southwest of the UK and northwest coast of France M. gigas are
expected to increase in length by between 10-25%. The largest increases are expected in
the northern Mediterranean Sea with oysters expected to more than double in length. It is
important to note that at present in the Mediterranean Sea sizes of simulated oysters were
estimated to be relatively small compared to other regions (Figure 4.8a). These increases
in size tended to coincide with areas where chlorophyll concentrations are predicted to
increase by the end of the century (Figure 4.6). Generally, percentage changes were more
pronounced under the RCP8.5 scenario.

M. gigas matured at an earlier age in the northern Mediterranean Sea in both future
scenarios, decreasing from around 2 years at present to around 1 year. Longer maturation
times were predicted along much of the coast of Spain, the UK and Ireland and Norway,
increasing from less than one year at present to around 1-2 (Figure 4.9a, b). The
Mediterranean Sea had the highest proportions of M. gigas not reaching maturity in the
present day with up to 80% of simulated oysters not reaching maturity over the 10-year
period (Figure 4.9d). The proportion of oysters not reaching maturity decreased in both
future scenarios in the north and east of the Mediterranean, with individuals also maturing
faster toward the end of the century (Figures 4.9¢, f). These areas coincide with end-of-the-

century percentage increases in length, suggesting more favourable conditions for growth.

Areas that predict an increase in total fecundity at the end of the century coincided with
locations where the number of spawning events increased (Figure 4.10). Log total fecundity
showed the largest percentage increases in areas where oysters were predicted to
decrease in size, such as along the coast of Norway, Sweden and Denmark (Figure 4.10b,
c). These are areas where the spawning threshold of 18°C was frequently exceeded during
the summer months under the future scenarios leading to between 1-5 spawning events
over the 10-year period. In the northern Mediterranean Sea an increase in fecundity and
spawning events are predicted for the end of the century (Figure 4.10). Under RCP8.5,
several regions are predicted to experience multiple spawning events per year, for example
approximately 13-15 spawning events occurred over the 10-year simulation along the

southwest coast of the UK and northwest coast of France.
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Figure 4.8 Present day length (a) and the percentage change in the mean final length of Magallana gigas between the present day and RCP4.5 (b), and
RCP8.5 (c). Results are based on the median final length and mean DMW at the end of a 10-year DEB simulation.
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Figure 4.9 Present day maturation time (a) and the percentage change in the time to maturity of Magallana gigas between the present day and RCP4.5 (b),
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oysters reached volume at maturity V,, and the proportion in each grid cell that did not reach V, by the end of a 10-year DEB simulation.
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Figure 4.10 Present day total fecundity (a) and the percentage change in total fecundity of Magallana gigas between the present day and RCP4.5
(b), and RCP8.5 (c). The total number of spawning events over 10 years under each scenario (d-f). Results are based on the median cumulative

fecundity and median number of spawning events at the end of a 10-year DEB simulation.
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4.3.3.1 Variability across individuals

Although the models predicted a decrease in median oyster length on the north coastlines
of Europe, the UK, and the west coast of Scandinavia by the end of the century (Figure 4.8),
the estimated variability across individuals shows that future changes may not be readily
observed in the field in these locations (Figures 4.11, 4.12). Time to maturity was predicted
to increase around Scandinavia under RCP8.5, however, this change is small relative to the
variation across the simulated cohort (Figure 4.11). The decreases in length coincided with
an increase in energy invested into reproductive effort, with more eggs being produced in
total and more spawning events occurring across the majority of individuals (Figures 4.11,
4.12). In the southwest of the UK and France a shift in the number of spawning events is
expected to occur, with a large proportion of individuals experiencing more than one
spawning event per year under the RCP8.5 scenario but with fewer eggs released during

each spawning event (Figure 4.12).

0 10 20 30
Length (cm)

i ' '
10°w 0° 10°E 20°E 30°E

1.00- 1.0e-08- 1000 -
075 7.5e-09 - .. 750-
2> > 2 . Present
iz 2 50e00- g s00-
g 0.50- §° 5 B ropss
= B rerss
0.25- 2.5e-09- 250 - I |
0.00- 0.0e+00 - 0 -1 I [
0 1 2 3 4 5 0e+00 1e+08 2e+08 3e+08 4e+08 5e+08 0 1 2 3 4 5
Time to maturity (yrs) Total fecundity Spawning events

Figure 4.11 Variability in DEB outputs for 1000 simulated individuals of Magallana gigas
at a representative location on the coast of Norway (63.5°N, 9.5°E). Density for length, time
to maturity and total fecundity, and the frequency of the number of spawning events over a

10-year simulation are shown for the present day, and two end-of-the-century scenarios.
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Figure 4.12 Variability in DEB outputs for 1000 simulated individuals of Magallana gigas at
a representative location on the southwest of the UK (50.5°N, 4.5°W). Density for length,
time to maturity and total fecundity, and the frequency of the number of spawning events
over a 10-year simulation are shown for the present day, and two end-of-the-century

scenarios.

In the Mediterranean, particularly the coasts of southern France, Italy and Sicily, length was
predicted to increase by the year 2100 and, relative to the estimated variability across
individuals, it is much more likely that changes will be observable in the field (Figure 4.13).
This coincided with a decrease in maturation time across the simulated cohort and an
increase in total fecundity. There was a substantial increase in the number of spawning
events between present day and both end-of-the-century scenarios across most of the
individuals (Figure 4.13). In present day scenario there was an apparent seasonal influence
on time to maturity in the Mediterranean Sea, with peaks in M. gigas reaching maturity just

before the summer months of years one, two and three.
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Figure 4.13 Variability in DEB outputs for 1000 simulated individuals of Magallana gigas at
a representative location in the Mediterranean Sea (43.5°N, 9.5°E). Density for length, time
to maturity and total fecundity, and the frequency of the number of spawning events over a

10-year simulation are shown for the present day, and two end-of-the-century scenarios.

The coast of Spain will likely experience a noticeable decrease in M. gigas lengths by the
end of the century (Figure 4.14). The number of spawning events is expected to decrease
across the simulated cohort and although spawning is still predicted to occur in most years,
a much smaller proportion of M. gigas will be able to successfully spawn out. This may lead
to a decrease in abundance of M. gigas in these areas with CCC. Smaller oyster lengths
coincided with increases in time to maturity, with a large proportion of M. gigas not reaching

maturity until after 5 years under the RCP4.5 scenario, and to a lesser extent under the

RCP8.5 scenario.
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Figure 4.14 Variability in DEB outputs for 1000 simulated individuals of Magallana gigas at
a representative location on the coast of Spain (38.5°N, 9.5°W). Density for length, time to
maturity and total fecundity, and the frequency of the number of spawning events over a
10-year simulation are shown for the present day, and two end-of-the-century scenarios.

434 Parameter importance and model sensitivity

The assimilation rate of food, Py,,,, was the most influential parameter in the model.
Randomization of P,,, across oysters led to the largest percentage increase in MSE of
between 20 — 25% across the life-history traits (Figure 4.15). Volume-specific maintenance
cost, Py, led to high percentage increases in MSE for length. Overall, random variation in
dry mass ratio of structure, d,,, maximum storage density, E,,, and volume specific cost of

growth, E;, led to relatively small or no increases in MSE (Figure 4.15).
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Figure 4.15 Decrease in model accuracy using random forest for seven DEB parameters
on the median values of length, time to maturation and total fecundity of Magallana gigas.
Decrease in accuracy was determined by the percentage increase in mean squared error
(MSE) between the original and randomised models.

An overall £10% shift in the mean of P,,,,, k and Py led to the largest percentage changes
in the DEB outputs both in the present day and RCP8.5 models (Figure 4.16). The largest
changes were observed under a 10% increase in P,,, which increased total fecundity by up
to 40%, and length to a lesser extent, whilst decreasing time to maturity by up to 20%. All
model outputs were generally less sensitive to changes in V,, d,,, E,, and E;. Sensitivity
results were similar for both the present and end-of-the-century models (Figure 4.16) and
are in line with the parameters identified from parameter importance (Figure 4.15). This
sensitivity analysis illustrated that small to moderate changes in key parameters can
produce changes in model outputs which are large relative to the average changes
predicted under CCC scenarios. This reinforces the value of the inter-individual simulation
adopted in the present study.

89



Chapter 4

b
Length Time to maturity

40 40

20 20

-20 -20

Percetnage change
o

Percetnage change
o

-40 -40
dv EG Em kappa PAm PM Vp dv EG Em kappa PAm PM Vp +10%
Parameter Parameter
c .
Total fecundity e Present

40 -4 RCP8.5

20

-20

Percetnage change
o

-40

dv EG Em kappa PAm PM Vp
Parameter
Figure 4.16 Percentage change in the median length (a), time to maturity (b) and total
fecundity (c) of Magallana gigas over a 10-year DEB simulation after modifying
each parameter by £10% in the present day and RCP8.5 scenario. Results are
based off environmental conditions at a representative location on the
southwest of the UK (50.5°N, 4.5°W).

4.4 Discussion

Overall, patterns in growth, maturity, and reproduction of M. gigas across the northeast
Atlantic, Mediterranean Sea and North Sea were predicted to vary spatially in response to
the impact of CCC conditions on underlying physiological rates. Under CCC conditions, the
DEB-IBM forecasted an increase in the number of spawning events and fecundity at high
latitudes in line with increasing SST, implying that predicted warming could promote the
spread of M. gigas poleward. Local chlorophyll concentration was identified as a key driver
for determining the spatial patterns of life-history traits and, by the end of the century,
increase in food availability enhanced the growth of M. gigas in regions such as the northern
Mediterranean Sea, northwest France and southwest UK. Across the study area, the
proportion of oysters reaching maturity was predicted to increase under CCC scenarios,

and thus may indicate increased survival to adulthood in the future. In the first study to
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investigate the effects of both inter-individual variability and large-scale region-specific
variability on M. gigas life-history traits, we found that the model provided a complex
understanding of the responses of individuals relative to the predicted average changes
across a cohort in life-history traits with CCC. In addition, the model produced robust
estimates of real-world variability within observed M. gigas populations. Overall, this study
significantly advances the understanding of how both internal and external variability

involved in growth, maturity and reproduction interact.

Presently, localised populations of M. gigas are already established in Norwegian waters
as far north as Nordmgre (63°N) due to anthropogenic introductions from aquaculture
and/or shipping (Anglés d'Auriac et al., 2017; Rueness et al., 2019). The DEB model
predicted that, whilst M. gigas are able to survive and grow at higher latitudes such as the
north of the UK and Norway, reproduction is currently limited by lower temperatures. Under
CCC conditions, this study agrees with previous work which predicted that future warming
will provide more favourable conditions for spawning and settlement of M. gigas at their
northern distribution limits, such as on the Skagerrak coast of Norway (Rinde et al., 2017).
Similarly, King et al. (2020) forecasted a poleward advancement of the proportion of years
where settlement and spawning thresholds are exceeded along the European shelf at the
end of the century. Mechanistic hindcast approaches have found that warming and
increased food concentrations over the last 50 years have already led to a poleward
expansion in geographical range of M. gigas due to a northward shift in the northern
boundary of M. gigas’ reproductive niche from 47° N to 60° N (Thomas et al., 2016). The
predicted increase in fecundity and spawning events at northern latitudes with CCC may

therefore facilitate the poleward shift M. gigas distributions by the end of the century.

Chlorophyll concentration, and thus food availability, was the main factor influencing the
growth, maturity and reproduction of M. gigas under present day and end-of-the-century
conditions. This is in agreement with Thomas et al. (2011) and Thomas & Bacher (2018)
who also found that spatial and temporal trends in other marine bivalve life-history traits
were strongly linked to chlorophyll concentrations. Dutertre et al. (2010) also found that
chlorophyll concentrations promoted feral M. gigas recruitment in Bourgneuf Bay, on the
west coast of France. The present study found that although reproduction of M. gigas at
high latitudes was limited by temperature, changes in structural growth were not strongly
linked to temperature throughout the study area. M. gigas have been observed to grow
under a broad range of temperatures, between 10 — 40°C (Mann, 1979; Rico-Villa et al.,
2009) and thus, the temperatures in the study area were unlikely to substantially limit
growth. Identifying the effects of fine-scale environmental fluctuations on energy

expenditure has applications in oyster aquaculture planning and management such as site
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selection by predicting time to reach commercial size (Sara et al., 2012; Cheng et al., 2018).
For example, DEB has been used to assess site suitability and total annual production of
M. gigas in shallow lagoons around the east coast of Sardinia by modelling oyster growth

rate under local environmental conditions (Graham et al., 2020).

The results in this study were in agreement with recent smaller-scale DEB studies. Firstly,
Bertolini et al. (2021) used a DEB model to predict present day M. gigas lengths on the
eastern Italian coast of the Adriatic sea. They found a gradient in oyster lengths with smaller
to larger oysters from the southern to the northern regions in the Adriatic Sea. The present
results also found similar average oyster sizes and gradient in this region. This gradient
along the coast was attributed to the southern region experiencing summer temperatures
exceeding M. gigas critical temperature limit coupled with low chlorophyll concentrations.
Secondly, Thomas & Bacher (2018) used the DEB model to predict the percentage change
in M. gigas lengths between present day and end of the century CCC conditions along the
northwest coast of France and southwest of the UK. They found that final lengths in this
region increased by 7-15% by the year 2100, similar to percentage change predicted for
this region in this study (10-20%). Comparable results between these smaller-scale DEB
modelling studies provides a form of validation for the results of the present large-scale
study. The simulation of 1000 individuals in the present study, however, provides a unique
insight into the inter-individual changes in life-history traits under CCC conditions. Modelling
inter-individual variability allowed the magnitude of these changes to be put into context of
real-world changes. For example, the average length of oysters may increase on the
southwest coast of the UK, however the spread of lengths across the simulated cohort
implies that the likelihood of observing this change on the coast would likely be low. The
simulations have also shown interesting features in oyster growth, such as the potential
seasonal effects of environmental variables on time to maturity, however, further

investigations would be required to determine effects of seasonality on growth.

The present model was calibrated in part using physiological measurements of oysters from
the Yealm estuary. Whilst this has allowed for real-world input to the model, variation in
physiology between separated populations around the northeast Atlantic and surrounding
waters cannot be ruled out and may have led to a lack of fit of the simulated to observed
data at La Rochelle. Sensitivity analysis in the present study highlighted that relatively small
shifts in mean parameter values can have large impacts on the outputs from a DEB model
and thus potential differences between separated populations requires more consideration.
Parameterisation of a DEB model for New Zealand M. gigas by Ren & Schiel (2008) found
considerably different parameter values compared to a DEB model for French oysters by

van der Veer et al. (2006), highlighting the likelihood of intra-specific differences in
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physiology from differences in environmental conditions and genetics or variability of
measuring DEB parameters under laboratory settings. Physiological variability has also
been observed in M. gigas from different geographic areas, with French individuals having
higher respiration rates than those from Japan, Taiwan and Spain (Goulletquer et al., 1999).
These intraspecific differences between populations can lead to phenotypic and trait
variation which ultimately impacts fithess of the species and may have implication when
investigating species responses to environmental change (Des Roches et al.,, 2018;
Ghaffari et al., 2019). For example, Monaco et al. (2019) showed that using DEB
parameters from native populations of Mytilus galloprovincialis led to the model
overestimating the growth of introduced populations. Incorporating local adaptation into
ENMs has been shown to affect forecasts of distributional changes under CCC, for
example, predicting both expanded and restricted distributions than models only
considering occurrences (Oney et al., 2013; Valladares et al., 2014; Lecocq et al., 2019).
Accounting for this variation is also important to consider when studying NIS as intraspecific
variability can be positively correlated with establishment and success of NIS in novel
environments (Gonzélez-Suarez et al., 2015). Combining mechanistic modelling with
intraspecific variability across geographic scales requires significant effort in physiological
laboratory experiments, however, this commitment will ultimately improve mechanistic
understanding of the effects of environmental change on species functioning (Jung et al.,

2010) and more accurately predict future distributions on larger spatial scales.

As expected, given the formulation of the DEB model, parameter importance and sensitivity
analysis showed that variation of maximum assimilation rate, P,,,, resulted in the largest
changes in growth and reproduction in the DEB model. In addition, the sensitivity analysis
illustrated that small-moderate changes in Py,,, and the other key parameters, can produce
changes in model output that are large relative to the changes produced by CCC. This is
an important finding in terms of putting the CCC predictions into context. Duarte et al. (2012)
performed sensitivity analysis on a DEB model parameterised for mussels and found that
the model was most sensitive to £10% changes in Py,,, Py, and k. Similarly, Duarte et al.
(2010) found that out of 20 simulated parameters, mussel growth was sensitive to £10%
changes in the carbon fraction in food items (a measure of food energy availability) and the
allometric coefficient for feeding. The sensitivity of the DEB model to changes in these
parameters justifies the simulation approach used in the present study to explore climate
induced change relative to inter-individual variation. On a similar note, if local/separated
populations of M. gigas vary in their average parameter estimates, this may have substantial
effects on the predictions of life-history traits in the area using bioenergetic models.
Evaluation of the magnitude and sensitivity of the predicted changes in relation to inter-

individual variability therefore supports the value gained from the IBM approach used in this
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study and highlights that studies which use static values are likely to underestimate model

uncertainty.

DEB is a useful and widely applicable tool for examining the changes in life-history traits
with spatial and temporal environmental variability. However, it is still challenging to validate
model outputs with independently observed data (Thomas & Bacher, 2018). Validation
steps in the present study focused on the ability of the model to simulate and reproduce
variability in length over time at four locations on the northern European coast. These
locations were chosen due to the availability of species-specific growth data in the literature
with which DEB outputs can be compared. Whilst an overall good fit was observed for M.
gigas growth, there remains a limited understanding of whether the model can make robust
predictions of growth throughout the entire study area, for example regions in Scandinavia
and the Mediterranean Sea. Similarly, interannual data of other life-history traits such as
fecundity and timing of spawning events are scarce. Future research should endeavour to
gather such data on local scales to test mechanistic models (Alunno-Bruscia et al., 2011;
Thomas & Bacher, 2018), and doing so will greatly improve the validity of these models.

To incorporate inter-individual variability into the present DEB model, parameters were
randomly sampled independently from log-normal distributions. This univariate approach
assumed there are no correlations between the parameters in the model. Covariation
between life history parameters cannot be ruled out (Sibly et al., 2000; Klok et al., 2007)
and is an important aspect of modelling at a population level, however, few if any studies
have measured the relationships between primary DEB parameters in individual organisms.
Ideally, as described by Sibly et al. (2000), models which have unknown correlations
between variables should use variables which are independent of each other. The DEB
model contains many parameters, the majority of which are difficult or impossible to directly
measure in the laboratory. Furthermore, estimating multiple parameters for individual
organisms, necessary to determine a correlation structure, would be extremely challenging.
Where relationships between parameters can be estimated in laboratory experiments these
should be incorporated within DEB-IBMs, which could reduce the variability in the output in
DEB-IBMs.

4.5 Conclusion

The present work builds upon the wealth of M. gigas DEB studies found in the literature

(Pouvreau et al., 2006; Alunno-Bruscia et al., 2011; Bernard et al., 2011; Thomas et al.,
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2011; Thomas et al., 2016) by being the first bioenergetic model to combine inter-individual
variability and large-scale environmental variability to investigate species responses to
CCC. Using a DEB-IBM approach, this study identified varying interactions between the life-
history traits of M. gigas with end-of-the-century environmental conditions across the
northeast Atlantic, Mediterranean Sea and North Sea. Food concentration is an important
driving force in the DEB model and thus changes in chlorophyll concentrations predicted
under CCC were largely responsible for the changes in spatial patterns in life-history traits
in the study area. By the end of the century, it is predicted that M. gigas will shift its
reproductive range to higher latitudes in line with projected warming and thus may ultimately
shift its leading range edge poleward. Further, this study demonstrated that simulation
approaches incorporating inter-individual variability can make robust predictions of species
responses to environmental change at large spatial scales and provide estimates of the
potential establishment and spread of non-indigenous species under CCC.

