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Summary

As the world faces the threats of multiple compounded and worsening crises,
scientists are racing to gather the knowledge necessary to safeguard entire
ecosystems and species. Technological advances are continuously facilitating more
in-depth studies to understand the mechanisms driving species functioning and
variations among and within populations, communities, and individuals. New
methods are providing insights into difficult to access environments and species such
as the open ocean. The following thesis uses theoretical and empirical approaches
to understand the drivers of variation in ecological niches of large marine predators.
One of the methods commonly used to study a species resource use is stable isotope
analysis (SIA). However, the relationship between variation in stable isotope values
in the tissues of consumers and their diet is often misconstrued or over-simplified.
Here, we lay out the underlying factors that influence stable isotope ratios and how
these can be accounted for when designing an ecological study. | then review new
advances in stable isotope technologies and how compound-specific SIA can be
used to ask questions about the life-history of a broad range of species. Having
shown the value in combining biochemical methods with other disciplines, | apply this
approach to study the ecology of large marine vertebrates in Ireland. By using fatty
acid analysis in combination with reproductive hormone analysis, biologging,
morphometrics and observations, | investigate the ecology and physiology of blue
sharks, Prionace glauca, in Ireland. This population of predominantly female
individuals in varying stages of maturity show indications of a seasonal change in
resource use between the June and November — possibly indicating opportunistic

foraging on abundant gelatinous or planktonic prey. Finally, | present the results from



our tagging efforts on mature female porbeagle sharks, Lamna nasus, caught in
Donegal (Ireland) in April 2022. As | have followed these two individuals over the past
nine months, both have crossed many environmental and jurisdictional boundaries
but have displayed high inter-individual variation. | argue the need for increased and
continued cross-country collaboration in the Northeast Atlantic to study and manage
this critically endangered species. The work carried out here emphasises the value
in moving our field from uni- and multi-disciplinary approaches towards more holistic
interdisciplinary approaches, particularly when our aim is the sustainable

preservation of large oceanic migrators.
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Chapter 1 General Introduction

Intertwined with the climate crisis the world faces today is the rapid and accelerating
loss of biodiversity and ecosystems, often referred to as the “biodiversity crisis” or
“sixth mass extinction” (Barnosky et al., 2011, Ceballos et al., 2015, Gongalves-
Souza et al.,, 2020). Through land-use, habitat degradation and fragmentation,
overexploitation, pollution and more, humans have brought about a catastrophic
decimation of the Earth’s biosphere (Tilman et al., 2017). In 2022, a report by Birdlife
International revealed almost half of the world’s bird species have declining
populations and over a fifth are considered to be of significant conservation concern
(Birdlife International, 2022). According to the IUCN Red List, of the more than 42,100
species assessed, at least 41% of all amphibians, 27% of all mammals, 21% of all
reptiles and 36% of all reef corals are threatened with extinction (IUCN, 2023). Plants
do not fare any better, with estimates of up to 36% of all trees (Ter Steege et al.,
2015) and up to 40% of vascular plants (Nic Lughadha et al., 2020) being threatened
with extinction. Ireland is no exception to these global trends and, since the early
2000s, assessments have consistently shown that Ireland’s biodiversity levels are in
decline with 91% of the 58 habitats listed under the EU Habitats Directive having
been found to be ‘inadequate’ or ‘bad’ in status (Morrison and Bullock, 2018).
According to the National Biodiversity Data Centre, 31,000 species are known to
occur on and around the island yet only 10% of those are Red List assessed and one
fifth of those that are, are threatened with extinction (National Biodiversity Data
Centre, 2019). Additionally, of the 58 Irish species of cartilaginous fish (sharks, rays
and chimaeras) assessed (out of a total of 71), 29% were determined to be

threatened with extinction (Clarke et al., 2016). Many species and taxa such as fungi,
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mosses, marine invertebrates, chimaeras, or insects remain under-represented in
extinction risk assessments, often due to the difficulty of studying them (e.qg. difficulty
of access) or applying assessment criteria (McKinney, 1999, Dahlberg and Mueller,

2011, Nic Lughadha et al., 2020, Finucci et al., 2021).

When considering biodiversity loss and extinction risk, large-bodied species and/or
those with slower life-histories, such as chondrichthyans and marine mammals, are
known to be particularly vulnerable (Garcia et al., 2008, Hutchings et al., 2012, Pardo
et al., 2016). For sharks, rays, and chimaeras, this vulnerability has resulted in over
one third of all species being threatened with extinction (Dulvy et al., 2021). In the
last half century, this group has been subjected to excessive mortality, primarily from
overfishing, resulting in estimated declines of over 70% in oceanic species
(Pacoureau et al., 2021); the complete depletion of reef sharks on almost 20% of
surveyed reefs (MacNeil et al., 2020); and the reduction of sawfishes presence to
around 59% of their historical distribution (Yan et al., 2021). Yet, knowledge gaps
remain a challenge to the conservation of these species with an estimated 12.9% of
assessed chondrichthyan species still classed as data deficient (Dulvy et al., 2021)

and population level assessments are likely even lower (Jorgensen et al., 2022).

With large gaps in our current understanding of the biosphere still remaining,
scientists today are working against the clock to improve our knowledge of
environments’ and species’ existence, populations and ecologies both to monitor the
damage being done and provide the tools necessary to mitigate it (Bar-On et al.,
2018). Technological advances have provided many tools to undertake this work, but
many challenges still remain. The sheer scale of the marine environment combined

with its diversity, complexity and opacity create inherent logistical and technical
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challenges along with persisting funding barriers to research and monitoring (Hussey
et al., 2015, Jorgensen et al., 2022). This is particularly true of oceanic systems and
wide-ranging migratory species whose geographical ranges span multiple
jurisdictional boundaries such as Exclusive Economic Zones (EEZs) as well as Areas
Beyond National Jurisdiction (ABNJs) such as the high seas (Dulvy et al., 2008,
Lascelles et al., 2014, Dulvy et al., 2017). Along with an estimated 829 other species,
marine vertebrates such as blue and porbeagle sharks, are considered ‘very highly
migratory’, ‘highly migratory’ or ‘migratory’ species (Lascelles et al., 2014) and are
sometimes capable of trans-oceanic movements (Da Silva et al., 2010, Cameron et
al., 2018), leading them to regularly, predictably and often cyclically cross these
boundaries (Lyster, 1989). During their migrations, these species also cross multiple
physical and environmental boundaries such as varying temperatures, depths or
habitat types with significant implications for their ecologies and physiologies
(Rasmussen et al., 2007, Saunders et al., 2010, Campana et al., 2011, Francis et al.,
2015, Whitlock et al., 2015). These cross-boundary, often rapid movements expose
marine migratory species to a wide-range of pressures and present a challenge for

their conservation (Lascelles et al., 2014) and study.

In order to understand the life-history, ecology and physiology of pelagic sharks, and
identify their roles in the different systems they occupy, scientists have employed a
variety of developing methods. Historically, studies relied on direct observation using
tools such as mark-recapture, with often low recapture success rates (at their highest
generally around 20%; Kohler et al., 2002, Queiroz et al., 2005, Costa et al., 2012,
Madigan et al., 2015); or controversial lethal sampling of individuals to obtain
information on diet (stomach content analysis), reproductive status (examination of

internal reproductive organs), or age and growth rates (enumeration of vertebral
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growth zones) (Cortés, 1997, Heupel and Simpfendorfer, 2010, Hammerschlag and
Sulikowski, 2011). More recently, the advancement of electronic tag technology —
telemetry — has allowed for more precise and long-term tracking of marine vertebrate
movements (Hussey et al., 2015). Acoustic tracking, a fine-scale method providing
information on the presence of a tagged animal, relies on the presence of fixed or
mobile (by vessel pursuit) receivers to detect individuals (Hussey et al., 2015). This
results in limitations such as possible disturbance to the behaviour of the animal by
a moving vessel; relying on the presence of the animals within range and unknown
movements outside of the receiver array; high cost of equipment (particularly
receivers, of which multiple are needed to cover the area of study effectively); and
limited battery life of tags for example (Arnold and Dewar, 2001, Hussey et al., 2015,
Crossin et al., 2017). Despite the development of smaller acoustic tags, which can
now sometimes last up to 10 years and be equipped with environmental (e.g.
temperature or depth) or physiological (e.g. heart rate) sensors, acoustic tracking
(passive or active) may not be the most appropriate tool, in isolation, to study far-
ranging, oceanic species (Arnold and Dewar, 2001). In contrast, satellite telemetry
can be a highly effective tool to track long distance movements and can provide high
resolution locations, however, their deployments are often shorter (weeks to months)
and more expensive (Crossin et al., 2017). There are two main methods of data
recovery in satellite telemetry: pop-up archival tags (PSAT) which transmit light-
inferred geolocations upon release and surfacing of the tag; and satellite transmitting
tags (SPOT) which transmit data every time the mounted tag breaks the surface
(Hazen et al., 2012). While ARGOS and GPS locations obtained from satellite
transmissions are more precise and allow for almost real-time tracking, they may not

be suitable for species that rarely, if ever, surface but may be particularly suitable for
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species that spend a significant amount of time at the surface. On the contrary,
PSATs may be most useful for species that rarely surface but are also capable of
collecting and storing a large amount of environmental and behavioural information
such as depth, temperature and energy expenditure (Hazen et al., 2012).
Combination of both technologies could result in optimal data collection (more
precise, longer-term tracks, combined with in-depth environmental use insights), if
appropriate and the welfare of the animal is not seriously compromised which may
be the case for smaller individuals or species and lead to biased interpretations of
results. Additionally, while this technology provides invaluable information on

movement behaviours, a large part of the picture remains unexplored.

Trophic ecology and reproductive behaviour questions, for example, cannot be
answered using telemetry directly. As discussed, these fields have historically relied
on lethal sampling of individuals, such as gut content analysis or dissection of
gonads, but have themselves seen many advances allowing for ever deeper insights
into these behaviours. Remaining in the electronic realm, biologging refers to the use
of miniaturised devices for logging animal’s behaviours, physiologies or environment
(Rutz and Hays, 2009). These loggers can include depth and temperature sensors,
internal body-temperature sensors, heartbeat sensors, accelerometers, cameras and
more (Rutz and Hays, 2009, Hazen et al., 2012, Payne et al., 2014). The insight from
these loggers, particularly in packages comprising multiple sensors, can provide
unprecedented levels of detail into the ecology (Papastamatiou et al., 2022),
evolution (Harding et al., 2021) and physiology (Ste-Marie et al., 2022) of pelagic
migrators (Block, 2005). However, just like telemetry, biologging faces limitations in
the form of cost and battery life, and significant considerations have to be made for

the welfare of any animal being tagged, particularly when it comes to the amount of
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drag created by the device(s) (Kay et al., 2019). Additionally, attachment of these
devices often require capture of the animal, a stressful event which can result in
several hours of ‘stress response’ post-release (losilevskii et al., 2022). In the case
of sharks, this response can last 6-9 hours before a return to regular behaviours
(losilevskii et al., 2022) and biologging device batteries may only last a few hours
themselves. Studies of behaviours captured by biologging must, therefore, take this

recovery time into consideration and make a cost-benefit judgment call.

Of course, telemetry and biologging only represent a small part of the tools available
to us to study pelagic migrators and, beyond lethal sampling, biochemical methods
have taken centre stage in many studies into the trophic, reproductive and habitat
ecology of marine migratory species. One such method is the use of stable isotope
analysis (SIA). Bulk SIA has been increasingly used by ecologists to answer
guestions of resource and habitat use by consumers (Fry, 2006, Michener and
Kaufman, 2007, Newsome et al., 2007). Put simply, bulkSIA measures the ratio of
heavy to light isotopes of different elements in the tissues of consumers and provides
an indication of the feeding habitat and/or trophic level of said consumers (Chouvelon
et al.,, 2011). However, while it can provide insight into the movement or trophic
ecology of consumers, particularly in the marine environment (Chouvelon et al.,
2011, Trueman and Glew, 2019), limitations exist to this approach, in particular the
number of confounding factors that can influence conclusions drawn from the data.
For this reason, careful planning must be made by scientists attempting to use this
tool including sampling of source isotope values, knowledge of tissue turnover rates,
as well as sampling of possible prey items when possible (Aradjo et al., 2007,
Hoeinghaus and Zeug, 2008, Graham et al.,, 2010, MacKenzie et al., 2014).

Importantly, prey taxon or species cannot be obtained from stable isotope data and,
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once again, bulkSIA is best used in combination with other methods such as those
discussed previously or other biochemical methods. In addition, just as telemetry and
biologging methods have seen great strides made to improve them, so has SIA. The
development of compound-specific stable isotope analysis (CS-SIA) now enables us
to differentiate isotope ratios not just of bulk tissues but of compounds within those
tissues such as amino acids (AA-CSIA) or fatty acids (FA-CSIA); and, as such, trace
the origins and routes of these elements before and after they enter the tissues of
the consumer (Evershed et al., 2007, Jochmann and Schmidt, 2015, Whiteman et
al., 2019). This can provide information about the animal’'s diet (Manlick and
Newsome, 2022) and its physiology, such as nutrient allocation, tissue turnover or
reproductive strategies for example (Gannes et al., 1998, Whiteman et al., 2021) and
has great potential to untangle life-history strategies of many species (Bortoluzzi et
al., 2021). However, while bulkSIA has become a fairly cheap and accessible
method, CS-SIA is still in its relative infancy and access to laboratories capable of
running it is more difficult and expensive. As a result, ecologists may choose to
submit fewer samples for analysis in an already often small sample size of wild
animals. Until costs are optimised, access to CSIA remains limited for many

ecologists.

Other ecological tracers such as lipids and fatty acids are also available to ecologists
and have been since the 1960s, but their use in marine ecology has recently started
to grow in popularity (Pethybridge et al., 2018, Meyer et al., 2019). They can be used
to quantify energy flows in food webs (Pethybridge et al., 2018); identify key
processes underpinning ecosystems (Dalsgaard et al.,, 2003); assess the
physiological status of an organism (Dalsgaard et al., 2003); and determine and

distinguish environmental conditions and habitats utilised by organisms (Meyer et al.,
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2019). With a large scope of application in trophic and habitat marine ecology, lipid
and fatty acid analysis can be a powerful tool for scientists to explore but confounding
factors exist such as environmental variables (e.g., temperature), secondary
consumption or species-specific rates of bioconversion (Meyer et al., 2017, Meyer et
al., 2019) and care must be taken when drawing conclusions from results in isolation.
Their real strength comes when combined with other biochemical tracers and
methods such as SIA (Hebert et al., 2006) or reproductive hormone analysis (Rangel

et al., 2021).

The latter, reproductive biochemical tracers, is used as a non-lethal way of assessing
the reproductive status of organisms such as elasmobranchs through sex steroid
hormone analysis of the blood, or reproductive endocrinology(Awruch, 2013, Awruch
et al.,, 2014). However, due to the range of reproductive strategies in the
elasmobranch lineage, generalising hormonal control from one reproductive mode to
the other is inappropriate and validation of this method has to be carried out for each
reproductive mode by prior visual examination of gonads (requiring lethal sampling)
combined with hormonal level (Awruch, 2013, Fujinami and Semba, 2020). Once
validated, circulating levels of sex steroid hormones, such as testosterone,
progesterone or oestradiol, can be effectively used to assess reproductive maturity
and status with minimal handling of the animal (Awruch, 2013). Once again, the
combination of this method with others such as ultrasonography can also increase
its validity and depth of insight into the ecology of marine animals (Awruch, 2013,

Sulikowski et al., 2016, Rangel et al., 2022).

While one’s access to funds and tools may limit the number of methods available to

them, collaborations among the scientific community can provide highly beneficial
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opportunities to fill these gaps in access and knowledge. Additionally, scientists
studying marine migratory species are likely to want to optimise the small sample
sizes to capture as much information in as much detail as possible. Combining any
or many of the above methods can be a really powerful way to obtain more robust
insights and evidence into the lives of these animals and subsequently inform
conservation and management measures. Of course, this only represents a selection
of a wide range of available methods and many more (e.g. genetics, eDNA,
toxicology, heavy metal tracers, local and indigenous ecological knowledge) are not

included here but can and should be considered.

1.1 Research Outline

In this thesis, | provide both theoretical and empirical arguments and examples for
the effectiveness of combining disciplines and methods to complete our ecological
knowledge of marine migratory species and their life-history traits — information

essential to our ability to manage and conserve them.

- Chapter 2: Identifying the limits where variation in stable isotopes

reflect variation in diet.

Stable isotopes have become ubiquitous in ecological studies, particularly trophic
ecology, either as a standalone method or in combination with others. However, the
true relationship between variation in diet and variation in stable isotope ratios in the
tissues of consumers is often misunderstood and misinterpreted. Here, | use
mathematical models and simulations to tease apart this relationship and show that
important factors such as source isotope values, number of resources, and tissue

and diet turnover rates can confound the results and conclusions of these studies. |

23



propose simple corrections and considerations to apply to both study design and

result interpretation to infer accurate and appropriate conclusions.

- Chapter 3: Technological advances in Stable Isotope Analysis

provide ever more insights into animal ecology.

While bulk stable isotopes have been used for several decades now, the use of
compound-specific stable isotope analysis (CS-SIA) is a more recent development
in the field and presents some new and exciting opportunities. | review and
contextualise a study by Whiteman et al., (2021) who examined the allocation of
nutrients in breeding emperor penguins using amino-acid CS-SIA and redefined the
concept of capital vs income breeding as a spectrum. | explore the potential of CS-
SIA to investigate life-history strategies — knowledge of which is often essential, but
lacking, to the appropriate conservation and management of species — in finer and
clearer detail. 1 conclude that the methods used by the authors are powerful and

applicable to a range of taxa.

- Chapter 4: Hungry (and horny) teenagers: seasonal variations in
diet and reproductive status of blue sharks, Prionace glauca, in the

Irish sea (Northeast Atlantic).

Large, migrating, marine species are often both particularly vulnerable to
anthropogenic pressures and challenging to study. Blue sharks, who carry out
transatlantic migrations, are seasonal visitors to Irish waters where they play an
important role in local economies as targets of recreational sport fishing activities.
But they are also the most commercially fished species of shark in the world and
much of their ecology, biology and life-history traits still need to be understood. |

undertake a one-year study of the reproductive physiology and feeding ecology of
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blue sharks in the Irish Sea. Using a combination of biochemical and biologging
methods, | show that the population of blue sharks off the coast of Cork are majority
females and subadults during the summer with larger individuals present in the early
autumn. | also provide evidence for a shift in resource use between the sharks’ arrival
in Ireland and the end of the season, identifying this as a potential move towards

partial foraging on abundant gelatinous prey items.

- Chapter 5. Rapid transboundary movements of endangered
porbeagle sharks, Lamna nasus, highlight need for cooperative

management approaches.

As a Critically Endangered species in the northeast Atlantic, porbeagle sharks have,
in recent years, been the subject of many management measures resulting in a
stabilisation of their population. Knowledge of habitats critical to their life-history such
as potential pupping or foraging grounds is key to ensuring their continued survival
and a recovery of their population. | provide data from the movements across physical
and jurisdictional boundaries of two mature female individuals tagged off the
northwest coast of Ireland. These data highlight the opportunities for growing
international collaborative partnerships to fill knowledge gaps and can inform future

research questions.

