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Predicting how marine communities will be affected by environmental change is one of
the most significant challenges facing researchers today. In order to tackle this challenge,
a mechanistic understanding of climate impacts at the individual level is necessary, as
variations in species physiological responses are often reflected in patterns at higher
organisational levels such as populations and communities. In order to explore the
relationship between individual physiology and higher-level dynamics more fully, the
swimming crab Liocarcinus depurator (Linnaeus, 1758) was selected as a model species
for experimental work in which whole organism responses (growth, respiration and
allocation to reproduction) to climate drivers were investigated using a bio-energetic
modelling approach. This species was selected as a model organism after analysis of
epibenthic time-series from the Western English Channel monitoring Station L4 revealed
that decapod crustaceans played a key role in structuring the benthic community, and
that L. depurator was one of the most dominant species in the area, in terms of both

abundance and biomass. A bio-energetic approach was used as the same time-series



analysis identified water temperature and seasonal phytodetrital input (e.g. food) as the
predominant drivers of variation in benthic community wet biomass at L4, with the two
drivers appearing to primarily influence community biomass at different times of the
year. It is possible that warmer water temperatures in the autumn trigger gonad
development and a consequent increase in reproductive biomass, while the
sedimentation of the spring phytoplankton bloom drives an increase in somatic biomass.
This time-series analysis clearly highlighted the role of organism energetics, and the
environmental conditions that influence energy allocation, in structuring benthic
communities. Further work elucidated the relationship between environmental variables
and individual energy budgets. L. depurator responses to climate drivers (temperature,
hypoxia and ocean acidification) were tested experimentally, and a mechanistic Dynamic
Energy Budget (DEB) model was parameterised to describe the life history characteristics
of crustaceans. At an individual level the model was able to accurately describe and
predict observed responses to environmental drivers, both in isolation and in multiple-
stressor scenarios. Experimental results suggested that L. depurator was broadly tolerant
of those climate drivers tested in the short term. Over the longer term however, model
scenarios suggested that OA and the combined stressors may have an adverse effect on
growth. When the multi-stressor model was forced with environmental projections from
a coupled hydrodynamic-biogeochemical model (NEMO-ERSEM), it could be used to
make predictions regarding ultimate carbon mass, age-at-maturity and cumulative
allocation to reproduction, which were used to infer possible population level effects such
as species distributions and population viability. Model scenarios suggested that, in the
future, the optimum settlement time for juvenile L. depurator would shift forward across
the north-west European shelf, and that this crustacean species may be able to expand its
range further into the northern North Sea. The DEB model presented here can provide a
mechanistic underpinning of observed species responses to climate drivers, and more
broadly, the thesis demonstrates how multi-stressor models can be built from data
collected in single stressor experiments, thereby providing a way of synthesising single
stressor data into a modelling environment. This approach allows us to simulate more
complex, ecologically relevant conditions. At a broader scale, the coupled DEB-ERSEM
model showed that it can provide insight into why changes in species’ distributions are
predicted, as these distributions are an emergent property of the processes being

modelled.
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Chapter 1
Chapter 1 Introduction

1.1 Global change impacts on marine communities

Marine habitats are under increasing threat from human activity, with pronounced
ecological consequences (Doney et al., 2012; IPBES, 2019). The pressure of habitat loss,
pollution, overexploitation and climate change are now almost inescapable (Halpern et
al., 2015). The cumulative effects of these pressures are numerous, and include climate-
related mortality events such as coral bleaching (Hoegh-Guldberg, 1999) and mass die-
offs of benthic invertebrates (Boesch and Rabalais, 1991; Diaz and Rosenberg, 2008) and
fish (Thronson and Quigg, 2008) in response to hypoxic events. Changes in
biogeographical ranges as a response to ocean warming have been recorded, with marine
crustaceans (Beaugrand et al., 2002; Mieszkowska et al., 2005), molluscs (Zacherl et al.,
2003), echinoderms (Banks et al., 2010) and fish (Perry et al., 2005; Frainer et al., 2017) all
shifting their ranges poleward. There have been documented changes in the strengths
and types of ecological interactions (Milazzo et al., 2012; Pincebourde et al., 2012) and
phenological shifts in the timing of reproductive events (Poloczanska et al., 2013). For
example, decapod larvae now appear in the plankton of the southern North Sea earlier
than they did in the 1980s (Lindley and Kirby, 2010). Finally, climate change has led to an
erosion of biodiversity (Butchart et al., 2010; McCauley et al., 2015), with tropical
biodiversity hotspots often losing species due to elevated heat stress (Worm and Lotze,
2016). Collectively, this has prompted concerns that we are approaching a planetary-scale

tipping point (IPCC, 2018).

There is much work in the published literature concerning the possible physiological
effects of anthropogenic change on individual species. Ocean acidification has been
shown to impact upon reproductive processes in various taxa, with fertilisation success
negatively affected by reduced seawater pH in echinoderms (Havenhand et al., 2008) and
bivalve molluscs (Parker et al., 2009). Larval development can be impaired when seawater
pCO, is elevated, with studies highlighting an increase in bivalve (Parker et al., 2009; Crim
et al., 2011) and echinoderm (Kurihara et al., 2004; Dupont et al., 2008) larval
abnormalities with decreasing pH. Research has also shown a reduction in larval growth
rates in echinoderms (Dupont et al., 2008; Chan et al., 2015), decapod crustaceans
(Walther et al., 2010; Rato et al., 2017) and bivalves (Barros et al., 2013) in response to

1



Chapter 1

elevated pCO,. Growth rates in post-metamorphic animals can be negatively affected by
ocean acidification. While much of the literature focuses on the growth reductions in
calcifying organisms such as corals (Bischer et al., 2017; Mollica et al., 2018) and bivalves
(Stevens and Gobler, 2018), there is some indication that crustacean growth can also be
negatively impacted by increased seawater pCO, (Whiteley, 2011). Environmental
hypoxia has been shown to negatively impact reproduction in gastropods by reducing the
number of egg capsules produced (Cheung et al., 2008) and in echinoderms by delaying
the development of female reproductive structures (Calder-Potts et al., 2015). There is
evidence that decreasing oxygen concentrations can also reduce growth in gastropods
(Cheung et al., 2008; Li and Chiu, 2013) and decapod crustaceans (Das and Stickle, 1993;
Wei et al., 2008). A reduction in ingestion rate as a response to hypoxic conditions has
been observed in bivalves (Artigaud et al., 2014; Sanders et al., 2014), gastropods (Liu et
al., 2011) and decapod crustaceans (Baden et al., 1990; Das and Stickle, 1993) and several
taxa including molluscs (Artigaud et al., 2014; Sanders et al., 2014) and echinoderms
(Calder-Potts et al., 2015) are known to reduce their metabolic rate as an energy-saving
mechanism. Finally, water temperature is known to be the primary driver of physiological
processes in marine ectotherms (Kooijman, 2010). Ectothermic animal species are
adapted to and depend upon maintenance of the characteristic temperature window of
their natural environment (Portner, 2001), and exposure to temperatures outside of their
optimal range can have a number of sub-lethal effects on marine organisms. For example,
increased water temperatures resulted in reduced growth in gastropods (Vilchis et al.,
2005), echinoderms (Pearce et al., 2005; Zamora and Jeffs, 2012) and decapod
crustaceans (Thomas et al., 2000). Thermal stress has been shown to impact upon
reproduction, with higher water temperatures causing a reduction in gonad development,
gametogenesis and fecundity in gastropods (Vilchis et al., 2005; Rogers-Bennett et al.,
2010) and bivalves (Fearman and Moltschaniwskyj, 2010). Reproductive success can be
diminished in crustaceans exposed to higher water temperatures prior to mating
(Wiklund and Sundelin, 2001), and embryonic development in echinoderms is impaired as
temperatures increase towards predicted ocean warming limits (Byrne et al., 2009). A
factor which can further complicate our understanding of the varying individual
physiological effects of climate stressors on marine organisms is the evidence from a
number of studies showing that physiological tolerance varies geographically (Place et al.,

2008; Pearson et al., 2009). For example, Helmuth et al. (2006) suggested that regional
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tidal regimes and local patterns in wave splash on rocky shores can be more influential in
driving patterns of body temperature in bivalves than large scale climate drivers, leading

to complex thermal mosaics of temperature rather than simple latitudinal gradients.

1.2 Why do we need mechanistic understanding of organism responses

to climate change?

Much of the literature cited above focuses on whole-organism (e.g. growth, development,
reproduction) effects of environmental change. While this approach provides the
advantage of directly translating the effects of stressors into the fitness consequences of
an individual and the survival of its populations, it provides no insight into the mechanism
of these effects, and so limits our ability to transfer results into novel or untested
conditions (Sokolova, 2013). Given that the goal of environmental management is to
maintain the long term health of populations, communities and ultimately, ecosystems
(Jager and Klok, 2010) it is clear that a more thorough understanding of the mechanisms
underlying the interactions between changes in the physical environment and organismal
and ecological responses are critical if we are to predict future patterns of biodiversity,
distribution and abundance (Gunderson et al., 2016). Once we have this mechanistic
understanding of responses to anthropogenic change, it will be possible to make
informed decisions on how best to manage marine habitats to mitigate its effects

(McLeod et al., 2009; Bernhardt and Leslie, 2013; Green et al., 2014).

While there are many ways to explore the mechanisms of organism responses to
environmental change, energetic approaches are arguably one of the most useful. This is
because even where organismal-level impacts of stressors appear to be minimal, there
can be dramatic changes in energy allocation in order to maintain compensatory
mechanisms and physiological function (Pan et al., 2015). Several authors have linked
observed changes in organism growth, reproduction and respiration to impacts on energy
budgets (Fernandez-Reiriz et al., 2011; Stumpp et al., 2012; Pan et al., 2015; Jager et al.,
2016; Gray et al., 2017). For example, Stumpp et al. (2011) showed that reduced pH leads
to a reduction in the scope for growth of urchin larvae, with only 39-45% of available
energy spent on somatic growth in animals in acidified treatments, compared to 78-80%
spent on somatic growth in animals in controls. Similarly, in their study on the effects of

environmental hypoxia on gastropods, Cheung et al. (2008) noted that the energy
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allocated to growth and reproduction decreased by between 48-70% with reductions in
oxygen concentration. Bio-energetic methods can also provide a framework for linking
individual physiological responses to environmental change and long-term, population
level consequences (Sokolova, 2013), due to the fact that processes such as growth,
development and reproduction show great interspecific variability. These patterns of
physiological variability at the species level are often reflected in patterns at higher
organisational levels such as populations and ecosystems (Bozinovic et al., 2011;

Bozinovic and Portner, 2015).

1.3 Improving our ability to predict species responses to environmental

change

Models are useful tools for understanding the contributions of different environmental
factors in driving species distributions patterns. They are also critical for predicting future
changes in these distributions, and for providing information to aid in conservation
decision-making in complex, multi-disciplinary scenarios (Serra-Diaz et al., 2013). Despite
the obvious association between variations in organism physiology and species
distributions, many of the most widely used species distribution models (SDMs, also
known as bioclimatic envelop models and correlative ecological niche models) do not
focus on the mechanisms governing species performance in a given environment. Instead,
they rely on empirical statistical modelling approaches to profile the bioclimatic envelope
of a species and then project these conditions onto a geographical space, allowing species
distributions to be mapped (Franklin, 2010). Although these SDMs have been used to
investigate a range of marine ecological, resource management and conservation
guestions (Reiss et al., 2011; Sundblad et al., 2011), a fundamental limitation of this
approach is that the models are phenomenological (Robinson et al., 2017). Variables
thought to constrain a species’ distribution are selected for use in the model, but the
processes by which the variables limit species’ distributions remain implicit (Mathewson
et al., 2017). Consequently, extrapolation to future distribution patterns resulting from
changing environmental conditions confronts the statistical and ecological assumptions of
these models (Elith and Leathwick, 2009; Melle et al., 2014). In order to overcome this
limitation, process-based or eco-physiological models, which use mechanistic

understanding of organism responses to environmental drivers, can be used to describe
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and predict species distributions by linking key organismal traits with environmental and

spatial data (Kearney et al., 2008).

1.4 Metabolic theories, bio-energetic models and the Dynamic Energy

Budget

Metabolic theories are bio-energetic methods which conceptualise how organisms obtain
matter and energy from their environment and then allocate it to physiological processes
such as growth, development, maintenance and reproduction (Lika et al., 2011).
Mechanistic theories of metabolism based on first principles recognise the constraints
placed on mass and energy fluxes through any biological system, and so have the
potential to describe the energetic basis for higher level (e.g. population and ecosystem)
dynamics (Nisbet et al., 2000). In principal, it is possible to develop an eco-physiological
species distribution model by coupling a mechanistic model based on metabolic theory to
a large scale model of physical processes and environmental drivers (Kearney et al.,

2008).

The best known bio-energetic models based on metabolic theory can be broadly grouped
into three categories — static energy budget (SEB) models, Dynamic Energy Budget (DEB)
models and the models proposed by West et al. (2001) which later came to be associated
with the “metabolic theory of ecology” (Brown et al., 2004), and which will be referred to
here as WBE (for West, Brown and Enquist) models. In WBE models, a simple description
of metabolic rate as a function of body size and temperature is emphasized as a powerful
tool to capture variation in ecological patterns ranging from individual growth and the
scaling of metabolic rate (West et al., 2001; Hou et al., 2008) to ecosystem-level patterns,
such as food-web structure (Brown and Gillooly, 2003). These models have been applied
to investigate general ecological questions and have been shown to predict broad-scale
physiological and ecological phenomena with some accuracy (Enquist et al., 2003; Brown
et al., 2004; Gillooly et al., 2005; Hou et al., 2008). However, there has been vociferous
debate regarding the WBE approach, and doubt has been cast on the fundamental
principles of the models (Makarieva et al., 2004; van der Meer, 2006b; O'Connor et al.,
2007; Apol et al., 2008; Price et al., 2012), the universality of the mass scaling
relationships they propose (based on Kleiber’s law - that the metabolic rate of an
organism is proportional to its mass>* - and that this relationship is underpinned by the
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geometry of the metabolic supply system, specifically fractally branching distribution
networks such as vertebrate blood vessels or the branches of trees) (Glazier, 2005; White
et al., 2007) and their predictive capacity (Algar et al., 2007). The SEB category contains a
number of representatives, but the scope-for-growth approach is one of the most
established. The scope-for-growth model is based on an empirical energy balance for a
“standard” organism, and it uses allometric curves to extrapolate to organisms of
different sizes (Filgueira et al., 2011). It assumes that assimilated energy is immediately
available for catabolism (respiration and excretion), with the remainder being utilised for
growth or deposited as reserves (Filgueira et al., 2011; Larsen et al., 2014). This
assumption implies that energy from catabolism is lost. However, any energy from
catabolism that has been reinvested in the anabolic processes of growth remains in the
organism and is not subsequently lost, leading to an imbalance according to the energy
conservation rule (Filgueira et al., 2011). These models are widely applied, and have been
used to explore the energy budgets of a wide range of taxa including gastropods (Navarro
et al., 1992; Lau and Leung, 2004), bivalves (Navarro et al., 2000; Sara et al., 2008),
echinoderms (Hill and Lawrence, 2006; Yuan et al., 2009), crustaceans (Normant and
Lamprecht, 2006; Urbina et al., 2010) and fish (Peck et al., 2003). They have also been
used to describe and predict somatic growth in bivalves (Filgueira et al., 2011; Larsen et
al., 2014) and gastropods (Navarro et al., 2006). In contrast to SEB models, DEB models
are based on the assumption that assimilated energy is first stored in reserves, which are
then mobilised to fuel other metabolic purposes (van der Meer, 2006a). Reserves
therefore reflect the feeding history of the organism and, as a result, the structural
growth dynamics in a DEB model become different from the scope-for-growth model,
particularly in environments with temporally variable food availability. Another important
assumption of the DEB model is the “k-rule” which states that a fixed fraction (k) of
mobilised energy is allocated to somatic maintenance and growth (with maintenance
taking priority), and the remaining fraction (1-k) is allocated to development and

reproduction (van der Meer, 2006a).

In the standard DEB model (Figure 1-1), individuals are assumed to be isomorphs (i.e.
there are no ontogenetic changes in body shape) feeding on one food source (Jager and
Zimmer, 2012). They are primarily characterised by three state variables: structure, which

determines actual size, feeding rates and maintenance costs; reserve, which serves as
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intermediate storage between feeding and metabolic mobilisation, and either maturity
(in juvenile animals) or reproduction buffer (in sexually mature animals). Juvenile animals
increase maturity by sinking energy into the development of reproductive structures.
Once sexual maturity (“puberty” in DEB terminology) has been reached, animals will then

switch energy allocation to the production of gametes (Martin et al., 2013).

Individual organism Maturity
maintenance Reproductive
buffer

Maturation/
reproduction

Food

Reserve

assimilation

Growth

Somatic
maintenance

Figure 1-1:  Schematic diagram of the standard DEB model. State variables are in ovals. k (kappa) is the

Faeces €

energy allocated to somatic maintenance and growth and represents a fixed fraction of energy mobilised
from the reserve. 1-k is the remainder of mobilised energy and is allocated to either maturation (juveniles)
or reproduction (adults). Mature animals sink energy into the reproductive buffer until it is emptied during
reproductive events (i.e. gamete release).

The DEB model has several advantages over other energetic models: i) it is a mechanistic
model that relies on physiological principles common to all species; ii) it has a relatively
small number of parameters which integrate environmental effects on the organism and
iii) its structure allows comparison of energy budgeting between species, as inter-specific
differences appear as different model parameter values (Alunno-Bruscia et al., 2009). DEB
theory is based on precise knowledge of energy partitioning within organisms, and so can
be used to investigate the effects of environmental factors on demographic responses
such as growth and reproduction and, from there, effects on population dynamics can be
inferred. The primary environmental drivers used by the DEB model are temperature and
food availability, and numerous studies have demonstrated the skill of the DEB model in
predicting development, growth, and reproductive rate in a number of different taxa

under ambient conditions (Bourlés et al., 2009; Jusup et al., 2011; Augustine et al., 2014).
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However, DEB models have also been forced with other (additional) variables, and used
to make predictions regarding organism responses to environmental stressors. For
example, Lavaud et al. (2019) used the DEB approach to disentangle the effects of
hypoxia, temperature and food availability on the life-history traits of two populations of
Atlantic cod (Gadus morhua, Linnaeus, 1758) in the Gulf of Saint Lawrence (Canada), and
showed that temperature explained 48% of the difference in length and 59% of the
difference in mass between the two populations. Model scenarios also suggested that a
linear decrease in oxygen concentration would reduce growth and reproduction in this
species (Lavaud et al., 2019). The effects of decreased oxygen concentration on bivalves
has also been explored, with a DEB model parameterised for the scallop Argopecten
purpuratus (Lamarck, 1819) accurately capturing the reductions in growth and
reproduction observed under hypoxic conditions (Aguirre-Velarde et al., 2019). Klok et al.
(2014b) used a DEB model to investigate the negative impact of increased pCO, on cockle
(Cerastoderma edule, Lamarck, 1809) growth and concluded that the observed decrease
in shell length and flesh dry weight could be attributed to increased maintenance costs
and decreased assimilation efficiency. Finally, DEB models are increasingly used in
ecotoxicology applications. They have been shown to be useful tools not only in
predicting the effects of toxicants on growth and reproduction (Muller et al., 2009; Xie et
al., 2019) but also in elucidating the mode of action of toxicants (Jager and Zimmer,

2012).

A great deal of the published literature applies the DEB model to bivalves (Pouvreau et
al., 2006; Bourles et al., 2009; Rosland et al., 2009; Alunno-Bruscia et al., 2011; Barillé et
al., 2011; Bernard et al., 2011; Thomas et al., 2011; Maar et al., 2015; Aguirre-Velarde et
al., 2018; Aguirre-Velarde et al., 2019) and, to a lesser extent, fish (Pecquerie et al., 2009;
Jusup et al., 2011; Pecquerie et al., 2011; Kooijman and Lika, 2014; Lavaud et al., 2019).
While the success of the DEB model in describing and predicting growth and reproduction
in these taxa is well established, there are fewer studies which attempt to model these
processes in crustaceans, particularly decapods. One of the primary challenges in applying
the DEB model to crustaceans is that the standard model assumes continuous growth of
structure. In most animal phyla, an increase in structure results in a concurrent increase
in physical size (e.g. body length). However, this is not the case with crustaceans in which

growth of structure is indeed continuous, but increase in physical size occurs periodically
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via the moult. In most of the published DEB models which have been applied to
crustaceans (Campos et al., 2009; Jager and Ravagnan, 2015; Jager et al., 2015; Jager and
Ravagnan, 2016) these discontinuities in physical size measures are ignored. Moulting is a
difficult and energy-demanding process, which represents a major and repeated
physiological change in the life history of all crustaceans (Buchholz et al., 2006; Seear et
al., 2010). As such, most aspects of crustacean life history are synchronised with the
moult cycle to some degree, and a DEB model which can capture this process would not
only represent a novel development in the application of DEB theory to crustaceans, but
also provide valuable insights into the energetics of moulting, and serve as a useful basis

for exploring possible effects of environmental stressors on crustacean life history traits.

1.5 The ecological and economic importance of crustaceans

Crustaceans, particularly decapods, have important ecological roles (Boudreau and
Worm, 2012). Studies have shown that decapod predation can influence the structuring
of benthic communities; for example, experimental exclusion of decapods in Bonne Bay,
Newfoundland resulted in an increase in benthic infaunal species richness due to the
reduction of crab predation on infauna (Quijén and Snelgrove, 2005). Benthic decapods
have been shown to exert top-down control upon the recruitment of other species by
feeding on settling bivalve larvae (Barkai and McQuaid, 1988), or 0-group plaice
(Pleuronectes platessa, Linnaeus, 1758) (van der Veer and Bergman, 1987). The
abundance of decapod larvae in the water column has been negatively correlated with
plaice and sole (Solea solea, Linnaeus, 1758) recruitment in the North Sea (Kirby and
Beaugrand, 2009), leading those researchers to conclude that in addition to adult
predation on fish recruits, decapod larval predation in the plankton may have contributed
to changes in the structure of the North Sea holozooplankton which underpins fish
recruitment (Beaugrand et al., 2003). It has also been suggested that some crustacean
predators can be keystone species. In the NW Atlantic, blue crabs (Callinectes sapidus,
Rathbun, 1896) were attributed with regulating marsh grass cover in salt marshes. Blue
crabs preyed on the periwinkle Littoraria irrorata (Say, 1822), preventing it from
decimating the marsh grass Spartina spp. and so converting this complex habitat to
mudflats (Silliman and Bertness, 2002). Based on these findings, overfishing of blue crab
was proposed as a possible mechanism contributing to the massive die-off of salt marshes

in the south-eastern USA. Similarly, crabs are thought to contribute to the maintenance of
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kelp beds in the Gulf of Maine (Leland, 2002; Steneck et al., 2004). The removal of large
predatory fish from kelp beds in the early 20" century reduced predation pressure on
lower trophic levels, fostering an increase in the herbivorous green sea urchin
Strongylocentrotus droebachiensis (Miller, 1776) (Harris and Tyrrell, 2001). If these
urchins reach sufficiently high densities, they can denude the benthos of fleshy
macroalgae, creating “urchin barrens” (Steneck, 1997). Stable algal communities are now
maintained by the presence of crustacean predators, which have replaced the previously
removed fish predators and can effectively keep vast regions free of sea urchins

(McNaught, 1999; Leland, 2002).

Some crustacean species, such as clawed and spiny lobster, crabs and penaeid shrimp,
also have significant commercial value (Smith and Addison, 2003). These decapods
underpin lucrative fisheries across the globe and deliver some of the highest prices per
weight of any seafood (Cawthorn and Hoffman, 2017). Global production of decapod
crustaceans has doubled since 2000, reaching over 12.5 million tonnes in 2013 and
accounting for approximately 8% of total global fisheries production (Cawthorn and
Hoffman, 2017). While landings from decapod capture fisheries have remained relatively
stable over the last decade, the rapid increase in global supply largely reflects the growth
in aquaculture production, predominantly in Asia. In 2014, aquaculture production of

crustaceans reached 6.9 million tonnes, worth an estimated US$36.2 million (FAO, 2016).

1.6 Thesis rationale

Given the clear ecological and economic importance of crustaceans, it is evident that a
more comprehensive mechanistic understanding of their responses to climate drivers is
needed if we are to improve our predictive capability in order to manage benthic
ecosystems and crustacean fisheries sustainably. While experimental examination of
drivers and responses is a well-tested and robust approach, the sheer number of drivers
acting on the marine environment means that measuring all potential interactions
between every combination of drivers is impossible. It is in this context that theoretical
approaches such as DEB can prove useful, as models can provide a mechanistic
underpinning of observed responses, which is critical if we are to predict the impacts of
stressors under novel or untested conditions. The standard DEB model has been shown to

be a useful tool in describing and predicting growth in bivalves and fish under ambient
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conditions, and in response to climate stressors such as increased CO, and decreased O,

concentrations. However, it is currently lacking in its ability to accurately capture the

discontinuous growth of crustaceans, which significantly limits its applications in exploring

the physiological responses of crustaceans to climate change.

1.6.1

1.