95






Chapter 5

Chapter 5 Overview and synthesis

This thesis advances knowledge of the complex interactions determining the effects of
contemporary climate change (CCC) on non-indigenous species (NIS) distributions.
Additionally, it emphasises the importance of assessing how different experimental and
modelling approaches can affect the results and overall conclusions of the studies. In this
final chapter the main findings of the thesis are discussed and put into context of the wider
literature. Studies reviewing the results of both correlative and mechanistic model on the
same species are rare (Rougier et al., 2015), therefore | provide a review of the two
ecological niche modelling (ENM) techniques used in this thesis to model the effects of CCC
on Magallana gigas spatial pattern. The results from this thesis and the implications for

future research into species physiology and distributions are summarised throughout.

5.1 Main findings and implications

It is well known that physiological tolerances constrain the fundamental niches of species
which in turn determine their geographical distribution (Hutchinson, 1957). In this thesis,
quantifying niches in environmental and geographical space, and examining the long-term
impacts of CCC on physiology and life-history traits has shown that M. gigas can tolerate
CCC conditions and CCC will likely facilitate the poleward range expansion of M. gigas by
the end of the century. Modelling of native and introduced niches in Chapter 2 showed M.
gigas have rapidly shifted their niche in analog and non-analog climates since their
introduction in the mid-1900s. Identification of niche shifts demonstrated the capability of M.
gigas to thrive in novel environmental conditions as a result of anthropogenic introduction,
a finding that is likely pivotal to the current success of this widespread NIS. Equally, niche
shifts coupled with ENM forecasts provided an important insight into the potential for M.
gigas to continue to survive and spread under CCC conditions predicted for the end of the

century.

Investigations into long-term exposure of M. gigas to CCC conditions in Chapter 3 showed
that adult oysters were tolerant to seasonal long-term warming and ocean acidification
predicted for the end of the century which may increase their competitive dominance over
native species in introduced communities. In addition, future temperature and pH conditions
did not interact with reduced salinity which had a significant effect on physiology. Whilst
tolerance to warming and ocean acidification may not affect M. gigas survival and spread

under future conditions, Chapter 4 demonstrated that life-history traits were linked to
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chlorophyll concentrations (i.e. food availability) and low concentrations may limit growth
and reproduction on M. gigas. Environmental variability led to predictions of complex spatial
changes around the coastlines in the northeast Atlantic and Mediterranean Sea and North
Sea under CCC. These changes included increased length and reproduction in the
Mediterranean Sea, multiple spawning events per year along the northwest coast of France
and southwest of the UK and decreases in length and reproductive outputs along the coast
of Spain. The results of Chapters 2 and 4 both predicted a poleward expansion in M. gigas
distributions by the year 2100 due to increased habitat suitability and reproductive potential

at higher latitudes, respectively, under two CCC emission scenarios.

Aquaculture already acts as a significant pathway for the introduction of invasive species in
the northeast Atlantic (Castro et al., 2017). Currently, M. gigas are farmed in northern
regions too cold for reproduction, such as along the coasts of Scotland and Norway. Thus,
the establishment of wild oysters is uncommon at these higher latitudes with only a handful
of oysters having been reported outside of aquaculture locations (Herbert et al., 2012; Cook
et al., 2014). The successful aquaculture of M. gigas but limited spread from these locations
is reflected in the mechanistic modelling in Chapter 4. These models showed that present
day environmental conditions are suitable for growth but the temperature threshold for
spawning is not exceeded, thus they do not reproduce and are unlikely to spread. The
results presented in Chapters 2 and 4 are in agreement with previous studies suggesting
warming will increase the spread of M. gigas to more northerly locations (Thomas et al.,
2016; Rinde et al., 2017). It is therefore likely that CCC will promote the spread of M. gigas
from these northerly sites of introduction. The extent of spread will depend on limitations of
larval dispersal but as M. gigas have the capability to disperse large distances
(approximately 50km), and larvae remain in the water column for long time periods times (2
— 4 weeks) (Brandt et al., 2008; Wood et al., 2021), it is likely that spread from sites of
introduction will occur at higher latitudes by the year 2100 (King et al., 2020). Aquaculture
at higher latitudes may also be enhanced in the future as Chapter 2 predicted increases in
habitat suitability, and warming is expected to facilitate faster growth rates to marketable
sizes (Palmer et al., 2021). As new sites become suitable for oyster farming, the socio-
economic benefits of aquaculture and wild harvesting coupled with the concern for
conservation of habitats will likely cause challenges for policy and management of NIS
(Herbert et al., 2016).

Shellfish are considered some of the most vulnerable organisms to ocean acidification and
there are concerns that CCC may overall negatively impact shellfish rearing and harvesting
globally (Clements & Chopin, 2017). Shellfish aquaculture is of significant economic

importance to coastal aquaculture and fishing communities (Herbert et al., 2016) with the

98



Chapter 5

global production of M. gigas being worth between $1.2 — $1.4 billion per year (Chapter 3).
Although the clearance and oxygen consumption rates of adult M. gigas exhibited tolerance
to ocean acidification (Chapter 3), other important biological functions could be affected by
ocean acidification (Tan & Zheng, 2020). For example, a one month study by Gazeau et al.
(2007) showed that net calcification in M. gigas can decrease under ocean acidification
predicted for the end of the century (although it was acknowledged that long-term studies
are needed to assess for potential acclimation and adaptation). Chapter 2 also found that
CCC may decrease habitat suitability at the tropical range edge, and Chapter 4 showed that
warming coupled with low chlorophyll concentrations under CCC conditions could limit M.
gigas growth, maturity and reproduction. There is therefore a suggestion that aquaculture
of M. gigas in some regions could be negatively impacted by CCC and lead to substantial

economic loss in unfavourable areas.

The evidence of widespread occurrence and niche shifts in Chapter 2, plus the minimal
effect of CCC conditions on physiology in Chapter 3 emphasises that M. gigas can tolerate
a broad range of environmental conditions. This supports the growing consensus in the
literature that NIS tend to be generalists and are more likely to tolerate or adapt to changes
in climates than native species (Dukes & Mooney, 1999; Lenz et al., 2011; Zerebecki &
Sorte, 2011). Meta-analyses have shown that marine NIS which are widely established are
more heat tolerant than other NIS which colonise but fail to establish and display similar
tolerances to native species (Bates et al., 2013). Similar to M. gigas, other highly successful
widespread NIS such as the green shore crab Carcinus maenas (Tepolt & Somero, 2014),
green mussel Perna viridis (McFarland et al., 2015) and European carp Cyprinus carpio
(Koehn, 2004) have all demonstrated a broad temperature tolerance, thus providing them
a potential competitive advantage under warmer CCC conditions. Under stressful
conditions, NIS have also shown less pronounced deviations from normal performance
compared to native species (Lenz et al., 2011), which may allow them to perform better and

outcompete native species with CCC.

It is important to note that this thesis predominately focussed on adult individuals whereas
changes in M. gigas distributions will equally depend on the fragility of early life-history
stages to CCC conditions. As highlighted in Chapter 3, there are conflicting results in the
literature with regards to the tolerance of early life-history stages of M. gigas. For example,
Parker et al. (2010) found ocean acidification had a negative effect on fertilisation success,
however this result was not observed in other studies which found neutral effects, even
under extreme pH conditions predicted for the year 2300 (Kurihara et al., 2007; Havenhand
& Schlegel, 2009). Early evidence in the literature suggested that larval stages of

invertebrates are less tolerant to environmental change than adults (Byrne, 2011; Byrne &
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Przeslawski, 2013). However, most experiments are conducted on single life-history stages
and it is important to understand the potential carry-over effects across generations (Ross
et al., 2016). Studies suggest that after long-term acclimation of adult individuals, offspring
can be more resilient to ocean acidification and carry-over will potentially buffer the effects
of CCC over multiple generations (Donelson et al., 2011; Parker et al., 2015; Ross et al.,
2016). Parental exposure of the Hong Kong oyster Magallana honkongenesis to ocean
acidification showed enhanced growth and survival of larvae compared to non-exposed
adults in estuarine conditions (Lim et al., 2021). It could therefore be the case that the
tolerance of M. gigas to warming and ocean acidification found in Chapter 3 has the
potential to carry-over to other generations. Transgenerational studies remain uncommon
in the literature, but a better understanding of the potential carry-over effects is vital and will
significantly further knowledge of species responses to CCC.

5.2 Importance of modelling methodologies

In ecology, the interactions of environmental changes with species physiology and
distributions have been widely studied. This thesis has advanced current understanding by
incorporating novel methods into each chapter and highlighting areas where careful
consideration is needed when interpreting results. Firstly, studying potential niche shifts in
NIS is increasingly popular in the studies on invasive species. However, it was relatively
unknown how different popular niche change frameworks can influence the results of niche
dynamics between introduced and native niches. Chapter 2 addressed this by directly
comparing the two-dimensional Centroid, overlap, unfilling and expansion framework and
the multi-dimensional space n-dimensional hypervolume framework. Contrasting results
showed evidence of niche shift only at higher dimensions. It was demonstrated that previous
studies investigating niche changes using only the first two principal components of the
environmental data space likely do not account for a sufficiently high percentage of the
variability in the data to capture the key features and thus the results should be interpreted

with caution.

Secondly, long-term multiple stressor experiments are rare in the literature, particularly on
NIS. In Chapter 3, the 10-month multiple stressor experiment on adult M. gigas was
presented, which is the longest reported mesocosm experiment on M. gigas. The results
showed tolerance to warming and ocean acidification predicted for the end-of-the-century
conditions. This experiment contrasted with the results of previous short-term experiments
on adult M. gigas (Lannig et al., 2010; Lemasson et al., 2018). It is likely that short-term

experiments reflect the acute responses of the organism to environmental change and do
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not allow for the initial acclimation and potential seasonal cycles which influence physiology
(Suckling et al., 2015). Seasonality, which is often not incorporated into mesocosm
experiments due to their generally short duration, was found to have a potential role in
determining physiological rates and should be incorporated into future CCC laboratory
experiments. This study therefore provides arguably more realistic results on the effects of
CCC on M. gigas physiology. Whilst the present experiment incorporated multiple stressors,
seasonality and long-term exposure, further research is still required into the long-term
effects of CCC on NIS. For example, long-term experiments examining effects of CCC on
different life-history stages, physiological mechanisms, and life-history traits, are
fundamental for more complete understanding of how CCC will affect M. gigas. Equally,
studies should strive to investigate interactions with other potential stressors which are less
well studied, for example immersion time, hypoxia, eutrophication and predation.

Lastly, dynamic energy budget (DEB) modelling has traditionally been limited by the lack of
studies both incorporating intraspecific variability to simulate the effect of environmental
variables on species life-history traits, and measuring the uncertainty created by DEB
parameter variability. The modelling of M. gigas in Chapter 4 is unique, combining both
large-scale region-specific environmental variation and an inter-individual variability
simulation varying multiple DEB parameters. It was demonstrated that individual-based
modelling is an effective way of producing robust, biologically realistic estimates of species
energetics and spatial patterns of life history traits under environmental change. Importantly,
examining the spread of simulated data across present and future conditions allowed for
the magnitude of potential changes in life-history traits to be put into context of natural
individual variability. This study therefore significantly advances the understanding of how
different sources of variability interact and influence life-history traits in the present day and
under CCC conditions. Variability in the parameters also allowed an investigation into the
uncertainty in model estimates, showing that small changes in parameter means can have
a considerable effect on the life-history traits under current and future environmental
conditions. Measuring this uncertainty is something which is fundamentally important when

modelling but is uncommon in mechanistic ENMs.

53 Correlative versus mechanistic ENMs

One of the main aims in this thesis was to model species distributions using both correlative
and mechanistic approaches and to compare the usefulness and robustness of the models
when forecasting NIS distributions with CCC. Overall, the combination of ENM modelling

techniques in this thesis has shown that different approaches can produce complementary
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results. It is evident that both models have a practical role when predicting species
distributions, with the correlative model highlighting areas of potentially suitable habitat and
the mechanistic model predicting how these habitats may influence the species life-history

traits.

The two models characterize niches different and as such ultimately provide different
predictions on how the species is likely to be distributed. Mechanistic models typically
predict distributions based on the fundamental niche of the species as the models are
parameterised using abiotic variables. In contrast, correlative models implicitly incorporate
biological interactions and physical barriers by using occurrence data and thus predict the
realised niche of the organism (Pearson & Dawson, 2003). The realised niche of a species
is therefore smaller than the fundamental niche due to these constraints. As already
discussed in this thesis, non-climatic factors such as dispersal, competition and predation
play an important role in determining species distributions, particularly at local and regional
scales and under finer spatial resolutions (Elith et al., 2006; Kissling et al., 2012). Models
which do not incorporate these limiting factors are likely to over-predict the actual
distribution of the species (Véaclavik & Meentemeyer, 2009). However, Elith et al. (2010)
used correlative models to estimate the distribution limits of a non-indigenous cane toad
and found that there were few biotic interactions limiting their distribution and the toads have
a range which reflects environment conditions. The success of invasive species through
factors such as outcompeting natives and the absence of predators may mean the lack of
biotic data is not a major influence on predicting invasive species’ distribution and that
invasive species distributions may more often than not reflect physical conditions (Elith et
al., 2010). Results from models incorporating only physical factors on invasive species (thus
characterizing their fundamental niche) could therefore provide a reasonable estimate of
their distributions. Jiménez-Valverde et al. (2011) described that although biotic factors may
cause absences of the species in a particular area, models for invasive species should aim
to estimate the complete area at risk from invasion. This is particularly the case as biological
interactions are likely to change with CCC (Blois et al., 2013), as well as changes to physical
barriers over time. Overall, both correlative and mechanistic models should ideally be used
together to examine the differences in modelled distributions. Examining these differences
could be useful for the management of NIS with CCC where potential spatial and temporal

changes in biotic factors could affect the realised niche.

In Chapter 2, the correlative model predicted a poleward shift in suitable habitats for M.
gigas under end-of-the-century conditions globally. This prediction of a poleward shift was
further validated in Chapter 4 where the mechanistic model predicted an increase in number

of eggs and spawning events at higher latitudes around the northeast Atlantic under future
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CCC conditions. It is therefore suggested that wild populations of M. gigas may become
more abundant at higher latitudes by the end of the century. Congruent results between
modelling approaches agrees with other studies which have produced similar predictions
from both approaches (Kearney et al., 2010b; Rougier et al., 2015). For example, Rougier
et al. (2015) found correlative and mechanistic models produced similar trends between the
habitat suitability and population dynamics of the allis shad, Alosa alosa. There is a general
consensus that correlative and mechanistic models should be used in a complementary
way rather than making a preferential choice (Morin & Thuiller, 2009; Serra-Diaz et al., 2013;
Rougier et al., 2015). Equally, the use of both models may provide a useful way to offset
model uncertainty as both models rely on different assumptions. Variations between the two
predictions may identify areas where differences between the realised and fundamental
niche might be significant (Morin & Thuiller, 2009; Serra-Diaz et al., 2013). Combining both
model outputs could be considered an ‘ensemble’ approach in the general sense and will

provide greater insights into the potential distributions of species and changes with CCC.

The two models did produce contradictory results in the northeast Atlantic region and
Mediterranean Sea. The correlative model predicted a decrease in habitat suitability in the
Mediterranean Sea under both emission scenarios. The mechanistic model, however,
predicted M. gigas will undergo increased growth and reproduction with CCC, suggesting
these areas may become more favourable. As well as differences between models arising
from the characterisation of different niches, it is important to note that the models in
Chapters 2 and 4 did not use the same variables. The correlative model included
temperature, salinity, chlorophyll concentration, pH and calcite, whereas the mechanistic
model only used temperature and chlorophyll concentration for the DEB simulations. This
could be responsible for divergences between model predictions. Other factors which may
have led to differences are, firstly, the mechanistic model used finer-scale temporal
environmental data as opposed to long-term means to assess how this environmental
variation will affect their success with CCC. Secondly, the correlative model was trained on
global occurrence data and not on only northeast Atlantic populations, which the
mechanistic model is based upon. Whilst a direct comparison of these two models is not
possible, two diverging predictions in the Mediterranean Sea implies that forecasting the
effect of CCC in this region could be more difficult. Some additional data and different

modelling approaches are likely required to see if a consensus forms.

A species’ response to environmental change is not necessarily uniform across its
biogeographic range due to individual-level interactions, with the local environment leading
to local-scale adaptations (Valladares et al., 2014). It remains relatively unknown, however,

how the inclusion of locally adapted populations of the same species may impact correlative
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and mechanistic ENMs. Investigation of native and introduced niches in Chapter 2 showed
that separated populations of the same species (native and introduced) can have different
niches which may ultimately lead to inaccurate predictions of species distributions. The
importance of examining differences between local populations was highlighted in Chapter
4 where small shifts in DEB parameter means (which could symbolise changes between
populations) led to substantial shifts in the life-history traits of M. gigas. Local adaptation
can lead to increased model sensitivity and significant differences in current and future
predictions in species distributions (Hallfors et al., 2016; Lecocq et al., 2019). Overall, few
ENMs have incorporated potential differences between local populations but their inclusion
could greatly benefit the robustness of ENMs (Kolbe et al., 2010; Hallfors et al., 2016;
Chapman et al., 2017). However, collecting a range of physiological data from multiple
populations would be a very time consuming and costly undertaking. Chapman et al. (2017)
used phenological experimental data between southerly and northerly ragweed populations
to predict the introduced ranges of individual populations. They found that the northern
populations had lower thermal requirements for bud development than southern
populations due local adaptation during invasion and thus, the mechanistic ENM predicted
this would extend the introduced range northwards and increase average habitat suitability
in current and future climates. Exclusion of intraspecific data when modelling NIS could
substantially underestimate the extent of biological invasions both in the present day and
with CCC (Chapman et al., 2017). Overall, understanding how intraspecific variability affects

both correlative and mechanistic ENM predictions requires much further investigation.

The mechanistic ENM incorporated environmental data at a finer temporal resolution than
the correlative model, for example daily or seasonal compared to long-term (decadal)
averages, which could lead to a more accurate and detailed predictions of spatial patterns
both in the present day and under CCC conditions. Long-term environmental averages,
which are often used in correlative ENMs, exclude natural climate fluctuations which
species experience over short time scales (Redfern et al.,, 2006; Robinson et al., 2011).
These natural fluctuations in climate over months, weeks or days are important for
determining or limiting species distributions and abundance (Parmesan et al., 2000; Chan
et al., 2016; Montalto et al., 2014). Daily and seasonal fluctuations to unfavourable
conditions and the frequency of extreme events, such as marine heat waves, are likely to
increase with CCC and models using long-term averages could therefore underpredict the
effects of CCC (Bateman et al., 2012). This may especially be the case at range edges
where species are likely living close to their physiological limits and may be more sensitive
to environmental changes (Parmesan et al., 2000). Using correlative ENMs, Fernandez et
al. (2017) found SST to be the main variable determining the spatial patterns of cetaceans

when using coarse temporal resolutions (monthly to yearly averages), but the importance
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of other limiting variables, such as distance to frontal areas, was detected at finer resolutions
(daily to weekly averages). Pennino et al. (2019) observed that environmental data at
weekly, monthly and seasonal resolutions provided better predictive power and estimation
of the relationship between benthic fish species and their habitats than yearly averages.
Scales et al. (2017) found similar results showing that seasonal and climatological time
scales, as opposed to daily or weekly scales, increased model error in marine predator
habitat models. Using mechanistic ENMs, Montalto et al. (2014) found that temporal
averaging can lead to the underestimation of the number of eggs, reproductive events and
time to maturation in the bivalve Mytilus galloprovincialis. The selection of temporal
resolution therefore plays an important role in predicting species distributions and finer
resolutions are likely needed to detect the effects and interactions between environmental
variables (Montalto, et al., 2014; Fernandez et al., 2017). Coarser temporal resolutions may
be more appropriate on mesoscales/global scales (Fernandez et al., 2017), however, the
interaction between temporal and spatial resolutions when using ENMs remains relatively

unclear.