- Chapter 6: Discussion

Finally, | close with a discussion on the crisis faced by the ocean today; the role of
Ireland in addressing biodiversity conservation; and the increasing need for
ecological research to address areas of conservation priorities and fill knowledge

gaps. | present growing evidence of the benefits of moving from uni- or multi-
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disciplinary to interdisciplinary and transdisciplinary research and address the

challenges and barriers faced by those working towards it today.
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2.1 Abstract

To answer key ecological questions about resource use in ecological communities,
it is necessary to understand how individual niche use varies both among individuals
and within individuals over time. Analysis of stable isotopes is used commonly to
study such questions. There is, however, considerable debate regarding how isotopic
values relate to diet, which can undermine their utility. We develop an analytical
mathematical model alongside simulations to examine the relationship between
variation in diet and stable isotope values both among individuals and within
individuals over time. We show that dietary variation is directly proportional to
variation in the stable isotope values of consumers normalised by the variation in
resource isotope values and further scaled by the number of resources in the diet.
We also find that the relationship between dietary and isotopic values strengthens
when the number of (independent) tracers grows. Additionally, when considering
temporal diet variation within a consumer we identify the interplay between diet
turnover rates and tissue turnover rates that controls the sensitivity of stable isotopes
to detect diet variation. Our work demonstrates clearly that variation in the stable
isotope values of consumers reflect variation in their diet. However, this relationship
can be confounded with other factors to the extent that they may mask the signal
coming from diet. We show how simple quantitative corrections can recover the
correlation in some situations, and in others we can adjust our interpretation in light
of the new understanding arising from our models. Our framework provides guidance
for the design and analysis of empirical studies where the goal is to infer niche width

from stable isotope data.
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2.2 Introduction

Over the years, much of the field of ecology has focused on quantifying species’
niches, though the concept itself is controversial (Pocheville, 2015). Of particular
interest has been understanding how niches vary over scales from individuals
(Bolnick et al., 2002, Matthews and Mazumder, 2004, Araujo et al., 2007, Araujo et
al., 2011, Bolnick et al., 2011, Layman et al., 2012) through to populations (Newsome
et al.,, 2012) and communities (Bolnick et al., 2011) over time and space.
Understanding the factors driving variation in niche use across levels of biological
organisation is central to understand ecological concepts such as resource use,
geographic diversity, community composition and structure, and the effects that
events such as competition, extinction or invasive species will have for conservation
biology and applied ecology (Newsome et al., 2007). In addition, the study of niche
variation among individuals represents an opportunity to understand the evolutionary
selection of traits and the advantages and trade-offs of generalist and specialist
strategies. This can be applied to understanding the past and predicting the future
impacts of anthropogenic influences on population dynamics and structure. Clearly,
niche variation within and among individuals can be highly influential in determining
the structure and survival of populations. Many tools are used, alone or in
combination with others, to explore these questions. Among them, stable isotope
analysis is an established and cost-effective method to quantify niche occupancy.
The technique is, however, not flawless and is frequently misused, due primarily to
lack of clarity regarding the implicit and explicit assumptions made during its

application.
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The use of stable isotopes to characterise community structure and niche width has
become increasingly common since the late 1990s (Jackson et al., 2011, Shipley and
Matich, 2020). Particular ratios of heavy to light stable isotopes are found in the tissue
of consumers after accumulating through the food web via the process of assimilation
(either through primary production or consumption) and metabolic incorporation.
They have, therefore, been proposed as a way to quantify the niche space of
individuals or populations, resulting in the concept of “isotopic niche” (Jackson et al.,
2011, Phillips et al., 2014), via the "you are what you eat" premise (Deniro and
Epstein, 1976). The isotopic niche—that is, the area occupied by a group of
measurements in isotopic space—is driven by differences among individuals in
isotopic values (Newsome et al., 2007). While the isotopic niche is often equated to
the dietary niche, it has also received criticism for the very same reason. Hette-
Tronquart (2019), for example, argued that trophic and isotopic niche spaces must
be kept conceptually distinct and the relationship between the isotopic niche and
niche overlap among individuals is complicated and unknown. The authors also point
out that discrimination factors and individual variation at the physiological level impact
consumer isotope values. For example, the turnover rates of elemental pools affect
stable isotope ratios in consumers, which vary depending on the tissue and on the
animal and translate into an isotopic niche more or less closely correlated to the
ecological niche of an individual, population or community. It is, therefore, essential
to acquire knowledge of turnover rates specific to focal species of interest and to
carefully select tissues and preservation methods appropriate to the research

guestion (Jackson et al., 2011).

In addition, ideally in ecological studies the study of populations should relate to that

of populations of comparable individuals (e.g. adults of a species; juveniles of a
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species; geographically isolated populations, etc.). If this is true, it can be assumed
that on a broad level their physiologies are similar and that ecological conclusions
can be drawn from the differences in their isotopic values. However, in addition to
diet, environmental, behavioural and physiological factors also affect isotopic
variance among individuals (Cherel et al., 2005, Phillips et al., 2014, Shipley and
Matich, 2020). It is, therefore, important that they are considered in analyses. Such
factors include: baseline isotopic values; the number of resources available and the
variation in their own isotopic values; the proportion and quality of those resources
being consumed and how this changes over time (Hoeinghaus and Zeug, 2008,

Shipley and Matich, 2020).

Here, we explore the general biomass incorporation model that forms the basis of
our understanding of stable isotope ecology from a statistical perspective (Fry, 2006,
Boecklen et al., 2011, Yeakel et al., 2016). We use a series of vector algebra
methodologies to determine the key drivers of variation in stable isotopes within and
among individuals over time and examine whether there is a quantitative relationship
between diet variation and stable isotope variation. In addition, we identify processes
and features of the system that can confound this relationship including the number
of food sources and variation in their stable isotope values (that is, baseline variation
sensu, Jackson et al., 2011). We offer both quantitative and conceptual approaches
for mitigating these often-unwanted sources of variation. We assess the performance
of the analytical model by comparing it with in silico process-based simulations. We
begin with a general model that considers the dynamic incorporation of stable
isotopes over time from a dynamically changing diet across a population of
individuals (Navarro et al., 2013, Rodriguez and Gerardo Herrera, 2013). We then

separately consider (1) the simpler case of variation among individuals at equilibrium
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with their diet (that is, constant diet over time); and (2) variation within a single
individual over time where diet varies. We conclude by integrating these two
scenarios into the general framework where both are considered simultaneously. We
discuss implications for empirical study-design, statistical analyses and the

assumptions made in this theoretical model.

2.3 Methods and Models

Ultimately, from an ecological perspective, we are interested in describing the
variation in stable isotope values and linking them to underlying biological and
environmental processes with the goal of illustrating how well this variation

represents variation in diet.

We start by imagining a dataset comprising stable isotope data y = (y(¢t,,,w),w =
1,...,W) measured over a population of W individuals (w) at multiple time points (t,,)
where we are interested in the statistical variance?! of the stable isotope data Var(y).
In order to understand how this variance relates to an underlying variation of diet
across and within individuals, we will develop analytical approximations for variance
among individuals assuming no variation within individuals, and variance within a
single individual over time. The analytical predictions are illustrated by comparison

with simulated data. Both will show that the isotopic variance is related to a specific

1 For any given data set X = (X;, ..., Xx) we define the (empirical) mean, which we denote either as X or as
(X )as

and the (empirical) variance as

K
Var(x) = %Z(Xi — X)?
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statistics of diet variation normalised by a baseline isotopic variance across food
sources. In the case of within individual isotopic variance in time, this relationship has
an additional component, reflecting the interplay between tissue turnover and the
autocorrelation of diet variation in time. We conclude by explaining why the complete
population variance can be decomposed, under simplifying assumptions, as a sum

of the two variances.

We will consider n-food sources which have distinct (and fixed) isotopic signatures
x;, i = 1,...,n. Henceforth, we denote n-dimensional vectors by bold symbols. Thus

x = (x;);=1,..n IS the vector of isotopic values of the n food sources. Likewise,
fe,w) = (fie, W))i=1 _ is the vector of diet proportions of individual w at time ¢ with

respect to the n food sources. We will consider the following classic model for the

dynamics of isotopic content y(w, t) of an individual w:

dy(t,w) 1
y(dttw) = 2{f (t, W) |x) — y(t,w) + ¥),y(0,w) = y,(w) 1)

Where (- | -) denotes the scalar product? and y is the additive fractionation factor of
the stable isotope considered (but it will play no role in what follows). The tissue
turnover rate 4 models the assimilation rate of stable isotopes into the measured
tissues of the organism. y,(w) sets initial conditions at time t = 0 (but in subsequent

sections we will consider stationary states, independent of initial conditions).

2 Thus (ulv) = XL, wv;
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2.3.1 Variation among individuals

In this section, we neglect temporal variation of an individual's diets and assume that
their isotopic content is at equilibrium (we relax this assumption in the next section).
We therefore drop the dependency on time from the elements of the data y. Given

Eq. (1), assume that the isotopic content y(w)of individual w satisfies:

yw) = {fWw)x) + 9, (2)

Importantly, because the diet is expressed in proportions, we have that (f(w)|1) =

1, where 1 =(1,...,1). Let 3_1= %Z&,"zlyi be the isotopic mean of the population.

Likewise let f be the vector of mean, over the population, of diet proportions. Then

by linearity of Eq. (2), we have that
yw) =y = (fw) - flx) = areiv), -

Where Af(w) = f(w) — f. Note that (4f (w)|1) = 0, which means that the difference
vector Af (w) lies on a plane orthogonal to 1. Let P be the orthonormal projector on

that plane. Then

Af(w) = PAf(w) = (Af W)|x) = (PAf(w)|x) = (4f (W) |Px). @)

With Px = x — (x)1 where (x) = %in Is the mean isotopic value of food sources

(note that the mean is not taken over the population but over the n different food

sources). In particular,
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IPxII? = ) (x; = (x))? = nVar(x), )
i=1

where Var(x) is the isotopic variance of food sources, which defines the baseline

Isotopic variation. With these notations, the population isotopic variance reads

Var(y) =%Z xlafw))  (Af(w)|x)
= (x|C;x)
(6)

= (Px|CPx)

where Cr is the n X n diet covariance matrix:

1

In deriving Eq. (7), we used the fact that C; = PC¢P. Indeed Cf1 = 0, so it does not
have full rank, and acts only on vectors in the plane orthogonal to 1. We can
decompose Cr in terms of its n — 1 eigenvalue-eigenvector pairs (c2,u%), with the
eigenvectors u® all lying in the plane orthogonal to 1. This leads us to the expression:

n-1

Var(y) = ) aZl(ue|Px)P ®

a=1

35



Using Eg. (8), we deduce upper and lower bounds on the isotopic variance

nmino2Var (x) < Var(y) < nmaxo? Var(x) 9)
a o

where we see appearing the baseline isotopic variation, as well as the smallest and

largest eigenvalues of Cr, representing respectively the length of the

smallest and largest axis of variation of the multivariate diet distribution.

We can deduce a statistical expectation if we assume that Px is a random vector in

the hyperplane (of dimension n — 1) orthogonal to the vector 1.

In this case the expected projection of Px on a vector u%, will be, on average over

random realisations of Px given by

n
n—1

1
E[(u¥|Px)|? = mIIPXII2 = Var(x) (10)

We thus get an approximate expectation for the isotopic variance

Var(y) = i 1Var(x)Tr(Cf)

n (11)

Where Tr(Cf) =Y, 02 is the trace of Cy (the sum of its diagonal elements) which is,

given Eqg. (7) evaluated at i =j, also the sum of diet variances };i-, Var(f;).

Expression Eq. (11) is exact if Cy is proportional to the identity matrix (all its
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eigenvalues are equal), which corresponds to the case where we have an isotropic

distribution of diet vectors.

In other words, the more anisotropic the diet distribution (i.e. the more unequal the

eigenvalues of C¢ and hence variances of each diet proportion) the more variation

we expect around the above expression.
2.3.1a Simulation of data

We tested the above analytical results on simulated data. Simulations were
performed in the R statistical language and full code is provided in the Supplementary
Material (currently available from https://github.com/AndrewLJackson/isoVarEcol).
Ignoring trophic discrimination (enrichment) factors () which provide only additive
effects in our conceptualisation and are therefore irrelevant to the calculation of

variance, we generate a population of consumer isotope values as

y=Fx

where F = (F,,;) is the matrix of diet proportions F,,; = fi(w) and x = (x;) is the

vector of food source isotope values x; for i from 1 to n.

For any given population, n food sources are drawn from a uniform random
distribution from 2 to 20, and their corresponding isotope values drawn by x; ~
Unif(0,10). A vector of diet proportions for each individual w is then drawn from a
Dirichlet distribution f(w) ~ Dir(al,aj, ...,an) where each a; are drawn according to
loglo(aj) ~ unif(—1,2) such that a wide range of diet proportions are possible with

high densities close to the boundary of the simplex possible with concave probability
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densities possible with ¢ < 1, convex when a > 1 and the probability density function
is flat when all a; = 1. This procedure is repeated for the case of more than one
isotope such that x, and hence y(w), has more than one column corresponding to
the number of isotope tracers. Finally, the entire process is replicated across 1000
populations and the relationship between the simulated diet and isotope values then

compared with the analytical predictions from our model.
2.3.2 Variation within individuals

We now consider the variation in isotopes over time of a single individual and ask
how it may relate to a variation in time of its diet. As above, we allow this individual
to consume a variety of n resources. The data considered thus takes the form of y =
(y(ty), k=1, ...,K) where the t; are the K time points at which the isotopic content
of the individual has been sampled. We assume that y(t) is stationary, meaning that,
if t is unknown, y(t) behaves as a random variable of fixed mean and variance (noted

V(y(®)) and E(y(t)), respectively), and that the data consists of (many) independent

samples of y(t). We thus assume that the empirical mean and variance y and Var(y)

are unbiased estimates of the abstract quantities V(y(t)) and E(y(t)).

Given our model Eqg. (1) we can express the isotopic variation z(t) = y(t) — E(y(t))

around the stationary mean as

dz
- (O =2(f O~ 2(0), (13)
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where Af(t) = f(t) —E(f(t)) is the vector of dietary variations around their
stationary mean. A key parameter here is A which represents the tissue's turnover

rate, and hence temporal integration interval of the isotopic signal.

To compute the stationary variance V(y(t)), we start from

dz 2
— = 2z(t)—(t) = 2M(z(O4Af (D)1x) — 22 (D)) (14)

Thus, if we take an expectation over the sampling time t we have that

2

d
ES (0) = 22 (B2 (012 - B(Z*()

(15)
=21 (Ez(t)(Af(t)|x> - V(y(t)))
The stationary variance V(y(t)) = E(z2(t)) must therefore satisfy
V(y(®) = E(z(t)(Af (D)]x)) (16)

Which we now compute. To do so, we can analyse the dynamics of z(t){4f(t)|x),

where

dz(Af|x)

_ dif
T 0 = L armin + 2 (%L @) a7

At this point, we need to model the dynamics of the dietary proportions Af (t). We will

consider here a simple stochastic system of the form of an Ornstein-Uhlenbeck
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process, where the diet varies around a mean according to a Brownian motion
process (Uhlenbeck and Ornstein, 1930)

dAf

_7 = —yA

7r O =—yAf(O) + (1) (18)
Here &(t) is a white noise term which may be correlated across food sources, but not

in time, thus stochastically driving changes in diet. The rate y models the tendency

of the diet to return to its temporal mean, and its inverse is the autocorrelation period

of the diet time-series. Given this model, we can now go back to Eq. (17) and see

that

d
—Z(gm (©) = —( + DEOBF(O)1x)) + UxAF(OXAF(©)]x)
(19)
+2z(£)(§(t)|x)
Taking a temporal expectation then gives
dz(A
E z<d{Ix> (t) = =y + DEO(Af () |x)) + A{x|Cfx) 0

Where Cf is the n x n dietary temporal covariance matrix, whose components are

(), = E(2@8£®) i = 1,om

which, in practice, we may assume to be well approximated by the empirical
covariance matrix computed from the data y = (y(tx),k =1, ...,K). To deduce Eqg.
(20) we used the fact that E(z(t)(§(t)|x)) = 0, which follows from the fact that the

forcing term &(t) is a random term uncorrelated through time, and consequently
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independent of the isotopic value of the individual. Thus, in the stationary state we

have that
0 = —(y + DE(2()Af (D)]x)) + A{x|Cfx) (21)

and thus, from Eq. (16)

A
viy®) =57 y<x|Cftx) (22)

Based on the reasoning of the previous section (that led us to Eq. (11), we can

deduce an expectation over random realisations of the food sources isotopic vector

x, given thatg-/ = E(y()) and Var(y) = V(y(®)):

n
A+t (n-1)

Var(y) ~ Var(x)Tr(Cf) (23)

This result indicates that the relative rate at which diet varies through time (y) and
the rate at which tissue turnover (1) incorporates the isotopic signal from the sources
is key to controlling how much variance from dietary or source baseline isotope

values is identifiable in the variance over time in the consumer. Ideally, A would be

much larger than y, in which case prefactor (ﬁ) goes to 1. At the other end of the

spectrum, if y > A then the pre-factor goes to 0 and all diet variance is lost. When
y = A, then the sources of diet and source variance are exactly halved when viewed
as the isotopic variance in the consumer. How much shrinkage of this variance is
acceptable is a decision for the empirical team given knowledge of their study system.

The key assumptions that we have made to derive this result are:
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0] temporal stationarity of the first moments of time series;

(i) no underlying dynamical structure in the diet change (no interactions

between diet proportions);

(i)  perhaps most importantly, no temporal correlations in the driving force

(modelled as white noise §) of diet change.

Assumption (i) is the implicit premise for a notion of variance to be meaningful.
Assumption (ii) can be relaxed, in which case the autocorrelation period of dietary
time-series would not be uniform. If the diet changes in some direction it will tend to
quickly return to the mean (a short autocorrelation period), while, if it changes in
another direction, it might tend to return to the mean much more slowly (a long
autocorrelation period). We would then have to replace C; in Eq. (23) by a more
complex matrix that encodes this anisotropy of the autocorrelation. Finally,
assumption (iii) would not hold, if for instance, diet changes are forced by seasonal
effects. In this case, we could replace the stochastic model by a periodically forced
one, which is not harder to handle. Our results would then hold by simply replacing
the autocorrelation of diet variation by the frequency of diet oscillations. This means
that if those frequencies are very large compared to tissue turnover rate, diet
oscillations will be severely dampened in the isotopic signal. On the other hand, if
diet oscillations are slow enough, the tissue turn-over rate will cease to play a

confounding role.

We can finish by noting that we can use this calculation of temporal variance within
an individual to compute the variance of y = (y(w, t,,),w = 1, ..., W) without having

to neglect, as we did in the previous section, the temporal variation of individuals'
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diets. Indeed, assuming identical autocorrelation time and tissue turnover for all
individuals in the population, and assuming that the sampling events t,, of the various
individuals are independent —or that individuals feeding dynamics are

independent— we get that:

1 —
Var(y) = {x|c;x) + 5 (x[cF) o

where C is the population covariance matrix of temporal mean diet proportions, while

C_ftis the population mean temporal covariance matrix of the individuals' diet

dynamics. The expectation over a random realisation of isotopic resource vector x

thus takes the form

Var(y) ~ - i 1Var(x) X <Tr(Cf) +7 _/ll_ yTr (CTE)) (25)

We see here that, with this interpretation of the population covariance matrix Cy, the

results of the first section do not, in fact, require temporal fluctuations of diet to be
negligible. Rather, the tissue turnover rate is small enough to buffer those

fluctuations.
2.3.2a Simulation of data

For a given individual we uniformly chose the number of its food sources between 3
and 15 and chose its mean diet from a Dirichlet distribution, following the procedure

used for the across individual case outlined in the previous section. To generate
dietary dynamics, it is convenient to first model consumption dynamics c(t) = (c¢;(t))

(which need not sum to one and from which diet is deduced as f; = ¢;/ ¥ ; c;). We
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identified the mean diet vector of the individual, drawn from a Dirichlet distribution,

with the individual's mean consumption vectoré (in general the two differ by a positive
multiplicative constant, but it plays no role for our purposes). We modeled the
fluctuations of consumption around the mean as a discretised Ornstein-Uhlenbeck
process with autocorrelation rate y, bounded from below to ensure non-negative

consumption. More precisely, after having chosen a time step dt = 1073, starting

from c(0) = c we defined

c(t +dt) = max {C(t) -y (C(t) - C) dt + pREVdt, 0} (26)

where § = (§;);=1,., With the elements ¢; are independently drawn from a standard
normal distribution. This term models Brownian motion, u > 0 controls the intensity
of the forcing (chosen uniformly between 0 and 2) and R is a matrix that models its
correlation structure across food sources. In particular, if it has rank one, the motion
is unidirectional in consumption space whereas if R is proportional to the identity
matrix I, the motion is isotropic. To consider a range of possible behaviours we model

R as
R=0-0)+cM (27)

with M a random matrix with elements independently drawn from a standard normal
distribution (but many other modelling choices are possible). We drew ¢ uniformly
between 0 and 0.5. From consumption we could define diet (sum to one) and simulate
isotopic content of the individual according to Eq. (1). Individual's rate of tissue
turnover A was fixed a 1 while y was chosen uniformly between 0.1 and 2, thus

spanning cases where diet variation is slow compared to tissue turnover rate, to case
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where it is fast. We simulated the dynamics over the interval [0, 100] and, to avoid
transient effects, computed the variance of the time series on the last 90% of its

duration.

