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Macroecological study of otolith-derived field metabolic rates of marine fishes

by Sarah Rose Alewijnse

Metabolic rate - the energy expenditure of an organism over time - is considered by
some ecologists to be the driver of all other ecological processes. Several theories seek
to describe how metabolic rates vary at a macroecological scale, particularly with
respect to individual body mass and temperature. Body size and temperature scaling
of metabolic rate (and linked biological and ecological processes) underpin many
ecological models, particularly models predicting regional to global scale responses of
organisms to climate change. The relationship between body size, temperature and
metabolic rate is therefore of primary concern to ecologists. Some theories propose
universal scaling exponents to describe the relationships between metabolic rate and
body mass or temperature, while other theories suggest that scaling exponents are
context-dependent. Field metabolic rate - the full, time-averaged costs of an organism
living in the wild - is relatively understudied compared to metabolic rates measured
in laboratory settings. Despite their great importance to humans, the field metabolic
rates of teleost fishes are especially understudied, due to a lack of methods
appropriate for determining metabolic rate in aquatic animals.

Here, I used a proxy derived from stable isotope analysis of otolith aragonite (Cresp
values) to estimate the field metabolic rates of 114 species of marine teleost fishes. I
investigated the effects of two ecological traits - species’ thermal realm and depth of
occurrence - on field metabolic rates, after accounting for body mass and temperature.
In the full dataset, field metabolic rate scaled with body mass with an exponent of 0.90
and with temperature with an Arrhenius activation energy of 0.26. Importantly, the
scaling of field metabolic rate with temperature varied with thermal tolerance range;
scaling was steeper in stenothermic groups compared to eurythermic groups. Both
thermal realm and depth of occurrence had significant effects on field metabolic rates.
The mean field metabolic rate of polar species was elevated compared to temperate
species, suggesting partial metabolic cold adaptation. Deeper-dwelling species,
operating at similarly cold temperatures, did not show high field metabolic rates,
likely due to increasing food and light limitations with increasing depths.

My results emphasise the importance of studying metabolic rates across a range of
taxa. Current marine ecosystem models, which use scaling exponents derived from
terrestrial animals, are likely overestimating the effects of climate change on body
mass, while underestimating the ability of marine animals to mitigate the effects of
rising temperatures on their metabolic rates, and the costs of that mitigation. Studying
field metabolic rates in fish specifically enables more appropriate model
parameterisation, and the Cresp method is a useful tool to aid in this endeavour.

http://www.southampton.ac.uk
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Chapter 1

Introduction

Metabolic rate is the rate at which an organism converts energy and nutrients into
power, biomass and waste products (Brown et al., 2004). The key process of an
organism’s metabolism is the generation of adenosine triphosphate (ATP), via
glycolysis and the tricarboxylic acid cycle (Clarke and Fraser, 2004). Although directly
measured in watts (the unit of power) or joules (the unit of energy) via direct
calorimetry, metabolic rate is most often approximated by oxygen consumption rates,
with the two terms often used interchangeably (Chabot et al., 2016; Nelson, 2016;
Treberg et al., 2016). There are different measures of metabolic rate, depending upon
the activity level of the organism when its oxygen consumption is measured (Fry and
Hart, 1948, section 1.1).

The metabolic theory of ecology proposes that metabolic rate underlies most other
biological rates, ranging from the ontogenetic growth rate of an individual, to
population density, to global patterns in species diversity (Brown et al., 2004). Many
ecosystem models draw on metabolic theory for their construction and
parameterisation (section 1.3.1). Understanding the broad-scale patterns of metabolic
rates across vertebrates can enable more accurate modelling of the impacts of climate
change on ecosystems and the role species play biogeochemical cycling (section 1.3).

1.1 Measures of metabolic rate

Standard metabolic rate (SMR), arguably the most common measure of metabolic rate
in ectotherms, aims to measure the minimum metabolic rate necessary to maintain
homeostasis (Fry and Hart, 1948; Treberg et al., 2016). SMR is similar to the measure of
basal metabolic rates in endotherms, although basal metabolic rate includes the cost of
internal temperature regulation (Hulbert and Else, 2004). In ectotherms, SMR is
usually studied via respirometry, measuring the oxygen consumption of a
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non-moving, unstressed, post-absorptive animal at a standard temperature within the
species’ natural range (Chabot et al., 2016). While SMR may appear the most
straightforward measure of metabolic rate to replicate across different studies, a
myriad of factors must be considered, including but not limited to: the reproductive
condition of the animal, setting appropriate fasting and acclimation periods, and
ensuring the animal is unmoving (Chabot et al., 2016). Furthermore, the ecological
relevance of SMR is debated, as SMR does not include several metabolic costs which
are essential for an individual’s long-term survival, such as food acquisition and
predator evasion, or the fitness components of growth and reproduction (Chabot
et al., 2016; Treberg et al., 2016). It is therefore likely that ectotherms only exist at SMR
in the carefully controlled conditions of a laboratory, and unlikely that a wild
ectotherm would ever persist at SMR for any length of time (Chabot et al., 2016).

Maximum metabolic rate (MMR) aims to measure the maximum aerobic capacity of
an animal (Fry and Hart, 1948; Farrell, 2016; Norin and Clark, 2016; Treberg et al.,
2016). Like SMR, MMR is also measured using respirometry, either during or just after
exercise, using either a swim tunnel for continuously swimming species, or a manual
chase for burst swimming species (Norin and Clark, 2016). MMR is more difficult to
standardise than SMR: the same fish may have a different MMR depending on the
exercise protocol (Farrell, 2016) and as with SMR, the ecological relevance of MMR is
debated (Norin and Clark, 2016). The intervals over which MMR is calculated can
have a significant effect on the resulting oxygen consumption when using the chase
protocol (Prinzing et al., 2021), indicating that the maximal aerobic capacity measured
by MMR may not be sustainable for an individual of a burst swimming species over
longer periods of time (Peterson et al., 1990). As with SMR, individuals may spend
little to no time at their MMR in the wild (Norin and Clark, 2016). Finally, manual
chase protocols often involve exposing the fish to air to ensure maximum stress (Norin
and Clark, 2016), despite air exposure being something unlikely to happen to a wild
fish on a regular basis.

Laboratory measures of metabolic rates have given important information about the
nature of metabolic rates across a wide range of taxa, and have formed the basis of
many macroecological (large-scale) patterns and theories of metabolic rate (section
1.2). However, it would be ideal to also have knowledge of metabolic rates of animals
living in the wild. Field metabolic rate (FMR) is the total, time-averaged metabolic
rate of an unconstrained animal, living in and interacting with its natural ecosystem
(Nagy, 1987; Nagy et al., 1999; Treberg et al., 2016). As well as the costs of maintenance
measured by SMR, FMR also measures costs essential for long-term survival, such as
movement and specific dynamic action (the costs of digesting and assimilating food),
and the fitness components of growth and reproduction (Figure 1.1, Treberg et al.,
2016).
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FIGURE 1.1: Conceptual diagram of the components of field metabolic rate - the en-
ergetic costs of a fish living in the wild - illustrated by Thunnus albacares (yellowfin
tuna). SDA = specific dynamic action. Egestion is the removal of undigested food,
while excretion is the removal of metabolic waste products. Diagram adapted from

Treberg et al. (2016).

Despite its ecological relevance, the logistical and financial expenses associated with
measuring FMR means it is relatively understudied, even within the most well studied
groups. For example, a recent large-scale study of FMR in humans caused controversy
by finding that, despite popular belief, mass-independent FMR in humans does not
change between the ages of 20 to 60 years (Pontzer et al., 2021), highlighting how little
we understand FMR. In terrestrial animals, FMR is most commonly measured using
the doubly-labelled water method, which involves using isotopically-labelled water
(2H18

2 O) to estimate carbon dioxide production (Lifson et al., 1955). As well as the
expense of the labelled water itself, measuring FMR in this way requires capturing
and recapturing the animal, which while relatively straightforward for philopatric
animals (or humans), becomes increasingly difficult for migratory animals (Treberg
et al., 2016). Furthermore, because the doubly-labelled water method involves water
elimination, it cannot be used in animals with high water turnover rates, which
prevents its use in aquatic ectotherms (Treberg et al., 2016). The lack of a standardised
method for determining FMR in ectotherms currently limits our understanding of
FMR evolution and diversity across vertebrates as a whole.

Less commonly, measures of metabolic rate can be described as resting or routine
metabolic rates (both abbreviated to RMR), both of which are measured via
respirometry. The difference between resting and standard metabolic rates are often
unclear, routine metabolic rate includes the cost of “routine” voluntary movement,
and can also include specific dynamic action (Treberg et al., 2016). Although RMR, like
FMR, includes the cost of movement, the two measures are very different and should
not be conflated, particularly when describing in situ RMR measures. As RMR is
measured via respirometry, the animal is confined and not interacting with its natural
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environment, contrary to the conditions required for measuring FMR. Furthermore,
the time periods over which oxygen consumption is measured are typically far shorter
for RMR measures (12-24 hours) compared to FMR (integrated over several days,
months or years, Chapter 2, Treberg et al., 2016).

Finally, while not a measure of metabolic rate in itself, aerobic scope is an important
metric used to describe the possible range of metabolic rates at which a fish can
operate (Fry and Hart, 1948; Peterson et al., 1990; Farrell, 2016; Pörtner et al., 2017).
For well fed animals in normoxia, SMR and MMR act as functional aerobic limits
within which the actual metabolic rate can vary (Fry and Hart, 1948; Brett and Glass,
1973). The difference between standard and maximum metabolic rate is termed
absolute aerobic scope, while the ratio of standard to maximum metabolic rate is
termed the factorial aerobic scope (Clark et al., 2013; Farrell, 2016). Aerobic scope is
the basis for frameworks concerning how aquatic animals are affected by climate
change, including oxygen- and capacity-limited thermal tolerance (OCLTT, Pörtner
et al., 2017) and metabolic index (Deutsch et al., 2015, 2020).

1.2 Macroecological patterns of metabolic rate

Given the vastness and diversity of the natural world, it is helpful to investigate the
broad-scale patterns underlying ecological processes. Macroecology - ecology at large
scales - is the description and explanation of broad-scale processes and patterns
within ecology (Brown, 1996; Costa and Sinervo, 2004). In this section, I introduce
some of the key macroecological theories of metabolic rate, which are important in the
understanding and rationale of the overall thesis.

1.2.1 Body mass

Since the experiments of Rubner (1883) it has been known that metabolic rate scales
with body mass according to the allometric equation:

Y = aMb (1.1)

where Y is the metabolic rate, M is the body mass (in grams), b is the scaling exponent,
and a is the normalisation constant (Rubner, 1883; Kleiber, 1932, 1947; West et al., 1997;
Brown et al., 2004). Specifically, metabolic rate scales with negative allometry, or with
a scaling exponent (b) of less than one (Figure 1.2A). In contrast to allometry, in
isometry a property scales in direct proportion to body mass (b = 1). Properties can
also scale with positive allometry (hypermetry) where b > 1 (Figure 1.2A). The
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negative allometry of metabolic rate means that although larger animals have greater
absolute metabolic rates, smaller animals have greater metabolic rates per unit of body
mass (Figure 1.2B).
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FIGURE 1.2: Schematic of relationships between absolute (A) and mass-specific (B)
metabolic rate and body mass on a log-log scale. Black line = isometry (b = 1), red line

= allometry (b < 1), blue line = hyperometry (b > 1).

By measuring the metabolic rates of differently sized domestic dogs (Canis familiaris),
Rubner (1883) determined that metabolic rate scaled with a b of 0.67, or 2

3 , which is the
surface-area to volume ratio of a sphere. Kleiber (1932, 1947) took a more
macroecological approach by compiling metabolic rates of different species, with a
range in body mass from 150 g (ring dove, Streptopelia capicola) to 680 kg (steer, Bos
taurus). Using their multispecies dataset, Kleiber (1932, 1947) found the best-fit value
for b to be 0.75 ( 3

4 ), rather than 0.67 (Kleiber, 1932, 1947). Later, West et al. (1997)
proposed a mechanistic explanation for the 0.75 value of b: that 0.75 is the surface-area
to volume ratio of the fractal distribution networks, which are present in animals and
plants in systems such as blood vessels and the water vascular system, respectively.
The 0.75 value of b, and the underlying fractal-network theory, became the metabolic
theory of ecology (MTE). According to strict MTE, b is always 0.75, and any variation
around this universal value is statistical noise (Brown et al., 2004). The metabolic
theory of ecology is used to parameterise many ecosystem models, however, it is not
without controversy, both in terms of the theoretical underpinnings (Kozłowski and
Konarzewski, 2004) and empirical evidence.

Despite the proposal of strict MTE that b is universally 0.75, many studies have found
b to be variable, including among life stages (Giguère et al., 1988; Killen et al., 2007),
hierarchical levels (Norin and Gamperl, 2018) and activity levels (Brett and Glass,
1973; White et al., 2007; Glazier, 2009; Killen et al., 2010; Norin and Malte, 2012). One
of the most explored causes of differences in b at a macroecological scale is
thermoregulatory strategy, specifically the difference in b between endotherms and
ectotherms. When considering best fit values of b, ectotherms tend to have greater
values of b compared to endotherms. For example, the best fit value of bBMR

(determined by ordinary least-squares regression) in endotherms ranged from 0.64 in
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birds to 0.68 in mammals, compared to bSMR ranging from 0.76 in reptiles to 0.88 in
fish and amphibians (White et al., 2006). Similar trends were seen in bFMR, which
ranged in endotherms from 0.68 in birds to 0.73 in mammals, compared to a greater
bFMR of 0.89 in reptiles (Nagy et al., 1999).

The heterogeneity seen in b, which arguably challenges strict MTE, is interpreted
differently by different ecologists. For instance, despite finding a value of b for resting
metabolic rate in endotherms (bRMR = 0.74) lower than that for ectotherms (bRMR =
0.80), Gillooly et al. (2017) found that the scaling exponents between the two
thermoregulatory strategies are statistically indistinguishable at the 95% confidence
level. The focus on statistical significance in deviations (or lack thereof) in b, either
among groups or from 0.75, is part of why the body mass scaling of metabolic rate
remains controversial despite decades of research (del Rio, 2008). There is a distinct
difference between statistical and biological significance: just as statistically significant
difference may have little significance at the biological scale, a difference in value
which is statistically non-significant may be very different on the biological scale
(Glazier, 2021). The difference between statistical and biological significance is
especially important when considering scaling exponents, where even small
differences in values may result in very different predictions (Lefevre et al., 2017,
2018). Therefore, some have argued that even though the average value of b may
converge on 0.75, there is still significant variation around this average value which
does not support strict MTE (Bokma, 2004; Isaac and Carbone, 2010). When
parameterising models, rather than focusing on statistical significance an information
theoretic approach - which seeks the best fit model with the least number of
parameters - may be more appropriate (White et al., 2012b).

An alternative to MTE which allows for variation in b is the metabolic level
boundaries hypothesis (MLBH, Glazier, 2005, 2009, 2010). According to MLBH, the
value of b varies between the boundaries of 0.67 and 1.00. The allometric lower bound
(b = 0.67) is set by the surface area to volume ratio of a sphere, whereas the isometric
upper bound is set by the mass to volume ratio (b = 1, Glazier, 2005, 2010). Where b
falls between the allometric and isometric boundaries is determined by the metabolic
level. Metabolic level is similar to a in equation 1.1 in that it deals with metabolic
elevation (Glazier, 2010), however, metabolic level is more correctly approximated by
the metabolic rate at the midpoint of the relationship with body mass (i.e. a when
body mass values are mean-centred, Killen et al., 2010, 2016). The relationship
between b and metabolic level depends upon what is limiting to metabolic rate scaling
with body mass: if resource supply is limiting to metabolic rate then b will be closer to
0.67, whereas if volume is limiting b will be closer to 1 (Glazier, 2010). Considering
SMR, athletic animals will have a high maintenance demand, and so will be more
limited by nutrient and oxygen supply, so their b will be closer to 0.67, while more
sluggish animals will have a value of b closer to 1 (Glazier, 2005, 2009, 2010; Killen
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et al., 2010, 2016). The difference in bSMR between athletic and sluggish animals has
been proposed as the mechanism behind the typically lower bBMR of endotherms
compared to bSMR of ectotherms (Glazier, 2010). In contrast, according to MLBH bMMR

is closer to isometry in athletic species, as their MMRs are more limited by muscle
power, whereas for sluggish species, their bMMR is more limited by nutrient and
oxygen supply, and scales towards 0.67 (Glazier, 2005, 2010). One limitation of MLBH,
particularly with regards to this thesis, is that much of its support comes from
intraspecific studies (Glazier, 2009; Isaac and Carbone, 2010; Killen et al., 2010).
Furthermore, it is thought that bFMR should relate to metabolic level similarly to bSMR

under MLBH (Glazier, 2010), which has not been tested at a large scale.

1.2.2 Temperature

After body mass, temperature is a key driver of metabolic rate due to its effects on
enzyme-catalysed reaction kinetics. The effect of temperature on enzyme-catalysed
reactions can be described using an Arrhenius equation:

Y ∝ e
−E
kT (1.2)

where Y is the rate of reaction (e.g. metabolic rate), E is the activation energy, k is the
Boltzmann constant, and T is the absolute temperature in kelvin (Gillooly et al., 2001;
Brown et al., 2004). Under the universal temperature dependence hypothesis, which
forms part of the metabolic theory of ecology, E has an average value of between 0.6
and 0.7 eV, which is the average activation energy of respiration (Gillooly et al., 2001;
Brown et al., 2004). When combining MTE with universal temperature dependence,
the full equation becomes (Brown et al., 2004):

Y = aM0.75e
−0.65

kT (1.3)

While Arrhenius relationships may describe enzyme thermodynamics, such
relationships may not scale up when considering the temperature effects on the
metabolic rates of a whole organism (Clarke, 2004; Clarke and Fraser, 2004) Instead,
the effect of temperature on metabolic rate may vary depending upon the range of
temperatures over which an organism is adapted (Clarke, 2004; Clarke and Fraser,
2004). Additionally, in the wild organisms may be able to compensate for temperature
effects on their SMR by reducing other components of their FMR (Richards, 2010;
Norin and Clark, 2017; Jutfelt et al., 2021).

Importantly, the Arrhenius equation only describes the relationship between metabolic
rate and temperature over a physiologically relevant, non-stressful temperature range
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(Gillooly et al., 2001; Knies and Kingsolver, 2010). Therefore, the Arrhenius
relationship would not be appropriate for describing the temperature scaling of an
organism in hypoxia (Rubalcaba et al., 2020), without adequate food, (Nunes et al.,
2021), or where enzyme activity is not at 100% (Knies and Kingsolver, 2010).

1

2

3

Temperature

Pe
rf
o
rm

a
n
ce

FIGURE 1.3: Schematic of an idealised thermal
performance curve. 1 = the rising phase, which
can be described by an Arrhenius equation, 2
= the plateau, 3 = the drop phase, proposed to
be caused either by enzyme denaturation, or a
mismatch between aerobic supply and demand
(Pörtner et al., 2017). Adapted from Schulte

(2015).

Over a full temperature
range, the relationship between
the biological performance of ectotherms
and temperature can be described
using a thermal performance curve, with
three phases (Figure 1.3, Schulte, 2015).
During the first phase, the reactions
of metabolism are enzyme limited, and
thus are described by reaction kinetics
(equation 5.1, Gillooly et al., 2001; Clarke
and Fraser, 2004). A plateau occurs
in the second phase, when the organism
is at its optimum temperature, followed
by a steep drop traditionally attributed
to denaturation of enzymes at high
temperatures (Schulte, 2015), or more

recently to a mismatch between aerobic supply and demand (Pörtner et al., 2017).

1.2.3 Ecological correlates of metabolic rate

Body mass and temperature describe much of the variation in metabolic rate among
organisms, however, a large amount of variation in metabolic rate remains
unexplained after accounting for these factors. For example, when normalised to a
common body mass and temperature, the resting metabolic rates of teleost fishes can
vary 38-fold (Killen et al., 2016). Furthermore, the premise that ecological factors
influence the scaling of metabolic rate with body mass is fundamental to the metabolic
level boundaries hypothesis (Glazier, 2005, 2009, 2010), and runs counter to the strict
metabolic theory of ecology (West et al., 1997; Brown et al., 2004).

In fish, a number of ecological factors correlate with metabolic rate, many of which are
summarised in Table 1.1. For the purposes of this thesis, I am particularly interested in
three of these factors: taxonomic group, thermal realm and depth of occurrence. The
importance of these ecological correlates will be expanded in their respective chapters,
so here I give a brief summary of previous findings.
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TABLE 1.1: Ecological correlates of metabolic rate at a macroecological scale (i.e.
greater than community). A check mark indicates that the study investigated the eco-
logical factor and found it had a significant correlation with metabolic rate in fish. n =

number of fish species studied.

Study n Ecological correlate of metabolic rate

Taxonomic group Thermal realm Depth Activity level Habitat

Scholander et al. (1953) 11 ✓

Gordon (1972) 39 ✓ ✓

Koslow (1996) 11

Clarke and Johnston (1999) 69 ✓

Drazen and Seibel (2007) 55 ✓ ✓

Glazier (2009) 19 ✓

Killen et al. (2010) 82 ✓ ✓

White et al. (2012a) 49 ✓ ✓

Drazen et al. (2015) 61 ✓ ✓

Ikeda (2016) 90 ✓

Killen et al. (2016) 92 ✓ ✓

Uyeda et al. (2017) 82 ✓

While taxonomic group is not an ecological factor per se, metabolic rate does show
variation at different taxonomic levels (Clarke and Johnston, 1999). For example, the
mass- and temperature- normalised metabolic rate of Gadiformes (cods) was 4.8x
higher than that of Anguilliformes (eels, Clarke and Johnston, 1999). Futhermore,
when studying relationships at a macroecological scale, it is important to consider
species-relateness as a confounding factor. Phylogenetic non-independence is the
concept that related species are not truly indepedent data points, as they have a
shared evolutionary history that must be accounted for in statistical modelling
(Harvey and Pagel, 1991). Along with all enabling more robust statistical testing,
accounting for shared evolutionary history allows investigation into the evolution of
metabolic rate (Uyeda et al., 2017), and can provide insight into potential ecological
drivers, when combined with knowledge of different taxonomic groups (Chapter 4).

The thermal realm and range to which is a species or group is adapted is thought to be
a key driver of variation in the relationship between metabolic rate and temperature
(Clarke, 2004; Clarke and Fraser, 2004, Chapter 5). Groups adapted to large
temperature ranges (eurytherms) are thought to have evolved metabolic enzymes
which can function well across large temperature ranges, and therefore have a low
temperature sensitivity of metabolic rate compared to species adapted to a narrow
range of temperatures (stenotherms, Scholander et al., 1953; Wohlschlag, 1960; Clarke
and Fraser, 2004; Pörtner et al., 2005; Schulte, 2015). The effect of thermal realm on
metabolic rate is also important in testing the controversial theory of metabolic cold
adaptation. Metabolic cold adaptation proposes that cold-adapted (typically polar)
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organisms have higher metabolic rates compared to warmer-adapted organisms when
those metabolic rates are normalised to the same low temperature (Ege and Krogh,
1914; Scholander et al., 1953; Wohlschlag, 1960).

Finally, ecologists have often noted that metabolic rates of marine animals decline
with increasing depth of occurrence, independently of body mass and temperature
effects (Drazen and Seibel, 2007; Seibel and Drazen, 2007; Drazen et al., 2015; Ikeda,
2016, Chapter 6). While this depth-dependent decline in metabolic rate has been
found across marine taxa, the drivers of this pattern remain unclear (Drazen and
Seibel, 2007; Seibel and Drazen, 2007; Drazen et al., 2015; Ikeda, 2016; Gerringer et al.,
2017; Brown et al., 2018).

1.3 The importance of understanding metabolic rate in fish

At present, the understanding of variation in metabolic rate across taxa is primarily
derived from measures of standard metabolic rate (e.g. Uyeda et al., 2017). Few
studies investigate how field metabolic rates vary at a macroecological scale, and
those that do typically do not included aquatic ectotherms (Nagy, 1987; Nagy et al.,
1999), due to a lack of suitable methods (Treberg et al., 2016). Teleost fish occupy a
unique and important position within the vertebrates. In terms of species, they are the
most diverse of the vertebrate taxa, encompassing 36,128 valid species as of March
2022 (Fricke et al., 2022). Fish include the most numerous vertebrates on the planet,
the Gonostomatidae (bristlemouths, Moyle and Cech, 2004), and play important roles
in biogeochemical cycling (Saba et al., 2021, section 1.3.2). Many species of fish are of
great importance to humans, both for economic and food security reasons. As of 2018,
an estimated 59.51 million people are employed in fisheries or aquaculture (FAO,
2020), and fish remain the last animal group to be wild harvested on a global
industrial scale. Good management of fish, as both a natural resources and an
important component of ecosystems, is vital to the continued prosperity of humanity.
In this section I explain how understanding metabolic rate in fish enable us to improve
ecosystem models and evaluate the role of fish in biogeochemical cycling, and
emphasise the importance of considering field metabolic rates in these applications.

1.3.1 Ecosystem models

Ecosystem models are prominent in the field of marine ecology, as they can be used
both to set catch limits for species of commercial interest (Christensen and Walters,
2004), and predict the impacts of stressors such as climate change on marine
ecosystems (Tittensor et al., 2018). For example, the dynamic bioclimatic envelope
model predicted a reduction in the average maximum body size for fish assemblages
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between 14 and 24% from 2000 to 2050, due gill growth (and thus oxygen supply)
being unable to keep pace with the increasing metabolic demands caused by higher
temperatures (Cheung et al., 2013).

Most regional to global scale marine ecosystem models either directly incorporate
metabolic theory (e.g. the macroecological model Jennings and Collingridge, 2015) or
use metabolic theory to derive other ecological parameters (Table 1.2). For example,
the BOATS model derives the temperature dependence of growth and mortality from
metabolic theory (Carozza et al., 2019). Most marine ecosystem models use a single
body mass scaling exponent (b) based on surface area-volume relationships (Table
1.2). One exception is the general ecosystem model, which uses three values of b,
allowing for variation in b with thermoregulatory strategy and activity level (Harfoot
et al., 2014). Similarly to body mass, the effects of temperature are largely
incorporated into marine ecosystem models using a single value of E which ranges
between 0.6 and 0.7 (Table 1.2), following the universal temperature dependence
hypothesis (Gillooly et al., 2001, 2006).

In addition to parameterising body mass and temperature effects within marine
ecosystem models, metabolic rate can also be used to estimate food and oxygen
consumption rates, either by using mass and temperature scaling relationships (Rall
et al., 2012) or by enabling empirical estimations (Nagy, 1987; Nagy et al., 1999). As
metabolic rate is a measure (or proxy) of energy requirements, when combined with
the caloric density of the diet, the mass of food the animal requires can be estimated
(Nagy, 1987; Nagy et al., 1999). While food consumption rates are essential
components of the widely-used Ecopath with Ecosim models (Christensen et al.,
2005), oxygen consumption rates are also important in investigating the synergistic
effects of temperature change and oxygen depletion on species distribution (Deutsch
et al., 2015, 2020).

1.3.2 Biogeochemical cycling

Along with their interest to fisheries, fish also play an important role in
biogeochemical cycling, in particular the active transport of carbon (Davison et al.,
2013; Trueman et al., 2014; St John et al., 2016; Anderson et al., 2018; Saba et al., 2021).
The oceans are estimated to have taken up approximately 25-30% of all anthropogenic
carbon outputs, thereby preventing those carbon emissions from contributing to
atmospheric warming (Gruber et al., 2019; Watson et al., 2020). Fish and other marine
biota play a key role in transporting carbon from the surface, where it readily fluxes in
and out of the atmosphere, to the deep-sea where the it becomes effectively
sequestered (Hidaka et al., 2001; Davison et al., 2013; Anderson et al., 2018).
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Species that undertake diel vertical migrations move from depth during the day to
near-surface water at night, to feed under the cover of darkness (Gjøsæter and
Kawaguchi, 1980). Before daybreak these fish return to the deeper waters (Gjøsæter
and Kawaguchi, 1980), carrying with them carbon originating from the surface. The
fish then release this carbon through respiration, excretion and mortality (Hidaka
et al., 2001; Davison et al., 2013; Anderson et al., 2018). If carbon is released below the
thermocline (typically 200 - 1000 m) the released carbon is effectively sequestered
(Saba et al., 2021). Non-migratory fish also play a crucial role in carbon flux, as their
fast-sinking faecal pellets and carcasses transport carbon to the deep ocean (Davison
et al., 2013; Bianchi et al., 2021; Saba et al., 2021).

Combined with estimates of biomass, metabolic rate can be used to estimate species’
contribution to fish-mediated carbon flux (Belcher et al., 2019, 2020; Saba et al., 2021).
These estimates are crucial to ensuring sustainable fisheries as when fish are captured,
either for consumption by humans or for aquaculture for feedstock (St John et al.,
2016), their biomass carbon is released back into the atmosphere (Bianchi et al., 2021).
Understanding the role fish play in biogeochemical cycling is a key part of considering
sustainable fisheries, beyond simply ensuring self-sustaining biomass.

1.3.3 Field metabolic rates

Current macroecological models of metabolic rate have enabled ecosystem models to
have excellent first insights into the roles of fish in biochemical cycling (Anderson
et al., 2018; Belcher et al., 2019), and the potential impacts of anthropogenic stressors
such as climate change on fish and their wider ecosystems (Tittensor et al., 2018).
However, understanding macroecological patterns of field metabolic rates in fishes
would enable new insights on metabolic theories, and potentially enable more
appropriate parameterisation of marine ecosystem models (Treberg et al., 2016).

For models considering consumption rates, FMR is important as a wild fish must
consume enough nutrients and oxygen to sustain all of its metabolic activities, not just
basal costs (Treberg et al., 2016). Understanding and incorporating the costs of key life
history events, such as spawning and migration (Smoliński et al., 2021), is crucial to
estimating the biomass required to support a fish population. There have been several
attempts to overcome the limitations of SMR-derived food-consumption estimates,
including using energy budgets (Drazen, 2002), adding activity multipliers to SMR,
and estimating FMR using morphometric measures (Palomares and Pauly, 1989;
Sambilay Jr., 1990). Despite these advances and recommendations, the majority of
ecosystem-based models use measures based on laboratory studies, which may not
reflect field conditions (Hansen et al., 1993; Treberg et al., 2016).
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For models which consider the scaling of metabolic rate with body mass and
temperature, if these scaling relationships are different in the field, they may be over-
or underestimating the effects of body mass and temperature on the metabolic rates of
wild fishes. Understanding the macroecological patterns of fish metabolic rates in the
field will enable better understanding of FMR across a wider range of vertebrates, and
more appropriate parameterisation of ecosystem models.

1.4 Methodology

To improve ecosystem and biogeochemical models, and to predict the impact of
climate change on fish, it is crucial to explore the applicability of macroecological
patterns in wild, free-living individuals. The typical method for measuring metabolic
rates in the field (FMR) is the doubly-labelled water method (Lifson et al., 1955).
Unfortunately, this method cannot be applied to fish due to their high water-turnover
rate (Butler et al., 2004; Treberg et al., 2016). The lack of a suitable method has led to a
paucity of research investigating FMR in fishes, particularly at a macroecological scale.

Given FMR must be measured on a free-living animal (Treberg et al., 2016),
respirometry cannot be used for this type of metabolic rate. Instead, proxy methods
must be used, although it should be noted that oxygen consumption itself is a
proxy-measure of metabolic rate (Nelson, 2016; Treberg et al., 2016). In this thesis I
used the otolith-stable isotope (Cresp) method (Chapter 2, section 2.4), however, for
completeness I also describe other methods of measuring fish FMR below.

1.4.1 Otolith-stable isotope (Cresp) method

The Cresp method estimates the proportion of metabolic carbon in a fish’s blood by
analysing the stable isotopic composition of the otolith carbon (δ13C values, Chung
et al., 2019a,b; Trueman et al., 2016). Otoliths are paired calcium carbonate (aragonite)
structures that grow in the inner ear of fishes, and are used by the fish for hearing and
balance (Campana, 1999). Carbonate in the otolith forms from carbonate in the
endolymph, the fluid surrounding the otolith, which itself comes from the fish’s
blood. Blood carbonate in fishes originates from two isotopically-distinct sources:
dissolved inorganic carbon (DIC) in the ambient water, which is ingested through the
gills and gut, and metabolic carbon from the respiration of food (Schwarcz et al., 1998;
Tohse and Mugiya, 2008; Trueman et al., 2016; Chung et al., 2019a,b). Metabolic carbon
typically has lower δ13C values than DIC, therefore if a fish is operating at a higher
metabolic rate, more metabolic carbon will be produced, shifting the δ13C value of the
otolith to a lower value, closer to that of the metabolic carbon (Trueman et al., 2016;
Chung et al., 2019a,b). This phenomenon had previously been explored by regressing
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published δ13C values from otoliths against caudal aspect ratio (a morphometric proxy
for activity level, Sherwood and Rose, 2003). Across a wide range of species, δ13C
values of otoliths had a negative correlation with the caudal aspect ratio, suggesting
that activity, and therefore FMR, was linked to δ13C values of otoliths (Sherwood and
Rose, 2003).

The approach of using δ13C values of otoliths was refined by estimating proportion of
metabolic carbon in the fish’s blood, termed the Cresp value, can be estimated via a
mass-balance equation (Chapter 2):

δ13Coto = Cresp × δ13Cdiet + (1 − Cresp)× δ13CDIC + ϵtotal (1.4)

where δ13Coto is the δ13C value of the otolith, δ13Cdiet is the δ13C value of the fish’s diet,
δ13CDIC is the δ13C value of the DIC within the ambient water, and ϵtotal is the net
isotopic fractionation (the change in δ13C value from the fish’s blood, to endolymph,
to aragonite in the otolith, Trueman et al., 2016; Chung et al., 2019a,b). Cresp values
have been positively correlated with oxygen consumption in Atlantic cod (Gadus
morhua, Chung et al., 2019b) and Australasian snapper (Chrysophrys auratus, Martino
et al., 2020).

It is important to note, however, that to calibrate Cresp values (or any other proxy
measure) to metabolic rate in the strict sense, direct calorimetry should be used, as
oxygen consumption itself is a proxy for metabolic rate (Treberg et al., 2016).
Furthermore, the relationship between oxygen consumption and strict metabolic rate
varies depending upon the fuel oxidised during respiration (Frayn, 1983). While direct
calorimetry is possible for small (< 1 g) aquatic animals (van Ginneken and van den
Thillart, 2009), it is difficult due to the high heat capacity of water (Chabot et al., 2016;
Treberg et al., 2016).

Studies using δ13Coto and Cresp values to investigate metabolic rate have primarily
focused on single-species studies, with some studies of small communities of fishes.
Many studies have investigated life-history profiles of FMR alongside intristic or
extrinsic factors (Schwarcz et al., 1998; Gerdeaux and Dufour, 2015; Lin et al., 2012;
Trueman et al., 2013; Shephard et al., 2007; Shiao et al., 2017). Temperature is one
extrinsic factor which consistently arises as affecting δ13Coto values, often correlating
with other factors such as depth (Lin et al., 2012; Shiao et al., 2017; Shephard et al.,
2007; Trueman et al., 2013), latitude (Sinnatamby et al., 2015) and season (Wurster
et al., 2005).

The Cresp method has been applied to G. morhua multiple times, due to its
socio-economic importance, large otoliths and available calibration curve (Chung
et al., 2019a). Results have shown differences between G. morhua ecotypes in terms of
Cresp values and thermal sensitivity. For example, G. morhua from the Barents Sea had
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higher mean Cresp values compared to G. morhua inhabiting Icelandic shelf seas (Cresp

values of 0.295 and 0.275 respectively, which was attributed to the energetic costs of
annual spawning migrations undertaken by the Barents Sea population (Smoliński
et al., 2021). The ability to derive Cresp values from archival otoliths enables long-term
studies, and circumvents many of the ethical and husbandry considerations which are
present when capturing and experimenting on live fish (Sloman et al., 2019). The
ability to derive Cresp values from samples of non-living animals, requiring no special
storage conditions, enables efficient study of a large number and variety of species.
Unlike tagging approaches, there is no requirement to recapture a free-ranging fish
(Treberg et al., 2016), something which is particularly challenging for wide-ranging
pelagic species (Watanabe and Goldbogen, 2021). The Cresp method also enables
estimates of FMR to be obtained for species which are otherwise hard to reach, such as
those in the deep-sea, or those which do not survive will in captivity, such as
lanternfish (family: Myctophidae, Belcher et al., 2019; Torres and Somero, 1988,
Chapter 3). Another advantage of the Cresp method is the ability to derive temperature
from the same sample as is used for Cresp values (Chapter 2, section 2.5). Oxygen
stable isotope (δ18O) values from otoliths are widely used to estimate the experienced
temperature of ectothermic fishes (Thorrold et al., 1997; Høie et al., 2004), or the brain
temperature of mesothermic fishes (Radtke et al., 1987).

While the Cresp method is useful in estimating fish FMR, it is not without limitations.
Firstly, while Cresp values have been calibrated to oxygen consumption for juveniles of
two species (G. morhua and C. auratus), these two species are relatively similar in that
they are both relatively large, benthopelagic species (Chung et al., 2019a; Martino
et al., 2020). The calibration relationship between Cresp values and oxygen
consumption determined from these two species may not be the most appropriate
across the diversity of fishes (Treberg et al., 2016). One aim of this thesis is to gain an
understanding of the differences in Cresp values across a wide range of fishes, which
may go some way to exploring how Cresp values relate to oxygen consumption.
Secondly, Cresp values can only be estimated with some degree of accuracy when the
δ13C values of the DIC in the ambient water (δ13CDIC) and of the diet (δ13Cdiet) are
known or can be estimated. For marine fishes, δ13CDIC values can be estimated using
isoscapes (Tagliabue and Bopp, 2008), or via measures of apparent oxygen use
(Smoliński et al., 2021, section 2.4.1). Conversely, the greater variability of δ13CDIC

values in areas of high freshwater input (Bade et al., 2004), largely restricts the use of
the Cresp method to fully marine species, unless δ13CDIC values are measured from
ambient water (Chung et al., 2019a). Finally, the Cresp method is only applicable to
teleost fish; although there is some work determining the applicability of the Cresp

method to other taxa (e.g. cephalopods, Chung et al., 2021a), this method excludes a
large amount of vertebrate and invertebrate diversity. Although not an issue when
focusing on teleost fishes, the need for biogeneic carbonates precludes the Cresp

method from broader use in macroecological studies.
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Although this thesis focuses on using the Cresp method of determining FMR, for
completeness I also describe three additional proxy measures of FMR in fish: (1)
electron transport system activity, (2) heart and ventilation rate, and (3) accelerometry.