In general, ENMs heavily depend on the availability of environmental data which can be a
major limiting factor in predicting species distributions. Global climate models have greatly
advanced the use of ENMs for predicting past, present and future distributions under
variable climates and have enabled investigations using multiple environmental variables.
Accessible forecasts of end-of-the-century environmental conditions in marine systems
tend to have coarse spatial resolutions (such as 1° x 1° HadGEM-ES used in this thesis)
and limited temporal resolutions. As a result, predictions of species distributions in the
marine environment under CCC are likely to be coarse. Whilst coarse resolutions are useful
for predicting large-scale distributions and general biogeographic trends in species
distributions, such as in Chapter 2, they may not be useful for conservation planning and
management where fine-scale, regional or local estimates are required (Reid, 1998; Hess
et al., 2006). The accessibility of high-resolution environmental data is necessary for the
advancement and application of marine ENM predictions. It is important to note, however,
that biological interactions and topography will play a larger role in predicting species’
distributional patterns at fine scales (Pearson & Dawson, 2003; Montoya et al., 2009;
Robinson et al., 2011).

Predicting the distributions of target species has vast potential to influence conservation,
management and policy (Guisan et al., 2013; Marshall et al., 2014). Although prevention of
NIS introduction is a priority, early detection and subsequent early eradication is recognised
as the most cost-effective mechanism for biosecurity (Tidbury et al., 2016). Invasion risk

mapping requires robust predictions in potential growth, reproductive potential and habitat
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suitability for efficient and targeted management to increase the chances of identifying
potential establishment and areas of spread (Jiménez-Valverde et al.,, 2011). The
significance of physiological understanding for conservation has been recognised in the
literature (Carey, 2005; Cooke & O’Connor, 2010; Evans et al., 2015). As such,
‘conservation physiology’, described as an integrative approach using mechanistic
responses to environmental changes to understand biological diversity and functioning,
could be used for tackling conservation problems (Wikelski & Cooke, 2006; Cooke et al.,
2013). Chapter 4 identified areas of concern at northern latitudes in the northeast Atlantic
and in the Mediterranean Sea where M. gigas are predicted to have increased spawning
events, potentially facilitating their spread. This novel insight into areas of potential future
proliferation has applications in the development of targeted environmental conservation
and management decisions with the aims to limit NIS spread on the coastlines. It is likely
that localised, ecosystem-based modelling will be needed in targeted areas to more fully
understand the ecological consequences of M. gigas spread under CCC.

5.4 Concluding remarks

This thesis found, using a combination of approaches, that the highly successful M. gigas
can tolerate CCC conditions and will likely undergo a poleward range expansion towards
end of the century. Robust estimates provided evidence for the growing consensus in the
literature that CCC will facilitate the spread and competitive dominance of NIS. The novel
methods presented in this thesis have emphasised best practices which should act as a
basis for future investigations into NIS physiology and distributions. This included firstly, the
wider use of hypervolumes, or other alternatives to principal components analysis, to
estimate and visualise niche shifts. Secondly, the use of long-term, seasonal mesocosms
to understand the effects of multiple stressors on species biological functions, and lastly,
the development of mechanistic ENMs which incorporate inter-individual variability to
examine species life-history traits across large spatial scales. From comparing two
competing types of ENMSs, it is clear that they provide slightly different but often
complementary insights into how species niches may change with CCC. Running multiple
types of ENMs, particularly when undertaking the collection of physiological data, requires
significant investment. However, their combination will allow for more robust predictions of
NIS distributions and a greater understanding of how large-scale patterns in biodiversity will

rapidly change under CCC.
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Chapter 6 Appendices for Chapter 2

Table 6.1 Table of the environmental variables used to for modelling Magallana gigas
niches in environmental and geographical space from Bio-ORACLE v2.0 (Tyberghein et al.,
2012; Assis et al., 2018) and HadGEM-ES along with a justification of their biological
importance for M. gigas.

Environmental _ _ _
_ Units Variable importance
Variable
Temporal mean from The geographic range boundaries of marine ectotherms
monthly sea surface °C are limited by the species’ thermal tolerance, affecting
temperature fundamental biological functioning (Sunday et al., 2012)
Salinity is a key range limiting factor for marine species,
Interpolated mean of Y yrang g P
o o PSS impacting species physiology and survival (Cognetti &
in-situ salinity .
Maltagliati, 2000; Paavola et al., 2005)
The pH of seawater is influenced by CO: in the
Interpolated mean of atmosphere and can have a significant effect on shell
in-situ pH growth and dissolution in marine calcifying organisms
(Doney et al., 2009)
Calcite concentration serves as a proxy for the carbonate
Temporal mean from chemistry in the water which is important for the
seasonal calcite mol/m? calcification rates and the formation of oyster shells, which
concentration are predominately made of calcite (Stenzel, 1963; Fabry et
al., 2008)
Chlorophyll a concentration is a measure of primar
Temporal mean from Py P y
productivity and thus a proxy for food availability for
monthly chlorophylla | mg/m?3 , .
_ suspension feeders, such as oysters (Tyberghein et al.,
concentration 2012; Rodil et al., 2014).
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Table 6.2 Weightings of the environmental variables in the first and second axes for the

principal components analysis and partial least squares.

Environmental Principal component eigenvectors Partial least squares loadings
variable
Axes 1 Axes 2 Axes 1 Axes 2
Calcite -0.35 0.65 -0.53 -0.29
Chlorophyll -0.43 -0.40 0.04 0.44
pH 0.40 -0.31 0.32 -0.58
Salinity 0.56 -0.15 0.19 -0.44
Temperature 0.47 0.55 0.76 0.54
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Figure 6.1 Partial least squares analysis in two-dimensional space of the native (blue) and

introduced (red) niches. The native points overlay the introduced.
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Figure 6.2 Standard deviation of habitat suitability for the Magallana gigas ensemble model

along the global coastline for the present day (a) and the end of the century based on

RCP4.5 (b) and RCP8.5 (c) scenarios.
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Figure 6.3 Habitat suitability for Magallana gigas for BIOCLIM, Mahalanobis distance,
Maxent and Boosted Regression Trees models in the present and predicted for the end of

the century. Each model was run 100 times and the median determined.
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Figure 7.1 (a) The global aquaculture value of Magallana gigas between 1984 and 2017
(FAO, 2019) and (b) the global distribution of wild M. gigas from Global Biodiversity
Information Facility (GBIF, accessed: 7th October 2019).
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Table 7.1 Mean (x standard deviation) salinity, pH and total alkalinity for each of the 12

treatments over 10 months. Salinity and pH were monitored every 1-2 days, and total

alkalinity measured every 2 weeks for the duration of the experiment.

Treatment temperature

Total alkalinity

(°C) - salinity - pH Salinity PH (umol kg-1)
Ambient-20-7.5 19.9+0.9 7.54 + 0.05 18354+ 814
Ambient - 20 - 7.7 20.2+1.1 7.70 £ 0.04 1828.0 + 81.5
Ambient - 20 - 8.1 21.2+1.6 8.05 + 0.04 1807.4 +98.4
Ambient-34-7.5 33.5+1.8 7.54 +0.04 2317.0+93.1
Ambient - 34 - 7.7 33.0+14 7.72 £ 0.03 22939+ 154
Ambient - 34 - 8.1 33.9+1.2 8.01 + 0.03 2302.6 +95.3
+4-20-7.5 204+1.1 7.51 + 0.06 1833.4 + 102.9
+4-20-7.7 21.3+1.1 7.72 +0.04 1810+ 105.1
+4-20-8.1 205+13 8.10 + 0.06 1838.5+ 88.2
+4-34-7.5 34.3+0.9 7.53 + 0.06 2332.7+92.1
+4-34-7.7 341+19 7.72 +0.03 2304.6 £ 92.0
+4-34-8.1 340+1.8 8.07 £ 0.05 2334.6 £ 95.2

113




Chapter 7

0.0081

0.006

0.004

Oxygen consumption rate mg.h”"’

0.002 10 11 12 13 14 15 16 17 18 19 20

Actual temperature (°C)

Figure 7.2 Mean oxygen consumption rates (mg hr') of Magallana gigas across all
treatments against average monthly temperature of the water. Temperature was based on
mean monthly SST from the Western Channel Observatory L4 station data. Data were

weighted by sample size and standardised to 1g oyster (R? = 0.87).

114



Chapter 8
Chapter 8 References

Adams, T.P., Miller, R.G., Aleynik, D. and Burrows, M.T. (2014) Offshore marine
renewable energy devices as stepping stones across biogeographical boundaries.
Journal of Applied Ecology 51, 330-338.

Alexander, J.M. and Edwards, P.J. (2010) Limits to the niche and range margins of alien
species. Oikos 119, 1377-1386.

Alexander, J.M. (2013) Evolution under changing climates: climatic niche stasis despite
rapid evolution in a non-native plant. Proceedings of the Royal Society B:
Biological Sciences 280, 20131446.

Alunno-Bruscia, M., Bourlés, Y., Maurer, D., Robert, S., Mazurié, J., Gangnery, A.,
Goulletquer, P. and Pouvreau, S. (2011) A single bio-energetics growth and
reproduction model for the oyster Crassostrea gigas in six Atlantic ecosystems.
Journal of Sea Research 66, 340-348.

Alvarez, I., Gomez-Gesteira, M., Decastro, M., Lorenzo, M.N., Crespo, A.J.C. and Dias,
J.M. (2011) Comparative analysis of upwelling influence between the western and
northern coast of the Iberian Peninsula. Continental Shelf Research 31, 388-399.

Anglés D'auriac, M.B., Rinde, E., Norling, P., Lapégue, S., Staalstram, A., Hjermann, D.@.
and Thaulow, J. (2017) Rapid expansion of the invasive oyster Crassostrea gigas
at its northern distribution limit in Europe: Naturally dispersed or introduced? PLOS
ONE 12, e0177481.

Antonio, .G. and Camacho, A.P. (2019) Reproduction of the introduced oyster
Crassostrea gigas (Bivalvia: Ostreidae) cultured on rafts in Spain. Acta Zoologica
100, 257-267.

Araujo, C.B.D., Marcondes-Machado, L.O. and Costa, G.C. (2014) The importance of
biotic interactions in species distribution models: a test of the Eltonian noise
hypothesis using parrots. Journal of Biogeography 41, 513-523.

Araujo, M.B., Pearson, R.G., Thuiller, W. and Erhard, M. (2005) Validation of species—
climate impact models under climate change. Global Change Biology 11, 1504-
1513.

Araujo, M.B. and Guisan, A. (2006) Five (or so) challenges for species distribution
modelling. Journal of Biogeography 33, 1677-1688.

Araujo, M.B. and Luoto, M. (2007) The importance of biotic interactions for modelling
species distributions under climate change. Global Ecology and Biogeography 16,
743-753.

Arnall, S.G., Mitchell, N.J., Kuchling, G., Durell, B., Kooijman, S.a.L.M. and Kearney, M.R.
(2019) Life in the slow lane? A dynamic energy budget model for the western
swamp turtle, Pseudemydura umbrina. Journal of Sea Research 143, 89-99.

Arnould-Pétré, M., Guillaumot, C., Danis, B., Féral, J.-P. and Saucéde, T. (2021)
Individual-based model of population dynamics in a sea urchin of the Kerguelen
Plateau (Southern Ocean), Abatus cordatus, under changing environmental
conditions. Ecological Modelling 440, 109352.

Assis, J., Tyberghein, L., Bosch, S., Verbruggen, H., Serrdo, E.A. and De Clerck, O.
(2018) Bio-ORACLE v2.0: Extending marine data layers for bioclimatic modelling.
Global Ecology and Biogeography 27, 277-284.

115



Chapter 8

Atwater, D.Z., Ervine, C. and Barney, J.N. (2018) Climatic niche shifts are common in
introduced plants. Nature Ecology & Evolution 2, 34-43.

Bacher, C. and Gangnery, A. (2006) Use of dynamic energy budget and individual based
models to simulate the dynamics of cultivated oyster populations. Journal of Sea
Research 56, 140-155.

Bailey, S.A. (2015) An overview of thirty years of research on ballast water as a vector for
aguatic invasive species to freshwater and marine environments. Aquatic
Ecosystem Health & Management 18, 261-268.

Bali¢, D.E., Radoni¢, |., Varezi¢, D.B., Zorica, B., Arapov, J., Stagli¢i¢, N., Jozi¢, S.,
Peharda, M., Briski, E. and Lin, Y. (2020) Reproductive cycle of a non-native
oyster, Crassostrea gigas, in the Adriatic Sea. Mediterranean Marine Science 21,
146-156.

Barros, P., Sobral, P., Range, P., Chicharo, L. and Matias, D. (2013) Effects of sea-water
acidification on fertilization and larval development of the oyster Crassostrea
gigas. Journal of Experimental Marine Biology and Ecology 440, 200-206.

Bateman, B.L., Vanderwal, J. and Johnson, C.N. (2012) Nice weather for bettongs: using
weather events, not climate means, in species distribution models. Ecography 35,
306-314.

Bates, A.E., Mckelvie, C.M., Sorte, C.J., Morley, S.A., Jones, N.A., Mondon, J.A., Bird,
T.J. and Quinn, G. (2013) Geographical range, heat tolerance and invasion
success in aquatic species. Proceedings of the Royal Society B: Biological
Sciences 280, 20131958.

Bax, N., Williamson, A., Aguero, M., Gonzalez, E. and Geeves, W. (2003) Marine invasive
alien species: a threat to global biodiversity. Marine Policy 27, 313-323.

Bayne, B.L. (2002) A physiological comparison between Pacific oysters Crassostrea gigas
and Sydney Rock oysters Saccostrea glomerata: food, feeding and growth in a
shared estuarine habitat. Marine Ecology Progress Series 232, 163-178.

Beaumont, L.J., Gallagher, R.V., Thuiller, W., Downey, P.O., Leishman, M.R. and
Hughes, L. (2009) Different climatic envelopes among invasive populations may
lead to underestimations of current and future biological invasions. Diversity and
Distributions 15, 409-420.

Bell, D.M. and Schlaepfer, D.R. (2016) On the dangers of model complexity without
ecological justification in species distribution modeling. Ecological Modelling 330,
50-59.

Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W. and Courchamp, F. (2012) Impacts
of climate change on the future of biodiversity. Ecology Letters 15, 365-377.

Berg, M.P., Kiers, E.T., Driessen, G., Van Der Heijden, M., Kooi, B.W., Kuenen, F.,
Liefting, M., Verhoef, H.A. and Ellers, J. (2010) Adapt or disperse: understanding
species persistence in a changing world. Global Change Biology 16, 587-598.

Bernard, I., De Kermoysan, G. and Pouvreau, S. (2011) Effect of phytoplankton and
temperature on the reproduction of the Pacific oyster Crassostrea gigas:
Investigation through DEB theory. Journal of Sea Research 66, 349-360.

Bernard, ., Massabuau, J.C., Ciret, P., Sow, M., Sottolichio, A., Pouvreau, S. and Tran, D.
(2016) In situ spawning in a marine broadcast spawner, the Pacific oyster
Crassostrea gigas: timing and environmental triggers. Limnology and
Oceanography 61, 635-647.

116



Chapter 8

Bertolini, C., Brigolin, D., Porporato, E.M.D., Hattab, J., Pastres, R. and Tiscar, P.G.
(2021) Testing a model of Pacific oysters’ (Crassostrea gigas) growth in the
Adriatic Sea: implications for aquaculture spatial planning. Sustainability 13, 3309.

Bishop, M.J., Mayer-Pinto, M., Airoldi, L., Firth, L.B., Morris, R.L., Loke, L.H., Hawkins,
S.J., Naylor, L.A., Coleman, R.A. and Chee, S.Y. (2017) Effects of ocean sprawl
on ecological connectivity: impacts and solutions. Journal of Experimental Marine
Biology and Ecology 492, 7-30.

Blois, J.L., Zarnetske, P.L., Fitzpatrick, M.C. and Finnegan, S. (2013) Climate change and
the past, present, and future of biotic interactions. Science 341, 499.

Blonder, B., Lamanna, C., Violle, C. and Enquist, B.J. (2014) The n-dimensional
hypervolume. Global Ecology and Biogeography 23, 595-609.

Boersch-Supan, P.H. and Johnson, L.R. (2019) Two case studies detailing Bayesian
parameter inference for dynamic energy budget models. Journal of Sea Research
143, 57-69.

Bolnick, D.I., Amarasekare, P., Aradjo, M.S., Blrger, R., Levine, J.M., Novak, M., Rudolf,
V.H.W., Schreiber, S.J., Urban, M.C. and Vasseur, D.A. (2011) Why intraspecific
trait variation matters in community ecology. Trends in Ecology & Evolution 26,
183-192.

Boom, J., Boulding, E. and Beckenbach, A. (1994) Mitochondrial DNA variation in
introduced populations of pacific oyster, Crassostrea gigas, in British Columbia.
Canadian Journal of Fisheries and Aquatic Sciences 51, 1608-1614.

Bougrier, S., Geairon, P., Deslous-Paoli, J.M., Bacher, C. and Jonquiéres, G. (1995)
Allometric relationships and effects of temperature on clearance and oxygen
consumption rates of Crassostrea gigas (Thunberg). Aquaculture 134, 143-154.

Braby, C.E. and Somero, G.N. (2006) Following the heart: temperature and salinity effects
on heart rate in native and invasive species of blue mussels (genus Mytilus).
Journal of Experimental Biology 209, 2554.

Brandt, G., Wehrmann, A. and Wirtz, K.W. (2008) Rapid invasion of Crassostrea gigas
into the German Wadden Sea dominated by larval supply. Journal of Sea
Research 59, 279-296.

Bressan, M., Chinellato, A., Munari, M., Matozzo, V., Manci, A., Marceta, T., Finos, L.,
Moro, I., Pastore, P., Badocco, D. and Marin, M.G. (2014) Does seawater
acidification affect survival, growth and shell integrity in bivalve juveniles? Marine
Environmental Research 99, 136-148.

Briscoe, N.J., Elith, J., Salguero-Gémez, R., Lahoz-Monfort, J.J., Camac, J.S., Giljohann,
K.M., Holden, M.H., Hradsky, B.A., Kearney, M.R., Mcmahon, S.M., Phillips, B.L.,
Regan, T.J., Rhodes, J.R., Vesk, P.A., Wintle, B.A., Yen, J.D.L. and Guillera-
Arroita, G. (2019) Forecasting species range dynamics with process-explicit
models: matching methods to applications. Ecology Letters 22, 1940-1956.

Broennimann, O., Treier, U.A., Muller-Schéarer, H., Thuiller, W., Peterson, A.T. and
Guisan, A. (2007) Evidence of climatic niche shift during biological invasion.
Ecology Letters 10, 701-709.

Broennimann, O. and Guisan, A. (2008) Predicting current and future biological invasions:
both native and invaded ranges matter. Biology Letters 4, 585-9.

Broennimann, O., Fitzpatrick, M.C., Pearman, P.B., Petitpierre, B., Pellissier, L., Yoccoz,
N.G., Thuiller, W., Fortin, M.J., Randin, C. and Zimmermann, N.E. (2012)

117



Chapter 8

Measuring ecological niche overlap from occurrence and spatial environmental
data. Global Ecology and Biogeography 21, 481-497.

Brook, B.W., Sodhi, N.S. and Bradshaw, C.J.A. (2008) Synergies among extinction drivers
under global change. Trends in Ecology & Evolution 23, 453-460.