Aims and objectives
To investigate the drivers of natural variability in a benthic community in the
Western English Channel, and to select a model crustacean species for further
work
To investigate the feeding, growth and respiration of the model species under
ambient conditions and to parameterise a simple DEB model in order to explore
the energy budget of this species. More specifically, to introduce a “moult
extension” into the model which will account for the discontinuous nature of
crustacean growth
To investigate the responses of the model species to climate drivers (water
temperature, moderate hypoxia and ocean acidification), and parameterise
individual DEB models which describe and predict relevant physiological endpoints
under these conditions
To develop a unified “multi-stressor” DEB model for the model species, and use it
to predict changes in ecologically relevant endpoints and possible distribution
across the European seas using projected environmental conditions between the

present day and 2050
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Chapter 2 Quantifying the
environmental drivers of short-term temporal dynamics in
an epibenthic community from the Western English

Channel

This chapter has been published as: Talbot, E., Bruggeman, J., Hauton, C. & Widdicombe,
S, 2019. Uncovering the environmental drivers of short-term temporal dynamics in an
epibenthic community from the Western English Channel. Journal of the Marine

Biological Association of the UK. 99 (7), 1476-1479.
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feedback on written drafts. Taxonomic analysis of the epifaunal samples was also
undertaken by a number of individuals besides ET: Adrien Lowenstein, Laura Briers,
Bianca Maria Torre, Harry Powell, Alessandro Brunzini, Craig Dornan, Olli Ford and Jemma
French. Phytoplankton data were provided by Clare Widdicombe, and meroplankton data

were provided by Andrea McEvoy and Angus Atkinson.
2.1 Abstract

Benthic communities, critical to the health and function of marine ecosystems, are under
increasing pressure from anthropogenic impacts such as pollution, eutrophication and
climate change. In order to refine predictions of likely future changes in benthic
communities resulting from these impacts, we must first better constrain their responses
to natural seasonality in environmental conditions. Epibenthic time series data (July 2008
— May 2014) have been collected from Station L4, situated 7.25 nautical miles south of
Plymouth in the Western English Channel. These data were analysed to establish patterns
in community abundance, wet biomass and composition, and to link any observed
patterns to environmental variables. A clear response to the input of organic material
from phytoplankton blooms was detected, with sediment surface living deposit feeders
showing an immediate increase in abundance, while predators and scavengers responded

later, with an increase in biomass. | suggest that this response is a result of two factors.
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The low organic content of the L4 sediment results in food limitation of the community,
and the mild winter/early spring bottom water temperatures allow the benthos to take
immediate advantage of bloom sedimentation. An inter-annual change in community
composition was also detected, as the community shifted from one dominated by the
anomuran Anapagurus laevis to one dominated by the gastropod Turitella communis. This
appeared to be related to a period of high larval recruitment for 7. communis in
2013/2014, suggesting that changes in the recruitment success of one species can affect

the structure of an entire community.

2.2 Introduction

Benthic epifaunal communities are under growing pressure from anthropogenic activities
in coastal seas, the strength and range of which have increased significantly over the last
century with the growth in global industrialisation and urbanisation (Daan et al., 1996;
Halpern et al., 2008). As a result, impacts such as pollution, eutrophication and the
effects of climate change are of major concern to conservationists and resource managers
alike (Capasso et al., 2010). In order to assess long-term changes in epibenthic
communities as a result of these impacts, it is critical that we gain an improved
understanding of the short-term temporal variability in the responses of community
abundance, biomass and composition to environmental parameters (Reiss and Kréncke,

2004; Chikina et al., 2014; Wtodarska-Kowalczuk et al., 2016).

While descriptions of the large-scale spatial distribution and structure of temperate,
shelf-sea epibenthic communities in connection with environmental factors are relatively
common, only a few studies have investigated the temporal variability of these
communities. Many of those focussed on the North Sea, and concluded that sea surface
temperature (SST) is a dominant factor influencing the temporal variability of epibenthic
communities, particularly in the shallow, well-mixed areas of the south-eastern North Sea
(Reiss and Kroncke, 2004; Neumann et al., 2008; Neumann et al., 2009b), which are
characterised by strong seasonal fluctuations in temperature (Neumann et al., 2008). The
influence of SST appears to be less dominant in the deeper, stratified areas of the
northern North Sea however. Neumann et al. (2009a) found no correlation between

overall epibenthic community structure and changing SST, although relationships were
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found between SST and the abundance and biomass of some individual species, in some

cases with a one year lag.

Shallow-water communities are generally thought to have access to high quality (if
temporally variable) food, and as a result, the influence of organic input on structuring
the benthos may be secondary to other physical and biological factors (Quijon et al.,
2008). Again, there are comparatively few studies which focus on the responses of
benthic epifauna to bloom sedimentation, but a number have investigated macro-
infaunal community structures and responses to phytodetrital inputs. The trophic
structure of North Sea macrofauna communities was found to reflect differences in the
relative quality of organic matter received (Dauwe et al., 1998; Wieking and Kroncke,
2005). Between 55% and 84% of year to year variability in benthic infaunal abundance off
the coast of Northumberland was explained by changes in primary production (Buchanan,
1993), and a marked increase in macrofaunal abundance in the same area in the 1980s
was attributed to increases in phytodetrital input (Frid et al., 1996), as were decadal-scale
variations in taxonomic composition (Frid et al., 2009a; Frid et al., 2009b; Clare et al.,
2017). Josefson et al. (1993) showed that the abundance, biomass and growth of macro-
infaunal species were closely related to bloom sedimentation in the Skagerrak-Kattegat
region. Macrofaunal deposit feeders were found to increase in abundance immediately
following bloom sedimentation in the Western English Channel, while other trophic
groups responded more slowly, primarily with an increase in biomass (Zhang et al., 2015).
However, not all studies found a clear response to organic input. Quijon et al. (2008)
found that the effects of phytodetrital input were short term, and were minor in
comparison to the seasonal differences observed in the macrofaunal community, and
studies of the infauna of the western Baltic (Graf et al., 1982) and of the epifauna in the
German Bight area of the North Sea (Reiss and Kroncke, 2004) failed to find any response

to bloom sedimentation at all.

The seasonal and interannual variability of the epibenthic community at Station L4 in the
Western English Channel was investigated from July 2008 until May 2014. Since little is
known about the ecology and biology of the epibenthos in the Western English Channel,
these data provide valuable information on the short-term variation of several epibenthic
groups. The purpose of this study was to: i) describe the seasonal and interannual

variability in diversity, abundance, and biomass of the epibenthos at Station L4; ii) to
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identify and discuss environmental drivers in accordance with faunal patterns and iii) to
identify a species to serve as a model for further investigation into the energetic costs of

changing environmental conditions.

23 Materials and Methods

2.3.1  The L4 sampling station

Station L4 is part of the Western Channel Observatory (WCO, www.westernchannel
observatory.org.uk), and represents a long term oceanographic and marine biodiversity
time series, having been routinely sampled since 1988. In 2008, a benthic series was
added — an element often missing from other observatories (Smyth et al., 2015). Situated
in the Western English Channel, 7.25 nautical miles south of Plymouth, UK (50°15.00’N,
4°13.02'W), it can be considered representative of a temperate coastal environment (Tait
et al., 2015). Water column depth is approximately 53m, and the station is well mixed
during the winter and stratified over the summer (Figure 2-1A). Bottom water
temperature varies from approximately 8°C - 16°C (Figure 2-1A). Chlorophyll-a
concentration is at its lowest during winter, and higher during the characteristic spring
and autumn phytoplankton blooms (Figure 2-1B, note that these are fluorescence
measurements, a proxy for chlorophyll-a). Phytoplankton cells can sink very quickly at L4,
with high chlorophyll-a and phytoplankton carbon values measured at the seabed within

two weeks of the start of a bloom (Tait et al., 2015; Zhang et al., 2015).

2.3.2  Animal collection and processing

Using a 60cm wide Naturalist dredge with a 22mm mesh deployed from the RV Plymouth
Quest, three replicate samples were taken every other month during the period July 2008
- May 2014 from Station L4. For each replicate the dredge was lowered to the seabed and
then towed for approximately 2 mins at a speed of approximately 0.3 knots. Total towed

distance was calculated for each replicate using the formula:
cos~1(coslatg *cos latg + sinlatg *sinlatg = cos(long — long)) * 6371

Where: lat is start latitude (in radians), latg is end latitude (in radians), long is start
longitude (in radians), long is end longitude (in radians) and 6371 is the approximate

radius of the Earth (in Km).
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All organisms collected in the dredge were fixed in 10% formalin solution. Prior to
analysis, samples were rinsed at 4mm and epifaunal individuals carefully picked out. All
individuals were identified to species level, wherever possible, using a stereo microscope
(Leica M32 Kombistereo). Individuals within each of the identified taxonomic groups were
counted, carefully blotted dry and weighed on a Sartorius R220D microbalance (+ 0.01
mg, European Instruments). Standardised values for abundance and biomass for each
time point were calculated by dividing the total abundance (or biomass) in three replicate

samples by the total area covered by the dredge.
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Figure 2-1 Monthly mean water temperature and fluorescence at Station L4. (A) temperature

between July 2008 and May 2014. (B) fluorescence between Jan 2009 and May 2014. Data were collected
weekly (weather permitting) using a Seabird SBE 19+ CTD deployed from the RV Plymouth Quest. Dotted
vertical lines indicate periods of thermal stratification.

2.3.3  Ancillary data

During the study period (July 2008 — May 2014), a suite of environmental and biological
data were collected from L4 every week (weather permitting) from the RV Plymouth

Quest. Vertical profiles of temperature and fluorescence were measured using a SeaBird

SBE 19+ CTD. Water samples for phytoplankton analysis were collected from a depth of
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10m using 10L Niskin bottles attached to the CTD rosette, and zooplankton were collected
in two vertical WP2 net hauls (mesh size = 200um, mouth aperture = 57cm diameter)

taken from the seabed to the surface (UNESCO, 1968).

2.3.4 Phytoplankton analysis

Paired water-bottle samples were preserved with 2% Lugol's iodine solution (Throndsen,
1978) and 4% buffered formaldehyde. Between 10 and 100 ml of sample (depending on
cell density) were settled for at least 48 h (Widdicombe et al., 2010). Cell volumes were
calculated according to the equations of Kovala and Larrance (1966) and converted to
carbon (pgC cell) (Menden-Deuer and Lessard, 2000) and then expressed per unit

volume of seawater (mgC m™).

2.3.5 Meroplankton analysis

Haul samples were preserved and stored in 5% formalin. Two subsamples were extracted
using a Folsom splitter and a Stempel pipette, to identify large and small organisms
separately, then counted and identified under a microscope. Abundances in the two hauls
were averaged to reduce the variability related to the sampling, and counts were
converted to individuals m™ (John et al., 2001). Due to the difficulties in larval
identification and because different analysts have worked on the data set over the years,
meroplankton are only identified to major taxonomic groups. These groups are:
Decapoda, Brachyura, Cirripedia, Bivalvia, Gastropoda, Echinodermata and Polychaeta.
These groups provide an overall picture of the seasonal changes in the meroplankton
assemblage at L4. For this study, all groups except Cirripedia were considered, because
although Cirripede larvae can dominate the meroplankton at L4 (Highfield et al., 2010)

mature animals are rarely present in the epibenthic faunal samples.

2.3.6  Statistical analysis

All statistical analyses were conducted in R statistical software. Time-series of epibenthic
abundance and wet biomass m™ between July 2008 and May 2014 were compiled.
Missing data were interpolated using the “zoo” package in R (Zeileis et al., 2018). Data for
each sampling month (January, March, May, July, September and November) were
pooled across the whole time series and overall means of community, major phyla and
dominant species abundance and wet biomass were calculated to establish the structure

of the community. Average individual body mass of the whole community and each
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phylum was calculated by dividing the overall mean wet biomass by the overall mean
abundance for each sampling month. To establish whether responses to environmental
drivers were more easily identifiable when considering functional groups rather than
taxa, species were grouped into one of five feeding guilds (predator/scavenger, omnivore,
surface-deposit feeder, subsurface-deposit feeder, suspension feeder). Information on
polychaete feeding mode was retrieved from Jumars et al. (2015). Information on feeding
mode for all other phyla was retrieved from the Marine Life Information Network’s
biological traits catalogue (MarLIN, 2006). Where a species exhibited more than one
feeding method, it was classified by the preferred or most frequently documented
method. While | appreciate that the “fuzzy coding” method (Chevene et al., 1994;
Neumann and Kroncke, 2011), which uses positive scores to describe the affinity of
species to trait categories, would reflect a wider range of ecological function than the
method adopted here, the aim of this chapter was to provide a broad overview of the
structure of the community and its responses to environmental variables, rather than an
in-depth analysis of biological traits. Data on meroplanktonic larval abundance, water
temperature and phytoplankton carbon for the duration of the time series were also

collected and monthly means calculated.

The “vegan” package in R (Oksanen et al., 2017) was used to construct a species
accumulation curve to determine whether the full diversity of Station L4 had been
captured, and to calculate rarefied species richness as an indicator of changes in diversity
over the course of the time series. Rarefied species richness was chosen as the measure
of diversity as the total area covered by the dredge varied between sampling dates. As a
consequence, it is likely that the number of species (and individuals) collected in each
sample was a function of the area sampled. Rarefaction techniques can correct for this
difference in sampling effort by generating the expected number of species in a small
collection of n individuals drawn at random from a larger pool of N individuals (Gotelli and

Colwell, 2001).

In order to identify any correlation between the biological (community, feeding guild and
phyla abundance and biomass) and the environmental (water temperature,
phytoplankton carbon) data series, cross correlation analysis was performed (Olden and
Neff, 2001; Probst et al., 2012) in R using the “astsa” package (Stoffer, 2016). Where

relationships between data series were found, linear regressions were used to quantify
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the relationship for a particular time lag. Cross correlation analysis was also performed
on the phyla abundance and larval abundance data series. Prior to this analysis, all data
series were checked for homoscedasticity by fitting a simple ordinary least squares
regression model and checking the residuals against the fitted values. The community
abundance and biomass series, and the larval abundance data series were found to be
heteroscedastic and were log-n transformed to achieve homoscedasticity. All data series
were differenced to remove any trends or seasonal effects (Probst et al., 2012), and then
checked for stationarity using an Augmented Dickey-Fuller test in the “tseries” package
for R (Trapletti et al., 2017). Finally, to ensure that estimates of cross correlations were
not inflated by any temporal autocorrelation, series were checked for any autocorrelation

by generating ACF and PACF plots (Olden and Neff, 2001).

24 Results
2.4.1 Variations in the epibenthic community 2008 - 2014

The species accumulation curve for Station L4 started to level off after approximately 20
samples (corresponding to a sampling period of 2.5 years) had been collected (Figure 2-
2A). Rarefied species richness varied across the course of the series (Figure 2-2B) with
values ranging from 7 — 24 species. Spring/summer values were generally higher than
values in the preceding winter. Rarefied richness reached a maximum in spring/summer

2011, and declined steadily to the end of the series.

Community abundance over the course of the series varied from 0.13 individuals m~in
May 2010, to 3.93 individuals mZin May 2014 (Figure 2-3A). Community wet biomass
ranged from 0.21 g m™ in September 2008 — 5.99 g m™in May 2014 (Figure 2-3B). The
peak in community abundance seen in summer 2009 was largely attributable to a peak in
crustacean abundance (specifically the anomuran Anapagurus laevis (Bell, 1845)) (Figure
2-3E). The increase in abundance in autumn 2013 was driven by increases in the
crustaceans A. laevis, Galathea nexa (Embleton, 1834), and Macropodia spp.; the mollusc
Turitella communis (Risso, 1826), and to a lesser extent, the echinoderms Astropecten
irregularis (Pennant, 1777) and Ophiothrix fragilis (Abildgaard, 1789) (Figures 2-3C and 2-
3E). The abundance maximum in spring 2014 was due predominantly to an increase in

mollusc numbers (specifically T. communis) (Figure 2-3E). All but one of the observed
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peaks in wet biomass were driven by increases in echinoderm biomass (Marthasterias
glacialis (Linnaeus 1758) in March 2010 and September 2012, and Luidia ciliaris (Philippi,
1837) in March 2011) (Figure 2-3F). The very high wet biomass maximum in spring 2014
can be attributed to increases in biomass of molluscs (T. communis) and crustaceans
(Liocarcinus depurator (Linnaeus 1758) and Atelecyclus rotundatus (Olivi, 1792)) (Figure 2-
3F). The increase in polychaete biomass in spring 2014 (Figure 2-3D) was due to the

presence of a single large Aphrodita aculeata (Linnaeus 1758) in the sample.
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Figure 2-2 Species accumulation curve and rarefied species richness over the course of the L4

epibenthic time series, July 2008 - May 2014. The species accumulation curve (A) started to level off after
approximately 20 samples (representing a sampling period of 2.5 years) were collected. Grey shading
denotes standard deviation from the mean curve, generated from 1000 random permutations of the data.
In terms of diversity (B), the series is characterised by a period of high species richness in late 2010/2011,
with periods of lower richness at the beginning and end of the series. Dotted vertical lines denote January
of each year.
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Figure 2-3 L4 epibenthic abundance and biomass over the study period July 2008 - May 2014.
Abundance of the whole community (A), polychaetes and echinoderms (C) and molluscs and crustaceans
(E). Biomass of the whole community (B), polychaetes (D) and echinoderms, molluscs and crustaceans (F).
Dotted vertical lines denote January of each year.

Four of the five most dominant species in terms of abundance were crustaceans,
although the most dominant species was the gastropod mollusc . communis, accounting
for 28% of total abundance over the course of the time series (Table 2-1). Biomass was

dominated by the echinoderm M. glacialis, which accounted for 45% of community

biomass over the period July 2008 — May 2014 (Table 2-1).
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Table 2-1: Contributions of dominant species to L4 community abundance and biomass over the
period July 2008 - May 2014.

Abundance % contribution to Biomass dominant % contribution to
dominant species total abundance species total biomass
Turitella communis 28 Marthasterias 45

glacialis
Anapagurus laevis 19 Liocarcinus 14
depurator

Liocarcinus 6 Turitella communis 10

depurator
Inachus dorsettensis 5 Atelecyclus 4
rotundatus

Macropodia 4 Nucula spp. 4

tenuirostris

Benthic larvae were always present in the water column over the course of the time

series. Abundances ranged from 12 (+ 8) individuals m~ in December 2009 to 2080 (+

3656) individuals m=>in July 2010. In 2009, 2010 and 2011, summer abundances of

benthic larvae were very high, reaching more than 1000 individuals m? (Figure 2-4A). In

2009, the majority of the benthic larvae recorded were gastropod molluscs (Figure 2-4C),

while in 2010 and 2011, echinoderm larvae were the primary contributors to the

observed peaks in abundance (Figure 2-4D).

Both the abundance and wet biomass of suspension and deposit feeders was relatively

stable over the course of the time series, although suspension feeder abundance

increased sharply in summer 2013 and spring 2014 (Figure 2-5A). Likewise, the wet

biomass of suspension and deposit feeders reached a peak in spring 2014 (Figure 2-5B). In

terms of abundance, omnivores were the most dominant feeding guild at L4 (Figure 2-

5C), while the predator/scavenger guild dominated in terms of wet biomass (Figure 2-5F).

The predators/scavengers (Figure 2-5E) exhibited an increase in abundance in spring

2014, although it was not as dramatic as that recorded for the suspension feeders.
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Figure 2-4  Abundance of benthic larvae in the water column at Station L4. (A) the four major benthic
phyla, (B) polychaetes, (C) molluscs, (D) echinoderms and (E) decapod crustaceans during the study period
July 2008 — May 2014. The grey dotted line in panel C is the abundance of gastropod larvae present, while
the grey dashed line is the abundance of bivalve larvae. The grey dotted line in panel E is the abundance of
brachyuran larvae present. Grey shading represents standard deviation from the mean calculated for the

phyla.
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Figure 2-5  Abundance and biomass of the main feeding guilds found at Station L4. Left hand panels are
abundance, right hand panels are biomass. (A) and (B) are suspension and deposit feeders, (C) and (D) are
omnivores and (E) and (F) are predators/scavengers. Deposit feeders were split into surface and sub-surface
feeders for the purposes of analysis, but were combined for plotting.

2.4.2  Overall structure of the epibenthic community

There was some structure apparent in the overall means of the community abundance
and wet biomass series. Abundance increased from January to reach a peak in May,
before declining again over the summer. There was a second, smaller increase apparent
in September, and abundance then decreased steadily through the winter (Figure 2-6A).
Wet biomass peaked slightly earlier than abundance, in March, and remained fairly high
over the spring before declining from May onward. There was a second, smaller increase
in community wet biomass in September (Figure 2-6B). The first peak in abundance can
be attributed to an increase in abundance of molluscs (and to a lesser extent polychaetes
and echinoderms) which, when added to an already high abundance of crustaceans,
raised community abundance to ~1.2 individuals m™ (Figure 2-6C, E, G and 1). While

mollusc abundance dropped sharply after the May maximum (Figure 2-6E), the decline in
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community abundance was more gradual, due to an increase in the abundance of
crustaceans (Figure 2-61), and numbers of polychaetes and echinoderms remaining
relatively high (Figure 2-6C and G). This increase in crustacean abundance, which reached
its maximum in September, was the primary contributor to the second community
abundance peak (Figure 2-6A). The biomass maximum in March was predominantly
caused by a sharp increase in biomass of echinoderms (Figure 2-6H), and polychaetes
(Figure 2-6D) although molluscs (Figure 2-6F) also contribute. Both molluscs and
crustaceans (Figure 2-6J) reached a biomass peak in May, ensuring that community

biomass remained high throughout the spring (2-6B).
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Figure 2-6 Overall means for community and major phyla abundance and wet biomass. Left hand

panels are abundance, right hand panels are biomass. Data for each sampling month (Jan, Mar, May, Jul,
Sept, and Nov) were pooled across the whole time series. Shaded grey area represents standard deviation
from the mean.
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Average individual body mass of the whole community reached a maximum in March, and
then decreased steadily over the summer, before increasing again from September
(Figure 2-7A). Polychaete (Figure 2-7A) individual body mass exhibited a similar pattern,
although the decline after March was much steeper. Peaks in body mass for crustaceans
and molluscs (Figure 2-7A) were reached in May, again with a decrease over the summer,
and an increase beginning in September. Echinoderms (Figure 2-7B) reached a maximum
in March, and body mass remained high into May before declining. There was a

subsequent increase in echinoderm body mass although it started earlier than in other

taxa, in July.
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Figure 2-7 Average individual body mass of the L4 epibenthic community. (A) whole community,

molluscs, polychaetes and crustaceans. (B) echinoderms.

Overall monthly means of larval abundance show that the highest numbers of benthic
larvae are recorded in the water column in July/August (Figure 2-8A). While all four major
phyla contribute to this peak in abundance, it is largely attributable to high abundances of
molluscs (Figure 2-8C) and echinoderms (Figure 2-8D). Different classes of mollusc appear
to have different spawning times at L4, with gastropod larvae abundances (grey dotted
line, Figure 2-8C) in the water column peaking slightly earlier than bivalve larvae (grey
dashed line, Figure 2-8C). Polychaete larvae exhibited two peaks, in March and June
(Figure 2-8B), while decapod larvae abundances peaked in March/April (Figure 2-8E), and
remained relatively high throughout the summer, before declining steadily from July.
Much of the initial peak in decapod larval abundance can be attributed to brachyuran

larvae (grey dotted line, Figure 2-8E), although this declines after April.
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Figure 2-8 Overall monthly mean abundances of benthic larvae in the water column at Station L4. (A) the
four major benthic phyla combined, (B) polychaetes, (C) molluscs, (D) echinoderms and (E) decapod
crustaceans. Means were calculated for each month from data pooled across the whole time series. The
grey dotted line in panel Cis the abundance of gastropod larvae present, while the grey dashed line is the
abundance of bivalve larvae. The grey dotted line in panel E is the abundance of brachyuran larvae present.
Grey shading represents standard deviation from the mean calculated for the phyla.

2.4.3  Drivers of variation in epibenthic community structure

Non-metric multidimensional scaling (NMDS) ordination revealed that although there was
no clear seasonal pattern apparent over the course of the time series in either the
abundance or wet biomass data, there were some interannual differences in the
abundance data. Analysis of community abundance identified 3 clusters (Figure 2-9A).
Cluster 1 consists of the years 2008, 2013 and 2014. Cluster 2 contains the years 2011 and
2012, and cluster 3 contains the years 2009 and 2010. The differences between these
three clusters were driven by differences in the relative abundances of the two dominant
species. In cluster 1, the gastropod 7. communis was dominant, whereas in cluster 3 the

anomuran crab Anapagurus laevis was dominant. Cluster 2 was characterised by a more

even community structure, with no single species dominant. There were no clear
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interannual patterns identified in the biomass data, with most data points falling into a

single cluster (Figure 2-9B). The only months to fall outside this cluster were January 2010

and January 2011. This appears to be due to the fact that during these months, the

asteroid M. glacialis, which dominated the biomass over the course of the time series,

was not recorded.
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Figure 2-9 NMDS ordination of community abundance and wet biomass data over the course of the

time series July 2008 - May 2014. Although there is no seasonal pattern evident in either the abundance (A)
or wet biomass data (B), there is some interannual variation in the abundance data, predominantly due to
the relative variations in abundance of the dominant species.

All significant results of the cross correlation analysis are shown in Table 2-2. There was
no significant relationship between total community abundance and any of the
explanatory environmental variables. Community wet biomass correlated with both
phytoplankton carbon (R? = 0.4, p = 0.0001) and temperature (R? = 0.46, p <0.0001), with
a 6 month lag in both cases (Table 2-2). If both carbon and temperature are left in the
linear model as explanatory variables, the model fit improves (R? = 0.6) and both terms
remain significant (carbon p = 0.003, temperature p = 0.002, Table 2-2). There was no
significant interaction effect detected between carbon and temperature (p = 0.9). Of the
four major phyla, only echinoderm biomass exhibited significant relationships with any of
the explanatory environmental variables, correlating with temperature with a 6 month
lag (R*=0.37, p =0.0003, Table 2-2). Both mollusc and echinoderm abundance were
correlated with larval abundance. Mollusc abundance was correlated with total mollusc

larval abundance (R*= 0.81, p = 0.001) and gastropod larval abundance (R*=0.61, p =
29



Chapter 2

0.01) with a 4.5 year lag in each case (Table 2-2). Echinoderm abundance is correlated

with echinoderm larval abundance with a lag of 3 years (R* = 0.58, p = 0.002, Table 2-2).

Table 2-2 Significant models identifying relationships between the epibenthic community and
environmental variables. In those models where two predictors were included, the significance value for
the whole model has been given in the column for R?, and the significance value for individual predictors
has been given in the coefficient column.