2.4 Results and Discussion

The key result in both models is that variation in diet both over time and within an
individual manifests as variation in the stable isotope values of the consumer.
Furthermore, this relationship is directly proportional in all scenarios of our model
such that, all other variables being constant, a doubling in diet variation will lead to a
doubling in the stable isotope variation observed in the consumer. It is clear from the
models that other processes and features, as have been articulated in conceptual
terms in the literature (Cabana and Rasmussen, 1996, Post, 2002, Sweeting et al.,
2005, Araujo et al., 2007, Layman et al., 2007, Hoeinghaus and Zeug, 2008, Yeakel
et al., 2016, Hette-Tronquart, 2019), also drive variance in the consumers’ stable
isotope values in a similar 1:1 manner. Specifically, these are the number of food
sources (expressed as n/(n — 1)), the variance in the underlying stable isotope

values of the food sources Var(x), and the relationship between tissue turnover and

the rate of change in the diet for the case of the temporally dynamic model % We

explore these in more detail, and knowing this, can offer advice in the design of
empirical studies to mitigate these potentially confounding features and provide
guantitative corrections that could be used in the data analysis phase to remove their

effect.

2.4.1 Variation among individuals
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As proposed conceptually by Bearhop et al. (2004), we find that the mechanistic
model of stable isotope incorporation supports directly the idea that variation in diet
is inferable through observing variation in the stable isotope values of consumers (Eq
11). The 1:1 relationship between Var(y) and Tr(C;) means that, in a situation where
there were two populations of consumers, whose food sources were identical in both
number and isotope values, and whose physiologies were similarly variable, one
could infer that the population whose isotopic variance was greater had a more
variable diet than the other. More specifically, one could calculate precisely how

much more variable the diet was through the relationship that Var(y,)/Var(y,) =

Tr(cy,)/Tr(Cp,).

Situations will arise where the isotopic values of the food sources are not consistent
between locations where, or at times when, the consumers were sampled. Our
results confirm those of previous studies (Aradjo et al., 2007, Hoeinghaus and Zeug,
2008) that this will confound the results by increasing consumer variation where the
sources are more disparate, and vice versa. Clearly, in this scenario, the naive
approach illustrated in Figure 2-1a where one makes the simple assumption that
variation in isotopes says something about diet variation is poor. Where possible, the
source isotope data should be sampled appropriately (Aradjo et al., 2007, Graham
et al., 2010, MacKenzie et al., 2014) as, following simple correction of the consumer

data by Var(y)/Var(x), the transformed data will become directly correlated to diet
variation (Tr(C;)) (compare Figure 2-1a with 1b). There may be situations where data

on the source variation is not possible to obtain and, in those situations, one must
make an implicit assumption that the differences in the variance in sources between

consumer populations is negligible.
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When considering diet variation as an ecological concept, we have chosen to
represent this on the x-axis of Figure 2-1 (a-d) as a combination of both number of
sources and the variation in the diet proportions that the consumers draw from. This
makes conceptual sense as a larger diet repertoire is synonymous with a larger
niche, and so too is larger variation in diet of those sources. With isotope variance
scaling with n/(n—1), we can see that differences between lower richness of
sources have more of a profound effect on Var(y) than larger values. That is, when
n = 3 the proportional scaling effect is 1.5, whereas when n = 10 the effect is 1.1
and asymptotes to 1. The empirical consideration here is that, if the numbers of food
sources are at the lower end and different between consumer populations, then
differences in isotopic variation may be due to constraints of food availability rather
than variance in the diet proportions per se. At larger source richness, this effect

becomes less pronounced except of course when the discrepancies are very large.

In deriving Eq. (11) we made the point that our use of Tr(Cf) is exact when the
eigenvalues of C; are equal which implies that the distribution of proportions is
isotropic around the mean. Departures from this assumption, where individuals' diets
vary more along one axis of the diet simplex will result in increased deviations from
our approximation. The simulated data in Figure 2-1b contain a range of diets of
varying anisotropy since they were drawn randomly from a wide range of Dirichlet
distributions. There is no single measure for anisotropy, but here we take the
difference in the min and max eigenvalues of the covariance matrix of diet proportions

and scale it by the dimensionality of the matrix and plot the absolute deviations from

the predicted relationship against n(max 02 — min aj). The result is as predicted,
a o
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with increasing departures from prediction associated with increased anisotropy of

the diet distribution (Figure 2-2).

Our analytical models were developed initially for a single isotope, but the predictions
generalise to multiple isotope tracers as is commonly employed empirically. The
results of the simulations considering 1, 2, and 10 isotopes indicates improved
correlations between diet variation and source-corrected isotope variation. Our
analytical model can readily be extended to include N multiple isotopes. Returning to
Eq. (6), if we compute the mean (over N isotopes) of the population isotopic variance,

we would have

1 zN: Var( tso( )) _1 ZN: (Pxs°|C Px'°)
N W) EN s (28)
iso=1 iso=1

As N grows, this expression becomes a mathematical expectation over an ensemble
of resource vectors x so, if the distribution over this ensemble is isotropic in the

simplex, we get that

N
Z Var (y'*°(w)) - E,(Px|C;Px)

iso=1

2|

n

— Tr(Cy)E, Var(x) (29)

—

N
n 1 )
7 Tr(Cf) N E Var(xlso)

iso=1

n

So that
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1 isotope 1 isotope

var(y)
var(y)/var(x)

8 .12 n :
Tr(Cy) ;Tr(c,)

(@) (b)

2 isotopes 10 isotopes

var(y)/var(x)
var(y)/var(x)

%T;(c,) ' H'%;T;(ca
(c) (d)

NociVar(y®°)  n
v : Var(xiso) T h—1 Tr(¢r)

iso=1

(30)

In other words, if the correlation of isotopic signal between different isotopes and
across sources is not too strong, we expect the predicted relationship between
Isotopic variation and diet variation to become increasingly accurate as the number

of isotopes considered (N) grows.
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Figure 2-1. The relationship between the observed source-corrected consumer isotope
variation(x-axes) and diet variation (y-axes). (a) shows the naive correlation between these
two variables. (b),(c) and (d) show correlations for, respectively, 1, 2 and 10 isotopes, after
correcting for source variation Var(x) and accounting for differences in the number of food
sources using the pre-factor n/(n — 1) on the trace of the covariance matrix of the diet
sources using the pre-factor n/(n — 1) on the trace of the covariance matrix of the diet
proportions. The black lines in all panels indicated a linear fit with 95% confidence intervals.
The dashed lines in b-d represent the 1: 1 analytical prediction from our model. Pearson’s
correlation coefficients for a-d are 0.56, 0.87, 0.91 and 0.98.
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2.4.2 Variation within individuals

The results for the model of within individual variation over time (Eq 23) are similar
to the among individual model. Again, we show clearly that variation in stable isotope
values is positively correlated on a 1: 1 basis with variation in diet over time and we
see the same effect of number of food sources and the same effect of source isotope
variation such that the same conceptual considerations and mathematical corrections
can be applied. Since we are now considering time explicitly, there arises a question
about dynamics in the isotope values of the food sources which are not considered
in our model. This makes it necessary to resample baseline isotopes at suitable time
points and locations studied or, more riskily, make the implicit assumption that it
remains the same. When comparing populations across different geographical
locations, the latter assumption cannot be applied, and consistent sampling is
necessary (see 3.1 Variation Among Individuals). Alternatively, one may again have
to satisfy oneself that, if no data are available for the source isotope values, that their
associated variances are similar enough among populations to not introduce bias in
the comparison. Equally, with a sufficient number of populations sampled, one may
be satisfied to assume that any such bias is independent random noise among
populations and that any comparison of consumer niche variance along a gradient

can be treated as additional residual error.

However, this relationship is modified further by the key relationship between the rate
at which the diet changes over time (y) and the rate at which the consumer’s tissues
incorporate this information (1). We can see that intuitively, and in general terms,

Var(y) grows with tissue turnover rate A which means that tissues that have a slower
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turnover rate will have smaller overall variation as they regress towards the mean
value of the diet, while tissues with faster turnover rates will more accurately reflect
the short timescale fluctuations in diet. In fact, when 2 = 0 and the tissue effectively
integrates over infinite time, then Var(y) = 0 at one extreme. At the other extreme of

rapid tissue turnover, isotopic variance in the consumer is bounded by

Var(y) < ﬁ 1Tr(Cft)Var(x) (31)

n

This boundary condition matches the intuition that variation in the isotopes in the
consumer cannot be greater than the variation in the underlying food sources and
the variation in diet over these sources. The key result from (23) is that tissue turnover
(1) needs to be faster than diet turnover (y) and matches our conceptual
understanding of the process (Phillips et al., 2014). How much faster is a decision
that requires subjective consideration, and likely implicit assumptions about the rate

of diet turnover which is unlikely to be directly observable empirically.

We illustrate the potential problem by again simulating data over a wide variety of
parameter values, including now a range of both diet turnover rates (y) and tissue
turnover rates (1). Using the same corrections as in Figure 2-1 of dividing consumer
iIsotope variance by resource isotope variance and plotting against a measure of both
variance in diet proportions and number of diet sources we again observe a general
positive correlation close to 1: 1 (Figure 2-3a). In this situation we have ignored the
relative rates of tissue and diet turnover but note that when diet turnover is relatively
large compared with tissue turnover the correlation is weaker with points further from

the line as 1/(4 + y) goes to zero. Applying a simple correction to the diet variation
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axis recovers a more accurate correlation across the range of diet and tissue turnover
rates (Figure 2-3b). As a test of the accuracy of the simulation model and with access
to all underlying information we note a high level of accuracy and precision of the full

analytical model (Figure 2-3c).

Finally, we note from Eq (24) that the assumption made in our model when
considering among individual variation (and also typically made in many stable
isotope studies in general terms (Phillips et al., 2014)) need not be the case so long
as the tissue turnover rate is sufficiently slow so as to integrate over fluctuations in
diet. What is useful from our model predictions is that in some cases it is desirable
for tissue turnover to be faster than diet turnover, and sometimes the opposite is true.
The models allow these nuances to be considered explicitly and will help inform
appropriate application to empirical studies. In many situations, and in the desirable
case, these insights will guide researchers to choosing appropriate tissues for their
specific research question. In situations where such decisions are not possible owing
for example to constraints of using non-lethal or non-destructive sampling, then our
models allow the constraints and limitations to be identified and provide insights on
what is possible to infer from the data, and what explicit and implicit assumptions

need to be made.
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Figure 2-3. (a) Source-corrected consumer isotope variation correlates positively with diet

variation (n/(n-1) "Tr" (C_f)) and points where tissue turnover is fast relative to diet turnover
(i.e. A>y) are closer to the 1:1 line. (b) Including the pre-factor (A/(A+y)) to diet variation
increases considerably the accuracy of the prediction, moving all points closer to the 1:1 line.
(c) The full analytical model is accurate and precise when we have full access to all the

information available from the simulated data.
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2.4.3 Assumptions and limitations

One of the powerful aspects of this modelling approach is that, in making some
simplifying assumptions, we can gain clear insights in the main drivers of variation in
consumer stable isotope data. The simulations inherently relax some of these
assumptions and allow us to observe departures from this expectation; for example,
in the case of anisotropic diets, driving deviation from the prediction in Figure 2-2.
Clearly, in real systems, there are additional sources of variation and processes that
might affect the behaviour of the models. Among these, human and machine errors
can be controlled through calibration and standardisation of methods. These will
inflate variation at either or both the consumer side or food source side and should
do so in an additive sense on Var(y) and Var(x) respectively. We further assume
that source isotope values are constant through time, and clearly if longitudinal
studies of individuals are conducted over long time periods (e.g. potentially over
years using whale baleen (Ryan et al., 2013)), then it is likely that food sources could
have shifted and be driving changes in consumer isotopes rather than diet variation
itself. The models can be extended to include dynamics on the food source but doing
so would require specific decisions to be made on the structure of those dynamics
and there is not an obvious approach to be explored that would provide for general
insights as there was in our models so far. We would advise that, under such
circumstances, specific models be developed and used to explore a priori the
expectation of the data prior to analysing the empirical data itself in order to convince
oneself that there is a realistic chance of determining a signal on the desired variables
from noise and confounding variables. From the beginning, we made the assumption
that trophic discrimination factors are constant additive effects and therefore were

able to ignore their effect on variance. We know that these effects can vary both
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within and among individuals and, along with discriminatory metabolic routing of
elements, can be an additional source of variation. In ignoring this effect, we are
taking the view that the effects are small relative to the other sources of variation in
our model. Specific empirical systems could point to situations where this is not true,
e.g. in fasting animals or during gestation, and our advice here would follow the
general advice of cautioning that, without detailed knowledge of those systems and
specific models to describe them, stable isotopes may not be suitable for providing

insights on differences in their diet (Phillips et al., 2014, Gorokhova, 2018).

2.5 Conclusion

The distribution of consumers’ stable isotope data contains information on the
distribution of their diets. Specifically, there is a 1: 1 relationship between the two in
terms of their variance, albeit modified and influenced by other factors. A major
source of confounding influence is the effect of variation of the isotope values of the
consumers’ food sources. With these data in hand, a simple correction involving the
division of the consumer variance by the source variance yields transformed data
that are directly comparable among individuals or populations whose baseline
environmental isotope values are different. When considering a time series of isotope
values on single individuals or indeed populations, an important constraint on the
signal is the relative turnover rates of consumer tissues and diet which will control
how the former tracks the latter. Even if the rates are such that they depart from our
analytical predictions, we nonetheless expect to see a quantitative relationship
between the two, meaning that semi-quantitative comparisons are still possible. Our

models give much quantitative confidence to many assumptions made through
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logically argued theoretical frameworks, make explicit the limitations of the

applicability, and provide guidance for empirical studies going forward.
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3.1 Abstract

In Focus: Whiteman J.P., Newsome S.D., Bustamante P., Cherel Y., Hobson K.A.
(2021) Quantifying capital versus income breeding: New promise with stable isotope
measurements of individual amino acids. Journal of Animal Ecology, 00, 1-11. The
use of bulk stable isotope analysis (SIA) has become a staple in the field of ecology
since the 1980s. This approach has proven its utility, but comes with limitations
rooted in assumptions and confounding factors. Compound-specific SIA (CS-SIA)
has the potential to address questions out of reach of bulk SIA by providing
information on physiological pathways as well as dietary sources of consumer
isotopes. Whiteman et al. (2021) provide an excellent example of the power of CS-
SIA using amino acid stable isotopes to quantify the extent of capital vs income
breeding involved in emperor penguin egg production. By doing so, they reframe an
important life history trait as a spectrum, rather than a dichotomy. This showcases
the use of CS-SIA as a tool for investigating the resource-allocation strategies
employed by this species, and the potential for this technique to untangle the life

history strategies of a broad range of species.
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Our knowledge of the life histories of far-ranging marine species has advanced more
rapidly in recent decades than ever before. This is largely down to developments in
telemetry (Weimerskirch et al., 2006) and chemistry-based (Hobson, 1999)
techniques, and the innovation of researchers to ask new questions with these tools
at hand. Seabirds, whales, sharks and more experience annual and seasonal
variation in energetic demands driven by a dynamic environment and species-
specific life-history patterns. These traits often relate to reproductive strategies and
timings, growth patterns and migrations. The mobility of marine top predators and the
variability of their marine ecosystem impedes the study of these systems, though
recent developments in ecological research have accelerated our understanding of

these processes.

Certain life-history traits are important to understand from a conservation standpoint.
For instance, the feather moulting strategies used by different bird species have
varying effects on flight ability, depending on intensity and duration (Rohwer et al.,
2009). For example, periods of intense moult leave Alcidae seabirds flightless, and
as such, are times of increased sensitivity to storm events, surface pollution and food
shortages. St John Glew et al. (2019) used a combination of stable isotope analysis
(SIA) and telemetry data to infer the geographic location of feather development, and
therefore habitat use during moulting behaviour of Alcidae seabirds in the North Sea.
Another example of SIA being used to study important variations in life-history traits
comes from Silva et al. (2019), who applied SIA to the skin of Balaenoptera whales
to explore their diet and destinations during their winter migration. Taking advantage
of the fact that the stable isotopes in the skin are thought to be incorporated over

approximately the previous 5 months (Busquets-Vass et al., 2017), the study was
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able to use skin samples collected in spring to recount the whales’ activities over the
previous winter. Fish stocks and areas targeted by these whales are identified, and
then related back to their population dynamics. These insights may allow for the
designation of better directed conservation measures where necessary. Given the
mobility of many marine top predators, and the remoteness of their habitats, these
features of their ecology would remain a mystery without the development of indirect
inference techniques such as SIA.

With SIA, ecologists have worked for years to map food webs and the
relationships between organisms in communities. Bulk SIA has long been the basis
of such studies: it considers the overall isotopic composition of whole tissues,
organisms or soils. The studies described above from St John Glew et al. (2019) and
Silva et al. (2019) used bulk SIA. This requires some prior knowledge or assumptions
of stable isotope baselines found in the environment. The isotopic composition of
marine primary producers varies spatially, especially in carbon isotopes, and the
resulting spatial distribution is known as an isoscape (McMahon et al., 2013). The
development of animal tissues can therefore be traced back to the area of an
isoscape it was produced in, inferring the broad-scale movements of mobile
consumers (Trueman and Glew, 2019). In migratory species such as cetaceans,
movements across those isoscapes can be traced in incremental tissue like baleen
(Ryan et al., 2013, Trueman et al., 2019). This window into annual variations, beyond
that given by short-term tissue samples, provides information on the past ecology of
these individuals (sometimes going back decades or centuries by using museum
collections, for example). This can be highly significant to understand shifts in
ecological behaviours caused by anthropogenic pressures and changing

environments; and in turn allows us to make predictions about the future. But the
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results of these studies using bulk SIA are often hampered by necessary
assumptions and uncertainties. Fundamentally incomplete knowledge of
environmental baseline isotopes can stymy the construction of the isoscapes in the
first place due to the unknown isotopic effects of physiological pathways and
temporal averaging between primary producers and prey (Trueman et al., 2019).

Compound specific SIA (CS-SIA), on the other hand, is a molecular-level
approach that involves the analysis of individual amino acid or fatty acid stable
isotopes, and builds on the principles used in bulk SIA (Boecklen et al., 2011).
Advancements in technology mean that it is now easier to study isotopes at a
molecular level using gas chromatography or liquid chromatography systems in
conjunction with mass spectrometers (Boecklen et al., 2011). This approach
potentially provides greater resolution of SIA applicable in trophic ecology, and allows
us to study the transfer of nutrients at a physiological level rather than solely at an
ecosystem level. One of the key concepts is that it potentially provides a shortcut to
accessing indirectly the underlying isotopic baselines by comparing variation
between the signatures of key amino acids in the consumer itself.

Whiteman et al. (2021) use CS-SIA for this purpose very effectively to examine
the underlying physiological mechanisms used by female emperor penguins to create
a single large egg. More specifically, they look at the allocation of exogenous and
endogenous stores of food into the egg by comparing the stable isotope composition
of adult muscle and corresponding egg tissues. Using CS-SIA, the results are much
finer than with bulk SIA, as the effect of the penguin’s metabolism on the isotopic
composition of essential vs non-essential amino acids is quantifiably different. This
allowed the team to trace the source of amino acids in the egg to freshly sourced

food, or reallocated stored resources.
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In 1980, Drent and Daan introduced two models to describe this resource
allocation in egg-forming birds. By looking at the relationship between mass gain in
female birds prior to breeding, laying date and clutch size, they proposed two
opposing strategies for reproduction: capital and income breeding (Drent and Daan,
1980). Females have to strike a balance between laying at a favourable time, often
as early as possible in the breeding season, and amassing and storing enough
energy through foraging before laying. The models describe capital breeders as
accumulating energy in body reserves while income breeders redirect nutrients and
energy straight from the food ingested (Meijer and Drent, 1999). This difference in
resource allocation and how it relates to reproduction and growth under different
ecological scenarios are key questions in the study of life histories (Stephens et al.,
2009).