1.4.2 Electron transport system activity (ETS)

Electron transport system activity (ETS) measures the respiratory potential of a tissue
via specific enzyme activities (Belcher et al., 2020; Treberg et al., 2016; Cammen et al.,
1990; Ikeda, 1989). These enzymes can be involved in aerobic respiration, such as
citrate synthase, or anaerobic respiration, such as lactate dehydrogenase (Drazen et al.,
2015; Gerringer et al., 2017). Similarly to the Cresp method, ETS is advantageous in that
it does not require the capture and maintenance of a live individual (as with
respirometry), or the recapture of a free-living individual (as with tagging). That being
said, ETS is slightly more logistically challenging than the Cresp method, as it requires
tissue from a recently deceased individual, or tissue which has been stored at -80°C
(Drazen et al., 2015).

Like the Cresp method, ETS is a proxy of oxygen consumption, and is converted into
whole-organism oxygen consumption (µl O2 hr−1) using a ratio (R:ETS Belcher et al.,
2020), which ranges from 0.98 to 2.25 in fishes (Ikeda, 1989). However, the
relationships between oxygen consumption and aerobic enzyme activities, such as
citrate synthase and cytochrome C oxidase, are inconsistent in fishes (Treberg et al.,
2016). A key difference between the ETS and Cresp methods is the amount of time
incorporated within a sample. Whereas Cresp values can incorporate time over the life
history of a fish, or a specific time period of months to years (Appendix E, Trueman
et al., 2016; Chung et al., 2019a,b), ETS measures metabolic rate across the hours before
the fish was captured (Gómez et al., 1996; Hernández-León et al., 2019).

There remains some uncertainty as to what kind of metabolic rate ETS acts as a proxy
for (section 1.1, as this often goes unspecified. Given that ETS measures the maximum
respiratory potential of a tissue, which is variable over short timescales Ikeda, 1989;
Cammen et al., 1990, it is likely that ETS approximates a measure between field and
maximum metabolic rate.

1.4.3 Heart and ventilation rates

The use of heart rate as a proxy for oxygen consumption is based on Fick’s principle of
cardiac output:

VO2 = fHVS(CaO2 − CvO2) (1.5)
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where VO2 is oxygen consumption, fH is the heart rate, VS is the stroke volume, and
CaO2 and CvO2 are the oxygen contents of arterial and venous blood, respectively
(Fick, 1870). From this principle, assuming the stroke volume and difference in oxygen
content between arterial and venous blood remain the same, an increase in heart rate
will confer an increase in oxygen consumption (Watanabe and Goldbogen, 2021).

Heart rate measures can be a useful proxy for FMR, as it incorporates both the cost of
movement and specific dynamic action (Treberg et al., 2016; Watanabe and
Goldbogen, 2021). On larger fish (> 1kg body mass), biologgers can be implanted
which can record heart rate over a long period (Butler et al., 2004; Metcalfe et al.,
2016). Unfortunately, as with any technique involving tagging or surgical
implantation, the size of the biologger prevents the use of this method on smaller fish
(Treberg et al., 2016). The size restriction limits the usefulness of this method when
wanting to capture a broad range of fish body masses, such as in ontogenetic or
macroecological studies.

Similar to heart rate, ventilation rate has also been used as a proxy for oxygen
consumption (Castejón-Silvo et al., 2021). Ventilation can be useful for smaller fish, as
it is measured by observation rather than burdening the animal with a tag or
biologger. However, measuring via visual observation opens the method to observer
error, and increases the logistical difficulties of such studies, particularly in the field
where the presence of a diver observing the animal is likely to cause stress. Factors
such as stress can violate the two assumptions inherent in Fick’s principle: that the
oxygen differential and stroke (or ventilation) volume remain the same (Watanabe and
Goldbogen, 2021). Additionally, correlations between oxygen consumption and heart
or ventilation rates are species-specific; more so than for Cresp values or ETS activities
(Butler et al., 2004; Metcalfe et al., 2016; Castejón-Silvo et al., 2021). A final logistical
consideration is the expense of retrieving the biologgers, and the cost of lost
biologgers (Treberg et al., 2016). The variation in correlation between oxygen
consumption and ventilation or heart rates, combined with the logistical difficulties,
makes these methods more suitable for intraspecific studies of field metabolic rates.

1.4.4 Accelerometry

A final approach to estimating FMR in fishes is the use of accelerometry tags, which
measure the locomotory component of metabolism (Metcalfe et al., 2016; Treberg et al.,
2016). The key advantage of accelerometry tags is that they can be combined with
other types of data-storage tags, enabling FMR estimates to be compared with
fine-scale environmental and behavioural data (Metcalfe et al., 2016; Treberg et al.,
2016). Accelerometry has been applied to estimating the FMRs of marine animals
including sawfish (Pristis pristis, Lear et al., 2020) and yellowtail kingfish (Seriola
lalandi, Brodie et al., 2016). In the latter study, the ability to incorporate the locomotory
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aspect of metabolic rate significantly improved estimates of consumption rates for S.
lalandi, a commercially important carnivorous species (Brodie et al., 2016).

The key drawback of accelerometry is the same as for other tagging or biologging
approaches: the need for a tag limits this method to relatively large species and
individuals (Bridger and Booth, 2003; Cooke et al., 2004; Metcalfe et al., 2016; Treberg
et al., 2016). Furthermore, given that accelerometry measures only the locomotory
component of metabolism, this method is less suitable for sedentary species
(Watanabe and Goldbogen, 2021). Even when applied to active species, the
relationship between the accelerometry and oxygen consumption may be altered if the
animal is employing energy-saving techniques such as gliding, or adjusting their
buoyancy (Watanabe and Goldbogen, 2021). The use of tailbeat frequency
measurements can help to determine whether the movement recorded is active or
passive, but requires further machinery and a further burden to the animal (Watanabe
and Goldbogen, 2021). Finally, as with all proxy measures, this method requires
calibration to oxygen consumption or direct energy expenditure, something which is
likely to vary among and within species (Treberg et al., 2016).
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1.5 Thesis aim, objectives and structure

1.5.1 Thesis aim and objectives

While laboratory and assay-based methods have allowed ecologists to determine
macroecological patterns of metabolic rate in fishes, questions remain as to whether
these patterns apply in the context of free-living wild fish. Thus, the core aim of my
thesis is to test whether key macroecological theories apply to otolith-derived
estimates of field metabolic rates, which I will achieve via the following objectives:

1. To create a large interspecific dataset of Cresp values, covering as broad a range as
possible of taxonomic and function groups of marine teleost fishes.

2. To complete a case-study investigating the driving factors influencing field
metabolic rates within a biogeochemically important group of marine teleosts.

3. To determine the interspecific scaling patterns of Cresp values within marine
teleost fishes, and to examine the influence of shared evolutionary history on
field metabolic rates.

4. To determine what effect thermal realm and range has on species’ Cresp values,
after accounting for differences in body mass and experienced temperatures.

5. To explore whether deep-sea fish species have lower field metabolic rates
compared to shallower-living fishes.

1.5.2 Thesis structure

My thesis tests whether key macroecolgical patterns of metabolic rates apply when
using otolith-derived field metabolic rates. Each chapter draws upon a large
interspecific dataset of Cresp values and estimates of experienced temperatures, the
creation of which is detailed in Chapter 2. Chapter 3 focuses on a region- and
taxon-specific case-study, while chapters 4 - 6 each explore a different macroecological
patterns of field metabolic rate. Finally, Chapter 7 synthesises information across the
thesis, drawing conclusions about field metabolic rate, the use of the Cresp method,
and its application to macroecological questions.
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• Chapter 2: Methods

– Details the creation of the main dataset. This chapter covers:

* the otolith acquisition process

* the stable isotope analysis of the otolith samples

* the statistical processes used to estimate Cresp values and experienced
temperatures

* the compilation of the species’ ecological dataset

* the phylogeny inference

– This chapter also provides a summary of the dataset coverage across
taxonomic and functional groups.

• Chapter 3: Otolith-derived field metabolic rates of myctophids from the Scotia
Sea

– Explores the scaling of Cresp values with body mass and temperature within
a biogeochemically important group of fishes: the myctophids (lanternfish)
from the Scotia Sea in the Southern Ocean.

– This chapter has been published in the Marine Ecology Progress Series
(Alewijnse et al., 2021).

• Chapter 4: Body mass and temperature scaling of Cresp values

– Determines where Cresp-derived field oxygen consumption estimates fall
between species’ standard and maximum oxygen consumption rates.

– Determines the best-fit scaling exponents of estimated field oxygen
consumption with body mass and temperature.

– Examines the effect of shared evolutionary history on field metabolic rates.

• Chapter 5: Do cold fish run hot? The effect of species thermal realm on
otolith-derived field metabolic rates

– Test the hypothesis of “metabolic cold adaptation” by determining whether
Cresp values differ due to species thermal realm, after accounting for
differences in body mass and temperature.

– Test whether species thermal adaptation range affects the scaling of Cresp

values with temperature.

• Chapter 6: Depth

– Determine whether Cresp values decrease with depth in marine teleosts,
after accounting for differences in body mass, temperature and habitat.
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Chapter 2

Methods

2.1 Introduction

The analyses in Chapters 4, 5 and 6 required a large dataset of Cresp values and
experienced temperatures, from a broad range of species. Therefore, I compiled data
on δ13C and δ18O values from otoliths - both my own original data and data from the
literature - which I converted into Cresp values and experienced temperatures.

This chapter details the creation of the main dataset, how I assigned traits to species
and individuals, and how I quality checked the dataset. To my knowledge, the main
dataset is the largest and most comprehensive interspecific compilation of otolith
stable isotope data currently available. The main dataset is comprised of data from
otoliths sampled by myself, other members of the Southampton University Marine
Isotope Ecology Laboratory (SUMIE) and data from the literature (section 2.2.2). I
used the main dataset as the basis for analyses in all subsequent chapters, with the
data subsetted according to specific questions or analyses; this is described in detail in
each chapter.
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2.2 Otolith acquisition

FIGURE 2.1: A sagittal otolith from a Pollachius
pollachius (pollock) from the collections at the
Natural History Museum, London. The label
for this individual did not include body size,
catch location or year of capture, and so was ex-

cluded from my analyses.

I identified target taxa based on
the availability of otoliths for destructive
sampling, and attempted to obtain
as broad a representation as possible
across taxonomic and functional groups
(section 2.7), within the constraints of the
inclusion criteria (Figures 2.1 and 2.2).

2.2.1 Inclusion criteria

As body mass is a key driver of
metabolic rate (West et al., 1997; Brown
et al., 2004), a measure of body size was
required for all analyses. Wet weight
(g) was preferable, however, where
this was not available I estimated weight
from body length using the equation:

W = aLb (2.1)

where W is wet weight (g) and L is a
measure of body length (usually but not
always total length in cm, section 2.6).
a and b are species-specific parameters
describing the relationship between
length and body mass. I preferentially

sought species-specific values for a and b where possible, however, where these were
not available I used closely related species parameters, or parameters for the genus of
the species in question. Appendix B gives a full list of length-weight parameters used,
and their sources.

An approximate catch location was required to estimate δ13C values of dissolved
inorganic carbon in the seawater (DIC, section 2.4.1). δ13CDIC varies spatially in the
oceans, due to the fractionation which occurs during photosynthesis and air-sea gas
exchange (Gruber et al., 1999). However, δ13CDIC is less variable and more predictable
in marine compared to fresh waters (δ13CDIC maximum range 0 to 2.9 h in marine vs.
-31.3 to -2.1 h in lakes; Bade et al., 2004; Tagliabue and Bopp, 2008), which is why this
this thesis focused on marine teleosts. The relatively low variability of marine δ13CDIC
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also meant that precise catch location was not necessary; within one degree of latitude
and longitude was acceptable precision. Where only landing port was available, I set
the catch location offshore of the port using Google Maps (Google, 2021).

FIGURE 2.2: Sagittal otoliths from an individual Trachyrincus scabrus (roughsnout
grenadier) from the collections at the Natural History Museum, London. This pho-
tograph illustrates the ideal accompanying label, which includes species, body mass

and station number (from which catch location and year can be obtained).

Year of capture was necessary to adjust for the Suess effect, which is the decrease in
δ13CDIC over time since the industrial revolution (∼1860) due to anthropogenic carbon
emissions, which have relatively low δ13C values (Gruber et al., 1999; Tagliabue and
Bopp, 2008). The extent to which the Suess effect is present at a particular location
depends upon the exchange of carbon between the ocean and the atmosphere (Gruber
et al., 1999; Tagliabue and Bopp, 2008; Eide et al., 2017). In general, the oceanic Suess
effect is strongest in areas of high atmospheric exchange, such as subtropical gyres,
whereas the Suess effect is weakest at areas of upwelling, such as the Benguela and
Peru upwelling regions (Tagliabue and Bopp, 2008; Eide et al., 2017). Furthermore, the
magnitude of the Suess effect has changed over time as anthropogenic carbon
emissions have increased (Tagliabue and Bopp, 2008; Schöne et al., 2011). For fish
captured between 1939 and 1970, I used a rate of -0.07h decade−1. Post-1970, I set the
Suess effect correction according to location; this ranged between -0.22 and -0.08 h

decade−1 (section 2.4.1).
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2.2.2 Contributing otolith collections

The majority of the samples in this dataset were from the otolith collection at the
Southampton University Marine Isotope Ecology Laboratory (SUMIE) and the
Discovery Collections at the Natural History Museum London (NHM, Table 2.1). The
Discovery Collection otoliths were un-catalogued specimens (though a catalogue was
created as part of this project) and as such do not yet have accession numbers. The
SUMIE dataset also includes data from the Coldfish project (NERC, 2021), and data
analysed by SUMIE alumnus Dr Ming-Tsung Chung as part of his PhD research
(Chung, 2015). The resulting otolith collection totalled 88 species. Table 2.1
summarises the collections which contributed to the otolith stable isotope dataset, and
the gaps they fill.
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TABLE 2.1: Summary of contributing collections to the otolith isotope dataset, including the major gaps filled by each collection in terms of
temperature, size and habitat. SUMIE = Southampton University Marine Isotope Ecology, NHM = Natural History Museum London, BAS =
British Antarctic Survey, IFREMER = Institut Français de Recherche pour l’Exploitation de la Mer, NSYSY = 國立中山大學 (National Sun Yat-sen
University) , MFRI = Marine and Freshwater Institute Iceland, IMEDEA = Institut Mediterrani d’Estudis Avançats, USF = University of South

Florida.

Institution Location(s) Gaps filled Number
Species Otoliths

North-East Atlantic Deep-sea 27
Croatia, Mediterranean Sea Medium-sized, pelagic 2SUMIE
Barents Sea Polar species 6

588

NHM Global Deep-sea, benthopelagic 16 130

United Kingdom, North-East Atlantic
Temperate, benthic and benthopelagic,
shelf-sea

9 44

Cefas
Tristan da Cunha, South-Central Atlantic

Small-to-medium sized, temperate,
benthopelagic

3 30

BAS Scotia Sea, Southern Ocean
Small-to-medium sized, polar,
pelagic

7 110

Ascension Islands
Government

Ascension Island, Central Atlantic Tropical and subtropical, pelagic 6 54

Tel-Aviv University Israel, Mediterranean
Small-to-medium sized, subtropical,
benthopelagic

5 25

IFREMER Gulf of Lions, Mediterranean Small, subtropical, pelagic 2 10

NSYSU Taiwan, Central-West Pacific
Small-to-medium sized, tropical,
benthopelagic

2 10

MFRI Iceland, North-Central Atlantic
Lumpfish (Cyclopterus lumpus) -
a large, benthopelagic, temperate species

1 5
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IMEDEA Mallorca, Mediterranean
Dolphinfish (Coryphanea hippurus) -
a large, pelagic, subtropical species

1 5

USF Florida, Gulf of Mexico
Red grouper (Epinephelus morio) -
a large, benthopelagic, subtropical species

1 5
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2.2.3 Literature otolith isotope data

Using data from the literature to fill gaps in my dataset was essential, particularly due
to Covid-19 restrictions. Previous studies have largely examined otolith stable
isotopes to explore the location of fishes throughout their life histories, for example by
using δ13C and δ18O as proxies for temperature (e.g. Shiao et al., 2017; Kawazu et al.,
2020). I used the data of SUMIE alumna Diana Shores (unpublished thesis) as a
starting point, cross-referencing the data from the papers cited and excluding
unusable data (see below).

I used Google Scholar and Web of Knowledge to search for otolith isotope data, using
the search term "otolith" AND "stable isotope". As of March 2021, the search
term yields 5120 results on Google Scholar and 347 results on Web of Knowledge. I
also kept search alerts for both of these databases to ensure my dataset was up to date.
From the search results, papers were filtered by the following criteria:

1. The paper must concern marine teleosts, or contain measured δ13CDIC values of
the ambient water for non-marine teleosts. The teleosts must also have been
free-living in the wild.

2. The paper must give some measure of body size, either wet weight (g) or length
(cm or mm).

3. The paper must give at least δ13C of the otolith, ideally also δ18O, in either a table
or graph.

• Where data was present in graphs, but not in the paper, I used the R
package digitize to extract the data (Poisot et al., 2011).

4. The paper must give a catch location within at least one degree of latitude and
longitude, or a landing port.

5. The paper must sample either the outer surface or the whole otolith. I excluded
papers sampling only the otolith core (i.e. the larval stage).

After filtering the results, the literature yielded 352 data points, representing 35
species across 28 papers (Table 2.2). Sometimes δ13C, δ18O or metadata were only
available as mean values; this was the case for 230 of the recovered data points. To
account for this, in all models using literature data (Chapters 4, 5 & 6) the number of
of individuals per data point (n) was incorporated as a random factor in the models.
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TABLE 2.2: All species present within the final dataset. n = number of individuals per species. Literature sources are provided where applicable.

Order Family Species n Literature source (if applicable)

Acanthuriformes Acanthuridae Acanthurus triostegus 4 Dufour et al. (1998)

Chaetodon ulietensis 4 Dufour et al. (1998)

Alepocephaliformes Alepocephalidae Alepocephalus agassizii 6

Alepocephalus bairdii 3

Rouleina attrita 7

Xenodermichthys copei 5

Anguilliformes Congridae Conger conger 4 Correia et al. (2011)

Synaphobranchidae Synaphobranchus kaupii 5

Argentiniformes Argentinidae Argentina silus 4

Ateleopodiformes Ateleopodidae Ateleopus japonicus 6 Shiao et al. (2017)

Ijimaia dofleini 2 Shiao et al. (2017)

Aulopiformes Bathysauridae Bathysaurus ferox 7

Ipnopidae Bathypterois dubius 5

Synodontidae Saurida lessepsianus 5

Saurida undosquamis 5

Beloniformes Exocoetidae Exocoetus volitans 10

Beryciformes Berycidae Beryx splendens 10
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Trachichthyidae Hoplostethus atlanticus 6

Hoplostethus mediterraneus mediterraneus 10

Carangiformes Carangidae Seriola dumerili 7

Trachurus trachurus 5

Coryphaenidae Coryphaena hippurus 5

Clupeiformes Clupeidae Sprattus sprattus 5

Engraulidae Engraulis encrasicolus 5

Gadiformes Gadidae Boreogadus saida 59

Gadus morhua 97
Gao et al. (2001) (n = 10)

Weidman and Millner (2000) (n = 10)

Melanogrammus aeglefinus 62

Merlangius merlangus 5

Micromesistius poutassou 28

Pollachius virens 5

Lotidae Molva dypterygia 14

Macrouridae Bathygadus nipponicus 8 Lin et al. (2012)

Cetonurus globiceps 10

Coelorinchus caelorhincus 18

Coelorinchus fasciatus 10
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Coryphaenoides acrolepis 8 Lin et al. (2012)

Coryphaenoides armatus 10

Coryphaenoides guentheri 5

Coryphaenoides marginatus 8 Lin et al. (2012)

Coryphaenoides mediterraneus 12

Coryphaenoides paramarshalli 5

Coryphaenoides profundicolus 10

Coryphaenoides rupestris 11

Hymenocephalus lethonemus 4 Lin et al. (2012)

Malacocephalus laevis 7

Nezumia aequalis 5

Nezumia duodecim 10

Squalogadus modificatus 10

Trachyrincus murrayi 9

Trachyrincus scabrus 10

Merlucciidae Merluccius merluccius 22 Hidalgo et al. (2008) (n = 12)

Moridae Antimora rostrata 16

Lepidion eques 19

Mora moro 14
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Phycidae Phycis blennoides 15

Gobiiformes Gobiidae Gobius bucchichi 2 Mirasole et al. (2017)

Holocentriformes Holocentriae Holocentrus adscensionis 9

Incertae sedis in Eupercaria Emmelichthyidae Plagiogeneion rubiginosum 5 Horn et al. (2012)

Lutjanidae Lutjanus fulviflamma 4 Kimirei et al. (2013)

Lutjanus sebae 20 Stephenson et al. (2001)

Pristipomoides filamentosus 1 Radtke et al. (1987)

Pristipomoides multidens 15 Newman et al. (2000)

Istiophoriformes Istiophoridae Kajikia albida 2 Wells et al. (2010)

Makaira nigricans 3 Wells et al. (2010)

Labriformes Labridae Coris julis 2 Mirasole et al. (2017)

Myctophiformes Myctophidae Electrona antarctica 19

Electrona carlsbergi 10

Gymnoscopelus braueri 20

Gymnoscopelus nicholsi 12

Krefftichthys anderssoni 20

Protomyctophum bolini 20

Neoscopelidae Neoscopelus microchir 10

Notacanthiformes Halosauridae Halosauropsis macrochir 5
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Ophidiiformes Bythitidae Cataetyx laticeps 8

Pempheriformes Acropomatidae Doederleinia berycoides 5

Epigonidae Epigonus telescopus 10

Perciformes Channichthyidae Champsocephalus gunnari 9

Cottidae Artediellus atlanticus 22

Triglops nybelini 20

Cyclopteridae Cyclopterus lumpus 5

Nototheniidae Dissostichus eleginoides 43 Ashford and Jones (2007)

Sebastidae Helicolenus dactylopterus 8

Helicolenus mouchezi 10

Sebastes mentella 44

Epinephelus adscensionis 10

Epinephelus morio 5

Epinephelus multinotatus 14 Stephenson et al. (2001)

Hyporthodus nigritus 4 Sanchez et al. (2020)

Zoarcidae Lycodes gracilis 13

Pleuronectiformes Pleuronectidae Glyptocephalus cynoglossus 5

Hippoglossoides platessoides 22

Limanda limanda 4
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Microstomus kitt 5

Scophthalmidae Lepidorhombus whiffiagonis 5

Scophthalmus maximus 5

Soleidae Solea solea 5

Salmoniformes Salmonidae Salmo salar 7 Hanson et al. (2013)

Scombriformes Arripidae Arripis georgianus 5 Ayvazian et al. (2004)

Scombridae Acanthocybium solandri 9

Scomber colias 11 Correia et al. (2021) (n = 6)

Scomber scombrus 32 Moura et al. (2020) (n = 6)

Thunnus albacares 9

Thunnus maccoyii 11 Shiao et al. (2009)

Thunnus orientalis 69 Kawazu et al. (2020)

Trichiuridae Aphanopus carbo 8

Spariformes Lethrinidae Lethrinus harak 3 Kimirei et al. (2013)

Lethrinus lentjan 4 Kimirei et al. (2013)

Sparidae Chrysophrys auratus 6 Bastow et al. (2002)

Diplodus vulgaris 2 Mirasole et al. (2017)

Oblada melanura 10

Pagellus erythrinus 5



36
C

hapter
2.

M
ethods

Pagrus caeruleostictus 5

Syngnathiformes Mullidae Mullus barbatus barbatus 5

Upeneus moluccensis 5

Total 114 1327
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2.3 Stable isotope analysis

2.3.1 Otolith preparation

I cleaned all otoliths before milling by soaking them in tap water for approximately
one minute, and then using a mounted needle and forceps to carefully remove any
debris stuck to the surface. Once the otolith was cleaned I blotted it on blue roll or
Kimwipe and left it to air dry completely.

In all cases I aimed to obtain powder from the outermost portion of the otolith, where
possible. The outermost portion represents the most recent life history of the fish
(Campana, 1999), so it is the point for which we have the most accurate catch location
and body size data.

FIGURE 2.3: The setup for milling otoliths us-
ing a Dremel 4000 rotary tool with a flexi-
ble shaft extension, including weighing paper
used to store otolith powder. Also shown is a
Wild Heerbrugg M3C stereomicroscope and re-
flected light, used to aid milling of the smallest

otoliths.

I affixed large
otoliths to a glass slide using Blu Tack
and used a Dremel 4000 rotary tool with
a flexible shaft extension, tipped with an
0.8mm or 1.6mm engraver, depending
on the otolith size (Dremel bits 108
and 106, respectively). I used the lowest
drill speed possible to carefully mill
the outer edge, as far away from the core
as possible. For small otoliths, I used a
Wild Heerbrugg M3C stereomicroscope
to assist milling (Figure
2.3). Where growth rings were visible,
I milled the portion of the other surface
where the bands were widest, to ensure
that the amount of time incorporated
in the powdered sample was
minimal. Whether the proximal or distal
surface was sampled depended upon the
shape of the otolith, which itself varied
among the species sampled. For more
fragile otoliths it was often necessary
to position them curved-side down on a
mound of Blu Tack, strengthening them
similar to a veneer. I aimed to mill the
minimum amount necessary to gather
enough otolith powder for stable isotope analyses. From the otoliths sectioned, the
amount of fish life history incorporated into each sample ranged from 0.5 to 6.0 years,
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with a mean as 2.3 years (Appendix E). I tipped the resulting powder into a weighing
paper packet and stored this upright until weighing. Although 50 µg was the amount
required for each sample, in practice I took more than this to account for powder lost
between transfer from the paper packet and vials, in the weighing process and for
powder lost in transport, particularly for samples analysed at NEIF. Between each
otolith, I cleaned the drill bit and glass slide using compressed air and Kimwipes.

FIGURE 2.4: The three methods used for mounting otoliths for milling. Top left is a
Pollachius virens (saithe) otolith mounted onto a glass slide with Blu Tack. Top right is
an Epinephelus adscensionis (rock hind grouper) otolith mounted onto a resin backing
plate and affixed with resin. Bottom is a Halosauropsis macrochir (abyssal halosaur)

otolith mounted onto a glass slide using Loctite superglue.

I prepared small or very fragile otoliths in one of three ways (Figure 2.4): I mounted
most of these otoliths using Streurs EpoFix resin, and milled the outer portion using an
ESI New Wave Micromill (Figure 2.5). As with the Dremel, I milled as far away from
the core as possible and preferentially where growth bands were thickest (if visible). I
plotted the milling points as discrete spots, and then took a surface profile of the
otolith. The milling bits used were all flat edged and had cut widths of 900-1000 µm. I
set the drill speed to 5250 rpm (15% of maximum) and the depth per pass to 200 µm.
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FIGURE 2.5: Top left shows the otolith milling setup, using an ESI New Wave Mi-
cromill. Top right shows how mounted otoliths were affixed to the Micromill stage,
using masking tape. The drill bit mounted is flat edged with a cut width of 900 µm.

I collected otolith powder using two scalpel blades and tapped this into weigh-paper
packets for long-term storage. As with the Dremel, I cleaned the drill bit and plate
with compressed air and Kimwipe between each otolith. Despite using discrete points
to mill each otolith the Micromill experienced some drift, which resulted in some
otoliths being milled closer to the centre of their lateral surface (between the outer
edge and the core), rather than the outer surface (Figure 2.6).

FIGURE 2.6: Photos illustrating Micromill drift. Top left shows a milled Coryphaenoides
mediterraneus otolith where drift has occurred, resulting in milling across the mid-
point between the outer edge and centre of the otolith. Top right shows the ideal
micromilling pattern along the outer edge, on an otolith from C. paramarshalli. Arrows

point to the milling tracks.



40 Chapter 2. Methods

I used the micromill to sample the majority of small otoliths, however, the Covid-19
pandemic and moving of labs necessitated using a different method for later milling.
This involved me mounting the otoliths on a glass slide with Loctite super glue, and
very carefully using a Dremel to mill the outer edge using the procedure described for
larger otoliths. Finally, I crushed those otoliths which were too small to mill (< 1mm
diameter) using a mortar and pestle, incorporating the whole otolith into the final
sample.

2.3.2 Stable isotope analysis

Due to funding requirements, two separate facilities were used to analyse the otolith
material. The first was the Stable Isotope Ratio Mass Spectrometry (SIRMS) laboratory
at the University of Southampton. This facility used a Kiel IV Carbonate device
coupled with MAT253 isotope ratio mass spectrometer. The second was the National
Environmental Isotope Facility (NEIF) at the British Geological Society in Keyworth,
Nottingham. This facility used an IsoPrime dual inlet mass spectrometer plus
Multiprep device. Both facilities ran the international standards NBS18 (carbonatite)
and NBS19 (limestone) to ensure precision and check for any instrumental drift. The
in-house standard GS1 (Carrara marble) used at SIRMS was also run at NEIF to test
for any difference between the two facilities. I report all values of δ13C and δ18O
relative to Vienna Pee Dee Belemnite:

δ =
Rsample − Rstandard

Rstandard
× 1000 (2.2)

where R is the ratio of either 13C:12C for δ13C or 18O:16O for δ18O (Fry, 2006).

Although there were differences in GS1 stable isotope ratios between the two facilities,
these differences were minimal, with a difference in means of 0.02h for δ13C and
0.03h for δ18O. Standard deviations for δ13C and δ18O values of GS1 across both
facilities were 0.03h and 0.04h respectively, therefore these differences between
facilities is consistent with measurement error.
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2.4 Estimating Cresp values

The proportion of respiratory carbon in the fish’s blood, as derived from otolith
isotope data (Cresp, our proxy for field metabolic rate), was estimated according to the
following mass balance equation (Trueman et al., 2016; Chung et al., 2019b,a; Martino
et al., 2020):

δ13Coto = Cresp × δ13Cdiet + (1 − Cresp)× δ13CDIC + ϵtotal (2.3)

where δ13Coto is the δ13C of the otolith, δ13Cdiet is the δ13C of the fish’s diet, δ13CDIC is
the δ13C of the DIC within the ambient water, and ϵtotal is the net isotopic fractionation
(the change in δ13C value from the fish’s blood, to endolymph, to aragonite in the
otolith, Trueman et al., 2016; Chung et al., 2019a,b; Martino et al., 2020). I estimated
Cresp using the MixSIAR package (Stock et al., 2018). MixSIAR is a Bayesian mixing
model framework originally developed to analyse biotracer data, and is most
commonly used to estimate proportions of diet sources using stable isotope or fatty
acid analyses (Stock et al., 2018). MixSIAR estimates the proportions of sources’ (in our
case δ13CDIC and δ13Cdiet) contributions to a mixture (in our case δ13Coto). I ran each
model for 100,000 iterations, with a burnin of 50,000, thinning parameter of 50, and
three chains. I checked for model convergence and reliability using the Gelman-Rubin
and Geweke’s diagnostics, effective sample size and visual inspection of the traceplots
(Plummer et al., 2006).

I describe the procedure for measuring δ13Coto values in section 2.3. In the following
sections I will outline the procedures for estimating the other Cresp equation
components. I estimated δ13CDIC and δ13Cdiet values using a Bayesian framework
using the rjags package (Plummer, 2019). Each model was run for 100,000 iterations,
with a warmup of 50,000, three chains, and a thinning parameter of 50. As with Cresp

value estimations, I checked for model convergence and reliability using the
Gelman-Rubin and Geweke’s diagnostics, effective sample size and visual inspection
of the traceplots (Plummer et al., 2006).

2.4.1 Dissolved inorganic carbon

I estimated δ13CDIC values by combining isoscape estimates and estimates derived
from apparent oxygen utilisation (AOU; Smoliński et al., 2021) in a Bayesian
framework. First, I set the annual average distribution of δ13CDIC values in the ocean’s
surface waters from the PISCES-A model (Tagliabue and Bopp, 2008), according to
catch location. I used these values, along with a standard deviation of 0.202 as
informative priors for the estimation of δ13CDIC values from AOU:
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AOU =
δ13CDIC − a

b
(2.4)

where a = 1.300 (± 0.404) and b = -0.006 (± 0.003), which were set according to a linear
regression of AOU against δ13CDIC values from the Global Ocean Data Analysis
Project (GLODAP) database (Olsen et al., 2016). I removed data points where δ13CDIC

< -2.00h. AOU was set based on catch location, year and depth. I used a fuzzy-join
procedure (Robinson, 2020) to match AOU from GLODAP (Olsen et al., 2016) to catch
location, allowing a margin of 1 degree for latitude and longitude, 10 years for year
and 100 m for depth.

I adjusted δ13CDIC values for the Suess effect, which was set to -0.07h decade−1 for
fishes caught up to 1970. For fishes caught after 1970, the Suess effect was set
according to location based on the PISCES-A model of surface water Suess effect
(Tagliabue and Bopp, 2008). These values ranged from -0.22 to -0.08 h decade−1.
Section 2.2.1 gives a full explanation of the Suess effect.

2.4.2 Diet

I estimated δ13Cdiet values using δ13C values of muscle (δ13Cmusc), as this reflects the
δ13Cdiet, plus a trophic enrichment factor (TEF; DeNiro and Epstein, 1978):

δ13Cdiet = δ13Cmusc − TEF (2.5)

I set the TEF according to McCutchan Jr. et al. (2003) for Chapters 4 and 5, using 1.10
(± 0.35) for untreated muscle, and 1.80 (± 0.29) for lipid-corrected or lipid-extracted
muscle. Note that in Chapter 3, I set the TEF to 0.80 (± 1.10) according to DeNiro and
Epstein (1978).

Wherever possible, I used muscle isotope data collected from the same individuals or
group as the otolith isotope data. In the case of the myctophids (Chapter 3), I collected
this data to an individual level. Many otoliths from the SUMIE collections had
corresponding δ13Cmusc values available within Chung (2015) at the group level.
Merluccius merluccius (European hake) also had corresponding δ13Cmusc values at the
group level, which were collected by SUMIE lab member Juliet Wilson.

Where corresponding δ13Cmusc values were unavailable, I used δ13Cmusc data from the
literature to determine δ13Cdiet values. I chose studies that were as close as possible in
location and year to their corresponding otoliths, and where there were multiple such
studies I took an average of δ13Cmusc values, weighted by the number of individuals.
Where there was a difference in year of capture between my δ13Coto data and δ13Cmusc
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values from the literature, I corrected the δ13Cmusc values for the Suess effect (section
2.4.1). I gave priority to studies that did not lipid-correct or lipid-extract the muscle
before stable isotope analyses, as δ13Cdiet values should reflect all respired carbon,
including the lipid fraction. Appendix D lists the δ13Cmusc values used for each species.

2.4.3 ϵ-term

The ϵ-term, also referred to ϵtotal , is the net isotopic fractionation factor. Fractionation
is a change in relative isotopic abundances during a reaction (e.g. photosynthesis, Fry,
2006) or when crossing boundaries (e.g. carbon moving from the blood to endolymph,
Solomon et al., 2006). ϵtotal specifically is the summed change in δ13C values across all
transformations from blood to endolymph, and endolymph to otolith (Solomon et al.,
2006; Trueman et al., 2016). Overall, the value of the ϵ-term, and how it may vary
across species or physiological states, is relatively poorly researched but unlikely to be
large (Trueman et al., 2016; Chung et al., 2019b). Various values for ϵtotal have been
proposed based upon experimental studies and mass-balance models, ranging from
-1.8 (± 1.8) in rainbow trout (Onchyrhynchus mykiss; Solomon et al., 2006), to 2.7 in
freshwater drum (Aplodinotus grunniens; Wurster and Patterson, 2003). Importantly,
while Solomon et al. (2006) found relatively large fractionation factors of components
of ϵtotal (e.g. an ϵblood−endolymph of 13.2), these component ϵ-terms were balanced
overall.

Given the lack of research into the ϵ-term, particularly across different species and
functional groups, I conducted a sensitivity test. To speed up computing, I carried out
this sensitivity test on a random subsample of 100 individuals from the main dataset,
setting the mean ϵ-term ± standard deviation (SD) to either 0.0 ± 0.0, 0.0 ± 1.0, -1.8 ±
0.0, or 1.8 ± 0.0, based on the results of Solomon et al. (2006). Aside from the change in
the ϵ-term, I ran the MixSIAR models as described in section 2.4.

The results showed very little change in Cresp values when adding uncertainty (Figure
2.7, SD = 1.0). When the mean of the ϵ-term was set to -1.8, the distribution of
resulting Cresp values began to compress towards 0. As Cresp values are proportions,
they are by nature bound between 0 and 1, almost always occurring within the lower
half of that distribution (0.0 - 0.5; Trueman et al., 2016; Chung et al., 2019a,b). When
the ϵ-term was set to + 1.8, the resulting Cresp values increased compared to the
standard setting. For example, when the ϵ-term was set to 1.8 the minimum Cresp

value was 0.13, compared to a Cresp value of 0.06 in same individual (Coryphaenodies
armatus, abyssal grenadier) when the ϵ-term was set to 0 (standard setting). Given the
results of this sensitivity test, and the recommendations of Solomon et al. (2006) and
Chung et al. (2019a), I set the ϵ-term to 0, and assumed it was invariant across species.
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FIGURE 2.7: Distribution of Cresp values of a random sample of 100 individuals, taken
from the main dataset. Cresp values were estimated from the same individuals with
variable ϵ-terms using MixSIAR (Stock et al., 2018). Standard ϵ-term: mean = 0.0, SD

= 0.0.
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2.5 Otolith-derived experienced temperature

Otolith oxygen-isotope thermometry is commonly used to estimate the ambient
temperature experienced by fish. Otolith aragonite forms in equilibrium with
endolymph, with respect to oxygen isotopes. The equilibrium fractionation of oxygen
during aragonite precipitation has a linear relationship with temperature (Kalish,
1991; Thorrold et al., 1997; Høie et al., 2004):

δ18Ooto − δ18OSW = a + b × T (2.6)

where δ18Ooto is the δ18O value of the otolith, δ18OSW is the δ18O value of the ambient
seawater, and a and b are parameters that describe the linear relationship between
δ18O and the fluid from which the otolith aragonite was deposited (Kalish, 1991;
Thorrold et al., 1997; Høie et al., 2004). In fully ectothermic fishes the estimated
temperature reflects the ambient water temperature. However, in mesothermic fishes
such as some tunas, otolith-derived experienced temperature represents the elevated
temperature of the fish’s core, rather than the temperature of the surrounding waters
(Radtke et al., 1987). I set parameters a and b according to Høie et al. (2004) so that a =
3.90 (± 0.24) and b = -0.200 (± 0.019). Here I used a single set of parameters, as the
variations in slopes and intercepts of equation 2.6 across species are minor (Kalish,
1991; Thorrold et al., 1997; Høie et al., 2004; Sakamoto et al., 2017).