Brown, J.R. and Hartwick, E.B. (1988) Influences of temperature, salinity and available
food upon suspended culture of the Pacific oyster, Crassostrea gigas: |. Absolute
and allometric growth. Aquaculture 70, 231-251.

Buckley, L.B., Urban, M.C., Angilletta, M.J., Crozier, L.G., Rissler, L.J. and Sears, M.W.
(2010) Can mechanism inform species' distribution models? Ecology Letters 13,
1041-54.

Byrne, M. (2011) Impact of ocean warming and ocean acidification on marine invertebrate
life history stages: vulnerabilities and potential for persistence in a changing
ocean. Oceanography and Marine Biology: An Annual Review 49, 1-42.

Byrne, M. and Przeslawski, R. (2013) Multistressor impacts of warming and acidification of
the ocean on marine invertebrates’ life histories. Integrative and Comparative
Biology 53, 582-596.

Caldeira, K. and Wickett, M.E. (2003) Anthropogenic carbon and ocean pH. Nature 425,
365.

Caldeira, K. and Wickett, M.E. (2005) Ocean model predictions of chemistry changes from
carbon dioxide emissions to the atmosphere and ocean. Journal of Geophysical
Research: Oceans 110.

Campbell, M.L., King, S., Heppenstall, L.D., Van Gool, E., Martin, R. and Hewitt, C.L.
(2017) Aquaculture and urban marine structures facilitate native and non-
indigenous species transfer through generation and accumulation of marine
debris. Marine Pollution Bulletin 123, 304-312.

Cardoso, J.F.M.F., Langlet, D., Loff, J.F., Martins, A.R., Witte, J.I.J., Santos, P.T. and Van
Der Veer, H.W. (2007) Spatial variability in growth and reproduction of the Pacific
oyster Crassostrea gigas (Thunberg, 1793) along the west European coast.
Journal of Sea Research 57, 303-315.

Carey, C. (2005) How physiological methods and concepts can be useful in conservation
biology. Integrative and Comparative Biology 45, 4-11.

Carlton, J.T. and Geller, J.B. (1993) Ecological roulette: the global transport of
nonindigenous marine organisms. Science 261, 78-82.

Carlton, J.T. (2000) Global change and biological invasions in the oceans. In: Mooney, HA
and Hobbs, RJ (eds.) Invasive species in a changing world. Washington D.C:
Island Press, 31-53.

Carpenter, G., Gillison, A.N. and Winter, J. (1993) DOMAIN: a flexible modelling
procedure for mapping potential distributions of plants and animals. Biodiversity &
Conservation 2, 667-680.

Casas, S.M,, Filgueira, R., Lavaud, R., Comeau, L.A., La Peyre, M.K. and La Peyre, J.F.
(2018a) Combined effects of temperature and salinity on the physiology of two
geographically-distant eastern oyster populations. Journal of Experimental Marine
Biology and Ecology 506, 82-90.

118



Chapter 8

Casas, S.M., Lavaud, R., La Peyre, M.K., Comeau, L.A., Filgueira, R. and La Peyre, J.F.
(2018b) Quantifying salinity and season effects on eastern oyster clearance and
oxygen consumption rates. Marine Biology 165, 90.

Castro, M.C.T.D., Fileman, T.W. and Hall-Spencer, J.M. (2017) Invasive species in the
Northeastern and Southwestern Atlantic Ocean: A review. Marine Pollution Bulletin
116, 41-47.

Chan, W.-P., Chen, I.-C., Colwell, R.K., Liu, W.-C., Huang, C.-Y. and Shen, S.-F. (2016)
Seasonal and daily climate variation have opposite effects on species elevational
range size. Science 351, 1437-1439.

Chapman, D.S., Scalone, R., Stefanic, E. and Bullock, J.M. (2017) Mechanistic species
distribution modeling reveals a niche shift during invasion. Ecology 98, 1671-1680.

Chen, I.C., Hill, J.K., Ohlemdiller, R., Roy, D.B. and Thomas, C.D. (2011) Rapid range
shifts of species associated with high levels of climate warming. Science 333,
1024.

Cheng, L., Abraham, J., Hausfather, Z. and Trenberth, K.E. (2019) How fast are the
oceans warming? Science 363, 128.

Cheng, L., Abraham, J., Zhu, J., Trenberth, K.E., Fasullo, J., Boyer, T., Locarnini, R.,
Zhang, B., Yu, F., Wan, L., Chen, X., Song, X., Liu, Y. and Mann, M.E. (2020)
Record-setting ocean warmth continued in 2019. Advances in Atmospheric
Sciences 37, 137-142.

Cheng, M.C.F., Tan, A.L.S., Rinaldi, A., Giacoletti, A., Sara, G. and Williams, G.A. (2018)
Predicting effective aquaculture in subtropical waters: A dynamic energy budget
model for the green lipped mussel, Perna viridis. Aquaculture 495, 749-756.

Cheung, W.W.L., Lam, V.W.Y., Sarmiento, J.L., Kearney, K., Watson, R. and Pauly, D.
(2009) Projecting global marine biodiversity impacts under climate change
scenarios. Fish and Fisheries 10, 235-251.

Clarke, A. (1993) Seasonal acclimatization and latitudinal compensation in metabolism: do
they exist? Functional Ecology 7, 139-149.

Clements, J.C. and Chopin, T. (2017) Ocean acidification and marine aquaculture in North
America: potential impacts and mitigation strategies. Reviews in Aquaculture 9,
326-341.

Cognetti, G. and Maltagliati, F. (2000) Biodiversity and adaptive mechanisms in brackish
water fauna. Marine Pollution Bulletin 40, 7-14.

Cook, E.J., Beveridge, C.M., Lamont, P., O'higgins, T. and Wilding, T. (2014) Survey of
wild Pacific oyster Crassostrea gigas in Scotland. Scottish Aquaculture Reasearch
Forum. Oban, Scotland: SAMS.

Cooke, S.J. and O’connor, C.M. (2010) Making conservation physiology relevant to policy
makers and conservation practitioners. Conservation Letters 3, 159-166.

Cooke, S.J., Sack, L., Franklin, C.E., Farrell, A.P., Beardall, J., Wikelski, M. and Chown,
S.L. (2013) What is conservation physiology? Perspectives on an increasingly
integrated and essential sciencet. Conservation Physiology 1.

Coughlan, J. (1969) The estimation of filtering rate from the clearance of suspensions.
Marine Biology 2, 356-358.

119



Chapter 8

Crall, A.\W., Jarnevich, C.S., Panke, B., Young, N., Renz, M. and Morisette, J. (2013)
Using habitat suitability models to target invasive plant species surveys. Ecological
Applications 23, 60-72.

Crisp, D.J. and Southward, A.J. (1958) The distribution of intertidal organisms along the
coasts of the English Channel. Journal of the Marine Biological Association of the
United Kingdom 37, 157-203.

Cushman, S.A. (2006) Effects of habitat loss and fragmentation on amphibians: a review
and prospectus. Biological Conservation 128, 231-240.

Daehler, C.C. (2003) Performance comparisons of co-occurring native and alien invasive
plants: implications for conservation and restoration. Annual Review of Ecology,
Evolution, and Systematics 34, 183-211.

Davidson, A.M., Jennions, M. and Nicotra, A.B. (2011) Do invasive species show higher
phenotypic plasticity than native species and, if so, is it adaptive? A meta-analysis.
Ecology Letters 14, 419-431.

De Cubber, L., Lefebvre, S., Lancelot, T., Duong, G. and Gaudron, S.M. (2020)
Investigating down-shore migration effects on individual growth and reproduction
of the ecosystem engineer Arenicola marina. Journal of Marine Systems 211,
103420.

De Rivera, C.E., Steves, B.P., Fofonoff, P.W., Hines, A.H. and Ruiz, G.M. (2011) Potential
for high-latitude marine invasions along western North America. Diversity and
Distributions 17, 1198-1209.

Delorme, N.J. and Sewell, M.A. (2014) Temperature and salinity: two climate change
stressors affecting early development of the New Zealand sea urchin Evechinus
chloroticus. Marine Biology 161, 1999-20009.

Des Roches, S., Post, D.M., Turley, N.E., Bailey, J.K., Hendry, A.P., Kinnison, M.T.,
Schweitzer, J.A. and Palkovacs, E.P. (2018) The ecological importance of
intraspecific variation. Nature Ecology & Evolution 2, 57-64.

Deslous-Paoli, J.-M. and Héral, M. (1988) Biochemical composition and energy value of
Crassostrea gigas (Thunberg) cultured in the bay of Marennes-Oléron. Aquatic
Living Resources 1, 239-249.

Desroy, N., Dubois, S.F., Fournier, J., Ricquiers, L., Le Mao, P., Guerin, L., Gerla, D.,
Rougerie, M. and Legendre, A. (2011) The conservation status of Sabellaria
alveolata (L.) (Polychaeta: Sabellariidae) reefs in the Bay of Mont-Saint-Michel.
Aquatic Conservation: Marine and Freshwater Ecosystems 21, 462-471.

Di Cola, V., Broennimann, O., Petitpierre, B., Breiner, F.T., D'amen, M., Randin, C.,
Engler, R., Pottier, J., Pio, D., Dubuis, A., Pellissier, L., Mateo, R.G., Hordijk, W.,
Salamin, N. and Guisan, A. (2017) ecospat: an R package to support spatial
analyses and modeling of species niches and distributions. Ecography 40, 774-
787.

Dickinson, G.H., Ivanina, A.V., Matoo, O.B., Pdrtner, H.O., Lannig, G., Bock, C., Beniash,
E. and Sokolova, I.M. (2012) Interactive effects of salinity and elevated CO2 levels
on juvenile eastern oysters, Crassostrea virginica. Journal of Experimental Biology
215, 29-43.

Diederich, S., Nehls, G., Van Beusekom, J.E.E. and Reise, K. (2005) Introduced Pacific
oysters (Crassostrea gigas) in the northern Wadden Sea: invasion accelerated by
warm summers? Helgoland Marine Research 59, 97-106.

120



Chapter 8

Dobrowski, S.Z., Thorne, J.H., Greenberg, J.A., Safford, H.D., Mynsberge, A.R.,
Crimmins, S.M. and Swanson, A.K. (2011) Modeling plant ranges over 75 years of
climate change in California, USA: temporal transferability and species traits.
Ecological Monographs 81, 241-257.

Donelson, J.M., Munday, P.L., Mccormick, M.I. and Pitcher, C.R. (2011) Rapid
transgenerational acclimation of a tropical reef fish to climate change. Nature
Climate Change 2, 30.

Doney, S.C., Fabry, V.J., Feely, R.A. and Kleypas, J.A. (2009) Ocean acidification: the
other CO2 problem. Annual Review of Marine Science 1, 169-192.

Doney, S.C., Ruckelshaus, M., Duffy, J.E., Barry, J.P., Chan, F., English, C.A., Galindo,
H.M., Grebmeier, J.M., Hollowed, A.B., Knowlton, N., Polovina, J., Rabalais, N.N.,
Sydeman, W.J. and Talley, L.D. (2012) Climate change impacts on marine
ecosystems. Annual Review of Marine Science 4, 11-37.

Dormann, C.F., Schymanski, S.J., Cabral, J., Chuine, I., Graham, C., Hartig, F., Kearney,
M., Morin, X., Rdmermann, C., Schroder, B. and Singer, A. (2012) Correlation and
process in species distribution models: bridging a dichotomy. Journal of
Biogeography 39, 2119-2131.

Duan, R.-Y., Kong, X.-Q., Huang, M.-Y., Fan, W.-Y. and Wang, Z.-G. (2014) The
predictive performance and stability of six species distribution models. PLOS ONE
9, el12764.

Duarte, P., Ferndndez-Reiriz, M., Filgueira, R. and Labarta, U. (2010) Modelling mussel
growth in ecosystems with low suspended matter loads. Journal of Sea Research
64, 273-286.

Duarte, P., Fernandez-Reiriz, M.J. and Labarta, U. (2012) Modelling mussel growth in
ecosystems with low suspended matter loads using a Dynamic Energy Budget
approach. Journal of Sea Research 67, 44-57.

Dubois, S., Commito, J.A., Olivier, F. and Retiére, C. (2006) Effects of epibionts on
Sabellaria alveolata (L.) biogenic reefs and their associated fauna in the Bay of
Mont Saint-Michel. Estuarine, Coastal and Shelf Science 68, 635-646.

Dukes, J.S. and Mooney, H.A. (1999) Does global change increase the success of
biological invaders? Trends in Ecology & Evolution 14, 135-139.

Dupont, S., Dorey, N., Stumpp, M., Melzner, F. and Thorndyke, M. (2013) Long-term and
trans-life-cycle effects of exposure to ocean acidification in the green sea urchin
Strongylocentrotus droebachiensis. Marine Biology 160, 1835-1843.

Dutertre, M., Barillé, L., Haure, J. and Cognie, B. (2007) Functional responses associated
with pallial organ variations in the Pacific oyster Crassostrea gigas (Thunberg,
1793). Journal of Experimental Marine Biology and Ecology 352, 139-151.

Dutertre, M., Beninger, P.G., Barille, L., Papin, M. and Haure, J. (2010) Rising water
temperatures, reproduction and recruitment of an invasive oyster, Crassostrea
gigas, on the French Atlantic coast. Marine Environmental Research 69, 1-9.

Early, R. and Sax, D.F. (2014) Climatic niche shifts between species' native and
naturalized ranges raise concern for ecological forecasts during invasions and
climate change. Global Ecology and Biogeography 23, 1356-1365.

Elith, J., Graham, C.H., Anderson, R.P., Dudik, M., Ferrier, S., Guisan, A., Hijmans, R.J.,
Huettmann, F., Leathwick, J.R., Lehmann, A., Li, J., Lohmann, L.G., Loiselle, B.A.,
Manion, G., Moritz, C., Nakamura, M., Nakazawa, Y., Overton, J., Townsend

121



Chapter 8

Peterson, A., Phillips, S., Richardson, K., Scachetti-Pereira, R., Schapire, R.E.,
Soberdn, J., Williams, S., Wisz, M.S. and Zimmermann, N.E. (2006) Novel
methods improve prediction of species’ distributions from occurrence data.
Ecography 29, 129-151.

Elith, J., Leathwick, J.R. and Hastie, T. (2008) A working guide to boosted regression
trees. Journal of Animal Ecology 77, 802-813.

Elith, J. and Leathwick, J.R. (2009) Species distribution models: ecological explanation
and prediction across space and time. Annual Review of Ecology, Evolution, and
Systematics 40, 677-697.

Elith, J., Kearney, M. and Phillips, S. (2010) The art of modelling range-shifting species.
Methods in Ecology and Evolution 1, 330-342.

Elith, J., Phillips, S.J., Hastie, T., Dudik, M., Chee, Y.E. and Yates, C.J. (2011) A
statistical explanation of MaxEnt for ecologists. Diversity and Distributions 17, 43-
57.

English, L.J., Maguire, G.B. and Ward, R.D. (2000) Genetic variation of wild and hatchery
populations of the Pacific oyster, Crassostrea gigas (Thunberg), in Australia.
Aquaculture 187, 283-298.

Eno, N.C., Clark, R.A. and Sanderson, W.G. (1997) Non-native marine species in British
waters: A review and directory, Peterborough, UK, JNCC.

Enriquez-Diaz, M., Pouvreau, S., Chavez-Villalba, J. and Le Pennec, M. (2009)
Gametogenesis, reproductive investment, and spawning behavior of the Pacific
giant oyster Crassostrea gigas: evidence of an environment-dependent strategy.
Aquaculture International 17, 491.

Ernande, B., Boudry, P., Clobert, J. and Haure, J. (2004) Plasticity in resource allocation
based life history traits in the Pacific oyster, Crassostrea gigas. |. Spatial variation
in food abundance. Journal of Evolutionary Biology 17, 342-356.

Escapa, C.M., Isacch, J.P., Daleo, P., Alberti, J., Iribarne, O.0O., Borges, M.E., Dos
Santos, E.P., Gagliardini, D.A. and Lasta, M. (2004) The distribution and
ecological effects of the introduced Pacific oyster Crassostrea gigas (Thunberg,
1793) in northern Patagonia.

European Commission (2017) Commission Directive (EU) 2017/845 of 17 May 2017
laying down criteria and methodological standards on good environmental status
of marine waters

and specifications and standardised methods for monitoring and assessment, and
repealing Decision 2010/477/EU. Official Journal of the European Union.

Evans, T.G., Diamond, S.E. and Kelly, M.W. (2015) Mechanistic species distribution
modelling as a link between physiology and conservation. Conservation
Physiology 3, cov056.

Fabioux, C., Huvet, A., Le Souchu, P., Le Pennec, M. and Pouvreau, S. (2005)
Temperature and photoperiod drive Crassostrea gigas reproductive internal clock.
Aquaculture 250, 458-470.

Fabry, V.J., Seibel, B.A., Feely, R.A. and Orr, J.C. (2008) Impacts of ocean acidification
on marine fauna and ecosystem processes. ICES Journal of Marine Science 65,
414-432.

122



Chapter 8

Falkenberg, L.J., Styan, C.A. and Havenhand, J.N. (2019) Sperm motility of oysters from
distinct populations differs in response to ocean acidification and freshening.
Scientific Reports 9, 7970.

Fao (2019) FAO Yearbook. Fishery and Aquaculture Statistics 2017.

Farber, O. and Kadmon, R. (2003) Assessment of alternative approaches for bioclimatic
modeling with special emphasis on the Mahalanobis distance. Ecological
Modelling 160, 115-130.

Feeley, K.J. and Silman, M.R. (2011) Keep collecting: accurate species distribution
modelling requires more collections than previously thought. Diversity and
Distributions 17, 1132-1140.

Fernandez, M., Yesson, C., Gannier, A., Miller, P.l. and Azevedo, J.M.N. (2017) The
importance of temporal resolution for niche modelling in dynamic marine
environments. Journal of Biogeography 44, 2816-2827.

Fey, F., Dankers, N., Steenbergen, J. and Goudswaard, K. (2010) Development and
distribution of the non-indigenous Pacific oyster (Crassostrea gigas) in the Dutch
Wadden Sea. Aquaculture International 18, 45-59.

Fitzpatrick, M.C. and Hargrove, W.W. (2009) The projection of species distribution models
and the problem of non-analog climate. Biodiversity and Conservation 18, 2255.

Form, A.U. and Riebesell, U. (2011) Acclimation to ocean acidification during long-term
CO2 exposure in the cold-water coral Lophelia pertusa. Global Change Biology 18,
843-853.

Funk, J.L. (2008) Differences in plasticity between invasive and native plants from a low
resource environment. Journal of Ecology 96, 1162-1173.

Giacoletti, A., Lucido, G.D., Mangano, M.C. and Sara, G. (2021) Functional trait-based
layers-an aquaculture siting tool for the Mediterranean Sea. Aquaculture 532,
736081.

Gallien, L., Douzet, R., Pratte, S., Zimmermann, N.E. and Thuiller, W. (2012) Invasive
species distribution models — how violating the equilibrium assumption can create
new insights. Global Ecology and Biogeography 21, 1126-1136.

Gaston, K.J., Williams, P.H., Eggleton, P. and Humphries, C.J. (1995) Large scale
patterns of biodiversity: spatial variation in family richness. Proceedings of the
Royal Society of London. Series B: Biological Sciences 260, 149-154.

Gaston, K.J. (2000) Global patterns in biodiversity. Nature 405, 220-227.

Gattuso, J.-P., Magnan, A., Billé, R., Cheung, W.W., Howes, E.L., Joos, F., Allemand, D.,
Bopp, L., Cooley, S.R. and Eakin, C.M. (2015) Contrasting futures for ocean and
society from different anthropogenic CO2 emissions scenarios. Science 349.

Gazeau, F., Quiblier, C., Jansen Jeroen, M., Gattuso, J.P., Middelburg Jack, J. and Heip
Carlo, H.R. (2007) Impact of elevated CO2 on shellfish calcification. Geophysical
Research Letters 34.