Clearly, the effective allocation of nutrients for breeding purposes is a huge
factor in the reproductive success of a population (e.g. Kitaysky et al., 2000). Many
far-ranging seabirds undertake a pre-laying exodus just before breeding, sometimes
spending weeks in productive waters far from their breeding colonies. More often
than not, females will spend longer away from the colony than males in this time,
presumably amassing the nutrients required to create an egg (Brook, 1990). Male
emperor penguins need to store energy reserves required to fast for several months
while incubating an egg, allowing females to abscond to replenish nutrients spent on
egg development (Burns and Kooyman, 2001). CS-SIA has the potential to provide
valuable insights into the physiological processes and ecological context involved in
this resource management and in a system that is challenging to study. As Whiteman
et al. (2021) asked, do egg-forming birds rely on long-term reserves when forming

eggs, or does most of the egg-building material come directly from ingested food?
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Such information can be linked to the fecundity of a population. What foods are most
important during this critical period in the reproductive cycle? Are they amassed over
the entire non-breeding period (capital breeding) or are species reliant on seasonal
availability of adequate resources (income breeding)? Can reproductive outputs of a
population be tied to the availability of these food sources? These questions can be
adapted for a range of taxa, especially those that invest heavily in reproduction, as
seabirds do. Whiteman et al. (2021), clearly demonstrated how powerful CS-SIA

analysis can be to deliver more detailed information on these critical topics.
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4.1 Abstract

Blue sharks, Prionace glauca, are consistently found to be the shark species most
at-risk from fishing pressures. They are distributed circumglobally and carry out
transoceanic migrations and display spatial sexual segregation. Female blue sharks
enter Irish waters in the late Spring and are found there until at least the early autumn
but their behaviours and reproductive status while there are largely unknown.
Morphological measurements combined with sex steroid hormone analyses were
used to identify three classes of maturity in 34 female sharks from June to November
(juveniles, subadult and adults). A seasonal shift in resource use was identified from
fatty acid analysis combined with biologging and morphological observations. Sexual
maturity status was not found to explain this shift but month of sampling was a
significant driver. These data suggest a change in diet from small pelagic fish to
possible input from gelatinous or planktonic prey, and highlight, once again, the

opportunistic behaviour of this pelagic shark.
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4.2 Introduction

Despite being one of the most abundant pelagic and the world’s widest-ranging
chondrichthyan (Nykanen et al., 2018), much still needs to be learnt about blue shark
biology and ecology (da Silva et al., 2021). As the most frequently fished oceanic
shark, it is estimated that at least 7 million blue sharks were landed in 2019 with an
economic value of up to $441million and that 34% of these catches came from the
Atlantic where the population has previously been reported to have declined by up to
70% (Baum et al., 2003, Cappell et al., 2022). With a declining population, they were
classed as Near Threatened globally, and in Europe, and as Critically Endangered in
the Mediterranean in the latest IUCN Red List assessments (Sims et al., 2016, Rigby,
2019). In 2022, a proposal to add the species into Appendix Il of CITES was adopted,
regulating its international trade (CITES, 2022, The Shark Trust, 2022). Although the
species has been studied in parts of the Pacific and Atlantic, studies specific to
Ireland - where blue sharks are seasonal visitors - are sparse. Historically and to this
day, they play an important role in local Irish economies as a target for sport angling
(Crummey et al.,, 1991, Fitzmaurice et al., 2005, Inland Fisheries Ireland, 2013,

Wogerbauer et al., 2016), yet benefit from no legal protection.

Life history parameters such as fecundity and reproductive strategies are important
elements to understanding population growth rates and, along with knowledge of
aggregation sites of reproductive females, are key for management and
conservation, particularly when the protection of larger areas is not feasible
(Wearmouth and Sims, 2008, Yokoi et al., 2017). In Irish waters, the population is
predominantly female (Crummey et al., 1991, Fitzmaurice et al.,, 2005) but

information about their reproductive status is lacking and hormonal work is yet to be
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carried out on this species in the Atlantic. Sex steroid hormone analysis to stage
reproductive status in female blue sharks was first shown to be effective by Fujinami
and Semba (2020) and work carried out by Rangel et al. (2021) on tiger sharks
investigated the influence of reproductive status and life stages on diet by combining
fatty acid markers with reproductive hormone analysis. Indeed, similarly to stable
isotopes, fatty acids are integrated into the tissues of consumers and can be
analysed to understand foraging patterns of predators such as fish, marine mammal
or sharks (Kirsch et al., 1998). Many fatty acids, such as polyunsaturated fatty acids
(PUFAs), cannot be easily synthesised by marine vertebrates and must therefore be
obtained from dietary sources and stored in tissues such as the liver, muscle or blood
over varying timescales (Beckmann et al., 2013, Beckmann et al., 2014). A variety of
abiotic and biotic factors, such as habitat, temperature, or phylogeny, may influence
the production and synthesis of different fatty acids (Meyer et al., 2019). This
information is retained and transferred within the food web and, as such,
understanding the profiles of fatty acids present in the tissues of marine predators
can provide insights into their foraging dynamics (Meyer et al., 2019). For example,
palmitic acid 16:0 is indicative of pelagic food sources, while high levels of EPA
20:5w3 may be indicative of cold water and/or demersal feeding (Meyer et al., 2019).
As such, variations in fatty acid profiles within and among individuals of a population
of consumers can provide insights into variations in their diets and foraging dynamics.
Therefore, understanding both reproductive status and diet ecology of a returning
migratory population, such as P. glauca in Ireland, can provide key information on
their use of space and the impacts of activities and environmental conditions on their

ecology.
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Aside from the very small number of filter-feeding species, elasmobranchs are
considered nekton feeders. Blue sharks are seemingly opportunistic consumers that
mostly feed on epi- and mesopelagic teleost fish, cephalopods, and, occasionally,
mammals and birds throughout most of their range with some ontogenetic, sex and
geographical variations (da Silva et al., 2021). Interestingly, crustacea are regularly
listed as items found in their stomachs (Kubodera et al., 2006, Vaske Junior et al.,
2009, Markaida and Sosa-Nishizaki, 2010, Cordova-Zavaleta et al., 2018) including
euphausiids in California (Harvey, 1989) and free-swimming amphipods in California

(Tricas, 1979).

Blue sharks are occasionally described as having a series of knob-like protrusions
along the anterior margins of all gill arches which has been suggested to help
facilitate handling of invertebrate prey (Compagno, 1984, Rangel et al., 2017). They
are also known for having unusually broad pectoral fins, allowing them to swim very
slowly (2.5m blue sharks cruise at just 0.3-0.4 m.s in Ireland in the Spring, in
comparison to a mean of 0.69 m.s in scalloped hammerhead sharks and 0.8 m.s*
in white sharks and mako sharks; losilevskii et al., 2022, Ahnelt et al., 2020, Ryan et
al., 2015) while generating sufficient lift to counteract their negative buoyancy. These
slow speeds appear lower than the speed which minimises the cost of transport and
so could indicate an energetic strategy of foraging on high densities of very slow
moving prey, such as jellyfish (Papastamatiou et al., 2018). Indeed, there is
anecdotal evidence from fishers in Ireland that blue sharks do eat gelatinous prey
such as jellyfish or ctenophores with reports of captured sharks regurgitating large

guantities on deck (pers. comms.).
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In this study, we combined analysis of reproductive hormones, fatty acids and
biologging to explore the trophic ecology and reproductive status of blue sharks in
Irish waters, including the possibility that they derive nutrients from invertebrate prey
such as jellyfish. We predict that variation in reproductive hormone levels and
maturity status are associated with variation in diet and/or physiological state inferred
from fatty acid data. We further predict a change in diet over time coinciding with
potential prey presence and specifically investigate whether there is evidence for
ingestion and assimilation of lower trophic level organisms such as jellyfish and/or

amphipods (free-swimming or parasitic).

4.3 Materials and methods

4.3.1 Study species and sample collection

For this study, 35 blue sharks, Prionace glauca, were sampled monthly from West
Cork, Ireland (~51.33N, 8.75W) between June and early November 2021 (Figure
4-1). Sharks were captured, through cooperation with charter professionals, using
rod and reel angling and brought onboard the boat, onto a mat, after capture. Their
gills were ventilated with a seawater hose placed in the mouth, and a wet towel was
placed on their heads to reduce stress throughout sampling procedures. Time

onboard averaged 11 minutes with a maximum of 16 minutes occurring once.

For each individual captured, a series of measurements and tissue samples were
collected. Measurements taken included precaudal length (PCL); fork length (FL);
total length (TL); lateral span (LS); frontal span (FS); proximal span (PS); and caudal
keel span (CKC) as per Gallagher et al. (2014). Any significant markings were noted

and photographed (Figure 4-2). Tissue samples taken included a muscle biopsy (~2-
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39g) excised from the dorsal musculature using a sterilised scalpel and biopsy punch
and 10-20mL of whole blood taken via venipuncture from the caudal artery at the
dorsal caudal keel using 18 gauge needles and plastic non-heparinized syringe.
Blood samples were then transferred to 10mL sodium (NH) heparinized Vacutainer®
collection tubes. Tissue samples were stored on ice while onboard. Once back on
land, blood was centrifuged at 2000g for three minutes in 1.5-2mL Eppendorf tubes
within a maximum of nine hours post-sampling. Plasma and red blood cells were
separated into Eppendorf tubes. Muscle, plasma and red blood cell samples were all
temporarily stored at -20°C while on location and transferred to -80°C within a

maximum of 48 hours until processing.

In addition to shark tissue sampling, samples were taken from a random selection of
potential prey items. Fish muscle samples were taken from fish provided by anglers,
caught within the previous 24 hours and frozen overnight. Ten jellyfish were caught
in July using a handheld fine-mesh net and five were caught onboard the R/V Celtic
Explorer in August, all 15 were caught within the same region as shark sampling. An
additional 2 jellyfish and ctenophores were caught further offshore in June (50.83N,
-7.38W and 51.251N, 9.1325W) onboard the R/V Celtic Explorer. When present,
parasitic amphipods were extracted from the bells of jellyfish caught in July and
grouped into three samples of 10-30 amphipods each. All potential prey items were

frozen at -20°C before being transferred to -80°C until analysis.

Finally, a stranded female blue shark individual was found in Kerry (Ireland) and
collected in June 2022. A visual assessment of the morphology of its gills was carried

out and recorded.

4.3.2 Sex steroid hormones
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Reproductive endocrinology, the analysis of levels of sex steroid hormone
concentrations, 17B-estradiol (E2) and progesterone (Ps), in elasmobranchs has
been used to provide information regarding the sexual maturity and reproductive
cycle of of a population or species, including blue sharks (Awruch, 2013, Fujinami
and Semba, 2020). Circulating concentrations of 173-estradiol (Ez) and progesterone
(P4) were therefore measured in diluted plasma using commercially available
immunoassay kits following the manufacturer’'s instructions. The E:2 Acculite
Chemiluminescence (CLIA) Kit from Monobind, Inc. (Lake Forest, CA) was used to
measure E2 as described for use in finetooth shark (Carcharhinus isodon) by Brown
etal. (2020) and bonnethead (Sphyrna tiburo) by Gonzalez De Acevedo et al. (2021).
Validation of the E2 Acculite CLIA kit for use with blue shark plasma was determined
using parallelism to confirm that unknown analytes in serial dilutions of pooled
samples (1/1 to 1/128) interacted with antibodies in a manner similar to assay
standards. “Cold spikes” were also used to determine percent recovery by adding a
known amount of hormone standard to each pooled sample dilution and calculating
recovery. Results from E:z validation tests were used to identify the ideal dilution of
plasma to avoid matrix effects, which was determined to be 1/4. Hormone
concentrations for each sample were calculated by multiplying by the dilution factor
used. Mean intra-assay variability was 12.46% and mean inter-assay variability was

11.54%. Recovery was 55.46% at 1/4.

Initial attempts to validate the use of the P4 Acculite CLIA Kit (Monobind, Inc.) for
measuring P4 in blue shark plasma were unsuccessful. Therefore, the Lifespan
Biosciences Inc. (Seattle, WA) Fish Progesterone (Competitive EIA) ELISA kit was
used to measure P4, as described for blue sharks by Fujinami and Semba (2020).

The Lifespan Fish Progesterone kit has been previously validated for use with blue
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shark plasma; therefore, samples were prepared at a 1/2 dilution following
recommendations by Fujinami and Semba (2020). Mean intra-assay variability was

21.10%. Inter-assay variability and recovery were not determined.

4.3.3 Fatty acid analysis

Turnover rates of fatty acids (FA) in tissues of sharks are generally poorly studied.
However, blood serum has been suggested as a useful indicator of acute dietary
changes and its use is justified to distinguish between diets (Beckmann et al., 2014).
Similarly, muscle FA profiles have been found to reflect dietary changes within
around three weeks of sampling, though exact times may be species specific
(Beckmann et al., 2014, Meyer et al., 2021). Frozen tissue samples (22 shark muscle,
22 shark plasma, 12 fish muscle, 13 jellyfish and 3 amphipod samples) were freeze-
dried and homogenised. They were then shipped, processed and analysed at
WasserCluster Lunz (Lunz Am See, Austria). Samples were weighed and 2mL of
chloroform was added to each one in a glass tube to start the extraction process.
Each tube was flushed with N2 to replace oxygen before being closed and stored at
-80°C overnight. On day two of the extraction, 1mL of methanol, 1mL of chloroform-
methanol (2:1), and 0.8mL of NaCl were added to the tubes and closed under N2
atmosphere. They were then sonicated, vortexed, and centrifuged (3min, 3000g,
4°C) and a double pipetting method was used to extract the bottom layer of lipids to
avoid contact of the extracting pipette with the upper layer. This washing process
was repeated twice more by adding 3mL of cold chloroform after extraction of the
bottom layer. The extracted layer was transferred into glass vials, placed under N2
and vaporized until a standardized volume of 1.5mL remained. For each sample,

100pL of this lipid extract was transferred to tin capsules, evaporated and weighed
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to determine total lipids concentration (mg lipids/g dry weight) in each sample using
gravimetric determination. Once the volumes of total lipids were known, calculated
volumes of FA methyl esters (FAME) were evaporated to dryness, diluted in 1mL
toluene solvent and incubated and 2mL of sulfuric acid H2SOs-methanol (1:100M
vol/vol) at 50°C for 16h. The FAME samples were then dissolved in hexane (5mL)
and KHCOs (2%, 2mL), shaken, vortexed and centrifuged at 4°C for 3 minutes at
1500rpm. The upper organic layer was collected and the process repeated once
more. Finally, the pooled organic layer was concentrated by evaporation, dissolved
in 1mL hexane and analysed for FA content by gas chromatography with flame
ionization detection. FAME concentrations are reported as mass fractions in mg.g*

dry weight.

4.3.4 Biologging

Biologging packages such as that used in the current study have previously been
successfully used to study the ecology and physiology of large free-ranging sharks
such as tiger sharks, blue sharks, hammerhead sharks, white sharks and more
(Payne et al., 2016, Royer et al., 2020, Gallagher et al., 2022, Harding et al., 2022,
Papastamatiou et al., 2022). To collect behavioural information, a biologging package
was fitted to the pectoral fin of one individual using a plastic cable tie passed through
2 incisions in the fin and connected to a dissolvable time-release link. The package
included a camera-logger (Techno-cam, 22-24 grams, resolution 720p, Techno-
SmArt Europe); VHF transmitter (Advanced Telemetry Systems, MM100); and a
satellite position-only tag (Wildlife Computers SPOT Model 258; ARGOS enabled).

Once the time-release link fully dissolved, the package detached from the fin and
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floated to the surface where the SPOT and VHF tags allowed for retrieval using GPS

positioning and a VHF receiver.

4.3.5 Data analysis

We identified change in hormone levels with FL using a cumulative sum change
point-analysis (CUSUM CPA) run in Change-Point Analyzer software (Taylor, 2000).
The point of change in E2 levels was determined by a bootstrap analysis using a 95%
confidence interval. The results from the CPA were used to assign a maturity stage

O Lt 11

to each shark sampled (“juvenile”, “subadult’, “mature”).

Multivariate statistical analyses were run in PRIMER7 with PERMANOVA to assess
differences in FA profiles between blue sharks and prey groups, across tissue types,
maturity stages and through time. As squid samples could not be sourced in situ,
squid data from Madgett et al. (2019) from Southwest Shetland and the Moray Firth
(Scotland) were included in this analysis as a proxy, though some FAs are missing
from this dataset. Differences among categorical groups were tested by
Permutational Multivariate Analysis of Variance (PERMANOVA) with Monte Carlo
simulations run on Bray-Curtis similarity matrices calculated from the square-root
transformed profile data, following Anderson et al. (2008) and Carlisle et al. (2021)
to determine if month of sampling and maturity stage influenced the overall FA
profiles of sharks. If the number of unique permutations was large (~100 or more),
the permutation p-value [p(Perm)] was selected. If the number of unique
permutations was low (<100), the Monte Carlo P-value [p(MC)] was selected.
Significance was declared at p(MC) or p(perm) <0.05. When differences approach
significance (p(perm) < 0.05 but p(MC) =~ 0.05), both P-values were reported.

Differences among groups were then visualised using Principal Coordinates
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Analyses (PCO) and Canonical Analyses of Principal Coordinates (CAP). The PCO
ordination was used to display differences among monthly samples of shark plasma
and shark muscle FA profiles whereas the CAP was used to present differences
between these samples and potential prey items. Both were overlaid with vectors of

individual FAs.

4.4 Results

A total of 35 live blue sharks were caught during the period of this study (Table 4-1):
34 females (151.72 £ 20.65 cm FL, mean + SD) and two males (165 and 132 cm FL)
(Figure 4-1). Potential bite marks were identified on three female individuals (175 cm
FL, 128 cm FL and 182 cm FL; see Figure 4-2). One stranded shark (106 cm PCL)

was used for gill morphology observation.
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Table 4-1 Summary data of sampled live blue sharks between June and November 2023. *
indicates the individual was tagged with a biologging package. " indicates individuals which
were observed with scars.

Sampling Hormone
ID Month Sex FL (cm) TL (cm) analysis? FA Analysis?
BS_01 June f 127 159 N N
BS_02 June f 149 176 Y Y
BS 03 June f 160 193 Y N
BS_04 June f 158 192 Y Y
BS_05 July f 155 191 N N
BS_06 July f 135 162 Y N
BS_07* July m 165 199 N Y
BS_08 July f 151 185 N N
BS_09* July f 160 195 Y Y
BS_10 July f 115 138 Y N
BS 11 July f 166 202 Y Y
BS_12 July f 143 172 Y Y
BS_13f July f 175 212 Y Y
BS 14 July f 136 167 Y Y
BS_15 July f 151 184 Y Y
BS_16 July f 138 166 Y N
BS_177 July f 128 154 Y Y
BS_18 July f 138 168 N N
BS_19 July f 121 146 Y Y
BS_20 July f 160 196 Y Y
BS 21 August f 133 162 Y Y
BS_22 August f 161 196 Y Y
BS_23 August f 168 211 Y Y
BS 24 August f 159 193 Y N
BS_25 August f 132 161 N N
BS_26 August f 159 193 Y Y
BS_27 August f 176 212 Y N
BS 28 August m 132 161 N N
BS 29 | September f 136 165 Y Y
BS 30 | September f 132 159 Y Y
BS 31t | November f 182 230 Y Y
BS 32 November f 169 204 Y Y
BS 33 November f 191 232 Y Y
BS 34 November f 191 230 Y N
BS_35 November f 194 237 Y Y
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Figure 4-2. An example of potential bite marks observed on the flanks of a
female blue shark measuring 128 cm FL.



4.4.2 Female sex steroid hormones

The highest level of E2 (471.088 pg. mL') was measured in a female shark of 160
cm FL while the highest level of P4 (10.353 ng.mL?) was measured in a shark
measuring 135 cm FL. Concentrations of P4 were undetectable in two sharks (175
cm FL and 130 cm FL) while the lowest concentration of E2 was measured in the

plasma of an individual of 133 cm FL (Figure 4-3).

CPA results revealed a significant shift in mean E2 concentrations of female shark
blood plasma at 160cm FL with a 95% confidence interval of 159-175 cm FL. We
defined the change point (including the 95% CI range) as the size range below which
females are likely immature (juvenile), and above which females are likely sexually
mature. Female sharks below the CI (<159cm FL) were assigned a maturity stage of
juvenile; those within the CI (159 — 175cm FL) were determined to be subadults; and
those above the CI (>175cm) were determined to be mature (dashed lines on Figure
4-3). These results are consistent with size ranges found by Pratt (1979) in the north-
west Atlantic (subadult range of 145-185 cm FL). In summary, eighteen individuals

were assessed as juveniles, ten as subadults, five as mature.
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Figure 4-3. Circulating concentrations of 17B-estradiol (E2, pg. mLt) and Progesterone
(P4, ng.mL1) in the blood plasma of female blue sharks. Dashed lines indicate maturity

stage classes (juvenile, subadult and mature).

4.4.3 Fatty acid analysis

Overall, variations in shark plasma FA profiles and shark muscle FA profiles could
not be explained by stage of maturity (PERMANOVA p(MC) = 0.72 and 0.257

respectively), likely due to a low sample size, particularly of mature individuals.

However, month of sample collection was a significant driver for both plasma and

muscle FA profiles (Main test p(MC) = 0.048 and 0.005 respectively).