Where possible, I estimated δ18OSW from CTD measurements of salinity (S, PSU)
taken concurrently to fish capture. I used the linear equation from LeGrande and
Schmidt (2006) to estimate δ18OSW values:

δ18OSW = aS + b (2.7)

where a and b are parameters set according to LeGrande and Schmidt (2006) based on
catch location. Where CTD measures of salinity were not available, I set δ18OSW using
an isoscape based on catch location and depth (Schmidt et al., 1999).
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2.6 Body mass

Where possible, I took body mass data from measured wet weight (g) for each
individual. Where only length information was available, I calculated weight (W)
from length (L) using the following equation:

W = aLb (2.8)

where a and b are parameters which describe the relationship between weight and
length. These parameters are species specific, and were acquired from FishBase
(Froese and Pauly, 2021), or from the literature (Appendix B). Often it was necessary
to convert between length types (Figure 2.8), so in these cases I used either
morphometrics from FishBase (Froese and Pauly, 2021), or measured morphometrics
using ImageJ 1.52a (Schneider et al., 2018). A list of source images used for these
morphometrics can be found in Appendix C.

Head length (HL)

Pre-anal fin length (PAFL)

Standard length (SL)

Fork length (FL)

Total length (TL)

Gill cover (operculum)

Anal fin

Caudal fin

FIGURE 2.8: Annotated diagram of a spelndid alfonsino Beryx splendens showing fish
length measurement types. Based on Linley (2013).

The body mass of individuals in the dataset covers almost the complete range of
teleost fishes, and spans six orders of magnitude. The smallest fish was an individual
of Kreffichthys anderssoni weighing 0.5 g. The largest fish was an individual of Thunnus
orientalis (Pacific bluefin tuna) weighing 295 kg. Overall, the dataset has a normal
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distribution of log10 transformed body mass (Figure 2.9), and the wide range enables
thorough testing of Cresp scaling with body mass (Chapter 4).

FIGURE 2.9: Histogram of log10 transformed body mass, (g wet weight) for individual
fish in the main dataset.
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2.7 Species ecological information and phylogeny

I compiled species ecological information using FishBase (Froese and Pauly, 2021),
and cross-referenced these with identification guides and scientific articles listed in
Appendix A. Where information conflicted across sources, I took the consensus view
and discussed these with with my supervisor and Senior Curator of Fishes at the
NHM, Oliver Crimmen.

While depth of occurrence, thermal realm and habitat are the only ecological
correlates analysed directly in this thesis, I discuss other correlates such as body shape
and migration to illustrate the coverage of the main dataset.

2.7.1 Phylogeny inference

I used the phylogeny from Rabosky et al. (2018) as the basis for inferring the
phylogeny which was subsequently used for all phylogenetic comparative analyses. I
accessed the Rabosky et al. (2018) phylogeny through the R package fishtree (Chang
et al., 2019).

Of the 117 species in my dataset, 12 were missing from the Rabosky et al. (2018)
phylogeny. Of these missing species, four came from monophyletic genera with no
other representatives in my dataset. For these missing monophyletic species I
substituted a member of the same genus within the base phylogeny for the species
within my data. I added five species to the phylogeny using the bind.tip function in
the phytools package, using an arbitrary branch length of 0.5 units. I determined the
positions of these species using literature information, which is detailed in Appendix
F. Unfortunately, there was no phylogenetic information for three species
(Spectrunculus grandis, Coelorinchus labiatus and Lycodes gracialis), so these were
dropped from the tree and omitted from phylogenetic comparative analyses.
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Gadiformes

Scombriformes

Pleuronectiformes

FIGURE 2.10: The final trimmed and edited phylogenetic tree. Key taxonomic or-
ders are highlighted by representative species: Gadiformes by Coryphanoides rupestris
(roundnose grenadier), Scombriformes by Thunnus albacares (yellowfin tuna) and Pleu-
ronectiformes by Microstomus kitt (lemon sole). Original phylogenetic tree from Ra-

bosky et al. (2018), accessed through Chang et al. (2019).

The final dataset consisted of 114 species made up of 1327 data points, representing 26
orders and 50 families of marine fishes. Although limited compared to the total
diversity of fishes (Rabosky et al., 2018), these species comprise a representative
sample of teleost taxonomic and functional groups (Figure 2.11).
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0               10              20            30              40 

Number of species

FIGURE 2.11: Number of species in this study by taxonomic order across the teleost
tree of life. Strictly freshwater orders have been removed for clarity. Phylogenetic tree

from Rabosky et al. (2018), accessed through Chang et al. (2019).
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2.7.2 Spatial coverage

The resulting dataset had good spatial coverage, including samples from each of the
world’s oceans as well as the Mediterranean Sea and the Gulf of Mexico (Figure 2.12).
My own data, along with data the Coldfish project (NERC, 2021) and Chung (2015),
gave good coverage of the Atlantic and Mediterranean. Literature data broadened
coverage, especially in the northern Pacific and eastern Indian oceans (Figure 2.12).

FIGURE 2.12: Map of sample locations, from this study (dark blue) and from the liter-
ature (yellow).
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2.7.3 Depth of occurrence

I set depth ranges as minimum and maximum depths of occurrence. I preferentially
chose common depth range over absolute depth range, as this avoided outliers.

Depth of occurrence ranged from 0 to 4865 m (Figure 2.13), with the deepest living
species being Coryphaenoides profundicolus (deepwater grenadier). This dataset had a
good distribution across the depth ranges, particularly with respect to maximum
depth of occurrence (Figure 2.13). Minimum depth ranges tended to be clustered
around 0 m, although some species had deeper minimum depth ranges.

FIGURE 2.13: Number of species in the dataset coloured by minimum (yellow) and
maximum (blue) depth of occurrence.
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2.7.4 Thermal realm

I categorised species’ thermal realm as either tropical, subtropical, temperate, polar or
deep-sea. Species with a minimum depth of occurrence >200 m were categorised as
deep-sea, as these environments are characterised by consistently low temperatures.
Using minimum depth of occurrence means that vertically migrating species were not
classified as deep-sea if their regular depth distribution included depths < 200 m.

All other species were assigned a thermal realm using occurrences from the Ocean
Biodiversity Information System (OBIS; IOC-UNESCO, 2021), which was accessed via
the robis package (Provoost and Bosch, 2020). I first filtered OBIS occurrence records
by year. Where all individuals of a species were collected in the same year, I selected
all occurrences within 5 years either side of that year (10 years in total). Where all
individuals were collected within the same decade, I selected all OBIS data within the
decade which best encompassed the sampling years. Where there were disparate
collection dates within a species, I selected the minimum length of time which
encompassed the collection dates. I then filtered data according to depth, selecting
occurrences which fit within minimum and maximum depth of occurrences. From
these filtered occurrences, I assigned thermal realm using the mean latitude according
to Figure 2.14.

polar
temperate

tropical
subtropical

Thermal realm

FIGURE 2.14: Approximate thermal realm boundaries for non-deep-sea species, based
on (Costello et al., 2017). Blue = polar (set according to the approximate boundary of
the Southern Ocean), green = temperate, yellow = subtropical, orange = tropical (set
at the tropics of Cancer and Capricorn). The dashed white line indicates the equator

(0 ° latitude).
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I checked the output of each result and amended if necessary, based on the sources
used to gather the ecological information. For example, this method assigns polar cod
(Boreogadus saida) as temperate, whereas I have categorised this species as polar. I had
some difficulty in definitively categorising species according to thermal realm, which
is further discussed in chapters 5 and 7.

Given the location of most of the contributing collections (Table 2.1) it is unsurprising
that deep-sea and temperate species are the most numerous, however there is also
reasonable representation of tropical and subtropical species (Figure 2.15). Polar
species are the least well represented in the main dataset, however, due to the
latitudinal diversity gradient (Hillebrand, 2004), polar species are arguably better
represented than tropical species.

FIGURE 2.15: Number of species in the dataset, sorted by thermal realm.

Along with thermal realm, I also used the filtered OBIS records to get the means
(Figure 2.16) and ranges (Figure 2.17) of temperature of occurrence. Although there is
some variability, species classified as polar, subtropical or tropical tended to have
smaller ranges in temperature of occurrence compared to temperate species.
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FIGURE 2.16: Mean temperatures of occurrence (◦C) for species in the dataset,
coloured by thermal realm.

FIGURE 2.17: Range of temperatures of occurrence (◦C) for species in the dataset,
coloured by thermal realm.
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2.7.5 Habitat

I categorised species as being either pelagic, benthic, benthopelagic, or (tropical)
reef-associated, based on the typical habitat for adult fish of the species in question
(Moyle and Cech, 2004; FAO, 2021):

• Pelagic: living in the water column with little-to-no reliance on the seafloor.

• Benthic: living in near-constant contact with the seafloor. Usually negatively
buoyant.

• Benthopelagic: living near the seafloor but without near-constant contact.
Usually neutrally buoyant.

• Reef-associated: living and feeding on coral reefs.

For this category, I based my categorisations on the movement (or lack thereof) and
position of the species in its environment.

Benthopelagic species dominate the dataset (Figure 2.18), likely because this habitat
definition is the most broad, and reflects the abundance of Gadiformes in the dataset.
There is reasonable representation among benthic and pelagic species, with
reef-associated species being the least well represented in the main dataset; all data for
reef-associated species came from the literature rather than my own measured δ13Coto

values.

FIGURE 2.18: Number of species in the dataset sorted by habitat.
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2.7.6 Body shape

I based the body shape categories on those from FishBase (Froese and Pauly, 2021),
using body depth as a percentage of total length (%BD) to quantitatively define each
body shape:

%BD =
BD
TL

× 100 (2.9)

where BD is the body depth, and TL is the total length. These measures were either
taken from FishBase (Froese and Pauly, 2021), or I measured them myself from
representative photographs using ImageJ 1.52a (Schneider et al., 2018, Appendix C).
Body depth is measured at the broadest part of the body, excluding fins. For the
flatfishes (order: Pleuronectiformes), body depth was replaced by body width, and
again measured at the broadest point and excluding the fins. Total length is the length
from the tip of the nose to the tip of the caudal fin (Figure 2.8). Table 2.3 gives the
definitions and examples of each body shape.

TABLE 2.3: Body shape categories assigned according to % body depth.

Body shape % Body depth Example species

Eel-like < 11 Synaphobranchus kaupii

Elongate 11 - 19.5 Coryphaenoides rupestris

Fusiform/normal 19.5 - 28 Thunnus albacares

Short/deep 28 Microstomus kitt
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FIGURE 2.19: Number of species in the dataset sorted by body shape.

Elongate species are the most numerous in the main dataset (Figure 2.19), largely due
to the high numbers of Macrouridae (grenadiers) which typify this body shape.
Fusiform and short/deep body shapes are also well represented, while species with
an eel-like body shape are the least numerous.
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2.7.7 Schooling and Shoaling

Schooling and shoaling describe social behaviours where fish swim together. Shoaling
is the broad term describing fish swimming together in group, but this can be loose
and uncoordinated (Moyle and Cech, 2004). Schooling is a specific type of shoaling
where fish swim together in a synchronised and polarised manner (Shaw, 1978;
Pitcher and Parrish, 1986). I categorised species as shoaling if they were described
using terms such as ”gregarious”, whereas the term ”schooling” had to be mentioned
specifically for a species to be categorised as such.

FIGURE 2.20: Number of species in the dataset sorted by schooling or shoaling be-
haviour.

Unfortunately, data on schooling and shoaling behaviour tends to be sparse,
particularly if the species in question is not part of a commercial fishery.
Consequently, I could classify less than half of the species in my dataset according to
schooling or shoaling behaviour (Figure 2.20).
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2.7.8 Migration

Migration was divided into vertical and horizontal types. For vertical migration, I
categorised species as non-migratory, potential migrators or diel vertical migrators.
Diel vertical migration is the movement of animals from deep waters during the day
to near surface waters at night, before returning to deep waters during the day
(Gjøsæter and Kawaguchi, 1980). Diel vertical migration enables species to consume
prey which is more abundant at the surface, while using the cover of darkness to
avoid predators which rely on vision to hunt (Gjøsæter and Kawaguchi, 1980). I
defined potential migrators as species where there was inconclusive evidence for diel
vertical migration, or where the species only performed diel vertical migration for
part of the year. For example, the lanternfish Electrona carlsbergi likely only undertakes
diel vertical migration during the summer (Kozlov et al., 1991), so I categorised this
species as a potential migrator.

For horizontal migration, I categorised species as non-migrators, potential migrators
or migrators. I considered migrators to be species which travel from one place to
another on an at least annual basis (Moyle and Cech, 2004). Reasons for migration can
include for spawning or foraging purposes. This definition is inherently subjective as
there is no set distance a species has to travel regularly for it to be considered
migratory. As with habitat, I only considered whether or not a species migrates in its
adult stages.

FIGURE 2.21: Number of species in the dataset sorted by migratory behaviour.
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Similarly to schooling and shoaling behaviour (section 2.7.7), there is little reliable
information on migratory behaviour for most of the species in my dataset (Figure
2.21). Of those species which could be classified according to migratory type, most
were migrators, with few species classified as non-migratory.
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2.8 Model sensitivity testing

I ran three sensitivity tests alongside the main models for each of the chapters which
used the main dataset (4, 5 and 6). These sensitivity tests are referred to in those
chapters as the “standard sensitivity tests”. Where I ran sensitivity tests specific to a
particular chapter, these are detailed within that chapter.

Crushed whole otolith samples (Section 2.3.1) incorporate material from the whole life
history of the fish (Campana, 1999). As mass-specific metabolic rates, and therefore
Cresp values, decrease from larval to juvenile to adult life stages (Chung et al., 2019b),
using a whole otolith sample may have increased the Cresp value from that sample,
relative to a sample taken from the outer edge (i.e. the most recent adult portion). To
test for the effect of sample type, I ran each model without whole otolith samples and
compared these to the main models.

Literature values of δ13Coto (Section 2.2.3) were invaluable in filling gaps within my
dataset, however, the precise materials and methods for measuring δ13Coto values
varied across studies. I accounted for variation among studies by incorporating a
random effect of otolith source (study, or for my data, the institution providing the
otoliths), and by running models after removing data from the literature.

Finally, I ran all models with very different priors, to test for the effect of the
regularising priors on the model outcomes. Testing the effect of priors is not specific to
my dataset, but is general good practice when using Bayesian methods (Depaoli et al.,
2020).
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Chapter 3

Otolith-derived field metabolic rates
of myctophids from the Scotia Sea
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3.1 Abstract

Myctophids (family Myctophidae, commonly known as the lanternfishes) are critical
components of open ocean food webs and an important part of the ocean biological
carbon pump, as many species actively transport carbon to the deep ocean through
their diel vertical migrations. Estimating the magnitude of myctophids’ contribution
to the biological carbon pump requires knowledge of their metabolic rate.
Unfortunately, data on myctophid metabolic rates are sparse, as they rarely survive
being captured and placed in a respirometer. Because of this, many studies estimate
myctophid metabolic rates indirectly from body mass and temperature scaling
relationships, often extrapolating regressions from global datasets to regional scales.
To test the validity of these estimates, we employ a newly-developed proxy for
mass-specific field metabolic rate (Cresp: the proportion of metabolically derived
carbon in the otolith) based on the stable carbon isotope composition (δ13C) of otolith
aragonite. We recovered estimates of Cresp for individuals of six species of myctophids
from the Scotia Sea; giving a range in Cresp values from 0.123 to 0.248. We find that
ecological and physiological differences among species are better predictors of
variation in Cresp values than body mass and temperature. We compared our results to
estimates of metabolic rates derived from scaling relationships and from
measurements of electron transport system activity (ETS). When considering
myctophids as a whole, we find estimates of oxygen consumption from different
methods are broadly similar, however, there are considerable discrepancies at the
species level. Our study highlights the usefulness of metabolic proxies where
respirometry is currently unavailable, and provides valuable information on field
metabolic rates of myctophids.
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3.2 Introduction

Fishes living in the mesopelagic zone (∼150 - 1000 m depth) are central to many
ecosystems. They link primary consumers such as copepods to higher trophic level
predators such as marine mammals, birds, and commercially important fishes
(Trueman et al., 2014; Anderson et al., 2018; Saunders et al., 2018). Additionally,
mesopelagic fishes make an active contribution to the oceanic biological carbon pump
(Davison et al., 2013; Trueman et al., 2014; St John et al., 2016; Anderson et al., 2018).
Many species undertake diel vertical migrations, moving from depth to near-surface
waters at night to feed on zooplankton under cover of darkness, before returning to
deep waters before daybreak (Gjøsæter and Kawaguchi, 1980). By predating on
surface-dwelling zooplankton, mesopelagic fishes ingest surface carbon and export it
to depth through respiration, excretion and mortality, where it is effectively
sequestered (Hidaka et al., 2001; Davison et al., 2013; Anderson et al., 2018).
Non-migratory mesopelagic fishes also contribute to the biological carbon pump by
consuming migrating zooplankton when those zooplankton enter the mesopelagic
zone (Davison et al., 2013).

Myctophids (family Myctophidae) are among the most abundant mesopelagic fishes
in the global oceans (Gjøsæter and Kawaguchi, 1980; Catul et al., 2011). Currently
there is no commercial fishery for myctophids, however, there is increasing interest in
harvesting them, driven by a requirement for fishmeal to sustain the global increase in
aquaculture production (Catul et al., 2011; St John et al., 2016; FAO, 2018). As with all
mesopelagic fish, myctophids are understudied compared to species which are
currently more commercially relevant. If harvesting myctophids is to be sustainable,
we must be able to estimate their biomass, understand their role in the food web, and
estimate their contribution to the biological carbon pump (St John et al., 2016).
Quantifying myctophids’ metabolic rates can aid in filling these three knowledge gaps
by enabling more robust energy and carbon budgets to be produced (Anderson et al.,
2018).

By knowing metabolic rates, we can calculate energy budgets and estimate feeding
rates (Ikeda, 1996), which are essential components of ecosystem models (Christensen
and Walters, 2004). Ecosystem models can in turn be used to assess biomass
(Anderson et al., 2018), an essential piece of information for informing sustainable
fishing practices. Metabolic rates are commonly described in terms of oxygen
consumption rates measured using respirometry. Respirometry is problematic for
myctophids, as they are delicate fish and often do not survive capture from
mesopelagic depths (Torres et al., 1979; Torres and Somero, 1988; Catul et al., 2011).
Additionally, respirometry experiments typically determine standard or resting
metabolic rates, however, in ecological studies estimates of time averaged field
metabolic rates may be more relevant (Treberg et al., 2016; Trueman et al., 2016; Chung
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et al., 2019a,b). As with standard metabolic rate, field metabolic rate includes energy
expended on basal costs, but also incorporates the thermic effect of food (also called
specific dynamic action), as well as energy expended for growth, reproduction,
excretion and movement (Treberg et al., 2016; Chung et al., 2019a,b). However, field
metabolic rates are challenging to measure, especially for aquatic organisms.

The activity of enzymes associated with electron transfer during respiration (ETS)
within animal tissues provides an indirect proxy for the respiratory potential of tissues
which can be calibrated to convert into units of field oxygen consumption rate (Ikeda,
1989; Cammen et al., 1990; Ariza et al., 2015). Measurements of ETS activity can be
performed on samples of fish tissue, which avoids the issue of needing to catch fit
specimens for respirometry (Torres and Somero, 1988; Ikeda, 1989; Ariza et al., 2015;
Belcher et al., 2020), however, ETS is sensitive to the temperature at which the assays
are carried out (Cammen et al., 1990). Additionally, there are currently no direct
calibrations between ETS and whole organism oxygen consumption available for
myctophids, and measures of metabolic rates for myctophids remain sparse (Belcher
et al., 2019).

Metabolic rate for myctophids can also be estimated assuming scaling relationships
between metabolic rate and body mass and temperature (Hidaka et al., 2001; Hudson
et al., 2014; Belcher et al., 2019). This allometric approach was used to estimate the
metabolic rates of myctophids from the Scotia Sea (Belcher et al., 2019); a highly
productive area in the Atlantic sector of the Southern Ocean where myctophids are the
dominant fishes in the upper mesopelagic (Collins et al., 2008, 2012). The resulting
equation used wet mass (W, g) and temperature (T, °C) to estimate mass-specific
metabolic rates (MRW , µl O2 mg WM−1 h−1):

ln(MRW) = a + bW × ln(W) + bT × T (3.1)

Where a is the intercept and bW and bT are slopes relating to body mass and
temperature, respectively (Belcher et al., 2019). However, this equation was
parameterised based on a dataset of global myctophid metabolic rates (Torres et al.,
1979; Donnelly and Torres, 1988; Torres and Somero, 1988; Ikeda, 1989; Ariza et al.,
2015), which may not be applicable at regional scales (Belcher et al., 2020).

Here we address some of the issues raised above by we applying the Cresp proxy to
myctophids from the Scotia Sea. We use Cresp values to compare relative field
metabolic rates between six species of myctophids common in the Scotia Sea: Electrona
antarctica, Electrona carlsbergi, Gymnoscopelus braueri, Gymnoscopelus nicholsi,
Protomyctophum bolini, and Krefftichthys anderssoni (Piatkowski et al., 1994; Collins
et al., 2008, 2012). We summarize key ecological information available in the literature
for each species in Table 3.1.
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In this study, we investigate whether Cresp values exhibit linear scaling with body
mass and temperature, both inter- and intra-specifically. Additionally, we compare
estimates of mass-specific oxygen consumption generated using allometric scaling
(equation 3.1) to values derived from Cresp values, and to values derived from ETS
(Belcher et al., 2020). Finally, we investigate whether estimates from equation 3.1 for
individuals covary with Cresp values, as this should be the case if both accurately
reflect field metabolic rates.
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TABLE 3.1: Literature-derived ecological information for six species of myctophids examined in this study. LN = Electrona antarctica, GYR =
Gymnoscopelus braueri, KRA = Krefftichthys anderssoni, ELC = Electrona carlsbergi and GYN = Gymnoscopelus nicholsi. Partial migrants are species in
which part of the population migrates to the lower epipelagic at night (∼ 200 m) while a proportion remains at the daytime depth. Near surface
migrants are species which regularly migrate into mesopelagic zone of the upper 200 m, but rarely reach the upper 50 m (Watanabe et al., 1999;
Catul et al., 2011). Values for % mass for primary prey groups are from Saunders et al. (2015a). Values for % NA of highly-unsaturated fatty acids
(HUFAs) are from Stowasser et al. (2009). References: (1) Andriashev (1965); (2) Collins et al. (2008); (3) Collins et al. (2012); (4) Connan et al. (2010);
(5) Duhamel et al. (2000);(6) Duhamel et al. (2014);(7) Gon and Heemstra (1990); (8) Hulley (1981); (9) Kozlov et al. (1991);(10) Lea et al. (2002); (11)
Linkowski (1985); (12) Lourenço et al. (2017); (13) Lubimova et al. (1987);(14) McGinnis (1982); (15) Oven et al. (1990); (16) Phleger et al. (1999); (17)
Piatkowski et al. (1994); (18) Pusch et al. (2004); (19) Reinhardt and Van Vleet (1986); (20) Ruck et al. (2014); (21) Saunders et al. (2014); (22) Saunders
et al. (2015a); (23) Saunders et al. (2015b);(24) Saunders et al. (2015c); (25) Saunders et al. (2017); (26) Saunders et al. (2018); (27) Saunders et al.

(2019); (28) Shreeve et al. (2009); (29) Stowasser et al. (2009).

ELN ELC GYR GYN KRA PRM Sources

Maximum

standard

length (mm)

115 93 162 165 74 66

2, 7, 12,

21, 23, 24,

28

Estimated

standard

length at

maturity (mm)

74 83 114 114 54 51

7, 8, 12,

15, 21, 23,

24
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Depth range

(m)
0 - 1000 0 - 400 0 - 1000 0 - 700 0 - 1000 0 - 700

2, 3, 5,

7, 12, 17,

21, 22, 23,

24, 26, 27,

28

Core depth

range (m)
0 - 1000 0 - 400 0 - 700 0 - 400 200 - 1000 200 - 400

2, 3, 21,

22, 23, 24,

26, 28

Habitat Mesopelagic Mesopelagic Mesopelagic
Mesopelagic and

benthopelagic
Mesopelagic Mesopelagic

7, 8, 11,

12, 21, 23,

24

Diel vertical

migration

type

Partial-migrant

Near-surface

migrant

(summer only)

Partial-migrant

Near-surface

migrant

(mesopelagic)

and non-migrant

(benthopelagic)

Near-surface

migrant

Near-surface

migrant

2, 5, 9,

12, 17, 18,

21, 23, 24

Thermal

realm
Antarctic Sub-Antarctic

Broadly

Antarctic

Broadly

Antarctic

Broadly

Antarctic

Broadly

Antarctic
6, 7, 8
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Upper

limiting

temperature

( C)

3 5 5 - 6 9 2 - 5.6 6 - 7
1, 3, 6,

7, 8

Spawns in

the Scotia

Sea?

Yes No No No Yes No
7, 8, 12,

14, 15, 25

Primary

lipid class
Wax ester Triglycerides Wax esters Triglycerides Wax esters Triglycerides

4, 10, 16,

19, 20, 29

Mean

normalised

area

percentages

(% NA) of

HUFAs in

tissue

13.6 22.8 8.9 27.1 12.6 28.4 29
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Primary

prey

classes

groups

Euphausiids

Amphipods

Copepods

Euphausiids

Euphausiids

Amphipods

Copepods

Euphausiids

Copepods

Copepods

Euphausiids

Copepods

Euphausiids

12, 13, 21,

22, 23, 24,

26, 28, 29
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3.3 Methods

3.3.1 Samples

We obtained otoliths and muscle samples from fish collected during four cruises of the
RRS James Clark Ross in the Scotia Sea during the austral summer (JR38, December
1998 - January 1999; JR177, December 2007 - February 2008; JR15004, January -
February 2016; JR16003 December 2016 - January 2017). Fish were collected using 8
and 25 m2 rectangular midwater trawl nets (RMT8 and RMT25) and were stored
frozen at -20 °C. Fish were defrosted, weighed, and standard length was measured
before removing the otoliths and a sample of muscle. Muscle was refrozen and stored
at -20 °C until freeze drying. We analysed individuals from six species of myctophids:
Electrona antarctica (n = 19, sampling depth = 15 - 1000 m), Electrona carlsbergi (n = 17,
sampling depth = 5 - 205 m), Gymnoscopelus braueri (n = 20, sampling depth = 15 - 1000
m), Gymnoscopelus nicholsi (n = 12, sampling depth = 0 - 720 m), Krefftichthys anderssoni
(n = 20, sampling depth = 80 - 995 m) and Protomyctophum bolini (n = 20, sampling
depth = 195 - 405 m). For a summary of metadata for myctophids examined in this
study, see Table 3.2.

Due to a labelling error, one E. antarctica and seven E. carlsbergi individuals did not
have corresponding body masses; therefore we omitted data from these individuals
during body mass analyses.

Details of the otolith stable isotope analyses are available in Chapter 2.3. As we had
muscle samples from the same individuals as the otolith samples, we used muscle
δ13C to estimate diet δ13C. We freeze dried muscle tissue using a Heto PowerDry
LL3000 freeze dryer for 24 - 48 hours, then crushed the tissue to a powder using a
mortar and pestle. Stable isotope compositions of carbon in muscle tissue were
analysed using a Vario Isotope select elemental analyser, coupled with an Isoprime
100 isotope ratio mass spectrometer. Replicates of the international standards USGS 40
and USGS 41, and the in-house standards acetanilide, glutamic acid and fish muscle
were run for quality control and calibration. Standard deviations of quality controls
averaged across runs were 0.14 h for δ13C of fish muscle.

We set δ13Cdiet using muscle δ13C from the corresponding individual, minus a trophic
enrichment factor for carbon (0.8 ‰ ± 1.1, DeNiro and Epstein, 1978), which is the
increase in δ13C of an animal’s body relative to its diet (DeNiro and Epstein, 1978). We
did not lipid extract or correct the δ13C from muscle, as δ13Cdiet aims to capture the
δ13C of all respired carbon, including that from lipids.
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TABLE 3.2: Summary table of metadata for myctophids examined in this study. ELN = Electrona antarctica, GYR = Gymnoscopelus braueri, KRA =
Krefftichthys anderssoni, ELC = Electrona carlsbergi and GYN = Gymnoscopelus nicholsi. Myctophids were captured using either rectangular midwater
trawl 25 m2 (RMT25) or 8 m2 (RMT8) nets. Diet was estimated using individual uncorrected muscle δ13C and adjusted assuming a trophic enrich-
ment factor of 1 h (DeNiro and Epstein, 1978). Age estimates were obtained from rearranged length-at-age equations from Linkowski (1985, 1987);
Saunders et al. (2020, 2021), (Supplementary Information 5). Unfortunately, no length-at-age parameters are available for Protomyctophum bolini.

For information on how time incorporated in otolith samples was estimated see Appendix E.

ELN ELC GYR GYN KRA PRM

n 19 17 20 12 20 20
Year of
capture

2008
2016

1998
2008

2008
2016

2008
2016

2008
2016

2008
2016

Gear type
RMT25
RMT8

RMT25
RMT8

RMT25 RMT25 RMT25 RMT25

Net depth range (m) 15 - 1000 5 - 205 15 - 1000 0 - 720 80 - 995 195 - 405

Mean standard length (mm) 72 75 107 139 47 45

Mean wet mass (g) 5.6 6.1 10.4 29.2 1.3 1.4

Mean estimated diet δ13C (‰) -28.01 -25.22 -27.79 -26.95 -27.96 -25.78

Mean estimated age (years) 5.1 2.1 5.9 5.0 1.2 Unavailable

Estimated time incorporated
into otolith isotope samples (years)

2.0 1.0 3.5 2.5 1.5 2.0

Otolith sampling method Micromill Micromill Micromill Dremel Crushed
Micromill
Crushed
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3.3.2 Comparison to previous study

To enable comparison to previous studies (Belcher et al., 2019, 2020), we used equation
3.1 to estimate mass-specific oxygen consumption based on body mass and
temperature scaling. We set the parameters according to Belcher et al. (2019), so that a
= -1.315 (± 0.468), bW = -0.267 (± 0.052), and bT = 0.848 (± 0.011). These parameters
were generated from a compilation of published myctophid metabolic rate data
(Belcher et al., 2019).

To further enable us to compare our otolith-derived field metabolic rates to those
estimated from equation 3.1, and to ETS-derived estimates of oxygen consumption
rates (Belcher et al., 2020), we converted mean Cresp values for each species to oxygen
consumption (mg O2 kg−1 h−1) according to the following equation:

Cresp = C(1 − e−kO) (3.2)

The relationship between Cresp values and oxygen consumption (O) is an exponential
decay curve where k is the decay constant and C is the upper bound of the percentage
of metabolically derived carbon in the blood (Cresp; Trueman et al., 2016; Chung et al.,
2019b). We set k and C using experimentally derived values for Chrysophrys auratus, so
that k = 0.0040 and C = 0.2746 (Martino et al., 2020). We chose these values over those
from Gadus morhua (Chung et al., 2019b) as C. auratus had higher Cresp values which
better matched those in our study. Values of oxygen consumption rates from equation
3.1 and ETS were converted from µl O2 kg−1 h−1 to mg O2 kg−1 h−1 assuming an
oxygen density of 1.4 kg m−3 (2 °C, 100 kPa).

3.3.3 Statistical analyses

We carried out all statistical analyses in R version 4.0.5 (R Core Team, 2021b). Scripts
for data analysis and visualisation are available at
github.com/sarah-alewijnse/myctophid-ears. We fitted Hamiltonian Monte Carlo
(HMC) models in RStan version 2.21.2 (Team, 2020) using the rethinking package
version 2.01 (McElreath, 2020). We ran a single chain of 10,000 iterations, 5,000
warmup and a thinning parameter of one for each model, and checked models for
mixing and convergence using traceplots, number of effective samples and the
Gelman-Rubin diagnostic. We z-scored all predictors before adding them to the
model. Therefore a is the expected value of the dependent variable (Cresp values) at the
mean values of the predictors, and b indicates the change in the dependent variable
per standard deviation of the predictor.
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To examine the effect of body mass and temperature on estimates of field metabolic
rate, we modelled Cresp values (proportion of respiratory carbon in the fish’s blood,
from equation 2.3) as a linear function of log body mass (ln(W), g) and temperature (T,
°C). We included species in the model as a random factor (a VarSpecies), both to address
pseudoreplication, and to assess differences in Cresp values among species while
accounting for body mass and temperature variation:

Cresp = a + bW × ln(W) + bT × T + a VarSpecies (3.3)

Here bW and bT are the effects of body mass and temperature on Cresp values,
respectively. The intercept a is the expected Cresp value at the mean body mass and
temperature, and a VarSpecies is the change in a for each species.

For each species, we ran same model, without the a VarSpecies term to test for
intraspecific effects of body mass and temperature on Cresp values:

Cresp = a + bW × ln(W) + bT × T (3.4)

We modelled Cresp values as a linear function of estimated mass-specific metabolic rate
from equation 3.1 (MRW) using the following model:

Cresp = a + b × MRW (3.5)

Here the intercept a is the expected Cresp value at the mean mass-specific metabolic
rate. We considered results to be statistically significant when the 95% highest density
posterior intervals (HDPIs) for parameters did not overlap with zero.
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3.4 Results

3.4.1 Interspecific Cresp

Individual Cresp values (our mass-specific proxy for field metabolic rate) ranged from
0.123 to 0.248. The model of Cresp with body mass, temperature and species (equation
3.3) showed that species was the only variable that had a significant influence on Cresp

values (Figure 3.1).

Among the six species of myctophids (Figure 3.2), Electrona antarctica had the highest
species mean Cresp value (Cresp = 0.213 ± 0.015). Gymnoscopelus braueri (Cresp = 0.201 ±
0.016) and Krefftichthys anderssoni (Cresp = 0.191 ± 0.016) showed the next highest
species mean Cresp values. Electrona carlsbergi (Cresp = 0.174 ± 0.016) and
Protomyctophum bolini (Cresp = 0.169 ± 0.016) had slightly lower mean Cresp values, but
this difference was not significant. Gymnoscopelus nicholsi had a significantly lower
mean Cresp than all other species (Cresp = 0.150 ± 0.018; Figures 3.1 & 3.2).

FIGURE 3.1: Posterior predictions for equation 3.3 (Cresp = a + bW × W + bT × T +
aVarSpecies). a is the intercept; bW and bT are the effects of body mass and temperature
respectively (slopes). aVar represents the variable intercept for each species: ELN =
Electrona antarctica, GYR = Gymnoscopelus braueri, KRA = Krefftichthys anderssoni, ELC
= E. carlsbergi, PRM = Protomyctophum bolini and GYN = G. nicholsi. sigma is overall
residual error, and sigmaspecies is residual error of the species variable intercept. Circles
are the mean of the posterior predictions. Thick lines show the 50% highest density
posterior intervals, and thin lines show the 95% highest density posterior intervals.
Results are considered statistically significant if the 95% highest density posterior in-

tervals do not overlap with zero.
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FIGURE 3.2: Kernel density of posterior predictions of Cresp values for each individ-
ual, grouped by species. Solid lines show the mean Cresp value for each species. Dotted
lines show species expected values of Cresp at mean body mass and temperature (in-

tercept), according to equation 3.3 (Cresp = a + bW × W + bT × T + aVarSpecies).
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The body masses of the myctophids ranged from 0.5 to 38.7g wet weight. There was
no significant effect of natural log body mass on Cresp values (Figure 3.3) when
modelling all species together (equation 3.3), as indicated by the constant for body
mass, bW , overlapping with zero (Figure 3.1).

Individual mean otolith-derived experienced temperatures ranged from -0.30 to
2.89°C. Despite an apparent decrease in Cresp values with temperature (Figure 3.4),
there was no significant effect of temperature on Cresp values when modelling with
species and body mass (Figure 3.1; equation 3.3). We also investigated the effect of life
stage on Cresp values, but found no significant correlation (Appendix I).

FIGURE 3.3: Mean Cresp values against mean natural log body mass (g) for each indi-
vidual of six myctophid species

FIGURE 3.4: Mean Cresp values against mean otolith-derived experienced tempera-
ture (°C) for each individual of six myctophid species.
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3.4.2 Intraspecific Cresp

For G. braueri, Cresp values decreased with increasing body mass (bW = 0.008 ± 0.004,
Figures 3.5 & 3.6a). There were no significant effects of body mass (Figures 3.5 & 3.6a)
or temperature (Figures 3.5 & 3.6b) on Cresp values within the other five species. There
was no significant effect of year of capture on Cresp values within species, aside from P.
bolini (Appendix I).

The double peak in the distribution of Cresp values of P. bolini (Figure 3.2) was caused
by individuals sampled further south (n = 12, latitude -54.680 to -55.290, cruise
JR16003) having higher Cresp values (bLat = -0.014 ± 0.005) than those sampled further
north (n = 8, latitude -52.720 to -52.900, cruise JR177). This pattern is specific to P. bolini
and was not seen when comparing latitude of capture among species (Appendix I).

Within G. nicholsi, we found that individuals captured from the shelf breaks around
the South Orkney Islands had a lower Cresp values (mean = 0.138 ± 0.008) than those
caught elsewhere (mean = 0.152 ± 0.009), however, this difference was not significant
(Appendix I).

FIGURE 3.5: Posterior predictions for equation 3.4 (Cresp = a + bW × W + bT × T)
within species (A = Gymnoscopelus nicholsi, B = Protomyctophum bolini, C = Electrona
carlsbergi, D = Krefftichthys anderssoni, E = Gymnoscopelus braueri, F = Electrona antarc-
tica). a is the intercept, bW and bT are effects of body mass and temperature respectively
(slopes), and sigma is residual error. Circles are the mean of the posterior predictions.
Thin lines show the 95% highest density posterior intervals. Results are considered
statistically significant if the 95% highest density posterior intervals do not overlap

with zero.
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3.4.3 Comparison of Cresp values with allometrically-derived oxygen
consumption

We found no significant correlation between estimates of mass-specific oxygen
consumption rate derived from allometric scaling (equation 3.1) and Cresp values
(Figures 3.7 & 3.8).

Estimates of oxygen consumption rates for individuals derived from allometric
relationships had larger posterior intervals than Cresp values, due to the uncertainty
associated with calculating temperature from otolith δ18O values and the propagation
of this uncertainty in our models.

Species mean oxygen consumption rate estimates from allometric scaling predicted
species means within a similar range (184.37 – 407.59 mg kg−1 h−1) to those derived
from Cresp values and converted to oxygen consumption based on equation 4.5 (197.55
– 373.66 mg kg−1 h−1), however, each method resulted in differences when comparing
oxygen consumption rates among species (Table 3.3). Both Cresp values and allometric
scaling approaches identified G. nicholsi as having the lowest mean oxygen
consumption rate, with a difference of only 13.18 mg kg−1 h−1 (6.67 % of
otolith-derived oxygen consumption rate) between the two methods (Table 3.3;
Figures 3.7 & 3.8). Differences between the two methods were greater for other
species, with P. bolini having the greatest difference; allometrically-derived oxygen
consumption rate was 162.87 mg kg−1 h−1 greater than otolith-derived oxygen
consumption rate (68.17 % of otolith-derived oxygen consumption rate; Table 3.3;
Figures 3.7 & 3.8).
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FIGURE 3.7: Posteriors predictions for equation 3.5 (Cresp = a + b × MRW) comparing
otolith derived Cresp values with allometrically estimated mass-specific metabolic rate
(MRW). a is the intercept, b is the slope and sigma is residual error. Circles indicate
the mean of the posterior predictions. Thin lines show 95% highest density posterior
intervals. Results are considered statistically significant if the 95% highest density

posterior intervals do not overlap with zero.