Response variable Predictor lag R? (p) Coefficient (p)
Community biomass | phytoplankton | 6 months | 0.4 (0.0001) 0.1
carbon
Community biomass temperature 6 months 0.43 0.18
(0.0001)
Community biomass carbon + 6 months 0.6 Carbon =
temperature (<0.0001) 0.1(0.003)
Temperature =
0.14 (0.002)
Echinoderm biomass temperature 6 months 0.37 0.11
(0.0003)
Predator/scavenger phytoplankton | 6 months 0.32 0.1
biomass carbon (0.0006)
Predator/scavenger temperature 6 months 0.38 0.13
biomass (0.0003)
Predator/scavenger carbon + 6 months 0.53 Carbon =0.09
biomass temperature (<0.0001) (0.02)
Temperature =
0.12 (0.002)
Surface-deposit phytoplankton | 0 months | 0.42 (0.02) 0.09
feeder abundance carbon
Mollusc abundance mollusc larvae | 4.5 years | 0.81(0.001) 0.21
Mollusc abundance | gastropod larvae | 4.5 years | 0.61(0.01) 0.17
Echinoderm echinoderm 3years | 0.58(0.002) 0.1
abundance larvae

Analysis of the community when grouped into feeding guilds (suspension feeders, surface
and sub-surface deposit feeders, omnivores and predators/scavengers) showed a
relationship between predator/scavenger biomass and phytoplankton carbon with a 6
month lag (R*= 0.32, p = 0.0006, Table 2-2). As with community wet biomass, this group
also exhibited a relationship with temperature, again with a six month lag (R*=0.38, p=
0.0003). If both of these terms are left in the model, they remain significant (carbon p =
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0.02, temperature p = 0.002), and the overall fit improves (R? = 0.53, p < 0.0001, Table 2-
2). There was no significant interaction effect detected however (p = 0.5). This analysis
also showed a relationship between phytoplankton carbon and surface-deposit feeder
abundance, with an immediate response from the surface-deposit feeders to

phytodetrital input (R*= 0.5, p = 0.02, Table 2-2).
25 Discussion

Time series data (collected every other month during the period July 2008 — May 2014)
for benthic epifauna at Station L4 were analysed to establish patterns in community
abundance, wet biomass and composition, and to link any observed patterns to
environmental variables. A clear response to the input of organic material from
phytoplankton blooms was detected, with sediment surface living deposit feeders
showing an immediate increase in abundance, while predators and scavengers responded
later, with an increase in biomass. An inter-annual change in community composition was
also detected, as the community shifted from one dominated by the anomuran

Anapagurus laevis to one dominated by the gastropod Turitella communis.

There is some evidence for benthic-pelagic coupling at Station L4, demonstrated by the
correlation between surface-deposit feeder abundance and phytoplankton carbon. This
pattern has been previously observed in the macro-infauna at L4, with deposit feeders
rapidly responding to phytodetrital input with an increase in abundance, while predators
and scavengers responded more slowly with an increase in biomass (Zhang et al., 2015).
While many studies have concluded that benthic communities can be structured by
phytodetrital input over both short-term and decadal scales (Buchanan, 1993; Josefson et
al., 1993; Dauwe et al., 1998; Wieking and Kroncke, 2005; Frid et al., 2009b; Frid et al.,
2009a; Clare et al., 2017) clear responses to organic input from benthic fauna can be
difficult to detect (Graf et al., 1982; Reiss and Kroncke, 2004). The “food bank” hypothesis
suggests that large reserves of labile organic matter in sediments can sustain benthic
communities at constant levels of abundance on a year round basis, and clear responses
to phytodetrital input are difficult to detect as a consequence (Mincks et al., 2005; Kedra
et al., 2012; Wtodarska-Kowalczuk et al., 2016). This appears not to be the case at Station
L4, which is fairly impoverished in terms of organic matter content, with organic carbon

contributing only 0.4% to total sediment mass (Zhang et al., 2015). It is possible that this
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comparatively low sediment carbon content results in the epibenthic community at L4
being food limited, and so the seasonal pulses of phytodetrital input elicit measurable
responses. Furthermore, spring bloom sedimentation in temperate areas can often occur
when bottom water temperatures are low, and benthic faunal responses are limited as a
result. Weeks can pass before water temperature increases enough to allow for
macrofaunal feeding (Lopez and Levinton, 2011). It is possible that the particular
hydrographic conditions in the Western English Channel, where bottom water
temperatures fluctuate less than in other temperate systems, result in early spring
temperatures high enough for the surface-deposit feeders in the L4 community to

respond immediately.

Interestingly, there was no apparent decrease in diversity associated with the
sedimentation of the spring bloom. In macrofaunal communities, enriched sediments are
typically rapidly colonised by a few opportunist, fast-reproducing species (Widbom and
Frithsen, 1995) which can take advantage of the fresh organic matter, generally resulting
in a reduction in diversity (Chamberlain et al., 2001; Widdicombe and Austen, 2001). As
noted above, epibenthic surface-deposit feeders did show an immediate increase in
abundance with the arrival of phytodetritus, but rarefied richness values for May (post
sedimentation) are generally equal to or higher than values for March (pre-bloom). It is
possible that these values are indirect evidence of predation. Predation is thought to play
a key role in marine sedimentary systems, due in part to the lack of clear evidence for
competitive exclusion (Peterson, 1979; Woodin, 1999). While detection of predation is
challenging, and numerous studies have found no consistent regulatory role (Thrush,
1999), it has been suggested that epibenthic predators can equalise numbers and
increase evenness by preying preferentially on numerically dominant species (Quijén and
Snelgrove, 2005). Given the fact that L4 community wet biomass is predominantly
represented by predators and scavengers, there is a possibility that opportunistic deposit
feeders are prevented from becoming dominant after sedimentation of the spring bloom
by the feeding of the predator/scavenger group. This pattern in the regulation of benthic
community structure has been noted before (Posey et al., 1995), with those authors
concluding that the presence or absence of predation may alter the visible response of
the benthos to organic enrichment. While there was no direct evidence of predator-prey

interactions (e.g. a clear relationship between deposit-feeder and predator/scavenger
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abundance or biomass) detected in this study, the patterns in species richness observed
would seem to support the proposal that epibenthic predators can be of major influence
in benthic communities (Quijén and Snelgrove, 2005), and may diminish or

counterbalance the changes in prey species that result from phytodetrital input.

A relationship between community wet biomass and both bottom-water temperature
and phytoplankton carbon was detected at Station L4, although there was no significant
interaction between the two predictors and their effects on biomass. This leads me to
propose that temperature and phytoplankton carbon primarily influence biomass at
different times of the year. Community wet biomass peaks in March/May, driven
predominantly by an increase in biomass of echinoderms and molluscs. Individual body
mass curves for these two phyla show an identical pattern, with a maximum also being
reached in March/May. It is possible that this is representative of the development of the
gonads in preparation for spawning. Several studies have found that ripe gonads in these
two phyla can make a significant contribution to body mass (Barker and Nichols, 1983;
Nichols and Barker, 1984a; Nichols and Barker, 1984b; Berthelin et al., 2000; Freeman et
al., 2001; Alunno-Bruscia et al., 2011). This view would appear to be supported by the
increase in benthic larvae (of which mollusc and echinoderm larvae are recorded in the
highest numbers) in the water column from May onwards, while community, mollusc and
echinoderm biomass decreases after May, perhaps indicating spent individuals. | suggest
that this pre-spawning biomass is influenced by temperature. Several studies have noted
the role of temperature in triggering gonad development in marine invertebrate species
(Sastry, 1966; Sastry and Blake, 1971; Aktas et al., 2003; Herrmann et al., 2009; Balogh et
al., 2018), and it is possible that gonad development at L4 is initiated by the high water
temperatures recorded in September, with full maturation and spawning occurring the
following spring. Gonad development and maturation in some temperate echinoderm &
mollusc species has been recorded to take up to six months, which would be in keeping
with the six-month lag between peaks in temperature and biomass identified in this
chapter (Bowner, 1982; Skdéld and Gunnarsson, 1996; Kim et al., 2016). Although there
was no significant interaction between temperature and phytoplankton carbon and their
effects on biomass detected here, food availability will clearly affect gonad development
as it dictates the nutritional status of an individual (Nunes and Jangoux, 2004), and the

autumn bloom characteristic of Station L4, along with the carbon from seaweed detritus
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which contributes to winter organic matter in the area (Queirds et al., 2019) is likely to
help fuel gonad development over the winter. In contrast to maximum temperatures,
maximum phytoplankton carbon values are generally recorded in April/May, with a
response in community biomass seen six months later. It is possible that the relationship
between phytoplankton carbon and biomass is indicative of somatic growth, which occurs
after spawning has taken place in the spring. The seasonal prioritisation of either sexual
or somatic growth in benthic fauna is well documented, particularly in echinoderms
(Greenwood, 1980; Peterson and Fegley, 1986; Guillou and Michel, 1993; Lozano et al.,
1995; Coma et al., 1998). This shift in energetic prioritisation is often related to
reproductive effort being concentrated at a time favourable to the survival of offspring,
e.g. spawning prior to or coincident with a phytoplankton bloom (Giangrande et al.,
1994). The same lagged relationship between biomass, temperature and phytoplankton
carbon was also recorded in the predator/scavenger group. The biomass of this feeding
guild is dominated by echinoderms (70%), so the postulated relationships outlined above

could also be driving the responses of this group.

The role of larval supply as a determinant of the structure and dynamics of marine
populations (i.e. supply side ecology) has long been discussed (Thorson, 1950; De Wolf,
1973; Lewin, 1986; Underwood and Fairweather, 1989), and there is much evidence to
suggest that variations in recruitment can contribute to patterns of abundance and
demographics in adult populations of fish (Williams, 1980; Doherty and Fowler, 1994),
barnacles (Gaines and Roughgarden, 1985; Sutherland, 1990; Scrosati and Ellrich, 2017),
mussels (Scrosati and Ellrich, 2017) and bryzoans (Hughes, 1990). | propose that larval
recruitment of dominant species is also a key influence on benthic community structure
and composition at Station L4. The dramatic increase in community and suspension
feeder abundance and biomass in May 2014, and the shift in community structure (from
one dominated by A. laevis in 2009 to one dominated by T. communis in 2013/2014) are
likely due to the sieve recruitment (the point at which individuals recruited to the
population reach a size where they would be retained on the sieve mesh) of the high
numbers of gastropod larvae present in the plankton in 2009. Previous studies of benthic
recruitment have stressed that sieve recruitment can be far removed in time from actual
settlement (Buchanan and Moore, 1986), as many benthic macrofaunal settlers are of

meiofaunal size. The lag of 4.5 years identified between mollusc abundance and
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gastropod larval abundance likely reflects the fact that any newly settled animal needs to
reach a size both big enough to be collected by the dredge, and to be retained on the

4mm sieve used in this study.

Analysis of the first six years of the epibenthic time series at Station L4 reveals some
temporal structure in community abundance and wet biomass, apparently influenced by
both bottom water temperature and seasonal phytodetrital input. It is possible that the
spring phytoplankton bloom fuels somatic growth, while gonad development and
maturation is triggered by warmer water temperatures in the autumn, resulting in a pre-
spawning biomass peak evident in early spring. Different functional groups within the
community were found to respond to the bloom in specific ways, a result that is in
keeping with previous studies of the L4 macro-benthos. While benthic faunal responses
to changes in water temperatures have been previously recorded in other temperate
systems, clear responses to phytodetrital input as seen here are less common. The reason
we can detect this response is likely to be a combination of two factors: i) The relative
impoverishment of the L4 sediment in terms of organic content, indicating a food limited
community, and ii) the comparatively small range of bottom water temperatures,
resulting in relatively mild winter/early spring conditions and a community that is able to

take immediate advantage of bloom sedimentation.

This chapter demonstrates the importance of organism energetics and the environmental
conditions (e.g. temperature) that influence energy allocation. The control of this process
can drive seasonal and inter-annual patterns in species biomass and the relative
composition of benthic communities. Any method that allows us to explore, visualise and
predict an organism’s energy acquisition and allocation under different environmental
conditions or in response to stressors has the potential to provide insight into population
and community dynamics. In order to explore the effect of environmental conditions on
organism energetics, and to provide a solid mechanistic basis for scaling up from
individual physiology to population level effects, a model species, the swimming crab L.
depurator was selected for further experimental work. As well as being among the most
dominant species (in terms of both abundance and biomass) recorded at L4 over the
course of the time series, L. depurator is also one of the most commonly found portunid
crabs in the wider coastal Northeast Atlantic (Mori and Zunino, 1987; Abell6 et al., 1988;

Rufino et al., 2004). It occurs on several benthic sediment types and is a commonly
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encountered species in muddy and sandy-muddy bottoms (Minervini et al., 1982) on the
continental shelf and upper continental slope (Rufino et al., 2005). Due to its abundance,
it can play a key role in structuring soft-bottom communities, both by controlling the
abundance of its prey species and by constituting an important prey species itself for fish
and other large predators (Careddu et al., 2017). The ubiquity and ecological importance
of L. depurator therefore makes this species an ideal candidate for further exploring the

energetics of crustaceans.
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Chapter 3 An adapted
Dynamic Energy Budget model for the swimming crab Liocarcinus

depurator, including explicit consideration of the moult

This chapter has been published as: Talbot, E., Widdicombe, S., Hauton, C. & Bruggeman,
J., 2019. Adapting the Dynamic Energy Budget (DEB) approach to include non-continuous
growth (moulting) and provide better predictions of biological performance in

crustaceans. ICES Journal of Marine Science, 76 (1), 192-205.

Author contributions: ET designed and performed all experiments, and wrote the
manuscript. ET and JB constructed the initial DEB model. JB, CH and SW provided

comments and feedback on all written drafts.
3.1 Abstract

Dynamic Energy Budget (DEB) theory offers a comprehensive framework for
understanding the overall physiological performance (growth, development, respiration,
reproduction etc.) of an organism over the course of its life cycle. A simplified DEB model
for the swimming crab Liocarcinus depurator (Linnaeus, 1758) is presented here, the first
DEB model to be parameterised for this species. Most applications of the standard DEB
model assume continuous growth in all size metrics (length, wet mass, carbon content) of
the modelled species. However, in crustaceans growth, measured as an increase of
carapace length/width, occurs periodically via moult. To account for this, the model has
been extended to track the continuous increase in carbon mass as well as the episodic
increase in physical size. Model predictions were consistent with the patterns in the
observed data, predicting both the moult increment and the intermoult period of an
individual. In addition to presenting the model itself, recommendations are made for

further development.

3.2 Introduction

Chapter 2 demonstrated the importance of considering species energy acquisition and
allocation when trying to understand community responses to environmental drivers. In

order to explore organism energetics more fully, Dynamic Energy Budget (DEB) theory can
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be employed, as it offers a whole organism approach to explaining how factors in the
physical environment translate into biologically and ecologically relevant responses, via
the assumption that food and temperature are the primary drivers of an organism’s
metabolic machinery. To date, the majority of published DEB models for marine species
are for molluscs or fish, with relatively few models parameterised for decapod
crustaceans. Given that Chapter 2 showed the importance of decapods in structuring
benthic communities, this chapter explores the energetics of decapod crustaceans more
fully, using a common coastal portunid crab as a model species. More specifically, the
work presented here focuses on a key aspect of the crustacean life cycle - the moult -

which most crustacean DEB models do not adequately account for.

The moult cycle represents a major and repeated physiological change in the life history
of all crustaceans (Buchholz et al., 2006; Seear et al., 2010). Given that moulting is a
complex and energy-demanding process, most aspects of crustacean life history are
synchronised with the moult cycle (Raviv et al., 2008). Both reproduction and metabolism
are dependent on the moult stage in crustaceans, and all three phenomena — moult,
reproduction and metabolism — are influenced by environmental factors such as
temperature (Buchholz et al., 2006). Moult and reproduction can be coordinated in a
variety of ways, with different reproductive events (e.g. mating and oviposition) coupled
to different moult stages (Cuzin-Roudy and Buchholz, 1999; Buchholz et al., 2006). Since
mating can indicate the onset, acceleration or completion of vitellogenesis, and since
oviposition marks the beginning of egg incubation, the sequence of mating and
oviposition combined with the occurrence of moulting comprise different reproductive
strategies (Raviv et al., 2008). Some of these strategies can be related to a particular
taxon, while others may be found in a variety of taxa. Furthermore, a single species may
exhibit more than one reproductive strategy. For example, in the snow crab Chionoecetes
opilio (Fabricius, 1788) the first reproductive cycle comprises pre-moult ovary maturation,
followed by the pubertal (and terminal) moult. Copulation occurs with the female in a soft
shelled condition and the cycle ends with oviposition. In all subsequent reproductive
cycles mating and oviposition occur with the female in a hard shelled condition (Elner and
Beninger, 1995; Sainte-Marie et al., 2008). The reproductive cycle is regulated by a
combination of internal cues such as energy allocation, and external environmental cues

such as season (Raviv et al., 2008).
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As well as facilitating growth and reproduction, moult may also be undertaken as a
response to stressors or parasite infection. For example, Antarctic krill Euphausia superba
(Dana, 1850) have the capacity to shrink at moult under conditions of low food availability
(Ettershank, 1983; Nicol et al., 1992; Nicol, 2000). It is possible that this mechanism would
allow the species to survive a long period of food limitation such as that encountered
during the Antarctic winter (Quetin and Ross, 1991). Similarly, the Northern Krill
Meganyctiphanes norvegica (M. Sars, 1857) moults outside of the reproductive season,
and shows negligible somatic growth. It has been proposed that these moults may
remove ecto-parasites that can severely reduce swimming efficiency (Buchholz et al.,

2006).

Modelling growth forms the basis for almost all quantitative fisheries stock assessment
(Chang et al., 2012). Accurate estimates of growth are essential in the determination of
lifespan, age at recruitment, age at maturity and cohort identification (Hoggarth et al.,
2006; Chang et al., 2012). Similarly it is critical for aquaculture production of crustaceans.
Not only does it allow producers to assess when a crop will be ready for harvesting, it
provides a way of quantifying and evaluating the effects of different production systems
(Wyban et al., 1995; Kim et al., 2014), dietary regimes (Ackefors et al., 1992) or

immunostimulants (Bai et al., 2010; Sang et al., 2011) on growth.

Moulting in crustaceans causes two problems in quantifying growth: all hard parts that
might be used for aging (and so for an estimation of size-at-age) are lost at each moult,
and growth is discontinuous, occurring in a stepwise fashion (Chang et al., 2012). While
the first of these problems may be overcome by using methods such as mark recapture
data (for larger or slower growing species) or length frequency analysis (Kilada and
Driscoll, 2017) to estimate relative size-at-age, the second problem of discontinuous
growth has received less attention, and limited attempts have been made to model the

stepwise growth of crustaceans (Chang et al., 2012).

In order to capture moult dynamics in crustaceans, information on two components is
needed — the moult increment (i.e. the magnitude of the increase in size at moult), and
the intermoult period (i.e. the length of time between two successive moults) (Chang et
al., 2012). The moult increment (MI) is generally the simpler of the two processes to

model, with much of the modelling effort focused on finding the best means of fitting
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pre-moult and post-moult size data. These range from the fitting of separate lines to pre-
and post-moult data with an intersection corresponding roughly to the size at maturity
(Somerton, 1980), to log-linear (Mauchline, 1977) or non-linear models (Easton and
Misra, 1988). Modelling the intermoult period (IP) is more of a challenge, as the only way
to measure it directly is by observing animals in captivity. In those studies that have
recorded data on observed IP, various general functions relating IP to pre-moult size have
been proposed. For example, simple and higher order linear models (Mauchline, 1977;
Castro, 1992), non-linear models (Ehrhardt, 2008), and a geometric series of time

Ill

intervals increasing from an initial “seed” interval by a constant proportion at each
successive interval (Caddy, 2003) have all been used. In those studies that have no direct
measurement of IP, an estimate of moulting probability or moulting frequency is
required, and many empirical equations exist to relate moulting probability to pre-moult
size (Chang et al., 2012). Once information on Ml and IP has been obtained, there are
various ways of quantifying the average growth versus time. The moult-process model
projects the relationship between pre-moult size and MI, and pre-moult size and IP
repeatedly, allowing for the prediction of growth beyond the size range of the original
observations (Mauchline, 1977). This approach is deterministic however, and does not
account for intrinsic variations in growth among individuals. A stochastic moult-process
model has therefore been developed based on the Monte-Carlo technique to construct
growth curves and their associated uncertainty (Chen and Kennelly, 1999). While both

these models produce growth curves, neither of them consider the effect of

environmental factors on growth.

While all of these methods have been used successfully to model growth in a number of
crustacean taxa, the fact that many of them have been developed for a particular species
means it is unlikely that any individual model will be applicable to all species. Additionally,
while some of them explicitly consider the effects of environmental temperature on
growth (Wainwright and Armstrong, 1993; Brylawski and Miller, 2006) none consider
food availability. In order to simplify the process of modelling crustacean growth, and to
facilitate comparisons of growth between species, a single mechanistic model that can
quantify both Ml and IP, relate both to environmental temperature and food availability,
and which should be applicable to all crustacean species is required. The DEB model (see

Chapter 1, section 1.4) should, in principle, be able to fulfil these requirements.
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Application of the DEB model to crustaceans has some specific challenges however. The
standard DEB model assumes continuous growth of structure (see Chapter 1, Figure 1-1).
In most animal phyla, an increase in structure results in a concurrent increase in physical
size (e.g. body length). However, this is not the case with crustaceans in which growth of
structure is indeed continuous, but increase in physical size occurs periodically via the
moult. In most of the published DEB models which apply to crustaceans (Campos et al.,
2009; Jager and Ravagnan, 2015; Jager et al., 2015; Jager and Ravagnan, 2016) these
discontinuities in physical size measures are ignored. The single exception in the
published literature is the work of Ananthasubramaniam et al. (2014) which includes
explicit representation of discrete moults in Daphnia magna using a moult development
index. The assumption that model predictions are representative of overall growth over
multiple moults rather than individual daily growth is not unreasonable when dealing
with relatively small fast growing crustacean species that moult frequently (Campos et al.,
2009; Jager and Ravagnan, 2015), but when dealing with larger bodied, longer lived
species such as commercially important decapods, it is less representative. It is possible,
in the case of these decapods, that any modelled process which depends upon the

physical size of the animal (e.g., feeding) is not accurately represented.

In this chapter, the feeding, growth and respiration of one of the most commonly
recorded crustacean species at Station L4, L. depurator are investigated. As a first step
towards exploring the links between individual species energetics and higher-level
population dynamics, a simple DEB model is parameterised in order to explore the energy
budget of this species. Due to the particular challenges presented by applying the
standard DEB model to crustaceans, and in order to overcome the limitations that this
imposes on using DEB approaches to fully investigate the effects of environmental drivers
on crustacean life history traits, the DEB model presented here focuses specifically on

capturing the dynamics of the moult.

3.3 Materials and Methods

3.3.1  Animal collection
Individuals of L. depurator were collected on 9™ June 2016 from the Western Channel
Observatory (Smyth et al., 2015) sampling station L4 (50°15.00’N, 4°13.02’W) using a 2m

beam trawl. Four separate trawls, each of 15 mins duration, were conducted to ensure
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collection of a sufficient number of individuals (N = 60). Once removed from the cod end
of the trawl, all intact individuals were transferred into buckets of freshly collected
seawater (vol = 5L, five individuals per bucket) and transported back to Plymouth Marine

Laboratory (PML, Plymouth, UK) within 2hrs of collection.

On arrival, animals were transferred to individual plastic containers (vol = 1L) filled with
filtered (10um) seawater and placed in the mesocosm tanks, two large (vol = 600L) tanks
of seawater maintained at 13°C + 0.5°C. Each individual plastic container had a layer of
aquarium gravel (Dennerle Plantahunter, 8-12mm, J & K Aquatics) for the animal to sit on,
and was aerated individually, with air being finely bubbled through aquarium airstones.
Once transferred to these containers, individuals were left for 48 hours prior to the start

of the experiment.

3.3.2  Experimental design

In the first week of the experiment, each individual’s carapace width (CW) was measured
with digital Vernier callipers (£ 0.05mm) and then weighed on a balance scale (Sartorius
R220-D, 0.01mg, European Instruments). These measurements were repeated weekly for
the duration of the experiment (10 weeks). Once a week, the containers were washed,
the gravel rinsed with clean seawater, and the water was changed. L. depurator were fed
three times per week (Monday, Wednesday and Friday) on raw squid tubes (//lex
argentinus). Wet weight of squid (typically between 1 - 1.5g) was measured before being
presented to the animals, which were then left undisturbed for 6hrs to feed. After the 6hr

period, any un-ingested squid was removed and reweighed.

Oxygen consumption data were collected for randomly selected individuals during the
last 3 weeks of the experiment. L. depurator were removed from their individual
containers and placed on a platform in a 920ml static respiration chamber containing
aerated seawater of the same temperature as that in the experimental aquaria. The
chamber was placed on a stirrer plate and a 10mm stir bar mixed the water at 500rpm,
separated from the animal by the platform. The rpm was kept at the lowest possible
setting to ensure that water in the chamber would be mixed while minimising disturbance
to the animal. The chamber was then covered with a black cloth and the crab left to settle
for approximately 30mins (the time it took for the animal to stop moving around the

chamber or displaying obvious signs of agitation such as climbing the sides). After this
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initial 30min period, the chamber was sealed, ensuring there were no trapped air
bubbles, and an initial measurement of the percentage air saturation in the chamber was
taken using an OxyMini-AOT (World Precision Instruments). Further measurements were
taken every 15mins for up to 3hrs, with the chamber covered with a black cloth between
measurements to ensure the crabs experienced minimal disturbance. At no point during
the measurements was air saturation in the chamber allowed to drop below 70%. Percent
air saturation was converted to pmol O, L™ using the formula

P,;m — B, (T) ~ % air saturation M(0,)

0.2095 - a(T) -920 -

.31.25
Py 100 Vi

Where P, is atmospheric pressure (mbar)

Py is standard pressure (1013 mbar)

P,,(T) is vapour pressure of water (Pa) at measurement temperature (K)
a is the Bunsen absorption coefficient at measurement temperature (K)
M(0,) is the molecular mass of O, (32g/mol)

V,, is the molar volume (22.414L/mol)

0.2095 is the volume content of O, in air

31.25 is the conversion factor from mg L to pmol Lt

And 920 is the volume of the respirometry chamber (ml)

Subsequently, the rate of whole animal O, consumption (lmol O, consumed min™) was
determined by plotting imol O, over time for each crab, and calculating the slope of the
regression line. To allow for a more accurate comparison of O, consumption rates
between individuals of different sizes, O, consumption was then corrected to pumol O,
consumed g carbon™ min™, using pre-determined carbon mass/wet mass conversions (see

below).
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3.3.3 Wet mass/carbon mass conversions

Prior to collection of experimental animals, ~80 individuals were collected from the same
location, following the same method outlined above. These animals were euthanised on
arrival at PML by immersing them in briny water chilled to -11°C and then weighed and
measured in the same way as the experimental animals. Once wet mass had been
established, individuals were placed in a drying oven at 60°C and dried to a constant
weight (typically 48hrs), left to cool to room temperature in a desiccator (typically 2-3hrs)
and weighed again on removal to quantify dry mass. Animals were then placed in a muffle
furnace at 550°C for 4 hours to be incinerated (West et al., 2004), and the remaining ash
weighed. Carbon mass was calculated by subtracting the ash weight from the dry weight.
The regression equation for the relationship between wet mass and carbon mass was

calculated, and the ratio of carbon mass to wet mass was determined.