For plasma, differences between July and August are approaching significance (638
unique permutations, p(Perm) = 0.013 but p(MC) = 0.056), once again likely due to
a smaller sample size in August. Differences between July and November were
significant (p(Perm) = 0.003). These dissimilarities are illustrated using PCO in Figure
4-4a where November samples are most dissimilar (furthest away) from July

samples. Similarly, CAP results (Figure 4-5a) comparing shark plasma to potential
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prey sources suggests a shift in resource use over time from July to November with
decreasing levels of 18:2w6 (Figure 4-6b) in the latter months for example.
Additionally, concentration of 16Me:15 in the plasma of blue sharks increased
between July and November, concentrations of which are highest in jellyfish and
parasitic amphipods of jellyfish (Figure 4-6¢) and partially drove similarities between

the two groups (Figure 4-5a).

For muscle, significant differences in the FA profiles of sharks were found between
June and November (p(MC) = 0.031); July and August, September and November
(p(Perm) = 0.024, p(MC) = 0.03, p(Perm) = 0.001); August and September (p(MC) =
0.036); and September and November (p(MC) = 0.036). PCO analysis (Figure 4-4b)
shows clustering of November samples most separate from samples from June, July
and September and September from July and August. A CAP presenting FA profiles
of shark muscle in relation to potential prey items (Figure 4-5b), once again illustrates
a potential shift in resource use between the earlier months (June and July) and the
latter (November) potentially driven by decreasing levels of 18:1-9t (Figure 4-6e).
Concentrations in muscle of FA 18:1-9t and 16.D9.10 are both seen to decrease over
time (Figure 4-6e and f). Both these FAs are lowest or absent in jellyfish and parasitic
amphipods, though data for these in squid is missing from our dataset. Concentration
of FA 18:0 remains consistently high in shark muscle over time and is highest in

jellyfish samples (Figure 4-6a).

While each FA presented in Figure 4-6 are present in a wide breadth of levels in the
tissues of sharks and potential prey (<0.25% to >20% of total content), we focused
our interpretation on the variation of those concentrations over time as indications of

shifting foraging dynamics.
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Figure 4-6. Concentration of individual FAs (percentage of total content) in the plasma and muscle of sharks by sampling month and in potential prey sources. Fatty acids (a) 18:0 (b)18:2w6 (c)16Me:15 (d)

18:2-6t (e) 18:1-9t (f) 16.D9.10. N/A indicates absence of data where the individual FA was not measured in squid samples.
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4.4.4 Biologging

An animal-borne camera was used with the aim of capturing novel behaviours and
foraging events. The shark was tagged at 51.34337N, 8.75907W and the package
surfaced after release at 51.19794N, 8.77378W. In total, 6.5 h of video material was
recorded from one shark (male, 199cm TL). No foraging events were captured. We
observed one event of possible examination of a jellyfish (Figure 4-7). In a first

instance, the shark was seen swimming towards a jellyfish before turning completely

on itself and swimming past it again in very close proximity.

Figure 4-7. Still image series extracted from an animal-borne camera of a male blue shark
displaying inquisitive behaviour towards a jellyfish (Techno-Cam, TechnoSmArt Europe)
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4.4.5 Gill morphology

One dead stranded shark (female, 106cm TL) was collected from Co. Kerry (Ireland)
in June 2022, frozen and dissected in February 2023. A preliminary visual
observation of gill arches revealed the presence of node-like soft-tissue structures
akin to gill-rakers present on the second and third arches (Figure 4-8) but were not

found on the first arch.

Figure 4-8. Node structures observed on the second and third gill arches in situ

(left) and extracted (right) from a stranded female blue shark (106cm TL).

4.5 Discussion

By incorporating multiple biochemical tracers and broadscale observations, we
gained novel insights into the life history traits of Northeast (NE) Atlantic blue sharks.
Through FA analysis, we identified individuals present in Ireland between June and
November display a seasonal shift in resource use. Combining these results with

circulating sex steroid hormone analysis, we suggest this shift in FA profiles in the
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tissues of sharks is unlikely to be caused by changes in physiology (reproductive
stage) but from variations in diet over time. Our observations and the results from
sex steroid hormone revealed that the population of blue sharks caught by anglers in
inshore waters (circa 20 nautical miles from the coast) is majority female, with
individuals from all three maturity classes captured. We observe indications that
some sexually immature females may bear mating scars, similarly to that described
by Calich and Campana (2015) and that mature females thought to be largely absent
from this region (Nakano and Stevens, 2008) could be present later on in the year
when angling effort is much reduced (Crummey et al., 1991). Additionally,
consistently with our predictions, our results provide information that blue sharks in
Irish summer waters are likely feeding on and assimilating lower trophic prey such as
jellyfish or amphipods.

Diet studies of blue sharks in Ireland and the NE Atlantic, though scarce, have
identified cephalopods and small pelagic fish as their primary prey items (Stevens,
1973, Henderson et al., 2001, Mendonga, 2009), with evidence of more opportunistic
feeding on benthic species, birds, cetaceans and crustacea (Stevens, 1973, Dorman,
1987, Henderson et al., 2001). Relative to other potential food sources, our results
did not suggest squid as the primary prey targeted by this population of blue sharks
with CAP results suggesting FA profiles in blue sharks are most dissimilar from squid
than any other tested prey samples. While the data from squid in this study are not
from Ireland, it is unlikely that these values would vastly vary between both locations,
and values within the same species or taxa with similar physiologies from different
locations (e.g. squid from Scotland and squid from Ireland) would remain closer than
values from different species or groups (e.g. squid and pelagic fish) (Meyer et al.,

2019). Additionally, we identified a seasonal shift in resource use from their arrival in
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the early summer (June/July) to the early autumn (November), with clear variations
in the concentrations of selected FA such as 16.D09.10 (Figure 4-6f) which declined
significantly in the muscle of sharks between June and November. This decrease
may be indicative that these sharks primarily feed on prey such as pelagic fish early
in the summer but move to a diet less reliant on this prey type later on in the season,
possibly feeding on jellyfish where this FA is absent. Other FAs such as stearic acid
(18:0; Figure 4-6a) were present in similar concentrations throughout the season in
both plasma and muscle of sharks. However, concentrations in both tissue types
differed significantly, and those of plasma were low, similarly to those of squid, fish
and pelagic fish. In contrast, this acid was present in much higher levels in muscle
than in any of these prey items, and in similar concentrations observed in jellyfish.

Many abiotic and biotic factors drive FA profiles of consumers and can confound their
use (Meyer et al., 2019). As such, these results must be taken with caution and future
work should focus on adding possible missing prey items and, importantly, combining
FA analysis with other biochemical and biologging techniques. The combination of
this method with stable isotope analysis, for example, could help disentangle which
factors are at play here and collection of such data could help elucidate the cause of
the observed seasonal variation in the future. In addition to the evidence provided by
biochemical tracers, we provide qualitative data in support of the possibility that blue
sharks feed on gelatinous or planktonic prey. In their study of the morphology of oral
papillae, Rangel et al. (2017) described the presence of “gill rakers” in the
oropharyngeal cavity of embryonic blue sharks. Our observations confirm that these
knob-like soft tissue structures along the gill arches persist at least throughout the
early lifetime of the shark (Figure 4-8). They have been hypothesised to be used to

improve prey retention by preventing small, perhaps planktonic, prey from slipping
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out of the gill slits (Compagno, 1984, Rangel et al., 2017) and could be worth
comparing to turtle oesophageal papillae or basking shark gill rakers (Matthews and
Parker, 1950, Vogt et al., 1998) but appear to be most similar to spiny dogfish gill
rakers (Gudo and Homberger, 2002). Gelatinous prey such as jellyfish have been
found to make up 30-40% of the stomach volume of the latter (Purcell and Arai,
2001). Additionally, blue sharks swim slowly and opportunistically take advantage of
schooling prey such as anchovies (Tricas, 1979) and mating squid (Compagno,
1984). This is further supported by the observation that blue sharks swim at speeds
comparable to that of small prey, significantly slower than would be optimal to
minimise cost of transport speed (Carey et al., 1990, Papastamatiou et al., 2018). It
is possible, therefore, that individuals in Ireland would also employ this strategy when
encountering jellyfish blooms in the summer (Kennerley et al., 2021). However,
vertebrate energetics involve many competing processes, and movement decisions
such as swimming speed can be made to optimise not just foraging success but also
reproductive success (Hedenstrom and Alerstam, 1996), for example, and these
decisions may be difficult to isolate without further evidence. While no direct feeding
events were recorded, our biologging efforts (Figure 4-7) do suggest that blue sharks
display inquisitive behaviour towards jellyfish which may warrant further investigation.
By combining our results with other collected observations and anecdotal evidence,
we propose that blue sharks, as known opportunistic feeders (Dorman, 1987,
McCord and Campana, 2003, Mendonca, 2009, Hernandez-Aguilar et al., 2016), may
take advantage of the presence of highly abundant gelatinous or planktonic prey in
Irish waters in the summer, peaking between July and September (Bastian et al.,
2011, Lynam et al., 2011). Recent studies have shown that large marine predators

traditionally believed to be exclusively carnivorous may have more diverse diets than
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originally thought (Leigh et al., 2018, Meekan et al., 2022). Similarly, our results
suggest that pelagic sharks thought to feed at mid-to-high trophic levels may, in
reality, also be feeding on lower trophic levels or on prey traditionally, yet erroneously,
thought of as low-value “trophic dead ends” (Hays et al., 2018). Indeed, while jellyfish
are a generally low energy density prey, several large-bodied species, such as the
leatherback turtle and the oceanic sunfish, and pelagic predators, such as bluefin
tuna and swordfish, have been found to feed in significant amounts on a nutritionally
challenging diet of jellyfish (Doyle et al., 2007, Cardona et al., 2012). Additionally,
different body components of jellyfish present differences in energy density where
gonads and oral arm tissue are generally more nutritious than bell tissue (Doyle et
al., 2007). This may present a further hypothesis as to the potential inquisitive
behaviour observed on the biologging footage whereby blue sharks could selectively
opt to feed on specific jellyfish such as those with developed gonads, or those
containing a high number of parasitic amphipods. Indeed, euphausiid and hyperiid
amphipods are often found infesting the bells of jellyfish and feeding on their gonads
(Doyle et al., 2007). These parasitic crustaceans are known to be comparatively high
in energy content (Percy and Fife, 1981) and may present an opportunity for blue
sharks to optimise their energy intake from an otherwise low energy density prey.
Further studies incorporating additional biochemical tracers such as stable isotope
analysis (bulk and compound-specific) or DNA barcoding of gut contents along with
additional biologging efforts would be beneficial towards investigating and confirming
either of these proposed hypotheses.

While blue sharks are already well-known opportunistic hunters feeding on a variety
of prey, the addition of this work to our existing knowledge of blue shark ecology may

have implications in our understanding of the pelagic food web and of the role and
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impact of both blue sharks and jellyfish in their ecosystems. With growing evidence
that jellyfish may be making larger nutritional contributions to the diet of marine
predators than assumed (Hays et al., 2018), it is possible that changing ocean
conditions may encourage opportunistic feeders to take advantage of this
increasingly available prey (Licandro et al., 2011, Lynam et al., 2011, Kennerley et
al., 2021), particularly when other food sources become scarcer (Essington et al.,
2015, Buren etal., 2019, ICES, 2020). Increased reliance on jellyfish as a food source
could also lead to increased vulnerability to the threat of plastic pollution (Hays et al.,
2016, Schuyler et al., 2016, Macali and Bergami, 2020) by an already vulnerable
species (Rigby, 2019, Cappell et al., 2022) with evidence already existing found that
blue sharks ingest marine litter, particularly “transparent sheet-like items” (Bernardini

etal., 2018).
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5.1 Abstract

Distribution of species across regulatory and physical boundaries poses a recognised
challenge to effective management and research, and these transboundary species
tend to suffer more-severe population declines. Porbeagle sharks, Lamna nasus, are
critically endangered in North-eastern Atlantic waters where Exclusive Economic
Zones change over small spatial scales. We used high-resolution satellite tags to
demonstrate that individual porbeagle sharks in the region display high inter-
individual variation in behaviour by undertaking very rapid movements (up to 100 km
d1) through multiple Exclusive Economic Zones (EEZs) and physical habitats,
transiting different management zones in a matter of days along different paths.
These data highlight the urgent need for regional collaboration and cross-border
funding mechanisms to maximise research impact to fill knowledge gaps and improve

conservation outcomes for endangered and highly mobile shark species.
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5.2 Introduction

Fisheries management tends to rely on the spatial delineation of resources, with
territorial boundaries generally reflecting geopolitical criteria. Many commercially
important marine species have distributions which cross at least two management
boundaries (i.e. Exclusive Economic Zones - EEZs; Palacios-Abrantes et al. 2020),
adding complexity to the management of their fisheries. Challenges to this are
increasingly compounded by climate change, which can lead to range shifts resulting
in increased vulnerability to overharvest (Hammerschlag et al., 2022, Rodriguez-
Burgos et al., 2022), necessitating changes in quota allocations and to membership
in the management organisations, and shifts from static to dynamic spatial closures
(Koubrak and VanderZwaag, 2020, Palacios-Abrantes et al.,, 2020). These
conservation challenges are best exemplified among highly mobile species whereby
individuals transit multiple jurisdictional boundaries (Rooker et al., 2019, Ketchum et
al., 2020); and the knowledge of these movement patterns and their linkages to
important life-history events (e.g., reproduction, parturition) remain key to informed
management decisions yet are often incomplete (Wearmouth and Sims, 2008, Y okoi
et al., 2017, Daly et al., 2018, Jacoby et al., 2022). Issues like these may, at least
partially, explain why species with transboundary distributions seem to experience
greater population declines than other species (Palacios-Abrantes et al., 2020), and
why wide-ranging sharks and rays have a greater extinction risk (Dulvy et al., 2017).
The porbeagle shark, Lamna nasus, is globally considered Vulnerable by the
International Union for Conservation of Nature (IUCN) Red List (Rigby et al. 2019)
and was assessed as Critically Endangered in 2015 in European waters (Ellis et al.,
2015). Their population is now increasing, having previously been estimated to have

declined by 50-79% over ~ 60 years in the North East (NE) Atlantic (Rigby et al.,
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2019, ICES, 2022). Porbeagles are currently split into the following units for
assessment and management: (1) the North Atlantic (split into two stocks: the
Northwest and Northeast Atlantic), and (2) the Southern Hemisphere (Kitamura and
Matsunaga, 2010, Testerman, 2014, Curtis et al., 2016, Gonzalez et al., 2021). Some
data are available on the movements of individual porbeagles in the NE Atlantic, but
this information tends to rely on broad scale reconstructions of satellite tracks or low-
resolution spatial inference based on conventional mark-recapture tags (Kohler et al.,
2002, Pade et al., 2009, Saunders et al., 2010, Bendall et al., 2013, Biais et al., 2017,
Cameron et al., 2019, ICCAT-ICES, 2022) that are difficult to relate to precise
locations of different EEZs and habitat types. Transjurisdictional movement also
should promote international collaboration and data pooling, particularly when
extended research timelines are taken into account (Bendall, et al. 2012, ICES-
WGEF 2021, ICCAT-ICES 2022). By collecting data on vertical and horizontal
movements and environmental conditions, existing knowledge gaps for this species
can be addressed, such as (i) the location of critical habitats (Fowler et al., 2004) (ii)
their reproductive cycle and fecundity in the North Atlantic (Francis et al., 2008), (iii)
general life history knowledge globally (ICCAT Shark Species Group, 2020), (iv)
stock structure, including mixing between North West (NW), NE Atlantic and the
Mediterranean (ICCAT Shark Species Group, 2020, ICCAT-ICES, 2022), and (v)
temporal and spatial distribution of porbeagle sharks in relation to environmental and
ecosystem features (ICCAT Shark Species Group, 2020). Thus, allowing for the
continued and sustained recovery of the population and its monitoring. Here, we
report high-resolution (< 1500m error) tracks of two adult porbeagle sharks tagged
off Ireland in 2022, which highlight rapid, transboundary movement patterns in the

NE Atlantic, underscoring the need for urgent cross-border, regional and international
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collaborations to research and ensure continued effective management of this

critically endangered population.

5.3 Materials and Methods

The following work was conducted under The Health Products Regulatory Authority
(HPRA) Project Authorisation (AE19136/P127). Two female porbeagle sharks ((1)
ID229998 244 cm total length; and (2) tag 1D222241 280 cm total length) were
captured using baited rod and line in collaboration with recreational anglers off the
coast of Malin Head, County Donegal, Ireland on the 15th of April 2022. Both
individuals were brought onboard, and a seawater hose was placed in the sharks’
mouths to ventilate their gills. A wet towel was placed over their eyes to reduce stress.
Both sharks were then measured over the curve of the body for total length (TL), fork
length (FL), girth (G) and blood sampled. Both were tagged with a Smart Position
and Temperature Transmitting tag (SPOT 258, Wildlife Computers, Inc., Redmond,
WA, USA) and Pop-up Satellite Archival Transmitting tag (miniPAT 348, Wildlife
Computers, Inc., Redmond, WA, USA). SPOT tags were attached near the tip of the
dorsal fin using nylon bolts, and miniPATs were anchored adjacent to the insertion

point of the dorsal fin, using titanium anchor darts with six-inch monofilament tethers.
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Table 5-1. Summary data of the two L. nasus double tagged with miniPAT and SPOT tags
off north-west Ireland.

mMiniPAT

Tagging FL TL G Tagging i Pop-up Pop-up
Shark SPOT ID date Sex (Cm) (cm) (cm) location pgztgp latitude |ongitude
21U3296 Donegal
1 229998 15-Apr-22 F 210 244 113 reland 13-Oct-22 73.1574 20.1411
21U0534 Donegal
2 299241 15-Apr-22 F 249 280 166 reland 13-Oct-22  53.3297  0.6332

SPOT tags transmit messages when the free-swimming shark’s fin and tag break the
surface of the water. Transmitted messages that are received by orbiting ARGOS
satellites, when overhead, are used to estimate shark locations based on doppler
shift calculations. Each transmission is assigned a quality rating (3, 2, 1, 0, A, B and
Z, from best to worst) defining the precision of the location from a radius of a few
kilometres down to 250m. We confined our analysis to quality 3-1 locations,
representing a <1500m error radius. Tracks were determined by interpolating the
minimum straight-line distance between each location. Minimum horizontal
swimming speed was calculated as the distance between two successive positions
divided by time elapsed. SPOT tags continued to transmit for (1) 266 days until 5%
January 2023 and (2) 296 days until 4" February 2023 (Shark 2 is still transmitting

daily at this point).

MiniPAT tags remained on the animals until programmed release 6 months (180
days) after tagging. During deployment, the tags measure ambient light (irradiance
at 550 nm), depth (0.5 m resolution, £0.005 m accuracy) and temperature (0.05°C
resolution, £0.1° C accuracy), which are relayed after the detachment from the animal
as a 10-minute summary time series. Resulting data were aggregated into depth and

temperature bins for each 4-day period to investigate the depth and temperature
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space exploited by each shark. The analysis was carried out in R studio and
hexagonal heatmap of 2D bin counts plots were produced using the package
“ggplot2” (Wickham, 2016). The most probable track was calculated with the GPE3
software (Wildlife Computers, Inc., Redmond, WA, USA; Pedersen et al. 2011) which
was informed by the cruising speed that provided the best match between the

miniPAT and SPOT data for sharks 1 and 2 (1.5 m/s).

5.4 Results

Full tracks derived from the filtered SPOT tag positions of both sharks are presented
in Figure 5-1. Over their time at liberty, shark 1 transmitted an average of 9.06 SPOT
tag locations per day and shark 2, an average of 3.53 locations per day. Two weeks
after tagging, shark 1 (Table 5-1) commenced a complete circumnavigation of
Ireland, swimming at least 1500 km in approximately 85 days total. While at liberty,
the shark passed through UK and Irish EEZs several times, before continuing
northward to come within 40 km of the Danish-Faroese EEZ, and then entering the
Norwegian EEZ on August 5™, 2022, where the tag continued to transmit (Figure
5-1). During its circumnavigation of Ireland, the individual travelled parallel to both
EEZs in the Irish Sea, frequently crossing borders (min. five times), before residing
in a discrete area of the Celtic Sea for two months (Figure 5-1). The latter part of the
shark’s journey was rapid, travelling around 1500 km in 18 days at an average speed
of at least 85 km d! (but included periods of ~100 km d-!) and crossing into the Arctic
circle on August 12, 2022. This shark then resided around the Lofoten Archipelago
for the next month, before continuing along a north-easterly trajectory, reaching a
maximum latitude of 76°N at the end of October, placing the shark within the Svalbard

Fisheries Protection Zone (SFPZ). It then began a return southward journey along a
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similar trajectory and speed (85 km d!) in early November and entered international
waters on November 17th, 2022; Danish-Faroese waters on November 21s; UK
waters between the 27" and the 30" November; Irish waters on December 3';
international waters south of Ireland on December 8t"; and continued travelling south
in international waters passing between the Azores and Madeira between the 25%
and 30™ December 2022. On January 5", 2023, its latest position placed it in the high
seas west of the Canary Islands, representing a journey of over 5500 km from the
Arctic to West Africa, in two months. In contrast, shark 2 remained within 60km of the
tagging site for two months, crossing between Irish and UK EEZs on 4 occasions. In
mid-June, this second shark initiated a northward trajectory, travelling 500 km
between the Inner and Outer Hebrides, reaching the Orkney Islands in 9 days (~55
km per day) and subsequently travelling down the eastern coast of Britain (Figure
5-1). Here, the shark resided for approximately three months (mid-July — mid-
October), before continuing on a northern trajectory, reaching the Moray Firth in mid-
November; an average transit speed of 20-30 km d-1. From mid-November 2022 to
mid-January 2023, shark 2 remained in Northern Scotland, briefly leaving the Moray
Firth on December 3, 2022, travelling through the Pentland Firth to the coastal
waters north of northern Sutherland, east of Cape Wrath, and returning to the Moray

Firth on December 30
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Figure 5-1. Individual tracks for two porbeagle sharks, Shark 1 (left) and Shark 2 (right),
tagged off Ireland in April 2022 and tracked until January 2023 using SPOT tag locations.