FIGURE 3.8: Mean otolith-derived Cresp values against mean allometrically-derived
mass-specific oxygen consumption (µl O2 mg−1 h−1, estimated using equation 3.2 af-
ter Belcher et al. (2019)) for each individual of six myctophid species. Horizontal bars

show the standard error of oxygen consumption estimates.
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TABLE 3.3: Estimates of mean oxygen consumption (mg O2 kg−1 h−1) for species of myctophids, as determined by otolith derived metabolic rates
from our study (Cresp values, 3.2) and converted to oxygen consumption, estimates derived from body mass and temperature scaling relationships

(equation 1 from Belcher et al., 2019), and from electron transport system (ETS) measurements Belcher et al. (2020).

Species
Otolith derived
(our study)

Derived from scaling relationships
(equation from Belcher et al. 2019)

Measured from ETS
(Belcher et al. 2020)

Oxygen
consumption
(mg O2 kg-1 h-1)

Cresp values
Oxygen
consumption
(mg O2 kg-1 h-1)

Cresp

values

Oxygen
Consumption
(mg O2 kg-1 h-1)

Cresp

values

Electrona
antarctica

373.66
(257.43 – 583.88)

0.213
(0.177 – 0.248)

266.56
(211.45 – 372.00)

0.180
(0.157 – 0.213)

190.29
(102.26 – 422.28)

0.140
(0.092 – 0.224)

Gymnoscopelus
braueri

329.17
(283.97 – 441.07)

0.201
(0.186 – 0.228)

217.34
(172.42 – 301.70)

0.159
(0.137 – 0.192)

Krefftichthys
anderssoni

297.32
(220.45 – 423.19)

0.191
(0.161 – 0.224)

407.59
(280.19 – 492.94)

0.221
(0.185 – 0.236)

672.88
(376.66 – 1023.11)

0.249
(0.214 – 0.270)

Electrona
carlsbergi

253.54
(206.44 – 317.94)

0.175
(0.154 – 0.198)

283.02
(253.69 – 310.00)

0.186
(0.175 – 0.195)

Protomyctophum
bolini

238.91
(150.90 – 325.52)

0.169
(0.124 – 0.200)

401.78
(325.12 – 510.12)

0.220
(0.200 – 0.239)

Gymnoscopelus
nicholsi

197.55
(149.16 – 230.98)

0.150
(0.123 – 0.166)

184.37
(170.43 – 210.58)

0.143
(0.136 – 0.156)

Gymnoscopelus spp.
158.19
(20.59 – 940.80)

0.107
(0.022 – 0.268)
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3.5 Discussion

3.5.1 Lack of influence of temperature and body mass on Cresp values

Despite being primary drivers of standard (basal) metabolic rate (Gillooly et al., 2001;
Brown et al., 2004) and field metabolic rate among myctophids globally (Belcher et al.,
2019), we found neither body mass nor temperature had significant relationships with
Cresp values, our proxy for mass-specific field metabolic rate in Scotia Sea myctophids.
In our interspecific analysis, species was the most useful variable in modelling Cresp

values. Within species, temperature had no relationship with Cresp values, and body
mass had a significant relationship with Cresp values only in Gymnoscopelus braueri.
These results are unexpected according to the metabolic theory of ecology, but can be
explained by considering differences in methodologies, and issues with applying
allometric scaling to relatively limited body mass and temperature ranges.

Standard and maximum metabolic rate must increase with increasing temperature at
least until optimal temperatures are exceeded (Gillooly et al., 2001; Brown et al., 2004),
a pattern that is evident in the global myctophid dataset used to parameterise
equation 1 (Belcher et al., 2019). However, this dataset had a much larger temperature
range than that experienced by myctophids in our study (0.5 to 27.0°C in Belcher et al.
(2019), compared to -1.9 to 3.0°C in this study). Furthermore, most of the metabolic
rates from the compilation were from temperatures greater than 5°C (Belcher et al.,
2019, 2020). In contrast, the Scotia Sea is a cold (<5 °C) relatively isothermal
environment (Venables et al., 2012), which is reflected in the small range of
temperatures experienced by myctophids in our study. It is therefore likely that
equation 3.1 is not appropriate for determining field metabolic rate in our dataset, as it
includes data from a larger range of temperatures than are encountered in the cold
Scotia Sea.

Metabolic theory also predicts a decrease in mass-specific metabolic rate with
increasing body mass (Kleiber, 1947; Brown et al., 2004), however, we found no
significant interspecific scaling relationship between body mass and Cresp values.
Intraspecifically, the relationship between body mass and metabolic rate was
inconsistent: all species aside from G. braueri showed no significant relationship
between Cresp values and body mass. A study of electron transport system (ETS)
derived metabolic rate found limited metabolic rate-body mass scaling in Scotia Sea
myctophids as a whole (Belcher et al., 2020). This was primarily driven by a lack of
scaling with body mass in Gymnoscopelus spp., similar to the lack of scaling seen in
Gymnoscopelus nicholsi in our study. Belcher et al. (2020) attributed this lack of
intraspecific scaling in Gymnoscopelus spp. to sampling a small range in body mass of
their sample populations for this genus. In contrast, we did see scaling of Cresp within
G. braueri, despite our sample of this species having a slightly smaller range in body
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size (3.5 - 16.3 g) than that of Belcher et al. (2020)’s Gymnoscopelus spp. (1.9 - 16.9 g).
Inter- and intra-specifically, our sampling covered a wide range of body masses,
though had a slightly smaller range compared to other studies. For example, the
global myctophid dataset ranged from 0.026 to 40 g (Belcher et al., 2019), while ours
covered 0.5 to 38.7 g. However, we found large variability in Cresp values among
myctophids of similar body masses, both inter- and intraspecifically, something also
evident through ETS (Belcher et al., 2020). Additionally, we found similar Cresp values
among species with vastly different body masses, such as Protomyctophum bolini and
G. nicholsi.

Field metabolic rates include the energetic costs of movement, feeding and digestion
and reproduction superimposed over the energetic costs of maintenance (Treberg
et al., 2016). For the myctophids studied here, we infer that energy demands
associated with movement and reproduction do not covary with temperature and
body mass, and are large enough to obscure body mass and temperature effects on
respiration. This is particularly relevant to the relatively small ranges in body size and
temperature encountered among adult Scotia Sea myctophids.

3.5.2 Ecological and physiological drivers of species differences in Cresp

values

Interspecifically, species identity was the most useful variable for modelling Cresp

values equation 3.3, regardless of differences in body mass or temperature. We argue
that this is due to differences in ecology and physiology among species, which may
include differences in habitat, depth range and diel vertical migration, reproduction,
and lipids, which are discussed below.
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3.5.2.1 Differences in habitat

G. nicholsi had significantly lower species mean Cresp values than other species, which
we attribute to a difference in habitat. While most species in our study are pelagic
(Table 3.1), G. nicholsi becomes benthopelagic (living nearer to the seafloor) on
reaching adulthood, at around 3 to 5 years of age (Linkowski, 1985). Benthopelagic
lifestyles are typically associated with less movement and lower metabolic rates than
pelagic lifestyles (Killen et al., 2010, 2016), which may explain the lower species mean
Cresp values observed in G. nicholsi compared to other myctophid species analysed in
this study. As with other species, G. nicholsi individuals in our study were caught
using midwater trawls (Table 3.2), but their size (124 - 154 mm standard length)
indicates they are adults of ages estimated at 3.5 to 6.9 years (Table 3.2; Saunders et al.,
2015b), meaning they are of the age where a benthopelagic lifestyle may occur
(Linkowski, 1985; Appendices E & I). Additionally, several individuals (those
captured in 2016; Table 3.2) were caught around the shelf-break area of the South
Orkney Islands, an area where adult benthopelagic G. nicholsi are known to
congregate (Duhamel et al., 2014). These individuals had lower Cresp values (mean =
0.138 ± 0.008) than those caught in open water (mean = 0.152 ± 0.009), though this
was not a significant difference (Appendix I). It is therefore possible that at least a
portion of the G. nicholsi individuals in our study were benthopelagic (i.e. those
caught around the South Orkney Islands in 2016), contributing to their lower species
mean Cresp value compared to other species.

3.5.2.2 Depth range and diel vertical migration

Species of myctophids undertake diel vertical migrations to different extents, being
either full, partial, or near-surface migrants, or non-migrants (Watanabe et al., 1999;
Catul et al., 2011). The species studied here are either partial migrants - meaning a
proportion of the populations performs diel vertical migrations to the upper 200 m
while a proportion remains at depth - or near surface migrants - meaning individuals
regularly migrate to the upper 200 m but rarely the upper 50 m (Watanabe et al., 1999;
Duhamel et al., 2000).

The two species with the highest mean Cresp values, Electrona antarctica and G. braueri,
have relatively broad core depth ranges (0 - 1000 m and 0 - 700 m respectively), and are
partial migrants (Table 3.1; Piatkowski et al., 1994; Collins et al., 2008; Saunders et al.,
2014, 2015b). Krefftichthys anderssoni, which had the third-highest species mean Cresp

value, also has a relatively broad core depth range (200 - 1000 m) and is a near-surface
migrant (Table 1; Piatkowski et al., 1994; Lourenço et al., 2017; Saunders et al., 2018),
lending support to the idea that the extent of diel vertical migration impacts Cresp

values. However, this pattern is complicated by the inclusion of larval and juvenile
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material in our otolith samples for K. anderssoni, which will have increased Cresp values
for this species compared to the other species studied here (Chung et al., 2019a).

In contrast, species with lower mean Cresp values have narrower depth ranges; E.
carlsbergi and P. bolini are largely confined to the upper 400 m and therefore undertake
shorter diel vertical migrations relative to species with higher mean Cresp values (Table
3.1; Kozlov et al., 1991; Pusch et al., 2004; Collins et al., 2008, 2012; Saunders et al.,
2014, 2015c). Furthermore E. carlsbergi is thought to have seasonal variation in its diel
vertical migration, only doing so in the summer (Table 3.1; Kozlov et al., 1991; Collins
et al., 2008, 2012; Saunders et al., 2014). As discussed above (section 3.5.2.1) it is likely
that a proportion of the G. nicholsi examined in this study were benthopelagic, and
therefore non-migrators (Linkowski, 1985). G. nicholsi individuals living in the
mesopelagic do perform diel vertical migration (Duhamel et al., 2000; Pusch et al.,
2004; Saunders et al., 2015b), but their core depth range is restricted to above 400 m
(Table 3.1; Collins et al., 2008; Saunders et al., 2015b, 2018).

Given that vertical migration is an active undertaking for myctophids (Barham, 1966;
Kaartvedt et al., 2008), differences in the extent of vertical migrations may partially
explain the variation among species means seen in Cresp values. Scotia Sea
myctophids’ diets are dominated by species found in the upper 200 - 400 m (Saunders
et al., 2015a, 2018), therefore individuals living below those depths would have to
migrate upwards to feed. Species with deeper core depth distributions (E. antarctica,
G. braueri and K. anderssoni) are likely expending more energy to reach shallower
waters than those with shallower depth distributions (E. carlsbergi, P. bolini and G.
nicholsi), which may account for the higher mean Cresp seen in the former group. As
well as energy expenditure, species with more active lifestyles may experience a
higher metabolic rate due to the metabolic costs of an increased capacity for
movement (Killen et al., 2016; Belcher et al., 2020). Determining whether increased
energy expenditure or maintenance costs (or both) contribute to the higher mean Cresp

values seen in migratory species is beyond the scope of our study.

3.5.2.3 Reproduction within the Scotia Sea

The species with the highest mean Cresp value, E. antarctica, is one of the few
myctophid species that successfully spawns and recruits in the Scotia Sea (Table 3.1;
Hulley, 1981; McGinnis, 1982; Gon and Heemstra, 1990; Oven et al., 1990; Saunders
et al., 2017). Eleven out of the nineteen E. antarctica individuals in our study were
above the species’ length at 50% maturity (Table 3.1 & 3.2; 74 mm SL; Hulley, 1981;
Gon and Heemstra, 1990; Oven et al., 1990; Saunders et al., 2014, therefore it is
possible that the metabolic costs associated with reproduction, a component of field
metabolic rates (Treberg et al., 2016), may explain the higher species mean Cresp values
for E. antarctica.
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K. anderssoni is also known to spawn and recruit in the Scotia Sea in waters around the
South Georgian shelf Hulley (1981); Gon and Heemstra (1990); Oven et al. (1990);
Belchier and Lawson (2013); Saunders et al. (2017)). Most K. anderssoni in our samples
were relatively small, with only three out of twenty individuals being above length at
50% maturity (Table 3.1 & 3.2; 54 mm SL; Hulley, 1981; Gon and Heemstra, 1990; Oven
et al., 1990; Lourenço et al., 2017). Therefore these K. anderssoni individuals may not
yet have begun expending energy towards reproduction, which may explain why this
species has a lower mean Cresp value than E. antarctica, despite this species also
spawning within the Scotia Sea.

3.5.2.4 Lipids and Cresp values

Differences in how myctophid species store lipids (Table 3.1) may contribute to
interspecific differences in Cresp values. In the species showing higher mean Cresp

values (E. antarctica, G. braueri and K. anderssoni) the lipids of their tissue consist
primarily of wax esters (Table 3.1; Reinhardt and Van Vleet, 1986; Phleger et al., 1999;
Lea et al., 2002; Stowasser et al., 2009; Connan et al., 2010). In contrast, triglycerides
dominate the tissue lipid composition in species with lower Cresp values (E. carlsbergi,
P. bolini and G. nicholsi; Table 3.1; Reinhardt and Van Vleet, 1986; Phleger et al., 1999;
Lea et al., 2002; Stowasser et al., 2009; Connan et al., 2010). Triglycerides retain their
fluidity at lower temperatures, and are hydrolysed more quickly than wax esters,
making triglycerides a more efficient source of energy (Sargent et al., 1977; Phleger
et al., 1999; Connan et al., 2010), and potentially reducing metabolic costs for the
species with triglyceride-rich lipid stores.

As well as having high levels of triglycerides in their tissues, species which had low
mean Cresp values (E. carlsbergi, P. bolini and G. nicholsi) also show high levels of
highly-unsaturated fatty acids (HUFAs; fatty acids with 20 or more carbon atoms and
three or more double bonds; Bell and Tocher, 2009) in their tissues. HUFAs cannot be
synthesised by fish and must be obtained from dietary sources (Bell Tocher, 2009); in
this case these species all prey largely on copepods (Table 3.1; Phleger et al., 1999; Lea
et al., 2002; Stowasser et al., 2009; Connan et al., 2010; Saunders et al., 2015a). The
relationship between diets high in HUFAs and metabolic rates is not consistent among
studies: higher levels of HUFAs in fish diets have been shown to reduce minimum,
resting or maximum metabolic rates (McKenzie, 2001; Chatelier et al., 2006; Vagner
et al., 2015) whereas some experiments showed no effect of HUFAs on metabolic rate
(Silva-Brito et al., 2019; Vagner et al., 2019), and one showed a greater active metabolic
rate for fish on a higher HUFA diet (Vagner et al., 2014). All of the aforementioned
studies examined the effect of HUFAs in the diet within a species, so it is not clear how
this would translate to interspecific effects particularly in wild fishes. Further
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investigation is required to definitively link high HUFA diets with reduced field
metabolic rates across species.

3.5.3 Methodological comparisons and considerations

Metabolic rates of fishes are typically estimated via respirometry, however,
respirometry approaches are difficult in migrating mesopelagic species such as
myctophids, and also can only estimate resting (standard) or maximum metabolic
rates. Thus alternative proxies are useful for measuring metabolic rates in mesopelagic
species, particularly field metabolic rates. Our study used otolith-derived estimates of
field metabolic rate (Cresp values), and our species means for Cresp values are within
the range measured by the same method in other non-myctophid species (Cresp values
0.10 - 0.28, Chung et al., 2019a; Martino et al., 2020). However, this is a relatively new
technique, so comparisons with allometrically-derived oxygen consumptions
(equation 3.1) and ETS, another proxy for field metabolic rate, are warranted.

The similar ranges between otolith-derived oxygen consumption rates and those from
allometric scaling lend confidence to the use of Cresp values as a proxy for oxygen
consumption in the field. Equation 3.1 estimates oxygen consumption rates based on
body mass and temperature. Given the small temperature range in this study,
equation 3.1 produces oxygen consumption estimates that are ranked in the same
order as body mass, with the smallest species (K. anderssoni) having the highest
allometrically-derived oxygen consumption rate, and the largest species (G. nicholsi)
having the lowest allometrically-derived oxygen consumption rate. Contrary to this,
body mass was not a significant predictor of our otolith-derived Cresp values, although
all methods had G. nicholsi (or Gymnoscopelus spp.) as having the lowest field
metabolic rate.

Cresp values derived from otolith stable isotopes offers a useful proxy for investigating
field metabolic rates in fishes, however, its key limitation is the same as that for ETS;
the lack of myctophid-specific calibration between the proxy and oxygen consumption
(Belcher et al., 2019, 2020). In our study, we use experimentally derived calibration
coefficients to convert between Cresp values and mass-specific oxygen consumption
rates, however, these coefficients are not specific to the species we measure here. The
values of the upper bound (C) and decay constant (k) from equation 3.2 vary between
the two species for which calibrations have been made (Chung et al., 2019b; Martino
et al., 2020). Additionally, there may be a mass-specific component to the calibration,
which may partly explain the lack of body-mass scaling seen in our data.

Comparing results between ETS (Belcher et al., 2020) and Cresp values (Table 3.3), K.
anderssoni had the highest oxygen consumption rate as determined by ETS, but not
when oxygen consumption rates were inferred from Cresp derived values. This is
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despite our sampling employing whole otoliths for the small K. anderssoni, which
should result in a higher Cresp values than milled otoliths due to the incorporation of
otolith material deposited during larval and juvenile life stages when mass-specific
metabolic rate is high (Chung et al., 2019b). Discrepancies between ETS- and
Cresp-derived oxygen consumption rates may be due to intraspecific variability, which
is large in both methods. Future research should measure ETS and Cresp values on the
same individuals to determine whether the two proxies for field metabolic rate covary.
Additionally, ETS and otolith based approaches measure respiration on different
timescales. ETS activity should be stable over the sampling process, likely reflecting
the field metabolic rate in the hours prior to sampling (Gómez et al., 1996;
Hernández-León et al., 2019). However, otolith based measurements integrate over
much longer timescales of weeks to years, depending on how much otolith material is
incorporated into a sample (Trueman et al., 2016; Chung et al., 2019a,b, 2021b).
Therefore short term changes in individual respiration rates may partly explain why
ETS derived and otolith derived rates do not covary (Figures 3.7, 3.8). Despite these
methodological differences, the ranges of our Cresp-derived oxygen consumption rates
and allometrically derived oxygen consumption rates are similar (Table 3.3), giving us
confidence in Cresp as a metabolic proxy.

More accurately determining and parameterising ecological determinants of field
metabolic rates would require a larger dataset than is available in this study. Future
work could look to incorporate such factors into models estimating field metabolic
rates; for example Ikeda (2016) estimated fish and cephalopod metabolic rate as a
function of depth as well as body mass and temperature. Incorporating species-level
effects appears to be essential to accurately estimate myctophid field metabolic rates,
and may be required in order to determine their contribution to carbon flux as
accurately as possible (St John et al., 2016; Belcher et al., 2019).
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3.6 Conclusion

Our research highlights that field metabolic rates of myctophids in the Scotia Sea vary
beyond generic scaling relationships with body mass and temperature. Instead,
species identity was the most important driver of variation in Cresp values, probably
due to differences among species in habitat, migratory behaviour and diet. Realised
field metabolic rates, and therefore the role of myctophids, and likely other
mesopelagic fishes, in active ocean carbon flux, may not be adequately described
through these allometric scaling relationships. Estimating metabolic rates based on
allometric scaling is especially problematic when scaling exponents are derived from
global datasets and applied to multiple species with similar body masses and
environmental temperatures.

Given the small number of species in our study, and the inherent complexity of their
ecology, it is difficult to definitively say which factors have driven differences in Cresp

values among species, and to what extent each factor has played a role. More work is
needed across a wider range of teleost species to investigate how ecological
differences affect field metabolic rates, and whether these differences are more or less
useful than body-mass and temperature in explaining field metabolic rate variation in
different contexts. F actors which should be considered include habitat (pelagic vs.
benthopelagic) and the extent of migration and, potentially, the proportion of HUFAs
in the diet. The use of proxies for oxygen consumption, such as Cresp values and ETS,
are especially important in understanding metabolic rate variation in species where
respirometry is not currently feasible, such as myctophids.
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Chapter 4

Body mass and temperature scaling
of otolith-derived field metabolic
rates

4.1 Abstract

Some ecologists have proposed that metabolic rate - the rate at which an organism
converts energy and nutrients into power, biomass and waste products - underpins all
other ecological processes. Metabolic rate has long been known to scale with body
mass and temperature. Under the metabolic theory of ecology, metabolic rate scales
allometrically with an exponent of 0.75 across organisms. Similarly, the universal
temperature dependence hypothesis proposes that the effect of temperature on
metabolic rate can be described using an Arrhenius equation, with an average
activation energy of 0.65. Despite widespread controversy, these universal scaling
exponents are used in models to predict the impacts of climate change on ecosystems
at regional and global scales.

While laboratory studies have enabled the development of metabolic ecology, few
studies have investigated the applicability of universal scaling relationships to
organisms living in the wild. Furthermore, despite their importance as a food
resource, no studies have yet investigated the metabolic scaling relationships of wild
marine teleost fishes.

In this study, I use otolith-derived field metabolic rates to explore the scaling of fish
metabolic rates in the wild. I find that fish field metabolic rate scales with body mass
with an exponent of 0.90, and with temperature with an activation energy of 0.26. This
study joins others in demonstrating that the body mass scaling exponent for fishes is
significantly greater than is proposed by the metabolic theory of ecology, and that the
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metabolic level boundaries hypothesis may offer a more appropriate framework for
explaining metabolic rate across different taxa. The use of low body mass scaling
exponents in marine ecosystem models is likely overestimating the effects of body
mass on mass-specific ecological rates. Similarly, the low temperature sensitivity of
fish field metabolic rates highlights the ability of wild-living organisms to
behaviourally compensate for thermodynamic effects on their metabolic rates.

This study emphasises the importance of studying field metabolic rates across all taxa,
particularly those groups which are thus far understudied. Otolith-derived field
metabolic rates offer a powerful tool with which to investigate metabolic rates across
wild marine fish.
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4.2 Introduction

Metabolic rate - the rate at which an organism converts energy and nutrients into
power, biomass and waste products - is thought to underpin all other ecological rates,
including growth, survival and abundance (Brown et al., 2004). Given the importance
of metabolic rate, scientists have long been interested in what determines an
organism’s metabolic rate and how these determinants operate at different biological
scales.

4.2.1 Body mass

The scaling of metabolic rates with body mass can be described by the equation:

Y = aMb (4.1)

where Y is the metabolic rate, M is the body mass (in grams), b is the scaling exponent,
and a is the normalisation constant (West et al., 1997; Brown et al., 2004).

It has long been known that metabolic rate scales with negative allometry (Rubner,
1883), less than directly proportional to body mass (b < 1), as opposed to
isometrically, where rates scale in direct proportion with body mass (b = 1), or with
positive allometry, where rates increase faster than body size (b > 1). Macroecological
studies determined that b tended towards an average value of 0.75 ( 3

4 , Kleiber, 1932,
1947), as opposed to the original scaling exponent of 0.67 ( 2

3 , Rubner, 1883). West et al.
(1997) proposed that the driver of the 0.75 value of b is the fractal nature of delivery
systems, such as blood vessels and water vascular systems. 0.75 power scaling and the
fractal network theory became the basis for the metabolic theory of ecology (MTE,
West et al., 1997; Brown et al., 2004). According to strict MTE, the value of b is constant
at 0.75, which is equivalent to -0.25 for mass-specific metabolic rates (West et al., 1997;
Brown et al., 2004).

Despite its ubiquity, MTE has been controversial since its proposal, both in terms of its
theoretical underpinnings (e.g. Kozłowski and Konarzewski, 2004) and empirical
evidence. Many studies have found systematic variations in the value of b among life
stages (Giguère et al., 1988; Killen et al., 2007), hierarchical levels (Norin and Gamperl,
2018), activity levels (Brett and Glass, 1973; White et al., 2007; Glazier, 2009; Killen
et al., 2010; Norin and Malte, 2012) and taxonomic groups (White et al., 2006, 2007;
Capellini et al., 2010; White et al., 2012b; Uyeda et al., 2017). Most macroecological
studies of metabolic rates in vertebrates have tended to use data on endotherms (i.e.
birds and mammals), which typically result in values of b tending towards 0.75 or
0.67. In contrast, ectotherms typically have a higher value of b (White et al., 2006;
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Glazier, 2010; White et al., 2012b). For example, studies of standard metabolic rates
(SMR, the metabolic rate of an unmoving, post-absorptive ectotherm at a specific
temperature) in fish have given b values of approximately 0.80 to 0.90 (equivalent to
-0.10 to -0.20 for mass-specific metabolic rates, Winberg, 1956; Clarke and Johnston,
1999; White et al., 2006; Killen et al., 2016). The heterogeneity found in the value of b
across vertebrates raises the question: is a single average value of b (i.e. 0.75) sufficient
for broad applications?

Much of the controversy around whether a single value of 0.75 is appropriate across
all vertebrates has arisen from different statistical approaches. In particular, there is a
difference between statistical hypothesis testing, which may support or reject a
universal value of b based on statistical overlap (or lack thereof) with 0.75 (Dodds
et al., 2001; Savage et al., 2004), and an information theoretical approach which seeks
to select the best fit model with the least number of parameters (Isaac and Carbone,
2010; White et al., 2012b).

An alternative theoretical framework to MTE is the metabolic level boundaries
hypothesis (MLBH, Glazier, 2005, 2009, 2010, 2015). MLBH proposes that b, rather
than being a universal value is context dependent, and varies between the boundaries
of 0.67 and 1.00. The allometric lower bound of 0.67 is set by surface area-volume
constraints of fractal supply networks, while the isometric upper bound of 1.00 is set
by mass-volume constraints such as muscle power. The specific value of b for a group
or species depends upon the metabolic level - the mass-specific metabolic rate at the
midpoint of an organism’s body mass (Glazier, 2005, 2010; Killen et al., 2010).
Metabolic level is similar to a in equation 4.1 in that it deals with the elevation of
metabolic rate (Glazier, 2005).

An important concept within MLBH is that the value of b, and its relationship to
metabolic level, changes with activity level (Glazier, 2009, 2010). For SMR, b decreases
with increasing metabolic level, so that organisms or groups with higher maintenance
demands (e.g. athletic tunas) will have metabolic rates which scale with bSMR closer to
0.75. In contrast, organisms or groups with low metabolic levels at SMR (e.g. sluggish
carp) will have bSMR close to 1.00 (Glazier, 2009, 2010; Killen et al., 2016). For
maximum metabolic rates (MMR), b increases with increased metabolic level, as more
active species are constrained by muscle output (a mass-volume constraint), bMMR is
closer to 1.00, while sluggish species are constrained by supply networks bMMR is
closer to 0.75 (Glazier, 2009, 2010)). The difference in the relationship between
metabolic level and b at different activity levels is proposed as an explanation for why
across vertebrates bMMR is typically higher than bSMR (Glazier, 2009).
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4.2.2 Temperature

After body mass, temperature is a key driver of metabolic rates, due to its effects on
enzyme-catalysed reaction kinetics. The effect of temperature on enzyme-catalysed
reactions can be described using an Arrhenius equation:

Y ∝ e
−E
kT (4.2)

where Y is the rate of reaction (in our case metabolic rate), E is the activation energy, k
is the Boltzmann constant, and T is the absolute temperature in kelvin (Gillooly et al.,
2001; Brown et al., 2004).

According to the universal temperature dependence hypothesis (UTD), E has an
average value of between 0.60 and 0.70 eV (often reported as 0.65 eV), which is the
average activation energy when combining the reactions which comprise respiration
(Gillooly et al., 2001). However, UTD is based on enzyme thermodynamics, therefore it
is unclear how the value of 0.65 eV might scale up to whole-organism metabolic rates.

When combining MTE with UTD, the full equation becomes (Brown et al., 2004):

Y = aM0.75e
−0.65

kT (4.3)

4.2.3 Field metabolic rate scaling

Field metabolic rate (FMR) is the time-averaged metabolic rate of a free-living animal.
FMR includes the metabolic costs incurred by different experienced temperatures,
specific dynamic action (the increase in metabolic rate due to digestion and
assimilation of food), foraging, predator evasion and reproduction (Treberg et al.,
2016; Trueman et al., 2016). The extent to which metabolic frameworks such as MTE,
UTD and MLBH apply to FMR has not been fully ascertained, as the established
method for measuring FMR (doubly-labelled water, Lifson et al., 1955) is expensive
and logistically challenging (Treberg et al., 2016). Furthermore, the doubly-labelled
water method cannot be applied to organisms with a high water turnover rate, such as
fish (Treberg et al., 2016).

Across studies which have estimated bFMR in terrestrial organisms, there is variation
as to whether bFMR is higher than (Nagy, 1987), lower than (Koteja, 1991; Nagy, 1987),
or the same as bSMR (Nagy, 1987; Capellini et al., 2010; Savage et al., 2004). Under the
MTE framework, b is invariant with activity level, so bFMR should be 0.75 (or
statistically indistinguishable from 0.75, West et al., 1997; Brown et al., 2004; Savage
et al., 2004). Under MLBH, the relationship between b and metabolic level for FMR is
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less certain, as FMR lies between SMR and MMR. If base costs (i.e. SMR) make up a
large proportion of FMR, bFMR should follow the pattern of bSMR, having a negative
relationship with metabolic level (Glazier, 2010). However, it could also be argued
that bFMR should be greater than bSMR as volume constraints such as muscle power
become limiting and bFMR moves closer to 1 (isometric scaling, Glazier, 2009, 2010).

Considering temperature, there is particular uncertainty around whether UTD applies
to FMR. In the field, organisms may be able to compensate for the temperature effects
on their SMRs by reducing other components of FMR (Richards, 2010). For example,
fish experiencing higher temperatures may reduce their food intake to reduce specific
dynamic action (Norin and Clark, 2017; Jutfelt et al., 2021). As FMR is a more
ecologically relevant measure of metabolic rate (Treberg et al., 2016), ascertaining bFMR

and EFMR for fish is crucial to understanding how fish might respond to unfavourable
temperature increases under climate change.

4.2.4 The importance of field metabolic rate scaling in fish

Along with enabling a better understanding of metabolic scaling in ectotherms,
focusing on FMR scaling in fish has particular practical importance for humans.
Globally 7 % of all protein consumed by humans is from fish, and an estimated 59.51
million people are employed in fisheries or aquaculture (FAO, 2020), therefore there is
a clear and urgent need to predict the impacts of climate change on marine
ecosystems.

Predicting the impacts of climate change, and other anthropogenic stressors, on
marine ecosystems is primarily achieved through global and regional scale models
(Tittensor et al., 2018), most of which rely on inputs directly related to, or derived
from, metabolic scaling (Chapter 1, Table 1.2, Cheung et al., 2008, 2013; Blanchard
et al., 2012; Harfoot et al., 2014; Jennings and Collingridge, 2015; Carozza et al., 2016;
Audzijonyte et al., 2019). The macroecological model is the most explicitly based on
MTE, incorporating the full MTE equation (equation 4.3) to predict fish biomass,
production and distribution (Jennings and Collingridge, 2015). The majority of global
and regional ecosystem models use a single body mass scaling exponent, usually
between 0.67 and 0.75, and a single E between 0.60 and 0.70. However, information
theoretical approaches suggest that single scaling relationships are unlikely to be
sufficient to describe the relationships between metabolic rate, body mass and
temperature at macroecological scales (White et al., 2012b). Furthermore, few marine
ecosystem models consider FMR, instead using MTE or values of b derived from
laboratory measures (Cheung et al., 2008; Blanchard et al., 2012; Jennings and
Collingridge, 2015; Carozza et al., 2016; Audzijonyte et al., 2019).
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One ecosystem model which does consider FMR is the general ecosystem model (also
called the Madingley model, Harfoot et al., 2014). The general ecosystem model is not
explicitly marine - instead it can be applied aquatic and terrestrial ecosystems
(Tittensor et al., 2018). The general ecosystem model uses values for bFMR derived
from doubly-labelled water studies of terrestrial endo- and ectotherms (bFMR = 0.70
and 0.88, respectively, Nagy et al., 1999; Harfoot et al., 2014). While the general
ecosystem model considers both FMR and variations in b more than the majority of
other ecosystem models, a bFMR value from marine ectotherms could make it more
applicable to marine systems. Ultimately, if we are to understand how climate change
will impact marine ecosystems, we must have a good understanding of how fish FMR
varies with body mass and temperature.

4.2.5 Beyond body mass and temperature variation

Although body mass and temperature are primary drivers of metabolic rates (West
et al., 1997; Gillooly et al., 2001; Brown et al., 2004), studies show variation in metabolic
rates after body mass and temperature are accounted for. Within the teleost fishes,
metabolic rates have been shown to vary with taxonomic group (Clarke and Johnston,
1999; Uyeda et al., 2017), activity level (Gordon, 1972; Glazier, 2009; Killen et al., 2010,
2016), depth (Drazen and Seibel, 2007; Seibel and Drazen, 2007; Drazen et al., 2015;
Ikeda, 2016), thermal realm (Scholander et al., 1953; Wohlschlag, 1960; White et al.,
2012a) and habitat (Gordon, 1972; Koslow, 1996; Drazen and Seibel, 2007; Seibel and
Drazen, 2007; Killen et al., 2010, 2016). Given the many components that make up
FMR (Chapter 1 section 1.1, Treberg et al., 2016), combined with the ability for wild
fishes to mitigate potential temperature effects (and potentially other stressors) on
their SMR (Norin and Clark, 2017; Jutfelt et al., 2021), there is likely a large amount of
unexplained variance in FMR after accounting for body mass and temperature effects.

Estimates of phylogenetic signal (Harvey and Pagel, 1991) allow us to ascertain the the
level of phylogenetic influence on model residuals, or how similar the trait of interest
is among closely related species after accounting for fixed effects (Kamilar and
Cooper, 2013). MMR in particular has been found to show phylogenetic signal after
accounting for body mass and temperature (λ = 0.62, Killen et al., 2016), indicating
that allometric and thermodynamic effects alone cannot fully explain variation in
MMR across the fishes, and that these variations are somewhat conserved. I would
expect to see similar phylogenetic signal for FMR if traits other than body mass and
temperature are relatively phylogenetically conserved (i.e. more similar in close
relatives). By examining how FMR varies across the phylogenetic tree, after
accounting for body mass and temperature, we can begin to ascertain which
ecological traits may also significantly influence FMR.



100
Chapter 4. Body mass and temperature scaling of otolith-derived field metabolic

rates

Alongside providing information about potential influences of FMR, phylogenetically
informed models ensure robustness by avoiding pseudo-replication among closely
related species, due to their shared evolutionary history (Harvey and Pagel, 1991).

4.2.6 Aims

In this study, I used phylogenetically-informed mixed models to investigate the body
mass and temperature scaling of otolith-derived estimates of the proportion of
metabolic carbon in a fish’s blood - Cresp values (Trueman et al., 2016; Chung et al.,
2019a,b) - which I converted into oxygen consumption rates. I compared my absolute
oxygen consumption values, along with bFMR and EFMR to values previously
determined for SMR and MMR in fishes (from Killen et al., 2016). Finally, I
investigated the phylogenetic signal of residual variation in FMR, and compared
mass- and temperature- normalised FMR across different taxonomic groups, with the
goal of informing future studies.
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4.3 Methods

4.3.1 Statistical analyses

To investigate the relationships of Cresp values with body mass and temperature, I ran
a model incorporating logged body mass (ln(bm)) and δ18Ooto-derived experienced
temperature (tempexp, Chapter 2 section 2.5):

Cresp ∼ ln(bm) + tempexp (4.4)

To investigate the values of the scaling exponents for body mass (b) and temperature
(E) with FMR, I first estimated field oxygen consumption from Cresp values, using the
equation:

Cresp = C(1 − e−kO) (4.5)

where O is oxygen consumption (mg kg−1 h−1), C is the upper bound of Cresp values,
and k is the decay constant of the relationship between Cresp values and oxygen
consumption. I set k to 0.004 according to Martino et al. (2020). As there is no
information on the value of C for a dataset spanning such a large range of Cresp values
as this one, I arbitrarily set C to 0.64, which was the maximum Cresp value in my
dataset plus 0.01. The aim of setting C to 0.64 was to keep the conversion between
Cresp values and oxygen consumption within the linear portion of the relationship, as
it is unlikely that fish would reach the upper bound (C) under natural conditions
(Chung et al., 2019b; Martino et al., 2020).

To estimate whole-organism oxygen consumption (mg h−1), I multiplied the
mass-specific oxygen consumption for each individual by its body mass. I modelled
mass-specific and whole-organism field oxygen consumption according to the MTE
equation (Brown et al., 2004):

ln(O) ∼ ln(bm) + tempinv (4.6)

where ln(O) is the natural log of oxygen consumption (mass-specific or
whole-organism), and tempinv is the inverse temperature according to an Arrhenius
relationship:

tempinv =
1

kT
(4.7)
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where k is Boltzmann’s constant (8.62×10−5) and T is the temperature in kelvin (K). I
did not include interaction terms in the models as these are not present in MTE
equations (Brown et al., 2004).

To enable comparisons with other studies, I converted E to Q10 values, which describe
the rate change (in this case of FMR) over 10 °C, using the following equation:

ln(Q10) =
E
k
× 10

T2 × T1
(4.8)

where T1 and T2 are the minimum and maximum temperatures over which metabolic
rates were measured (Aisami et al., 2017).

All models were generalised linear mixed-models, therefore I z-scored (standardised)
all continuous predictors, so they were inputted as standard deviations from the
mean. Using z-scored predictors means the constant a represents the FMR at mean
values of the predictors, and b represents the change in FMR per standard deviation of
the predictor. To convert back to a natural scale, I divided b by the standard deviation
of the predictor in question.

I ran all models in R version 4.1.2 (R Core Team, 2021a), using the MCMCglmm package
(Hadfield, 2010) to run Bayesian phylogenetic mixed models. All models included
random effects of species-relatedness, intraspecific effects and the random effect of
data source (Chapter 2). Following Hadfield (2010), I used regularising
inverse-Wishart priors for all random factors, with variance (V) set to 1 and the belief
parameter (ν) set to 0.02. I incorporated uncertainties (as standard errors of mean
estimates) of both Cresp values and experienced temperatures by setting these as
random factors with constant variances and fixed priors.

I ran all models for 5,000,000 iterations, with a burn-in of 15,000 and a thinning
parameter of 500. I checked all models for convergence and mixing via visual
inspection of traceplots, Geweke’s diagnostic and the Heidelberger-Welch diagnostic
(Plummer et al., 2006). All parameters for all models had an effective sample size >

2000 (Hadfield, 2010). I ran the standard sensitivity tests (section 2.8), the results of
which are summarised in Appendix H.