3.3.4 L. depurator DEB model structure

A simplified version of the standard DEB model (see Chapter 1, section 1.4) was
implemented in the R programming environment and used to evaluate growth, ingestion
and oxygen consumption in L. depurator (see Figure 3-1 for an outline of the model
procedure). In terms of the simplification of the standard DEB model, all carbon allocated
to maturation and reproduction, as defined by the “kappa rule”, was respired completely
in this model. This decision was made because observations on maturity of the individuals
and on the biomass of their reproductive tissues was lacking; furthermore, it allowed the
same model to be used for juvenile and mature individuals, without having to detect the
moment of maturation. This makes the model equivalent to that of a standard DEB
juvenile animal. As a result, modelled total biomass by necessity excludes reproductive
tissues; for modelled oxygen consumption, the oxygen needed to metabolize all carbon
allocated to maturation/reproduction was included. For mature animals the model has
the potential to slightly underestimate total mass, and overestimate respiration.
However, this is a reasonable simplification, given the small size of crabs involved, and the

absence of eggs in all animals.

Given the discontinuous nature of crustacean growth, and the potential difference in
tissue composition that can be measured in two animals of the same carapace width,
carbon mass (Mc) was identified as a more appropriate size metric to use in order to

guantify the model’s continuously varying state variables, structure (My) and reserve (Mg)
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(NB —any use of the term “structure” in this thesis refers to the state variable My).
However, as Mc cannot be measured directly without sacrificing experimental animals,
the model was extended with a variable for wet mass (My), an easily established measure
of physical size. This variable was designed to change only through moulting. The
moulting process was triggered when the modelled ratio of carbon mass to wet mass (o)
exceeded a threshold calculated from observed carbon to wet mass ratios (Figure 3-2 and
Section 3.4.1). It should be noted that o increased between moults due to assimilation of
carbon (and increased structure and reserve), while My remains fixed (equation ix,
Section 3.3.5). In this way, the model produced a stepwise growth curve in wet mass,
even though structure and reserve increased continuously, with a as the primary link
between the measured variable My, and the state variables My and Mg. This increase in
My and Mg, taken alongside the constant My, between moults, implies a change in water

content of the animal during the inter-moult period.

In DEB theory, ingestion scales with surface area, assumed to be proportional to
structure?? in the standard DEB model. This reflects the theory that ingestion is a
function of the surface area of organs responsible for ingestion and/or digestion.
However, in moulting animals the physical size of organisms remains constant between
moults, and is more appropriately measured by wet mass than the carbon mass of
structure. Therefore, it was assumed that the surface areas responsible for ingestion, and
thus, the maximum ingestion rate, are proportional to MW2/3 (equation iii). To test the
validity of this assumption, the log-log relationship between wet mass and measured
ingestion rate was examined (Figure 3-3), and ingestion was found to scale to My%®°.
Other size-dependent processes in the DEB standard model, specifically the reserve
mobilisation rate and the maintenance rate, were left to scale with structure, as these are

thought to relate primarily to metabolically active biomass and energy density, rather

than physical size.

Additional logic to describe the feeding regime was introduced as part of the model code,
in which the simulation was cut into many feeding and non-feeding periods that are
individually simulated and linked through the initial and final states of the individual being
modelled. The model calculated the amount of food ingested over the 6hr feeding period,
based on the maximum ingestion rate scaled to MWZ/3 (equationiiii, section 3.3.5). It then
compared the modelled output to the measured output.
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Initial moult condition a of each individual defined (one parameter
per individual)

For each individual (i) \I/

—> Measured data on wet mass, ingestion and respiration loaded
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Model equations defined and parameters set
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Figure 3-1: Flow chart outlining the major steps of each DEB model iteration. Initial moult condition is
the parameter a. Note that the model was designed to differentiate between feeding and non-feeding
periods. All code was developed de-novo, although the majority of the model equations are from the
standard DEB model. Any exceptions are listed in section 3.3.5
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3.3.5 Model equations and parameter values

Most model equations are standard DEB model equations (Kooijman, 2010), although the
commonly used notation is not entirely adhered to. For example, the decision to use My
as the measure of physical size necessitated the calculation of certain parameters (e.g.

13 d'l, rather than cm d™. Also, all fluxes were calculated in g

reserve mobilisation, v) in g
d}, rather than in J or C-moles d™*. Some equations needed to be adjusted to
accommodate the chosen size measure. In equation (iii), ingestion scales with My rather
than surface area, and equation (viii) is a cubic function (not part of standard DEB) to
calculate the initial state of structure My, Equation (ix) is a new equation which calculates

the magnitude of wet mass increase during a moult.
State variables are structure My and reserve M

(i) Reserve density (gC gC'l)

Mg
m e ——
(i) Functional response for ingestion
P X
CX+K

where X is food and K is the half saturation coefficient. At ad libitum food, f= 1
(iii) Ingestion (gMw d?)
2
Jxa = Uxam} Mw3 £
Where {jxam} is the maximum ingestion rate scaled to My2/3
(iv) Assimilation (gCd™)

Jea = Yex Jxa

Where ygy is the assimilation efficiency
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(v) Specific growth rate (d™) of structure My (gC)

e yVEﬁc mE%_ kM/

1+ yygp kmg

Where yvr is growth efficiency when turning reserve into structure and

v (g” d1) is the reserve mobilisation rate

L is the structural length (g¥), which equals 3/My
ky, is the maintenance cost (d1) and
K (kappa) is the energy allocated to somatic maintenance and growth

(vi) Catabolic flux (gCd™)
v
Jec = Mg (z - r)

(vii) Respiration (CO; fluxin gC d?)is equal to all carbon mobilized from the reserve,

minus the carbon used in growth (i.e., fixed in structural biomass)
resp =Jgc — (r My)
Note that this includes all carbon allocated to maturation and/or reproduction.

(viii) Due to the use of My, as an indicator of physical size, the calculation used in the
standard DEB model to determine the initial state of structure M, is not applicable and is

replaced with the cubic function
x3+cix—c;=0

Where x = MV1/3 and

2
_ {UxamIMy3 f

C1 »
My,
Cp = ———
27 (My /M)
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For full derivation and assumptions, see Appendix A, section A.3.

(ix) During a moult, triggered by the ratio of carbon (structure + reserve) to wet mass

(o) reaching the predefined maximum a,,,., water is taken in until a reaches the

predefined minimum a,,s;. Therefore, My, post moult is calculated as

My, - apre
MWneW B Apost
Parameter values are listed in Table 3-1. Initial values for reserve mobilisation (v), fraction
of allocation to soma (k) and volume specific maintenance costs (ky) were obtained from
the DEB species explorer (Bruggeman, 2019). Ingestion rate {jxam} was calculated for each
animal from observed data. Initial values for assimilation efficiency (yex) and growth
efficiency (yve) were estimated from the literature (Klein Breteler, 1975; Paul and Fuiji,
1989; Iguchi and lkeda, 1995; Lemos et al., 2001; Taylor and Peck, 2004; Iguchi and lkeda,
2005; McGaw and Whiteley, 2012). As there is little data on assimilation and growth

efficiency in L. depurator specifically, these values were estimated from assimilation and

growth efficiency data from a range of predatory decapod crustaceans.

Table 3-1:
comparison. Values for C. maenas were taken from the Add-my-Pet database.
https:/www.bio.vu.nl/thb/deb/deblab/add_my_pet/species_list.html

Mean DEB parameter values for L. depurator along with values for Carcinus maenas for

Parameter Symbol | Values (£ SD) | Carcinus maenas Unit
values
Maximum ingestion rate | {jxam/} 1.41 (0.24) - g"* Mw d™
scales to MWZ/3
Assimilation efficiency VEx 0.87 (0.08) 0.8 -
Reserve mobilisation rate 14 0.025 (0.01) 0.02 g1/3 cd?
Fraction of energy K 0.85 (0.02) 0.9 -
allocated to somatic
maintenance and growth
Somatic maintenance kv 0.17 (0.03) 0.1 d?
coefficient
Growth efficiency YvE 0.5 (0.04) 0.8 -
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The model was run with these parameters and predictions for growth, ingestion and O,
consumption were compared to measured values for each individual crab. Model
performance was assessed using mean absolute error (MAE), a standard model test
statistic which gives equal weight to all errors and as such is easy to interpret. All
parameters except {jxam} (for which there was a calculated value for each crab) were then
tuned, by hand, the model iterated again, and performance assessed using MAE for each
individual. This process was repeated until a parameter set was found for each individual
which minimised the deviation between predictions and observations for the three
metrics investigated (growth, ingestion and O, consumption), based on the MAE. The
mean values of all parameters were then calculated, and the model run for a final time
using these mean parameter values and observations from all experimental animals.
Validity of the parameters was assessed by comparing them to a parameter set for the
related portunid crab Carcinus maenas (Linnaeus, 1758), taken from the Add-my-Pet
database (AmP, 2017). While a certain level of deviation between parameter estimates
for the two species is to be expected, it was assumed that their relative taxonomic
proximity would result in similar values (e.g. for the values for C. maenas to be within 1

standard deviation of the mean parameter values for L. depurator).

In order to facilitate a comparison between this model, in which moult dynamics are
explicitly considered, and the standard DEB model, in which physical size is allowed to
increase constantly alongside the increase in structure and reserve, the model was run
again without the “moult extension” applied. In this version of the model, ingestion was

scaled to structure, rather than I\/IWZB.

34 Results

34.1 Carbon mass/wet mass

Carbon mass/wet mass ratios (a) in animals collected from the field were found to range
from ~0.13 —~0.2 (Figure 3-2. For full derivation of the fitting procedure for the upper
and lower envelope see Appendix A, section A.1). These extremes describe the “moult
condition” in L. depurator, with newly moulted individuals having a o of ~0.13, and
individuals approaching a moult having a a of ~0.2. These ratios were imposed in the DEB
model, where they control both the timing of the moult and the magnitude of the

increase in wet mass.
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Figure 3-2: Carbon mass/wet mass ratio (a) for L. depurator. The lower dashed line represents the

approximate a of a newly moulted crab (0.13); the upper dashed line represents the “moult threshold” of
0.2. Once an animal reaches this threshold it will moult in the model.

3.4.2  Scaling of ingestion to wet mass

Measured ingestion was found to scale approximately with Mw?>. The actual exponent

was 0.65 (Figure 3-3).
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Figure 3-3:  Scaling relationship between wet mass (My) and ingestion in L. depurator.
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3.4.3 Growth, ingestion and oxygen consumption

3 -
24 — — S —

1

Mc (9)

25 4

20 - co©O0O0O0 o]

0©0©

15 - @ L

Mw (9)

10 4 &= B—Er—ar—S——a—1 0

5_

24
1_
O—W W W

Mc (9)

25 1

20 A — —
0pg000C00O00
15~

My (9)

10 1 o O = GO (Sm—
| o

3_
24
14

Mc (9)

1
—
W
0_
25 -
00000200
20 1 0cC00000 Clooo

My (9)

15 Cnr\nn

10 4

54

3 o S—
2
14

Mc (9)

25

L
20 joooooooo
15 4

0] °F |

My (9)

T L L T T T T T L] L) T T

0 15 30 45 60 75 0 % 30 45 60 75

O -
-
o
w
o
IS
o
()]
o
-
o

Time (days) Time (days) Time (days)
Figure 3-4: Growth curves for those animals which moulted over the course of the experiment. Black
circles are measured wet mass (M), solid black line is modelled wet mass. Dotted black line is modelled
structure, and solid red line is modelled reserve (both measured in g carbon). The zig-zag appearance of the
red line is a reflection of the reserve dynamics. Reserve increases as food is assimilated, and decreases as it
is mobilised for somatic growth and maintenance. The upward trend of the dotted black line is the overall
increase in structure. Note how structure increases smoothly while wet mass increases in a stepwise

fashion.
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Figure 3-4 illustrates the skill of the DEB model in predicting both the timing of the moult
and the magnitude of the increase in wet mass for all of those individuals which moulted
over the course of the experiment. The structure of the animal (dotted black line)
changes smoothly between moults, while wet mass increases in a stepwise manner. The
dynamics of the reserve are also apparent (red line), with reserve increasing after food
has been assimilated, and decreasing as it is mobilised for somatic growth and
maintenance. In some cases, the model underestimates the increase in wet mass (Figure
3-4A, F, H and K). In two cases, it lacks accuracy in predicting the timing of the moult
(Figure 3-4A and F). As noted in section 3.3.4, the model does have the capacity to slightly
underestimate total biomass due to the fact that modelled biomass excludes

reproductive tissues.
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Figure 3-5: Measured versus modelled wet mass in L. depurator. (A) shows performance of the model

with the “moult extension” presented in this chapter. (B) is the performance of the model when run as a
standard DEB model, without the dynamics of the moult considered. Dashed line is a 1:1 reference line.
Modelled values were calculated using the parameter values in Table 3-1. Mean average error (MAE) is
shown.

A direct comparison of modelled and measured wet masses for all experimental animals
(N =52, data for those animals which died over the course of the experiment were not
considered) shows overall model skill is good, with a MAE of 1.24g (Figure 3-5A). Those
points which sit on the 1:1 reference line represent each time step at which measured
and modelled wet masses matched. The points sitting above and below the reference line
represent those time steps at which modelled and measured wet masses differed. These
mismatches are largely due to the model either underestimating wet biomass (Figure 3-

4A, F, H and K), or a lack of accuracy in predicting moult timing (Figure 3-4A and F). The

performance of the model when run as a standard, if simplified, DEB model (i.e. without
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the “moult extension”, allowing My, to increase continuously) is poorer, with a MAE of

2.93g (Figure 3-5B).

The model showed considerably less skill in predicting L. depurator ingestion rate (Figure
3-6). Observed ingestion rate showed a great deal of variation over the course of the
experiment, which is not captured in the model; measured ingestion over a six hour
feeding period varied between 0 - 1.96g wet mass squid ingested, whereas model
predictions ranged from 0.29 — 1.84g wet mass squid ingested. The vertical line of points
at 0 on the x axis represents the animals that did not feed during at least one of the 6
hour feeding periods — some of these animals would have moulted over the course of the
experiment and would not have fed immediately before or after ecdysis (Figure 3-6). The
slope of points visible just under the 1:1 reference line (Figure 3-6) represents those

animals that ingested all the food that was presented to them.

2.04
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Modelled ingestion rate (g 6hrs™")
o

0.54
O
00l MAE = 0.469
0.0 0.5 1.0 15 2.0
Measured ingestion rate (g 6hrs_1)
Figure 3-6: Measured versus modelled ingestion rate in L. depurator. Dashed line is a 1:1 reference

line. Modelled values were calculated using the parameters in Table 3-1. Mean average error (MAE) is
shown.

Modelled rates of oxygen consumption demonstrated less variability than the measured
rates (Figure 3-7). Of the eight animals measured, 6 were assumed to be in the intermoult

stage of the moult cycle, while 2 had moulted within 48hrs prior to having O,
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consumption measured (blue filled circles, Figure 3-7). However, one of the animals
assumed to be in the intermoult period had a very high rate of O, consumption (red filled
circle, Figure 3-7) perhaps suggesting that it was approaching a moult. Measurements for
this individual were taken on the last day of the experiment so it is unknown whether or
not it moulted soon after these observations were made. An independent test of model
skill when considering all eight animals measured showed a discrepancy between
measured and modelled rates (MAE 0.06 umol O, gC'1 min™ consumed). When excluding

the animals with higher rates, however, MAE dropped to 0.02 pmol O, consumed gC*

min™).
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Figure 3-7: Measured versus modelled O, consumption rate in experimental L. depurator. Modelled

values were calculated using the parameters in Table 3-1. Unfilled circles are animals that were assumed to
be intermoult. Blue filled circles represent animals that moulted within 48hrs previous to having O,
consumption measured. Red filled circle represents an animal that had not moulted over the course of the
experiment, but was assumed to have been approaching a moult due to the very high rate of O,
consumption measured. Mean average error (MAE) is shown. Figure in parentheses is the value of MAE
when the three animals represented by filled circles are not considered. Dashed line is a 1:1 reference line.
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3.5 Discussion

3.5.1 Model performance

A simple Dynamic Energy Budget model was successfully parameterised for the decapod
species L. depurator. Statistical tests of the model showed that it made good predictions
for the increase in wet mass during a moult, and for oxygen consumption, but lacked skill
in predicting ingestion rates. By combining the DEB framework with empirical data
collected specifically for modelling purposes, a set of parameters were estimated that
describe the dynamics of physiological processes related to growth and maintenance, in

particular the dynamics of the moult.

A critical factor for moult dynamics in this model was the carbon mass/wet mass ratio (a),
with animals being assigned a pre/post moult threshold of 0.13 and 0.2 respectively. This
ratio was also used to calculate the moult increment (Ml) and intermoult period (IP) of an
individual crab. The independent statistic used to assess model skill in capturing moult
dynamics found an acceptably low deviation (MAE = 1.24g) between predicted and
observed values for wet mass in all experimental individuals, which suggests that a is not
only a simple indicator of an individual’s moult stage, but is also a powerful tool in
constraining the upper limits of wet mass increase during a moult. Furthermore, when
the model was run again without the “moult extension” —in effect run as a standard, if
simplified, DEB model — deviations between predicted and observed values for wet mass
increased. This would lend credence to the notion that this simple extension to DEB
theory can improve predictions of growth in crustaceans by accounting for the dynamics
of the moult. Once parameterised, the standard DEB model generates properties of the
individual such as maximum body size. This allows the validity of the parameters to be
evaluated, based on whether these “implied properties” are consistent with what is
known about the life history of the species. The model presented here does not generate
these data, so the parameters cannot be evaluated in this way, but comparison between
the parameters presented here with those of the related portunid Carcinus maenas
showed that most parameters for C. maenas were within 1 standard deviation of the
mean of those for L. depurator. This would suggest that the model parameters are valid,
but a further iteration of the model in which life history properties are generated would

be useful.
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Model skill with regards to ingestion was fairly poor, with a MAE of 0.46g. This is a
reflection of the fact that observed ingestion rate was very variable, which was not
captured in the model. This is perhaps unsurprising when considering the fact that the
ingestion rate used in the model was a mean rate for all experimental animals. When
there is substantial variation between individuals, the ingestion rate of the average crab
can deviate considerably from the mean rate of the whole group. There is significant
evidence that feeding activity in crustaceans is driven by circadian rhythms, particularly
light (Reymond and Lagardeére, 1990; Cannicci et al., 1996; Focken et al., 1998; Soares et
al., 2005) and tidal (Hunter and Naylor, 1993; Chatterton and Williams, 1994; Cannicci et
al., 1996) rhythms, which was not accounted for in the model. While these circadian
rhythms may account for any temporal variations in maximum ingestion, they do not
explain the differences in individual ingestion observed. However, it has been
documented that feeding activity can be triggered or inhibited in individual animals
depending on metabolic requirements. For example, it is well established that
crustaceans in the premoult stage stop feeding (O’Halloran and O’Dor, 1988; Mantelatto
and Christofoletti, 2001; Endo and Yamano, 2006). It is evident that further work is
needed to better understand the variability exhibited in feeding behaviour in L.
depurator, so that this variability can be better accounted for in the model. While it is
unlikely that that the model will ever capture the full variability of feeding behaviour in
crustaceans, it is likely that accounting for the moult duration and the associated

suppression in feeding regime may improve the modelled output to some degree.

The range of values measured for oxygen consumption in this experiment is indicative of
the fact that respiration in decapods changes depending on the moult stage of an
individual, with animals immediately pre and post moult exhibiting high O, consumption,
and individuals mid cycle showing lower values (Alcaraz and Sarda, 1981; Penkoff and
Thurberg, 1982; Stern and Cohen, 1982; Carvalho and Phan, 1998). Of the animals
measured here, two had moulted within the 48 hours previous to measurements being
taken, which would explain the higher rates of O, consumption measured, and which the
model failed to capture. Similarly, the individual with the highest value for O,
consumption may have been approaching a moult. However, oxygen consumption can
vary for reasons besides moult stage, such as disease or parasite burden (Schuwerack et

al., 2001), and it is possible that the very high oxygen consumption recorded in this
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individual was a reflection of some kind of disease related physiological stress. Equally,
while those crabs with the lower oxygen consumption rates were assumed to be mid
cycle (i.e. intermoult stage C based on the Drach staging system (Drach et al., 1967)), and
while there is a method for moult staging L. depurator (Abelld, 1989), due to practical
considerations (i.e. the need for destructive sampling to accurately identify the premoult
D,.D4 stage) and time constraints, none of the experimental animals were formally moult
staged. Finally it should be noted that relatively few measurements were taken, and more

data would be useful to better constrain the model.

The model predictions for oxygen consumption showed good agreement with observed
values for those animals with the lower rates, with a MAE of 0.02 pmol O, consumed gC'1
min"* when the three outliers were not considered in the analysis. When all eight animals
were considered however, model skill decreased, and MAE increased to 0.06 umol O, gC'1
min consumed. Clearly, further development is needed to ensure that the variability in
oxygen consumption exhibited by crustaceans over the course of the moult cycle is

accurately captured in the model.

3.5.2  Future model development

While this model represents a promising start to modelling crustacean moult dynamics, it
requires further development. The primary limitations relate to the fact that the model
currently does not capture the changes in ingestion and oxygen consumption rate that
occur as an animal progresses through the moult cycle. In order to improve model
performance in these areas it is necessary to build a true “moulting period” into the
model code, which causes the suppression of feeding and an increase in O, consumption.
While O, consumption is an output of the model, and so cannot be coupled to the moult
cycle directly, model parameters affecting O, consumption (e.g. maintenance rate ky) can
be. By coupling maintenance and ingestion rates to a both ingestion and O, consumption

will change with the increase in aas an animal approaches moult.

The model in its current form does not follow the mobilised flux from the reserve to the
reproductive buffer (1-kappa) once it has been allocated — in effect, the model is
representative for juvenile individuals that allocate to maturation but not reproduction.
In order to explore this more fully, the next iteration must utilise the existing DEB

framework to track the energy allocated to the reproductive buffer, as well as the
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reproduction process itself. Again, an accurate model of moulting will be essential to get
this right. Moult is critical to reproduction in many crustacean taxa, with the two being
coordinated in a variety of ways (Raviv et al., 2008), and influenced by environmental
conditions. For example, there is evidence to suggest seasonal moulting as a precursor to
a breeding season in some species. In the spiny lobster Jasus edwardsii (Hutton, 1875) in
northeast New Zealand, both males and females had seasonal moulting periods
(October/November for males, April/June for females). Females would moult
immediately prior to mating, while males moulted earlier to ensure that they were in
intermoult during the mating season (MacDiarmid, 1989). In temperate areas, the
presence of a maximum number of brachyuran crabs of several species undergoing
ecdysis in the summer has been observed by various authors (Abelld, 1989; Fernandez et
al., 1991) and the number of ovigerous females is often inversely proportional to the
number of females in the moult stage (Abelld, 1989; Fernandez et al., 1991), suggesting
that these species may have a “fixed” seasonal moult in which copulation takes place.
Additionally, ovigerous females do not moult, so the number of egg batches a female
releases can affect moult timing. Several species (including L. depurator) can spawn
multiple times between moults, so the intermoult period becomes dependent on egg
incubation time, which is itself influenced by temperature (Hamasaki, 2003; Wehrtmann
and Lépez, 2003). Given the strength of this link between reproduction and moult, it is
possible that, in some species, moult is not solely dependent on energetic factors (e.g. a).
It may be that, during “fixed” seasonal moults, the reproductive buffer plays a role in
moult dynamics. This is perhaps more likely in those species exhibiting parturial moults, in
which the ovaries begin to develop during the previous moult cycle and mature ovaries
are carried through ecdysis, so that oviposition can occur immediately after mating. The
implementation of the equations governing this reproductive buffer would allow further
exploration of the role (if any) it plays in crustacean moulting. Development of the
reproductive side of the model will also provide a direct link to population level
processes, such as fecundity and reproductive output, as well as the effects of stressors
(environmental and anthropogenic) on reproduction. This could be useful in stock
assessments of crustacean fisheries, as well as having broader applications in the fields of
benthic ecology and ecological modelling. For example, it could be used to explore
population and ecosystem level consequences of changes in temperature and food

availability under climate change.
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This chapter demonstrates that the standard DEB model can be easily modified to better
describe the physiological processes related to crustacean growth and maintenance
under ambient conditions. However, it is becoming increasingly important for researchers
to be able to assess and predict the impacts of changing environmental conditions on
marine species. In order to fully test the capabilities of the new DEB model, it necessary
to evaluate its performance in describing and predicting crustacean responses to climate

drivers such as changing water temperatures, ocean acidification and hypoxia.
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Chapter 4 Modelling
Liocarcinus depurator responses to multiple stressors in marine

environments

4.1 Abstract

A pressing issue facing marine biologists today is to understand, and critically, to predict,
how marine organisms will be impacted by a rapidly changing environment. To date,
many single factor experiments have been conducted to assess organism performance in
response to a specific stressor. In reality however, organisms will be exposed to
environments in which multiple stressors are acting simultaneously. Consequently,
researchers need a method by which data generated from single stressor experiments
can be synthesised in order to improve our predictive understanding of organism
responses in a complex environment. Here | demonstrate that a Dynamic Energy Budget
(DEB) model, parameterised using results from three separate single stressor
(temperature, ocean acidification and moderate environmental hypoxia) experiments,
and validated using data collected in multi-stressor experiments, can be used to predict
responses of the swimming crab Liocarcinus depurator (Linnaeus, 1758) to multiple
stressor scenarios. Results from the single stressor experiments showed that L. depurator
oxygen consumption increased in both the hypoxic and ocean acidification (OA)
treatments, while ingestion decreased in the hypoxic treatment. An independent test of
model skill showed that the multi-stressor model, which combined the parameters
estimated using data from the single factor experiments, was able to accurately describe
L. depurator responses to multiple-factor (temperature + OA and temperature +
environmental hypoxia) experimental conditions, leading me to propose that any
predictions made with this model are likely to be robust. The multi-stressor model
predicted an increase in the intermoult period at 10°C in hypoxic conditions. This effect
was less pronounced at 13°C and 16°C, suggesting that effects of hypoxia on growth can
be mitigated by higher temperatures. At all temperatures OA alone and OA + hypoxia
increased the intermoult period. The results of these model scenarios support further
investigation of L. depurator responses to OA and OA + hypoxia at varying temperatures
to see if the predicted effects on growth are observed. | contend that the DEB model has

several advantages: i) Predicted responses are based on the effects of stressors on model
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parameters, providing a mechanistic insight into stressor mode of action. ii) Results allow
the identification of stressors with the greatest predicted impact, aiding in the
development of testable hypotheses and the design of logistically challenging multi-
stressor experiments. iii) Finally, DEB can provide a modelling environment in which
organism responses to more stressors than it is possible to investigate experimentally can

be explored, using data generated from single factor experiments.