(EEZ: Exclusive Economic Zone, Flanders, 2019).

A comparison of SPOT vs miniPAT tracks (Figure 5-2) reveals differences in track
locations sometimes reaching over 200 km (1D229998). SPOT tag tracks of
ID229998 showed the shark travelling around Scotland through the inner channel on

the east side of the Outer Hebrides whereas miniPAT tracks place it over 100 km

west, offshore.
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line) and SPOT GPS and ARGOS satellite locations (solid line) for Shark 1 (top panel; ID
229998) and Shark 2 (bottom panel; ID22241)
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The miniPAT data showed both sharks to be generally surface oriented, spending a
majority of their time between 0 and 100m depth (Figure 5-3). However, as shark 1
moved northward, it regularly occupied progressively deeper water, and frequently
exceeded 400m depth in the northern extent of the Norwegian EEZ and the southern
extent of the SFPZ. During the first half of its migration, this individual experienced
water temperatures ranging from approximately 10° to 18°C and shifted to cooler
temperatures (spending significant time in temperatures below 5°C) in the second
half. In contrast, shark 2 (Figure 5-3) remained in shallower waters (< 200m)
throughout the deployment period, and, in the latter half (July to October),
experienced higher - and a broader range - of temperatures of 7.5° to 20.5°C

corresponding to its residency off the eastern coast of Britain.
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Figure 5-3.Hexagonal heatmap showing the frequency of occurrences in depth and temperature

bins for two porbeagle sharks, 1 (top) and 2 (bottom). A bin is defined by time counts within 10m
over a 4-day period (left) and 0.25°C within a 4-day period (right).

5.5 Discussion

The tracks from two individuals illustrate that porbeagle in the NE Atlantic show high
inter-individual variation in their horizontal and vertical space use. Some individuals
seem to undertake rapid, extensive movements across multiple jurisdictional and

environmental boundaries in the NE Atlantic over short periods of time. This is in line

105



with previous research which has shown wide-ranging movements and highlighted
differences between populations. Southern Hemisphere porbeagles appear to move
predominantly latitudinally (Francis et al., 2015) and may travel less extensively than
their Atlantic counterparts that travel large distances between summer and winter
months (Campana et al., 2015, Biais et al., 2017, Skomal et al., 2021) though data
for the Southern hemisphere is insufficient to generalise these conclusions. Within
the known North Atlantic distribution of this species, the region encompasses multiple
EEZs and Areas Beyond National Jurisdiction (ABNJs) in a relatively small area,
which may pose conservation challenges to this species, even among a discrete
spatial area - a situation comparable to the Mediterranean region where porbeagle

sharks are also assessed as Critically Endangered (Ellis et al., 2016).

However, research into porbeagle movements has largely relied on low resolution
tag derived location estimates from PSATs (Pade et al., 2009, Saunders et al., 2010,
Campana et al., 2015, Francis et al., 2015, Biais et al., 2017, Skomal et al., 2021).
Our study utilises a combination of SPOT and miniPAT tags, providing movement
and habitat-use data at a much higher resolution; SPOT tags typically provide
location error on the order of <1.5km including above 70 °N and below 70 ° S,
whereas light-derived geolocation from PSATs are associated with errors often
exceeding 100km and can be even more imprecise north of 70 °N or south of 70 °S
(Braun et al.,, 2018, Wilflife Computers 2022, pers. comm., 8 November ).
Comparison of the tracks obtained from both tags revealed differences in locations
sometimes exceeding 200 km (Figure 5-2). These differences could have
consequences for habitat use inferences and could be the difference between
management zones. Thanks to the combination of both tags, the data presented here

is therefore much more extensive, allowing for individual crossings of jurisdictional
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boundaries (and their speed) and presence in specific habitats and physical

environments to be identified with high accuracy and confidence.

Using these high-resolution data, we contribute to the existing porbeagle tracking
dataset in the NE Atlantic (Pade et al., 2009, Saunders et al., 2010, Biais et al., 2017).
Although data from these studies range across sexes, ages and tagging periods,
sample sizes are low, making it difficult to infer movement trends between classes.
Furthermore, by relying on lower resolution PSAT data, identifying specific habitat
features of importance has been difficult. Our SPOT/miniPAT data are therefore
particularly useful given the ability to identify the precise locations porbeagle sharks
used for prolonged periods as well as their variation in use of physical habitat driven

by temperature and depth.

These data allow us to build on previous work, generating more-precise confirmation
that individual porbeagle sharks transit through multiple EEZs and management
zones (e.g. RFMOs) over short periods. The management challenges presented by
transboundary marine species are increasingly recognised (Hooker et al., 2011,
Campana, 2016, Daly et al., 2018, Rooker et al., 2019, Palacios-Abrantes et al.,
2020), and these data allow us to build on previous work, generating more-precise
confirmation that individual porbeagle transit through multiple EEZs and
management zones (e.g. ICES, ICCAT, OSPAR) over short periods. The population
status of NE Atlantic porbeagle, including its moderate intrinsic rate of increase, as
well as their low rates of biological productivity (Campana et al., 2015), coupled with
data on transboundary movements, highlight the need for continued robust
cooperative management and research strategies; particularly considering the

apparent likelihood that the population constitutes predominantly mature (possibly
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pregnant) females (Biais et al., 2017, Cameron et al., 2018). While the EU, Norway,
Sweden, and Iceland have all prohibited targeted catches of this species in their
waters, and international waters in the case of the EU up until now (Council
Regulation 57/2011, ICES, 2021), a new quota has been recommended by ICES in
2023 and 2024 (219 and 231 tonnes respectively; ICES, 2022), and bycatch of
porbeagles remains a significant issue (Silva and Ellis, 2019, Gonzalez Triginer,
2020, ICES, 2021). ICCAT, through its Contracting Parties network (CPCs), including
the EU and Norway, is tasked with the conservation management of tuna, tuna-like
species, and bycatch species, including sharks, in the Atlantic and adjacent seas.
Regional fisheries management organisations such as ICCAT generally have
jurisdiction for management in high seas but are sometimes regarded as ineffective
and have so far failed to halt shark fishing mortality and population decline
(Campana, 2016, Juan-Jorda et al., 2022, Pacoureau et al., 2023). Porbeagle-
specific recommendations were introduced by ICCAT in 2016, which followed the

species being identified as a ‘species of concern’ in 2007 (ICCAT, 2016).

The population status of NE Atlantic porbeagle sharks, including its moderate intrinsic
rate of increase, as well as their low rates of biological productivity (Campana et al.,
2015), coupled with data on transboundary movements, highlight the need for
continued robust cooperative management and research strategies; particularly
considering the apparent likelihood that the population constitutes predominantly
mature (possibly pregnant) females (e.g. findings from the current study, Biais et al.,
2017, Cameron et al., 2018). These data support recent IUCN recommendations that
the species be subject to regional and national management measures (e.g. catch
limits and bycatch minimisation); and include a follow-through on existing and future

international treaties (Rigby et al., 2019). While many existing measures are already
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in place, leading to the stock being defined as overfished but no overfishing taking
place (ICCAT, 2016, ICCAT-ICES, 2022), the robustness of measures could be
improved (particularly on the high seas) by a continued effort to fill in knowledge gaps
in porbeagle ecology, biology, life-history and physiology. Habitat and movement
knowledge is particularly key to the design of area-based management practices

such as MPAs (Hyde et al., 2022, Moore and Fowler, 2022).

The movement patterns observed, including the full north to south span of the known
range of the Northeast Atlantic population (Rigby et al., 2019). Porbeagles therefore
not only transit between EEZs but also beyond international management zones
responsible for the management and conservation of this population such as ICES
and OSPAR (southern boundaries at 36°N). Our data show a clear preference by
these individuals for shallower waters, spending a majority of their time in depths
from 0-100m, making them more vulnerable to encountering fishing gear (Cortés et
al., 2010, Dulvy et al., 2014). This can be of particular significance in areas of high
shipping traffic and fishing effort such as the North Sea, as well as the Iberian, French
and Celtic parts of the continental shelf where large pelagic sharks are particularly
prone to bycatch (Schroeder and Dannheim, 2006, Queiroz et al., 2019). Despite
spending these prolonged periods of time in surface waters, both individuals also
experienced regular and rapid changes in physical habitat, characterised by depth
and temperature, crossing temperature boundaries as low as 2.5°C and up to 20.5°C.
These movements through different physical landscapes not only raises concerns
related to their exposure to current anthropogenic threats and activities (Cortés et al.,
2010, Queiroz et al., 2016, Andrzejaczek et al., 2022), but also to the effects of
changing ocean conditions and habitat degradation on their movements (Lowerre-

Barbieri et al., 2019, Vedor et al., 2021). This emphasises the need for governance
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at appropriate spatial scale and of critical habitats informed by new and continuing
research into migration patterns and spatial distribution of the life cycle of species

(Lowerre-Barbieri et al., 2019).

Anecdotal evidence suggests, in addition to being an important summer aggregation
site for juvenile porbeagles (Cameron et al., 2019), Ireland could be an important
reproductive area for the species (Clarke et al., 2016), and therefore worthy of
research prioritisation. Results from our study contribute additional clues as to
locations worthy of further investigation to identify critical habitats for the species
including to the north of the Island of Ireland; the Celtic Deep in the Irish sea
(matching tracks from Pade, 2009); the North and East coast of Britain; and the
boundary area between the Norwegian and Barents Seas where our individuals
spent extensive periods of time. But expanded, long-term multi-year studies are
needed to confirm potential inter-annual site fidelity as has been identified in locations
such as the Bay of Biscay and the southern Celtic Sea (Biais et al., 2017). To
continue addressing uncertainties which remain in our knowledge of porbeagle
ecology and biology, ICCAT, ICES and the IUCN have all recommended additional
research be carried out on the temporal and spatial distribution, population structure,
life-history (e.g. mating, pupping and nursery grounds), and how the species’
contributes to livelihoods (Fowler et al.,, 2004, Rigby et al., 2019, ICCAT Shark
Species Group, 2020). In particular, ICCAT CPCs have been encouraged to
implement research and monitoring projects at regional level in the Convention area
(ICCAT, 2015). However, with the recent departure of the UK from the EU and its
collaborative grant schemes, there exists a clear need for new cross-border
collaborative mechanisms that will facilitate these multi-jurisdictional research

programmes on transboundary species such as porbeagle sharks. This is especially
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urgent for the island of Ireland given ongoing marine spatial planning discussions
there, and the realisation that Marine Protected Areas accrue greatest conservation
returns when they overlap with important life history events (Conners et al., 2022)
and suitable habitats driven by environmental predictors such as Sea Surface
Temperature (Birkmanis et al., 2020). Accordingly, expanded research will reveal the
relative importance of Irish waters for porbeagle conservation within the broader

region.
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Chapter 6 General Discussion

6.1 An ocean under crisis

At the root of the crisis facing our oceans today is severe overexploitation and
depletion of resources through overfishing, bycatch and habitat degradation (Duarte
et al., 2020). Itis currently estimated that over a third of fish populations are currently
fished unsustainably, and 60% are fully fished with consequences not just for fish
populations, economies and global food security, but for the health of entire
ecosystems (Link and Watson, 2019). Moreover, climate change is already
accelerating the loss of marine biodiversity (McCauley et al., 2015, Worm and Lotze,
2021), and pollution from a variety of sources is entering the system and
accumulating in the water column, sediments and biota, once again with severe
impacts on ecosystems and human health (Copat et al., 2013, Naji et al., 2016,

Beiras, 2018, Beaumont et al., 2019, Thushari and Senevirathna, 2020).

For chondrichthyans (hereafter referred to as “sharks”), overfishing, often
compounded with the aforementioned issues, has led to the decline of over a third of
all species to the point of being threatened with extinction and, as a result, the group
is now among the most threatened class of vertebrates in the world (Dulvy et al.,
2021). Two-thirds of coral-reef associated sharks are currently threatened with
extinction (Sherman et al., 2023b); requiem sharks (family Carcharhinidae) make up
more than half of the annual reported global shark catches (Sherman et al., 2023a);
wide-ranging cosmopolitan species are found to dominate the shark fin trade
(Cardefiosa et al., 2022); and since the 1970s, oceanic shark populations have
declined by 71% (Pacoureau et al.,, 2021). By nature, these oceanic migratory

species, such as blue sharks and porbeagle sharks discussed in Chapters 4 and 5,
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are at higher risk of encountering fishers and many of the movements they undertake
during their lives lead them to cross jurisdictional boundaries into different Exclusive
Economic Zones (EEZs) and Areas Beyond National Jurisdiction (ABNJ) (Campana,
2016). As found in Chapter 5, porbeagle sharks travel great distances in the space
of just a few months from areas where they benefit from some protections (e.g. EU
waters) to others where they benefit from very little (e.g. the high seas). This
mismatch in species distribution and regulatory boundaries presents a significant
challenge for management and conservation measures (Palacios-Abrantes et al.,
2020) as well as for research efforts (Chapter 5). Additionally, movements are driven
by biotic and abiotic factors such as sea surface temperatures, reproduction or food
availability, which are themselves not constrained by human-made boundaries but
often result in an overlap between shark space use and fishing efforts, especially on
the high seas (Queiroz et al., 2016). In order to manage and mitigate the risks these
animals face, knowledge of their life-history traits is essential (Chapter 3). In
particular, information about habitats and locations of importance as well as the
behaviours they display while in these locations (Chapter 4) is critical to adequately

and effectively manage them.

6.2 Small but mighty: Ireland’s place in the Northeast
Atlantic

“As an island nation with sovereign rights over one of the largest sea areas in

Europe, Ireland’s economy, culture and society is inextricably linked to the sea.”

Project Ireland 2040, National Marine Planning Framework (DHLGH, 2021)
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The waters around Ireland are rich in biodiversity. The evidence of this is increasingly
recognised both nationally and internationally. A prime example of this recognition
came in January 2023 when the Greater Skellig (Sceilg Mhichil) Coast was
designated as a Hope Spot by the international marine conservation non-profit
Mission Blue, led by Dr Sylvia Earle, which aims to “inspire action to explore and
protect the ocean” (Mission Blue, 2023). The Wild Atlantic Way (WAW) developed in
2013 and launched in 2014 has seen huge success in the development of tourism,
welcoming 3.7 million overseas visitors in 2017 alone with marine resources and
activities playing a core role in this success (Failte Ireland, 2013, DHLGH, 2021). For
example, for years, Dingle (Co. Kerry), on the WAW, was made famous around the
world for its solitary dolphin, Fungi, who drew more than 150,000 people to the town
annually (Rogan and Berrow, 1995) until his disappearance in 2020. While current
figures do not exist, the whale watching industry is continuously developing and was
valued at IRE1.25 million in the early 1990s (Rogan and Berrow, 1995). The industry
owes its growing success to the presence of 25 species of cetaceans residing and
migrating through Irish waters, including the largest vertebrate on earth, the blue
whales; iconic species such as orcas and humpback whales; and lesser known
species such as the deep-diving beaked whales (Rogan and Berrow, 1995, Rogan
etal., 2018, Fair Seas, 2022). But these trips are also often an opportunity for visitors
to experience other wildlife encounters and interest in such tourism in Ireland is high,
presenting currently untapped economic opportunities (Gray et al., 2022). The Irish
and Celtic Seas are hotspots for seabird populations and are home to around 60
species of both resident and visiting birds, including 38 species of seabirds (Rogan
et al., 2018, DHLGH, 2021, Fair Seas, 2022). As for sharks, the island’s waters are

host to over 70 species of which many are endangered or critically endangered
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including the porbeagle shark discussed in Chapter 5 and many more (Clarke et al.,

2016, Tully et al., 2021).

This wider richness of marine biodiversity was present throughout the work carried
out for this thesis. Charter anglers, whose livelihoods depend on these species and
whose knowledge of them is invaluable, were collaborators without whom this work
would not have been possible. Not a single fieldwork day went by without the sighting
of several species of birds, mammals, fish and/or sharks, most often pointed out by

our skippers.

Despite all this, only 2.1% of Irish seas currently benefit from any level of protection
(Fair Seas, 2022) and basking sharks are the only marine fish that are protected
under Section 23 of the Wildlife Act 1976 after a successful campaign in 2021 by the
Irish Basking Shark Group and TD Jennifer Whitmore (IBSG, 2022). As Ireland is
undergoing a National Marine Framework review (DHLGH, 2021), and with growing
public awareness and support for marine issues (in a citizen survey, 92% of the public
agreed that more action is needed to improve the health of the ocean; French and
McDonough, 2020), now is a time of great opportunity for impactful marine science

in Ireland to inform policy and conservation.

6.3 Science for effective ocean governance

With many of the issues discussed above requiring urgency in our actions, how
effective and adequate these measures are depends entirely on the knowledge on
which they will be based on. Fundamental knowledge of a species’ biology and
ecology as well as the ecosystem of which it is part, and humans’ cultural and socio-

economic reliance on it (Booth et al., 2021), is critical to forming appropriate
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management and conservation decisions. Regional Fisheries Management
Organisations (RFMOs), in charge of managing fisheries on the high seas, rely
entirely on research to formulate their policies and lack of adequate data is often cited
as a hindrance to effective management (Cronin et al., 2023). In Chapter 5, |
encourage an increase in international research collaboration and funding
opportunities to fill data gaps in our knowledge of transboundary species, such as
porbeagle sharks, to inform their ongoing management. This echoes calls such as
that of Cronin et al. (2023) who suggest prioritising international and in-country
funding to provide a fuller understanding of the status of oceanic shark populations,
many of which are currently data poor, and, in turn, develop policy to mitigate their
bycatch by tuna-related fisheries. Of course, the benefits of data sharing and
collaboration among researchers and policy-makers is not unique to sharks and can
be universally applied to species and ecosystems, particularly if data remain

available and accessible in the long-term (Hays et al., 2019).

The goal of evidence-based policy is to avoid policy failures resulting from a
mismatch between the expectations laid out by decision makers and the actual
conditions in the target environment (Jansson, 2016). This mismatch could for
example contribute to "paper parks”, when designated protected areas, such as
MPAs or Marine Reserves (MR), are ineffective due to poor design, compliance
and/or enforcement, for example (Pieraccini et al., 2017). Static or dynamic
spatiotemporal management measures such as MPAs or MRs are approaches that
can be used to mitigate bycatch or overfishing, by focusing on avoidance of capture
or exploitation (Lea et al., 2016, Ortufio Crespo et al., 2020, Cronin et al., 2023).
However, their efficacy relies on biological and ecological knowledge of space-use

by these species (Lea et al., 2016), knowledge of the ecosystem, and, importantly,
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must integrate the human dimension (social, economic, cultural and institutional
factors) of the issue from conception to enforcement (Charles and Wilson, 2009,
Pieraccini et al., 2017). Biologically and ecologically relevant data to inform
management, especially Marine Spatial Planning (MSP), can be obtained from
tracking studies, such as that explored in Chapter 5. These studies can provide
information on fine-scale space use of species in dynamic environments (Lea et al.,
2016); how species overlap with threats such as fisheries hotspots (Queiroz et al.,
2016, Jacoby et al.,, 2020, Womersley et al., 2022); locations of aggregations
(Crossin et al., 2017, Adams et al., 2021); how species move in, around and beyond
existing protected areas and, thus, how these areas can be adjusted, expanded or
connected (Lea et al., 2016, Martin et al., 2020, Klimley et al., 2022). But, while
tracking studies can provide valuable information for management, their use by
policymakers is inconsistent (Pullin et al., 2004, McGowan et al., 2017, Hays et al.,
2019). Access to and communication of this and other types of data by policy-makers
and stakeholders are often cited as one of the primary barriers to their use (McGowan
et al.,, 2017, Ogburn et al., 2017, Hays et al., 2019). With so much data being
published worldwide annually, it can be difficult for stakeholders to keep track.
Initiatives to collate and summarise biocentric information to render these data more
accessible can be particularly useful to its effective dissemination and use in area-
based protections, for example. Such initiatives were first led by the Important and
Biodiversity Bird Areas (IBA) approach which identifies sites globally important for
the conservation of bird populations (Donald et al., 2019). This approach is entirely
data-driven and has contributed to the design of protected areas adapted to the
ecology of birds (Donald et al., 2019). Its success has led to the development of many

similar approaches such as Key Biodiversity Areas, Important Marine Mammal Areas
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and, more recently, Important Shark and Ray Areas (ISRAs) (Hyde et al., 2022). Not
only are area-based approaches such as ISRAs particularly useful for stakeholders
to inform MSP decisions, they can also assist in identifying key knowledge gaps and

can be used by scientists to inform research questions (Hyde et al., 2022).