Gazeau, F., Parker, L.M., Comeau, S., Gattuso, J.-P., O’connor, W.A., Martin, S., Portner,
H.-O. and Ross, P.M. (2013) Impacts of ocean acidification on marine shelled
molluscs. Marine Biology 160, 2207-2245.

Gazeau, F., Alliouane, S., Bock, C., Bramanti, L., Lépez Correa, M., Gentile, M., Hirse, T.,
Pdrtner, H.-O. and Ziveri, P. (2014) Impact of ocean acidification and warming on

123



Chapter 8

the Mediterranean mussel (Mytilus galloprovincialis). Frontiers in Marine Science
1.

Gbif.Org. (7 October 2019). GBIF Occurrence Download https://doi.org/10.15468/dl.gtnjkf
[Online]. [Accessed 7th October 2019].

Ghaffari, H., Wang, W., Li, A., Zhang, G. and Li, L. (2019) Thermotolerance divergence
revealed by the physiological and molecular responses in two oyster subspecies of
Crassostrea gigas in China. Frontiers in Physiology 10.

Gillson, L., Dawson, T.P., Jack, S. and Mcgeoch, M.A. (2013) Accommodating climate
change contingencies in conservation strategy. Trends Ecol Evol 28, 135-42.

Goldsmit, J., Archambault, P., Chust, G., Villarino, E., Liu, G., Lukovich, J.V., Barber, D.G.
and Howland, K.L. (2018) Projecting present and future habitat suitability of ship-
mediated aquatic invasive species in the Canadian Arctic. Biological Invasions 20,
501-517.

Gollasch, S. (2006) Overview on introduced aquatic species in European navigational and
adjacent waters. Helgoland Marine Research 60, 84-89.

Gonzélez-Suéarez, M., Bacher, S. and Jeschke, J.M. (2015) Intraspecific trait variation Is
correlated with establishment success of alien mammals. The American Naturalist
185, 737-746.

Good, R. (1947) The geography of the flowering plants, London, Longmans, Green and
Co.

Goulletquer, P., Wolowicz, M., Latala, A., Geairon, P., Huvet, A. and Boudry, P. (1999)
Comparative analysis of oxygen consumption rates between cupped oyster spat of
Crassostrea gigas of French, Japanese, Spanish and Taiwanese origins. Aquatic
Living Resources 12, 271-277.

Graham, M.H., Kinlan, B.P. and Grosberg, R.K. (2010) Post-glacial redistribution and
shifts in productivity of giant kelp forests. Proceedings of the Royal Society B:
Biological Sciences 277, 399-406.

Graham, P., Falconer, L., Telfer, T., Mossone, P., Viale, I. and Carboni, S. (2020) A
modelling approach to classify the suitability of shallow Mediterranean lagoons for
pacific oyster, Crassostrea gigas (Thunberg, 1793) farming. Ocean & Coastal
Management 192, 105234.

Grant, B.W. and Porter, W.P. (1992) Modeling global macroclimatic constraints on
ectotherm energy budgets. American Zoologist 32, 154-178.

Gray, M.W. and Langdon, C.J. (2018) Ecophysiology of the Olympia Oyster, Ostrea lurida,
and Pacific Oyster, Crassostrea gigas. Estuaries and Coasts 41, 521-535.

Grinnell, J. (1904) The origin and distribution of the chest-nut-backed chickadee. The Auk
21, 364-382.

Grinnell, J. (1917) The niche-relationships of the California Thrasher. The Auk 34, 427-
433.

Grinnell, J. (1924) Geography and evolution. Ecology 5, 225-29.

Grosholz Edwin, D., Ruiz Gregory, M., Dean Cheryl, A., Shirley Kim, A., Maron John, L.
and Connors Peter, G. (2000) The impacts of a nonindigenous marine predator in
a California Bay. Ecology 81, 1206-1224.

124


https://doi.org/10.15468/dl.qtnjkf

Chapter 8

Guillera-Arroita, G., Lahoz-Monfort, J.J., Elith, J., Gordon, A., Kujala, H., Lentini, P.E.,
Mccarthy, M.A., Tingley, R. and Wintle, B.A. (2015) Is my species distribution
model fit for purpose? Matching data and models to applications. Global Ecology
and Biogeography 24, 276-292.

Guisan, A. and Zimmermann, N.E. (2000) Predictive habitat distribution models in
ecology. Ecological Modelling 135, 147-186.

Guisan, A. and Thuiller, W. (2005) Predicting species distribution: offering more than
simple habitat models. Ecology Letters 8, 993-1009.

Guisan, A., Tingley, R., Baumgartner, J.B., Naujokaitis-Lewis, I., Sutcliffe, P.R., Tulloch,
A.L.T., Regan, T.J., Brotons, L., Mcdonald-Madden, E., Mantyka-Pringle, C.,
Martin, T.G., Rhodes, J.R., Maggini, R., Setterfield, S.A., Elith, J., Schwartz, M.W.,
Wintle, B.A., Broennimann, O., Austin, M., Ferrier, S., Kearney, M.R., Possingham,
H.P. and Buckley, Y.M. (2013) Predicting species distributions for conservation
decisions. Ecology Letters 16, 1424-1435.

Guisan, A., Petitpierre, B., Broennimann, O., Daehler, C. and Kueffer, C. (2014) Unifying
niche shift studies: insights from biological invasions. Trends in Ecology &
Evolution 29, 260-269.

Gunter, G. (1955) Mortality of oysters and abundance of certain associates as related to
salinity. Ecology 36, 601-605.

Haberle, I., Marn, N., GeCek, S. and Klanjs&ek, T. (2020) Dynamic energy budget of
endemic and critically endangered bivalve Pinna nobilis: A mechanistic model for
informed conservation. Ecological Modelling 434, 109207.

Hallfors, M.H., Liao, J., Dzurisin, J., Grundel, R., Hyvarinen, M., Towle, K., Wu, G.C. and
Hellmann, J.J. (2016) Addressing potential local adaptation in species distribution
models: implications for conservation under climate change. Ecological
Applications 26, 1154-1169.

Hamdoun, A.M., Cheney, D.P. and Cherr, G.N. (2003) Phenotypic plasticity of HSP70 and
HSP70 gene expression in the Pacific oyster (Crassostrea gigas): implications for
thermal limits and induction of thermal tolerance. The Biological Bulletin 205, 160-
169.

Hastings, A., Cuddington, K., Davies, K.F., Dugaw, C.J., EImendorf, S., Freestone, A.,
Harrison, S., Holland, M., Lambrinos, J., Malvadkar, U., Melbourne, B.A., Moore,
K., Taylor, C. and Thomson, D. (2005) The spatial spread of invasions: new
developments in theory and evidence. Ecology Letters 8, 91-101.

Havenhand, J.N. and Schlegel, P. (2009) Near-future levels of ocean acidification do not
affect sperm motility and fertilization kinetics in the oyster Crassostrea gigas.
Biogeosciences 6, 3009-3015.

Hawkins, A.J.S. and Hilbish, T.J. (1992) The costs of cell volume regulation: protein
metabolism during hyperosmotic adjustment. Journal of the Marine Biological
Association of the United Kingdom 72, 569-578.

Heiman, K.W., Vidargas, N. and Micheli, F. (2008) Non-native habitat as home for non-
native species: comparison of communities associated with invasive tubeworm
and native oyster reefs. Aquatic Biology 2, 47-56.

Hellmann, J.J., Byers, J.E., Bierwagen, B.G. and Dukes, J.S. (2008) Five potential
consequences of climate change for invasive species. Conservation Biology 22,
534-543.

125



Chapter 8

Helmuth, B., Kingsolver, J.G. and Carrington, E. (2004) Biophysics, physiological ecology,
and climate change: Does mechanism matter? Annual Review of Physiology 67,
177-201.

Helmuth, B., Mieszkowska, N., Moore, P. and Hawkins, S.J. (2006) Living on the edge of
two changing worlds: forecasting the responses of rocky intertidal ecosystems to
climate change. Annual Review of Ecology, Evolution, and Systematics 37, 373-
404.

Herbert, R.J.H., Roberts, C., Humphreys, J. and Fletcher, S. (2012) The Pacific oyster
(Crassostrea gigas) in the UK: economic, legal and environmental issues
associated with its cultivation, wild establishment and exploitation. Report for the
Shellfish Association of Great Britain.

Herbert, R.J.H., Humphreys, J., Davies, C.J., Roberts, C., Fletcher, S. and Crowe, T.P.
(2016) Ecological impacts of non-native Pacific oysters (Crassostrea gigas) and
management measures for protected areas in Europe. Biodiversity and
Conservation 25, 2835-2865.

Herbert, R.J.H., Davies, C.J., Bowgen, K.M., Hatton, J. and Stillman, R.A. (2018) The
importance of nonnative Pacific oyster reefs as supplementary feeding areas for
coastal birds on estuary mudflats. Aquatic Conservation: Marine and Freshwater
Ecosystems 28, 1294-1307.

Hess, G.R., Bartel, R.A., Leidner, A.K., Rosenfeld, K.M., Rubino, M.J., Snider, S.B. and
Ricketts, T.H. (2006) Effectiveness of biodiversity indicators varies with extent,
grain, and region. Biological Conservation 132, 448-457.

Hewitt, G.M. (1999) Post-glacial re-colonization of European biota. Biological Journal of
the Linnean Society 68, 87-112.

Hickling, R., Roy, D.B., Hill, J.K., Fox, R. and Thomas, C.D. (2006) The distributions of a
wide range of taxonomic groups are expanding polewards. Global Change Biology
12, 450-455.

His, E., Robert, R. and Dinet, A. (1989) Combined effects of temperature and salinity on
fed and starved larvae of the mediterranean mussel Mytilus galloprovincialis and
the Japanese oyster Crassostrea gigas. Marine Biology 100, 455-463.

Hoffmann, A.A. and Sgro, C.M. (2011) Climate change and evolutionary adaptation.
Nature 470, 479-485.

Hofmann, G.E., Barry, J.P., Edmunds, P.J., Gates, R.D., Hutchins, D.A., Klinger, T. and
Sewell, M.A. (2010) The effect of ocean acidification on calcifying organisms in
marine ecosystems: An organism-to-ecosystem perspective. Annual Review of
Ecology, Evolution, and Systematics 41, 127-147.

Hollister, R.D., Webber, P.J. and Tweedie, C.E. (2005) The response of Alaskan arctic
tundra to experimental warming: differences between short- and long-term
responses. Global Change Biology 11, 525-536.

Holm, M.W., Davids, J.K., Dolmer, P., Holmes, E. and Nielsen, T. (2016) Coexistence of
Pacific oyster Crassostrea gigas (Thunberg, 1793) and blue mussels Mytilus edulis
Linnaeus, 1758 on a sheltered intertidal bivalve bed? Aquatic Invasions 11, 155-
165.

Honkoop, P.J.C., Bayne, B.L. and Drent, J. (2003) Flexibility of size of gills and palps in
the Sydney rock oyster Saccostrea glomerata (Gould, 1850) and the Pacific oyster
Crassostrea gigas (Thunberg, 1793). Journal of Experimental Marine Biology and
Ecology 282, 113-133.

126



Chapter 8

Hornbach, D.J., Way, C., Wissing, T.E. and Burky, A.J. (1984) Effects of particle
concentration and season on the filtration rates of the freshwater clam, Sphaerium
striatinum Lamarck (Bivalvia: Pisidiidae). Hydrobiologia 108, 83-96.

Hughes, S.L., Tinker, J., Dye, S., Andres, O., Berry, D.I., Hermanson, L., Hewitt, N.,
Holliday, N.P., Kent, E.C., Kennington, K., Inall, M. and Smyth, T. (2017)
Temperature. MCCIP Science Review 2017.

Hulme Philip, E. (2009) Trade, transport and trouble: managing invasive species
pathways in an era of globalization. Journal of Applied Ecology 46, 10-18.

Humphreys, J., Herbert, R.J.H., Roberts, C. and Fletcher, S. (2014) A reappraisal of the
history and economics of the Pacific oyster in Britain. Aquaculture 428-429, 117-
124.

Hutchins, L.W. (1947) The bases for temperature zonation in geographical distribution.
Ecological monographs 17, 325-335.

Hutchinson, G. (1957) Concluding remarks. Cold Spring Harbor Symposia of Quantitative
Biology 22, 415-427.

Hutchinson, S. and Hawkins, L.E. (1992) Quantification of the physiological responses of
the European flat oyster Ostrea edulis L. to temperature and salinity. Journal of
Molluscan Studies 58, 215-226.

Huxel, G.R. (1999) Rapid displacement of native species by invasive species: effects of
hybridization. Biological Conservation 89, 143-152.

Ipcc (2014) Climate change 2014: synthesis report. Contribution of working groups |, Il
and lll to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change, Geneva, Switzerland, IPCC.

Ipcc (2018) Global Warming of 1.5°C. An IPCC Special Report on the impacts of global
warming of 1.5°C above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global response to the
threat of climate change, sustainable development, and efforts to eradicate
poverty. In: Masson-Delmotte, V, Zhai, P, Pértner, H-O, Roberts, D, Skea, J,
Shukla, R, Pirani, A, Moufouma-Okia, W, Péan, C, Pidcock, R, Connors, S,
Matthews, JBR, Chen, Y, Zhou, X, Gomis, Ml, Lonnoy, E, Maycock, T, Tignor, M
and Waterfield, T (eds.).

Ipcc (2019) Technical summary. In: P6Rtner, HO, Roberts, DC, Masson-Delmotte, V,
Zhai, P, Poloczanska, E, Mintenbeck, K, Tignor, M, AlegriA, A, Nicolai, M, Okem,
A, Petzold, J, Rama, B and Weyer, NM (eds.) IPCC special report on the ocean
and cryosphere in a changing climate.

Ivanina, A.V., Dickinson, G.H., Matoo, O.B., Bagwe, R., Dickinson, A., Beniash, E. and
Sokolova, .M. (2013) Interactive effects of elevated temperature and CO?2 levels
on energy metabolism and biomineralization of marine bivalves Crassostrea
virginica and Mercenaria mercenaria. Comparative Biochemistry and Physiology
Part A: Molecular & Integrative Physiology 166, 101-111.

Jenkins, G., Perry, M. and Prior, J. (2009) UKCIPO08: the climate of the United Kingdom
and recent trends, Met Office Hadley Centre.

Jensen, A.C., Humphreys, J., Caldow, R.W.G., Grisley, C. and Dyrynda, P.E.J. (2004)
Naturalization of the Manila clam (Tapes philippinarum), an alien species, and
establishment of a clam fishery within Poole Harbour, Dorset. Journal of the
Marine Biological Association of the United Kingdom 84, 1069-1073.

127



Chapter 8

Jiménez-Valverde, A., Peterson, A.T., Soberén, J., Overton, J.M., Aragon, P. and Lobo,
J.M. (2011) Use of niche models in invasive species risk assessments. Biological
Invasions 13, 2785-2797.

Johnston, A.S.A., Boyd, R.J., Watson, J.W., Paul, A., Evans, L.C., Gardner, E.L. and
Boult, V.L. (2019) Predicting population responses to environmental change from
individual-level mechanisms: towards a standardized mechanistic approach.
Proceedings of the Royal Society B: Biological Sciences 286, 20191916.

Jones, M.C. and Cheung, W.W. (2015) Multi-model ensemble projections of climate
change effects on global marine biodiversity. ICES Journal of Marine Science 72,
741-752.

Jueterbock, A., Smolina, I., Coyer, J.A. and Hoarau, G. (2016) The fate of the Arctic
seaweed Fucus distichus under climate change: an ecological niche modeling
approach. Ecology and Evolution 6, 1712-1724.

Jung, V., Violle, C., Mondy, C., Hoffmann, L. and Muller, S. (2010) Intraspecific variability
and trait-based community assembly. Journal of Ecology 98, 1134-1140.

Katsanevakis, S., Zenetos, A., Belchior, C. and Cardoso, A.C. (2013) Invading European
Seas: Assessing pathways of introduction of marine aliens. Ocean & Coastal
Management 76, 64-74.

Kearney, M., Phillips, B.L., Tracy, C.R., Christian, K.A., Betts, G. and Porter, W.P. (2008)
Modelling species distributions without using species distributions: the cane toad in
Australia under current and future climates. Ecography 31, 423-434.

Kearney, M. and Porter, W. (2009) Mechanistic niche modelling: combining physiological
and spatial data to predict species' ranges. Ecology Letters 12, 334-50.

Kearney, M. (2012) Metabolic theory, life history and the distribution of a terrestrial
ectotherm. Functional Ecology 26, 167-179.

Kearney, M.R., Simpson, S.J., Raubenheimer, D. and Helmuth, B. (2010a) Modelling the
ecological niche from functional traits. Philosophical Transactions of the Royal
Society B-Biological Sciences 365, 3469-3483.

Kearney, M.R., Wintle, B.A. and Porter, W.P. (2010b) Correlative and mechanistic models
of species distribution provide congruent forecasts under climate change.
Conservation Letters 3, 203-213.

Kearney, M.R., Matzelle, A. and Helmuth, B. (2012) Biomechanics meets the ecological
niche: the importance of temporal data resolution. Journal of Experimental Biology
215, 922-933.

Kearney, M.R. and Porter, W.P. (2020) NicheMapR — an R package for biophysical
modelling: the ectotherm and Dynamic Energy Budget models. Ecography 43, 85-
96.

Kelly, J.R., Proctor, H. and Volpe, J.P. (2008) Intertidal community structure differs
significantly between substrates dominated by native eelgrass (Zostera marina L.)
and adjacent to the introduced oyster Crassostrea gigas (Thunberg) in British
Columbia, Canada. Hydrobiologia 596, 57-66.

King, N.G., Wilmes, S.B., Smyth, D., Tinker, J., Robins, P.E., Thorpe, J., Jones, L. and
Malham, S.K. (2020) Climate change accelerates range expansion of the invasive
non-native species, the Pacific oyster, Crassostrea gigas. ICES Journal of Marine
Science.

128



Chapter 8

Kissling, W.D., Dormann, C.F., Groeneveld, J., Hickler, T., Kihn, I., Mcinerny, G.J.,
Montoya, J.M., Rémermann, C., Schiffers, K., Schurr, F.M., Singer, A., Svenning,
J.-C., Zimmermann, N.E. and O’hara, R.B. (2012) Towards novel approaches to
modelling biotic interactions in multispecies assemblages at large spatial extents.
Journal of Biogeography 39, 2163-2178.

Klok, C., Holmstrup, M. and Damgaard, C. (2007) Extending a combined dynamic energy
budget matrix population model with a bayesian approach to assess variation in
the intrinsic rate of population increase. An example in the earthworm
Dendrobaena octaedra. Environmental Toxicology and Chemistry 26, 2383-2388.

Koch, J. and De Schamphelaere, K.a.C. (2020) Estimating inter-individual variability of
dynamic energy budget model parameters for the copepod Nitocra spinipes from
existing life-history data. Ecological Modelling 431, 109091.

Koehn, J.D. (2004) Carp (Cyprinus carpio) as a powerful invader in Australian waterways.
Freshwater Biology 49, 882-894.

Kolbe, J.J., Kearney, M.R. and Shine, R. (2010) Modeling the consequences of thermal
trait variation for the cane toad invasion of Australia. Ecological Applications 20,
2273-2285.

Kooijman, S.a.L.M. (1986) Energy budgets can explain body size relations. Journal of
Theoretical Biology 121, 269-282.

Kooijman, S.a.L.M. (2010) Dynamic energy budget theory for metabolic organisation,
Cambridge, UK, Cambridge University Press.

Kroeker, K.J., Kordas, R.L., Crim, R.N. and Singh, G.G. (2010) Meta-analysis reveals
negative yet variable effects of ocean acidification on marine organisms. Ecology
Letters 13, 1419-1434.