I used values derived from equation 4.4 to scale Cresp values to a common body mass
and temperature of 200 g and 10 °C, as these values were close to the mean values
across the dataset.
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4.3.2 Comparison to fish resting and maximum metabolic rate

To ascertain where FMR sits between SMR and MMR, I compared average
Cresp-derived oxygen consumption values to 13 species resting metbolic rate (RMR)
and MMR values from Killen et al. (2016).

For comparison to data from Killen et al. (2016) I normalised oxygen consumption
rates to a common body mass and temperature of 1000 g and 15 °C. While I used the b
derived from my models, as with other normalisation procedures, I used an E of 0.65
to normalise to common temperatures, as normalisation aims to remove the
enzyme-kinetic effects, rather than context-dependent responses to temperature. I was
unable to do this for Cresp values, as there is no context-independent equivalent of the
universal 0.65 E for Cresp values.
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4.4 Results

The mean Cresp value across species was 0.193 (± 0.109) and ranged from 0.006 for
Trachyrincus scabrus (roughsnout grenadier) to 0.623 for Thunnus orientalis (Pacific
bluefin tuna). The estimates for mass-specific field oxygen consumption from
equation 4.5) ranged from 2 mg O2 kg−1 h−1 to 1037 mg O2 kg−1 h−1, with a mean
mass-specific oxygen consumption rate of 103 mg O2 kg−1 h−1 (± 90).

4.4.1 Cresp value scaling with body mass and temperature

Cresp values had a negative scaling relationship with logged body mass (Figure 4.1A),
and a positive scaling relationship with temperature (Figure 4.1B). When corrected to
a natural scale, the scaling exponents (b) for logged body mass and temperature were
-0.01 (± < 0.01) and 0.01 (± < 0.01), respectively.

4.4.2 Field oxygen consumption scaling with body mass

Estimated mass-specific field oxygen consumption had a negative scaling relationship
with logged body mass (Figure 4.2), while whole-organism field oxygen consumption
had a positive relationship with body mass. When converted to a natural scale, the
body mass scaling exponents were -0.09 (± < 0.01) for mass-specific oxygen
consumption, and 0.90 (± 0.01) for whole-organism oxygen consumption. These
exponents were significantly different from 0.75 as predicted by MTE (equivalent to
-0.250 for scaling of mass-specific metabolic rate, Brown et al., 2004), and 0.80
(equivalent to -0.20 for mass-specific, Winberg, 1956) proposed for fish (Figure 4.2).
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A

B

FIGURE 4.1: Individual Cresp values plotted by: (A) log body mass (g), normalised to
10 °C, and (B) experienced temperature (°C) normalised to 300 g body mass using the
partial correlation coefficients from equation 4.4. On both plots the black line shows
the significant relationship from the model described by equation 4.4, with 95% con-
fidence intervals shaded in grey. The partial correlation coefficients are -0.01 for body

mass, and 0.01 for temperature.
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FIGURE 4.2: Temperature-corrected mass-specific field oxygen consumption (mg O2

kg−1 h−1) plotted against body mass (g) on a log-log scale. Field oxygen consumption
was corrected to a common temperature of 10 °C, using the best-fit activation energy of
0.26 eV from equation 4.7. Each data point is a species’ average, point size denoting the
number of data points per species (n). The black line shows the significant relationship
between field oxygen consumption and log body mass, as determined by equation 4.7,
with a scaling exponent (b) of -0.09. 95% confidence intervals are shaded in grey. The
dotted line shows the proposed universal value of b of -0.25, (West et al., 1997; Brown

et al., 2004)

.

4.4.3 Field oxygen consumption scaling with temperature

Both estimated mass-specific and whole-organism oxygen consumption rates had
positive relationships with temperature (Figure 4.3). When converted to a natural
scale, these relationships resulted in Arrhenius activation energies (E) of 0.26 eV (±
0.03) for both measures. This is significantly different from the E of 0.65 eV proposed
by UTD (Figure 4.3). Using equation 4.8, an E of 0.26 eV equates to a Q10 value of 1.4.
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FIGURE 4.3: Logged mass-specific field oxygen consumption (mg O2 kg−1 h−1) plot-
ted against inverse temperature (1/kT). Field oxygen consumption was corrected to
a common body mass of 300 g, using the best-fit scaling exponent of -0.09 from 4.7.
Each data point is a species’ average, point size denoting the number of data points
per species (n). The black line shows the significant relationship between field oxygen
consumption and temperature, as determined by equation 4.7, with an activation en-
ergy of 0.26 eV. 95% confidence intervals are shaded in grey. The dotted line shows the

proposed universal activation energy of 0.65 eV, (Gillooly et al., 2001, 2006))

.
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4.4.4 Comparison to resting and maximum metabolic rates

Of the thirteen species common to my study and Killen et al. (2016), eleven had FMRs
greater than resting metabolic rates (RMR). The two exceptions were Merlangius
merlangus (whiting) and Thunnus orientalis (Pacific bluefin tuna, Figure 4.4).

Of the ten species with MMR data, nine had greater MMRs than FMRs (Figure 4.4).
The sole exception was the Cyclopterus lumpus (lumpfish), which my study estimated
to have an unusually high FMR (section 4.4.5). Aside from the above exceptions,
species had estimated FMRs closer to their RMR than MMR (Figure 4.4).

Of the species which followed the expected pattern (RMR < FMR, and FMR < MMR
where data were available), FMR was 1.2 to 5.9x RMR, with a mean of 1.8. Artediellus
atlanticus (Atlantic hookear sculpin) had a much higher ratio of FMR to RMR than
other species, having an FMR almost 6x RMR, while other species ranged from 1.2 to
1.8x.

FIGURE 4.4: Resting (blue), field (yellow) and maximum (orange) metabolic rates (mg
O2 kg−1 h−1 for thirteen species of teleost fishes. Field metabolic rates are estimated
from Cresp values from this study. Resting and maximum metabolic rates are from
Killen et al. (2016). Metabolic rates are normalised to a common body mass and tem-
perature of 1000 g and 15 °C respectively. Black stars indicate species where maximum

metabolic rates were unavailable.
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4.4.5 Effect of species’ relatedness on otolith-derived field metabolic rates

Phylogenetic signal of the residuals for the Cresp model (described by equation 4.4)
was relatively high (λ = 0.921), compared to the phylogenetic signal for oxygen
consumption models (e.g. mass-specific oxygen consumption, equation 4.7, λ = 0.575).

Across the phylogenetic tree, there were clear trends within some orders (Figure 4.5).
The Pleuronectiformes (flatfish) had consistently low Cresp values (Cresp value = 0.12 ±
0.04) and oxygen consumption rates (mass-specific O2 consumption = 52 ± 15), as did
the Beryciformes (mass-specific O2 consumption = 43 ± 13) and the Gadiformes (cods
and their relatives, Cresp value = 0.13 ± 0.04, mass-specific O2 consumption = 59 ± 15).
The Myctophiformes (lanternfish) also had relatively consistent, low Cresp values (Cresp

value = 0.16 ± 0.04, mass-specific O2 consumption = 73 ± 23). The Scombriformes had
relatively high Cresp values (Cresp value = 0.32 ± 0.11), and oxygen consumption rates
(mass-specific O2 consumption = 194 ± 121), however, there was considerable
variation among species within this order.

Within the dataset, a handful of species stood out by having relatively high Cresp

values compared to their closest relatives. The most extreme example of an anomalous
species was Cyclopterus lumpus (lumpfish, Figure 4.5), which had a Cresp value of 0.48
± 0.01 (mass-specific O2 consumption = 447 ± 13), much greater than other species
within its order (Perciformes, Cresp = 0.23 ± 0.09).
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300 g and a temperature of 10 °C. Illustrated are the Pleuronectiformes (Microstomus kitt, lemon sole), Scombriformes (Thunnus albacares, yellowfin
tuna), Beryciformes (Beryx splendens, splendid alfonsino), Gadiformes (Coryphaenoides rupestris, roundnose grenadier) and the Myctophiformes

(Electrona antarctica, Antarctic lanternfish). Also highlighted by the black star is Cyclopterus lumpus (lumpfish).
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4.5 Discussion

4.5.1 Relationships between resting, field and maximum metabolic rates

In comparing resting, field and maximum metabolic rates within 13 species, most
followed the expected pattern: RMR being the lowest, followed by FMR and then
MMR. The finding that FMR was usually 1.2 - 1.8x greater than RMR slightly contrasts
previous studies, which have found that fish need oxygen supplies 2 - 5x greater than
predicted by SMR (Deutsch et al., 2015; Duncan et al., 2020). However, one species,
Artediellus atlanticus (Atlantic hookear sculpin), had an FMR that was 5.9x its RMR.
Additionally, the data from Killen et al. (2016) was resting rather than standard
metabolic rates, which may account for our lower ratio compared to previous studies.
The use of RMR may also account for the lower RMR than FMR for two species:
Thunnus albacares and Merlangius merlangus. In general it is logical that within species,
FMR values are closer to RMR than to MMR. MMRs are usually measured over short
time periods and under extreme stress (Clark et al., 2013), producing metabolic rates
which would be unsustainable in the wild, especially in the long-term (Norin and
Clark, 2016).

Cyclopterus lumpus was the only species to have a greater FMR than MMR, a result
which should be impossible, as MMR should represent the maximum aerobic capacity
of an organism (Norin and Clark, 2016). The field oxygen consumption rates (and
Cresp values from which they were derived) in C. lumpus are much higher than
expected (section 4.5.4).

Equation 4.5 is particularly useful for estimating oxygen consumption rates at lower
Cresp values, where the relationship between Cresp values and oxygen consumption
rates is linear (Chung et al., 2019b; Martino et al., 2020). Converting to oxygen
consumption from Cresp values becomes more difficult at higher Cresp values, due to
the sensitivity of of high Cresp value conversions to the poorly known upper bound
(C). C is also less well defined and more variable that the decay constant (k, Chung
et al., 2019b; Martino et al., 2020). Further research is needed to calibrate Cresp values
with oxygen consumption rates across a range of species, particularly those with high
Cresp values.
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4.5.2 Body mass scaling

In finding a value of 0.90 for bFMR, this study joins a growing number which find that
the value of b for fishes is greater than the 0.75 value proposed by MTE (West et al.,
1997; Brown et al., 2004), instead lying within the range of 0.78 and 0.95 (Winberg,
1956; Clarke and Johnston, 1999; White et al., 2006; Killen et al., 2016). According to
the metabolic-level boundaries hypothesis (MLBH, Glazier, 2005, 2009, 2010), groups
with a low metabolic level (i.e. ectotherms, including fish) will have greater values of
bSMR than groups with higher metabolic levels (i.e. endotherms). Furthermore, MLBH
asserts that bFMR will also be greater in groups with lower metabolic levels, if a large
proportion of FMR is comprised of basal costs (SMR, Glazier, 2010), which our study
supports. The bFMR of 0.90 found here for fishes is greater than bFMR found previously
for birds and mammals (bFMR = 0.68 and 0.73 respectively, Nagy et al., 1999), which
supports the MLBH prediction of higher bFMR in lower metabolic level groups
(Glazier, 2010).

A further prediction of MLBH is that metabolic rate should move closer to isometric
scaling with body mass (b = 1) with increasing activity level, as volume restrictions
become the dominant constraint (Glazier, 2005, 2009, 2010). It is difficult to compare
our value of bFMR to values of bSMR and bMMR, as there are few interspecific studies of
b in fishes, and each study uses a dataset comprised of different species, which may
alter the best-fitting value of b. Nevertheless, our value of bFMR of 0.90 is greater than
the value of bSMR for most studies, which range from 0.78 to 0.88 (Winberg, 1956;
Clarke and Johnston, 1999; White et al., 2006; Uyeda et al., 2017), which appears to
support the MLBH prediction that b increases with activity level. The exceptions to
this were Killen et al. (2016) and Bigman et al. (2021), which found relatively high
bSMR values of 0.95 and 0.92 respectively. More research is needed on how b varies
with activity level, and ideally this research should be carried out within the same
study, and using the same species to reduce confounding factors. However, it is clear
that the value of b for fishes, including FMR, is significantly greater (in both biological
and statistical terms) than the 0.75 value proposed by MTE.

The majority of marine ecosystem models use values of b based on, or close to, the 0.75
value proposed by MTE (Chapter 1 Table 1.2, Cheung et al., 2008, 2013; Blanchard
et al., 2012; Harfoot et al., 2014; Jennings and Collingridge, 2015; Carozza et al., 2016;
Audzijonyte et al., 2019), which as discussed is likely lower than the value for b for
fishes, which is found to range between 0.78 and 0.95 for SMR (Winberg, 1956; Clarke
and Johnston, 1999; White et al., 2006; Killen et al., 2016; Uyeda et al., 2017), and is
found by this study to be 0.90 for FMR. Using a lower value of b within marine
ecosystem models is likely to over-estimate the effects of body mass on mass-specific
metabolic rates. For example, Cheung et al. (2013) used a value for b of 0.70 to predict
widespread reductions in fish body size with climate change. As has been pointed out
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in other papers (Lefevre et al., 2017, 2018; Norin and Gamperl, 2018), the use of such a
low scaling exponent likely overestimated the magnitude of the relationship between
body size and the effects of climate warming.

Although most of the ecosystem models considered here employ relatively low values
of b, the general ecosystem model (Harfoot et al., 2014) uses a value of bFMR for
ectotherms of 0.88, which is relatively close to the 0.90 found by my study for fishes.
The value of 0.88 in the general ecosystem model was obtained from a doubly-labelled
water study of reptiles (Nagy et al., 1999), suggesting that when choosing scaling
exponents for modelling, thermoregulatory strategy is an important consideration.
Ultimately, where marine ecosystem models are concerned with the energetic costs of
life in the field, effects of or on body mass would be best determined using the bFMR

determined here.

4.5.3 Temperature scaling

The temperature sensitivity of otolith-derived field oxygen consumption rates, as
quantified by Arrhenius activation energy (E) was 0.26, which is outside the range of
0.6 to 0.7 proposed by the universal temperature dependence hypothesis (UTD,
Gillooly et al., 2001, 2006). E of FMR was also lower than the range typically seen for
SMR within teleost fish (0.34 to 0.59, Clarke and Johnston, 1999; Killen et al., 2016;
White et al., 2012b), instead being closer to the E found for MMR (0.25, Killen et al.,
2016). The E for FMR from our study lay between that of SMR (0.34) and MMR (0.25)
from Killen et al. (2016). Given that SMR is itself a component of FMR (Treberg et al.,
2016), it may seem counter-intuitive that FMR E is closer to that of MMR than FMR.
However, two key differences between laboratory-based and field-based measures of
metabolic rates may explain the lower temperature sensitivity of FMR than SMR.

The first difference between EFMR and ESMR is that fish living in the wild are likely to
be living at or below their thermal optimum so as to avoid the sharp drop in
performance which results above the thermal optimum (Chapter 1, section 1.2.2,
Martin and Huey, 2008; Schulte, 2015; Chung et al., 2021b). Secondly, free-living fish
can likely modify their behaviour to compensate for the kinetic effects of temperature
on their basal metabolism (Richards, 2010). For example, fish experiencing higher
temperatures in laboratory settings have been found to reduce their food intake to
reduce specific dynamic action, which is the cost of digesting and assimilating meals
(Norin and Clark, 2017; Jutfelt et al., 2021). The ability for wild-living fish to
compensate for, or move away from, unfavourable temperature adds complexity
when using FMR to predict the effects of climate warming on fish.

Marine ecosystem models, which among other things, aim to predict the effects of
increased temperatures on marine ecosystems, typically employ the UTD framework
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to estimate the effects of temperature on biological rates (Chapter 1, Table 1.2, Cheung
et al., 2008, 2013; Blanchard et al., 2012; Harfoot et al., 2014; Jennings and Collingridge,
2015; Carozza et al., 2016; Audzijonyte et al., 2019), setting E between 0.6 and 0.7 eV
(Gillooly et al., 2001, 2006). Using UTD captures the thermal kinetic effects of
increasing temperature on metabolic rate reactions, but does not capture the
behavioural compensations of wild fishes to increasing temperatures, nor the
trade-offs that these behaviours incur. For example, the previously mentioned ability
for fish to reduce their specific dynamic action by eating smaller meals comes at the
cost of reduced growth efficiency, particularly if the food quality is reduced (Norin
and Clark, 2017; Jutfelt et al., 2021). Trade-offs are also likely when reducing other
aspects of FMR: reducing movement is likely to have implications for the ability to
feed and reproduce (Richards, 2010). Ultimately, more research is needed to better
understand the costs and benefits for fish modifying their behaviour to cope with
unfavourable temperatures.

4.5.4 Species’ relatedness: drivers beyond body mass and temperature

The phylogenetic signal of field oxygen consumption (λ = 0.58) was closer to that
previously found for MMR (λ = 0.62) than that for SMR (λ = 0.49, Killen et al., 2016),
which mirrors previous results in this study suggesting that FMR scales more
similarly to MMR than SMR, in terms of body mass and temperature. The λ of field
oxygen consumption (0.58) indicates that there there is a reasonable amount of
phylogenetic signal in the residuals, which supports previous studies finding
considerable variation in metabolic rate after accounting for body mass and
temperature (Clarke and Johnston, 1999; Drazen and Seibel, 2007; White et al., 2012a;
Drazen et al., 2015; Ikeda, 2016; Killen et al., 2016). By examining patterns in FMRs
across the phylogenetic tree, in combination with knowledge about the traits of
various lineages, we can begin to unpick which factors, other than body mass and
temperature, may drive variation in FMR.

The consistently low Cresp values and field oxygen consumption estimates for the
Pleuronectiformes (flatfish) reflects the low SMR and MMR measures previously
found for this order (Killen et al., 2016). The subfamily Pleuronectinae, within the
order Pleuronectiformes had been found to have a lower body mass scaling intercept
than other fishes (Uyeda et al., 2017), which is consistent with my findings of low Cresp

values and field oxygen consumption rates. Pleuronectiformes are a commercially
important group and thus often of interest when developing models for ecosystem
based fishery management (Pauly, 1994; Girardin et al., 2018). My results support that
flatfishes may have FMRs different to those of other fishes, perhaps due to their
benthic lifestyle, therefore established estimates and theories may not be suitable if
focusing on this group.
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Similarly to the flatfishes, the Gadiformes (cods and relatives) also have relatively
consistently low FMRs. This may be due to the high proportion of deep-sea species
within this order, particularly due to the prevalence of Macrouridae (grenadiers) in
my dataset, which are a family exclusively found in the deep-sea. A depth-dependent
decline in metabolic rates, which cannot be accounted for by body mass and
temperature effects alone, is a prominent trend within the metabolic ecology for fishes
(Drazen and Seibel, 2007; Seibel and Drazen, 2007; Drazen et al., 2015; Ikeda, 2016).
Further support for potential effect of depth can be seen within the Beryciformes,
which also have relatively low FMRs. All of the beryciform species within this study
have a minimum depth of occurrence greater than 100 m (Appendix A). The low FMRs
of deep-living groups in this study, such as the Gadiformes and the Beryciformes,
indicate that depth could be a potential driver for variation in FMR (Chapter 6).

Despite Cresp values and field oxygen consumption estimates being fairly similar
within most taxonomic groups, Cyclopterus lumpus were a clear anomaly in terms of
having high FMRs compared to their closest related species in the dataset. Despite
long being thought of as benthic, adult C. lumpus adopt a “semi-pelagic” lifestyle,
particularly during spawning (Blacker, 1983; Kennedy et al., 2016). Given that adult C.
lumpus spend a large part of their time within the water column despite having a
morphology unsuited to a pelagic lifestyle, adult C. lumpus may be expending a large
amount of energy on locomotion, which may account for their high FMRs. Other
possibilities include their need to feed near continuously, which may elevate their
FMR through specific dynamic action, or their large investment in gonadal tissues (J.
Kennedy, per. comms. 2021). Whatever the underlying mechanism, anomalous
species such as the C. lumpus highlight the need to investigate the FMRs of a broad
range of species, particularly if those species are of commercial interest.
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4.5.5 Conclusion

This study has shown the Cresp method to be effective in estimating field oxygen
consumption rates in a wide range teleost fish species, enabling for the first time an
investigation of the scaling of fish FMR with body mass and temperature.

Cresp-derived FMR scaled with body mass with an exponent of 0.90 (Figure 4.2), which
is significantly different to the 0.75 exponent proposed by MTE. The widespread use
of MTE-based body mass scaling exponents in marine ecosystem models is likely
overestimating the effects of body mass on mass-specific metabolic rates, with
significant consequences for model outputs. Instead, MLBH may offer a more
congruent framework with which to describe patterns in metabolic rate scaling across
different taxa. Cresp-derived FMR scaled with temperature according to an Arrhenius
activation energy of 0.26 (Figure 4.3), equivalent to a Q10 of 1.4, reflecting the ability
for wild fishes to compensate for the biochemical effects of temperature on their
metabolic reactions.

Despite the clear scaling relationships of FMR with body mass and temperature, a
large amount of variation remains unexplained. Analyses of patterns across the
phylogenetic tree suggests that ecological factors such as depth and habitat may be
important drivers of variation in FMR, and are worthy of future exploration. The Cresp

method offers a practical and robust method for investigating fish FMRs, especially at
a macroecological scale.
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Chapter 5

Do cold fish run hot? The effect of
thermal realm on Cresp values

5.1 Abstract

Temperature is a key driver of variation in metabolic rates among organisms,
especially for ectotherms whose body temperatures are determined by the ambient
environment. Although the effect of temperature on metabolic rate is often described
by Arrhenius reaction kinetics, the actual relationship between temperature and
metabolic rate within whole organisms is likely to be more complex, especially for
organisms living in the field. The relationship between temperature and metabolic
rate in ectotherms is thought to depend upon the thermal characteristics of the
environment to which an organism is adapted. Two key theories describe how
metabolic rates might vary according to an organisms thermal realm: metabolic cold
adaptation and thermal sensitivity trade-offs.

Metabolic cold adaptation deals with the elevation of metabolic rate, proposing that
polar species have higher metabolic rates than would be expected for organisms living
at such cold temperatures, assuming a constant scaling of metabolic rate with
temperature. The thermal sensitivity trade-off hypothesis challenges the idea that the
scaling between metabolic rate and temperature is constant, instead proposing that
stenothermic species have a steeper scaling relationship between metabolic rate and
temperature compared to eurythermal species. Despite extensive study, metabolic
cold adaptation in particular remains controversial, and large-scale marine ecosystem
models assume a constant relationship between temperature and metabolic rate.

This study uses Cresp values, a proxy for field metabolic rates, to test metabolic cold
adaptation and the thermal sensitivity trade-off hypothesis in marine teleost fishes. I
find that there is clear systematic variation in the relationship between experienced



118 Chapter 5. Do cold fish run hot? The effect of thermal realm on Cresp values

temperature and metabolic rate across different thermal realms. This study shows
partial support for metabolic cold adaptation, with polar species having higher Cresp

values than temperate species, after accounting for body mass and experienced
temperature. However, there is no support for metabolic cold adaptation when
comparing the Cresp values of polar and tropical or subtropical species. Furthermore,
this study shows support for the thermal sensitivity trade-off hypothesis, with
stenotherms having a steeper scaling relationship between Cresp values and
experienced temperatures than eurytherms. Overall, this study shows that using a
single exponent to describe the relationship between whole organism metabolic rates
and temperature may underestimate the vulnerability of different groups to climate
change. Furthermore, I highlight the importance of considering both field- and
laboratory-derived measures of metabolic rate, to better ascertain the costs associated
with mitigating temperature increases in wild organisms.
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5.2 Introduction

Alongside body mass, temperature is one of the primary drivers of variation in
metabolic rates among organisms, both in the short term and over evolutionary
timescales. At the level of enzyme-catalysed metabolic reactions, the relationship
between temperature and metabolic rate can be described by the Arrhenius equation:

Y ∝ e
−E
kT (5.1)

where k is the Boltzmann constant, T is the temperature in kelvin, E is the activation
energy, and Y is a physiological rate (metabolic rate in our case, Gillooly et al., 2001;
Brown et al., 2004; Gillooly et al., 2006). According to the universal temperature
dependence hypothesis, the relationship between metabolic rate and temperature can
be described with an average value for E of 0.65 eV, which is the average temperature
dependence of enzyme-catalysed metabolic reactions (Gillooly et al., 2001, 2006).
However, while universal temperature dependence may describe enzyme
thermodynamics, relationships between metabolic rates and temperature in whole
organisms are likely more complex, particularly when considering evolutionary
adaptation to different thermal realms.

Across the globe, organisms are adapted to a wide range of temperature conditions:
from the extreme but relatively stable temperatures in the poles and tropics, to the
relatively mild but fluctuating temperatures in the temperate regions. Temperature
conditions are particularly important for metabolic rates in ectotherms, whose body
temperature is set by the external environment. Two key hypotheses seek to describe
and explain variation in temperature sensitivity of metabolic rate across thermal
realms: the metabolic cold adaptation hypothesis and the thermal sensitivity trade-off
hypothesis.

5.2.1 Metabolic cold adaptation

According to reaction kinetics described by the Arrhenius equation (equation 5.1),
metabolic rates increase with increasing temperatures and decrease with decreasing
temperatures. This pattern is seen across ectotherms, where tropical species have
higher mass-normalised metabolic rates than polar species (Scholander et al., 1953;
Wohlschlag, 1960; Clarke and Johnston, 1999). However, ectotherms living in cold
polar environments are still able to function despite the depressive effects of
temperature on the enzyme-catalysed reactions which comprise metabolic rate (Ege
and Krogh, 1914; Scholander et al., 1953; Wohlschlag, 1960). Metabolic cold adaptation
proposes that the reason polar ectotherms are able to function in cold temperatures is
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that their metabolic rates are elevated at cold temperatures compared to non-polar
ectotherms (Ege and Krogh, 1914; Scholander et al., 1953; Wohlschlag, 1960). While
evidence for metabolic cold adaptation has been found across diverse taxa such as
insects (Addo-Bediako et al., 2002) and reptiles (Dupoué et al., 2017), the early studies
of metabolic cold adaptation hypothesis focused on on aquatic ectotherms (Ege and
Krogh, 1914; Scholander et al., 1953; Wohlschlag, 1960).

Early studies typically tested for metabolic cold adaptation by normalising metabolic
rates to a common temperature, comparing these among species from different
thermal realms (Scholander et al., 1953; Wohlschlag, 1960). For example, Scholander
et al. (1953) compared metabolic rates between Arctic and tropical ectotherms. When
normalised to 0 °C, the Arctic ectotherms had metabolic rates which were 30 - 40 times
greater than the tropical ectotherms (Scholander et al., 1953). However, these early
comparative studies were criticised on two main counts. Firstly, normalising metabolic
rates to a common (usually extreme) temperature is, by definition, extrapolating the
metabolic rate outside of the species normal temperature range. Outside of a species
normal temperature range, established relationships between metabolic rate and
temperature are unlikely to be appropriate (Knies and Kingsolver, 2010). Secondly,
alongside being more prone to handling stress, polar ectotherms require relatively
longer acclimation and starvation times before respirometry, therefore using the same
experimental procedures for both polar and tropical ectotherms is likely to have
elevate metabolic rates in polar ectotherms (Holeton, 1974; Steffensen, 2002).

To overcome issues associated with handling stress, researchers approximated species
metabolic rates without the need for live organisms through the use of
electron-transport system activity (ETS, Torres and Somero, 1988; Crockett and Sidell,
1990) or tissue respiration rates (Gordon, 1972). ETS has a further advantage over
respirometry in that assays can be carried out at a set temperature, which removes the
need for statistical normalisation to a common temperature (Crockett and Sidell, 1990).

Studies using ETS to test for metabolic cold adaptation found higher FMRs in polar
organisms when compared to temperate ectotherms (Torres and Somero, 1988;
Crockett and Sidell, 1990). For example, when comparing assays carried out at 1 °C,
white muscle citrate synthase activity (a measure of aerobic metabolism) was 1.5 to 5x
higher in polar fish compared to temperate fish (Crockett and Sidell, 1990). More
recently, studies have taken a macroecological focus, rather than comparing one or
two species. A macroecological study found evidence supporting the metabolic cold
adaptation hypothesis in the form of elevated temperature-normalised SMR and
citrate synthase activity at high absolute latitudes (i.e. polar regions, White et al.,
2012a). This macroecological study also accounted for species relatedness (White
et al., 2012a), which is particularly important when considering metabolic cold
adaptation as most Antarctic fish are from a single family, the Nototheniidae (Clarke
and Johnston, 1999).
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The study of White et al. (2012a) made clear improvements in investigating metabolic
cold adaptation in fishes, however, it has two key limitations. Firstly, ETS measures
metabolic rate at the level of the enzyme, which, as discussed previously, may not
scale up to whole organism metabolic rate. Considering whole organism metabolic
rate is particularly in the case of FMR, where animals may be able to use behavioural
adaptations to mitigate temperature effects on enzyme-catalysed reaction rates (Norin
and Clark, 2017; Richards, 2010; Jutfelt et al., 2021). Secondly, White et al. (2012a) did
not include data points for citrate synthase activity from tropical regions (< 30
degrees latitude). While a high standard or routine metabolic rate is typically seen as
representing a cost to the organism (Holeton, 1974; Clarke and Johnston, 1999), a high
field metabolic rate may indicate greater capacity for movement, digestion,
reproduction and growth (Chapter 1, section 1.1, Crockett and Sidell, 1990; Treberg
et al., 2016). Thus while great improvements have been made in studying metabolic
cold adaptation, the hypothesis remains controversial (Steffensen, 2002), and further
study is warranted.

5.2.2 Thermal sensitivity trade-off hypothesis

Across the natural world, organisms face a trade-off between being specialists -
adapted to a narrow range of relatively extreme conditions - and generalists - adapted
to a wider range of relatively intermediate conditions. In terms of thermal adaptation,
organisms are typically classified as eurytherms - adapted to a wide range of
temperatures - or stenotherms - adapted to a relatively small temperature range.
According to the trade-off hypothesis, the metabolic rates of eurythermal species will
be less sensitive to temperature, as eurythermal species have metabolic enzymes
which are able to operate across a wide temperature range (Clarke and Fraser, 2004).
In contrast, stenothermal species will have metabolic rates which are more sensitive to
temperature, as they are specialised towards narrower, more extreme temperature
ranges (Scholander et al., 1953; Wohlschlag, 1960; Clarke and Fraser, 2004; Pörtner
et al., 2005; Schulte, 2015).

Comparative studies have shown support for the thermal sensitivity trade-off
hypothesis. For example, stenothermal Antarctic eelpout (Pachycara brachycephalum)
have greater thermal sensitivities of SMR compared to eurythermal European eelpout
(Zoarces viviparous) as quantified by Q10 values (5.2 vs. 3.0, respectively, Van Dijk et al.,
1999). More recently, a macroecological study found a negative relationship between
the thermal sensitivity of standard metabolic rates (as determined by Arrhenius E,
Equation 5.1) and species temperature range in fishes (Dahlke et al., 2020), supporting
the trade-off hypothesis.

While several studies have used laboratory-based measurements (usually SMR) to
compare the thermal sensitivities of metabolic rates among eurythermal and
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stenothermal species, there has been little consideration for how thermal sensitivity of
metabolic rates might vary between eurytherms and stenotherms in the field. Across
species of marine teleosts, field metabolic rates (FMR) are less sensitive to temperature
than would be predicted by Arrhenius reaction kinetics (Chapter 4), as wild-living fish
can mitigate the thermodynamic increases in their SMR by adopting behaviours
which reduce other components of their FMR (Richards, 2010; Treberg et al., 2016;
Norin and Clark, 2017; Jutfelt et al., 2021).

A growing number of ecosystem models are used to predict the potential impacts of
climate change on the marine environment (Cheung et al., 2008, 2013; Blanchard et al.,
2012; Harfoot et al., 2014; Jennings and Collingridge, 2015; Carozza et al., 2016;
Tittensor et al., 2018; Audzijonyte et al., 2019), with particular interest paid teleost fish,
given their global importance to food and economic security (FAO, 2020). Most of the
ecosystem models which predict the impacts of temperature change on marine
ecosystems do so either by using Arrhenius E or Q10 values, with these parameters
typically set at a single value (E = 0.60 - 0.69, Blanchard et al., 2012; Harfoot et al.,
2014; Jennings and Collingridge, 2015; Audzijonyte et al., 2019; Q10 = 2.4, Cheung
et al., 2013). If the thermal sensitivity of FMR is greater for stenotherms than
eurytherms, this could indicate that stenotherms are less able to mitigate the
thermodynamic effects of increased temperature on their SMRs, and consequently are
more at risk from climate change.
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5.2.3 Aims

In this study I investigated both metabolic cold adaptation and the thermal sensitivity
trade-off hypothesis by examining otolith-derived field metabolic rates (Cresp values)
across fish species from a range of thermal realms. Cresp values of wild fishes are not
subject to handling stress (Trueman et al., 2016; Chung et al., 2019a,b; Martino et al.,
2020). By analysing my data using phylogenetically-informed models (Hadfield, 2010;
Harvey and Pagel, 1991), I accounted for effects of species-relatedness on Cresp values.

To investigate metabolic cold adaptation I examined whether polar species had
elevated metabolic rates compared to non-polar species, after accounting for body
mass and temperature, by using mixed-effects models. Similarly, to investigate the
thermal sensitivity trade-off hypothesis, I tested whether thermal realm had an effect
on the relationship between Cresp values and temperature, after accounting for body
mass. Finally, to further test the thermal sensitivity trade-off hypothesis, I tested
whether species thermal tolerance range had an effect on the relationship between
Cresp values and temperature, after accounting for body mass.
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5.3 Methods

5.3.1 Thermal adaptation variables

To investigate both metabolic cold adaptation and thermal sensitivity trade-offs, I
categorised species according to their thermal realm. Full details on the thermal realm
classification procedure can be found in Chapter 2, section 2.7.4, but briefly: I
classified species’ thermal realm as either tropical, subtropical, temperate or polar,
based on the mean latitude of individual occurrence records for each species from the
Ocean Biodiversity Information System (OBIS, IOC-UNESCO, 2021).

Along with thermal realm classifications, I used individual occurrence records from
OBIS to set species temperature range (temprange). As these analyses consider sea
surface temperatures, I excluded deep-sea species from the dataset (species with a
minimum depth of occurrence > 200 m).

5.3.2 Metabolic cold adaptation

To test whether polar species had elevated Cresp values given body mass and
temperature, I ran two models incorporating log body mass (log10(bm)) and δ18Ooto

derived experienced temperature (tempexp) as continuous variables, and species’
thermal realm (realm) as a categorical variable:

Cresp ∼ log10(bm) + tempexp + realm (5.2)

I did not include interaction effects in this model, because metabolic cold adaptation
considers whether polar species have elevated metabolic rates given a constant
temperature effect across thermal realms (Scholander et al., 1953). If the polar group
has a higher model mean Cresp value compared to non-polar thermal realms, this
would indicate support for the metabolic cold adaptation hypothesis.

To further test whether polar species have elevated metabolic rates, given body mass
and temperature, I compared mean Cresp values among the different thermal realms,
after normalising the Cresp values to a common body mass and temperature of 200 g
and 10 °C, which are approximately the mean values for these variables within my
dataset. As metabolic cold adaptation assumes a constant temperature effect across
thermal realms (Scholander et al., 1953), I used the scaling relationship between Cresp

values, log body mass and experienced temperature from Chapter 4 to normalise Cresp

values.
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5.3.3 Thermal sensitivity trade-offs

To test the thermal sensitivity hypothesis, I ran a model investigating the effects of
experienced temperature (tempexp) and temperature range (temprange) on Cresp values.
I also included the effects of log body mass (log10(bm)) on Cresp values, as body mass
is a primary driver of metabolic rates (Rubner, 1883; Kleiber, 1947; Brown et al., 2004).
The model also included interaction terms between effects:

Cresp ∼ log10(bm) + tempexp + temprange + log10(bm)× temprange + tempexp × temprange

(5.3)

To test whether stenothermal groups had greater thermal sensitivities of their FMR, I
was principally interested in the interaction between the effects of experienced
temperature and temperature range on Cresp values. Assuming that experienced
temperature had a positive relationship with Cresp values, a negative interaction effect
would support the thermal sensitivity trade-off hypothesis. A negative interaction
effect would indicate that the effect of experienced temperature on Cresp values, and
therefore FMR was less for eurythermal groups than for stenothermal groups, thereby
supporting the thermal sensitivity trade-off hypothesis.

To further test the thermal sensitivity trade-off hypothesis, I ran a model investigating
the effects of thermal realm (realm) classification on Cresp values, along with log10(bm)

and tempexp:

Cresp ∼ log10(bm) + tempexp + realm + log10(bm)× realm + tempexp × realm (5.4)

This model is similar to the one used to test for metabolic cold adaptation (equation
5.2), however, equation 5.4 includes interaction effects to test for variation in the
relationship between Cresp values and experienced temperature among different
thermal realms. If Cresp values were more sensitive to temperature in stenothermal
groups (polar and tropical) than eurythermal groups (temperate and subtropical), this
would support the thermal sensitivity trade-off hypothesis.



126 Chapter 5. Do cold fish run hot? The effect of thermal realm on Cresp values

5.3.4 Stability of body mass scaling

A secondary effect of using interaction models (equations 5.3 and 5.4) is that I was
able to test the stability of Cresp value scaling with body mass across different groups.
If no significant interactions between body mass and any of the thermal adaptation
variables are found, this would indicate that Cresp values scale with body mass
consistently across groups of teleosts adapted to different temperaturers.

5.3.5 Statistical analyses

All models were general linear mixed-models, therefore I z-scored (standardised) all
continuous predictors, so they were inputted as standard deviations from the mean.
This means the constant a represents the Cresp value at mean values of the predictors,
and b represents the change in Cresp values per standard deviation of the predictor.

I ran all models in R version 4.1.2 (R Core Team, 2021a), using the MCMCglmm package
(Hadfield, 2010) to run Bayesian phylogenetic mixed models. All models included
random effects of species-relatedness, intraspecific effects and the random effect of
data source (Chapter 2). Following Hadfield (2010), I used regularising
inverse-Wishart priors for all random factors, with variance (V) set to 1 and the belief
parameter (ν) set to 0.02. I incorporated uncertainties (as standard errors of mean
estimates) of both Cresp values and experienced temperatures by setting these as
random factors with constant variances and fixed priors. I removed five mesothermic
species from the dataset prior to analyses, as mesotherms have elevated metabolic
rates compared to ectotherms, and the otolith-derived temperature from mesothermic
species represents their internal, rather than experienced temperature (Radtke et al.,
1987).

I ran all models for 5,000,000 iterations, with a burn-in of 15,000 and a thinning
parameter of 500. I checked all models for convergence and mixing via visual
inspection of traceplots, Geweke’s diagnostic and the Heidelberger-Welch diagnostic
(Plummer et al., 2006). All parameters for all models had an effective sample size >

2000.