Identifying key gaps in our knowledge at the conception stage of research may seem
an obvious step but its relevance to maximise conservation and management can be
overestimated or poorly framed by scientists if stakeholders are not included in this
step (McNie et al., 2016). For this reason, greater dialogue between policy-makers,
management organisations, other stakeholders and scientists at the inception of
research questions can ensure ecological data are applied in decision-making
processes (McNie et al., 2016, Ogburn et al., 2017, Hays et al., 2019). This can also
ensure that attention is paid to the human-dimension of ecological, conservation and
management issues throughout the entire scientific process from conception to
application (Pieraccini et al., 2017). This inclusion of socio-economic and cultural
considerations in science can only be effective when projects incorporate multiple

disciplines within their teams.

6.4 From multidisciplinary to interdisciplinary and

transdisciplinary research

03 65 -

Multidisciplinary Interdisciplinary Transdisciplinary
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Throughout this thesis, | have demonstrated the value in approaching research
questions using multiple tools. Chapter 1 highlighted the challenges that come with
using one method such as stable isotope analysis which is potentially confounded by
many factors. However, combining it and others with different biochemical analyses,
such as fatty acids or reproductive hormones or different disciplines, such as
biologging or telemetry, can help add new pieces to the puzzle (Chapter 4). This is
of particular value when the puzzle being studied is in an environment as difficult and
opaque as the open ocean and with life histories as dynamic as oceanic sharks. A
multidisciplinary approach “draws on knowledge from different disciplines but stays
within their boundaries” (Choi and Pak, 2006). In other words, each discipline in such
a study may be revealing a new piece of the puzzle but the pieces are not assembled
until the end. Often times, like in this thesis, ecological studies are purely biocentric.
As discussed previously, this has great value in objectively informing policy and
management. However, species, particularly large predators such as sharks, play a
number of important roles, not just ecological, but also socio-economic and cultural
in their ecosystems (Hammerschlag et al., 2019). These different roles and, more
importantly, how they interact with each other need to be understood and integrated
into scientific and management processes. This move to integrate interactive
disciplines into a coordinated and coherent whole is a step away from a
multidisciplinary approach towards an interdisciplinary one (Choi and Pak, 2006).
Interdisciplinary research takes the puzzle pieces and looks at how they will fit
together from the beginning. Successful interdisciplinary research requires a
collaborative approach to problems and questions where biological and ecological

knowledge is integrated with social, economic and cultural knowledge (Lovelace et
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al., 2005, MacDonald et al., 2016, Turner et al., 2017). This integration must happen
from the beginning and for the collaborating disciplines to be equal in their
partnership (Viseu, 2015). Transdisciplinarity takes this collaborative approach one
step further by moving beyond academia and engages directly with the production of
and use of knowledge by non-academic partners with societal impact at the centre
of the research being carried out (Toomey et al., 2015). Transdisciplinarity uses a
holistic approach to provide different perspectives and inputs on problems (Choi and
Pak, 2006), it adds colour to the puzzle. In Chapter 4, | took steps towards achieving
this by letting fishers’ knowledge guide my questions and predictions of blue shark
behaviours. Much of multiple disciplinary approaches’ success is dependent on a
relationship rooted in trust between partners (e.g. scientists, stakeholders, policy-
makers, managers etc.) and building this trust requires time and good communication
(Turner et al., 2017, Pannell et al., 2019, Cvitanovic et al., 2021). In addition to trust,
inclusion and respect are critical to the outcome of these collaborations. And while
interdisciplinary research is paramount to address the crisis faced by the ocean and
sharks today, the scientific community still has a long way to go to address its lack of
inclusion and respect. Female leadership is consistently cited as one of the
underpinning principles of effective interdisciplinary research, yet women are still
under-represented in senior positions in marine science and STEM as a whole (the
"leaky pipeline" issue; Howe-Walsh and Turnbull, 2016, Blythe and Cvitanovic, 2020,
Shellock et al., 2022). Things are no different in shark science where a majority of
women, particularly early career researchers, report experiencing instances of
sexism and misogyny from sexual harassment to assault (Macdonald, 2020, St Clair,
2021, Shiffman et al., 2022). Furthermore, while representation of white-presenting

women in leadership may be increasing in recent years, the same cannot be said of

120



marginalised races and ethnicities who experience barriers and exclusions at the
intersection of their identities (Shiffman et al., 2022). The field of shark conservation
(and conservation in general) does not currently reflect the diversity of thought,
perspectives, and experiences as the communities it impacts the most. Efforts by
groups such as Minorities in Shark Sciences show that the interest by minority groups
(including LGBTQIA+ people, gender minorities, people of colour, indigenous people
and those from lower socio-economic backgrounds) in the field well and truly exists
(Graham et al., 2022). But the barriers to their inclusion are numerous and persistent
and both individuals and institutions have their role to play in bringing these barriers
down (Smith et al., 2017, de Vos and Schwartz, 2022, Shiffman et al., 2022). Just as
in the systems we study, diversity in research, conservation and management
presents invaluable benefits that are essential to addressing the issues we have
discussed throughout this thesis (Smith et al., 2017, de Vos and Schwartz, 2022).
Diversity of thought, experiences and perspectives promotes diversity of solutions,
creates safer spaces and builds the confidence of early career researchers, keeping
them in the field for the long term. In the context of this work, future efforts on shark
ecology and conservation in Ireland should involve interdisciplinary teams including
social scientists, environmental economists, fishers and others, right from the
conception of projects. If we want to understand how best to protect them, we must
also understand how these animals fit within our culture and what role they play in
the health and wellbeing of our society. Any early career researcher, such as myself,
aiming to achieve this work will need the support of a team of supervisors and

collaborators from a diverse background.

Diversity should simply be the norm, not the exception.
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Throughout the course of this PhD, | have aimed to foster collaborations within the
national and international scientific community as well as with local stakeholders.
Capitalising on Ireland’s position in the NEA and with Chapter 5 as a starting point, |
have been a driving force behind a new international collaborative initiative to
holistically fill in knowledge gaps in porbeagle ecology and management in the NEA.
In the work carried out for Chapter 4, | initiated and coordinated a team of researchers
from multiple disciplines, getting their input from conception to analysis of the study.
It has been equal parts challenging and rewarding to exchange knowledge with all
these partners and the many more | have interacted with along the way. My hope
had been to integrate additional disciplines within this body of work, having planned
social science and forensic ecology studies (and even starting some!) over the
course of the last four and a half years. This is far easier achieved, though, if the

world doesn’t lockdown due to a pandemic in the middle of your PhD...
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Abstract

In Focus: Whiteman J. P, Newsome S. D., Bustamante P, Cherel Y., Hobson K. A.
(2021). Quantifying capital versus income breeding: New promise with stable isotope
measurements of individual amino acids. Journal of Animal Ecology, 90, 1408-1418.
The use of bulk stable isotope analysis (SIA) has become a staple in the field of ecol-
ogy since the 1980s. This approach has proven its utility, but comes with limitations
rooted in assumptions and confounding factors. Compound-specific SIA (CS-SIA)
has the potential to address questions out of reach of bulk SIA by providing infor-
mation on physiological pathways as well as dietary sources of consumer isotopes.
Whiteman et al. (2021) provide an excellent example of the power of CS-SIA using
amino acid stable isotopes to quantify the extent of capital versus income breeding
involved in emperor penguin egg production. By doing so, they reframe an important
life-history trait as a spectrum, rather than a dichotomy. This showcases the use of
CS-SlA as a tool for investigating the resource allocation strategies employed by this
species, and the potential for this technique to untangle the life-history strategies of

a broad range of species.

KEYWORDS

amino acids, bulk stable isotope analysis, carbon-13. compound-specific isotope analysis,
CS-SIA, life history, nitrogen-15, trophic ecology

Our knowledge of the life histories of far-ranging marine species
has advanced more rapidly in recent decades than ever before.
This is largely down to developments in telemetry- (Weimerskirch
et al., 2006) and chemistry-based (Hobson, 1999) techniques,
and the innovation of researchers to ask new questions with
these tools at hand. Seabirds, whales, sharks and more experi-
ence annual and seasonal variation in energetic demands driven
by a dynamic environment and species-specific life-history pat-
terns. These traits often relate to reproductive strategies and
timings, growth patterns and migrations. The mobility of marine
top predators and the variability of their marine ecosystem im-
pede the study of these systems, though recent developments in

ecological research have accelerated our understanding of these
processes.

Certain life-history traits are important to understand from a
conservation standpoeint. For instance, the feather moulting strat-
egies used by different bird species have varying effects on flight
ability, depending on intensity and duration (Rowher et al., 2009).
For example, periods of intense moult leave Alcidae seabirds
flightless, and as such are times of increased sensitivity to storm
events, surface pollution and food shortages. Glew et al. (2019)
used a combination of stable isotope analysis (SIA) and telemetry
data to infer the geographical location of feather development,
and therefore habitat use during moulting behaviour of Alcidae

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
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seabirds in the North Sea. Another example of SIA being used to
study important variations in life-history traits comes from Silva
et al. (2019), who applied SIA to the skin of Balaenoptera whales to
explore their diet and destinations during their winter migration.
Taking advantage of the fact that the stable isotopes in the skin
are thought to be incorporated over approximately the previous
5 months (Busquets-Vass et al., 2017), the study was able to use
skin samples collected in spring to recount the whales activities
over the previous winter. Fish stocks and areas targeted by these
whales are identified, and then related back to their population
dynamics. These insights may allow for the designation of better
directed conservation measures where necessary. Given the mo-
bility of many marine top predators, and the remoteness of their
habitats, these features of their ecology would remain a mystery
without the development of indirect inference techniques such as
SIA.

With SIA, ecologists have worked for years to map food webs
and the relationships between organisms in communities. Bulk SIA
has long been the basis of such studies: it considers the overall iso-
topic composition of whole tissues, organisms or soils. The stud-
ies described above from Glew et al. (2019) and Silva et al. (2019)
used bulk SIA. This requires some prior knowledge or assumptions
of stable isotope baselines found in the environment. The isotopic
composition of marine primary producers varies spatially, especially
in carbon isotopes, and the resulting spatial distribution is known

e InCcOmMe breeding pathway

---------  Capital breeding pathway

Bulk SIA Compound-specific SIA
Small 5N Difference observed in
difference between | trophic AAS**N between
Income Body stores and the | Body stores and the
breeding Developing egg Developing egg
when all compounds | attributable to de novo
are grouped synthesis
. Same 5N in No difference in
Caplta| Bow stores and b'ophlc AAS*N
breeding the Developing between Body
egg stores and the
Developing egg

as an isoscape (McMahon et al., 2013). The development of animal
tissues can therefore be traced back to the area of an isoscape it
was produced in, inferring the broad-scale movements of mobile
consumers (Trueman & Glew, 2019). In migratory species such as
cetaceans, movements across those isoscapes can be traced in in-
cremental tissue like baleen (Ryan et al., 2013; Trueman et al., 2019).
This window into annual variations, beyond that given by short-term
tissue samples, provides information on the past ecology of these
individuals (sometimes going back decades or centuries by using
museum collections, for example). This can be highly significant to
understand shifts in ecological behaviours caused by anthropogenic
pressures and changing environments and, in turn, allows us to make
predictions about the future. But the results of these studies using
bulk SIA are often hampered by necessary assumptions and uncer-
tainties. Fundamentally incomplete knowledge of environmental
baseline isotopes can stymy the construction of the isoscapes in the
first place due to the unknown isotopic effects of physiological path-
ways and temporal averaging between primary producers and prey
(Trueman et al., 2019).

Compound-specific SIA(CS-SIA), on the other hand, is a molecular-
level approach that involves the analysis of individual amino acid or
fatty acid stable isotopes, and builds on the principles used in bulk
SIA (Boecklen et al., 2011). Advancements in technology mean that
it is now easier to study isotopes at a molecular level using gas chro-
matography or liquid chromatography systems in conjunction with

Ingested food

+ AASISN

Developing
egg

FIGURE 1 Compound-specific stable-isotopes analysis (CS-SIA) gives a greater degree of accuracy when discussing physiological
processes. Here, we explain the basis for the Whiteman et al. (2021) paper that seeks to identify stable-isotope markers that describe capital
(pathway 1, green dotted line) and income (pathway 2, orange solid line) breeding. Pathway 1 increases the 8*°N of trophic amino acids (AAs)
twice before they reach the egg, once through initial metabolism into muscle tissue, and then again through the secondary metabolism of
this muscle tissue to mobilise these nutrients for egg formation. Pathway 2 only metabolises these AAs once, on initial digestion, thus the
5'°N of trophic AAs in both muscle and egg are the same. CS-SIA can identify the extent to which each pathway is used by targeting these
trophic AAs specifically. Bulk SIA does not detect such fine differences, and it is performed on all compounds at once, some of which don't

change in 85N when metabolised, such as essential AAs
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mass spectrometers (Boecklen et al., 2011). This approach potentially
provides greater resolution of SIA applicable in trophic ecology, and
allows us to study the transfer of nutrients at a physiological level
rather than solely at an ecosystem level. One of the key concepts
is that it potentially provides a shortcut to accessing indirectly the
underlying isotopic baselines by comparing variation between the
signatures of key amino acids in the consumer itself.

Whiteman et al. (2021) use CS-SIA for this purpose very effec-
tively to examine the underlying physiological mechanisms used by
female emperor penguins to create a single large egg. More spe-
cifically, they look at the allocation of exogenous and endogenous
stores of food into the egg by comparing the stable isotope compo-
sition of adult muscle and corresponding egg tissues. Using CS-SIA,
the results are much finer than with bulk SIA, as the effect of the
penguin's metabolism on the isotopic composition of essential ver-
sus non-essential amino acids is quantifiably different. This allowed
the team to trace the source of amino acids in the egg to freshly
sourced food, or reallocated stored resources (Figure 1).

In 1980, Drent and Daan introduced two models to describe this
resource allocation in egg-forming birds. By looking at the relation-
ship between mass gain in female birds prior to breeding, laying date
and clutch size, they proposed two opposing strategies for repro-
duction: capital and income breeding (Drent & Daan, 1980). Females
have to strike a balance between laying at a favourable time, often
as early as possible in the breeding season, and amassing and storing
enough energy through foraging before laying. The models describe
capital breeders as accumulating energy in body reserves while in-
come breeders redirect nutrients and energy straight from the food
ingested (Meijer & Drent, 1999). This difference in resource alloca-
tion and how it relates to reproduction and growth under different
ecological scenarios are key questions in the study of life histories
(Stephens et al., 2009).

Clearly, the effective allocation of nutrients for breeding pur-
poses is a huge factor in the reproductive success of a population
(e.g. Kitaysky et al., 2000). Many far-ranging seabirds undertake
a pre-laying exodus just before breeding, sometimes spending
weeks in productive waters far from their breeding colonies.
More often than not, females will spend longer away from the
colony than males in this time, presumably amassing the nutrients
required to create an egg (Brook, 1990). Male emperor penguins
need to store energy reserves required to fast for several months
while incubating an egg, allowing females to abscond to replenish
nutrients spent on egg development (Burns & Kooyman, 2001).
CS-SIA has the potential to provide valuable insights into the
physiological processes and ecological context involved in this
resource management and in a system that is challenging to study.
As Whiteman et al. (2021) asked, do egg-forming birds rely on
long-term reserves when forming eggs, or does most of the egg-
building material come directly from ingested food? Such infor-
mation can be linked to the fecundity of a population. What foods
are most important during this critical period in the reproduc-
tive cycle? Are they amassed over the entire non-breeding period
(capital breeding) or are species reliant on seasonal availability

of adequate resources (income breeding)? Can reproductive
outputs of a population be tied to the availability of these food
sources? These questions can be adapted for a range of taxa, es-
pecially those that invest heavily in reproduction, as seabirds do.
Whiteman et al. (2021) clearly demonstrated how powerful CS-
SIA analysis can be to deliver more detailed information on these

critical topics.
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Catch-and-release fishing is an important component of ecotourism industries and scientific research worldwide, but its total
impact on animal physiology, health and survival is understudied for many species of fishes, particularly sharks. We combined
biologging and blood chemistry to explore how this fisheries interaction influenced the physiology of two widely distributed,
highly migratory shark species: the blue shark (Prionace glauca) and the tiger shark (Galeocerdo cuvier). Nineteen sharks were
caught by drum line or rod-and-reel angling; subcutaneous body temperature measurements were taken immediately upon
capture, with six individuals also providing subsequent subcutaneous body temperature measurements via biologging as
they swam freely for several hours post-release. We found that short-term capture caused shark body temperature to increase
significantly and rapidly, with increases of 0.6°C-2.7°C for blue sharks (mean, 1.2+ 0.6°C) and 0.5°C-0.9°C for tiger sharks
(mean, 0.7 + 0.2°C) and with capture-induced heating rates of blue sharks averaging 0.3°C min~" but as high as 0.8°C min~".
Blue shark body temperature was even higher deeper into the white muscle. These heating rates were three to eight
times faster than maximum rates encountered by our biologging sharks swimming through thermally stratified waters and
faster than most acute heating experiments conducted with ectotherms in laboratory experiments. Biologging data showed
that body temperatures underwent gradual decline after release, returning to match water temperatures 10-40 mins post-
release. Blood biochemistry showed variable lactate/glucose levels following capture; however, these concentrations were not
correlated with the magnitude of body temperature increase, nor with body size or hooking time. These perturbations of the
natural state could have immediate and longer-term effects on the welfare and ecology of sharks caught in catch-and-release
fisheries and we encourage further study of the broader implications of this reported phenomenon.
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Introduction scientific research (Wosnick et al., 2018)—in particular,

tagging studies (Watanabe et al., 2015; Royer et al., 2020;
Catch-and-release fishing is a popular practice in recreational  Harding et al., 2021). Catch-and-release can also occur on
fisheries (Cooke and Schramm, 2007; Danylchuk et al., commercial fishing vessels where it has been estimated that
2014; Brownscombe et al., 2017) and is often used in ~9.1 million tonnes of non-target fish per year globally
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are caught and released in commercial fisheries (Sepulveda
et al., 2019; Gilman et al., 2020). Numerous studies have
investigated the physiological and ecological impacts of
catch-and-release fishing on teleosts and elasmobranchs
(Cooke and Schramm, 2007; Cooke et al, 2013; Gale
et al., 2013; Gallagher et al., 2014; Schlenker et al., 2016,
Jerome et al., 2017; Gallagher et al., 2019; Sepulveda
et al., 2019; Mohan et al., 2020). Catch-and-release fishing is
considered a multi-stressor interaction for individuals (Gale
et al., 2013), with the negative impacts broadly categorised
as lethal or sub-lethal, with potential sub-lethal impacts
including altered blood chemistry (Gallagher et al., 20144
Dapp et al., 2016), behavioural impairments (Raoult et al.,
2019), reduced growth and reproductive rates and increased
disease vulnerability (Gale et al., 2013). Fish can experience
oxygen deprivation (Schwieterman et al., 2021), handling-
related injuries (Cooke et al., 2013; French et al., 2015) and
heat stress (Wosnick et al., 2018, 2019).