Kroeker, K.J., Kordas, R.L., Crim, R., Hendriks, |.E., Ramajo, L., Singh, G.S., Duarte,
C.M. and Gattuso, J.-P. (2013) Impacts of ocean acidification on marine
organisms: quantifying sensitivities and interaction with warming. Global Change
Biology 19, 1884-1896.

Kurihara, H., Kato, S. and Ishimatsu, A. (2007) Effects of increased seawater pCO2 on
early development of the oyster Crassostrea gigas. Aquatic Biology 1, 91-98.

Lannig, G., Flores, J.F. and Sokolova, I.M. (2006) Temperature-dependent stress
response in oysters, Crassostrea virginica: Pollution reduces temperature
tolerance in oysters. Aquatic Toxicology 79, 278-287.

Lannig, G., Eilers, S., Portner, H.O., Sokolova, I.M. and Bock, C. (2010) Impact of ocean
acidification on energy metabolism of oyster, Crassostrea gigas—changes in
metabolic pathways and thermal response. Marine Drugs 8.

Lavaud, R., La Peyre, M. K., Casas, S. M., Bacher, C. and La Peyre, J. F. (2017)
Integrating the effects of salinity on the physiology of the eastern oyster,
Crassostrea virginica, in the northern Gulf of Mexico through a Dynamic Energy
Budget model. Ecological Modelling 363, 221-233.

Lecocq, T., Harpke, A., Rasmont, P. and Schweiger, O. (2019) Integrating intraspecific
differentiation in species distribution models: Consequences on projections of
current and future climatically suitable areas of species. Diversity and Distributions
25, 1088-1100.

Leidenberger, S., Obst, M., Kulawik, R., Stelzer, K., Heyer, K., Hardisty, A. and Bourlat,
S.J. (2015) Evaluating the potential of ecological niche modelling as a component

129



Chapter 8

in marine non-indigenous species risk assessments. Marine Pollution Bulletin 97,
470-487.

Lejart, M. and Hily, C. (2005) Proliferation of Crassostrea gigas (Thunberg) in the Bay of
Brest: First estimations of the stock and its impact on the global functioning of the
ecosystem. 8th International Conference on Shellfish Restoration. Brest.

Lejart, M. and Hily, C. (2011) Differential response of benthic macrofauna to the formation
of novel oyster reefs (Crassostrea gigas, Thunberg) on soft and rocky substrate in
the intertidal of the Bay of Brest, France. Journal of Sea Research 65, 84-93.

Lemasson, A.J., Hall-Spencer, J.M., Fletcher, S., Provstgaard-Morys, S. and Knights,
A.M. (2018) Indications of future performance of native and non-native adult
oysters under acidification and warming. Marine Environmental Research 142,
178-189.

Lenz, M., Da Gama, B.a.P., Gerner, N.V., Gobin, J., Grbner, F., Harry, A., Jenkins, S.R.,
Kraufvelin, P., Mummelthei, C., Sareyka, J., Xavier, E.A. and Wahl, M. (2011)
Non-native marine invertebrates are more tolerant towards environmental stress
than taxonomically related native species: Results from a globally replicated study.
Environmental Research 111, 943-952.

Leuzinger, S., Luo, Y., Beier, C., Dieleman, W., Vicca, S. and Kdrner, C. (2011) Do global
change experiments overestimate impacts on terrestrial ecosystems? Trends in
Ecology & Evolution 26, 236-241.

Li, A, Li, L., Wang, W., Song, K. and Zhang, G. (2018) Transcriptomics and fitness data
reveal adaptive plasticity of thermal tolerance in oysters inhabiting different tidal
zones. Frontiers in Physiology 9.

Li, Y., Liu, X, Li, X., Petitpierre, B. and Guisan, A. (2014) Residence time, expansion
toward the equator in the invaded range and native range size matter to climatic
niche shifts in non-native species. Global Ecology and Biogeography 23, 1094-
1104.

Liaw, A. and Wiener, M. (2002) Classification and regression by randomForest. R News
2(3), 18-22.

Lim, Y.-K., Dang, X. and Thiyagarajan, V. (2021) Transgenerational responses to
seawater pH in the edible oyster, with implications for the mariculture of the
species under future ocean acidification. Science of The Total Environment 782,
146704.

Loarie, S.R., Duffy, P.B., Hamilton, H., Asner, G.P., Field, C.B. and Ackerly, D.D. (2009)
The velocity of climate change. Nature 462, 1052-1055.

Lowe, J.A., Howard, T.P., Pardens, A., Tinker, J., Holt, J., Wakelin, S., Milne, G., Leake,
J., Wolf, J., Horsburgh, K., Reeder, T., Jenkins, G., Ridley, J., Dye, S. and Bradley,
S. (2009) UK Climate Projections science report: Marine and coastal projections.,
Exeter, UK, Met Office Hadley Centre.

Lowen, J.B. and Dibacco, C. (2017) Distributional changes in a guild of non-indigenous
tunicates in the NW Atlantic under high-resolution climate projections. Marine
Ecology Progress Series 570, 173-186.

Lucas, A. and Beninger, P.G. (1985) The use of physiological condition indices in marine
bivalve aquaculture. Aquaculture 44, 187-200.

130



Chapter 8

Maar, M., Saurel, C., Landes, A., Dolmer, P. and Petersen, J.K. (2015) Growth potential of
blue mussels (M. edulis) exposed to different salinities evaluated by a Dynamic
Energy Budget model. Journal of Marine Systems 148, 48-55.

Mainali, K.P., Warren, D.L., Dhileepan, K., Mcconnachie, A., Strathie, L., Hassan, G.,
Karki, D., Shrestha, B.B. and Parmesan, C. (2015) Projecting future expansion of
invasive species: comparing and improving methodologies for species distribution
modeling. Global Change Biology 21, 4464-4480.

Mair, L., Hill, J.K., Fox, R., Botham, M., Brereton, T. and Thomas, C.D. (2014) Abundance
changes and habitat availability drive species’ responses to climate change.
Nature Climate Change 4, 127-131.

Malouf, R.E. and Breese, W.P. (1977) Seasonal changes in the effects of temperature
and water flow rate on the growth of juvenile Pacific oysters, Crassostrea gigas
(Thunberg). Aquaculture 12, 1-13.

Manchester, S.J. and Bullock, J.M. (2000) The impacts of non-native species on UK
biodiversity and the effectiveness of control. Journal of Applied Ecology 37, 845-
864.

Mandle, L., Warren, D.L., Hoffmann, M.H., Peterson, A.T., Schmitt, J. and Von Wettberg,
E.J. (2011) Conclusions about niche expansion in introduced Impatiens walleriana
populations depends on method of analysis. PLOS ONE 5, €15297.

Mangano, M.C., Giacoletti, A. and Sara, G. (2019) Dynamic Energy Budget provides
mechanistic derived quantities to implement the ecosystem based management
approach. Journal of Sea Research 143, 272-279.

Mangano, M.C., Mieszkowska, N., Helmuth, B., Domingos, T., Sousa, T., Baiamonte, G.,
Bazan, G., Cuttitta, A., Fiorentino, F., Giacoletti, A. and Johnson, M., Lucido, G.D.,
Marcelli, M., Martellucci, R., Mirto, S., Patti, B., Pranovi, F., Williams, G.A. and
Sara, G. (2020) Moving toward a strategy for addressing climate displacement of
marine resources: a proof-of-concept. Frontiers in Marine Science 7, 408.

Mann, R. (1979) Some biochemical and physiological aspects of growth and
gametogenesis in Crassostrea gigas and Ostrea edulis grown at sustained
elevated temperatures. Journal of the Marine Biological Association of the United
Kingdom 59, 95-110.

Mann, R.L., Burreson, E.M. and Baker, P.K. (1991) The decline of the Virginia oyster
fishery in Chesapeake Bay considerations for introduction of a non-endemic
species, Crassostrea gigas (Thunberg, 1793). Journal of Shellfish Research 10,
379.

Mao, Y., Zhou, Y., Yang, H. and Wang, R. (2006) Seasonal variation in metabolism of
cultured Pacific oyster, Crassostrea gigas, in Sanggou Bay, China. Aquaculture
253, 322-333.

Maoxiao, P., Xiaojun, L., Donghong, N., Bo, Y., Tianyi, L., Zhiguo, D. and Jiale, L. (2019)
Survival, growth and physiology of marine bivalve (Sinonovacula constricta) in
long-term low-salt culture. Scientific Reports 9, 2819.

Markert, A., Wehrmann, A. and Krdncke, 1. (2010) Recently established Crassostrea-reefs
versus native Mytilus-beds: differences in ecosystem engineering affects the
macrofaunal communities (Wadden Sea of Lower Saxony, southern German
Bight). Biological Invasions 12, 15.

131



Chapter 8

Markert, A., Esser, W., Frank, D., Wehrmann, A. and Exo, K.-M. (2013) Habitat change by
the formation of alien Crassostrea-reefs in the Wadden Sea and its role as feeding
sites for waterbirds. Estuarine, Coastal and Shelf Science 131, 41-51.

Marshall, C.E., Glegg, G.A. and Howell, K.L. (2014) Species distribution modelling to
support marine conservation planning: The next steps. Marine Policy 45, 330-332.

Martin, B.T., Zimmer, E.l., Grimm, V. and Jager, T. (2012) Dynamic Energy Budget theory
meets individual-based modelling: a generic and accessible implementation.
Methods in Ecology and Evolution 3, 445-449.

Martin, B.T., Jager, T., Nisbet, R.M., Preuss, T.G. and Grimm, V. (2013) Predicting
population dynamics from the properties of individuals: a cross-level test of
dynamic energy budget theory. The American Naturalist 181, 506-519.

Mat, A.M., Massabuau, J.-C., Ciret, P. and Tran, D. (2012) Evidence for a plastic dual
circadian rhythm in the oyster Crassostrea gigas. Chronobiology International 29,
857-867.

Matoo, O.B., lvanina, A.V., Ullstad, C., Beniash, E. and Sokolova, I.M. (2013) Interactive
effects of elevated temperature and CO2 levels on metabolism and oxidative
stress in two common marine bivalves (Crassostrea virginica and Mercenaria
mercenaria). Comparative Biochemistry and Physiology Part A: Molecular &
Integrative Physiology 164, 545-553.

Mcfarland, K., Baker, S., Baker, P., Rybovich, M. and Volety, A.K. (2015) Temperature,
salinity, and aerial exposure tolerance of the invasive mussel, Perna viridis, in
estuarine habitats: Implications for spread and competition with native oysters,
Crassostrea virginica. Estuaries and Coasts 38, 1619-1628.

Mckinney, M.L. and Lockwood, J.L. (1999) Biotic homogenization: a few winners replacing
many losers in the next mass extinction. Trends Ecol Evol 14, 450-453.

Merow, C., Smith, M.J. and Silander Jr, J.A. (2013) A practical guide to MaxEnt for
modeling species’ distributions: what it does, and why inputs and settings matter.
Ecography 36, 1058-1069.

Mesgaran, M.B., Cousens, R.D. and Webber, B.L. (2014) Here be dragons: a tool for
guantifying novelty due to covariate range and correlation change when projecting
species distribution models. Diversity and Distributions 20, 1147-1159.

Met Office Hadley Centre. (2020). WCRP CMIP5: Met Office Hadley Centre (MOHC)
HadGEMZ2-ES model output collection [Online]. Centre for Environmental Data
Analysis. Available: https://esgf-node.linl.gov/projects/cmip5/ [Accessed April
2020].

Mieszkowska, N., Leaper, R., Moore, P., Kendall, M.A., Burrows, M.T., Lear, D.,
Poloczanska, E.S., Hiscock, K., Moschella, P. and Thompson, R.C. (2005) Marine
biodiversity and climate change: assessing and predicting the influence of climatic
change using intertidal rocky shore biota. Occasional Publication of the Marine
Biological Association 20.

Mieszkowska, N., Kendall, M.A., Hawkins, S.J., Leaper, R., Williamson, P., Hardman-
Mountford, N.J. and Southward, A.J. (2006) Changes in the range of some
common rocky shore species in Britain — a response to climate change?
Hydrobiologia 555, 241-251.

Molnar, J.L., Gamboa, R.L., Revenga, C. and Spalding, M.D. (2008) Assessing the global
threat of invasive species to marine biodiversity. Frontiers in Ecology and the
Environment 6, 485-492.

132



Chapter 8

Molnar, P.K., Derocher, A.E., Klanjscek, T. and Lewis, M.A. (2011) Predicting climate
change impacts on polar bear litter size. Nature Communications 2, 186.

Monaco, C. J., Porporato, E. M., Lathlean, J. A., Tagliarolo, M., Sara, G. and McQuaid, C.
D. (2019) Predicting the performance of cosmopolitan species: dynamic energy
budget model skill drops across large spatial scales. Marine Biology 166(2), 14.

Montalto, V., Sara, G., Ruti, P.M., Dell'aquila, A. and Helmuth, B. (2014) Testing the
effects of temporal data resolution on predictions of the effects of climate change
on bivalves. Ecological Modelling 278, 1-8.

Montoya, D., Purves, D.W., Urbieta, I.R. and Zavala, M.A. (2009) Do species distribution
models explain spatial structure within tree species ranges? Global Ecology and
Biogeography 18, 662-673.

Moran, E.V. and Alexander, J.M. (2014) Evolutionary responses to global change: lessons
from invasive species. Ecology Letters 17, 637-649.

Morin, X. and Thuiller, W. (2009) Comparing niche- and process-based models to reduce
prediction uncertainty in species range shifts under climate change. Ecology 90,
1301-1313.

Mubhlfeld, C.C., Kovach, R.P., Jones, L.A., Al-Chokhachy, R., Boyer, M.C., Leary, R.F.,
Lowe, W.H., Luikart, G. and Allendorf, F.W. (2014) Invasive hybridization in a
threatened species is accelerated by climate change. Nature Climate Change 4,
620-624.

Munday, P.L., Warner, R.R., Monro, K., Pandolfi, J.M., Marshall, D.J. and Wootton, T.
(2013) Predicting evolutionary responses to climate change in the sea. Ecology
Letters 16, 1488-1500.

Munday, P.L. (2014) Transgenerational acclimation of fishes to climate change and ocean
acidification. F1000prime reports 6.

Muranaka, M.S. and Lannan, J.E. (1984) Broodstock management of Crassostrea gigas:
Environmental influences on broodstock conditioning. Aquaculture 39, 217-228.

Nasa Goddard Space Flight Center. (2020). Moderate-resolution Imaging
Spectroradiometer (MODIS) L3 Aqua data [Online]. MD, USA: Ocean Ecology
Laboratory, Ocean Biology Processing Group. [Accessed April 2020].

Navarro-Racines, C., Tarapues, J., Thornton, P., Jarvis, A. and Ramirez-Villegas, J.
(2020) High-resolution and bias-corrected CMIP5 projections for climate change
impact assessments. Scientific Data 7, 7.

Nichols, F.H., Thompson, J.K. and Schemel, L.E. (1990) Remarkable invasion of San
Francisco Bay (California, USA) by the Asian clam Potamocorbula amurensis. Il.
Displacement of a former community. Marine Ecology Progress Series 66, 95-101.

Nisbet, R.M., Muller, E.B., Lika, K. and Kooijman, S.a.L.M. (2000) From molecules to
ecosystems through dynamic energy budget models. Journal of Animal Ecology
69, 913-926.

Occhipinti-Ambrogi, A. (2007) Global change and marine communities: alien species and
climate change. Marine Pollution Bulletin 55, 342-352.

Occhipinti-Ambrogi, A. and Galil, B. (2010) Marine alien species as an aspect of global
change. Advances in Oceanography and Limnology 1, 199-218.

133



Chapter 8

Olden, J.D., Leroy Poff, N., Douglas, M.R., Douglas, M.E. and Fausch, K.D. (2004)
Ecological and evolutionary consequences of biotic homaogenization. Trends Ecol
Evol 19, 18-24.

Oney, B., Reineking, B., O'neill, G. and Kreyling, J. (2013) Intraspecific variation buffers
projected climate change impacts on Pinus contorta. Ecology and evolution 3, 437-
449,

Orr, J.C., Fabry, V.J., Aumont, O., Bopp, L., Doney, S.C., Feely, R.A., Gnanadesikan, A.,
Gruber, N., Ishida, A., Joos, F., Key, R.M., Lindsay, K., Maier-Reimer, E., Matear,
R., Monfray, P., Mouchet, A., Najjar, R.G., Plattner, G.-K., Rodgers, K.B., Sabine,
C.L., Sarmiento, J.L., Schlitzer, R., Slater, R.D., Totterdell, 1.J., Weirig, M.-F.,
Yamanaka, Y. and Yool, A. (2005) Anthropogenic ocean acidification over the
twenty-first century and its impact on calcifying organisms. Nature 437, 681.

Orton, J.H. (1920) Sea-temperature, breeding and distribution in marine animals. Journal
of the Marine Biological Association of the United Kingdom 12, 339.

Paavola, M., Olenin, S. and Leppéakoski, E. (2005) Are invasive species most successful
in habitats of low native species richness across European brackish water seas?
Estuarine, Coastal and Shelf Science 64, 738-750.

Pacifici, M., Foden, W.B., Visconti, P., Watson, J.E.M., Butchart, S.H.M., Kovacs, K.M.,
Scheffers, B.R., Hole, D.G., Martin, T.G., Akgakaya, H.R., Corlett, R.T., Huntley,
B., Bickford, D., Carr, J.A., Hoffmann, A.A., Midgley, G.F., Pearce-Kelly, P.,
Pearson, R.G., Williams, S.E., Willis, S.G., Young, B. and Rondinini, C. (2015)
Assessing species vulnerability to climate change. Nature Climate Change 5, 215-
224,

Pack, K.E., Rius, M. and Mieszkowska, N. (2021) Long-term environmental tolerance of
the non-indigenous Pacific oyster to expected contemporary climate change
conditions. Marine Environmental Research 164, 105226.

Padilla, D.K. (2010) Context-dependent impacts of a non-native ecosystem engineer, the
Pacific oyster Crassostrea gigas. Integrative and Comparative Biology 50, 213-
225.

Palmer, S.C.J., Barillé, L., Kay, S., Ciavatta, S., Buck, B. and Gernez, P. (2021) Pacific
oyster (Crassostrea gigas) growth modelling and indicators for offshore
aguaculture in Europe under climate change uncertainty. Aquaculture 532,
736116.

Palumbi, S.R., Barshis, D.J., Traylor-Knowles, N. and Bay, R.A. (2014) Mechanisms of
reef coral resistance to future climate change. Science 344, 895-898.

Parker, L.M., Ross, P.M. and O’connor, W.A. (2010) Comparing the effect of elevated
pCO2 and temperature on the fertilization and early development of two species of
oysters. Marine Biology 157, 2435-2452.

Parker, L.M., O’connor, W.A., Raftos, D.A., Pértner, H.-O. and Ross, P.M. (2015)
Persistence of positive carryover effects in the oyster, Saccostrea glomerata,
following transgenerational exposure to ocean acidification. PLOS ONE 10,
e0132276.

Parmesan, C., Root, T.L. and Willig, M.R. (2000) Impacts of extreme weather and climate
on terrestrial biota. Bulletin of the American Meteorological Society 81, 443-450.

Parmesan, C. and Yohe, G. (2003) A globally coherent fingerprint of climate change
impacts across natural systems. Nature 421, 37-42.

134



Chapter 8

Parmesan, C., Gaines, S., Gonzalez, L., Kaufman, D.M., Kingsolver, J., Townsend
Peterson, A. and Sagarin, R. (2005) Empirical perspectives on species borders:
from traditional biogeography to global change. Oikos 108, 58-75.

Parravicini, V., Azzurro, E., Kulbicki, M. and Belmaker, J. (2015) Niche shift can impair the
ability to predict invasion risk in the marine realm: an illustration using
Mediterranean fish invaders. Ecology Letters 18, 246-53.