4.2 Introduction

One of the problems currently facing the development of robust predictions about
biological responses to anthropogenic change is the sheer number of stressors acting on
natural systems (Coté et al., 2016). Depending on location, organisms can face changes
including, but not limited to, increased water temperature (Burrows et al., 2011; Gleckler
et al., 2012; Cheung et al., 2013), decreased pH (Doney et al., 2009; Hofmann et al.,
2011), lowered oxygen availability (Diaz and Rosenberg, 2008; Keeling et al., 2009),
changes in salinity (Curry et al., 2003; Korhonen et al., 2013) and increased pollution
(Fowler, 1990; Nizzetto et al., 2010). There exists a huge body of data generated from
single stressor experiments, which represent a relatively simple approach to assessing
organism performance under changing conditions (Todgham and Stillman, 2013). While
these single stressor investigations have undoubtedly been critical in providing a solid
foundation for the understanding of organism responses to environmental change, the
number of possible interactions between stressors means that researchers are
increasingly focussed on the investigation of the cumulative impacts of multiple stressors
(Wernberg et al., 2012; Stevens and Gobler, 2018; Whiteley et al., 2018). Over the last
decade the impacts of rising seawater temperature in combination with at least one other
factor (and in a range of different taxa) have been explored. One of the most commonly
investigated secondary factors is ocean acidification (Martin and Gattuso, 2009; Munday
et al., 2009; Parker et al., 2009; Findlay et al., 2010a; Findlay et al., 2010b; Wood et al.,
2010; Edmunds et al., 2012; Arnberg et al., 2013; Melatunan et al., 2013; Duarte et al.,
2014; Paganini et al., 2014; Miller et al., 2015), although the effects of increased water
temperature combined with environmental hypoxia (Schurmann and Steffensen, 1994;
Claireaux et al., 2000; Wiklund and Sundelin, 2001; Alexander and McMahon, 2004;
McBryan et al., 2013), varying salinity (Motes et al., 1998; Purcell et al., 1999; Fockedey et

al., 2005; Re et al., 2005; Wang et al., 2008) and heavy metal pollution (Sokolova, 2004;
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Khan et al., 2006) also appear in the literature. Researchers have also investigated other
combinations of these factors, although they are less common. For example, recently
published work concerns the impacts of ocean acidification in combination with
environmental hypoxia (Mukherjee et al., 2013; Frieder et al., 2014; Gobler et al., 2014;
DePasquale et al., 2015; Sui et al., 2016) and heavy metal pollution (Lewis et al., 2013;
Roberts et al., 2013; Biscéré et al., 2015; lvanina and Sokolova, 2015).

This experimental research is clearly invaluable however, the complexity of the situation -
that for a given set of stressors, interaction type will differ across focal species
(Muthukrishnan and Fong, 2014) and response metrics (Boyd and Brown, 2015), and may
change over time or with varying severity of the stressors (Gunderson et al., 2016), along
with the limited resources available for research and the logistical difficulty in designing
complex multi-factor trials - means that experimental examination of all possible
combinations is impractical (Griffen et al., 2016). It is likely that the level of complex
synthesis required to explore these interactions is only truly practicable in models, and
the wealth of data generated by both single and multi-stressor experiments can be a
valuable resource in this regard. It is in this context that Dynamic Energy Budget (DEB)
models can prove useful. DEB models are mechanistic models which offer a whole
organism approach to explaining how factors in the physical environment translate into
biologically and ecologically relevant responses (van der Meer, 2006a). They have also
been successfully used to model organism responses to stressors based on the
assumption that stressors influence the acquisition and/or use of energy, which in turn
affects measurable endpoints e.g. growth, reproduction, calcification (Jager and Zimmer,
2012; Muller and Nisbet, 2014; Lavaud et al., 2019). While many of these are single
stressor models (although see Baas et al. (2010) for a review of using DEB to predict the
physiological effects of multiple toxins), the fact that predicted responses are a function
of the stressors’ effects on model parameters means that multi-stressor models can be

built from data collected in single stressor experiments.

Crustacean responses to broad scale climate drivers such as hypoxia, ocean acidification
(OA) and ocean warming are diverse. While many decapod crustaceans have effective
regulatory mechanisms which can compensate for acute (Hagerman and Uglow, 1985)
and chronic hypoxia, (McMahon, 2001), and exposure to pCO, levels expected by 2100 (at
least in the short to medium term) (Whiteley, 2011), the energetic cost of these
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mechanisms are likely to be high (Spicer et al., 2007), reducing aerobic scope (Portner,
2010; Whiteley, 2011). Aerobic scope is likely to decrease further once exposure to
hypoxia and/or OA is added to ocean warming, which up-regulates metabolism
(Kooijman, 2010) and increases oxygen demand (Manush et al., 2004). Elevated pCO,in
seawater has been shown to have negative effects on growth rates, moulting frequency,
and embryonic development (Whiteley, 2011), while hypoxia has been shown to decrease
prey handling efficiency (Brante and Hughes, 2001) and ingestion rates (Shin et al., 2005;
Wei et al., 2008). Clearly, any persistent suppression of ingestion will have implications
for energy budgets and growth in the long term. These climate-related reductions in
growth are of particular concern, as changes could affect species survival, distribution and

abundance (Whiteley, 2011).

The work in this chapter demonstrates that a DEB model parameterised using results
from three separate single stressor experiments can be used to make predictions about
the responses of L. depurator to multiple stressor scenarios. In doing so, several
important points are addressed: i) Predicted responses are based on the effects of
stressors on model parameters, giving us a mechanistic insight into the mode of action of
stressors; ii) the results allow us to identify those stressors which are predicted to have
the greatest impact, therefore aiding in the development of testable hypotheses and the
design of logistically challenging multiple stressor experiments, which in turn allows us to
validate model predictions and iii) DEB can provide a modelling environment in which
organism responses to more stressors than it is possible to investigate experimentally can

be explored, using data generated from single factor experiments.

4.3 Materials and Methods

4.3.1  Single stressor experiments

Three separate experiments were conducted to investigate the responses of L. depurator
to each individual stressor (temperature, ocean acidification and moderate
environmental hypoxia). Animals were collected on 19" January 2017 for the ocean
acidification (OA) experiment (N = 48), 27" June 2017 for the temperature experiment (N
= 52) and 1°' November 2017 for the moderate hypoxia experiment (N = 45). All
individuals were collected from the Western Channel Observatory (Smyth et al., 2015)

sampling station L4 (50°15.00°N, 4°13.02’W) using a 2m beam trawl towed for 15 mins.
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Once removed from the cod end of the trawl, all intact individuals were transferred into
buckets of freshly collected seawater (vol = 5L, five individuals per bucket) and
transported back to Plymouth Marine Laboratory (PML, Plymouth, UK) within 2hrs of
collection. On arrival, animals were transferred to individual plastic mesh-sided
containers (245mm x 160mm x 60mm, mesh = 10mm). Each individual plastic container
had a layer of aquarium gravel (Dennerle Plantahunter, 8-12mm, J & K Aquatics) for the
animal to sit on. In the temperature and OA experiments, these containers were placed in
the mesocosm tanks, four large (vol = 600L) tanks of filtered (10um) seawater. The mesh
of the containers allowed free water exchange with the surrounding seawater, and the
mesocosm tanks were aerated with air continuously bubbled through aquarium airstones.
Once transferred to these containers, individuals in all experiments were left for 48 hours

before conditions in the tanks were manipulated.

4.3.1.1 Temperature tolerance experimental design

Nominal temperatures for this experiment were 10°C, 13°C, 16°C and 19°C (Table 4-1).
Bottom water temperature at Station L4 was ~13°C at the time of collection, so ambient
temperature in the PML mesocosm was maintained at 13°C for the duration of the
experiment. The 13°C treatment tank therefore required no further temperature
manipulation. Water in the 10°C treatment tank was chilled to the required temperature
using a marine aquarium chiller (Boyu L-500). Water in the 16°C and 19°C treatment tanks
were warmed using aquarium heaters (Tetratec Heaterstat 300W). Temperatures in the
treatment tanks were changed at a rate of 1°C per day until the required temperature

was reached.

4.3.1.2 Ocean acidification experimental design

Ambient temperature at Station L4 at the time of animal collection was ~11.5°C, so the
water temperature in the mesocosm tanks was kept as close to this as possible for the
duration of the experiment (Table 4-1). Mesocosm tanks were assigned to one of two CO,
levels (400ppm or 1000ppm), and seawater CO, concentration was increased to the
nominal experimental level (decreasing the pH to 7.8) in the 2 elevated CO, treatment
tanks over a one week period. CO, was mixed into the airlines supplying the 2 treatment
tanks following methods described by Findlay et al. (2008) and gas concentrations were
logged and recorded continuously using a CO, gas analyser (Licor LI-820). All treatment

tanks contained submersible pumps to aid water circulation and mixing, and all were
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tightly covered with 2mm thick clear PVC sheeting to allow the headspace to equilibrate
and to reduce gas exchange with the atmosphere (Queirds et al., 2015). Measurements
of seawater pH were recorded daily, and alkalinity samples (A7, 250ml) were taken
weekly. These samples were poisoned with 50ul saturated solution of mercuric chloride
(HgCly) and analysed using potentiometric open cell titration (Dickson et al., 2007). The
carbonate system variables total Dissolved Inorganic Carbon (DIC) and saturation states of
calcite (Qcal) and aragonite (Qarag) were calculated from measured pH, CO,
concentration and Ardata using the “seacarb” package in R (Gattuso et al., 2018), and the
solubility constants of Mehrbach et al. (1973) (See Appendix B for carbonate chemistry

parameters).

4.3.1.3 Environmental hypoxia experimental design

Ambient temperature at Station L4 at the time of animal collection was ~13.5°C, so the
water temperature in the mesocosm tanks was kept as close to this as possible for the
duration of the experiment (Table 4-1). Crabs were placed in one of four experimental
aquaria (vol = 145L), each one of which was assigned to one of two O, levels (normoxia —
8mg 0, L™ or moderate environmental hypoxia — 4mg O, L'™). Hypoxic and normoxic
seawater were held in 2 separate header tanks (vol = 450L). To produce hypoxic
seawater, dissolved oxygen (DO) levels were manipulated using a computerised control
system (Walchem Webmaster Series) which regulated the addition of O,-free nitrogen
gas (Calder-Potts et al., 2015). Seawater DO concentrations in the hypoxic header tank
were monitored using a submersible DO sensor (Sensorex DO6441-T) while nitrogen gas
was finely bubbled through aquarium airstones. Once DO had fallen to the required level,
the supply of nitrogen was stopped with an automated feedback relay system. The
addition of fresh seawater caused the DO in the header tank to increase, which triggered
the release of nitrogen until the DO sensor detected the pre-set value. In the hypoxic
header tank, small plastic spheres floated on top of the water to reduce gas exchange
with the atmosphere, while seawater in the normoxic header tank was kept aerated with
a continuous air supply bubbled through airstones. Both header tanks contained
submersible pumps to aid water circulation and mixing, and both were shielded with a
hard top cover. Each header tank was connected to its respective experimental aquaria
via a peristaltic pump (Watson Marlow 2058), which supplied a constant flow of seawater

(60 + 0.5 ml min™Y). As the volume of water within each header tank decreased, seawater
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was replenished from a large reservoir (vol = 15000 L). After the initial 48 hour holding

period, the water supply feeding 2 of the 4 experimental aquaria was transferred from

the normoxic to the hypoxic header tank. It took ~48 hours for the water in these aquaria

to reach the desired experimental levels of DO.

Table 4-1: Experimental treatments and treatment conditions for the single stressor experiments
Experiment Nominal Mean temp °C| Mean pH | Mean [O;] mg Lt
treatment value (+ SD) (+ SD) (+ SD)
Temperature 1 10°C 10.4 (0.5) 7.97 (0.02) 8.19(0.2)
Temperature 2 13°C 12.7 (0.2) 8.1(0.03) 8.14 (0.23)
Temperature 3 16°C 16.0 (0.2) 8.09 (0.02) 8.12(0.18)
Temperature 4 19°C 19.6 (0.3) 7.99 (0.01) 8.1(0.21)
Normocapnia 400ppm CO, 12.11 (0.17) 8.1(0.01) 8.15(0.39)
Ocean acidification 1000ppm CO, 12.65 (0.35) | 7.77 (0.06) 8.11(0.37)
Normoxia 8mg 0, L™ 13.1(0.3) 8.0 (0.02) 8.00 (0.22)
Moderate hypoxia 4mg O, L? 13.4(0.2) 8.15(0.02) 4.43 (0.64)

In the temperature and OA experiments, the mesocosm tanks had weekly 50% water

changes, using seawater from 4 header tanks (vol = 450L) maintained at the same

conditions as the 4 treatment tanks. In all experiments, the temperature, salinity, pH and

DO of all experimental and header tanks were checked and recorded daily (Table 4-1)

using a multiprobe (WTW Multi-3420).

4.3.2

Multiple stressor experiments

Individuals were collected from sampling station L4, transported back to the PML

mesocosm, and transferred into mesh containers following the methods outlined in

section 4.3.1. In the control and temperature + OA experiments, the containers were

placed in the mesocosm tanks, six large (vol = 600L) tanks of filtered (10um) seawater.

The mesh of the containers allowed free water exchange with the surrounding seawater,
and the mesocosm tanks were aerated with air continuously bubbled through aquarium
airstones. Once transferred to these containers, individuals in all experiments (N= 86)

were left for 48 hours before conditions in the tanks were manipulated.
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4.3.2.1 Temperature + ocean acidification experimental design

Mesocosm tanks were assigned to one of two CO, (400ppm or 1000ppm) and
temperature (10°C or 16°C) levels (two replicate tanks at each temperature for the
1000ppm treatments, a single tank at each temperature for the 400ppm control
treatment). Seawater experimental conditions were achieved by manipulating
temperature and CO, concentration over a one-week period until the desired levels had
been reached. CO, concentration in each tank was regulated using the method outlined
for the single stressor CO, experiment in section 4.3.1.2. Water in the 10°C treatment
tanks was chilled to the required temperature using a marine aquarium chiller (Boyu L-
500). Water in the 16°C treatment tanks was warmed using aquarium heaters (Tetratec
Heaterstat 300W). Mesocosm tanks had weekly 50% water changes, using seawater from
six header tanks (vol = 450L) maintained at the same conditions as the eight treatment
tanks. In all treatments, the temperature, salinity, pH and DO of all experimental and
header tanks were checked and recorded daily (Table 4-2) using a multiprobe (WTW
Multi-3420). Alkalinity samples (250ml) were taken weekly, and treated and analysed
using the method outlined in section 4.3.1.2. The carbonate system variables total DIC,
Qcal and Qarag were calculated from measured pH, CO, concentration and Ardata using
the “seacarb” package in R (Gattuso et al., 2018), and the solubility constants of

Mehrbach et al. (1973) (See Appendix B for carbonate chemistry parameters).

4.3.2.2 Temperature + environmental hypoxia experimental design

Crabs were placed in one of 4 experimental aquaria (vol = 145L), each one of which was
assigned to one of two O, (normoxia — 8mg 0, L™ or moderate hypoxia —3mg O, L'*) and
temperature (10°C or 16°C) levels. Hypoxic and normoxic seawater were held in 2
separate header tanks (vol = 450L). Hypoxic seawater was produced in the same way as in
the single stressor hypoxia experiment (see section 4.3.1.3.). After the initial 48 hour
holding period, the water supply feeding 2 of the 4 experimental aquaria was transferred
from the normoxic to the hypoxic header tank. It took ~48 hours for the water in these
aquaria to reach the desired experimental levels of DO. Water in the 10°C treatment
aquaria was chilled to the required temperature using a marine aquarium chiller (Boyu L-
500). Water in the 16°C treatment aquaria was warmed using aquarium heaters (Tetratec

Heaterstat 300W).

68



Chapter 4

Table 4-2: Nominal and mean (+ standard deviation) seawater conditions in the multi-stressor
experimental treatments
Treatment Nominal Mean Nominal Mean Nominal | Mean
temperature | temperature | [0;] mg L | [0,] mg pH pH
°C °C (£SD) L (£SD) (£SD)
400ppm 10 10.15 (1.17) 8.0 8.15 8.0 8.1
CO,- cool (0.39) (0.01)
(CC)
400ppm 16 16.64 (0.87) 8.0 7.98 8.0 8.01
CO,—warm (0.26) (0.01)
(CW)
Hypoxic- 10 10.62 (1.02) 3.0 3.47 8.0 8.08
cool (HyC) (0.22) (0.02)
Hypoxic- 16 15.88 (0.85) 3.0 3.02 8.0 7.96
warm (0.61) (0.01)
(HyW)
1000ppm 10 10.06 (0.97) 8.0 8.19 7.8 7.78
CO,-cool (0.42) (0.04)
(OAC)
1000ppm 16 17.27 (1.05) 8.0 8.11 7.8 7.81
CO,-warm (0.37) (0.05)
(OAW)
4.3.3 Measurement of wet mass and oxygen consumption

In the first week of the experiments, each individual’s carapace width (CW) was measured

with digital Vernier callipers (£ 0.05mm) and then weighed on a balance scale (Sartorius

R220-D, 0.01mg, European Instruments). These measurements were repeated weekly for

the duration of the experiments (7 weeks in all the single stressor experiments, 5 weeks

in the multi-stressor experiments. NB — The duration of the multi-stressor experiments

was two weeks shorter than the single stressor experiments due to technical difficulties

with the experimental set up). L. depurator were fed every weekday on raw squid tubes

(Hllex argentinus). Wet weight of squid (typically between 1 - 1.5g) was measured before

being presented to the animals, which were then left undisturbed for 6hrs to feed. After

the 6hr period, any un-ingested squid was removed and reweighed. Ingestion rates (g

squid ingested 6hr™) were compared between treatments in order to establish whether

feeding was affected by changing environmental conditions. Ingestion was scaled to wet

mass to account for differences in ingestion between animals of different sizes using the

formula:
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LN (ingestion)

LN (wet mass”/3 )

Differences in ingestion rate between treatments were tested for statistical significance
using repeated measures ANOVA, which accounts for within group differences due to

time in addition to between group differences.

Oxygen consumption data were collected for randomly selected individuals during the
last 2 weeks of the experiments. L. depurator were removed from their individual
containers and placed on a platform in a 920ml static respiration chamber containing
seawater of the same conditions as those in the experimental tanks. The chamber was
placed on a stirrer plate and a 10mm stir bar mixed the water at 500rpm, separated from
the animal by the platform. The chamber was then covered with a black cloth and the
crab left to settle for approximately 30mins (the time it took for the animal to stop
moving around the chamber or displaying obvious signs of agitation such as climbing the
sides). After this initial 30min period, the chamber was sealed, ensuring there were no
trapped air bubbles, and an initial measurement of the percentage air saturation in the
chamber was taken using an OxyMini-AOT (World Precision Instruments). Further
measurements were taken every 15mins for up to 3hrs, with the chamber covered with a
black cloth between measurements to ensure the crabs experienced minimal disturbance.
Air saturation in the chamber was kept above 70% of the starting value at all times, and
percent air saturation was then converted to umol O, L™ (for formula see section 3.3.2).
The rate of whole animal O, consumption (umol O, consumed min™') was determined by
plotting O, consumption over time for each crab, and calculating the slope of the
regression line. To allow for a more accurate comparison of O, consumption rates
between individuals of different sizes, O, consumption was then corrected to umol O,
consumed g carbon™ min™, using previously calculated wet mass/carbon mass
conversions for L. depurator (see section 3.3.3). Differences in oxygen consumption
between treatments were tested for statistical significance using one way ANOVA and

Tukey’s post hoc tests (for treatments groups in the temperature experiment).

4.3.4 DEB model structure
In the standard DEB model, individuals are characterised by three state variables:

structure, which determines actual size, feeding rates and maintenance costs; reserve,
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which serves as intermediate storage between feeding and metabolic mobilisation, and
either maturation (in juvenile animals) or reproduction (in sexually mature animals)
(Martin et al., 2013). The DEB model used here was the simplified version of the standard
DEB model with the crustacean moult extension outlined in Chapter 3. Parameters for the
DEB model run in control conditions for both the single and multiple stressor experiments
were those previously estimated for L. depurator (see Table 3-1). According to DEB
theory, all physiological rates are affected by temperature in the same way, which is
accounted for in the model via the Arrhenius-based temperature correction factor

(Schoolfield et al., 1981; Kooijman, 2010), shown below.

(1+exp (5= 5) + ep (- 1))

where T; and Ty are the lower and upper boundaries of the temperature tolerance
range, and T4; and T,y are the Arrhenius temperatures for the rate of decrease at both
boundaries. This automatically applied temperature correction factor means that changes
in temperature do not affect the values of DEB model parameters. As a result, parameters
for all temperature treatments are identical to those in the above control treatments.
Parameters for animals in the high CO;, and low O, treatments were adjusted by hand for
each treatment condition until the minimum deviation between observations and
predictions were found, based on the model skill metric mean absolute error (MAE).
Statistical comparisons of model estimates or predictions (7;) with pairwise matched
observations (0;) are among the most basic means of assessing model performance in
the climatic and environmental sciences (Willmott and Matsuura, 2005). Individual model
prediction errors usually are defined as e;= P; - O. Measures of average error or model
performance are then based on statistical summaries of e;. Calculation of MAE is relatively

simple:

n

MAE = n‘12 le;]

i=1

Where n is the number of errors and | g;| is the absolute value of the error. MAE provides
an unambiguous and easy to interpret measure of average error magnitude, and as such,
it is one of the most commonly used model test statistics (Monaco et al., 2014). Finally,

parameter values from the single stressor models were combined in order to make a new
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multi-stressor DEB model. In order to validate this new model, | used it to describe the
growth and oxygen consumption of L. depurator in the experimental multiple stressor
conditions (temperature + OA and temperature + environmental hypoxia). Once
validated, the multi-stressor model was run once more, and used to predict L. depurator
growth and oxygen consumption under three multiple stressor scenarios, using wet mass
and ingestion data from the animals used in the single stressor temperature sensitivity
experiment. The model scenarios ran for a simulated period of 98 days (a period chosen
because it was double the length of any of the experimental work) and the scenarios
explored were: temperature + OA and temperature + moderate environmental hypoxia at
10°C, 13°C, 16°C and 19°C (e.g. two levels more than were used in the experimental multi-
stressor treatments), and a “combined stressor” scenario (temperature + OA + hypoxia at

the same four temperature levels) which was not tested experimentally.

4.4 Results

4.4.1 L. depurator responses to warming, OA and environmental hypoxia

Single stressor experiments showed significant differences in L. depurator oxygen
consumption with increasing temperature (F = 12.6 3 15, p < 0.001). Post-hoc tests showed
that O, consumption at the two lower temperatures (10°C and 13°C) was lower than at
the two higher temperatures (16°C and 19°C, Figure 4-1A). Mean oxygen consumption
increased from 0.36 pmol 0,gC " min™ in normoxic conditions to 0.43 pmol 0,gC " min™
in moderate hypoxia (Figure 4-1B), although the difference in the means was not
significant. Mean oxygen consumption in the ocean acidification (OA) treatment was
significantly higher than in control conditions, increasing from 0.23 umol O, gC'1 min™ to

0.34 umol 0,gC™* min™ (Figure 4-1C, F = 11.14, 1,, p <0.01).

L. depurator mean ingestion was very variable across all treatments, with no significant
differences detected between treatments in the temperature (Figure 4-2A) and OA
experiments (Figure 4-2C). However, there was a significant decrease in ingestion in the

moderate environmental hypoxia treatment (Figure 4-2B) (F = 7.587, 326, p<0.01).
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Figure 4-1: L. depurator mean oxygen consumption in (A) different temperature treatments; (B) different
0, concentrations and (C) different CO, concentrations. Error bars represent the 95% confidence interval. N
per treatment: Temperature=9; 0, =7, OA=9.
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Figure 4-2: L. depurator mean ingestion normalised to wet mass in (A) different temperature treatments;
(B) different O, concentrations and (C) different CO, concentrations. Error bars represent the 95%
confidence interval. N per treatment: Temperature = 13, O, — normoxia = 22, hypoxia = 21, OA = 24.