Many studies investigating the impacts of catch-and-
release fishing have highlighted the potential importance of
temperature in these interactions (Meka and McCormick,
2005; Gale et al., 2013; Schlenker et al., 2016; Bouyoucos
et al., 2018; Schwieterman et al., 2021), whereby water
temperature (T,) can have a significant effect on post-release
survival and a variety of sub-lethal impacts (Gale et al.,
2013). Furthermore, body temperature (Ty) is considered
an important parameter when assessing an individual’s
response to stress, their metabolic rate and their energy
budgets; all of which may be affected by catch-and-release
interactions. However, few studies have measured fish body
temperatures during catch-and-release. Measurements of
muscle temperature are especially rare, and while two recent
studies have inferred surface temperature of sharks’ post-
capture using thermal imaging of shark skin (Wosnick et al.,
2018, 2019), reflectance issues and effects of varying sun and
water exposure likely complicate estimates of true operative
body temperatures. Sharks are relatively large-bodied fishes
with low heat-transfer coefficients (Nakamura et al., 2020)
so capture-induced heating could be a particularly relevant
issue for them.

When hooked, sharks often exhibit intensive swimming
acceleration (Gallagher ef al., 2017) and periods of exhaustive
exercise (1.e. anaerobic exercise) (Schwieterman et al., 2021),
as they attempt to escape. Capture-related exercise and the
resulting physiological stress can elevate the metabolic rate
(Kieffer, 2000; Mohan et al., 2020) resulting in, among other
things, the generation of heat. Furthermore, fish are known
to dissipate heat across the gill surface during respiration
(Stevens and Fry, 1974; Stevens, 2011; Nakamura et al.,
2020) and so during the period of fighting on the hook, these
animals may be unable to swim freely, which could provide
a mechanism for reduction in heat loss. This excess heat may
manifest as an elevation of body temperature in these animals
and thus, this study aims to investigate this relationship and
determine the extent to which sharks heat up when captured.

Conservation Physiology - Volume 10 2022

In addition to altered thermal dynamics, hooked fish may
undergo altered blood biochemistry as a result of the event
(Gallagher et al., 20145 Dapp et al., 2016; Mohan et al., 2020
Schwieterman et al., 2021). Capture can often result in hyper-
kalemia, metabolic and respiratory acidosis (Schwieterman
et al., 2021) and declines in blood oxygen concentration, as
a result of the often exhaustive exercise and apneic asphyxia
associated with capture (Schwieterman et al., 2021). Lactate
and glucose are two metabolites widely examined 1n studies
investigating stress in sharks (Cliff and Thurman, 1984; Hoff-
mayer and Parsons, 2001; Mandelman and Skomal, 2008;
Gallagher et al., 2014, 2017). Lactate is a metabolite that is
produced anaerobically in the white muscle during exhaustive
exercise (Moyes et al., 2006). Glucose is measured as a proxy
for the glucocorticoid hormone stress response whereby hep-
atic glycogen is converted to glucose during gluconeogenesis
and released to fuel muscle tissues (Hoffmayer and Parsons,
2001; Prohaska et al., 2021). Body temperature and lactate
and glucose are both key elements of metabolic processes.
Therefore, by combining our investigations into the body
temperature measurements with the blood biochemistry data,
we can explore how the two might be related during catch-
and-release events.

Materials and Methods

Data collection

To properly evaluate body temperature dynamics in captured
marine predatory fishes, we incorporated all phases of the
capture and release interaction, from moment of hooking to
several hours post-release.

Biologging

We used biologging technology to collect fine-scale, phys-
iological measurements from individuals free-swimming in
the wild. Fishing was conducted across three locations: the
Bahamas in May 2019, Cape Cod, USA in September 2019
and Co. Cork, Ireland in July—October 2021. We captured
tiger sharks by drum lines and blue sharks by rod-and-
reel angling. Tiger sharks were secured alongside the boat
(remaining submerged during the procedure) and blue sharks
were brought on deck with a deck hose placed in the mouth to
constantly irrigate the gills with water taken from the ocean
surface. Biologging packages were fitted to the first dorsal fin
of four tiger sharks (Galeocerdo cuvier) and two blue sharks
(Prionace glauca) (Supplementary Table 51), which were then
immediately released. A plastic cable was passed through two
1-cm incisions made in the dorsal fin, which was connected
to a dissolvable time-release mechanism that secured the
package to the fin. Biologging packages included a mixture
of loggers such as accelerometers (recording tri-axial accel-
eration at 25 Hz and depth at 1 Hz; Techno-Smart AGM-1;
67 x 42 x 19 mm), animal-borne digital cameras (recording
at 30 fps; Little Leonardo DVL400MO065; 61 x 21 x 15 mmy
29 g in air; 4 x red LED lights) and temperature loggers
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(recording ambient and body temperature at 1 Hz; Lotek
LAT 1810; 11 x 38 mm, 7.6 g in air; Wildlife Computers
Mk9; 72 x 17 x 17 mm, 34 g in air). Body temperature was
measured via a sensor stalk inserted 4-8 cm into the dorsal
musculature of the shark, adjacent to the dorsal fin. To
enable retrieval, tag packages also included a VHF trans-
mitter (Advanced Telemetry Systems, MM100) and satellite
position-only tag (Wildlife Computers Model 258; ARGOS
enabled). Once the time-release mechanism dissolved, the
package detached from the fish and floated to the surface,
as they were constructed of a positively buoyant material
(Diab Syntactic © non-compressible foam). Packages were
then located using the ARGOS system and a VHF receiver
and retrieved from the ocean surface by boat. A total of four
tiger sharks (ranging 155.7-206 kg body mass) and two blue
sharks (ranging 25.4-30.7 kg body mass) were tagged.

Additional body temperature measurements of blue
sharks

In addition to the biologging work, we collected body temper-
ature measurements from 13 additional blue sharks, from the
moment they were landed on deck, until the moment before
release (Supplementary Table S1). Temperature probes were
fitted to the sharks using the same method as the biologging.
The temperature probe was left in place while a work-up was
completed on the shark (e.g. recording biometrics, collecting
blood samples, etc). Once the work-up was completed, the
temperature probe was removed from the muscle and the
shark was released. Water temperature was recorded by sub-
sequently placing the temperature logger in the surface water
for approx. 2 mins. Additionally, secondary body temperature
measurements were taken from 4 of these 12 sharks (Le.
BS32-BS35) to generate a thermal profile of the shark’s
musculature. To do this, the temperature probe was inserted
at a depth of 2 cm into the dorsomusculature, ~20 cm more
anterior and closer to the gills than the first probe, left for
1-2 mins, pushed a further 2 cm into the dorsomusculature
(to measure body temperature at 4 cm depth) and left for the
remaining period of time that the shark was held on deck. The
probe was then removed from the shark prior to release.

Caudal peduncle blood sampling

For 14 blue sharks, two blood samples were collected from
the caudal peduncle using an 18-gauge needle: one immedi-
ately upon capture and one the moment before release (~10
mins later), corresponding with the timing of insertion and
removal of the temperature stalk. The rime of collection was
recorded, and the samples were processed for lactate and
glucose immediately after collection on deck, using a HaB
direct Lactate Pro™ 2 lactate meter (HaB Direct, 2021) and
Accu-Chek Performa blood glucose meter (Accu-Chek, 2021),
respectively. A number of lactate/glucose readings could not
be recorded due to logistical constraints and/or and user error.

Research article

Ethics

All works carried out in Ireland were conducted under
The Health Products Regulatory Authority (HPRA) Project
Authorisation (AE19136/P127). All works carried out outside
of Ireland were conducted under local licensing, obtained by
Beneath the Waves.

Data analyses

Data handling and statistical analyses were carried out in R
Version 4.0.3 (R Core Team, 2020) and IGOR. Pro 8 (Wave-
Metrics, 2020) with Ethographer package (Sakamoto et al.,
2009). Time-series analyses were conducted on all biologging
data with a focus on the body temperature, water temperature
and depth data. A 500-point moving average smoother was
applied to the temperature and depth data when plotting the
time series.

Upon capture—meaning the moment individuals were
landed on deck or secured alongside the boat—the metric
‘AT was calculated as the difference between body tem-
perature Ty, and water temperature T,. The total ‘hooking
time” for each blue shark was calculated (i.e. the time from
when the shark was hooked, to when it was brought on
deck). Hooking time could not be calculated for the tiger
sharks as they were caught using drum lines. Body mass
was estimated for each individual using the length—weight
relationship W=al” where W is weight/body mass (kg), L is
fork length (cm) and @ and b are published, species-specific
coefficients with a=3.184 x 10-* and 6=3.1313 for blue
sharks and @=2.528 x 10~¢ and b=3.2603 for tiger sharks
(Kohler et al., 1995).

Multiple Gaussian generalised linear models were con-
ducted to investigate potential relationships between AT and
hooking time, body mass, lactate concentration and glucose
concentration (Supplementary Table 52). Initial and subse-
quent lactate and glucose concentrations were compared in
order to investigate potential lags in stress biomarker cleva-
tions following capture.

Results

A total of 19 sharks were caught: 4 tiger sharks and 15
blue sharks. Biologging data were collected from 6 of these
individuals (4 tiger sharks and 2 blue sharks), and blood
samples were taken from 14 blue sharks and no tiger sharks
(Supplementary Table 51). Subsequently, one individual (tiger
shark, T2) was excluded from all analyses as it was found to
exhibit faulty biologging data.

At the moment of capture, all sharks across both species
exhibited elevated T, relative to T, (Fig. 1A and B), with
clevations ranging from 0.6°C to 2.7°C for blue sharks
(mean£5D=1.2+0.6°C) and 0.5°C to 0.9°C for tiger
sharks (mean 4+ SD =0.7 £ 0.2°C) (Supplementary Table 51).
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Figure 1: Body temperature elevation of tiger sharks and blue sharks recorded immediately upon capture (panels A and B) and average
elevation of body temperature, during a 30-minute period under natural conditions several hours after release (panels C and D). Dashed black
lines indicate a 1:1 identity line. (Blue shark image created by Ignacio Contreras and reproduced under the Creative Commons Attribution 3.0
Unported license: https://creativecommons.org/licenses/by/3.0/legalcode).

This elevation in temperature occurred over short
periods of time (i.e. hooking time), which ranged from
1.4 to 13 mins for blue sharks (n=15), indicating that
warming occurred at an estimated rate of 0.1-0.8°C min~!
(mean £SD =0.3 £+ 0.23°C min~'). These warming rates were
unusually high when compared with the post-release data
taken from biologged blue sharks BS09 and BSCC (Fig. 2).
Free-swimming blue sharks rarely exhibited heating rates
greater than 0.1°C min~! (Fig. 2).

The additional body temperature measurements taken
from individuals BS32-BS35 revealed a further increase in
body temperature, the deeper the temperature probe was
inserted, with the difference between readings at 2 cm
penetration and 4 cm penetration ranging from 0.20°C to
0.45°C (Fig. 3). The relationship between water temperature
and deep muscle temperature was approximately linear
despite a somewhat variable relationship between water
temperature and shallow muscle temperature (Fig. 3), perhaps
representing an uncertainty as to what depth and therefore
temperature these sharks were initially hooked at. For all
sharks equipped with biologging packages and subsequently
released, following the initial elevation of T}, upon capture,
Tp, underwent a gradual decline, over the first 30 mins for

tiger sharks and 15 mins for blue sharks, before returning
to match water temperature. During this period of body
temperature decline, there was no corresponding decline
in water temperature or depth (Fig. 4). Several hours after
release, Ty, essentially matched T, during extended periods
(Fig. 1C and D).

Regression analyses showed hooking time has no signif-
icant influence on AT (Fig. 5A; P=0.44); log-transformed
body mass has no significant influence on AT (Fig. 5B;
P =0.12); lactate concentration has no significant influence
on AT (Fig.5C; P=0.45); and glucose concentration
has no significant influence on AT (P=0.34). Multiple
linear regressions with AT as the response variable and
hooking time, body mass, lactate concentration and glucose
concentration as predictor variables showed no significant
relationships (see Supplementary Table S2, for more details).

Blue shark blood analysis showed lactate levels upon cap-
ture ranged from 1.2 to 9.0 mmol 1! (mean=3.1 mmol 1!,
n=13). Following time on deck lactate levels ranged
from 2.9 to 9.0 mmol ™' (mean=5.4 mmol 1!, n=11).
Furthermore, 9 out of 11 blue sharks tested twice showed
increased lactate levels following time on deck (mean
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Figure 3: Water temperature measurements (triangles) and body
temperature measurements (circles) taken at 2 and 4 cm penetration
into the dorsal musculature of four blue sharks.

increase = SD=2.5+1.2 mmol I!), 1 showed no change
and 1 showed a decline (Supplementary Table S1). Glucose
levels upon capture ranged from 3.1 to 19.7 mmol !
(mean=8.6 mmol 1-!, #=9). Following time on deck glucose
levels ranged from 2.9 to 22.7 mmol I-! (mean=6.9 mmol |-,
n=11). Of the seven sharks tested twice, only two showed
increased glucose levels following time on deck and five
showed a decline (mean decrease + SD=3.3+6.9 mmol I!)
(Supplementary Table S1).

Discussion

By combining biologging, temperature measurements imme-
diately after capture and blood biochemistry, we show
that capture significantly and rapidly (up to 0.8°C min—!)
elevates the body temperature of sharks. Subcutaneous muscle
temperature was elevated by as much as 2.7°C immediately
after capture, and temperature increased deeper into the white
muscle, but the magnitude of the temperature elevation above
ambient was unrelated to shark size, hooking duration and
blood lactate or glucose levels. Following release, Ty, rapidly
declined toward T, during the first 30 mins for tiger sharks
and 15 mins for blue sharks, and generally approximated T,
within 1 h after release. These results provide new insight
into the stress physiology of capture in sharks and highlight
the significant influence the fishing process has on shark body
temperatures.

Although body temperature elevation has been acknowl-
edged to be of importance when assessing the negative
physiological impacts of catch-and-release fishing in the past,
it has not been directly recorded under these conditions
before. Only through these direct, fine-scale measurements
were we able to show definitively that catch-and-release
events caused an elevation of the body temperature of sharks.
Acute body temperature elevations have been known to
cause a number of physiological, ecological and behavioural
consequences; in terms of physiology, rapid elevations of body
temperature can speed up digestion rates (Carey et al., 1984),
increase the expression of heat shock proteins (Renshaw et al.,
2012) and affect biological rates, such as metabolism (Morley
et al., 2019), potentially contributing to a deficit in the sharks’
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Figure 4: Body temperature, water temperature and depth data for tiger sharks T1 (top panel) and T4 (bottom panel) from moment of release.

A 500-point moving average smoother was applied to all data.

daily energy budget, as has been shown before (Bouyoucos
etal.,2017,2018). Regarding behavioural changes, elevations
of body temperature can result in distributional changes as
sharks are known to adjust their position in the water column
as a means to behaviourally thermoregulate (Sims et al.,
2006; Nakamura et al., 2020; Watanabe et al., 2021), or
may expand their horizontal range if topographically limited
(e.g. the tiger sharks in the Bahamas are depth limited and
therefore may travel further offshore to seek out colder, deep
waters) (Gallagher et al., 2021). While the magnitude of
the measured temperature increase deeper into the muscle

(0.7°C-1.2°C on average) may not seem dramatic, muscles
deeper into the body were higher than subcutaneous tissues
for blue sharks, and the subcutaneous temperatures likely
underestimate the true temperature elevation of those tissues.
This is because we could not measure T, of sharks prior
to capture, so we calculated our estimates of T}, elevation
based on sea surface temperatures at the point of capture and
our biologging data, which showed shark T, matches water
temperature following sufficient equilibration time after
release. Accordingly, our estimates of capture-induced heating
of subcutaneous tissues are likely conservative because shark
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Ty, may have been lower than surface temperatures if they
had been inhabiting cooler (deeper) waters immediately prior
to taking the hook, i.e. the true magnitude of heating could
be higher than what we report. We do however acknowledge
the limited sample size in our study; further collection of
measurements of this kind from additional species and
individuals could investigate any potential interindividual or
interspecies variation. Future work could build on ours and
other studies (Wosnick et al., 2018, 2019) that explore how
heat 1s distributed throughout the body of sharks and the
assoclated physiological implications. It 1s also noteworthy
that we report Ty, to match T, for these animals after
they have recovered from capture (Fig. 1C and D), because
few studies have equivocally shown this to be the case for
large ectotherms that have significant thermal inertia (low
temperature rate constants; Nakamura et al., 2020).

The simultaneous elevation of body temperature and lac-
tate concentration are undoubtedly due to higher metabolic
rates during capture, which is partially through anaerobic
pathways. Nevertheless, temperature elevation was not corre-
lated with lactate concentration, and neither were correlated
with hooking duration (if anything, all these relationships
were slightly negative; Fig. 5). These results were somewhat
unexpected, notwithstanding the known lag issues associated
with using blood lactate as a direct proxy of the extent of
cumulative anaerobic metabolism (blood lactate is chiefly

a measure of anaerobic metabolism as it shifts from the
white muscle to the blood when an animal switches from
aerobic to anaerobic respiration during periods of increased
energetic demands; Prohaska et al., 2021), and that other
studies have also shown hooking duration as a poor proxy
of blood lactate levels (Shea et al., 2022). Further studies with
increased sample sizes would be beneficial to investigating this
relationship further. Notwithstanding this, our data show that
shark body temperature rapidly responds to capture but is
not a proxy of blood lactate concentrations over the same
time scales. Body temperature should therefore be treated as
a new physiological proxy of exhaustion in captured sharks
that reflects increased aerobic exercise as well as the mismatch
between heat generated in the skeletal muscles and lost at the
gills.

Capture-induced heating rates were far more rapid than
what our biologged sharks exhibited naturally; some blue
sharks heating almost eight times faster than did wild sharks
swimming throughout thermally stratified waters. An impor-
tant next step would be to determine the physiological impli-
cations of heating at these rates and magnitudes. There exists
a rich literature on physiological responses to acute heating in
the laboratory, which provides useful context. For example,
Morley et al. (2019) compiled data on studies testing the
upper temperature limits of marine, freshwater and terres-
trial ectotherms under varying rates of warming. The max-
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imum heating rates used in most experimental studies were
~1°C min~!, with most commonly used rates being much
lower. These higher rates are often considered to be so fast
as to not be ecologically meaningful (Payne et al., 2016,
2021) whereas our sharks heated close to those maximum
heating rates manipulated in the laboratory (0.8°C min™').
Heating rate has a well-recognised impact on an ectotherm’s
thermal limit (Peck et al., 2009; Kingsolver and Umbanhowar,
2018), so it could be instructive to determine physiological
implications of this fast heating over the magnitude of tem-
perature increases we documented. This could take the form
of laboratory-based studies on physiological indicators of
stress in sharks, which are undergoing thermal ramping, such
as blood biochemistry, behavioural changes and response
to stimuli. Observations from these controlled environments
may aid our understanding of how this rapid heating is
occurring and affecting the animals physiologically. Another
avenue of research could be to explore behaviour post-release
through biologging and investigate any relationship with AT.
Increasing the number of individuals and species of varying
lifestyles (e.g. sedentary, active predators) tagged with biolog-
gers would greatly aid these studies.

Future research of this kind, and our own study, have
numerous physiological and fisheries-based implications.
Firstly, the findings of this study could be incorporated into
future ecological models aimed at predicting mortality fol-
lowing catch-and-release angling, perhaps by incorporating
a thermal threshold value. Moyes et al. (2006) constructed
a model to predict the long-term survival of fish released
following capture based on several blood markers (including
lactate). This study noted that the inclusion of water
temperature could have improved their model, with lower
water temperatures likely resulting in reduced mortality post-
release. We posit that this model could be further improved by
the inclusion of body temperature in conjunction with water
temperature, as we have shown that body temperature does
not directly mimic water temperature in these ectothermic
sharks for the first hour(s) after release. We are not aware
of any other published studies that documented capture-
induced changes in body temperature in large fishes, aside
from a report on bluefin tuna captured in nets, which
reported a ~2°C increase in body temperature (Addis
et al., 2009). Tunas, along with some other species such
as lamnid sharks, have specialised physiology, which allows
them to retain metabolically derived heat through vascular
countercurrent heat exchangers, so could be expected to
exhibit even greater temperature elevation during capture
than ectothermic species. Many of those species are also of
conservation concern, so it could be instructive to explore
how catch-and-release fishing might impact the welfare of
these animals via Ty, elevations.

In summary, we show that catch-and-release angling causes
a measurable and rapid increase in the body temperature of
sharks. With fast temperature elevations of up to 2.7°C, and
possibly greater, it might be important for future research

Conservation Physiology - Volume 10 2022

to explore any physiological impacts that this heating might
cause, to better manage catch-and-release programs. Welfare
outcomes of different handling protocols have been exam-
ined in other species (Danylchuk et al., 2007; Brownscombe
et al., 2017; Raoult et al., 2019) and exploring implications
of factors such as removing sharks from the water (versus
leaving them submerged) or catching them near the upper
limit of their thermal niche could be helpful for this group
of animals.
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