Pearman, P.B., Guisan, A., Broennimann, O. and Randin, C.F. (2008) Niche dynamics in
space and time. Trends in Ecology & Evolution 23, 149-158.

Pearson, R.G. and Dawson, T.P. (2003) Predicting the impacts of climate change on the
distribution of species: are bioclimate envelope models useful? Global Ecology
and Biogeography 12, 361-371.

Pecl, G.T., Araujo, M.B., Bell, J.D., Blanchard, J., Bonebrake, T.C., Chen, I.C., Clark,
T.D., Colwell, R.K., Danielsen, F., Evengard, B., Falconi, L., Ferrier, S., Frusher,
S., Garcia, R.A., Griffis, R.B., Hobday, A.J., Janion-Scheepers, C., Jarzyna, M.A,,
Jennings, S., Lenoir, J., Linnetved, H.I., Martin, V.Y., Mccormack, P.C., Mcdonald,
J., Mitchell, N.J., Mustonen, T., Pandolfi, J.M., Pettorelli, N., Popova, E., Robinson,
S.A., Scheffers, B.R., Shaw, J.D., Sorte, C.J.B., Strugnell, J.M., Sunday, J.M.,
Tuanmu, M.-N., Vergés, A., Villanueva, C., Wernberg, T., Wapstra, E. and
Williams, S.E. (2017) Biodiversity redistribution under climate change: Impacts on
ecosystems and human well-being. Science 355, eaai9214.

Pennino, M.G., Vilela, R. and Bellido, J.M. (2019) Effects of environmental data temporal
resolution on the performance of species distribution models. Journal of Marine
Systems 189, 78-86.

Peters, R.H. (1983) The ecological implications of body size, Cambridge, UK, Cambridge
University Press.

Peterson, A.T., Papes, M. and Soberdn, J. (2015) Mechanistic and Correlative Models of
Ecological Niches. European Journal of Ecology 1.

Pethybridge, H., Roos, D., Loizeau, V., Pecquerie, L. and Bacher, C. (2013) Responses of
European anchovy vital rates and population growth to environmental fluctuations:
An individual-based modeling approach. Ecological Modelling 250, 370-383.

Petit, J.-R., Jouzel, J., Raynaud, D., Barkov, N.I., Barnola, J.-M., Basile, I., Bender, M.,
Chappellaz, J., Davis, M. and Delaygue, G. (1999) Climate and atmospheric
history of the past 420,000 years from the Vostok ice core, Antarctica. Nature 399,
429.

Phillips, S., Dudik, M., Elith, J., Graham, C.H., Lehmann, A., Leathwick, J.R. and Ferrier,
S. (2009) Sample selection bias and presence-only distribution models:
implications for background and pseudo-absence data. Ecological Applications 19,
181-197.

Phillips, S.J., Anderson, R.P. and Schapire, R.E. (2006) Maximum entropy modeling of
species geographic distributions. Ecological Modelling 190, 231-259.

Pili, A.N., Tingley, R., Sy, E.Y., Diesmos, M.L.L. and Diesmas, A.C. (2020) Niche shifts
and environmental non-equilibrium undermine the usefulness of ecological niche
models for invasion risk assessments. Scientific Reports 10, 1-18.

Pimentel, D., Lach, L., Zuniga, R. and Morrison, D. (2000) Environmental and economic
costs of nonindigenous species in the United States. BioScience 50, 53-66.

135



Chapter 8

Pintor, A.F., Schwarzkopf, L. and Krockenberger, A.K. (2016) Extensive acclimation in
ectotherms conceals interspecific variation in thermal tolerance limits. PLOS ONE
11, e0150408.

Pogoda, B., Buck, B.H. and Hagen, W. (2011) Growth performance and condition of
oysters (Crassostrea gigas and Ostrea edulis) farmed in an offshore environment
(North Sea, Germany). Aquaculture 319, 484-492.

Poloczanska, E.S., Brown, C.J., Sydeman, W.J., Kiessling, W., Schoeman, D.S., Moore,
P.J., Brander, K., Bruno, J.F., Buckley, L.B., Burrows, M.T., Duarte, C.M., Halpern,
B.S., Holding, J., Kappel, C.V., O’connor, M.l., Pandolfi, J.M., Parmesan, C.,
Schwing, F., Thompson, S.A. and Richardson, A.J. (2013) Global imprint of
climate change on marine life. Nature Climate Change 3, 919-925.

Pdrtner, H.O. and Farrell, A.P. (2008) Physiology and climate change. Science 322, 690.

Pourmozaffar, S., Tamadoni Jahromi, S., Rameshi, H., Sadeghi, A., Bagheri, T., Behzadi,
S., Gozari, M., Zahedi, M.R. and Abrari Lazarjani, S. (2020) The role of salinity in
physiological responses of bivalves. Reviews in Aquaculture 12, 1548-1566.

Pouvreau, S., Bourles, Y., Lefebvre, S., Gangnery, A. and Alunno-Bruscia, M. (2006)
Application of a dynamic energy budget model to the Pacific oyster, Crassostrea
gigas, reared under various environmental conditions. Journal of Sea Research
56, 156-167.

Przeslawski, R., Davis, A.R. and Benkendorff, K. (2005) Synergistic effects associated
with climate change and the development of rocky shore molluscs. Global Change
Biology 11, 515-522.

Przeslawski, R., Byrne, M. and Mellin, C. (2015) A review and meta-analysis of the effects
of multiple abiotic stressors on marine embryos and larvae. Global Change Biology
21, 2122-2140.

R Core Team (2019) R: A language and environment for statistical computing, Vienna, R
Foundation for Statistical Computing.

Rahel, F.J. and Olden, J.D. (2008) Assessing the effects of climate change on aquatic
invasive species. Conservation Biology 22, 521-533.

Rahman, M.A., Henderson, S., Miller-Ezzy, P.A., Li, X.X. and Qin, J.G. (2020) Analysis of
the seasonal impact of three marine bivalves on seston particles in water column.
Journal of Experimental Marine Biology and Ecology 522, 151251.

Range, P., Pilg, D., Ben-Hamadou, R., Chicharo, M.A., Matias, D., Joaquim, S., Oliveira,
A.P. and Chicharo, L. (2012) Seawater acidification by CO2 in a coastal lagoon
environment: effects on life history traits of juvenile mussels Mytilus
galloprovincialis. Journal of Experimental Marine Biology and Ecology 424-425,
89-98.

Redfern, J., Ferguson, M.C., Becker, E., Hyrenbach, K., Good, C., Barlow, J., Kaschner,
K., Baumgartner, M.F., Forney, K.A. and Ballance, L.T. (2006) Techniques for
cetacean—habitat modeling. Marine Ecology Progress Series 310, 271-295.

Reed Mariculture Inc. (2019). Typical nutritional analysis [Online]. Available:
https://reedmariculture.com/support _algae nutritional proximate profile.php
[Accessed April 2020].

Reid, W.V. (1998) Biodiversity hotspots. Trends in Ecology & Evolution 13, 275-280.

136


https://reedmariculture.com/support_algae_nutritional_proximate_profile.php

Chapter 8

Reino, L., Beja, P., Araudjo, M.B., Dray, S. and Segurado, P. (2013) Does local habitat
fragmentation affect large-scale distributions? The case of a specialist grassland
bird. Diversity and Distributions 19, 423-432.

Reise, K. (1998) Pacific oysters invade mussel beds in the European Wadden Sea.
Senckenbergiana Maritima 28, 167-175.

Reise, K., Buschbaum, C., Buttger, H., Rick, J. and Wegner, K.M. (2017) Invasion
trajectory of Pacific oysters in the northern Wadden Sea. Marine Biology 164, 68.

Reiss, H., Birchenough, S., Borja, A., Buhl-Mortensen, L., Craeymeersch, J., Dannheim,
J., Darr, A., Galparsoro, |l., Gogina, M., Neumann, H., Populus, J., Rengstorf, A.M.,
Valle, M., Van Hoey, G., Zettler, M.L. and Degraer, S. (2014) Benthos distribution
modelling and its relevance for marine ecosystem management. ICES Journal of
Marine Science 72, 297-315.

Ren, J.S., Ross, A.H. and Schiel, D.R. (2000) Functional descriptions of feeding and
energetics of the Pacific oyster Crassostrea gigas in New Zealand. Marine Ecology
Progress Series 208, 119-130.

Ren, J.S. and Ross, A.H. (2001) A dynamic energy budget model of the Pacific oyster
Crassostrea gigas. Ecological Modelling 142, 105-120.

Ren, J.S. and Schiel, D.R. (2008) A dynamic energy budget model: parameterisation and
application to the Pacific oyster Crassostrea gigas in New Zealand waters. Journal
of Experimental Marine Biology and Ecology 361, 42-48.

Richardson, D.M., Pysek, P., Rejmanek, M., Barbour, M.G., Panetta, F.D. and West, C.J.
(2000) Naturalization and invasion of alien plants: concepts and definitions.
Diversity and Distributions 6, 93-107.

Rico-Villa, B., Pouvreau, S. and Robert, R. (2009) Influence of food density and
temperature on ingestion, growth and settlement of Pacific oyster larvae,
Crassostrea gigas. Aquaculture 287, 395-401.

Ries, J.B., Cohen, A.L. and Mccorkle, D.C. (2009) Marine calcifiers exhibit mixed
responses to CO2-induced ocean acidification. Geology 37, 1131-1134.

Rinde, E., Tjomsland, T., Hjermann, D.&., Kempa, M., Norling, P. and Kolluru, V.S. (2017)
Increased spreading potential of the invasive Pacific oyster (Crassostrea gigas) at
its northern distribution limit in Europe due to warmer climate. Marine and
Freshwater Research 68, 252-262.

Rius, M., Clusella-Trullas, S., Mcquaid, C.D., Navarro, R.A., Griffiths, C.L., Matthee, C.A.,
Von Der Heyden, S. and Turon, X. (2014) Range expansions across ecoregions:
interactions of climate change, physiology and genetic diversity. Global Ecology
and Biogeography 23, 76-88.

Robinson, L.M., Elith, J., Hobday, A.J., Pearson, R.G., Kendall, B.E., Possingham, H.P.
and Richardson, A.J. (2011) Pushing the limits in marine species distribution
modelling: lessons from the land present challenges and opportunities. Global
Ecology and Biogeography 20, 789-802.

Robinson, N.M., Nelson, W.A., Costello, M.J., Sutherland, J.E. and Lundquist, C.J. (2017)
A systematic review of marine-based species distribution models (SDMs) with
recommendations for best practice. Frontiers in Marine Science 4.

Rdédder, D. and Lotters, S. (2009) Niche shift versus niche conservatism? Climatic
characteristics of the native and invasive ranges of the Mediterranean house
gecko (Hemidactylus turcicus). Global Ecology and Biogeography 18, 674-687.

137



Chapter 8

Rodil, I.F., Compton, T.J. and Lastra, M. (2014) Geographic variation in sandy beach
macrofauna community and functional traits. Estuarine, Coastal and Shelf Science
150, 102-110.

Rodriguez, J.P., Brotons, L., Bustamante, J. and Seoane, J. (2007) The application of
predictive modelling of species distribution to biodiversity conservation. Diversity
and Distributions, 243-251.

Rosland, R., Strand, &., Alunno-Bruscia, M., Bacher, C. and Strohmeier, T. (2009)
Applying Dynamic Energy Budget (DEB) theory to simulate growth and bio-
energetics of blue mussels under low seston conditions. Journal of Sea Research
62, 49-61.

Ross, P.M., Parker, L.M. and Byrne, M. (2016) Transgenerational responses of molluscs
and echinoderms to changing ocean conditions. ICES Journal of Marine Science
73, 537-549.

Rougier, T., Lassalle, G., Drouineau, H., Dumoulin, N., Faure, T., Deffuant, G., Rochard,
E. and Lambert, P. (2015) The combined use of correlative and mechanistic
species distribution models benefits low conservation status species. . PLOS ONE
10, e0139194.

Rueness, E.K., Berg, P.R., Gulla, S., Halvorsen, K., Jarnegren, J., Malmstrgm, M., Mo,
T.A., Rimstad, E., De Boer, H., Eldegard, K., Hindar, K., Hole, L., Kausrud, K.,
Kirkendall, L., Maren, 1., Nilsen, E., Thorstad, E., Nielsen, A. and Velle, G. (2019)
Assessment of the risk to Norwegian biodiversity from import of wrasses and other
cleaner fish for use in aquaculture. Opinion of the Panel on Alien Organisms and
Trade in Endangered Species (CITES) of the Norwegian Scientific Committee for
Food and Environment. VKM Report. Oslo, Norway.

Ruiz, G.M. and Hewitt, C.L. (2002) Toward understanding patterns of coastal marine
invasions: a prospectus. Invasive aquatic species of Europe. Distribution, impacts
and management. Springer, 529-547.

Sabine, C.L., Feely, R.A., Gruber, N., Key, R.M., Lee, K., Bullister, J.L., Wanninkhof, R.,
Wong, C.S., Wallace, D.W.R., Tilbrook, B., Millero, F.J., Peng, T.-H., Kozyr, A.,
Ono, T. and Rios, A.F. (2004) The oceanic sink for anthropogenic CO2. Science
305, 367-371.

Sakai, A.K., Allendorf, F.W., Holt, J.S., Lodge, D.M., Molofsky, J., With, K.A., Baughman,
S., Cabin, R.J., Cohen, J.E., Ellstrand, N.C., Mccauley, D.E., O'neil, P., Parker,
[.M., Thompson, J.N. and Weller, S.G. (2001) The population biology of invasive
species. Annual Review of Ecology and Systematics 32, 305-332.

Salisbury, E.J. (1926) The geographical distribution of plants in relation to climatic factors.
The Geographical Journal 67, 312-335.

Sara, G., Romano, C., Widdows, J. and Staff, F.J. (2008) Effect of salinity and
temperature on feeding physiology and scope for growth of an invasive species
(Brachidontes pharaonis - MOLLUSCA: BIVALVIA) within the Mediterranean sea.
Journal of Experimental Marine Biology and Ecology 363, 130-136.

Sara, G., Kearney, M. and Helmuth, B. (2011) Combining heat-transfer and energy budget
models to predict thermal stress in Mediterranean intertidal mussels. Chemistry
and Ecology 27, 135-145.

Sara, G., Reid, G.K., Rinaldi, A., Palmeri, V., Troell, M. and Kooijman, S.a.L.M. (2012)
Growth and reproductive simulation of candidate shellfish species at fish cages in
the Southern Mediterranean: Dynamic Energy Budget (DEB) modelling for
integrated multi-trophic aquaculture. Aquaculture 324-325, 259-266.

138



Chapter 8

Sara, G., Palmeri, V., Montalto, V., Rinaldi, A. and Widdows, J. (2013a) Parameterisation
of bivalve functional traits for mechanistic eco-physiological dynamic energy
budget (DEB) models. Marine Ecology Progress Series 480, 99-117.

Sara, G., Palmeri, V., Rinaldi, A., Montalto, V. and Helmuth, B. (2013b) Predicting
biological invasions in marine habitats through eco-physiological mechanistic
models: a case study with the bivalve Brachidontes pharaonis. Diversity and
Distributions 19, 1235-1247.

Sara, G., Porporato, E.M.D., Mangano, M.C. and Mieszkowska, N. (2018) Multiple
stressors facilitate the spread of a non-indigenous bivalve in the Mediterranean
Sea. Journal of Biogeography 45, 1090-1103.

Saraiva, S., Van Der Meer, J., Kooijman, S. and Sousa, T. (2011) Modelling feeding
processes in bivalves: a mechanistic approach. Ecological Modelling 222, 514-
523.

Saupe, E.E., Hendricks, J.R., Townsend Peterson, A. and Lieberman, B.S. (2014) Climate
change and marine molluscs of the western North Atlantic: future prospects and
perils. Journal of Biogeography 41, 1352-1366.

Savini, D., Occhipinti-Ambrogi, A., Marchini, A., Tricarico, E., Gherardi, F., Olenin, S. and
Gollasch, S. (2010) The top 27 animal alien species introduced into Europe for
aguaculture and related activities. Journal of Applied Ichthyology 26, 1-7.

Scales, K.L., Hazen, E.L., Jacox, M.G., Edwards, C.A., Boustany, A.M., Oliver, M.J. and
Bograd, S.J. (2017) Scale of inference: on the sensitivity of habitat models for
wide-ranging marine predators to the resolution of environmental data. Ecography
40, 210-220.

Serra-Diaz, J.M., Keenan, T.F., Ninyerola, M., Sabaté, S., Gracia, C. and Lloret, F. (2013)
Geographical patterns of congruence and incongruence between correlative
species distribution models and a process-based ecophysiological growth model.
Journal of Biogeography 40, 1928-1938.

Shumway, S.E. and Koehn, R.K. (1982) Oxygen consumption in the American oyster
Crassostrea virginica. Marine Ecology Progress Series 9, 59-68.

Sibly, R.M., Hansen, F.T. and Forbes, V.E. (2000) Confidence intervals for population
growth rate of organisms with two-stage life histories. Oikos 88, 335-340.

Simberloff, D., Martin, J.-L., Genovesi, P., Maris, V., Wardle, D.A., Aronson, J.,
Courchamp, F., Galil, B., Garcia-Berthou, E., Pascal, M., Pysek, P., Sousa, R.,
Tabacchi, E. and Vila, M. (2013) Impacts of biological invasions: what's what and
the way forward. Trends in Ecology & Evolution 28, 58-66.

Sinclair, S.J., White, M.D. and Newell, G.R. (2010) How useful are species distribution
models for managing biodiversity under future climates? Ecology and Society 15.

Smaal, A.C., Kater, B.J. and Wijsman, J. (2008) Introduction, establishment and
expansion of the Pacific oyster Crassostrea gigas in the Oosterschelde (SW
Netherlands). Helgoland Marine Research 63, 75.

Smith, A.L., Hewitt, N., Klenk, N., Bazely, D.R., Yan, N., Wood, S., Henriques, I.,
Maclellan, J.I. and Lipsig-Mummé, C. (2012) Effects of climate change on the
distribution of invasive alien species in Canada: a knowledge synthesis of range
change projections in a warming world. Environmental Reviews 20, 1-16.

139



Chapter 8

Smith, N.G. and Dukes, J.S. (2013) Plant respiration and photosynthesis in global-scale
models: incorporating acclimation to temperature and CO2. Global Change
Biology 19, 45-63.

Soberon, J. and Peterson, A.T. (2005) Interpretation of models of fundemental ecological
niches and species' distributional areas. Biodiversity Informatics 2, 1-10.

Sokolova, .M., Frederich, M., Bagwe, R., Lannig, G. and Sukhotin, A.A. (2012) Energy
homeostasis as an integrative tool for assessing limits of environmental stress
tolerance in aquatic invertebrates. Marine Environmental Research 79, 1-15.

Sorte, C.J.B., Williams, S.L. and Carlton, J.T. (2010) Marine range shifts and species
introductions: comparative spread rates and community impacts. Global Ecology
and Biogeography 19, 303-316.

Sorte, C.J.B., Ibafez, |., Blumenthal, D.M., Molinari, N.A., Miller, L.P., Grosholz, E.D.,
Diez, J.M., D'antonio, C.M., Olden, J.D., Jones, S.J. and Dukes, J.S. (2013)
Poised to prosper? A cross-system comparison of climate change effects on native
and non-native species performance. Ecology Letters 16, 261-270.

Sotka, E.E., Baumgardner, A.W., Bippus, P.M., Destombe, C., Duermit, E.A., Endo, H.,
Flanagan, B.A., Kamiya, M., Lees, L.E., Murren, C.J., Nakaoka, M., Shainker, S.J.,
Strand, A.E., Terada, R., Valero, M., Weinberger, F. and Krueger-Hadfield, S.A.
(2018) Combining niche shift and population genetic analyses predicts rapid
phenotypic evolution during invasion. Evolutionary Applications 11, 781-793.