In addition to the standard sensitivity models, I ran an interaction model on thermal
realm (equation 5.4) without polar species, to explore the effect this group had on
overall model outcomes.
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5.4 Results

5.4.1 Metabolic cold adaptation

Compared to the temperate group, the polar group had an elevated mean Cresp value,
both before (raw mean = 0.19) and after (model mean = 0.21) accounting for log body
mass and temperature (Figure 5.1). The temperate group had the lowest mean Cresp

value of all the thermal realm groups (raw mean = 0.16, model mean = 0.20). The
tropical group had raw and model mean Cresp values of 0.28 and 0.26 respectively. The
subtropical group had the highest mean Cresp values, both before and after accounting
for log body mass and temperature (raw mean = 0.32, model mean = 0.29).

FIGURE 5.1: Kernel density of individual Cresp values grouped by thermal realm (blue
= polar, green = temperate, yellow = subtropical, orange = tropical). Solid lines show
the mean Cresp value for each thermal realm. Dotted lines show the expected mean

Cresp values according to the model described by equation 5.2.
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When normalised to common body mass and temperature of 200 g and 10 °C (Figure
5.2), polar species again had a mean Cresp value higher than that of the temperate
group (polar = 0.22, temperate = 0.20), but lower than the tropical and subtropical
groups (tropical = 0.31, subtropical = 0.36).

FIGURE 5.2: Kernel density of individual Cresp, normalised to a common body mass
and temperature of 200 g and 10 °C, grouped by thermal realm (blue = polar, green
= temperate, yellow = subtropical, orange = tropical). Solid lines show the mean nor-

malised Cresp value for each thermal realm.
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5.4.2 Thermal sensitivity trade-off

After accounting for body mass and experienced temperature, species’ temperature
range had a negative relationship with Cresp values (btemp range = -0.08 ± 0.01) meaning
eurythermal species tended towards lower Cresp values (Figure 5.3A). Overall, Cresp

values increased with experienced temperature (btemp exp = 0.02 ± 0.01, Figure 5.3A),
however, this increase was reduced for species with a large temperature range
(btemp exp×temp range = -0.01 ± 0.01, Figure 5.3B).

FIGURE 5.3: Cresp values plotted against species temperature range (°C), coloured by
individual experienced temperature (°C). Cresp values are normalised to a common
temperature of 10 °C, using the partial correlation coefficient from equation 5.3. The
black line shows the significant negative relationship between species temperature
range and temperature-normalised Cresp values (equation 5.3), with 50% confidence

intervals shaded in grey.

After accounting for body mass, there were significant differences in the relationship
between Cresp values and experienced temperature among the different thermal
realms (Figure 5.4), indicating that temperature scaling differed among the thermal
realm groups. The tropical group had the greatest positive scaling between Cresp and
experienced temperature (temptropical = 0.10 ± 0.03, Figure 5.4D). The polar group also
showed strong scaling of Cresp values with temperature, however, the scaling was
negative (temppolar = -0.08 ± 0.02), with Cresp values in the polar group decreasing
with increasing temperature (Figure 5.4A). However, the negative temperature scaling
of the polar group was only present when including literature data. When literature
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data was omitted, the temperature scaling of the polar group became positive
(Appendix H.3).

FIGURE 5.4: Temperature (°C) plotted against Cresp values for the four thermal realm
groupings: A = polar, B = temperate, C = subtropical, D = tropical. Black lines show
the Cresp scaling with temperature according to equation 5.2, with 50% confidence in-

tervals shaded in grey.

The temperate group had very shallow scaling of Cresp values with temperature
(temptemperate = 0.01 ± < 0.01, Figure 5.4B), indicating that this group has a relatively
low sensitivity of FMR to experienced temperature. Finally, the subtropical group
showed a positive relationship between Cresp values and temperature, although the
scaling was not as steep as the tropical and polar groups (tempsubtropical = 0.06 ± 0.02).

5.4.3 Stability of body mass scaling

Across all models there were no significant interaction effects with any variable and
log body mass, indicating that body mass scaling is stable across different thermal
realms and temperature ranges.
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5.5 Discussion

5.5.1 Metabolic cold adaptation

In this study, the polar group of fishes showed an elevated mean metabolic rate
compared to the temperate group across raw means, model means and temperature
normalised means. Elevated metabolic rates in polar fishes compared to temperate
fishes supports the findings of previous smaller-scale studies (Torres and Somero,
1988; Crockett and Sidell, 1990). The elevation of metabolic rate in polar fishes
compared to temperate fishes indicates that polar fishes are able to maintain a higher
FMR, despite the negative effects of low temperatures on enzyme thermodynamics
(Scholander et al., 1953; Wohlschlag, 1960; Clarke and Johnston, 1999; White et al.,
2012a). Therefore, this study suggests that polar fishes have some level of metabolic
cold adaptation which occurs at the level of the organism. An elevated FMR is likely
beneficial for these polar fishes, as FMR includes fitness components of metabolic
rates, such as growth and reproductive costs (Crockett and Sidell, 1990; Treberg et al.,
2016).

In contrast to previous macroecological investigations of metabolic cold adaptation
(Addo-Bediako et al., 2002; White et al., 2012a), this study found that polar ectotherms
did not have elevated metabolic rates compared to tropical and subtropical
ectotherms. However, some metabolic cold adaptation is likely a component in the
variation of mass- and temperature-independent metabolic rates.

5.5.2 Thermal sensitivity trade-off hypothesis

A key finding of this study is that stenothermic groups have greater thermal
sensitivity of their FMRs compared to the eurythermic group. Furthermore, the
tropical group, which is typically characterised as stenothermic, showed the strongest
relationships between Cresp values and temperature. In contrast, within the
eurythermic temperate group there was very little correlation between experienced
temperature and Cresp values. The finding of variable thermal sensitivity of Cresp

values along the stenotherm-eurytherm spectrum reflects that of previous studies,
which found a difference in temperature sensitivity of metabolic rates across a
latitudinal gradient (DeLong et al., 2018; Dahlke et al., 2020).

5.5.3 Implications for modelling marine ecosystems under climate change

While some marine ecosystem models recognise variation in the relationship between
body mass and metabolic rate across taxa (Blanchard et al., 2012; Harfoot et al., 2014),



132 Chapter 5. Do cold fish run hot? The effect of thermal realm on Cresp values

none so far systematically incorporate variation in the relationship between
temperature and metabolic rates.

In the marine realm, tropical fishes are thought to be the most at risk from climate
change, as they are typically stenothermal and experience temperatures closer to their
thermal maxima than their non-tropical counterparts (Comte and Olden, 2017; Pinsky
et al., 2019; Lam et al., 2020). My study has shown that FMR increases with
experienced temperature at a faster rate for tropical fishes compared to non-tropical
fishes, which suggests that tropical fishes are less able to mitigate thermodynamic
effects on their SMR. Tropical fish may be less able to compensate for the effect of
temperature on their SMR because they are less able to undertake behaviours which
reduce metabolic expenditure, or (or additionally) because their adaptation to more
extreme warm temperatures has increased their thermodynamic sensitivity of SMR to
the point where behavioural mitigations cannot compensate (Richards, 2010; DeLong
et al., 2018; Jutfelt et al., 2021). In contrast, the shallow relationship between Cresp

values and experienced temperature in the temperate group suggests that this group
either has adapted to have an SMR less sensitive to temperature changes (i.e. one that
can operate over a broad range of temperatures), or that temperate species are better
able to mitigate the effects of thermodynamics on their SMR (Richards, 2010; DeLong
et al., 2018; Jutfelt et al., 2021). The use of a single value to quantify the relationship
between metabolic rates and temperature across a broad range of fish species ignores
asymmetric differences in thermal sensitivity among groups of fishes, potentially
missing the groups that are most at risk from climate warming.

In addition to overlooking differences in thermal sensitivity of metabolic rates among
different thermal realms, the use of a single relationship to quantify the effects of
temperature on metabolic rate would not capture the elevated metabolic rates in polar
ectotherms (Scholander et al., 1953; Wohlschlag, 1960; White et al., 2012a; DeLong
et al., 2018). My study has found evidence that polar fishes have elevated metabolic
rates compared to temperate fishes, after accounting for body mass and experienced
temperature. If this partial metabolic cold adaptation is not accounted for in marine
ecosystem models, this could lead to an underestimation of the relatively high FMRs
of polar species.

While a higher FMR is typically considered advantageous - as FMR includes fitness
costs such as growth and reproduction (Treberg et al., 2016) - having a high FMR may
become detrimental if food and oxygen supplies are unable to meet high metabolic
demands. Lack of oxygen may be a particular issue for tropical and subtropical
species, as tropical waters typically contain less dissolved oxygen than temperate or
polar waters (Garcia et al., 2019). Similarly, alongside relatively low dissolved oxygen,
subtropical waters are often oligotrophic, having limited net primary productivity
(Woodward, 2007). Combined with resource limitation, the high temperature
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sensitivity of FMR in the subtropical group may also put these species at particular
risk of climate change.

The idea of aerobic scope - the difference between aerobic supply (MMR) and demand
(SMR) - being limiting is the basis for many macroecological models of metabolic rate
in fish (Pörtner et al., 2017; Deutsch et al., 2020) For example, metabolic index, which
quantifies the difference between oxygen demand and the dissolved oxygen
concentration in seawater, has shown that species living in tropical regions typically
have a lower metabolic index, and therefore less difference between oxygen demand
and availability, compared to polar regions (Deutsch et al., 2015). However, the
aforementioned ability for free-living fish to compensate for thermodynamic effects on
their SMR (Richards, 2010; Norin and Clark, 2017; Jutfelt et al., 2021) means that FMR
is less sensitive to temperature changes than laboratory-based measurements of SMR
(Chapter 4).

While the lower thermal sensitivity of FMR may indicate that metabolic effects of
climate warming on free-living fish have been overinflated, behaviours which
mitigate SMR increase due to temperature come with trade-offs. For example, fish
which reduce movement to compensate for increased temperature may have less
success in foraging and reproduction (Richards, 2010). Less obviously, fish exposed to
high temperatures may eat few large meals, instead opting for smaller, more frequent
meals to reduce the costs of specific dynamic action (Norin and Clark, 2017; Jutfelt
et al., 2021). While this may protect aerobic capacity, eating smaller meals comes at the
cost of reduced growth capacity, particularly if those smaller meals are of lower
nutritional quality (Norin and Clark, 2017). Furthermore, this study considered
estimates of Cresp values at adult and juvenile life stages. However, embryonic, larval
and spawning fishes may be more vulnerable to temperature fluctuations than adults
and juveniles, due to having a limited aerobic scope (Killen et al., 2007; Dahlke et al.,
2020, though the latter has recently been criticised by Pottier et al., 2022). Examining
the temperature scaling of SMR and FMR together, and across life stages, would give a
clearer picture of the benefits, costs, and capacities to protecting aerobic capacity, and
a better understanding of how fish might cope with, or adapt to, climate warming.
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5.5.4 Temperature sensitivity of field metabolic rates in polar fishes

The negative relationship between Cresp values and experienced temperature in polar
species is surprising, as metabolic rates increase with temperature across a
physiologically relevant temperature range (Holeton, 1974; Gillooly et al., 2001; Brown
et al., 2004; Knies and Kingsolver, 2010), and it is unlikely that wild, free-ranging fishes
would stay long-term outside their optimal range (Martin and Huey, 2008; Farrell,
2016). Therefore, the reason for the negative relationship with temperature in the polar
group is unclear, and may be an artefact of the inclusion of literature data (see section
5.4 and Appendix H.3). Specifically, Dissostichus eleginoides (Patagonian toothfish) was
the only polar species in the dataset for whom Cresp values were derived from
literature data. D. eleginoides could arguably be classified as either polar or temperate,
as while it tends to inhabit waters with cold sea surface temperatures (mean = 0.7 °C
± 2.92), the species is also found in warmer waters (max = 18.0 °C, Appendix A,
IOC-UNESCO, 2021). Given that D. eleginoides had relatively low Cresp values (mean =
0.14 ± 0.01) compared to other polar species, while also experiencing relatively high
temperatures (mean experienced temperatures = 5.4 °C), this is what contributed to
the negative relationship between temperature and Cresp values in the polar group.

In the other direction, Cyclopterus lumpus (lumpfish), which I classified as temperate in
this study, could arguably be classified as temperate or polar. While C. lumpus is
typically found in areas with warm sea surface temperatures (mean = 7.4 °C ± 2.6), it
is also regularly found around more polar regions of Iceland and the Barents Sea
(IOC-UNESCO, 2021). The examples of D. eleginoides and C. lumpus highlight that,
while thermal realms themselves may not be entirely arbitrary, the boundaries
between them are not clear cut.
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5.5.5 Conclusion

This study, which examined Cresp values across a global dataset of marine teleost
fishes, found evidence for both metabolic cold adaptation and the thermal sensitivity
trade-off hypothesis. Within marine fishes, there is evidence that polar species are
partially cold-adapted, having an elevated FMR compared to temperate species, after
body mass and temperature are accounted for. However, unlike previous studies,
there was no evidence for polar species having FMRs elevated above subtropical or
tropical species. Furthermore, the relationship between Cresp values and temperature
was dependent upon thermal tolerance range, with the tropical group having a
stronger positive relationship between temperature and Cresp values than the
temperate group.

Overall, this study found systematic differences in the relationship between Cresp

values and temperature across thermal realms and tolerance ranges. Systematic
heterogeneity in the relationship between metabolic rate and temperature is not
currently incorporated into the majority of marine ecosystem models. Assuming
consistent relationships between metabolic rate and temperature across broad scales is
likely obscuring different metabolic costs and temperature sensitivities across thermal
realms, and the abilities and costs of individuals using behavioural changes to
mitigate temperature fluctuations.

More work is needed to quantify systematic differences in the scaling of metabolic rate
with temperature, and to investigate the costs of behaviours which mitigate the
impacts of temperature on metabolic rates. However, assigning categorical traits to
species should be undertaken with caution, and a more specific approach would be
ideal where a species of interest sits on the boundary of trait categories.
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Chapter 6

Effect of depth of occurrence on
Cresp values

6.1 Abstract

Mass- and temperature-corrected metabolic rates of marine animals commonly
decrease with increasing depth of occurrence. However, due to their inaccessibility, it
is notoriously difficult to measure metabolic rates in deep-sea species, which has thus
far precluded the study of metabolic rates in deep-sea species at a large scale. The
geographical bias of studies investigating metabolic rate with depth means that the
global applicability of depth-dependent declines in metabolic rate is uncertain.
Furthermore, few previous studies have considered the impacts of species relatedness
on the metabolic-depth effect, and the drivers of the depth-limited metabolism are still
debated. Fresh insights into the universality of the metabolic-depth effect and
potential drivers could be drawn by compiling estimates of metabolic rate across a
wide range of taxa, derived using a common measure.

Here, I used Cresp values, a proxy of fish field metabolic rates (FMR), to study whether
species’ depth of occurrence correlates with metabolic rate, while accounting for the
effects of body mass, temperature, habitat and species’ relatedness. Using a dataset
with global coverage across a broad (∼ 4800 m) depth range, I found that Cresp values
decrease with increasing depth of occurrence. In contrast to previous studies, Cresp

values continued to decrease with depth past 1000 m. The continued decline of
metabolic rates past 1000 m suggests that reduced light levels (i.e. the visual
interaction hypothesis) is not the sole driver of reduced metabolic rates with depth,
and instead acts in conjunction with food limitation to limit metabolic rates at depth.

The limitation of metabolic rates at depth has implications for the proposal that
deeper waters may act as refugia for marine species in the face of sea surface
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warming. While deeper waters may provide refuge for shallower species belonging to
lineages which have already colonised the deep-sea, such as the Gadiformes, food and
light limitation are likely to prevent groups with higher metabolic rates, such as the
Scombriformes, from using deeper waters as a climate refuge.
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6.2 Introduction

Multiple studies have shown metabolic rates of marine animals decreasing with depth
at oceanic scales, and that this decrease cannot be explained by body mass and
temperature effects alone (Torres et al., 1979; Drazen and Seibel, 2007; Seibel and
Drazen, 2007; Drazen et al., 2015; Ikeda, 2016). Depth-dependent declines in metabolic
rates (hereafter referred to as “the metabolic-depth effect”) have been found across
marine taxa, including teleosts, cephalopods, crustaceans and holothurians (Drazen
and Seibel, 2007; Seibel and Drazen, 2007; Drazen et al., 2015; Ikeda, 2016; Gerringer
et al., 2017; Brown et al., 2018). Previous studies of the metabolic-depth effect have
found that the decrease in metabolic rate is most prominent in the epipelagic depth (0
- 200 m), with the rate of decline plateauing at bathypelagic depths (800 - 1000 m) in
most taxa (Childress, 1995; Drazen and Seibel, 2007; Seibel and Drazen, 2007). Due to
the relative inaccessibility of the deep-sea, most previous studies of the
metabolic-depth effect used electron transport system activity assays (ETS) as a proxy
for metabolic rate (Chapter 1 section 1.4.2, Drazen and Seibel, 2007; Drazen et al.,
2015), though some smaller-scale studies have used in-situ (Bailey et al., 2002; Brown
et al., 2018) or capture respirometry (Torres et al., 1979).

Within teleost fishes, the metabolic-depth effect occurs in conjunction with changes in
body composition (Drazen, 2007) and body shape (Neat and Campbell, 2013; Martinez
et al., 2021). Deep-sea fishes tend to have tissues with higher water and lower protein
contents than their shallow water counterparts, reflected in relatively high proportions
of watery muscle and gelatinous tissue (Koslow, 1996; Drazen, 2007). Furthermore,
deep-sea fishes tend towards elongate body shapes, which enable highly efficient yet
relatively slow swimming (Neat and Campbell, 2013; Martinez et al., 2021). Alongside
the reduction in locomotory costs, basal costs (standard metabolic rate, SMR) may also
be reduced due to the lack of metabolically expensive tissues required for high
locomotory power (Glazier, 2005, 2010).

6.2.1 Proposed drivers of the metabolic-depth effect

Broadly, there are four proposed primary universal drivers of the metabolic-depth
effect. These are:

1. Oxygen limitations in midwater oxygen minimum zones.

2. Food limitation with increasing depth.

3. Visual interaction hypothesis.

4. Reduced habitat complexity with increasing depth.
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Below, I describe each hypothesis in more detail, and outline how the Cresp method
could support or refute each hypothesis. Each hypothesis is summarised in Table 6.1.

6.2.1.1 Oxygen limitation

Many studies of metabolic rate with depth thus far have come from organisms
sampled in Monterey Bay in the North Pacific (Torres et al., 1979; Childress, 1995;
Drazen and Seibel, 2007; Seibel and Drazen, 2007; Drazen et al., 2015). At Monterey
Bay there is a prominent oxygen minimum zone (OMZ) in the mesopelagic zone (200 -
1000 m), where dissolved oxygen concentrations are < 0.5 ml l−1 (Levin, 2003). It has
been proposed that the OMZ at Monterey Bay may have resulted in reductions in
metabolic rates for the organisms living there as they adapt to hypoxic conditions,
thus driving the observed decline in metabolic rate with depth. However, metabolic
rates of organisms from below 1000 m in Monterey Bay, outside the OMZ, have also
shown reduced metabolic rates compared to shallow waters, indicating that the OMZ
is not the only driver of the metabolic-depth effect (Childress, 1995; Drazen and Seibel,
2007; Seibel and Drazen, 2007; Drazen et al., 2015). Despite the OMZ being a
confounding factor, relatively few studies have investigated the metabolic-depth effect
outside of the eastern Pacific.

6.2.1.2 Food limitation

Aside from relatively rare features such as hydrothermal vents, all primary
production occurs at the ocean’s surface, in the epipelagic zone (Smith et al., 2008). To
reach the deep-sea, primary production must either be actively transported by
migrating biota, or sink to the deep-ocean. Both sinking and transportation reduces
the quantity of available food and its quality, due to inefficiencies in microbial and
trophic processing (Lampitt and Antia, 1997; Smith et al., 2008). Resource limitation
may necessitate deep-sea taxa having low metabolic rates, so as to maintain life in a
food limited environment (Childress, 1971; Poulson, 2001).

Given that food quality and quantity continue to decrease past 1000 m (Poulson,
2001), whereas many studies have found that metabolic rate reductions taper off at
1000 m (Childress, 1995; Drazen and Seibel, 2007; Seibel and Drazen, 2007), food
limitation is often refuted as a driver of the metabolic-depth effect. However,
metabolic rates have been found to continue declining with depth past 1000 m in some
taxa (Brown et al., 2018), and may in fact increase with depth at sites of relative food
abundance, such as hadal trenches (Gerringer et al., 2017), therefore food-limitation
remains a possible universal driver for the metabolic-depth effect.
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6.2.1.3 Visual interaction hypothesis

The visual interaction hypothesis proposes that the reduction in light levels reduces
the importance of vision-based predation with increasing depth, thereby reducing the
distances over which predator-prey interactions occur (Childress, 1995; Drazen and
Seibel, 2007; Seibel and Drazen, 2007; Drazen et al., 2015). The reduction in interaction
distances is proposed to relax the selection for locomotory capacity, meaning deep-sea
organisms attain relatively low field metabolic rates (FMRs). The reduction in
locomotory capacity in turn leads to a reduction in basal costs (SMR), as organisms
have no need to maintain expensive metabolic machinery (Seibel and Drazen, 2007).
Instead, deep-sea organisms tend to have large amounts of metabolically inexpensive
gelatinous tissue (Seibel and Drazen, 2007; Drazen and Seibel, 2007; Drazen, 2007) and
an elongate body shape, which enables highly efficient but slow swimming (Neat and
Campbell, 2013; Martinez et al., 2021).

As all visible light is attenuated at 1000 m, the visual interaction hypothesis has been
proposed to explain why the decline in metabolic rate with depth levels off around
this depth (Childress, 1995; Drazen and Seibel, 2007; Seibel and Drazen, 2007; Drazen
et al., 2015). The visual interaction hypothesis may further explain why the
metabolic-depth effect is most strongly seen among pelagic organisms with
vision-forming eyes, as these are the most likely to experience longer-distance visual
predator-prey interactions where light allows (Drazen and Seibel, 2007; Seibel and
Drazen, 2007). In contrast, benthic, benthopelagic and non-visual organisms show less
decline in metabolic rate with depth (Drazen and Seibel, 2007; Drazen et al., 2015),
however, a reduction in metabolic rates has been found in non-visual organisms and
below 1000 m depth (Brown et al., 2018), raising questions as to the universal
applicability the visual interaction hypothesis. Furthermore, the visual interaction
hypothesis assumes that metabolic rates represent a cost to the organism (Seibel and
Drazen, 2007). While SMRs may represent a cost, FMRs is also represent fitness
capabilities such as growth and reproduction (Treberg et al., 2016), therefore it is
unclear why FMRs would not remain high and organisms would instead redirect
savings in SMR and locomotory costs to growth and reproduction.

6.2.1.4 Reduced habitat complexity

The deep-sea is typically a less complex and less turbulent environment compared to
the epipelagic zone (Brown et al., 2018; Martinez et al., 2021). It has been proposed that
the relative simplicity of habitat in the deep-sea reduces the selection for locomotory
capacity in a similar way to the visual interaction hypothesis (Brown et al., 2018;
Martinez et al., 2021), enabling the adoption of metabolically efficient body shapes and
tissues (Seibel and Drazen, 2007; Drazen and Seibel, 2007; Drazen, 2007; Neat and
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Campbell, 2013; Martinez et al., 2021). However, not all deep-sea habitats are lacking
in complexity. While abyssal plains are relatively simple, a variety of complex habitats
exist within the deep-sea, such as continental slopes, seamounts, hydrothermal vents
and oceanic trenches. Living in complex and/or turbid habitats may necessitate
greater locomotory capabilities than are proposed by this hypothesis: for example
seamount-associated orange roughy (Hoplosteuthis atlanticus), which contend with
strong currents, have higher metabolic rates than their non-seamount associated
counterparts (Koslow, 1996). As with the visual interaction hypothesis, the hypothesis
of reducted habitat complexity considers metabolic rates to be a cost to an organism,
rather than something which includes fitness capabilities (Treberg et al., 2016).

6.3 Aims

In this study, I used the Cresp method (Chapter 2 section 2.4, Chung et al., 2019a,b) to
investigate whether a reduction in FMR with depth was present, after accounting for
effects of body mass, and δ18Ooto-derived experienced temperatures (Chapter 2,
section 2.5). I investigated the metabolic-depth effect using a large dataset (∼ 100
species), and used phylogenetic mixed-models to account for phylogenetic
non-independence (Harvey and Pagel, 1991) to test the large-scale validity of the
metabolic-depth effect in marine teleost fish.

I examined the patterns in Cresp values with depth to investigate the four proposed
drivers of the metabolic-depth effect. I addressed oxygen limitation as a proposed
driver by using a dataset where Cresp values were derived from individuals collected
primarily from the North Atlantic (Chapter 2, section 2.7.2), where there are no
extensive regions of sub-oxic waters, (Childress, 1995; Levin, 2003; Seibel and Drazen,
2007). If a reduction in Cresp values is found within this dataset, this would rule out
oxygen limitation as a primary, universal driver of the metabolic-depth effect.

Considering the visual interaction hypothesis, if the decline in Cresp values with depth
levels off around 1000 m, this would provide support for the visual interaction
hypothesis. Similarly, if the rate of decline in Cresp values with depth is greatest in the
upper 200 m, this would also be consistent with the visual interaction hypothesis, as
this is where light is attenuated most rapidly (Childress, 1995; Drazen and Seibel,
2007). Conversely, if the decline in Cresp values with depth continues past 1000 m, this
would support food limitation as a proposed driver of the metabolic-depth effect, as
food quality and quantity continue to decline past 1000 m (Poulson, 2001).

The hypothesis that reduced habitat complexity in the deep-sea is a driver of the
metabolic-depth effect is difficult to test at a macroecological scale, due to a lack of
fine-scale information concerning the complexity of the habitats occupied by
individuals in the dataset. However, were habitat complexity to be a universal
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primary driver of the metabolic-depth effect, I would expect to see a reduction in Cresp

values at the transition to the abyssal zone (∼ 3000 m), with relatively little reduction
occurring along the continental shelf and slope depths (0 - 1000 m).
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TABLE 6.1: Summary of proposed universal drivers of the decrease in metabolic rates with depth after accounting for body mass and temperature.
OMZs = oxygen minimum zones.

Hypothesis
Outline Expectation with Cresp values

Type Hypothesis

Resource
limitation

Oxygen limitation
Deep-sea organisms have lower
metabolic rates to cope with lower
food availability at deeper depths

Cresp values decrease
with depth throughout the water column
as food availability and quality decrease

Food limitation
Organisms living within OMZs
have reduced metabolic rates as
an adaptation to hypoxia

Cresp values decrease
with depth despite a relative lack
of OMZ in the North Atlantic

Relaxation of
selection pressures

Visual interaction
hypothesis

Low light levels in the deep-sea reduce
visual predation, thereby reducing
selection for locomotory capacities and
selection for high metabolic rates

The rate of decrease in Crespvalues is greatest
from 0 - 200 m, and plateaus around 1000 m

Reduced habitat
complexity

Low habitat complexity and turbidity
in the deep-sea reduces the selection
pressure for locomotory capacity, thereby
reducing metabolic rates

The rate of decrease in Crespvalues is greatest at
the transition to the abyssal zone (3000 m),
while decreases in Crespvalues are
relatively minimal across continental shelves
and slopes (0 - 1000 m)
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6.4 Methods

6.4.1 Statistical analyses

To test whether depth of occurrence had an effect on Cresp values, I ran two models
incorporating logged body mass (log10(bm)) and temperature (temp) as continuous
variables, and either minimum or maximum depth of occurrence (depthmin and
depthmax respectively):

Cresp ∼ log10(bm) + temp + depth (6.1)

As these are mixed-effects models, I z-scored (standardised) all continuous predictors,
so they were inputted to the model as standard deviations from the mean. This means
the constant a represents the expected Cresp value at mean values of the predictors,
rather than the Cresp value when the predictors are set to zero. Similarly, the effect
sizes (b) represent the change in Cresp values per standard deviation of the predictor.
Given that changes in environmental and ecological variables with depth occur fastest
in the epipelagic zone, and rate of change decreases with increasing depth (Childress,
1995; Drazen and Seibel, 2007; Seibel and Drazen, 2007), I modelled these effects using
a negative exponential link function:

e−µ (6.2)

This gives a final equation of:

y = e−(a+bx) (6.3)

where y is the Cresp value, x is the predictor (log10(bm), temp or depth), a is the
constant and b are the effect sizes.

I ran all models in R version 4.1.2 (R Core Team, 2021a), using the MCMCglmm package
(Hadfield, 2010) to run Bayesian phylogenetic mixed models. All models included
random effects of species-relatedness, intraspecific effects and the random effect of
data source (Chapter 2). Following Hadfield (2010), I used regularising
inverse-Wishart priors for all random effects, with variance (V) set to 1 and the belief
parameter (ν) set to 0.02. I incorporated uncertainties as standard errors of mean
estimates of both Cresp values and experienced temperatures by setting these as
random effects with constant variances and fixed priors. As mesotherms have
elevated metabolic rates compared to ectotherms, I removed five mesothermic species
from the dataset prior to analyses.
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Habitat is thought to be a key, potentially confounding factor when examining
depth-trends in metabolic rates, as pelagic species tend to have higher metabolic rates
than benthic or benthopelagic fishes (Drazen and Seibel, 2007; Killen et al., 2010, 2016;
Gordon, 1972; Glazier, 2009). Unfortunately, when I included habitat as a main effect
with all habitat categories present (pelagic, benthopelagic and benthic), the models
did not converge. This was largely due to high uncertainty as to the effect of a
benthopelagic habitat, likely as this category is broad and overlaps significantly with
benthic and pelagic habitats. For this reason, I simplified the habitat categories to
pelagic and non-pelagic species, which enabled model convergence:

Cresp ∼ log10(bm) + temp + pelagic + depth (6.4)

where pelagic is the effect of a species living in a pelagic habitat.

To further address the issue of habitat effects, I ran the main models (equation 6.1)
within the order Gadiformes (cods and their relatives), as all but one of the gadiform
species were assigned as benthopelagic (Appendix A). I removed the single pelagic
gadiform species from this dataset: Micromessistius poutassou (blue whiting) to avoid
this confounding the analyses.

I ran all models for 7,500,000 iterations, with a burn-in of 15,000 and a thinning
parameter of 750, aside from the Gadiformes models, which I ran for 5,000,000
iterations, with a burn-in of 10,000 and a thinning parameter of 500. I checked all
models for convergence and mixing via visual inspection of traceplots, Geweke’s
diagnostic and the Heidelberger-Welch diagnostic (Plummer et al., 2006). All
parameters for all models had an effective sample size > 2000.

6.4.2 Model sensitivity

In addition to the standard sensitivity tests (Chapter 2, section 2.8), I ran a model
without the two deepest-living species, Coryphanoides profundicolus and C. armatus
(deepwater and abyssal grenadiers) to ensure that these species were not overly
influencing the results.
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6.5 Results

Depth of occurrence ranged from 0 to 4865 m (Figure 6.1). The deepest-living species
in the dataset, Coryphaenodies profundicolus (deepwater grenadier) has been observed
between 3639 - 4865 m, and a had a mean Cresp value of 0.04 (± 0.03). Similarly, the
species with the lowest mean Cresp value in the dataset, Trachyrincus scabrus
(roughsnout grenadier, Cresp value = 0.02 ± 0.02), has a relatively deep depth range of
300 - 1700 m. While epipelagic species showed a full range of Cresp values, of those
species classified as “deep-sea” (with a minimum depth of occurrence ≥ 200 m), Cresp

values greater than 0.20 were rare, with the greatest Cresp species mean value being
0.24 (± 0.09), from Aphanopus carbo (black scabbard). Below a minimum depth of
occurrence of 0 m, all but one of the species examined had a species mean Cresp value
of < 0.30 (Figure 6.2B). In contrast, the shallowest living species by maximum depth of
occurrence, Gobius bucchichi (Bucchich’s goby), with a depth range of 0 - 3 m, had a
mean Cresp value of 0.34 (± 0.01). The species with the highest mean Cresp value (0.50
± 0.09), Chaetodon ulietensis (Pacific double-saddle butterflyfish) has a depth range of 2
- 30 m.

FIGURE 6.1: Number of species coloured by
minimum (yellow) and maximum (blue) depth
of occurrence. This plot is a repeat of Figure

2.13 in Chapter 2.

Both minimum and maximum depths
of occurrence were negatively correlated
with Cresp values, after accounting
for log10 body mass and experienced
temperature (Figure 6.2). Considering
minimum depth of occurrence, there was
a sharp decrease in number of species
showing high Cresp values once no longer
in contact with the surface (minimum
depth > 0 m, Figure 6.2B). Among
species and individuals living below
200 m depth, Cresp values were rarely
higher than 0.20 (Figure 6.2). Minimum
depth of occurrence had a larger effect
size than maximum depth of occurrence
(bmax depth = 0.10 ± 0.05, vs. bmin depth 0.14
± 0.04), however, both depth metrics
had smaller standardised effect sizes on
Cresp values than either log10 body mass
or experienced temperature (Table 6.2).

Removing the two deepest-living
species (Coryphaenoides profundicolus and
C. armatus) decreased the effect size of
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maximum depth of occurrence (bmax depth = 0.10 ± 0.05, vs. bmax depth = 0.08 ± 0.05), but
there was no decrease in effect size for minimum depth of occurrence. Overall, the
significant correlation between Cresp values and minimum depth of occurrence was
more robust to sensitivity tests than Cresp values and maximum depth of occurrence.

Although there was considerable overlap, pelagic species tended to have higher Cresp

values than non-pelagic species (Figure 6.2). Habitat slightly reduced the effect size of
both minimum and maximum depth of occurrence on Cresp values, however, the effect
remains clear (Table 6.2).

Within the order Gadiformes, maximum depth of occurrence had no effect on Cresp

values (Figure 6.3). There was an effect of minimum depth of occurrence on Cresp

values within the Gadiformes (Figure 6.3), with the effect size being very similar to
that for the models run on the full dataset (bmin depth = 0.11 ± 0.09, vs. bmin depth = 0.11
± 0.04, Table 6.2). However, there was increased uncertainty for the posterior
prediction for bmin depth in the Gadiformes model (SD a = 0.24 vs. SD a = 0.14).

TABLE 6.2: Partial correlation coefficients for the main models investigating the re-
lationships between Cresp values and species’ depth of occurrence (depth), while ac-
counting for the effects of body mass (log10(bm)) and otolith-derived experienced
temperature (temp). λ is the maximum likelihood of Pagel’s λ, which estimates the

phylogenetic signal of the model residuals.

Parameter Partial correlation coefficients

Maximum depth Minimum depth

max main max pelagic max gads min main min pelagic min gads

a 1.77 ± 0.13 1.80 ± 0.13 2.19 ± 0.24 1.77 ± 0.14 1.80 ± 0.14 2.17 ± 0.24

log10(bm) 0.14 ±0.04 0.13 ± 0.04 0.15 ± 0.06 0.14 ± 0.04 0.14 ± 0.04 0.16 ± 0.06

temp 0.22 ± 0.05 0.23 ± 0.05 0.12 ± 0.07 0.23 ± 0.05 0.23 ± 0.05 0.01 ± 0.07

depth 0.10 ± 0.05 0.10± 0.05 0.06 ± 0.09 0.11 ± 0.04 0.11 ± 0.04 0.11 ± 0.08

λ 0.98 0.98 0.99 0.99 0.99 0.98
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FIGURE 6.2: Cresp values plotted against species’ maximum (A) and minimum (B)
depth of occurrence, coloured by habitat (yellow = pelagic, blue = non-pelagic).
Cresp values are plotted as species means and standard deviations (error bars), nor-
malised to a common body mass of 200 g and temperature of 10°C (according to
Cresp = e−(1.803+0.131×log10(bm)+−0.231×temp)). The inset plots show the non-normalised
individual data points on which the models (max pelagic and min pelagic, black line)
were fitted. 95% confidence intervals for the model fit are shown in the main plot,

shaded in grey.
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FIGURE 6.3: Cresp values plotted against species’ maximum (A) and minimum
(B) depth of occurrence, within the benthopelagic Gadiformes. Cresp values are
plotted as species means and standard deviations (error bars), normalised to a
common body mass of 200 g and temperature of 10°C (according to Cresp =

e−(2.185+0.153×log10(bm)+−0.120×temp)). The inset plot shows the untransformed individ-
ual data points.

6.6 Discussion

Cresp values, a proxy for field metabolic rates (FMRs), decreased with both minimum
and maximum depth of occurrence after accounting for the effects of body mass,
experienced temperatures, and species’ relatedness. Furthermore, the negative
relationship between Cresp values and depth of occurrence persisted when including
the effect of habitat. My study adds to the body of work which shows that depth has a
negative relationship with FMR in marine fish, which cannot be explained by the
effects of body mass and temperature alone (Torres et al., 1979; Drazen and Seibel,
2007; Seibel and Drazen, 2007; Drazen et al., 2015; Ikeda, 2016). Put simply, my study
supports that the metabolic-depth effect is broadly applicable to marine teleost fish.

Cresp values decreased with both minimum and maximum depth of occurrence,
according to a curvilinear relationship, although the trends seen with minimum depth
were both greater in effect size (Table 6.2) and more robust to sensitivity testing
(Appendix H.4), than trends with maximum depth. The fact that the metabolic-depth
effect is both stronger and more robust with minimum depth has particular
implications for groups which carry out diel vertical migrations, such as lanternfish
(family Myctophidae, Gjøsæter and Kawaguchi, 1980; Davison et al., 2013), as these
groups are likely to have metabolic rates which are more similar to species which
remain in the epipelagic zone than their deep-sea counterparts (Seibel and Drazen,
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2007). The difference in trends of Cresp values between minimum and maximum depth
of occurrence can help to discern the potential drivers of the metabolic-depth effect.

6.6.1 Implications for proposed universal drivers of the metabolic-depth
effect

6.6.1.1 Oxygen limitation

The dataset used in my study has a global coverage, however, the majority of deep-sea
samples (≥ 200 m) were from the North Atlantic, where the oxygen minimum zone
(OMZ) is relatively minor compared to Monterey Bay, where most previous
broad-scale studies of the metabolic-depth effect have been carried out (Childress,
1995; Levin, 2003; Seibel and Drazen, 2007). The persistence of the metabolic-depth
effect at a large spatial scale supports previous assertions that the metabolic-depth
effect is not universally driven by oxygen limitation within OMZs (Childress, 1995;
Drazen and Seibel, 2007; Seibel and Drazen, 2007; Drazen et al., 2015).

6.6.1.2 Food limitation

As with previous studies which investigated the relationship between depth and
metabolic rate (Drazen and Seibel, 2007; Seibel and Drazen, 2007; Drazen et al., 2015;
Ikeda, 2016), my results show a decrease in metabolic rate with depth according to a
curvilinear relationship. Particulate organic carbon (POC) flux, the principle source of
primary production for deep-sea ecosystems (Smith et al., 2008), also decreases with
depth throughout the water column according to a curvilinear relationship (Pace et al.,
1987).