4.4.2 DEB model skill in single stressor conditions

Figure 4-3 illustrates the skill of the DEB model in predicting L. depurator wet mass and
oxygen consumption in different temperature, CO, and O, conditions. Mean average
error in all conditions was low, ranging from 0.57 — 0.95g for wet mass data, and from
0.03 — 0.04 pmol 0, gC* min™ consumed for the oxygen consumption data. The model
predicted wet mass equally well across all treatment conditions (Figure 4-3A). Oxygen
consumption in crabs under high CO, or low O, conditions was higher than those animals
in control conditions, and there was evidence of metabolic depression in those animals in

the 19°C treatment, which the model captured (Figure 4-3B).
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Two model parameters were affected under moderate environmental hypoxia — the
scaled maximum ingestion rate {jxam}, Which decreased to 1.2 g1/3 My d* and the somatic
maintenance coefficient ky, which increased to 0.19 d* (Table 4-3). The maintenance
coefficient also increased to 0.19 d in the OA treatment, along with reserve mobilisation

1/3

rate (v) which increased to 0.045 g™~ C d*(Table 4-3). Ingestion rate was not affected by

an increase in CO, concentration.

Table 4-3: DEB parameter values for L. depurator in control, single stressor and multi-stressor models

Parameter Symbol Unit Control/ High | Low | Multi-
Temperature | CO, O, |stressor

Maximum ingestion fixam} | 8 My d™ 1.41 1.41 | 1.2 1.2
rate scaled to wet

mass®

Assimilation efficiency YEX - 0.87 0.87 | 0.87 0.87
Reserve mobilisation v g cd? 0.025 0.045 | 0.025| 0.045
rate

Fraction of energy K - 0.85 0.85 | 0.85 0.85

allocated to somatic
maintenance and

growth
Somatic maintenance km d?! 0.17 0.19 | 0.19 0.19
coefficient
Maturity maintenance ky gCME'1 gC 0.01 0.01 | 0.01 0.01
rate maturity'1

d-l
Growth efficiency YVE - 0.5 0.5 0.5 0.5

4.4.3 Experimental validation of multi-stressor DEB model

Figure 4-4 illustrates the skill of the multi-stressor DEB model (parameterised using data
from the single factor experiments) in predicting L. depurator wet mass and oxygen
consumption in different temperature + OA and temperature + moderate hypoxia
conditions. Mean average error in all conditions was low, 0.5g for wet mass data and 0.03
umol 0, gC* min™ consumed for the oxygen consumption data. The model predicted wet
mass equally well across all treatment conditions and was able to capture the timing of
moults and the increase in wet mass post moult with a fair degree of accuracy (Figure 4-

4A). Oxygen consumption in crabs at 10°C under high CO, (OAC) or low O, (HyC)
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conditions was higher than those animals in cool control (CC) conditions. At 16°C, oxygen

consumption rates in all treatments were virtually identical (Figure 4-4B).
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Figure 4-3: Measured vs. modelled wet mass and oxygen consumption in each of the experimental

conditions. Unfilled triangles in panel (A) represent animals which moulted over the course of the
experiment. Filled circles are those animals which did not moult. Triangle outline colour denotes treatment
condition.
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Figure 4-4: DEB model skill in predicting wet mass (A) and O, consumption (B) under multi-stressor

conditions. CC — cool control (water at 10°C, no further manipulation); OAC — ocean acidification, 10°C; HyC
— moderate hypoxia, 10°C; CW —warm control (water at 16°C, no further manipulation); OAW — ocean
acidification , 16°C; HyW — moderate hypoxia, 16°C. Unfilled triangles in (A) represent those animals that
moulted over the course of the experiment. Triangle outline colour denotes treatment. Dashed line is a 1:1
line, MAE is mean average error.

4.4.4  Predictions for L. depurator responses under multiple stressor conditions
Figure 4-5 shows wet mass predictions for a randomly selected individual, a small animal
with a starting wet mass of 5.96g. At 10°C the predicted effects of increased CO, on
growth were almost identical to the effects of temperature alone up to the first moult
(Figure 4-5). Moderate environmental hypoxia and the three combined stressors
increased the intermoult period (IP) by approximately 7 days. After this, all stressors (both
individually and combined) increased the IP, with increased CO, and the combined
stressors exhibiting the greatest impact. In all cases, the predicted wet mass at the end of
the 98 day period was ~21g. At 13°C, the IP was increased by all stressors. A second moult
was predicted under moderate hypoxia, but not under increased CO, concentrations or in
the multiple stressor scenario (Figure 4-5). At 16°C, the effects on growth of lower O,
concentrations were identical to the effects of temperature alone (Figure 4-5), but higher
CO, and the three combined stressors increased the IP. At 19°C, the IP increased from

that of temperature alone under all stressor scenarios (Figure 4-5), but a moult was only

predicted under conditions of moderate hypoxia.
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Figure 4-5: Predicted wet mass in a randomly selected individual L. depurator over a 98 day
simulation period under multiple stressor scenarios. The temperature of each experimental treatment is
given in the bottom left of each panel. “T” is the predicted effect on growth of that experimental
temperature alone, “CO,” is the predicted effect of elevated pCO, at that temperature, “0,” is the
predicted effect of environmental hypoxia at that temperature, and “CO, + O,” is the predicted effect of
elevated pCO, and environmental hypoxia at that temperature. The crab had a starting wet mass of 5.96g;
Figure 4-6 shows predictions for the combined state variables structure and reserve for
the same animal, providing an insight into the changes in carbon mass (Mc) between
moults. At 10°C the predicted effects on Mcof all stressor combinations are very similar
until approximately day 60 of the model scenario (Figure 4-6). After this, the more severe
impact of CO, and the three combined stressors become apparent as the growth of M¢
slows. In contrast to the predictions for wet mass, there is a difference of ~1gC between
the temperature alone/temperature + hypoxia treatments and the temperature +
OA/three combined stressor treatments by the end of the 98 day simulation period. This
decrease in the growth rate of structural mass under the temperature + OA and
combined stressor treatments is the reason for the predicted increase in IP (Figure 4-5),
as moult in the model is triggered by the ratio of carbon mass: wet mass (a) reaching a

given threshold (See Chapter 3, section 3.3.4). Environmental hypoxia appears to affect

the growth of structure, as it affected predictions of wet mass, and as with wet mass, this
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effect is less apparent at higher temperatures. A similar pattern is seen at 13°C, 16°C and
19°C, with a clear difference in severity of effect observable between the temperature
alone/temperature + hypoxia treatments, and the temperature + OA/ three combined
stressors. In the latter two treatments, carbon mass is lower at the end of the simulated
period than in the first two treatments. At 16°C and 19°C, all modelled scenarios result in
a reduction in structural mass at day 84 which continues until day 97, where it begins to

recover (Figure 4-6).
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Figure 4-6: Predicted carbon mass (g) in a randomly selected individual L. depurator over a 98 day

simulation period under multiple stressor scenarios. The temperature of each experimental treatment is
given in the bottom left of each panel. “T” is the predicted effect on growth of that experimental
temperature alone, “CO,” is the predicted effect of elevated pCO, at that temperature, “0,” is the
predicted effect of environmental hypoxia at that temperature, and “CO, + O,” is the predicted effect of
elevated pCO, and environmental hypoxia at that temperature. The crab had a starting wet mass of 5.96g.
Modelled oxygen consumption rates in low O, conditions are very similar to those under
control conditions at all temperatures. In all cases the addition of increased CO, or the
combination of all stressors resulted in an increase in O, consumption (Figure 4-7). There

was little difference in rates between the single stressor OA scenario and the multiple

stressor scenario at any temperature.
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Figure 4-7: Predicted oxygen consumption in a randomly selected L. depurator under multiple

stressor scenarios. Predicted rates were virtually identical for all animals, so only one is shown here.

4.5 Discussion

Three individual DEB models were parameterised using data collected from three
separate single stressor experiments. These parameter sets were then combined to
produce a new multi-stressor model, which was used to make predictions concerning the
growth and oxygen consumption of L. depurator under more complex and realistic multi-
stressor scenarios. The parameters and predictions made by this multi-stressor model
were validated using data collected in multiple factor experiments. The single stressor
experiments showed that L. depurator oxygen consumption increased in both the hypoxic
and ocean acidification (OA) treatments, while ingestion decreased in the hypoxic
treatment. An independent test of model skill showed that the multi-stressor model was
able to accurately describe L. depurator responses to multiple-factor (temperature + OA
and temperature + environmental hypoxia) experimental conditions. The multi-stressor
model predicted an increase in the intermoult period at 10°C in hypoxic conditions. This
effect was less pronounced at 13°C and 16°C, suggesting that effects of hypoxia on
growth can be mitigated by higher temperatures. At all temperatures OA alone and OA +
hypoxia increased the intermoult period.
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4.5.1 Single stressor experiments and model predictions

The results of the single stressor experiments are in keeping with other published
examples of decapod responses to climate drivers. As expected, oxygen consumption
increases with increasing temperature up to 16°C, then decreases with further
temperature increase, indicating metabolic depression. Although ingestion was very
variable at all temperatures, it was noticeably higher at 16°C and 19°C than at 10°C and
13°C. The temperature dependence of physiological rates in poikilotherms is well
documented (Huntley and Lopez, 1992; van der Have and de Jong, 1996; Dell et al., 2011)
as is the reduction of rates at high and low temperatures outside the temperature
tolerance range (Portner and Knust, 2007). This is accounted for in the DEB model by the
Arrhenius temperature correction factor, which ensures that any temperature driven
change in metabolic activity is reflected in concurrent changes in all modelled rates (e.g.

ingestion, maintenance and reserve mobilisation rates).

The experimental work showed that moderate environmental hypoxia slightly increased
oxygen consumption rate in L. depurator. This increase in oxygen consumption was
reflected in the increase in the model parameter kj, (somatic maintenance coefficient).
While several other model processes contribute to oxygen consumption, it was only
necessary in this case to increase ky,to ensure the model reproduced the observed
increase in O, consumption. In physiological terms, this increase in ky, (and so O,
consumption rate) is related to any compensatory mechanisms that maintain respiration
and sustain the standard metabolic rate in spite of the environmental O, reduction, such
as increased ventilation and/or heart rate (Thomas et al., 2019). There is good evidence
that crustaceans possess such compensatory mechanisms. Many decapod crustaceans are
oxy-regulators (Leiva et al., 2018). They can compensate for both acute (Hagerman and
Uglow, 1985) and chronic hypoxia (McMahon, 2001), either with increased ventilation
and subsequent increase in haemocyanin O, affinity due to respiratory alkalosis
(McMahon and Burnett, 1990), the increase of haemocyanin concentration in the
haemolymph (Baden et al., 2003) or via the build-up of metabolites such as lactate and
urate, which also increases haemocyanin O, binding affinity and maintains effective
uptake of O, across the gills (McMahon, 2001). In addition to the increased O,
consumption rate, ingestion rate decreased in hypoxic conditions, reflected in the lower

value of the scaled maximum ingestion rate {jxam}in the model. The negative effects of
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hypoxia on ingestion recorded here have been documented in numerous marine
organisms (Siikavuopio et al., 2007; Brandt et al., 2009; Aguirre-Velarde et al., 2018),
including crustaceans (Desai and Prakash, 2009). For example, prey handling efficiency,
specifically the time taken to consume a fixed-sized item of food, was negatively affected
by hypoxia in the shore crab Carcinus maenas (Linnaeus, 1758), and the study’s authors
concluded that hypoxia would likely decrease the feeding rate due to increased prey
handling time (Brante and Hughes, 2001). The ingestion rates of the swimming crab
Thalamita danae (Stimpson, 1858) (Shin et al., 2005) and the shrimp Fenneropenaeus
chinensis (Osbeck, 1765) (Wei et al., 2008) were also shown to decrease in low oxygen
environments. These decreases in feeding rate are an oxygen saving strategy. The
reduction in energetically costly processes such as ingestion, digestion and absorption of
food (i.e. specific dynamic action, SDA) reduces the energy demand, and thereby the O,
requirements of the organism (Thomas et al., 2019). DEB models applied to animals in
hypoxic conditions have reflected this effect on feeding by reducing the parameter {jxam},
as is reported in this chapter (Thomas et al., 2019). In contrast to the model presented
here however, some of these DEB models also assumed an effect on reserve dynamics
caused by this decrease in ingestion. For example, in models published for both bivalves
(Aguirre-Velarde et al., 2019) and fish (Thomas et al., 2019), the authors argue that a
negative effect of hypoxia on ingestion results in a decrease in energy available for
assimilation. Consequently, the parameter ygx (assimilation efficiency) was modified in
these models. Similarly, reserve (Mg) mobilisation was also affected. Under hypoxic
conditions, ATP production through aerobic pathways is impaired, and less efficient
anaerobic pathways are activated (da Silva-Castiglioni et al., 2010; Martinez-Cruz et al.,
2012). In DEB terms, this may result in organisms which are limited in their ability to
mobilise Mg, which is reflected in a decrease in the model parameter v (reserve
mobilisation rate). Taken together, the reductions in yex and v restrict both reserve entry
and output (Aguirre-Velarde et al., 2019; Thomas et al., 2019). In the present work,
modifications of assimilation efficiency and reserve mobilisation rate were unnecessary,
as fine-tuning of the model parameters showed that any decrease in ygx or v actually
made the model fit worse. It is likely that the reason these parameters were not affected
is because the level of hypoxia that experimental animals were exposed to did not cross a
critical threshold where oxy-regulatory capacity was impaired and anaerobic ATP

production was necessary. This notion is supported by the fact that there was no
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decrease in oxygen consumption exhibited by any of the individuals in the study, and the
maintenance coefficient ky, actually increased, suggesting that L. depurator can maintain
effective compensatory mechanisms at the levels of dissolved O, concentration tested

here.

L. depurator oxygen consumption increased in the ocean acidification (OA) treatment,
indicating an increase in metabolic rate. This is reflected in the increase in the values of
two model parameters, the somatic maintenance coefficient ky, and reserve mobilisation
rate v. As in the hypoxia treatment discussed above, the increase in ky, recorded here is
reflective of the energetic cost of maintaining compensatory mechanisms. This increase in
kv as a response to reduced pH has been noted in previously published DEB models
applied to organisms in OA scenarios (Klok et al., 2014b; Jager et al., 2016), along with a
possible negative effect on assimilation efficiency yex (Klok et al., 2014b). While there was
no effect of OA on ygx found in this study, it was necessary to increase the reserve
mobilisation rate (v) in order to ensure the model captured the observed patterns in L.
depurator oxygen consumption and growth. The reserve mobilisation rate represents the
amount of carbon mobilised from the reserve and used in all modelled processes (e.g.
somatic maintenance, growth, maturity maintenance, reproduction). Increasing ky,
increases modelled oxygen consumption and decreases growth, and any increase in this
parameter beyond the value of 0.19 d”* results in the modelled growth of L. depurator
being slower than measured growth. Increasing v also increases modelled oxygen
consumption (though to a lesser degree than increasing ky,), but without the negative
effect on growth, as the increase in reserve mobilisation rate means that somatic
maintenance costs can be met with enough energy still available for growth. Taken
together, the increases in both of these parameters are indicative of the increased
energetic costs incurred by L. depurator under OA scenarios due to maintenance of
effective compensatory mechanisms. It has been demonstrated that many crustaceans
are efficient acid-base regulators (Melzner et al., 2009; Dissanayake et al., 2010; Paganini
et al., 2014; Knapp et al., 2015), and are able to compensate for the increase in CO, in the
haemolymph caused by the changes in seawater carbonate chemistry associated with OA
(Whiteley, 2011; Whiteley et al., 2018). However, the energetic costs of this are likely to
be significant, particularly in the medium to long term (Spicer et al., 2007; Whiteley,

2011).
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The skill of each single stressor model in predicting wet mass and oxygen consumption in
L. depurator is good, with acceptably low deviations between measured and modelled
values under all experimental conditions apparent. The skill of this adapted DEB model in
predicting changes in crustacean wet mass and oxygen consumption under ambient
conditions was demonstrated in Chapter 3, and DEB models have been used to
successfully describe responses to hypoxia (Aguirre-Velarde et al., 2019; Lavaud et al.,
2019), OA (Klok et al., 2014b; Jager et al., 2016) and toxicants (Jager and Zimmer, 2012) in
several species, suggesting that in general, DEB theory is well suited to exploring the
effects of stressors on the physiological responses of a range of marine organisms. The
parameters estimated for the single stressor models were combined to create a new
multi-stressor DEB model. This new model was successfully validated when it accurately
captured the growth and oxygen consumption of L. depurator under experimental multi-
stressor conditions. | would therefore argue that any predictions made by this multi-

stressor DEB model are likely to be robust.

4.5.2  Predictions under multi-stressor conditions

The new multi-stressor model predicts that the effects of moderate environmental
hypoxia on mass-specific oxygen consumption in L. depurator are minimal at all
temperatures. As discussed in detail in section 4.5.1,, this is due to the fact that
crustaceans are efficient oxy-regulators, and the predictions are in keeping with the
effects of lower O, concentrations recorded in the published literature. The effects on
growth (in terms of both wet mass and carbon mass M) are predominantly seen at 10°C,
when the intermoult period (IP) increases under moderate hypoxia, and there is a small,
but noticeable difference in the growth rate of structure. This reduction in growth rate is
very likely due to the decrease in ingestion recorded in the hypoxic treatments. This
reduction in feeding is a commonly observed response to low dissolved oxygen
concentrations, and a subsequent negative effect on growth has been recorded in some
species (Llobrera and Neill, 1987; Chabot and Dutil, 1999; Cheung et al., 2008). Indeed,
the decrease in feeding related to low dissolved oxygen appears to be one of the most
sensitive processes determining growth. For example, Chabot and Dutil (1999) showed
that 97% of the reduction in growth of Atlantic cod Gadus morhua (Linnaeus, 1758) in
hypoxic conditions could be explained by the reduction in ingestion rate. A similar

observation was made for the Pacific oyster (Crassostrea gigas, Thunberg, 1793) (Le
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Moullac et al., 2007). Interestingly, this effect is less pronounced at 13°C and 16°C,
suggesting that temperature can mediate the negative effects of hypoxia on growth.
While | am aware of no published evidence for this in crustaceans, a model of Atlantic cod
suggested that growth rate of animals is better at 50% O, saturation and 6°C than 100%

O, saturation and 2°C (Claireaux et al., 2000).

Generally, the predicted effects on growth of increased CO, alone and the three
combined stressors are identical, with the addition of moderate hypoxia having no further
effect beyond that of OA in isolation. The only exception is at 10°C, in which the three
combined stressors increase the IP beyond that of OA alone, and Mc is slightly lower
throughout the 98 day period in the three stressor scenario. This is perhaps due to the
negative effect of moderate hypoxia on growth, likely caused by the decrease in
ingestion, as discussed above. At all other temperatures, IP increases in the same way
under OA and three stressor scenarios, with animals predicted to attain smaller ultimate
wet masses and structural masses at 13°C, 16°C and 19°C (compared to 10°C) by the end
of the 98 day simulation. The fact that the addition of moderate hypoxia is predicted to
have no additional impact beyond that of OA alone at higher temperatures may be due to
the possible temperature mediation of any adverse effects on growth of hypoxia
(Claireaux et al., 2000). It is also possible that the increase in CO, concentration could
itself have mediated any effect of hypoxia. Molecular CO, has been shown to improve O,
saturation at the gills in some crustaceans, as it improves haemocyanin O, affinity
independently of, and in opposition to, the CO, driven effects of respiratory acidosis

(Weber and Hagerman, 1981; Mangum and Burnett, 1986; Lehtonen and Burnett, 2016).

The DEB models presented here predict that L. depurator is broadly tolerant of the
climate drivers tested, both in isolation and combined, in the short term. In the medium
to long term however, it suggests that OA and the combined stressors may have an
adverse effect on growth. It is worth noting that these effects are apparent under the
assumption that L. depurator can maintain its regulatory capacity for the whole 98 day
simulation period, which may not be the case (Whiteley et al., 2018). The model
simulation therefore supports further investigation of L. depurator responses to OA and
OA + moderate hypoxia at varying temperatures over longer time frames to see if the
predicted effects on growth are observed, and if compensatory mechanisms can be

maintained. Model simulations also raised an interesting question regarding the
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temperature dependent effects of hypoxia on growth — does the negative effect
disappear at higher temperatures because the temperature driven increase in ingestion
outweighs the suppression of ingestion caused by hypoxia? Evidently, more experimental

work is required in order to explore this further.

4.5.3  Benefits of using DEB modelling approaches

Until relatively recently, single stressor experimental design was the most prevalent
method to investigate the effects of climate change on marine life, primarily because the
logistics required in tackling a range of experiments across a broad representation of
species or groups are relatively simple. These single stressor experiments also provide a
straightforward conceptual platform to launch more logistically challenging multiple
stressor designs (Boyd et al., 2018). While the research community is now focussed on
multi-stressor experimental work, the huge number of stressors acting on the marine
environment means that measuring all potential interactions between every combination
of stressors is impossible (Boyd and Ellwood, 2010). For example, C6té et al. (2016)
estimate that many of the world’s oceans have upwards of 10 two-way interactions. The
number of experimental treatments required to quantify these interactions is impractical,
even when implementing specifically designed statistical methods, e.g. collapsed factorial
designs (Boyd et al., 2016), and this is before we even consider higher order interactions.
In this context, modelling approaches are essential, as the kind of complex synthesis

required is only truly practicable in models.

The DEB model presented here can provide a mechanistic underpinning of observed
responses, an understanding that is essential if we are to be able to predict the impacts of
multiple stressors under novel or untested conditions (Griffen et al., 2016). In this
approach, predicted responses are a function of the stressors’ effects on model
parameters, and as a consequence, multi-stressor models can be built from data collected
in single stressor experiments. Indeed, single factor experimental work has already
generated a wealth of data that could be used to parameterise single stressor DEB
models, and those parameters combined to create multi-stressor models, as
demonstrated here. The model may also be a useful tool in helping to elucidate the
general type of interactions that can be expected between multiple stressors. For
example, if two stressors act on the same physiological process (e.g. model parameter),

then co-tolerance could be expected (tolerance to one stressor confers tolerance to
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another) when those stressors act in concert. Conversely, when different stressors act on
different model parameters, species may be equipped to resist a small number, but not

all stressors, which may result in additive cumulative effects (Coté et al., 2016).

4.54  Future work

The single stressor DEB models described L. depurator responses to stressors with some
skill, and the predictions made by the multi-stressor DEB model which combined those
parameters, and was validated by experimental work, are broadly supported by the
published literature on crustacean responses to multiple climate drivers. While there is
undoubtedly a need for further, robust experimental research on the combined impacts
of multiple stressors, | contend that the modelling approach presented here can not only
be a useful tool in helping to prioritise the most relevant stressors to carry forward into
that experimental work, but a way of synthesising single stressor data into a mechanistic
modelling environment that can simulate more complex, ecologically relevant conditions.
In this way, research can be focussed on achieving the ultimate goal of improving our

ability to predict organism responses to rapidly changing conditions.

The work in this chapter demonstrates that the DEB model is undoubtedly a useful tool in
the development of experimental climate change work at the individual level. It is also
necessary however, to put that experimental work into a broader environmental and
ecological context. Given that patterns of physiological variability at the individual level
can be reflected in patterns at higher organisational levels, the DEB model has potential
as a means to scale up from the individual and explore the energetic basis for population

dynamics.
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Chapter 5 Using physiological
processes to improve predictions of large scale responses to

climate change

5.1 Abstract

A significant challenge in global ocean change research is in predicting organism
responses to anthropogenic change. In order to tackle this, a mechanistic understanding
of climate impacts on the focal organism is necessary, to provide sufficient knowledge of
cause and effect at the individual level to increase predictive power. NEMO-ERSEM
projections for environmental conditions in two time periods (2006-2016, 2038-2048)
across the north-west European shelf were used to force a mechanistic Dynamic Energy
Budget (DEB) model parameterised for the common swimming crab Liocarcinus depurator
(Linnaeus, 1758) after previous experimental work investigating growth, ingestion and
oxygen consumption under multiple stressor (temperature + ocean acidification,
temperature + moderate environmental hypoxia) conditions. This DEB model made
predictions on any changes in ultimate carbon mass, age-at-maturity and cumulative
allocation to reproduction. These physiological endpoints were used to infer the non-
lethal consequences of climate change, such as the optimum settlement window for
juvenile animals, species distribution, and potential population viability. The optimum
settlement time was predicted to shift forward across the whole of the north-west
European shelf. Cumulative allocation to reproduction showed only minimal increases — it
is possible that the temperature driven increase in allocation driven by higher metabolic
rates is offset by a corresponding increase in mortality. Estimates of population viability
and species distribution suggest that L. depurator may be able to expand its range further
into the northern North Sea in the future. It can be argued that the DEB model presented
here represents a step forward in the methodology of species distribution modelling, as it
uses mechanistic physiological understanding, rather than statistical dependence
between environmental and distributional data, to predict organism responses to
changing environmental conditions. Furthermore, the mechanistic nature of the model
negates the risk of erroneous extrapolation when transferring into novel conditions,

which is a key issue for some correlative species distribution models.
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5.2 Introduction

Marine organisms are increasingly faced with multiple, interacting ecosystem-level
stressors associated with global environmental change (Boyd et al., 2014; Boyd et al.,
2018). The Intergovernmental Panel on Climate Change (IPCC) has identified temperature,
pH, oxygen concentration and food availability as the principal climate drivers affecting
marine ecosystem structure, functioning and adaptive capacity (IPCC, 2014). The effects
on marine organisms of changes in some of these properties have already been recorded.
For example, shifts in species distributions in response to changing ocean temperatures
have been observed (Wiltshire et al., 2009) and phenological processes may be influenced
via changes in reproduction, the onset of spawning, and embryonic and gonad
development (Birchenough et al., 2015). Hypoxic events, the extension, duration and
severity of which are on the increase (Breitburg et al., 2018) have been shown to trigger
mass mortalities (Diaz and Rosenberg, 2008; Altieri et al., 2017). Surviving organisms are
also affected through sub-lethal stresses such as reduced growth (Hrycik et al., 2017;
Jeppesen et al., 2018) effects on reproduction and recruitment (Breitburg, 1992; Miller et
al., 2002) and increased vulnerability to predators (Decker et al., 2004; Riedel et al.,
2008). The effects of ocean acidification vary between and among taxa (Kroeker et al.,
2013), but experimental studies have demonstrated that survival (Talmage and Gobler,
2010), calcification (Zhao et al., 2017), and growth and development (Dupont et al., 2008)

can all be negatively affected by decreased seawater pH.