Sousa, T., Domingos, T., Poggiale, J.-C. and Kooijman, S.a.L.M. (2010) Dynamic energy
budget theory restores coherence in biology. Philosophical Transactions of the
Royal Society B: Biological Sciences 365, 3413-3428.

Southward, A.J. and Crisp, D. (Year) Published. The distribution of certain intertidal
animals around the Irish coast. Proceedings of the Royal Irish Academy. Section
B: Biological, Geological, and Chemical Science, 1954a. JSTOR,1-29.

Southward, A.J. and Crisp, D.J. (1954b) Recent changes in the distribution of the intertidal
barnacles Chthamalus stellatus poli and Balanus balanoides I. In the British Isles.
The Journal of Animal Ecology 23, 163.

Southward, A.J. and Crisp, D.J. (1956) Fluctuations in the distribution and abundance of
intertidal barnacles. Journal of the Marine Biological Association of the United
Kingdom 35, 211.

Southward, A.J. (1958) Note on the temperature tolerances of some intertidal animals in
relation to environmental temperatures and geographical distribution. Journal of
the Marine Biological Association of the United Kingdom 37, 49.

Southward, A.J. (1991) Forty Years of Changes in Species Composition and Population
Density of Barnacles on a Rocky Shore Near Plymouth. Journal of the Marine
Biological Association of the United Kingdom 71, 495.

Southward, A.J., Hawkins, S.J. and Burrows, M.T. (1995) Seventy years' observations of
changes in distribution and abundance of zooplankton and intertidal organisms in
the western English Channel in relation to rising sea temperature. Journal of
Thermal Biology 20, 127-155.

Spencer, B.E., Edwards, D.B., Kaiser, M.J. and Richardson, C.A. (1994) Spatfalls of the
non-native Pacific oyster, Crassostrea gigas, in British waters. Aquatic
Conservation: Marine and Freshwater Ecosystems 4, 203-217.

140



Chapter 8

Stachowicz, J.J., Terwin, J.R., Whitlatch, R.B. and Osman, R.W. (2002) Linking climate
change and biological invasions: ocean warming facilitates nonindigenous species
invasions. Proceedings of the National Academy of Sciences of the United States
of America 99, 15497-15500.

Staudt, A., Leidner, A.K., Howard, J., Brauman, K.A., Dukes, J.S., Hansen, L.J., Paukert,
C., Sabo, J. and Solo6rzano, L.A. (2013) The added complications of climate
change: understanding and managing biodiversity and ecosystems. Frontiers in
Ecology and the Environment 11, 494-501.

Stenzel, H.B. (1963) Aragonite and calcite as constituents of adult oyster shells. Science
142, 232.

Stewart, R.l., Dossena, M., Bohan, D.A., Jeppesen, E., Kordas, R.L., Ledger, M.E.,
Meerhoff, M., Moss, B., Mulder, C. and Shurin, J.B. (2013) Mesocosm experiments
as a tool for ecological climate-change research. Advances in Ecological
Research. Elsevier, 71-181.

Strayer, D.L. (2009) Twenty years of zebra mussels: lessons from the mollusk that made
headlines. Frontiers in Ecology and the Environment 7, 135-141.

Stuart-Smith, R.D., Edgar, G.J. and Bates, A.E. (2017) Thermal limits to the geographic
distributions of shallow-water marine species. Nature Ecology & Evolution 1, 1846-
1852.

Suckling, C.C., Clark, M.S., Richard, J., Morley, S.A., Thorne, M.a.S., Harper, E.M., Peck,
L.S. and Webb, T. (2015) Adult acclimation to combined temperature and pH
stressors significantly enhances reproductive outcomes compared to short-term
exposures. Journal of Animal Ecology 84, 773-784.

Sunday, J.M., Bates, A.E. and Dulvy, N.K. (2012) Thermal tolerance and the global
redistribution of animals. Nature Climate Change 2, 686-690.

Tamburri, M.N., Zimmer, R.K. and Zimmer, C.A. (2007) Mechanisms reconciling
gregarious larval settlement with adult cannibalism. Ecological Monographs 77,
255-268.

Tan, K. and Zheng, H. (2020) Ocean acidification and adaptive bivalve farming. Science
of The Total Environment 701, 134794.

Tan, A.L.S., Cheng, M.C.F., Giacoletti, A., Chung, J.X., Liew, J., Sara, G. and Williams,
G.A. (2021) Integrating mechanistic models and climate change projections to
predict invasion of the mussel, Mytilopsis sallei, along the southern China coast.
Science of The Total Environment 762, 143097.

Taris, N., Ernande, B., Mccombie, H. and Boudry, P. (2006) Phenotypic and genetic
consequences of size selection at the larval stage in the Pacific oyster
(Crassostrea gigas). Journal of Experimental Marine Biology and Ecology 333,
147-158.

Tepolt, C.K. and Somero, G.N. (2014) Master of all trades: thermal acclimation and
adaptation of cardiac function in a broadly distributed marine invasive species, the
European green crab, Carcinus maenas. Journal of Experimental Biology 217,
1129-1138.

Therriault, T.W. and Herborg, L.-M. (2008) Predicting the potential distribution of the vase
tunicate Ciona intestinalis in Canadian waters: informing a risk assessment. ICES
Journal of Marine Science 65, 788-794.

141



Chapter 8

Therriault, T.W., Nelson, J.C., Carlton, J.T., Liggan, L., Otani, M., Kawai, H., Scriven, D.,
Ruiz, G.M. and Clarke Murray, C. (2018) The invasion risk of species associated
with Japanese Tsunami Marine Debris in Pacific North America and Hawaii.
Marine Pollution Bulletin.

Thomas, C.D., Cameron, A., Green, R.E., Bakkenes, M., Beaumont, L.J., Collingham,
Y.C., Erasmus, B.F.N., De Siqueira, M.F., Grainger, A., Hannah, L., Hughes, L.,
Huntley, B., Van Jaarsveld, A.S., Midgley, G.F., Miles, L., Ortega-Huerta, M.A.,
Townsend Peterson, A., Phillips, O.L. and Williams, S.E. (2004) Extinction risk
from climate change. Nature 427, 145-148.

Thomas, Y., Mazurié, J., Alunno-Bruscia, M., Bacher, C., Bouget, J.-F., Gohin, F.,
Pouvreau, S. and Struski, C. (2011) Modelling spatio-temporal variability of Mytilus
edulis (L.) growth by forcing a dynamic energy budget model with satellite-derived
environmental data. Journal of Sea Research 66, 308-317.

Thomas, Y., Pouvreau, S., Alunno-Bruscia, M., Barillé, L., Gohin, F., Bryére, P. and
Gernez, P. (2016) Global change and climate-driven invasion of the Pacific oyster
(Crassostrea gigas) along European coasts: a bioenergetics modelling approach.
Journal of Biogeography 43, 568-579.

Thomas, Y. and Bacher, C. (2018) Assessing the sensitivity of bivalve populations to
global warming using an individual-based modelling approach. Global Change
Biology 24, 4581-4597.

Thuiller, W. (2004) Patterns and uncertainties of species' range shifts under climate
change. Global Change Biology 10, 2020-2027.

Thuiller, W., Richardson, D.M., PySek, P., Midgley, G.F., Hughes, G.O. and Rouget, M.
(2005) Niche-based modelling as a tool for predicting the risk of alien plant
invasions at a global scale. Global Change Biology 11, 2234-2250.

Tidbury, H.J., Taylor, N.G.H., Copp, G.H., Garnacho, E. and Stebbing, P.D. (2016)
Predicting and mapping the risk of introduction of marine non-indigenous species
into Great Britain and Ireland. Biological Invasions 18, 3277-3292.

Tingley, R., Vallinoto, M., Sequeira, F. and Kearney, M.R. (2014) Realized niche shift
during a global biological invasion. Proceedings of the National Academy of
Sciences 111, 10233-10238.

Tomlinson, S., Arnall, S.G., Munn, A., Bradshaw, S.D., Maloney, S.K., Dixon, K.W. and
Didham, R.K. (2014) Applications and implications of ecological energetics. Trends
in Ecology & Evolution 29, 280-290.

Torres, U., Godsoe, W., Buckley, H.L., Parry, M., Lustig, A. and Worner, S.P. (2018)
Using niche conservatism information to prioritize hotspots of invasion by non-
native freshwater invertebrates in New Zealand. Diversity and Distributions 24,
1802-1815.

Travis, J. (1993) Invader threatens Black, Azov Seas. Science 262, 1366.

Treberg, J.R., Killen, S.S., Maccormack, T.J., Lamarre, S.G. and Enders, E.C. (2016)
Estimates of metabolic rate and major constituents of metabolic demand in fishes
under field conditions: methods, proxies, and new perspectives. Comparative
Biochemistry and Physiology Part A: Molecular & Integrative Physiology 202, 10-
22.

Troost, K. (2010) Causes and effects of a highly successful marine invasion: Case-study
of the introduced Pacific oyster Crassostrea gigas in continental NW European
estuaries. Journal of Sea Research 64, 145-165.

142



Chapter 8

Tsiamis, K., Zenetos, A., Deriu, I., Gervasini, E. and Cardoso, A.C. (2018) The native
distribution range of the European marine non-indigenous species. Aguatic
Invasions 13, 187-198.

Tsoar, A., Allouche, O., Steinitz, O., Rotem, D. and Kadmon, R. (2007) A comparative
evaluation of presence-only methods for modelling species distribution. Diversity
and Distributions 13, 397-405.

Tyberghein, L., Verbruggen, H., Pauly, K., Troupin, C., Mineur, F. and De Clerck, O.
(2012) Bio-ORACLE: a global environmental dataset for marine species
distribution modelling. Global Ecology and Biogeography 21, 272-281.

Ubertini, M., Lagarde, F., Mortreux, S., Le Gall, P., Chiantella, C., Fiandrino, A., Bernard,
I., Pouvreau, S. and Roque D'orbcastel, E. (2017) Gametogenesis, spawning
behavior and larval abundance of the Pacific oyster Crassostrea gigas in the Thau
lagoon: Evidence of an environment-dependent strategy. Aquaculture 473, 51-61.

Uribe-Rivera, D.E., Soto-Azat, C., Valenzuela-Sanchez, A., Bizama, G., Simonetti, J.A.
and Pliscoff, P. (2017) Dispersal and extrapolation on the accuracy of temporal
predictions from distribution models for the Darwin's frog. Ecological Applications
27, 1633-1645.

Utting, S.D. and Spencer, B.E. (1991) The hatchery culture of bivalve mollusc larvae and
juveniles. Laboratory leaflet 68. Lowestoft: Ministry of Agriculture, Fisheries and
Food Directorate of Fisheries Research.

Véclavik, T. and Meentemeyer, R.K. (2009) Invasive species distribution modeling
(ISDM): Are absence data and dispersal constraints needed to predict actual
distributions? Ecological Modelling 220, 3248-3258.

Véclavik, T. and Meentemeyer, R.K. (2012) Equilibrium or not? Modelling potential
distribution of invasive species in different stages of invasion. Diversity and
Distributions 18, 73-83.

Valdez, S.R. and Ruesink, J.L. (2017) Scales of recruitment variability in warming waters:
Comparing native and introduced oysters in Hood Canal, Washington, USA.
Marine Ecology 38, €12435.

Valladares, F., Matesanz, S., Guilhaumon, F., Araudjo, M.B., Balaguer, L., Benito-Garzén,
M., Cornwell, W., Gianoli, E., Van Kleunen, M., Naya, D.E., Nicotra, A.B., Poorter,
H. and Zavala, M.A. (2014) The effects of phenotypic plasticity and local
adaptation on forecasts of species range shifts under climate change. Ecology
Letters 17, 1351-1364.

Van Der Meer, J. (2006) An introduction to Dynamic Energy Budget (DEB) models with
special emphasis on parameter estimation. Journal of Sea Research 56, 85-102.

Van Der Veer, H.W., Cardoso, J.F.M.F. and Van Der Meer, J. (2006) The estimation of
DEB parameters for various Northeast Atlantic bivalve species. Journal of Sea
Research 56, 107-124.

Veloz, S.D., Williams, J.W., Blois, J.L., He, F., Otto-Bliesner, B. and Liu, Z. (2012) No-
analog climates and shifting realized niches during the late quaternary:
implications for 21st-century predictions by species distribution models. Global
Change Biology 18, 1698-1713.

Verbruggen, H., Tyberghein, L., Belton, G.S., Mineur, F., Jueterbock, A., Hoarau, G.,
Gurgel, C.F. and De Clerck, O. (2013) Improving transferability of introduced
species' distribution models: new tools to forecast the spread of a highly invasive
seaweed. PLOS ONE 8, e68337.

143



Chapter 8

Viergutz, C., Linn, C. and Weitere, M. (2012) Intra- and interannual variability surpasses
direct temperature effects on the clearance rates of the invasive clam Corbicula
fluminea. Marine Biology 159, 2379-2387.

Violle, C., Enquist, B.J., Mcqill, B.J., Jiang, L., Albert, C.H., Hulshof, C., Jung, V. and
Messier, J. (2012) The return of the variance: intraspecific variability in community
ecology. Trends in Ecology & Evolution 27, 244-252.

Vitousek, P.M., Mooney, H.A., Lubchenco, J. and Melillo, J.M. (1997) Human domination
of Earth's ecosystems. Science 277, 494.

Von Humboldt, A. and Bonpland, A. (1807) Essai sur la géographie des plantes, Paris,
Chez Levrault, Schoell et cie, libraires.

Wagner, E., Dumbauld, B.R., Hacker, S.D., Trimble, A.C., Wisehart, L.M. and Ruesink,
J.L. (2012) Density-dependent effects of an introduced oyster, Crassostrea gigas,
on a native intertidal seagrass, Zostera marina. Marine Ecology Progress Series
468, 149-160.

Walllace, A.R. (1876) The geographical distribution of animals, London, UK, MacMillan &
Co.

Walther, G.-R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T.J.C.,
Fromentin, J.-M., Hoegh-Guldberg, O. and Bairlein, F. (2002) Ecological
responses to recent climate change. Nature 416, 389-395.

Wang, Y., Hu, M., Wong, W.H., Shin, P.K.S. and Cheung, S.G. (2011) The combined
effects of oxygen availability and salinity on physiological responses and scope for
growth in the green-lipped mussel Perna viridis. Marine Pollution Bulletin 63, 255-
261.

Warren, D.L., Glor, R.E. and Turelli, M. (2008) Environmental niche equivalency versus
conservatism: quantitative approaches to niche evolution. Evolution: International
Journal of Organic Evolution 62, 2868-2883.

Warren, M., Hill, J., Thomas, J., Asher, J., Fox, R., Huntley, B., Roy, D., Telfer, M.,
Jeffcoate, S. and Harding, P. (2001) Rapid responses of British butterflies to
opposing forces of climate and habitat change. Nature 414, 65-69.

Whitney, K.D. and Gabler, C.A. (2008) Rapid evolution in introduced species, ‘invasive
traits’ and recipient communities: challenges for predicting invasive potential.
Diversity and Distributions 14, 569-580.

Wiens, J.J. (2011) The niche, biogeography and species interactions. Philosophical
Transactions of the Royal Society B: Biological Sciences 366, 2336-2350.

Wiens, J.J. (2016) Climate-related local extinctions are already widespread among plant
and animal species. PLOS Biology 14, e2001104.

Wikelski, M. and Cooke, S.J. (2006) Conservation physiology. Trends in Ecology &
Evolution 21, 38-46.

Williams, J.W. and Jackson, S.T. (2007) Novel climates, no-analog communities, and
ecological surprises. Frontiers in Ecology and the Environment 5, 475-482.

Williams, J.W., Jackson, S.T. and Kutzbach, J.E. (2007) Projected distributions of novel
and disappearing climates by 2100 AD. Proceedings of the National Academy of
Sciences 104, 5738-5742.

144



Chapter 8

Willig, M.R., Kaufman, D.M. and Stevens, R.D. (2003) Latitudinal gradients of biodiversity:
pattern, process, scale, and synthesis. Annual Review of Ecology, Evolution, and
Systematics 34, 273-309.

Wisz, M.S., Pattier, J., Kissling, W.D., Pellissier, L., Lenoir, J., Damgaard, C.F., Dormann,
C.F., Forchhammer, M.C., Grytnes, J.A., Guisan, A., Heikkinen, R.K., Hoye, T.T.,
Kuhn, I, Luoto, M., Maiorano, L., Nilsson, M.C., Normand, S., Ockinger, E.,
Schmidt, N.M., Termansen, M., Timmermann, A., Wardle, D.A., Aastrup, P. and
Svenning, J.C. (2013) The role of biotic interactions in shaping distributions and
realised assemblages of species: implications for species distribution modelling.
Biological Reviews 88, 15-30.

Wonham, M.J., O’connor, M. and Harley, C.D. (2005) Positive effects of a dominant
invader on introduced and native mudflat species. Marine Ecology Progress Series
289, 109-116.

Wood, L.E., Silva, T.a.M., Heal, R., Kennerley, A., Stebbing, P., Fernand, L. and Tidbury,
H.J. (2021) Unaided dispersal risk of Magallana gigas into and around the UK:
combining particle tracking modelling and environmental suitability scoring.
Biological Invasions.

Wrange, A.-L., Valero, J., Harkestad, L.S., Strand, @., Lindegarth, S., Christensen, H.T.,
Dolmer, P., Kristensen, P.S. and Mortensen, S. (2010) Massive settlements of the
Pacific oyster, Crassostrea gigas, in Scandinavia. Biological Invasions 12, 1145-
1152.

Zerebecki, R.A. and Sorte, C.J.B. (2011) Temperature tolerance and stress proteins as
mechanisms of invasive species success. PLOS ONE 6, €14806.

Zhang, G., Fang, X., Guo, X., Li, L., Luo, R., Xu, F., Yang, P., Zhang, L., Wang, X., Qi, H.,
Xiong, Z., Que, H., Xie, Y., Holland, P.W.H., Paps, J., Zhu, Y., Wu, F., Chen, Y.,
Wang, J., Peng, C., Meng, J., Yang, L., Liu, J., Wen, B., Zhang, N., Huang, Z.,
Zhu, Q., Feng, Y., Mount, A., Hedgecock, D., Xu, Z., Liu, Y., Domazet-LoSo, T.,
Du, Y., Sun, X., Zhang, S., Liu, B., Cheng, P., Jiang, X., Li, J., Fan, D., Wang, W.,
Fu, W., Wang, T., Wang, B., Zhang, J., Peng, Z., Li, Y., Li, N., Wang, J., Chen, M.,
He, Y., Tan, F., Song, X., Zheng, Q., Huang, R., Yang, H., Du, X., Chen, L., Yang,
M., Gaffney, P.M., Wang, S., Luo, L., She, Z., Ming, Y., Huang, W., Zhang, S.,
Huang, B., Zhang, Y., Qu, T., Ni, P., Miao, G., Wang, J., Wang, Q., Steinberg,
C.E.W., Wang, H., Li, N., Qian, L., Zhang, G., Li, Y., Yang, H., Liu, X., Wang, J.,
Yin, Y. and Wang, J. (2012) The oyster genome reveals stress adaptation and
complexity of shell formation. Nature 490, 49.

Zhang, Z., Mammola, S., Mclay, C.L., Capinha, C. and Yokota, M. (2020) To invade or not
to invade? Exploring the niche-based processes underlying the failure of a
biological invasion using the invasive Chinese mitten crab. Science of The Total
Environment 728, 138815.

Zhao, X., Shi, W., Han, Y., Liu, S., Guo, C., Fu, W., Chai, X. and Liu, G. (2017) Ocean
acidification adversely influences metabolism, extracellular pH and calcification of
an economically important marine bivalve, Tegillarca granosa. Marine
Environmental Research 125, 82-89.

145