Food limitation had previously been ruled out as a driver of the metabolic-depth
effect, as studies showed a levelling-off of the metabolic-depth effect at ∼ 1000 m
(Childress, 1995; Drazen and Seibel, 2007; Seibel and Drazen, 2007), despite food
quantity and quality continuing to decrease below 1000 m (Poulson, 2001). In contrast,
my study shows that Cresp values continue to decrease with depth past 1000 m,
thereby supporting food limitation as a possible primary universal driver of the
metabolic-depth effect. However, caution must be taken, as few species had minimum
depths of occurrence ≥ 1000 m (n = 8), which had a more robust correlation with Cresp

values compared to maximum depth of occurrence. Furthermore, support for one
hypothesis does not necessarily rule out others, as several drivers may be acting
concurrently, or in different parts of the water column, or in different spatial locations.
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6.6.1.3 Visual interaction hypothesis

Previous studies have proposed two key lines of evidence for the support of the visual
interaction hypothesis. The first was that the reduction in metabolic rate with depth
levelled off around 1000 m (Childress, 1995; Drazen and Seibel, 2007; Seibel and
Drazen, 2007; Drazen et al., 2015). As stated above, this is not the case for my data,
where Cresp values continue to decline below 1000 m. Secondly, some previous studies
found reduced evidence for the depth-trend among non-pelagic groups (Drazen and
Seibel, 2007; Seibel and Drazen, 2007). However, my data show a reduction in Cresp

values with depth which persists when including habitat effects. Furthermore, Cresp

values decreased with minimum depth of occurrence within the benthopelagic
Gadiformes. The finding of a reduced metabolic rate with depth independent of
habitat, reflects more recent studies showing a reduced (but still present) depth trend
within benthic and/or benthopelagic groups (Seibel and Drazen, 2007; Drazen and
Seibel, 2007; Drazen et al., 2015; Brown et al., 2018).

While my findings do not support the visual interaction hypothesis as a singular
universal driver of the metabolic-depth effect, I cannot necessarily rule it out. The
visual interaction hypothesis may be acting upon species living between 0 - 1000 m,
likely in conjunction with other drivers. What remains unclear is why relaxed
selection pressure for locomotory capacity would favour a reduction in FMR, rather
than redirecting energy savings to fitness components such as growth or reproduction
(Treberg et al., 2016). Therefore, it is likely that a form of resource limitation, such as
food limitation, is also a universal driver of the decline in metabolic rates with depth.

6.6.1.4 Reduction in habitat complexity

Although it is difficult to test at a macroecological scale, several features of the
relationship between depth and Cresp values enable me to rule out a reduction in
habitat complexity with depth as the primary driver of the metabolic-depth effect.
Firstly, the rate of reduction in Cresp values with depth is greatest in the epipelagic
zone, where habitats remain complex and subject to turbulence (Smith et al., 2008;
Brown et al., 2018; Martinez et al., 2021). Secondly, the habitat below 3000 m is
expected to be relatively uniform and stable (Smith et al., 2008), which according to
the theory of reduced habitat complexity as a universal driver of the metabolic-depth
effect, should lead to a reduction in Cresp values at this point (Brown et al., 2018;
Martinez et al., 2021). In contrast, my data show that at 3000 m the rate of reduction in
Cresp values with depth, while still present, is reduced compared to the rate of
reduction at epipelagic depths.

Finally, Hoplosteuthis atlanticus, cited in a previous study (Koslow, 1996) as having
relatively high metabolic rates due to their association with seamounts, were found to
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have relatively low Cresp values in this study (species mean Cresp value = 0.076 ± 0.016)
and a previous study (Trueman et al., 2013). Taking these three points together, my
data suggest it is unlikely that reduced selection for locomotory capacity, driven by
reduced habitat complexity within the deep-sea, is a driver for the metabolic-depth
effect.

6.6.2 Implications for fish under climate change

Alongside moving poleward, moving deeper has been proposed as a potential
response by which fish (and other aquatic taxa) might avoid warming surface
temperatures (Pinsky et al., 2013, 2019). However, my results suggest food and light
limitation as two potential factors which may constrain fish FMRs with increasing
depth. Although light limitation with increasing depth has been proposed as to relax
selection pressures on fish through evolutionary time (Childress, 1995; Drazen and
Seibel, 2007; Seibel and Drazen, 2007; Drazen et al., 2015), in the short term it is likely
to act as a barrier to moving to deeper waters, particularly for species which rely
heavily on visual predation and/or predator avoidance. Both food and light
limitation, though particularly food limitation, are likely to preclude high FMR species
and groups from moving to deeper climate refugia.

Scombriformes

Gadiformes

Cresp values

FIGURE 6.4: Phylogenetic patterns of mass- and temperature- normalised Cresp val-
ues in teleost fishes. Illustrated are the Gadiformes (Coryphaenoides rupestris) and the

Scombriformes (Thunnus albacares). This plot is a repeat of Figure 4.5 in Chapter 4

.
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If light and food limitation do act as a barrier to high FMR species moving deeper, this
gives insight into which groups may or may not be able to use deeper waters as
climate refugia. The Gadiformes are an example of a lineage which has managed to
successfully colonise both the deep and shallow seas (Siebenaller et al., 1982; Cohen
et al., 1990; Brown and Thatje, 2014), which may be due in part to their consistently
low FMRs (Figure 6.4). In contrast, groups such as the Scombriformes may be
precluded from moving deeper, as the lack of food in deeper waters may be unable to
sustain their high FMRs (Figure 6.4). Food and light limitation may be a particular
barrier for mesothermic species such as tunas (tribe Thunnini) and billfishes (order
Istiophoriformes) from seeking cooler deeper waters. Although excluded from this
study, mesothermic species have very high Cresp values and rely heavily on visual
predation (Kawamura et al., 1981). Overall food and light limitation may act as
barriers to teleosts using deeper waters as climate refugia, particularly for high FMR
species.

6.6.3 Conclusions

In summary, my study showed a decrease in Cresp values with increasing depth after
accounting for the effects of body mass, temperature, species’ relatedness and habitat.
Food and/or light limitation are the most likely drivers of this trend, though may be
acting in different parts of the water column. It is possible that the physiological
impact of reduced food and light may preclude high FMR species or groups from
moving to deeper waters to avoid sea-surface warming.
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Chapter 7

Conclusions

7.1 Thesis summary

The aim of this thesis was to investigate drivers of field metabolic rate (FMR) in
marine teleost fishes at a macroecological scale. Specifically, I was interested in how
fish FMR scaled interspecifically with body mass and temperature, and which
ecological factors drive variation mass- and temperature-independent FMR.

To achieve the thesis aim, I first built a dataset of FMR across a broad range of
taxonomic and ecological groups of fishes. Chapter 2 describes how I built the dataset
of Cresp values (a proxy for fish FMR) and how I compiled body mass, experienced
temperature and ecological variables. Using data from my own laboratory work, and
data compiled from the literature, the dataset comprised 114 species from across the
world’s oceans, with representatives from a multitude of taxonomic groups and with
different key ecological traits.

Next I investigated body mass and temperature scaling of Cresp values in lanternfish
(family Myctophidae) from the Scotia Sea in the Southern Ocean (Chapter 3). I chose
lanternfish as a case study due to their importance in biochemical cycling (Hidaka
et al., 2001; Davison et al., 2013; Anderson et al., 2018) and the difficulty in obtaining
live specimens for respirometry (Torres et al., 1979; Torres and Somero, 1988; Catul
et al., 2011). Unlike other chapters, Chapter 3 was relatively small scale, both in terms
of spatial and taxonomic coverage. Lanternfish from the Scotia Sea, had similar body
masses and temperatures, and as such these were less important drivers of Cresp

values than ecological correlates, such as differences in habitat.

Next, I used the full dataset to determine body mass and temperature scaling of fish
FMR at a macroecological scale. I found a higher body mass scaling exponent (b =
0.90) compared to that predicted by the metabolic theory of ecology (b = 0.75, West
et al., 1997; Brown et al., 2004), likely reflecting the greater importance of mass-volume
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restrictions on fish FMR, as opposed to surface area-volume restrictions which likely
drive metabolic rate scaling in endotherms (Brown et al., 2004; Glazier, 2005, 2010).
Additionally, I found that FMR scaled with temperature with a lower activation
energy (E) than is predicted by the metabolic theory of ecology (West et al., 1997;
Brown et al., 2004) and the universal temperature dependence hypothesis (Gillooly
et al., 2001, 2006). The lower E for FMR compared to standard metabolic rates (SMR)
likely reflects the capacity for wild fish to mitigate the thermodynamic effects of
increased temperatures on their enzyme-catalysed metabolic reactions (Richards,
2010; Norin and Clark, 2017; Jutfelt et al., 2021).

After establishing the body mass and temperature scaling relationships of fish FMR, I
investigated ecological drivers of variation in fish FMR - specifically thermal realm
adaptation and depth of occurrence. Both thermal realm and thermal range showed
correlation with Cresp values after accounting for the effects of body mass and
temperature. Polar fishes had an average Cresp value which was greater than that of
temperate fishes, after accounting for body mass and temperature effects, indicating
partial metabolic cold adaptation. Furthermore, adaptations to different thermal
realms changed the scaling of Cresp values with temperature. The scaling relationship
between Cresp values and temperature was steeper (i.e. E was greater) in stenothermic
groups compared to eurythermic groups. In contrast, the scaling of FMR with body
mass remain constant across different thermal realms. Depth of occurrence also had a
significant effect on Cresp values after body mass and temperature. Cresp values
decreased with depth of occurrence throughout the depth range investigated in my
thesis (0 - 4800 m), likely due to increasing food- and light-limitations with increasing
depth.
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7.2 Implications of thesis findings

My thesis joins a plethora of other studies which have found that fish metabolic rates
(standard, field and maximum) are best modelled using body mass scaling exponents
(b) of approximately 0.80 to 0.90 (Winberg, 1956; Clarke and Johnston, 1999; White
et al., 2006; Killen et al., 2016). The finding that fish FMR scales with body mass
according to b = 0.90 has profound implications for marine ecosystem models. Most
global and regional marine ecosystem models incorporate metabolic rate, either as a
parameter in itself, or to derive other biological rates such as growth rate (Tittensor
et al., 2018). Despite previous studies finding that fish metabolic rates scale with body
mass according to b = 0.80 to 0.90 (Winberg, 1956; Clarke and Johnston, 1999; White
et al., 2006; Killen et al., 2016), the majority of marine ecosystem models use a value of
b ranging from 0.67 to 0.75 (Cheung et al., 2008; Blanchard et al., 2012; Jennings and
Collingridge, 2015; Carozza et al., 2016; Audzijonyte et al., 2019), following the
metabolic theory of ecology and traditional surface area-volume relationships
(Kleiber, 1932, 1947; West et al., 1997; Brown et al., 2004). While the difference between
the theoretical and empirical values of b may seem trivial, when dealing with
exponential relationships, such as that between metabolic rate and body mass, a small
change in the value of the scaling exponent can lead to very different estimations of
metabolic rates (Cheung et al., 2013; Lefevre et al., 2017, 2018). As the value of b
approaches 1, the scaling of metabolic rate with body mass moves closer to isometry,
with the result for mass-specific metabolic rates being no relationship with body mass.
In summary, the use of b values of 0.67 to 0.75 in marine ecosystem models is likely
overestimating the effects of body mass effects on metabolic rates.

As with body mass, marine ecosystem models typically use a single value of E to
describe the relationship between temperature and metabolic rates (Cheung et al.,
2008, 2013; Blanchard et al., 2012; Harfoot et al., 2014; Jennings and Collingridge, 2015;
Carozza et al., 2016; Audzijonyte et al., 2019). Following the metabolic theory of
ecology and universal temperature dependence (West et al., 1997; Gillooly et al., 2001;
Brown et al., 2004; Gillooly et al., 2006), the value of E in marine ecosystem models is
usually set between 0.6 and 0.7. However, my thesis joins other studies showing that
the relationship between metabolic rates and temperature are much more complex
than is suggested by enzyme-catalysed reaction thermodynamics (Knies and
Kingsolver, 2010; White et al., 2012b; Norin and Clark, 2017). Considering field
metabolic rates adds an additional layer of complexity to the relationship between
metabolic rates and temperature, as wild living fish likely have the ability to mitigate
the effects of temperature on their standard metabolic rates by reducing other
metabolic costs (Richards, 2010; Norin and Clark, 2017; Jutfelt et al., 2021).

Studying FMR alone is not enough to fully understand the implications of
temperature on fish metabolic rates, as behaviours which mitigate temperature change
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effects on overall FMRs have fitness and survival implications. For instance, while a
fish may be able to mitigate a short term temperature increase on its metabolic costs
by reducing movement, if the temperature increase is sustained the continued
reduction in movement will impair the fish’s ability to forage, evade predators and
reproduce (Richards, 2010).

Despite the important roles they play in ocean biogeochemical cycles, deeper-dwelling
fishes, such as those in the meso- and bathy-pelagic, are relatively understudied,
particularly when concerning metabolic rates. Results from my thesis support
previous findings that deeper-dwelling fishes tend towards lower metabolic rates,
even after accounting for body mass and temperature (Drazen and Seibel, 2007; Seibel
and Drazen, 2007; Drazen et al., 2015; Ikeda, 2016; Gerringer et al., 2017), likely due to
living in a food- and light-limited environment. While some have controversially
proposed that fish might move deeper to escape increasing sea-surface temperatures
(Pinsky et al., 2013, 2019), the limitations on FMR by low light and food levels in the
deep-sea are likely to act as a barrier, particularly to species with high FMRs.

Finally, while macroecological studies are useful for describing large-scale drivers of
metabolic rates, care should be taken if attempting to apply global patterns to smaller
regional scales (Belcher et al., 2020). Despite body mass and temperature being key
interspecific drivers of FMR at a macroecological scale, neither were important drivers
of Cresp values within lanternfish living in the Scotia Sea. When considering groups or
species of interest, the study of drivers of metabolic rate within that particular species
or group would be ideal. However, I recognise that logistical and funding
considerations mean that small-scale studies are not always possible, and
macroecological patterns offer useful first predictions in these cases.
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7.3 Cresp values as a measure of field metabolic rate in fishes -
opportunities, challenges and future directions

My thesis has added to recent studies showing the Cresp method to be a powerful tool
in investigating FMRs in marine teleost fishes (Trueman et al., 2016; Chung et al.,
2019b, 2021b; Smoliński et al., 2021). Furthermore, the Cresp fills an important
methodological gap in the study of FMR across vertebrates - namely the ability to
estimate FMR in aquatic organisms (Treberg et al., 2016).

In many ways, the Cresp method is an ideal tool for macroecological studies of FMR in
fishes. Firstly, the Cresp method does not require the use of live fish, which removes the
ethical considerations associated with experimentation on live fish (Sloman et al.,
2019). Furthermore, the lack of a requirement for live, healthy fish enables application
of the Cresp method to fragile and deep-sea species (Torres et al., 1979; Torres and
Somero, 1988; Seibel and Drazen, 2007; Catul et al., 2011; Drazen et al., 2015).

Secondly, the Cresp method does not require fish to be harvested specifically for FMR
estimation, in contrast to electron-transport system (ETS) studies (Cammen et al., 1990;
Hernández-León et al., 2019). Instead, the Cresp method can be conducted on archived
otoliths. Given the prominence of otoliths in ageing studies (Campana, 1999), many
fisheries institutions and museums hold large otolith collections which can be sampled
to extract a wealth of Cresp values. This is particularly useful for macroecological
studies, as Cresp values can be obtained from a large number of diverse species,
without the logistical difficulty and expense of many respirometry trials or ETS assays.

While the Cresp method is very useful for macroecological studies of FMR in fishes, it
has a few limitations, as does any scientific technique. The first key limitation of the
Cresp method is that it requires destructive sampling of the otolith to obtain a sample
for stable isotope analysis (Chapter 2). The need for destructive sampling of otoliths
for the Cresp method was a key barrier in obtaining otoliths for the dataset, particularly
where those otoliths came from museum collections or institutional archives
(Freedman et al., 2018).

A second key limitation in the Cresp method, particularly when using archived or
museum otolith collections, was that it was often difficult to obtain the necessary
metadata required, such as body size and catch data. Ideally, archive and museum
collections would all be catalogued with easy access to metadata associated with the
specimens. However, chronic underfunding and undervaluing of archives and
museums collections (e.g. Viscardi, 2013), particularly where curatorial work is
concerned, means comprehensive and detailed catalogues are not always available.
This situation is not unique to Cresp studies; instead it highlights the importance of
proper funding of collections management and curation.
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Thirdly, it can be difficult to obtain the δ13Cdiet and δ13CDIC values necessary to
estimate Cresp values. Specifically, δ13Cdiet values can be hard to find for poorly studied
species, and δ13CDIC values are much more variable in freshwater and brackish
environments than in fully marine environments. The high variability of δ13CDIC

values in freshwater (Bade et al., 2004) meant that my thesis was restricted to marine
fishes. It would be possible to apply the Cresp method to freshwater fishes, although
this would likely require direct measurement of δ13CDIC values, rather than estimation
for isoscapes. The additional logistical difficulty of having to measure δ13CDIC values
in freshwater environments will likely restrict the macroecological application of the
Cresp method in freshwater fishes.

Finally, the Cresp method is still in development, and more research is needed on the
method itself. My study has shown that deriving oxygen consumption from Cresp

values using a single calibration gives reasonable estimates across a range of species.
However, the reverse exponential relationship between oxygen consumption rates
and Cresp values (Chung et al., 2019a,b; Martino et al., 2020) means that estimates of
oxygen consumption rates derived from Cresp values are sensitive to the upper bound
(C, equation 4.5) in high Cresp value species. Within the curvilinear portion of the
relationship, close to the upper bound, a small change in Cresp value represents a very
large change in oxygen consumption rate. Estimates of oxygen consumption rate
derived from Cresp values can be carried out with more certainty in the linear portion
of the calibration curve, at lower Cresp values. Furthermore, the cause of the upper
bound in the relationship between Cresp values and oxygen consumption rates is still
unclear (C. Trueman, 2022, per. comms.). The uncertainty associated with the upper
bound may limit our certainty in using Cresp values to estimate field oxygen
consumption from species with high metabolic rates, such as those living at high
temperatures (Chapters 4 & 5) or athletic fishes such as tunas (Chapter 5). At present,
direct calibrations between Cresp values and oxygen consumption rates are only
available for two relatively large, benthopelagic species (Chung et al., 2019b; Martino
et al., 2020). More studies calibrating Cresp values to oxygen consumption, especially
among a range of species, would be invaluable in further developing the Cresp method.



161

Appendix A

Ecological information

A.1 Ecological information table

TABLE A.1: Ecological information for species in the main dataset. * = Incertae sedis
Abbreviations are as follows: for thermal realm, P = polar, Te = temperate, STr = sub-
tropical, Tr = tropical and D = deep-sea; for habitat, B = benthic, BP = benthopelagic, P

= pelagic, R = (coral) reef-associated.

Classification
Thermal

realm
SST Habitat Depth

Species Order Min. Max. Min. Max.

Acanthurus
triostegus

Acanthuriformes Tr 21.97 29.46 R 0 90

Chaetodon
ulietensis

Acanthuriformes Tr 25.04 29.46 R 2 30

Alepocephalus
agassizii

Alepocephaliformes D NA NA BP 600 2670

Alepocephalus
bairdii

Alepocephaliformes D NA NA BP 500 1750

Rouleina
attrita

Alepocephaliformes D NA NA BP 1400 2100

Xenodermichthys
copei

Alepocephaliformes Te 0.43 26.15 P 100 1230

Conger
conger

Anguilliformes Te 9.98 24.44 B 0 100

Synaphobranchus
kaupii

Anguilliformes D NA NA BP 250 3200

Argentina
silus

Argentiniformes Te 0.19 18.18 BP 150 550
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Ateleopus
japonicus

Ateleopodiformes Tr 19.06 25.54 BP 130 850

Ijimaia
dofleini

Ateleopodiformes D NA NA BP NA 1281

Bathysaurus
ferox

Aulopiformes D NA NA B 1000 3500

Bathypterois
dubius

Aulopiformes D NA NA B 750 2000

Saurida
lessepsianus

Aulopiformes STr NA NA BP 20 100

Saurida
undosquamis

Aulopiformes STr 20.43 28.67 BP 20 350

Exocoetus
volitans

Beloniformes Tr 23.33 23.33 P 0 10

Beryx
splendens

Beryciformes D NA NA BP 400 600

Hoplostethus
atlanticus

Beryciformes D NA NA BP 400 1700

Hoplostethus
mediterraneus

Beryciformes Te 7.75 27.87 BP 100 950

Seriola
dumerili

Carangiformes STr 19.00 27.92 BP 18 72

Trachurus
trachurus

Carangiformes Te 10.13 19.40 BP 100 200

Coryphaena
hippurus

Carangiformes STr 7.79 28.48 P 0 100

Sprattus
sprattus

Clupeiformes Te 8.94 15.65 P 10 150

Engraulis
encrasicolus

Clupeiformes Te 9.13 24.80 P 0 150

Boreogadus
saida

Gadiformes P -0.85 8.93 BP 40 400

Gadus
morhua

Gadiformes Te -0.55 16.20 BP 0 600

Melanogrammus
aeglefinus

Gadiformes Te 2.32 18.77 BP 10 450

Merlangius
merlangus

Gadiformes Te 9.13 16.36 BP 30 100

Micromesistius
poutassou

Gadiformes Te -0.03 20.02 P 150 1000
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Pollachius
virens

Gadiformes Te 5.33 14.05 P 0 200

Molva
dypterygia

Gadiformes D NA NA BP 350 1000

Bathygadus
nipponicus

Gadiformes D NA NA BP 200 1602

Cetonurus
globiceps

Gadiformes D NA NA BP 1000 1900

Coelorinchus
caelorhincus

Gadiformes D NA NA BP 200 710

Coelorinchus
fasciatus

Gadiformes D NA NA BP 400 800

Coelorinchus
labiatus

Gadiformes D NA NA BP 450 2200

Coryphaenoides
acrolepis

Gadiformes D NA NA BP 900 2300

Coryphaenoides
armatus

Gadiformes D NA NA BP 2000 4700

Coryphaenoides
guentheri

Gadiformes D NA NA BP 1100 3000

Coryphaenoides
marginatus

Gadiformes D NA NA BP 250 750

Coryphaenoides
mediterraneus

Gadiformes D NA NA BP 1200 2900

Coryphaenoides
paramarshalli

Gadiformes D NA NA BP 1134 2160

Coryphaenoides
profundicolus

Gadiformes D NA NA BP 3639 4865

Coryphaenoides
rupestris

Gadiformes D NA NA BP 400 2000

Hymenocephalus
lethonemus

Gadiformes D NA NA BP 360 1040

Malacocephalus
laevis

Gadiformes D NA NA BP 200 750

Nezumia
aequalis

Gadiformes D NA NA BP 200 2300

Nezumia
duodecim

Gadiformes D NA NA BP 330 1260

Spicomacrurus
kuronumai

Gadiformes D NA NA BP 350 650
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Squalogadus
modificatus

Gadiformes D NA NA NA 600 1929

Trachyrincus
murrayi

Gadiformes D NA NA BP 530 1630

Trachyrincus
scabrus

Gadiformes D NA NA BP 300 1700

Merluccius
merluccius

Gadiformes Te 9.72 20.01 BP 100 1000

Antimora
rostrata

Gadiformes D NA NA BP 350 3000

Lepidion
eques

Gadiformes D NA NA BP 400 1850

Mora
moro

Gadiformes D NA NA BP 500 2500

Phycis
blennoides

Gadiformes Te 7.29 20.94 BP 150 1200

Gobius
bucchichi

Gobiiformes STr NA NA B 0 3

Holocentrus
adscensionis

Holocentriformes STr 23.30 29.44 BP NA 90

Plagiogeneion
rubiginosum

Eupercaria* Te 13.11 24.54 BP 50 900

Lutjanus
fulviflamma

Eupercaria* Tr 13.35 28.55 R 3 35

Lutjanus
sebae

Eupercaria* Tr 25.22 28.09 R 5 180

Pristipomoides
filamentosus

Eupercaria* Tr NA NA BP 40 360

Pristipomoides
multidens

Eupercaria* Tr 26.34 27.71 BP 40 200

Kajikia
albida

Istiophoriformes Te 15.03 28.01 P 0 100

Makaira
nigricans

Istiophoriformes STr 14.45 27.20 P 0 200

Coris
julis

Labriformes STr 16.95 22.64 R 0 120

Electrona
antarctica

Myctophiformes P -1.66 -1.54 P 0 1000

Electrona
carlsbergi

Myctophiformes Te -0.44 11.50 P 0 400
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Gymnoscopelus
braueri

Myctophiformes P -1.66 -1.54 P 0 1000

Gymnoscopelus
nicholsi

Myctophiformes P -1.64 -1.54 BP 0 700

Krefftichthys
anderssoni

Myctophiformes P -1.58 -1.58 P 0 1000

Protomyctophum
bolini

Myctophiformes D NA NA P 200 700

Neoscopelus
microchir

Myctophiformes D NA NA BP 250 700

Halosauropsis
macrochir

Notacanthiformes Te 12.14 24.25 BP 110 3300

Cataetyx
laticeps

Ophidiiformes D NA NA BP 1000 2500

Spectrunculus
grandis

Ophidiiformes D NA NA BP 800 4255

Doederleinia
berycoides

Pempheriformes Tr 16.91 28.68 BP 100 600

Epigonus
telescopus

Pempheriformes Te 8.55 26.08 BP 75 1200

Champsocephalus
gunnari

Perciformes P 2.13 4.43 BP 30 250

Artediellus
atlanticus

Perciformes Te -0.70 10.71 B 35 900

Triglops
nybelini

Perciformes D NA NA B 200 600

Cyclopterus
lumpus

Perciformes Te -0.16 11.27 BP 50 500

Dissostichus
eleginoides

Perciformes P -1.71 18.03 P 70 1500

Helicolenus
dactylopterus

Perciformes D NA NA BP 200 1000

Helicolenus
mouchezi

Perciformes STr 19.66 19.69 BP 190 600

Sebastes
mentella

Perciformes D NA NA BP 300 1000

Epinephelus
adscensionis

Perciformes STr 26.57 28.24 BP 2 100

Epinephelus
morio

Perciformes STr 26.57 28.24 BP 5 25
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Epinephelus
multinotatus

Perciformes Tr 26.04 27.40 BP 10 110

Hyporthodus
nigritus

Perciformes STr NA NA BP 55 525

Lepidoperca
coatsii

Perciformes Te 14.38 15.20 BP 50 190

Lycodes
gracilis

Perciformes Te 5.73 10.36 B 90 365

Glyptocephalus
cynoglossus

Pleuronectiformes Te 0.10 20.85 B 50 500

Hippoglossoides
platessoides

Pleuronectiformes Te -0.54 13.63 B 90 250

Limanda
limanda

Pleuronectiformes Te 9.13 13.64 B 0 150

Microstomus
kitt

Pleuronectiformes Te 7.27 15.10 B 20 200

Lepidorhombus
whiffiagonis

Pleuronectiformes Te 9.73 19.99 B 50 300

Scophthalmus
maximus

Pleuronectiformes Te 7.41 18.83 B 0 100

Solea
solea

Pleuronectiformes Te 9.83 24.34 BP 0 300

Salmo
salar

Salmoniformes Te 9.85 10.86 BP 10 23

Arripis
georgianus

Scombriformes STr NA NA P 0 50

Acanthocybium
solandri

Scombriformes STr 21.20 29.29 P 0 200

Scomber
colias

Scombriformes Te 16.36 20.10 P 0 300

Scomber
scombrus

Scombriformes Te 4.89 22.56 P 0 250

Thunnus
albacares

Scombriformes Tr 21.55 29.44 P 0 100

Thunnus
maccoyii

Scombriformes STr 19.08 25.59 P 0 600

Thunnus
orientalis

Scombriformes STr NA NA P 0 550

Aphanopus
carbo

Scombriformes D NA NA BP 200 2300
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Lethrinus
harak

Spariformes Tr 24.09 29.25 R 0 65

Lethrinus
lentjan

Spariformes Tr 24.26 26.79 R 0 50

Chrysophrys
auratus

Spariformes Te 13.56 22.77 R 10 150

Diplodus
vulgaris

Spariformes STr 16.49 23.09 BP 0 50

Oblada
melanura

Spariformes STr 17.24 25.60 BP 0 30

Pagellus
erythrinus

Spariformes STr 19.67 23.13 BP 20 300

Pagrus
caeruleostictus

Spariformes Tr 23.05 25.70 BP 0 200

Mullus
barbatus

Syngnathiformes Te 10.21 23.13 BP 5 300

Upeneus
moluccensis

Syngnathiformes STr 23.05 25.63 BP 10 120
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• A. Işmen. Age, growth and reproduction of the goldband goatfish, Upeneus
moluccensis (Bleeker, 1855), in Iskenderun Bay, the Eastern Mediterranean.
Turkish Journal of Zoology, 29(4):301–309, 2005

• T. Iwamoto. The macrourid fish Cetonurus globiceps in the Gulf of Mexico. Copeia,
1966:439–442, 1966

• S. Jennings, G. J. Hewlett, and S. Flatman. The distribution, migrations and stock
integrity of lemon sole Microstomus kitt in the western English Channel. Fisheries
Research, 18(3-4):377–388, 1993

• J. Kennedy, S. Jónsson, J. M. Kasper, and H. G. Olafsson. Movements of female
lumpfish (Cyclopterus lumpus) around Iceland. ICES Journal of Marine Science, 72
(3):880–889, 2015

• J. Kennedy, S. Jónsson, H. G. Olafsson, and J. M. Kasper. Observations of vertical
movements and depth distribution of migrating female lumpfish (Cyclopterus
lumpus) in iceland from data storage tags and trawl surveys. ICES Journal of
Marine Science, 73(4):1160–1169, 2016

• S. J. Lin, M. K. Musyl, S. P. Wang, N. J. Su, W. C. Chiang, C. P. Lu, K. Tone, C. Y.
Wu, A. Sasaki, and I. Nakamura. Movement behaviour of released wild and
farm-raised dolphinfish Coryphaena hippurus tracked by pop-up satellite archival
tags. Fisheries Science, 85(5):779–790, 2019

• R. Lubbock and A. Edwards. The fishes of Saint Paul’s rocks. Journal of Fish
Biology, 18(2):135–157, 1981

https://helcom.fi/media/red%20list%20species%20information%20sheet/HELCOM-Red-List-Lycodes-gracilis.pdf
https://helcom.fi/media/red%20list%20species%20information%20sheet/HELCOM-Red-List-Lycodes-gracilis.pdf
https://helcom.fi/wp-content/uploads/2019/08/HELCOM-Red-List-Scomber-scombrus.pdf
https://helcom.fi/wp-content/uploads/2019/08/HELCOM-Red-List-Scomber-scombrus.pdf


174 Chapter A. Ecological information
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parameters of the saddled bream Oblada melanura in the eastern Adriatic.
Fisheries Research, 38(2):199–205, 1998

• B. C. Russell, D. Golani, and Y. Tikochinski. Saurida lessepsianus a new species of
lizardfish (Pisces: Synodontidae) from the Red Sea and Mediterranean Sea, with
a key to Saurida species in the Red Sea. Zootaxa, 3956(4):559–568, 2015
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Appendix B

Length-weight parameters

B.1 Length-weight parameters

TABLE B.1: Parameters for the length-weight equation 2.8 (W = aLb). For length
types, TL = total length, SL = standard length, FL = fork length, HL = head length,

GNPL = gnathoproctal length.

Species
Length type a b Notes

Acanthocybium solandri TL 0.0023 3.24
Acanthurus triostegus TL 0.0213 3.08
Alepocephalus agassizii SL 0.0035 3.29
Alepocephalus bairdii TL 0.0031 3.21
Aphanopus carbo TL 0.0005 3.21
Antimora rostrata TL 0.0008 3.58
Argentina silus TL 0.0030 3.26

Arripus georgianus FL 0.0065 2.85
From
Arripus trutta

Ateleopus japonicus TL 0.0001 3.51
From
Ijmaia antillarium

Bathygadus nipponicus TL 0.0389 2.95
Used average parameters
for Bathygadus

Bathypterois dubius TL 0.0016 3.29
Bathysaurus ferox SL 0.0011 3.47
Beryx splendens TL 0.0087 3.10
Cataetyx laticeps SL 0.0045 3.11

Cetonurus globiceps TL 0.0025 3.15
Used average parameters
for Macrouridae

Chaetodon ulietensis FL 0.0311 2.87



178 Chapter B. Length-weight parameters

Coelorinchus caelorhincus TL 0.0046 3.04

Coelorinchus fasciatus TL 0.0046 3.04
From
Coelorinchus caelorhincus

Coelorinchus labiatus HL 0.1450 3.02
Conger conger TL 0.0003 3.43
Coris julis SL 0.0069 3.03
Coryphaenoides acrolepis FL 0.0006 3.45
Coryphaenoides armatus HL 0.2188 3.12
Coryphaenoides guentheri HL 0.8921 2.58

Coryphaenoides marginatus TL 0.0025 3.15
Used average parameters
for Macrouridae

Coryphaenoides mediterraneus HL 0.4966 3.04

Coryphaenoides paramarshalli HL 0.2610 3.35
From
Corypahenoides guentheri

Coryphaenoides profundicolus HL 0.2115 3.38
Coryphaenoides rupestris HL 0.2310 3.29
Diplodus vulgaris SL 0.0117 3.23
Dissostichus eleginoides SL 0.0059 3.24
Electrona antarctica SL 0.0074 3.27
Engraulis japonicus SL 0.0039 3.68
Epigonus telescopus SL 0.0111 3.16
Epinephelus morio TL 0.0123 3.04
Epinephelus multinotatus TL 0.0126 3.04
Gadus morhua TL 0.0066 3.10
Gobius bucchichi TL 0.0071 3.15
Halosauropsis macrochir GNPL 0.0084 3.18
Hoplosteuthis atlanticus SL 0.0074 2.78
Hoplosteuthis mediterraneus SL 0.0295 3.01
Helicolenus dactylopterus TL 0.0126 3.09

Helicolenus mouchezi TL 0.0126 3.09
From
Helicolenus dactylopterus

Hymenocephalus lethonemus TL 0.0077 2.45
Hyporthodus nigritus TL 0.0201 2.98

Ijmaia dofleini TL 0.0001 3.51
From
Ijmaia antillarium

Kajikia albida FL 0.0046 3.00

Lepidoperca coatsii TL 0.0046 3.15
Used average parameters
for Baldwinella

Lepidorhombus whiffiagonis TL 0.0036 3.17
Lepidion eques TL 0.0009 3.54
Lethrinus harak TL 0.0151 3.01
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Lethrinus lentjan TL 0.0240 2.80
Lutjanus sebae FL 0.0148 3.09
Makaira nigricans FL 0.0054 3.07
Malacocephalus laevis TL 0.0324 2.94
Melanogrammus aeglefinus TL 0.0058 3.13
Merluccius merluccius TL 0.0047 3.21
Molva dypterygia TL 0.0019 3.15
Mora moro TL 0.0044 3.21
Micromesistius poutassou TL 0.0032 3.20
Mullus barbatus TL 0.0076 3.11
Nezuma aequalis HL 0.8878 3.78

Nezuma duodecim HL 0.8878 3.78
From
Nezuma aequalis

Neoscopelus microchir TL 0.0095 2.99
Pagrus auratus TL 0.0427 2.70
Pagrus caeruleostictus TL 0.0269 2.81
Pagellus erythrinus TL 0.0166 2.92
Plagiogeneion rubiginosum SL 0.0148 3.11
Pollachius virens TL 0.0072 3.05
Phycis blennoides TL 0.0042 3.19
Pristipomoides multidens FL 0.0224 2.95
Rouleina attrita SL 0.0137 2.87
Saurida undosquamis TL 0.0054 3.07
Scomber colias TL 0.0102 2.96
Scomber scombrus TL 0.0035 3.25
Scophthalmus maximus TL 0.0120 3.10
Sebastes melanops TL 0.0211 3.00
Seriola dumerili TL 0.0200 2.88
Spectrunculus grandis SL 0.0083 2.94
Sebastes mentella TL 0.0127 3.00
Solea solea TL 0.0066 3.10

Squalogadus modificatus TL 0.0025 3.15
Used average parameters
for Macrouridae

Synaphobranchus kaupii SL 0.0016 3.00
Thunnus maccoyii FL 0.0174 3.05
Thunnus orientalis FL 0.0166 3.00
Trachyrincus murrayi HL 0.1503 3.00
Trachyrincus scabrus HL 0.0444 3.53
Upeneus moluccensis TL 0.0060 3.25
Xenodermichthys copei TL 0.0058 3.00
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B.2 Sources

• R. Crec’Hriou, V. Zintzen, L. Moore, and C.D. Roberts. Length–weight
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Appendix C

Morphometrics

C.1 Morphological information

TABLE C.1: Morphological information for species in the main dataset. * = Incertae
sedis Abbreviations for body shape: Ee = eel like, El = elongate, FN = fusiform/normal,

SD = short/deep.