A significant challenge in global ocean change research is in predicting organism
responses to anthropogenic change. Species distribution models (SDMs, also known as
ecological niche models or bioclimatic envelope models) are a commonly used method to
link organism distribution to environmental variables. Many of these models are
phenomenological, relying on statistical dependence between environmental and
distributional data to estimate a species’ realised niche (Robinson et al., 2017).Variables
thought to constrain a species’ distribution are selected for use in the model, but the
processes by which the variables limit species’ distributions remain implicit (Mathewson
et al., 2017). Consequently, extrapolation to future distribution patterns resulting from
changing environmental conditions confronts the statistical and ecological assumptions of
these models (Elith and Leathwick, 2009; Melle et al., 2014). Some models, such as

dynamic bioclimatic envelope models (DBEMs) (Cheung et al., 2011) go one step further,
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by accounting for the role organism physiology plays in constraining species distributions.
DBEMs calculate changes in growth and other life history traits in response to changes in
environmental conditions based on algorithms derived from empirical growth and
metabolic functions (Fernandes et al., 2013). It can be argued that the predictions made
by these DBEMs are likely to be more robust than those made by other SDMs due to the
fact that projected species’ distributions are limited by more than just the distribution of
suitable habitat (Queirds et al., 2015). However, they are still limited by the fact that they
do not incorporate a fully mechanistic physiological understanding of species’ responses

to changing conditions.

In order to provide sufficient knowledge of cause and effect at the individual level to
increase predictive power, a mechanistic understanding of environmental impacts on the
focal organism is necessary (Helmuth et al., 2005; Kearney and Porter, 2009; Griffen et al.,
2016). Mechanistic approaches offer the ability to extend experimental results beyond
the specific study conditions to different species or environmental conditions (Griffen et
al., 2016), and should result in more robust predictions of range shifts in in ecosystems
where anthropogenic environmental change has already altered a specie’s observed
range, or where distribution data is not fully representative of important environmental
gradients due to historical effects (e.g. through localised species depletion due to fishing
pressure) (Fordham et al., 2013). These mechanistic models do not rely on known species
distributions; instead, predicted distributions are an emergent property of the process
being modelled (Fordham et al., 2013; Mathewson et al., 2017). Models which focus on
the energetics of organisms may be useful as a means to integrate organismal responses
to a wide range of environmental drivers (Boyd et al., 2018). Dynamic Energy Budget
(DEB) models are mechanistic models which offer a whole organism approach to
explaining how factors in the physical environment translate into biologically and
ecologically relevant responses (van der Meer, 2006a). The published literature, along
with the work presented in Chapter 4, has demonstrated that DEB models can be used to
successfully model organism responses to stressors based on the assumption that
stressors influence the acquisition and/or use of energy, which in turn affects measurable
endpoints such as growth and reproduction (Jager and Zimmer, 2012; Lavaud et al.,

2019).
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To use physiological models in a realistic setting, they need to be provided with a
complete description of the local environment as experienced by the target organism.
This includes local abiotic conditions and ecosystem properties such as food availability.
To relate environmental conditions experienced by marine biota to large-scale climatic
drivers, results from a coupled hydrodynamic-biogeochemical model, NEMO-ERSEM were
used. This model describes physical and biological properties of the marine ecosystem
over the north-west European Shelf at 7 km horizontal resolution with 50 vertical layers
(Skakala et al., 2018). By describing water transports and mixing as well ecosystem
processes, it captures essential rates and flows of matter and energy in space and time
and links them to the environment and biota. This allows it to project the bulk properties
of ecosystems into the future and the past (Allen et al., 2010; Queirds et al., 2015). The
large-scale environmental patterns projected by NEMO-ERSEM can be used to force a
DEB model, which consequently makes predictions for ecologically relevant endpoints e.g.

growth, age-at-maturity, energy allocated to reproduction etc., for any species of interest.

The DEB model parameterised from the single stressor experiments and validated in the
multi-stressor experiments in Chapter 4 was forced with NEMO-ERSEM projections of
environmental conditions over the north-west European shelf (Kroger et al., 2018) at a
spatial resolution of 28 km over two time periods, (2006-2016 and 2038-2048), in order to
explore any predicted changes in L. depurator responses. Forecasts for future conditions

were made using the RCP 8.5 (business-as-usual emissions) scenario.

5.3 Materials and Methods

5.3.1 DEB model parameters and model scenarios

Model parameters (Table 5-1) were those previously estimated for L. depurator under
single stressor conditions and validated by the experimental work presented in Chapter 4.
As the aim of this chapter was to explore possible population level effects of changing
environmental conditions on L. depurator, the DEB model equation governing
reproductive processes and not used in previous versions of the model, was implemented
in this iteration, and the carbon allocated to maturity maintenance and reproduction was

tracked (equation i).
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(i)  Catabolic flux (gC d™):
The total energy mobilised from the reserve and allocated down either the somatic (k) or
reproductive (1-x) pathway. The k pathway is detailed in Chapter 3, section 3.3.5,

equation (x). The 1-k pathway is detailed below.

Jer =1-— K(]Ec - k] ) MH)
Where Jec is reserve mobilised to the k pathway in gC d?
k; is the maturity maintenance rate in gCMg " gC maturity ' d™

and Myis the energy from the reserve (in gC) already invested in maturity. If My is below
the threshold MyP the animal is juvenile and allocates energy to increase maturity. If My is

above the threshold MyP the animal is mature and allocates energy to reproduction.

Table 5-1: Model parameters for the coupled DEB-ERSEM model. Parameters were estimated from
responses to stressors in single stressor experiments and validated in the multi-stressor experiments
presented in Chapter 4.

Parameter Symbol Unit Control High CO, | Low O,
Maximum ingestion rate {ixam} g1/3 My d* 1.41 1.41 1.2
scaled to wet mass®/>
Assimilation efficiency VEx - 0.87 0.87 0.87
Reserve mobilisation rate v gl/3 cd? 0.025 0.045 0.025
Fraction of energy allocated K - 0.85 0.85 0.85
to somatic maintenance and
growth
Somatic maintenance rate kg d? 0.17 0.19 0.19
Maturity maintenance rate k gCME'1 gC 0.01 0.01 0.01
maturity d*
Growth efficiency YVE - 0.5 0.5 0.5

For projections of L. depurator responses to climate drivers across the UK shelf, the DEB
model was run on a single individual L. depurator of 0.5g wet mass. This individual
represented a newly settled, sexually immature animal which had to allocate energy to
increasing maturity before it could allocate to reproduction. The model made predictions
for three physiological endpoints — ultimate size Mc (measured as carbon mass, g), age-at-

maturity AAM (days) and cumulative allocation to reproduction over the whole of the
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modelled time period Mg (gC). The maximum AAM was set as 1000 days (~3 years), based
on the assumption that any area in which animals took longer than this to mature would
likely not be able to support a viable population. As any increase in temperature will lead
to an increase in metabolic rates, it was assumed that Mg (allocation to reproduction
integrated over a fixed time period) would likely increase in the future due to predicted
ocean warming. However, increased metabolism will also lead to increased natural (and
possibly predation) mortality, which may negate any temperature driven gains in Mg.
While survival is not explicitly modelled, future estimates of Mg were temperature
corrected to try and account for this. DEB models use a temperature correction factor
(TC) to describe the temperature dependency of physiological rates (Schoolfield et al.,
1981; Kooijman, 2010)(see Chapter 4, section 4.3.4). For each NEMO-ERSEM model grid
cell a “metabolic speedup factor” was calculated (TCruture/TCpresent). Future predictions of
Mg were divided by this factor. The model does not directly predict L. depurator
presence/absence or population dynamics — it evaluates an individual’s potential to grow
and allocate energy to maturation and reproduction over the whole model domain.
However, population level inferences can be made using the reproductive endpoints AAM
and Mg. | estimated the possible distribution of L. depurator populations in each time
period by allocating the values of each of these endpoints in each model grid cell a
“viability score” (Table 5-2). These scores were based on the notion that individual fitness
is determined by the amount of carbon an individual invests in reproduction over its
lifetime. Areas in which animals mature early and are able to invest heavily in
reproduction therefore produce individuals with the greatest fitness, and so have the
highest viability scores. Individual scores were summed and normalised using the

equation:

(value — min)

(max — min)

to give an overall viability score for each grid cell between 0 and 1, with 0 indicating that
the area would be unlikely to support a population, and 1 indicating an area would be

very likely to support a population.

The model was forced with temperature, sediment particulate organic carbon (POC, a
proxy for food availability), dissolved oxygen and pH inputs provided by NEMO-ERSEM for

the periods 08/03/2006 — 14/01/2016 and 16/09/2038 — 24/07/2048. It was run a total of
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94 times across the two time periods (47 model runs in each decade). In each time
period, the first model run started on the first date of the input time series (08/03/2006
and 16/09/2038) and run for a total of 6 years. Each subsequent run started on the first
day of the next month (e.g. 01/04/2006 and 01/10/2038). In this way, | could explore any

effect of seasonal and interannual environmental variability on the modelled endpoints.

Table 5-2:  Viability scores assigned to values of AAM and Mg. These individual scores were summed and
normalised to provide an overall viability score for each model grid cell.

Individual viability score AAM (days) Mk (gC)
0 >1000 <2
0.25 751 -1000 201-4
0.5 501 -750 4.01-8
0.75 251 -500 8.01-12
1 <250 >12
5.4 Results

5.4.1 Environmental conditions — decadal means

The temperature of near-bottom water was predicted to increase across most of the
model domain by between 0.5°C — 1.5°C, with the greatest warming trend apparent in the
southern North Sea and Irish Sea (Figures 5-1A, B & C). Model predictions for near-
bottom pH showed decreases in all areas, with pH in the northern North Sea and Celtic
Sea dropping to ~7.8 by 2048 (Figure 51D, E & F). The greatest decrease in pH (~0.14 pH

units) was projected for the central part of the northern North Sea (Figure 5-1F).
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Figure 5-1: NEMO-ERSEM projections of mean near-bottom seawater temperature in °C (left hand

panel) and pH (right hand panel) in the period 2006-2016 (A & D), 2038-2048 (B & E) and difference in
temperature (C) and pH (F) between the two periods.

Mean oxygen concentration in the North Sea was predicted to decrease in the future,
although absolute values in the model projections for the period 2038-2048 remained
high at ~7mg L™* (Figure 5-2A, B & C). Benthic particulate organic carbon (POC) ranged
from 0.02g to ~11.5g in both time periods (Figure 5-2D & E), and changes were predicted
to be fairly minor, with slight decreases apparent in the North Sea and off the west coasts
of Scotland and Ireland, and increases in the English Channel and southern Celtic Sea

(Figure 5-2F).
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Figure 5-2: NEMO-EREM projections of mean O, concentration in mg L™ (left hand panel) and benthic

POC in g (right hand panel) in the period 2006-2016 (A & D), 2038-2048 (B & E) and difference in O,
concentration (C) and POC (F) between the two periods.

5.4.2  Physiological endpoints — decadal means

Comparison of present day (2006-2016) and future (2038-2048) decadal means showed
that predicted L. depurator ultimate carbon mass (Mc) ranged from ~0.3g in the English
Channel, to ~4.5g in the southern North Sea and Celtic Sea (Figure 5-3A). Mc¢ was
predicted to change little around the UK shelf in the future. The only exception is in the
northern North Sea, where animals were predicted to increase in mass by approximately
1gC, from ~3gC (Figure 5-3A) to ~4gC (Figure 5-3B & C). Mean predicted age-at-maturity
(AAM) ranged from 160 — 1000 days from settlement. The greatest difference in AAM
between the two time periods was seen in the northern North Sea. During the period

2006-2016, AAM was predicted to be over 1000 days (Figure 5-3D) in some parts of the
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northern North Sea. For the period 2038-2048, AAM was predicted to decrease to ~1000

days in the same area (Figure 5-3E & F).
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Figure 5-3: Predicted L. depurator ultimate carbon mass (MC) in g (left hand panel) and age-at-

maturity (AAM) in days (right hand panel) in the period 2006-2016 (A & D), 2038-2048 (B & E) and
difference in M¢ (C) and AAM (F) between the two periods. The upper limit for age-at-maturity has been set
at 1000 days (~3 years), as a viable population likely could not be maintained if animals took longer than
that to mature. Any areas where age-at-maturity is predicted to be >1000 days are shown as white areas in
(D & E).

Mortality corrected cumulative allocation to reproduction over the 6 year period (Mg)
was predicted to increase in some parts of the central North Sea, increasing from ~10gC
in the period 2006-2016 (Figure 5-4A) to ~12gC during the period 2038-2048 (Figure 5-
4B). Conversely, Mg is predicted to decrease slightly in the southern North Sea, dropping

~2gC from ~18gC in the present day, to ~16gC in the period 2038-2048 (Figure 5-4B & C).
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Figure 5-4: Predicted L. depurator cumulative allocation to reproduction (MR) in gC (left hand panel)

and population viability (right hand panel) in the period 2006-2016 (A & D), 2038-2048 (B & E) and
difference in Mc (C) and viability (F) between the two periods. Future allocation to reproduction has been
temperature corrected using the “metabolic speedup factor”. Viability is an aggregate score based on
predicted age-at-maturity and mortality corrected cumulative allocation to reproduction. See main text for
full details and calculations.

Viability scores based on the reproductive endpoints of AAM and Mg suggested that L.
depurator populations were likely to be widely distributed around the UK in both
simulated time periods. The southern North Sea, Celtic Sea shelf, coastal areas of the
Western English Channel and Bay of Biscay are all predicted to have suitable conditions in
the period 2006-2016 (Figure 5-4D) with viability scores over 0.5. In contrast, central
areas of the northern North Sea and English Channel had much lower viability scores
(<0.2), suggesting that conditions were not ideal for the establishment of L. depurator

populations. In the period 2038-2048 viability scores increased from ~0.4 - ~0.6 in the

deeper parts of the Celtic Sea (Figure 5-4E & F). In the deeper central parts of the
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northern North Sea, scores increased, but remained low at ~0.2. In coastal areas of the

northern North Sea, scores increased from ~0.2 to ~0.4 (Figure 5-4E & F).

Predictions for Mc and Mg varied little regardless of the month in which the simulation
started (assumed time of settlement, see Appendix C for figures demonstrating this).
Based on AAM however, the DEB model predicted a shift in the optimum time for
settlement (e.g. the settlement month which results in the least time taken for an
individual to mature). The optimum time for settlement shifted across the whole of the
NEMO-ERSEM model domain (Figure 5-5). The shift was particularly noticeable in the
southern North Sea, where optimum settlement time was in the summer/autumn (July —
September) in the period 2006-2016 (Figure 5-5A), but was predicted to move to
winter/spring (February-April) in the period 2038-2048 (Figure 5-5B).
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Figure 5-5:  Predicted optimum settlement month based on age-at-maturity for L. depurator. The 12
colours on the scale bar represent a different month, with January in dark blue and December in yellow. (A)
is the period 2006-2016, (B) is the period 2038-2048. The modelled period was clipped to 1000 days (~3
years) based on the assumption that individuals would likely not be present in any area in which maturity
took >1000 days to achieve. White patches are areas in which AAM is predicted to be >1000 days.

5.5 Discussion

Predicting the future distribution and performance of marine species under climate
change is of paramount importance. In this chapter a new method is presented, in which
existing model projections for seawater temperature, pH and dissolved O, concentration
and benthic particulate organic carbon (POC) across the north-western European shelf
were used to force a mechanistic DEB model for the swimming crab L. depurator. This

DEB model was used to make predictions regarding changes in carbon mass (M¢), age-at-
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maturity (AAM) and cumulative allocation to reproduction (Mg), and by extension, species
distribution and population viability. The optimum settlement time, based on estimates
of AAM, was predicted to shift forward across the whole of the NEMO-ERSEM model
domain. Mg showed only minimal increases — it is possible that the temperature driven
increase in allocation driven by higher metabolic rates is offset by a corresponding
increase in mortality. Estimates of population viability and species distribution suggest
that L. depurator may be able to expand its range further into the northern North Sea in

the future.

5.5.1 Model performance

The published literature appears to support the likely distribution of L. depurator in the
present day (2006-2016) which was inferred from AAM and Mg. Viability scores in the
central English Channel and central northern North Sea and are low, although coastal
areas of the northern North Sea have higher scores, suggesting that conditions in
shallower areas may be more suitable for population persistence. L. depurator has been
recorded in coastal locations east of Scotland, around the Moray Firth (Basford et al.,
1989), south of Aberdeen (Pan et al., 2008) and in the shallower waters off the coast of
north-east England, (Catchpole et al., 2006). Those model grid cells with high viability
scores all correspond to areas in which L. depurator is regularly recorded, e.g. central and
southern North Sea (Jennings et al., 1999; Ziihlke et al., 2001; Hinz et al., 2004; CHARM,
2012; Depestele et al., 2014), the Celtic Sea shelf (Ellis et al., 2013), the eastern (Bremner
et al., 2003) and western English Channel (Kaiser et al., 1998), the Bay of Biscay
(Blanchard et al., 2004; Trenkel et al., 2007), the Clyde Sea (Bergmann and Moore, 2001;
Bergmann et al., 2001; Moore and Bergmann, 2001; Bergmann et al., 2002) and the
Bristol Channel (Ellis et al., 2000).

Model predictions of AAM and Mg (and their associated viability scores) for the period
2038-2048 suggest that conditions in parts of the coastal northern North Sea may
become more favourable for L. depurator in the future. Given that the predicted changes
in O, concentration, pH and benthic POC are minimal in the area, it is likely that changes
in L. depurator responses are driven by increasing seawater temperatures. This
temperature increase might allow an offshore range extension into slightly deeper waters
off the east coast of Scotland. Climate-related range extension for crustaceans is well
documented globally (Sorte et al., 2010), and in the North Sea specifically (Neumann et
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al., 2013). L. depurator itself has already expanded its range in the southern North Sea
(Franke and Gutow, 2004). There is a predicted decrease in Mg in the southern North Sea
in the period 2038-2048, which is likely due to increased temperatures causing an
increase in all metabolic processes, including mortality, any increase in which will clearly
affect cumulative allocation to reproduction. This decrease does not appear to have any
significant impact on estimated population viability or distribution in the future however,
with viability scores for the southern North Sea remaining high despite the predicted
decrease in Mg. Interestingly, the model predicts a change in the optimum settlement
window (based on AAM) for L. depurator between the present day and 2038-2048, with a
particularly dramatic shift predicted in the Southern North Sea window (July- Sept in
2006-2016 to Feb-April in 2038-2048). DEB theory states that all physiological rates,
including energy allocation to maturity in juvenile animals, increase in the same way with
increasing temperatures (Kooijman, 2010), so a decrease in AAM is perhaps to be
expected with predicted ocean warming. However, once a thermal tolerance limit is
reached, rates will begin to decrease (Portner and Knust, 2007), and AAM will increase as
a result. It is likely that some of the predicted changes in optimum settlement time are as
a result of this phenomenon, with summer temperatures in some areas increasing
beyond L. depurator thermal tolerance windows and impeding development, while winter
temperatures increase enough to allow faster growth and earlier maturity. This is not
unprecedented, as temperature driven changes in decapod phenology have already been
documented in the literature. For example, decapod larvae occur in the North Sea
plankton earlier in recent years than in the early 1980s (Lindley and Kirby, 2010), and the
hatch timing of the northern shrimp in the North East Atlantic has been affected by

increasing temperatures (Richards, 2012).

It is worth noting that the DEB model in its current form does not explicitly model
survival. While the potential impact on My of temperature driven mortality is accounted
for via the “metabolic speed-up factor”, it is clear that further research is needed to fully
explore the effects of temperature on both natural and predation driven mortality. In its
present iteration, the DEB model predicts an increase in somatic maintenance and a
decrease in ingestion once dissolved oxygen concentrations drop below 4mg L™.
However, severe environmental hypoxia or anoxia will not result in mortality in the

model. Short-term hypoxic conditions, as is sometimes recorded in the German Bight area
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of the North Sea (Brockmann et al., 2018), could therefore have significant consequences
for survival, and so population persistence, that are not currently captured in the model.
Further experimental work with L. depurator will enable the identification of two critical
dissolved oxygen (DO) thresholds: i) when oxy-regulation cannot be maintained, and
oxygen consumption decreases linearly with the O, saturation of the surrounding water,
and ii) the DO concentration at which mortality can be expected. This will allow a
correction factor to be calculated (Aguirre-Velarde et al., 2019; Lavaud et al., 2019;
Thomas et al., 2019), which can be applied to those model parameters (somatic
maintenance ky, and ingestion {jxam}) which were shown in Chapter 4 to be affected by

hypoxia.

5.5.2  Benefits of the DEB-ERSEM approach

To date, most species distribution modelling efforts have used a correlative SDM
approach, which relies on statistical dependencies between biotic and environmental
data in order to predict future distributions (Mathewson et al., 2017). There are a number
of reasons for this — SDMs are relatively easy to use and widely available, their data
requirements are generally easily met, and the range of biotic and abiotic interactions
they can (implicitly) capture is good (Robinson et al., 2011). However, these models
provide little insight into why changes in species’ distributions are predicted, limiting their
ability to inform conservation responses. Consequently, climate adaptation actions in
response to species’ declines are reduced to trial and error. Furthermore, transferring
correlative SDMs into novel conditions risks erroneous extrapolation, which is a key issue
for studies of climate change effects (Evans et al., 2015; Mathewson et al., 2017). It is
clear that alternative modelling approaches to SDMs should be explored where possible
(Robinson et al., 2011). The mechanistic DEB model presented here represents just such
an alternative to correlative SDMs. Rather than relying on empirical statistical
relationships between environmental conditions and species distributions, the
distributions predicted by this model are an emergent property of the process being

modelled, in this case AAM and M.

While the benefits of using non-lethal modelled endpoints to infer species distributions
are clear, understanding how these endpoints respond to changing conditions is useful in
its own right. For example, this DEB model, which predicts changes in ultimate body size
and reproductive investment, may prove to be useful in stock assessments of
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economically important crustacean fisheries such as those for Cancer pagurus (Linnaeus
1758), Maja squinado (Herbst 1788), Homarus gammarus (Linnaeus, 1758) and Nephrops
norvegicus (Linnaeus, 1758), and could be a valuable addition to the modelling toolkit of
fisheries managers. To the best of my knowledge there are no published DEB models for
any of these species, although the Add-my-Pet database has model parameters for C.
pagurus and H. gagmmarus estimated from the literature (AmP, 2017), and inferred DEB
parameters (based on all parameter values of all species, weighted according to
taxonomic proximity) for M. squinado and N. norvegicus can be acquired through
phylogenetic inference (Bruggeman, 2019). There is also the potential to provide better
understanding of organism vulnerability to stressors or disturbances in addition to large
scale climate drivers, such as localised sources of pollutants. These additional stressors
may not result in mortality, but they may have detrimental effects on sub-lethal
endpoints such as those modelled here (Verslycke et al., 2004; Saravanan et al., 2018). A
tool which provides a better understanding of the non-lethal effects of anthropogenic
stressors on crustaceans also has value outside of the fisheries sector. For example, the
DEB model can provide us with an insight into the potential impacts of changing
environmental conditions on species which are globally important in ecological terms,

such as krill.

Climate change is shifting organism distributions and phenologies, but understanding how
these changes are driven by climate effects on organism responses is still a significant
challenge (Deutsch et al., 2015). Although there are examples of SDMs which explicitly
incorporate organism physiology or life history traits into modelled processes (Fernandes
et al., 2013; Queirds et al., 2015), they are still relatively uncommon in the marine
literature and, as far as | am aware, none have a fully mechanistic physiological model at
the centre of the approach (although see Mathewson et al, 2017 for an example in a
terrestrial ecosystem). The mechanistic DEB-ERSEM method presented here may be of
use in providing insight into why changes in species’ distributions are predicted, as these
distributions are an emergent property of the processes being modelled. Furthermore,
the ability to model non-lethal endpoints, rather than just species’ presence/absence,
provides an opportunity to better understand the effects of changing conditions on
ecologically relevant processes which may make focal species more vulnerable to future

disturbances. As such, it can be argued that this model represents a step forward in the
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methodology of species distribution modelling, and that it can be a useful tool in scaling
up the results of experimental climate change research and placing them in an ecosystem

context.
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Chapter 6 General discussion

and conclusions

Marine ecosystems are some of the most diverse on Earth (Solan et al., 2004). This
biodiversity is predominantly attributable to the number of invertebrates living in or on
sediments; indeed, it has been estimated that the benthic environment provides habitat
for 98% of all marine species (May and Godfrey, 1994; Snelgrove, 1999). While the macro-
infauna receive much of the attention in the published literature due to their roles in
mediating biogeochemical cycles (Lohrer et al., 2004; Laverock et al., 2011), benthic
epifauna also play critical roles in the health and function of marine benthic ecosystems.
Decapod crustaceans are often among the most dominant species recorded in terms of
both abundance and biomass in the epifauna (Chapter 2; Neumann et al., 2017) and their
ubiquity means that they are often key components of marine benthic ecosystems,
playing significant roles in structuring communities (Chapter 2; Quijén & Snelgrove, 2005)
or acting as keystone species, maintaining complex habitats such as salt marshes and kelp
forests (Silliman and Bertness, 2002; Steneck et al., 2004). Furthermore, many decapod
species have significant economic value in both capture fisheries and as cultured species

in aguaculture operations (Cawthorn and Hoffman, 2017).

Benthic ecosystems are under increasing threat from human activity, with pronounced
ecological consequences (Doney et al., 2012; IPBES, 2019). The principal climate drivers
affecting marine ecosystem structure and functioning have been identified as water
temperature, pH, oxygen concentration and food availability (IPCC, 2014). Changes in
species’ distributions (Wiltshire et al., 2009) and phenological processes (Birchenough et
al., 2015) have been identified as a response to changing temperatures. Mass mortalities
as a result of hypoxic events have been recorded (Diaz and Rosenberg, 2008; Altieri et al.,
2017), and sub-lethal stresses affecting surviving organisms include reduced growth
(Hrycik et al., 2017; Jeppesen et al., 2018) effects on reproduction and recruitment
(Breitburg, 1992; Miller et al., 2002) and increased vulnerability to predators (Decker et
al., 2004; Riedel et al., 2008). The effects of ocean acidification (OA) vary between and
among taxa (Kroeker et al., 2013), but experimental studies have demonstrated that

survival (Talmage and Gobler, 2010), calcification (Zhao et al., 2017), and growth and
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development (Dupont et al., 2008) can all be negatively affected by decreased seawater

pH.

A significant challenge in marine climate change research is in predicting organism
responses to this anthropogenic change. Once we have predictive understanding, it will
be possible to make informed decisions on how best to manage marine habitats to
mitigate climate change effects. It has been demonstrated that a focus on organism
energetics is useful as a means of integrating organismal responses to a wide range of
environmental drivers (Boyd et al, 2018), and the mechanistic Dynamic Energy Budget
(DEB) model in particular offers a whole organism approach to explaining how factors in
the physical environment translate into biologically and ecologically relevant responses

(Chapters 3, 4, 5; van der Meer, 2006)

6.1 DEB at the individual level

At the individual level, the DEB model presented in this thesis has shown that it can
successfully describe and predict crustacean growth and oxygen consumption under
ambient conditions, and that a critical part of crustacean life history —the moult — can be
captured (Chapter 3). It also makes good predictions for organism responses under
ecologically relevant climate stressors such as hypoxia and OA in decapods (Chapter 4)
and a number of other taxa (Klok et al., 2014a; Muller and Nisbet, 2014; Lavaud et al.,
2019). Perhaps most interestingly, the mechanistic nature of the DEB model (e.g.
measured responses such as growth are a function of stressor effects on model
parameters) means that, by combining parameter sets estimated under single stressor
conditions, multi-stressor models can be developed (Chapter 4). This provides a number
of advantages. Results from multi-stressor model scenarios can allow researchers to
identify those stressors with the greatest predicted impact aiding in the development of
testable hypotheses and the design of logistically challenging multi-stressor experiments.
Given the huge number of stressors acting on marine environments (Coté et al., 2016),
and the fact that the number of experimental treatments required to quantify all possible
interactions of these stressors is unreasonable (Boyd et al., 2016), the kind of complex
synthesis required to fully explore the interacting effects of multiple stressors is really
only practicable in models. The DEB model presented in Chapter 4 provides a way of

synthesising single stressor data into a mechanistic modelling environment that can
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simulate the effects of stressors under novel or untested conditions, and make

predictions under more complex, ecologically relevant conditions.

Applications of the model at the individual level are numerous. It can be used in
aquaculture operations to assess which production method (e.g., feeding regime) is likely
to produce the fastest growth. Similarly, it can provide insights into optimal conditions
(e.g. temperature) for production. It is possible that this model could be used for
assessing suitable sites for sea based container culture projects for crustaceans, such as
the Lobster Grower 2 (LG2) project (www.lobstergrower.co.uk). A bio-energetic model
such as the one presented here, which specifically links crustacean moulting and growth
to environmental parameters, may be very useful in selecting sites that would offer the
best possible conditions in which to rear juvenile lobsters. The standard DEB model is
already proven to be useful in this regard, having been previously applied to evaluate the
carrying capacities of marine ecosystems and evaluate their potential for bivalve

aquaculture (Thomas et al., 2011).

A serious problem in crustacean aquaculture is disease (Stentiford et al., 2012). While the
model presented in this thesis cannot elucidate the specific responses of the crustacean
immune system to pathogens, it may be of assistance in mitigating their effects. The
model can be used to quantify the effects of infection on the energy budget of the host,
as has been shown for the standard DEB model in previous studies on bivalves (Flye-
Sainte-Marie et al., 2009). Once an effect on a DEB parameter has been quantified, can a
change in feeding regime or food quality compensate to ensure continued growth?
Similarly, how do commonly used immunostimulants affect parameters?
Immunostimulants are proposed to enhance disease resistance in cultured species, but it
is clear that their effectiveness varies with different host species, delivery methods and
types of pathogen (Rowley and Pope, 2012; Traifalgar et al., 2013). Additionally, there are
cogent reasons why the use of these compounds over prolonged periods may actually be
detrimental to the host animal (Smith et al., 2003). It may be possible to use the model to
balance prophylactic efficacy of a given compound against its effect on model

parameters.

The crustacean DEB model could also be useful in providing more accurate estimates of

growth for use in stock assessment models for crustacean capture fisheries. Growth
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models currently used as a basis for stock assessment do not consider food availability,
and only a small number consider environmental temperature (Wainwright and
Armstrong, 1993; Brylawski and Miller, 2006). As both of these factors are critical drivers
of growth in crustaceans, a model that can account for changing food availability and
environmental conditions would be a useful addition to the modelling toolkit of fisheries

managers.

Finally, this model could also be useful in ecotoxicology studies, where Daphnia magna is
a standard test species. Many toxicological endpoints, including effects on reproductive
output, are potentially affected by variations in moult dynamics (Ananthasubramaniam et
al., 2014), so a DEB model which can account for these variations has potential

advantages.

There are a number of ways in which the individual model could be further refined. At
present, the model does not capture the changes in ingestion and oxygen consumption
rate that occur as an individual progresses through the moult cycle. In order to fine-tune
model performance in these areas it is necessary to build a true “moulting period” into
the model, which causes the suppression of feeding and an increase in O, consumption.
While O, consumption is the result of a combination of modelled processes, and so
cannot be coupled to the moult cycle directly, model parameters affecting O,
consumption (e.g. the maintenance coefficient ky) can be. By coupling maintenance and
ingestion rates to the carbon mass/wet mass ratio a (the parameter which controls the
moult in the DEB model), both ingestion and O, consumption will change with the

increase in a as an animal approaches moult.

The first iteration of the model did not track the mobilised flux from the reserve to the
reproductive buffer (1-kappa), after it had been allocated. Later iterations of the model
(Chapters 4 & 5) do, but the link between reproduction and moult has still not been fully
explored. Moult is critical to reproduction in many crustacean taxa, with the two being
coordinated in a variety of ways (Raviv et al., 2008), and influenced by environmental
conditions. There is evidence of seasonal moulting as a precursor to breeding in some
species (Abelld, 1989; MacDiarmid, 1989; Fernandez et al., 1991), and in those species
(including Liocarcinus depurator) which can spawn multiple times between moults, the

intermoult period becomes dependent on egg incubation time, which is itself
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temperature driven (Hamasaki, 2003; Wehrtmann and Lépez, 2003). Given the strength
of this link between reproduction and moult, it is possible that, in some species, moult is
not solely dependent on energetic factors (e.g. a), but is also influenced by the

reproductive buffer.

6.2 DEB at the population level

Despite being defined at the individual level, the DEB model proved useful to infer
population-level properties. When coupled to NEMO-ERSEM, the model predicted
plausible present-day distributions of L. depurator in the present day (Chapter 5). The
level of skill the model demonstrated in making these predictions for the period 2006-
2016 would lead to the conclusion that predictions for population distribution in the
period 2038-2048 are also reliable. This model represents a significant step forward in the
methodology of species distribution modelling, as it places mechanistic physiological
understanding at the heart of the process. Unlike most species distribution models
(SDMs), which are correlative and rely on statistical dependencies between
environmental and biological data (Robinson et al., 2017), projected distributions in the
DEB-ERSEM model are an emergent property of the processes being modelled. Much like
the DEB model when used to predict responses to environmental drivers at the individual
level, this mechanistic approach negates the issue of extraneous extrapolation in novel
circumstances, which is a significant issue in some SDMs (Elith and Leathwick, 2009; Melle

et al., 2014).

It is worth stressing again that the DEB-ERSEM model presented in Chapter 5is not a
population model. However, it is possible to make population level inferences via the
modelled reproductive endpoints, and there are some refinements that could be made to
ensure the accuracy of predictions made regarding species’ distributions. The most
obvious extension to the DEB-ERSEM method is to include survival as a modelled
endpoint, and to investigate the effects of e.g. short term hypoxia on population viability
in areas where periodic low oxygen minima are a feature of the habitat. In order to make
more robust predictions at higher levels of biological organisation, it is necessary to
couple the DEB model to a population model. Published examples of coupled DEB-
population models include matrix models, which assign individuals to classes based on

size, age or developmental stage (Jager and Klok, 2010), or physiologically structured
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population (PSP) models. Less commonly, DEB models are coupled to individual based
models (IBMs) (Martin et al., 2012). In matrix models individuals can move into the next
class or die with a certain probability (depending on age, stage or size); some classes can
also produce offspring. In this way, the model calculates the intrinsic rate of population
growth (r). The major drawback of this approach is that it assumes that each individual in
every generation follows the same life history, thereby excluding maternal or trans-
generational effects (Jager et al., 2014). Although this might be a reasonable assumption
for a short term toxicology study (to which DEB coupled matrix models are most
commonly applied), they are not representative of field conditions, and present a serious

limitation to the wider application of this method.

Physiologically structured population (PSP) models also distinguish age, life-stage or size
classes within a population, but unlike matrix models, they explicitly relate the transfer
beween these classes to the physiological characteristics of the individual and the
condition of its wider environment (De Roos et al., 2001). This makes them particularly
suited to those studies in which the temporal variations in population structure are of
interest. Theoretical studies have used PSP models in a DEB framework to explore the size
structured dynamics of fish populations (Maury and Poggiale, 2013), and general PSP
models (i.e. not used in a DEB framework) are often used in fisheries studies (Persson et
al., 2004; Persson and De Roos, 2006; Hartvig and Andersen, 2013). PSP models are well
suited to modelling fish populations as they analyse size dependent interactions between
organisms, and body size is often considered as a defining physiological trait when
modelling fish (Maury, 2010; Hartvig et al., 2011). While body size is clearly a useful trait
when considering trophic interactions (i.e. predation), it is not the only key physiological

trait for benthic organisms, where traits such as motility can be critical (Clare et al., 2015).

Finally, individual-based models (IBMs) represent individual organisms as unique entities
that are different from each other and change over their life cycles. Population dynamics
emerge from their interactions with each other and their environment (Martin et al.,
2012). DEB has been proposed as a building block for IBMs, although it has rarely been
used as one (Martin et al., 2012; Martin et al., 2013). The fact that IBMs explicity follow all
individuals in a population means that an essential feature of DEB is preserved — the
dynamic response of an individual’s life history to environmental changes (Jager et al.,

2014). Additionally, IBMs place no limit on the number of state variables for individuals,
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bringing them closer conceptually to DEB than other population models (Martin et al.,
2012; Jager et al., 2014). Arguably, IBMs are the natural link to the population level for
DEB as both approaches focus on the physiological performance of individuals as a key
aspect in understanding higher levels of biological complexity. IBMs do have some
drawbacks however. When compared to other models, IBMs are computationally
expensive, particularly when modelling large populations or populations in complex
environments. Furthermore, certain types of interactions (e.g. schooling or spawning
aggregation behaviour) can increase model execution time exponentially when run with
field realistic numbers of individuals (Breckling, 2002). This can make running repeat

simulations, in order to estimate parameters or explore uncertainty, problematic.

The model as it stands is a single species model, but interspecific interactions may
regulate high-level impacts of climate change on any focal organism. Consequently, the
individual-based responses of a single species may not suffice to understand long-term
responses in complex ecological environments where species interact (Harley, 2011). In
order to take these species interactions into account, the DEB model could be used as a
mechanistic component in a macro-scale species distribution model such as a size
spectrum dynamic bioclimatic envelope model (SS-DBEM) (Queirds et al., 2015). These SS-
DBEMs specifically account for trophic interactions by using the size spectrum component
to determine resource limits in a given geographical area. These limits, along with habitat
suitability for a given species determined by the DEB model, can be used together to
determine the biomass of that species that can be supported across the model domain

(Fernandes et al., 2013).

In conclusion, this thesis has shown that:

e Crustaceans are a key component of the benthos and can be instrumental in
structuring benthic communities and driving community responses to biotic and
abiotic drivers

e Modelling the energetics of individual organisms is an effective way of integrating
organism responses to environmental and climate drivers

e The standard DEB model can be easily adapted to account for a key process in the
crustacean life-cycle - the moult - thereby improving model predictions of

crustacean growth
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e DEB model parameters estimated from singe stressor experiments can be
combined and used to predict organism responses under multi-stressor scenarios

e When coupled to a hydrodynamic-biogeochemical model, the DEB model can be
used to make inferences about population level responses to environmental
change across large spatial scales, including possible species distributions and
optimum juvenile settlement times

e The DEB model can be a useful tool at both the individual level (e.g. aiding in the
development of experimental climate change research, better growth models for
crustacean aquaculture and capture fisheries stock assessment) and at the

population level (e.g. improvements in species distribution modelling)
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Appendix A Supplementary material for Chapter 3

A.1 Inferring carbon : wet mass thresholds from observations

The fitting of the upper and lower envelopes for the carbon mass/wet mass thresholds,

the description that follows, and the production of Figure A-1 was done by Dr Jorn

Bruggeman

Carbon mass increases continually due to assimilation of food. This ultimately leads to

moulting, which we assume to be triggered when the carbon to wet mass ratio reaches a

particular maximum value. During moulting, wet mass increases due to intake of water,

while carbon mass remains approximately unchanged (loss of total carbon due to

respiration and carapace loss/resynthesis is assumed small). We assume that wet mass

increases until a minimum carbon : wet mass ratio is reached. Thus, the new wet mass is
MC _ Amax

My pew = = My 14
min min

The relative change in wet mass during a moult is M Assuming isomorphy, the relative

Xmin

1

M)S. For simplicity, we

change in any linear dimension (e.g., carapace width) is (

Amin
assume that both minimum and maximum M. : My, remain unchanged over the life span
of a crab. That implies that pre-moult body composition, including water content, will
always be the same, as will the post-moult body composition. This is in line with DEB’s
weak homeostasis assumption. It also implies that the relative size increase during a
moult is constant. This is a first-order approximation; a moderate decrease in this
increment with increasing size has been observed in some species which implies the
difference between minimum and maximum «a is greater at smaller size. Together, these
assumptions set an envelope for observable carbon-wet mass combinations: for any given
carbon mass M., wet mass can only take values between M. /a4 and M/ pin. 1IN @
constant environment, all wet masses within this range have an equal likelihood of being
observed, as long as there are no differences in survival or catch probability among crabs
with the same M. While this is to a degree supported by field observations (fig 1), the
contours of the envelope are not as sharply defined as would be implied by a universal

minimum and maximum M, : My,. The apparent fuzziness of the envelope observed is
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likely in part caused by intraspecific variability: different crabs have slightly different

M, : My, ratios at which moulting is triggered and/or terminated.
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Figure A-1. Observed combinations of wet mass and carbon mass, along with the best fitting model for the
upper and lower envelope. The solid black line indicates the maximum M, : My, ratio (0.20), the dashed
black line the expected minimum M, : M, ratio (0.13). For any wet mass, the shaded regions show the
density of crabs as function of their M, with increasing density indicated by darker shades. The lower
bounds of the shaded regions are the 10th, 25th, 50th, 75" and 90™ percentiles. Observations with extreme
M. : My, values were excluded during analysis; these are shown as crosses.

If we formalize this by assuming a,;,; and @, 4, are normally distributed within a
population, we know that for a crab with wet mass My, the probability density of initial
M is given by a normal distribution with mean a,,;, My, and standard deviation g,,,;, My ;
conversely, the probability density of the final value of M is given by a normal
distribution with mean a4, My, and standard deviation g,,,, My, . The probability density
of M for any crab with known wet mass is then given by the difference between the
fraction of crabs having reached this carbon mass (individuals moulting into this My, at

larger M are excluded) and those already having moved on to larger My, by moulting at

lower M. That is the difference between two cumulative normal distributions:

o (0( — amin) ) (a — amax)

P( CZ) _ Omin Omax
S a — Xmin a — Tmax ’
f o (— ) | —MaX)

—*® Omin Omax

Let us assume the actual number of crabs observed within a particular wet mass/carbon
mass bin follows a Poisson distribution. To avoid having to deal with variable

survival/catch probability, we group all sampled individuals in bins of similar carbon mass
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(20 per bin; 5 bins). Within each it M, bin, we distinguish 100 equally spaced My,
intervals, covering all observed My, : M ratios (5.0 — 30.1). For each of these intervals,
we compute the probability density of observing an individual according to the above
equation. We then normalize the resulting 100 values to have their sum equal the total
number of observed individuals for the current M, bin (typically 20). Each of the resulting
100 values is treated as the expected number of observed crabs per My, interval, 4;;. The

log likelihood of the combined M./M,,, observations is then given by

5 100

A= szuln/‘{l} _AU —lnku'

i=1 j=1

Here, k;; denotes the number of observed crabs per M¢/My, combination. We now
estimate the parameters describing the M. : My, envelope by maximizing the log
likelihood using the Nelder-Mead Simplex algorithm. The values that optimize the log-
likelihood are a;,;, = 0.13, e = 0.20, iy, = 0.03 and 0,4, = 0. These estimates

are robust under a wide range of bin counts for M. and My, (resp. 5-20, 20-1000).

The results imply an increase in wet mass during a moult of Smax _ 1 — 56%, and an

Imin
1

increase in linear dimensions of (m)g' — 1 = 16%. Estimated values for the standard

Amin
deviation suggest that variability in M. : My, thresholds occurs predominantly around the
lower threshold, i.e., the quantity of water taken in to inflate the body; the upper bound

on M. : My, values is well constrained.
A.2 Consideration of the carapace

In DEB theory, the carapace of a crustacean is neither structure nor reserve, but product.
However, in this model, we have included the mass of the carapace in our measures of
wet mass, which implicitly places it with structure and reserve. Due to the fact that the
carapace is relevant in feeding, and that, in this model ingestion scales with wet massz/s,
we assume that carapace scales with wet mass. After a moult, the new carapace has an
energy requirement as it hardens (predominantly related to the calcification of the new

cuticle). Once the new carapace is hard, any energy requirement is minimal. Structure

and reserve increase to fill the carapace, replacing water as they do so.
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A.3 Calculation of initial state of structure My and reserve Mg

Each modelled crab has 3 variables — reserve (M), structure (My) and wet mass (M),
only one of those is measurable (My,). In order to constrain the other 2 variables as much
as possible, and to simplify the model as much as possible, we assumed that all crabs
encountered the same food prior to collection, and so the initial reserve density my was
in a steady state. This premise allowed us to calculate the initial state of M}, and My for
the first time point of the model using my, the ingestion rate x4, an estimation of carbon
mass (M), which can be made using the carbon mass/wet mass conversions calculated
prior to the start of the main experiment, and energy conductance v, the value of which
was derived from the DEB species explorer (Bruggeman, 2019, see main text for full
reference). Once the initial state of M}, and Mg had been calculated, both these state
variables and my were allowed to fluctuate. We assume that wet mass is proportional to
structural volume, and the primary link between wet mass and the state variable

structure and reserve in this DEB model is the carbon mass/wet mass ratio «.

Change in reserve density:

dm _]XA v e = 0
Y Mg = —— —7 Mg =
dt My, M,

/

Where Jxa is ingestion rate, which now scales to wet mass?° not structure

2
Ixa = Uxam} Mw3 f
Initial state of structure using mg and Jxa

2
Jxa —vmg My3 =0

2

Uxam} MW2/3 f—vmgMys =0

Uxam} MW2/3 f— UM—E1 =0

My3
There are three possible solutions. General cubic function to solve

3+ cx— ;=0
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Where x = /M,

_ Uamd My £

C1
v

2= My /M)
My, = (MW/MC)(ME + MV)

M :A — M
ET My/Me)

Algebraic solution — calculate the discriminant first to establish the number of real roots
A =18 abcd — 4b3d + b?c? — 4ac® — 27a%d?
Wherea=1, b=0,c=c¢;, d= ¢,
v A= —4cy3 = 27¢,”

A < 0 soonly one real root
General solution requires the calculations

Ao= b? —3ac

~Ay= —3¢;

A,= 2b3 —9abc + 27a?d

w D= —27c,
PRV V=274
B 2
Ll
=3+ 7)

if x= 3M, then My, = x3
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Appendix B

Table B-1: Carbonate chemistry parameters for all ocean acidification experiments. Temperature, salinity, pH, CO, concentration and total alkalinity (A7) were measured for all

experimental treatments and controls. Total dissolved inorganic carbon (DIC), calcite saturation state (Qcal) and aragonite saturation state (Qarag) were calculated in “seacarb” in R, using

the mean values of the measured parameters and saturation constants from Mehrbach et al. (1973)

Experiment Nominal CO, | Measured CO, | Temperature °C | Salinity pH ( SD) Ar pmol kg'l(i DIC umol kg'1 Qcal Qarag
concentration | concentration (x SD) (x SD) SD)
ppm ppm (£ SD)
Control - single 400 411.2 (48.6) 12.11 (0.17) 35.4(0.1)| 8.1(0.01) 1525.21 (48.4) 1421.91 2.7 1.7
stressor
OA —single 1000 10911.1 (148.1) 12.95 (0.35) 35.6(0.2)| 7.77(0.06) 1972.82 (68.3) 1923.62 1.8 1.2
stressor
Control/cool — 400 406.09 (52.7) 10.15(1.17) 35.3(0.1)| 8.1(0.01) 1433.47 (15.8) 1343.93 2.4 1.5
multi-stressor
Control/warm — 400 425.6 (98.3) 16.64 (0.87) 35.3(0.1)| 8.01(0.01) 1374.16 (29.7) 1284.91 2.3 1.5
multi-stressor
OA/cool — multi- 1000 1036 (137.6) 10.06 (0.97) 35.6 (0.2)| 7.78(0.04) 1864.02 (94.6) 1824.87 1.6 1.0
stressor
OA/warm — 1000 1043 (129.4) 17.27 (1.05) 35.5(0.2)| 7.81(0.05) 1448.61 (112.8) 1355.84 1.7 0.9
multi-stressor
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Appendix C Supplementary material for Chapter 5

C.1 Seasonal variation in the predicted physiological endpoints of

Liocarcinus depurator

In order to ensure that predictions for decadal means were not sensitive to the month the
model scenario was started in (e.g. the settlement month), overall monthly means of
each physiological endpoint (ultimate carbon mass, age at maturity and cumulative
allocation to reproduction) were calculated. The figures below demonstrate that
predictions for each endpoint varied little, regardless of the settlement month. The only
exception was age at maturity, which did vary depending on settlement month, and

which is discussed in detail in Chapter 5.
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Figure C-1: L. depurator ultimate carbon mass (g) over the period 2006-2016. Values for each month are
overall means of ultimate carbon mass at the end of the six year model run period when the model was
initialised at the start of that month — e.g. four model runs were initialised in January (2007, 2008, 2009,
2010), therefore January values are the overall means of ultimate L. depurator carbon mass at the end of
those four model simulations, and represent the ultimate size of an individual L. depurator had that animal
settled to the benthos in January.
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Figure C-2: L. depurator ultimate carbon mass (g) over the period 2038-2048. Values for each month are
overall means of ultimate carbon mass at the end of the six year model run period when the model was
initialised at the start of that month — e.g. four model runs were initialised in January (2039, 2040, 2041,
2042), therefore January values are the overall means of ultimate L. depurator carbon mass at the end of
those four model simulations, and represent the ultimate size of an individual L. depurator had that animal

settled to the benthos in January.
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Figure C-3: Difference in predicted L. depurator ultimate carbon mass (g) between the periods 2006-2016

and 2038-2048.
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Lat

Figure C-4: L. depurator age-at-maturity (days) over the period 2006-2016. Values for each month are
overall means of age-at-maturity at the end of the six year model run period when the model was initialised
at the start of that month — e.g. four model runs were initialised in January (2007, 2008, 2009, 2010),
therefore January values are the overall means of L. depurator age-at-maturity at the end of those four
model simulations, and represent the age-at-maturity of an individual L. depurator had that animal settled
to the benthos in January. White areas in the English Channel and Irish Sea are areas where L. depurator
was not predicted to reach maturity within the modelled period of six years.
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Lat

Figure C-5: L. depurator age-at-maturity (days) over the period 2038-2048. Values for each month are
overall means of age-at-maturity at the end of the six year model run period when the model was initialised
at the start of that month — e.g. four model runs were initialised in January (2039, 2040, 2041, 2042),
therefore January values are the overall means of L. depurator age-at-maturity at the end of those four
model simulations, and represent the age-at-maturity of an individual L. depurator had that animal settled
to the benthos in January. White areas in the English Channel and Irish Sea are areas where L. depurator
was not predicted to reach maturity within the modelled period of six years.
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Figure C-6: Difference in predicted L. depurator age-at-maturity (days) between the periods 2006-2016 and
2038-2048. White areas in the English Channel and Irish Sea are areas where L. depurator was not predicted
to reach maturity within the modelled period of six years.
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Figure C-7: L. depurator lifetime allocation to reproduction (gC) over the period 2006-2016. Values for each
month are overall means of allocation at the end of the six year model run period when the model was
initialised at the start of that month — e.g. four model runs were initialised in January (2007, 2008, 2009,
2010), therefore January values are the overall means of L. depurator allocation to reproduction at the end
of those four model simulations, and represent the lifetime allocation to reproduction of an individual L.
depurator had that animal settled to the benthos in January.
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Figure C-8: L. depurator lifetime allocation to reproduction (gC) over the period 2038-2048. Values for each
month are overall means of allocation at the end of the six year model run period when the model was
initialised at the start of that month — e.g. four model runs were initialised in January (2039, 2040, 2041,
2042), therefore January values are the overall means of L. depurator allocation to reproduction at the end
of those four model simulations, and represent the lifetime allocation to reproduction of an individual L.
depurator had that animal settled to the benthos in January.
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Figure C-9: Difference in predicted L. depurator lifetime allocation to reproduction (gC) between the periods

2006-2016 and 2038-2048
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