Classification
Body
shape

Body
depth %

Caudal
aspect
ratio

Species Order

Acanthurus
triostegus

Acanthuriformes SD 41.70 1.92

Chaetodon
ulietensis

Acanthuriformes SD 51.40 2.26

Alepocephalus
agassizii

Alepocephaliformes El 19.20 2.29

Alepocephalus
bairdii

Alepocephaliformes El 15.60 1.38

Rouleina
attrita

Alepocephaliformes El 18.79 1.98

Xenodermichthys
copei

Alepocephaliformes El 17.46 1.91

Conger
conger

Anguilliformes Ee 7.70 NA

Synaphobranchus
kaupii

Anguilliformes Ee 7.30 NA

Argentina
silus

Argentiniformes El 16.88 1.48
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Ateleopus
japonicus

Ateleopodiformes El 11.50 NA

Ijimaia
dofleini

Ateleopodiformes El NA NA

Bathysaurus
ferox

Aulopiformes Ee 9.54 1.12

Bathypterois
dubius

Aulopiformes El 12.03 2.49

Saurida
lessepsianus

Aulopiformes El 13.19 2.45

Saurida
undosquamis

Aulopiformes El 12.78 2.58

Exocoetus
volitans

Beloniformes El 12.80 1.66

Beryx
splendens

Beryciformes SD 29.11 3.26

Hoplostethus
atlanticus

Beryciformes SD 36.77 2.31

Hoplostethus
mediterraneus

Beryciformes SD 34.13 1.43

Seriola
dumerili

Carangiformes FN 26.46 2.83

Trachurus
trachurus

Carangiformes FN 19.67 2.90

Coryphaena
hippurus

Carangiformes El 18.18 1.82

Sprattus
sprattus

Clupeiformes FN 19.55 2.05

Engraulis
encrasicolus

Clupeiformes El 14.38 1.19

Boreogadus
saida

Gadiformes El 18.70 1.71

Gadus
morhua

Gadiformes FN 20.83 1.30

Melanogrammus
aeglefinus

Gadiformes FN 22.34 1.43

Merlangius
merlangus

Gadiformes FN 21.22 0.97

Micromesistius
poutassou

Gadiformes El 15.32 0.79
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Pollachius
virens

Gadiformes FN 22.29 1.96

Molva
dypterygia

Gadiformes El 11.58 0.83

Bathygadus
nipponicus

Gadiformes El 14.25 NA

Cetonurus
globiceps

Gadiformes FN 21.88 NA

Coelorinchus
caelorhincus

Gadiformes El 15.51 NA

Coelorinchus
fasciatus

Gadiformes El 17.56 NA

Coelorinchus
labiatus

Gadiformes El 12.56 NA

Coryphaenoides
acrolepis

Gadiformes El 15.96 NA

Coryphaenoides
armatus

Gadiformes El 18.06 NA

Coryphaenoides
guentheri

Gadiformes El 13.93 NA

Coryphaenoides
marginatus

Gadiformes El 11.10 NA

Coryphaenoides
mediterraneus

Gadiformes El 17.81 NA

Coryphaenoides
paramarshalli

Gadiformes El NA NA

Coryphaenoides
profundicolus

Gadiformes El NA NA

Coryphaenoides
rupestris

Gadiformes El 14.61 0.21

Hymenocephalus
lethonemus

Gadiformes El NA NA

Malacocephalus
laevis

Gadiformes El 19.11 NA

Nezumia
aequalis

Gadiformes El 17.49 NA

Nezumia
duodecim

Gadiformes El 12.59 NA

Spicomacrurus
kuronumai

Gadiformes El NA NA
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Squalogadus
modificatus

Gadiformes El 22.54 NA

Trachyrincus
murrayi

Gadiformes El 12.72 NA

Trachyrincus
scabrus

Gadiformes El 14.79 NA

Merluccius
merluccius

Gadiformes El 14.17 0.90

Antimora
rostrata

Gadiformes FN 26.27 1.90

Lepidion
eques

Gadiformes FN 19.93 0.74

Mora
moro

Gadiformes FN 22.97 0.93

Phycis
blennoides

Gadiformes FN 22.52 0.80

Gobius
bucchichi

Gobiiformes El 13.36 0.95

Holocentrus
adscensionis

Holocentriformes FN 26.49 2.11

Plagiogeneion
rubiginosum

Eupercaria* FN 24.73 3.37

Lutjanus
fulviflamma

Eupercaria* SD 29.27 2.14

Lutjanus
sebae

Eupercaria* SD 35.35 1.61

Pristipomoides
filamentosus

Eupercaria* FN 24.60 3.33

Pristipomoides
multidens

Eupercaria* FN 24.30 2.51

Kajikia
albida

Istiophoriformes El 10.40 7.82

Makaira
nigricans

Istiophoriformes El 15.30 7.77

Coris
julis

Labriformes FN 21.43 1.68

Electrona
antarctica

Myctophiformes FN 25.75 1.03

Electrona
carlsbergi

Myctophiformes FN 21.51 2.21
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Gymnoscopelus
braueri

Myctophiformes El 14.36 NA

Gymnoscopelus
nicholsi

Myctophiformes El 15.33 2.61

Krefftichthys
anderssoni

Myctophiformes El 17.77 1.10

Protomyctophum
bolini

Myctophiformes El 12.59 NA

Neoscopelus
microchir

Myctophiformes FN 25.14 2.33

Halosauropsis
macrochir

Notacanthiformes Ee 7.70 NA

Cataetyx l
aticeps

Ophidiiformes El 16.22 NA

Spectrunculus
grandis

Ophidiiformes El 18.95 NA

Doederleinia
berycoides

Pempheriformes SD 29.08 1.12

Epigonus
telescopus

Pempheriformes FN 22.09 1.16

Champsocephalus
gunnari

Perciformes El 12.60 1.53

Artediellus
atlanticus

Perciformes El 18.20 0.55

Triglops
nybelini

Perciformes El 18.37 0.46

Cyclopterus
lumpus

Perciformes SD 34.83 0.73

Dissostichus
eleginoides

Perciformes El 17.70 1.23

Helicolenus
dactylopterus

Perciformes SD 28.79 2.12

Helicolenus
mouchezi

Perciformes FN 25.82 1.23

Sebastes
mentella

Perciformes SD 29.43 1.79

Epinephelus
adscensionis

Perciformes SD 29.37 0.97

Epinephelus
morio

Perciformes SD 29.60 1.02
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Epinephelus
multinotatus

Perciformes FN 27.90 1.64

Hyporthodus
nigritus

Perciformes SD 33.70 1.08

Lepidoperca
coatsii

Perciformes SD 28.30 0.79

Lycodes
gracilis

Perciformes Ee 12.04 NA

Glyptocephalus
cynoglossus

Pleuronectiformes SD 32.52 1.11

Hippoglossoides
platessoides

Pleuronectiformes SD 36.30 1.26

Limanda
limanda

Pleuronectiformes SD 36.23 1.11

Microstomus
kitt

Pleuronectiformes SD 36.72 1.61

Lepidorhombus
whiffiagonis

Pleuronectiformes SD 29.33 1.10

Scophthalmus
maximus

Pleuronectiformes SD 54.87 1.77

Solea
solea

Pleuronectiformes SD 28.06 1.40

Salmo
salar

Salmoniformes El 16.15 3.18

Arripis
georgianus

Scombriformes FN 24.62 1.87

Acanthocybium
solandri

Scombriformes El 13.49 5.62

Scomber
colias

Scombriformes FN 20.33 2.21

Scomber
scombrus

Scombriformes El 17.30 3.05

Thunnus
albacares

Scombriformes FN 24.69 7.65

Thunnus
maccoyii

Scombriformes FN 27.17 5.80

Thunnus
orientalis

Scombriformes FN 23.94 4.86

Aphanopus
carbo

Scombriformes Ee 10.20 2.86
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Lethrinus
harak

Spariformes SD 29.90 2.31

Lethrinus
lentjan

Spariformes SD 33.00 2.31

Chrysophrys
auratus

Spariformes SD 34.50 3.30

Diplodus
vulgaris

Spariformes SD 37.42 1.52

Oblada
melanura

Spariformes SD 29.47 2.49

Pagellus
erythrinus

Spariformes SD 29.85 2.60

Pagrus
caeruleostictus

Spariformes SD 33.55 1.44

Mullus
barbatus

Syngnathiformes FN 19.52 1.97

Upeneus
moluccensis

Syngnathiformes FN 21.93 1.98
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Appendix D

δ13Cmusc values and sources

D.1 δ13Cmusc values

TABLE D.1: Estimated δ13C values for muscle (δ13Cmusc), used to estimate diet.
δ13Cmusc values were assigned by species, year of capture, location (latitude and lon-

gitude in decimal degrees), and lipid correction status

Species
Year of

collection
Location δ13Cmusc

Lipid
corrected?

Otolith Muscle Lat. Long. mean s.d.

Acanthocybium solandri 2019 2015 -8.68 -14.53 -17.05 0.64 Yes
Acanthocybium solandri 2015 2015 -8.68 -14.53 -17.05 0.64 Yes
Acanthocybium solandri 2018 2015 -8.68 -14.53 -17.05 0.64 Yes
Acanthurus triostegus 1994 2005 -15.74 -144.63 -14.05 2.35 No
Alepocephalus agassizii 2009 2009 57.70 -9.94 -18.53 0.30 No
Alepocephalus agassizii 2009 2009 57.65 -9.73 -18.53 0.30 No
Alepocephalus bairdii 2006 2006 54.08 -13.92 -18.64 0.54 No
Alepocephalus bairdii 2006 2006 54.08 -13.92 -18.64 0.54 No
Antimora rostrata 2006 2006 54.08 -13.92 -18.32 0.33 No
Antimora rostrata 2009 2009 57.38 -10.01 -18.32 0.33 No
Antimora rostrata 2006 2006 54.08 -13.92 -18.32 0.33 No
Aphanopus carbo 2006 2006 54.08 -13.92 -18.01 0.25 No
Aphanopus carbo 2009 2009 57.60 -12.91 -18.01 0.25 No
Aphanopus carbo 2011 2011 57.27 -9.52 -18.01 0.25 No
Argentina silus 2009 2009 58.74 -8.01 -18.89 0.60 No
Arripis georgianus 1998 2004 -29.24 114.90 -16.21 3.07 No
Arripis georgianus 1997 2004 -31.95 115.62 -16.21 3.07 No
Arripis georgianus 1997 2004 -33.32 115.61 -16.21 3.07 No
Arripis georgianus 1997 2004 -35.04 117.88 -16.21 3.07 No
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Arripis georgianus 1997 2004 -33.86 121.91 -16.21 3.07 No
Arripis georgianus 1997 2004 -32.22 133.13 -16.21 3.07 No
Artediellus atlanticus 2019 2011 72.80 23.29 -18.22 0.73 Yes
Ateleopus japonicus 2013 2006 24.88 121.92 -15.37 1.76 No
Ateleopus japonicus 2010 2006 24.61 121.95 -15.37 1.76 No
Bathygadus nipponicus 2010 2009 22.43 120.10 -17.04 1.51 No
Bathypterois dubius 2006 2006 54.08 -13.92 -17.84 0.11 No
Bathypterois dubius 2009 2009 56.14 -9.66 -17.84 0.11 No
Bathypterois dubius 2009 2009 57.11 -12.07 -17.84 0.11 No
Bathysaurus ferox 1976 2008 31.74 -11.20 -17.59 0.08 Yes
Bathysaurus ferox 1982 2008 49.87 -12.95 -17.59 0.08 Yes
Bathysaurus ferox 1976 2008 21.15 -18.13 -17.59 0.08 Yes
Bathysaurus ferox 1992 2008 50.17 -12.82 -17.59 0.08 Yes
Beryx splendens 2018 2011 -37.20 -12.52 -19.23 0.45 No
Boreogadus saida 2019 2019 72.80 23.29 -22.59 0.18 No
Boreogadus saida 2017 2019 72.80 23.29 -22.59 0.18 No
Cataetyx laticeps 2006 2006 54.08 -13.92 -16.30 0.01 No
Cataetyx laticeps 2009 2009 57.66 -9.92 -16.30 0.01 No
Cetonurus globiceps 1950 2018 36.90 15.90 -18.90 0.01 No
Cetonurus globiceps 1987 2018 20.49 -18.45 -18.90 0.01 No
Cetonurus globiceps 1976 2018 29.12 -12.69 -18.90 0.01 No
Chaetodon ulietensis 1994 2009 -15.74 -114.63 -11.15 2.70 No
Champsocephalus gunnari 2006 2005 -52.38 -36.81 -25.76 0.21 No
Coelorinchus caelorhincus 2006 2010 54.08 -13.92 -17.46 0.36 No
Coelorinchus caelorhincus 2006 2010 54.08 -13.92 -17.46 0.36 No
Coelorinchus caelorhincus 2009 2010 57.63 -9.61 -17.46 0.36 No
Coelorinchus caelorhincus 2009 2010 57.65 -9.98 -17.46 0.36 No
Coelorinchus fasciatus 2018 2006 -37.25 -12.53 -15.00 0.42 No
Coelorinchus labiatus 2006 2006 54.08 -13.92 -17.80 0.01 No
Conger conger 2006 2006 41.18 -8.72 -16.49 1.48 Yes
Conger conger 2006 2006 39.66 -28.70 -16.49 1.48 Yes
Conger conger 2006 2006 32.63 -16.92 -16.49 1.48 Yes
Conger conger 2006 2005 39.85 3.32 -18.62 0.44 No
Coris julis 2014 2010 38.42 14.98 -18.62 0.55 No
Coris julis 2014 2010 38.47 14.98 -18.62 0.55 No
Coryphaena hippurus 2004 2007 40.11 2.46 -18.30 0.30 Yes
Coryphaenoides acrolepis 2010 2008 22.43 120.10 -18.68 0.73 Yes
Coryphaenoides armatus 1989 2001 48.79 -16.50 -17.12 0.90 No
Coryphaenoides guentheri 2006 2006 54.08 -13.92 -17.43 0.62 No
Coryphaenoides guentheri 2006 2006 57.11 -12.07 -17.43 0.62 No
Coryphaenoides guentheri 1979 2002 51.11 -13.28 -16.40 1.20 No
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Coryphaenoides
mediterraneus

2006 2006 54.08 -13.92 -17.64 0.61 Yes

Coryphaenoides
mediterraneus

1979 2009 49.45 -13.47 -17.64 0.61 No

Coryphaenoides
mediterraneus

1982 2009 51.44 -13.02 -17.64 0.61 No

Coryphaenoides
mediterraneus

1982 2009 49.53 -12.48 -17.64 0.61 No

Coryphaenoides
mediterraneus

1979 2009 49.56 -13.47 -17.64 0.61 No

Coryphaenoides
mediterraneus

1980 2009 49.57 -12.70 -17.64 0.61 No

Coryphaenoides
paramarshalli

1987 2005 21.48 -18.45 -16.16 0.91 No

Coryphaenoides
paramarshalli

1983 2005 14.85 -17.84 -16.16 0.91 No

Coryphaenoides
profundicolus

1990 1997 21.01 -20.97 -17.84 0.01 No

Coryphaenoides
profundicolus

1993 1997 20.93 -31.19 -17.84 0.01 No

Coryphaenoides
profundicolus

1990 1997 20.15 -24.82 -17.84 0.01 No

Coryphaenoides
profundicolus

1993 1997 20.86 -31.25 -17.84 0.01 No

Coryphaenoides
profundicolus

1994 1997 48.91 -16.79 -17.84 0.01 No

Coryphaenoides
profundicolus

1981 1997 49.85 -13.96 -17.84 0.01 No

Coryphaenoides rupestris 2006 2006 54.08 -13.92 -18.80 0.48 No
Coryphaenoides rupestris 2006 2006 54.08 -13.92 -18.80 0.48 No
Cyclopterus lumpus 2020 2011 65.85 -20.83 -19.00 1.90 No
Diplodus vulgaris 2014 2010 38.42 14.98 -18.11 0.16 No
Diplodus vulgaris 2014 2010 38.47 14.98 -18.11 0.16 No
Dissostichus eleginoides 1999 2002 -47.10 -63.30 -21.82 0.70 Yes
Dissostichus eleginoides 1999 2013 -55.35 -35.24 -16.96 2.77 Yes
Doederleinia berycoides 2013 2002 23.18 121.51 -18.10 0.01 Yes
Engraulis encrasicolus 2017 2012 42.84 4.17 -19.11 0.22 No
Engraulis encrasicolus 2018 2012 42.84 4.17 -19.11 0.22 No
Engraulis encrasicolus 2016 2012 42.84 4.17 -19.11 0.22 No
Epigonus telescopus 2006 2006 54.08 -13.92 -18.37 0.35 No
Epigonus telescopus 2009 2009 59.10 -9.97 -18.37 0.35 No
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Epigonus telescopus 2009 2009 57.21 -9.42 -18.37 0.35 No
Epigonus telescopus 2009 2009 59.37 -10.06 -18.37 0.35 No
Epinephelus adscensionis 2015 1973 -8.68 -14.53 -15.10 0.01 No
Epinephelus adscensionis 2017 1973 -8.68 -14.53 -15.10 0.01 No
Epinephelus adscensionis 2018 1973 -8.68 -14.53 -15.10 0.01 No
Epinephelus adscensionis 2019 1973 -8.68 -14.53 -15.10 0.01 No
Epinephelus morio 2016 2010 29.00 -84.00 -17.13 0.29 Yes
Epinephelus morio 2016 2010 26.00 -82.00 -17.13 0.29 Yes
Epinephelus morio 2017 2010 27.00 -80.00 -17.13 0.29 Yes
Epinephelus multinotatus 1990 2015 -24.90 113.40 -16.30 0.30 Yes
Epinephelus multinotatus 1988 2015 -21.90 113.90 -16.30 0.30 Yes
Epinephelus multinotatus 1987 2015 -20.30 115.40 -16.30 0.30 Yes
Epinephelus multinotatus 1988 2015 -20.70 115.60 -16.30 0.30 Yes
Epinephelus multinotatus 1993 2015 -20.20 115.70 -16.30 0.30 Yes
Epinephelus multinotatus 1994 2015 -20.20 115.70 -16.30 0.30 Yes
Epinephelus multinotatus 1993 2015 -20.50 116.70 -16.30 0.30 Yes
Epinephelus multinotatus 1994 2015 -20.50 116.70 -16.30 0.30 Yes
Epinephelus multinotatus 1996 2015 -20.50 116.70 -16.30 0.30 Yes
Epinephelus multinotatus 1993 2015 -19.70 117.80 -16.30 0.30 Yes
Epinephelus multinotatus 1994 2015 -19.70 117.80 -16.30 0.30 Yes
Epinephelus multinotatus 1996 2015 -19.70 117.80 -16.30 0.30 Yes
Epinephelus multinotatus 1988 2015 -19.90 119.80 -16.30 0.30 Yes
Epinephelus multinotatus 1990 2015 -16.30 121.30 -16.30 0.30 Yes
Exocoetus volitans 2018 2010 -8.68 -14.53 -17.34 0.57 Yes
Gadus morhua 2015 2005 64.32 -24.08 -16.82 0.28 Yes
Gadus morhua 2019 2019 72.80 23.29 -21.06 0.42 No
Gadus morhua 1994 1996 41.71 -56.00 -19.20 0.40 Yes
Gadus morhua 1950 1996 48.08 -49.34 -19.20 0.40 Yes
Gadus morhua 1971 1996 48.08 -49.34 -19.20 0.40 Yes
Gadus morhua 1979 1996 48.08 -49.34 -19.20 0.40 Yes
Gadus morhua 1983 1996 48.08 -49.34 -19.20 0.40 Yes
Gadus morhua 1987 1996 48.08 -49.34 -19.20 0.40 Yes
Gadus morhua 1993 1996 48.08 -49.34 -19.20 0.40 Yes
Gadus morhua 1994 1996 48.08 -49.34 -19.20 0.40 Yes
Gadus morhua 1996 1996 48.08 -49.34 -19.20 0.40 Yes
Gadus morhua 1996 1996 48.40 -52.08 -19.20 0.40 Yes
Gadus morhua 1951 1996 50.77 -53.05 -19.20 0.40 Yes
Gadus morhua 1987 1996 50.77 -53.05 -19.20 0.40 Yes
Gadus morhua 1971 1996 50.77 -53.05 -19.20 0.40 Yes
Gadus morhua 1991 1996 50.77 -53.05 -19.20 0.40 Yes
Gadus morhua 1996 1996 45.47 -52.16 -19.20 0.40 Yes
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Gadus morhua 1973 2006 72.00 34.00 -18.33 0.71 No
Gadus morhua 1973 2006 70.50 39.00 -18.33 0.71 No
Gadus morhua 1991 2006 71.30 26.25 -18.60 1.10 No
Gadus morhua 1975 2006 61.65 -8.50 -18.60 1.10 No
Gadus morhua 1988 2006 57.60 0.58 -18.60 1.10 No
Gadus morhua 1988 2006 60.43 1.37 -18.60 1.10 No
Gadus morhua 1988 2006 54.07 2.43 -18.60 1.10 No
Gadus morhua 1988 2006 54.58 3.35 -18.60 1.10 No
Gadus morhua 1993 2015 51.43 -5.27 -17.14 0.63 No
Glyptocephalus cyanoglossus 2010 2011 57.16 1.53 -18.27 0.29 Yes
Glyptocephalus cyanoglossus 2010 2011 57.53 0.49 -18.27 0.29 Yes
Glyptocephalus cyanoglossus 2010 2011 55.82 1.20 -18.27 0.29 Yes
Glyptocephalus cyanoglossus 2010 2011 60.28 2.11 -18.27 0.29 Yes
Gobius bucchichi 2014 2007 38.42 14.98 -18.12 0.04 No
Gobius bucchichi 2014 2007 38.47 14.98 -18.12 0.04 No
Halosauropsis macrochir 1976 2007 20.84 -18.92 -17.63 0.81 Yes
Halosauropsis macrochir 1996 2007 -24.18 168.35 -17.63 0.81 Yes
Halosauropsis macrochir 1982 2007 50.77 -12.97 -17.63 0.81 Yes
Halosauropsis macrochir 1976 2007 21.15 -18.15 -17.63 0.81 Yes
Helicolenus dactylopterus 2006 2006 54.08 -13.92 -17.43 0.20 No
Helicolenus dactylopterus 2009 2009 56.93 -13.47 -17.43 0.20 No
Helicolenus mouchezi 2018 2009 -8.68 -14.53 -17.43 0.20 No
Hippoglossoides platessoides 2019 2007 72.80 23.29 -18.95 0.60 Yes
Holocentrus adscensionis 2016 2011 -8.68 -14.53 -11.67 0.28 No
Holocentrus adscensionis 2015 2011 -8.68 -14.53 -11.67 0.28 No
Hoplostethus atlanticus 2006 2006 54.08 -13.92 -18.37 0.50 No
Hoplostethus atlanticus 2009 2009 54.95 -10.56 -17.13 0.16 No
Hoplostethus mediterraneus 1950 2006 -12.38 89.88 -17.79 0.83 No
Hoplostethus mediterraneus 1978 2006 49.49 -11.64 -17.79 0.83 No
Hoplostethus mediterraneus 1976 2006 31.35 -10.69 -17.79 0.83 No
Hymenocephalus lethonemus 2010 2002 22.43 120.10 -17.82 0.35 No
Hyporthodus nigritus 2013 2003 27.75 -95.16 -16.70 0.70 No
Hyporthodus nigritus 2013 2003 28.44 -90.41 -16.70 0.70 No
Hyporthodus nigritus 2013 2003 29.56 -86.89 -16.70 0.70 No
Hyporthodus nigritus 2013 2003 26.81 -83.20 -16.70 0.70 No
Ijimaia dofleini 2010 2006 22.40 120.43 -15.26 1.80 No
Kajikia albida 1994 2002 25.03 -90.11 -16.70 0.30 Yes
Kajikia albida 1994 2002 23.96 -82.39 -16.70 0.30 Yes
Kajikia albida 1994 2002 NA NA -16.70 0.30 Yes
Lepidion eques 2006 2006 54.08 -13.92 -17.90 0.47 No
Lepidion eques 2009 2009 57.65 -9.73 -17.90 0.47 No
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Lepidion eques 2009 2009 58.63 -8.81 -17.90 0.47 No
Lepidion eques 2006 2006 54.08 -13.92 -17.90 0.47 No
Lepidion eques 1979 2009 50.68 -14.07 -17.90 0.47 No
Lepidoperca coatsii 2018 1973 -8.68 -14.53 -15.10 0.01 No
Lepidorhombus whiffiagonis 1999 2015 48.75 -7.50 -18.34 0.57 No
Lethrinus harak 2008 2009 -6.70 39.30 -13.40 2.47 No
Lethrinus harak 2009 2009 -6.70 39.30 -13.40 2.47 No
Lethrinus lentjan 2008 2009 -6.70 39.30 -13.89 0.07 No
Lethrinus lentjan 2010 2009 -6.70 39.30 -13.89 0.07 No
Lethrinus lentjan 2012 2009 -6.70 39.30 -13.89 0.07 No
Limanda limanda 2011 2009 50.64 1.48 -16.66 0.90 No
Limanda limanda 2011 2009 50.59 1.43 -16.66 0.90 No
Limanda limanda 2011 2009 50.69 1.41 -16.66 0.90 No
Lutjanus fulviflamma 2007 2009 -6.70 39.30 -13.88 1.51 No
Lutjanus fulviflamma 2011 2009 -6.70 39.30 -13.88 1.51 No
Lutjanus fulviflamma 2010 2009 -6.70 39.30 -13.88 1.51 No
Lutjanus sebae 1991 2009 -27.50 113.50 -15.37 1.12 No
Lutjanus sebae 1989 2009 -25.40 113.20 -15.37 1.12 No
Lutjanus sebae 1988 2009 -23.10 113.40 -15.37 1.12 No
Lutjanus sebae 1989 2009 -23.10 113.40 -15.37 1.12 No
Lutjanus sebae 1988 2009 -21.80 114.00 -15.37 1.12 No
Lutjanus sebae 1986 2009 -21.50 114.50 -15.37 1.12 No
Lutjanus sebae 1987 2009 -21.70 114.30 -15.37 1.12 No
Lutjanus sebae 1986 2009 -21.70 114.70 -15.37 1.12 No
Lutjanus sebae 1988 2009 -20.50 115.50 -15.37 1.12 No
Lutjanus sebae 1993 2009 -20.20 115.70 -15.37 1.12 No
Lutjanus sebae 1994 2009 -20.20 115.70 -15.37 1.12 No
Lutjanus sebae 1993 2009 -20.00 116.70 -15.37 1.12 No
Lutjanus sebae 1994 2009 -20.00 116.80 -15.37 1.12 No
Lutjanus sebae 1993 2009 -19.60 117.80 -15.37 1.12 No
Lutjanus sebae 1994 2009 -19.60 117.80 -15.37 1.12 No
Lutjanus sebae 1996 2009 -19.70 117.80 -15.37 1.12 No
Lutjanus sebae 1997 2009 -19.80 117.90 -15.37 1.12 No
Lutjanus sebae 1997 2009 -18.80 118.80 -15.37 1.12 No
Lutjanus sebae 1990 2009 -16.40 121.10 -15.37 1.12 No
Lycodes gracilis 2019 2008 72.80 23.29 -18.15 1.06 Yes
Makaira nigricans 1994 2015 25.03 -90.11 -16.00 0.60 Yes
Makaira nigricans 1994 2015 23.96 -82.39 -16.00 0.60 Yes
Makaira nigricans 1994 2015 14.65 -77.36 -16.00 0.60 Yes
Malacocephalus laevis 1982 2011 49.46 -11.29 -18.03 0.20 No
Malacocephalus laevis 1982 2011 49.39 -11.57 -18.03 0.20 No
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Malacocephalus laevis 1939 2011 -19.86 10.16 -18.03 0.20 No
Malacocephalus laevis 1939 2011 3.65 -12.16 -18.03 0.20 No
Melanogrammus aeglefinus 2019 2010 72.80 23.29 -20.13 0.60 Yes
Melanogrammus aeglefinus 2018 2010 72.80 23.29 -20.13 0.60 Yes
Melanogrammus aeglefinus 1994 1996 42.00 -66.21 -19.60 0.01 Yes
Melanogrammus aeglefinus 1995 1996 42.00 -66.21 -19.60 0.01 Yes
Melanogrammus aeglefinus 1996 1996 42.00 -66.21 -19.60 0.01 Yes
Melanogrammus aeglefinus 1997 1996 42.00 -66.21 -19.60 0.01 Yes
Melanogrammus aeglefinus 1994 1996 41.20 -69.24 -19.60 0.01 Yes
Melanogrammus aeglefinus 1995 1996 41.20 -69.24 -19.60 0.01 Yes
Melanogrammus aeglefinus 1996 1996 41.20 -69.24 -19.60 0.01 Yes
Melanogrammus aeglefinus 1997 1996 41.20 -69.24 -19.60 0.01 Yes
Melanogrammus aeglefinus 1996 1996 42.81 -70.18 -19.60 0.01 Yes
Melanogrammus aeglefinus 1996 1996 43.87 -66.63 -19.60 0.01 Yes
Merlangius merlangus 2011 2016 50.55 1.54 -16.88 0.28 No
Merlangius merlangus 2011 2016 50.69 1.41 -16.88 0.28 No
Merluccius merluccius 2018 2018 39.25 2.49 -19.52 0.30 No
Merluccius merluccius 2003 2003 39.23 2.77 -17.91 0.51 No
Merluccius merluccius 2004 2003 39.23 2.77 -17.91 0.51 No
Micromesistius poutassou 2006 2006 54.08 -13.92 -18.77 0.47 No
Micromesistius poutassou 2009 2009 57.10 -12.07 -18.77 0.47 No
Micromesistius poutassou 2006 2006 57.10 -12.07 -18.77 0.47 No
Micromesistius poutassou 2009 2009 57.10 -12.07 -18.77 0.47 No
Micromesistius poutassou 2018 2015 72.80 23.29 -19.10 0.14 No
Microstomus kitt 2017 2001 54.75 -0.50 -16.70 0.60 Yes
Molva dypterygia 2009 2009 56.24 -9.34 -18.58 0.38 No
Molva dypterygia 2009 2009 59.43 -10.13 -18.58 0.38 No
Molva dypterygia 2008 2008 54.08 -13.92 -18.58 0.38 No
Molva dypterygia 2009 2009 54.08 -13.92 -18.58 0.38 No
Mora moro 2006 2006 54.08 -13.92 -18.17 0.36 No
Mora moro 2009 2009 57.10 -12.07 -18.17 0.36 No
Mora moro 2007 2007 54.08 -13.92 -18.17 0.36 No
Mora moro 2009 2009 59.10 -9.97 -18.17 0.36 No
Mora moro 1950 1997 37.42 5.25 -17.09 0.11 Yes
Mullus barbatus 2013 2012 31.88 34.37 -19.50 0.20 Yes
Neoscopelus microchir 1987 2010 20.69 -17.99 -18.97 0.12 No
Nezumia aequalis 2009 2009 56.77 -9.16 -17.59 0.29 No
Nezumia duodecim 1983 2009 14.83 -17.73 -17.59 0.29 No
Nezumia duodecim 1987 2009 20.69 -17.99 -17.59 0.29 No
Oblada melanura 2019 1995 43.09 15.42 -18.35 0.70 No
Pagellus erythrinus 2012 2010 31.88 34.37 -17.77 0.26 No
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Pagellus erythrinus 2013 2010 31.88 34.37 -17.77 0.26 No
Pagellus erythrinus 2013 2010 31.88 34.37 -17.77 0.26 No
Pagrus auratus 1998 2008 -25.13 113.64 -17.20 0.28 No
Pagrus auratus 1997 2008 -25.74 113.21 -17.20 0.28 No
Pagrus auratus 1998 2008 -25.70 113.78 -17.20 0.28 No
Pagrus auratus 1998 2008 -25.73 113.17 -17.20 0.28 No
Pagrus auratus 1997 2008 -25.47 113.50 -17.20 0.28 No
Pagrus auratus 1997 2008 -26.62 113.30 -17.20 0.28 No
Pagrus auratus 1997 2008 -26.01 113.32 -17.20 0.28 No
Pagrus caeruleostictus 2012 2004 31.88 34.37 -17.40 1.50 No
Phycis blennoides 2006 2006 54.08 -13.92 -18.00 0.56 No
Phycis blennoides 2009 2009 57.60 -9.58 -18.00 0.56 No
Phycis blennoides 2006 2006 54.08 -13.92 -18.00 0.56 No
Phycis blennoides 2007 2007 54.08 -13.92 -18.00 0.56 No
Plagiogeneion rubiginosum 1999 2002 -39.43 177.46 -17.99 1.70 No
Plagiogeneion rubiginosum 2000 2002 -39.43 177.46 -17.99 1.70 No
Pollachius virens 2010 2015 50.25 -8.50 -18.94 0.10 No
Pristipomoides filamentosus 1981 2009 23.75 -166.15 -17.70 0.53 No
Pristipomoides multidens 1996 2013 -23.50 113.25 -17.80 0.30 No
Pristipomoides multidens 1997 2013 -23.50 113.25 -17.80 0.30 No
Pristipomoides multidens 1996 2013 -19.75 116.00 -17.80 0.30 No
Pristipomoides multidens 1997 2013 -19.75 116.00 -17.80 0.30 No
Pristipomoides multidens 1996 2013 -17.92 120.43 -17.80 0.30 No
Pristipomoides multidens 1998 2013 -17.92 120.43 -17.80 0.30 No
Pristipomoides multidens 1996 2013 -12.75 124.43 -17.80 0.30 No
Pristipomoides multidens 1998 2013 -12.75 124.43 -17.80 0.30 No
Pristipomoides multidens 1996 2013 -10.25 129.80 -17.80 0.30 No
Pristipomoides multidens 1997 2013 -10.25 129.80 -17.80 0.30 No
Pristipomoides multidens 1996 2013 -9.93 135.50 -17.80 0.30 No
Pristipomoides multidens 1997 2013 -9.93 135.50 -17.80 0.30 No
Pristipomoides multidens 1998 2013 -10.33 123.87 -17.80 0.30 No
Pristipomoides multidens 1999 2013 -10.33 123.87 -17.80 0.30 No
Pristipomoides multidens 1998 2013 -5.53 146.12 -17.80 0.30 No
Rouleina attrita 2006 2002 54.08 -13.92 -17.68 0.40 No
Salmo salar 2009 2006 58.10 -4.57 -19.80 0.50 No
Saurida lessepsianus 2012 2006 31.88 34.37 -16.34 1.60 No
Saurida lessepsianus 2013 2006 31.88 34.37 -16.34 1.60 No
Saurida undosquamis 2012 2006 22.39 120.41 -17.30 0.17 No
Scomber colias 2019 2012 43.09 15.42 -18.50 0.47 Yes
Scomber colias 2018 2011 32.86 -16.76 -18.55 1.11 Yes
Scomber colias 2018 2011 32.51 -16.92 -18.55 1.11 Yes
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Scomber colias 2018 2011 28.41 -16.19 -18.55 1.11 Yes
Scomber colias 2018 2011 41.17 -8.72 -18.55 1.11 Yes
Scomber colias 2018 2011 38.43 -9.10 -18.55 1.11 Yes
Scomber colias 2018 2011 37.05 -8.55 -18.55 1.11 Yes
Scomber scombrus 2020 2016 50.43 -3.43 -20.36 1.20 No
Scomber scombrus 2020 2016 50.75 -0.25 -20.36 1.20 No
Scomber scombrus 2018 2015 41.17 -8.72 -19.02 0.49 No
Scomber scombrus 2018 2015 43.59 -5.64 -19.02 0.49 No
Scomber scombrus 2018 2015 57.85 -8.57 -19.02 0.49 No
Scomber scombrus 2018 2015 50.54 -1.28 -19.02 0.49 No
Scomber scombrus 2018 2007 49.53 -58.95 -20.00 0.80 No
Scomber scombrus 2018 2007 40.44 -73.35 -20.00 0.80 No
Scopthalmus maximus 2000 2010 50.79 0.78 -16.89 0.55 No
Scopthalmus maximus 2000 2010 50.13 -1.76 -16.89 0.55 No
Scopthalmus maximus 2000 2010 49.96 0.96 -16.89 0.55 No
Scopthalmus maximus 2000 2010 49.39 -0.29 -16.89 0.55 No
Sebastes melanops 2010 2011 58.00 -155.00 -17.66 0.29 No
Sebastes melanops 2010 2011 60.00 -148.00 -17.66 0.29 No
Sebastes melanops 2011 2011 58.00 -137.00 -17.66 0.29 No
Sebastes melanops 2011 2011 57.00 -135.00 -17.66 0.29 No
Sebastes melanops 2010 2011 49.00 -126.00 -16.39 0.28 No
Sebastes melanops 2010 2011 48.00 -124.00 -16.39 0.28 No
Sebastes melanops 2010 2010 36.00 -122.00 -16.47 0.07 No
Sebastes mentella 2007 2008 54.08 -13.92 -19.79 0.84 Yes
Sebastes mentella 2007 2008 59.42 -10.25 -19.79 0.84 Yes
Sebastes mentella 2019 2012 72.80 23.29 -20.68 0.07 Yes
Seriola dumerili 2015 2006 -8.68 -14.53 -17.56 0.93 No
Solea solea 2017 2007 51.56 2.12 -16.93 0.56 No
Spectrunculus grandis 2009 2009 56.12 -9.91 -17.53 0.25 No
Sprattus sprattus 2018 2010 50.75 0.50 -18.10 0.01 No
Sprattus sprattus 2018 2010 50.25 1.50 -18.10 0.01 No
Sprattus sprattus 2018 2010 50.75 1.50 -18.10 0.01 No
Sprattus sprattus 2016 2010 52.25 1.82 -18.10 0.01 No
Sprattus sprattus 2017 2010 50.45 0.57 -18.10 0.01 No
Squalogadus modificatus 1996 2008 -25.15 168.90 -17.15 1.03 Yes
Squalogadus modificatus 1996 2008 -24.77 168.26 -17.15 1.03 Yes
Squalogadus modificatus 1996 2008 -24.81 168.29 -17.15 1.03 Yes
Squalogadus modificatus 1996 2008 -24.88 168.70 -17.15 1.03 Yes
Squalogadus modificatus 1996 2008 -25.80 167.20 -17.15 1.03 Yes
Squalogadus modificatus 1996 2008 -23.86 168.44 -17.15 1.03 Yes
Squalogadus modificatus 1996 2008 -24.86 162.14 -17.15 1.03 Yes
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Synaphobranchus kaupii 1992 2006 57.27 -9.52 -19.70 1.00 No
Synaphobranchus kaupii 1990 2006 56.72 -9.50 -19.70 1.00 No
Synaphobranchus kaupii 1990 2006 57.27 -9.52 -19.70 1.00 No
Synaphobranchus kaupii 1992 2006 57.27 -9.52 -19.70 1.00 No
Thunnus albacares 2018 2013 -8.68 -14.53 -17.05 0.42 Yes
Thunnus albacares 2019 2013 -8.68 -14.53 -17.05 0.42 Yes
Thunnus albacares 2017 2013 -8.68 -14.53 -17.05 0.42 Yes
Thunnus maccoyii 2003 2005 -31.00 89.00 -20.20 0.01 No
Thunnus maccoyii 2005 2005 -8.75 115.37 -20.20 0.01 No
Thunnus orientalis 2014 2012 35.90 133.58 -17.60 0.63 Yes
Thunnus orientalis 2014 2012 41.65 141.27 -17.60 0.63 Yes
Thunnus orientalis 2015 2012 41.65 141.27 -17.60 0.63 Yes
Thunnus orientalis 2016 2012 35.90 133.58 -17.60 0.63 Yes
Thunnus orientalis 2013 2012 24.61 121.95 -17.60 0.63 Yes
Thunnus orientalis 2013 2012 22.40 120.44 -17.60 0.63 Yes
Thunnus orientalis 2016 2012 22.40 120.44 -17.60 0.63 Yes
Thunnus orientalis 2018 2012 22.40 120.44 -17.60 0.63 Yes
Trachurus trachurus 1969 2008 51.80 1.83 -18.19 1.33 No
Trachyrincus murrayi 2009 2009 57.61 -9.87 -17.74 0.32 No
Trachyrincus murrayi 1980 2009 51.60 -13.07 -17.74 0.32 No
Trachyrincus scabrus 1987 2010 20.69 -17.99 -17.59 0.50 Yes
Trachyrincus scabrus 1982 2010 51.85 -13.33 -17.59 0.50 Yes
Triglops nybelini 2019 2003 72.80 23.29 -20.50 0.10 Yes
Upeneus moluccensis 2013 2012 31.88 34.37 -17.40 0.01 Yes
Upeneus moluccensis 2013 2012 31.88 34.37 -17.40 0.01 Yes
Xenodermichthys copei 2009 2009 57.27 -9.52 -19.30 0.58 No
Xenodermichthys copei 2009 2009 57.27 -9.52 -19.30 0.58 No
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F. Laugier, E. Le Goff, and P. Bustamante. Revisiting the use of δ15N in
meso-scale studies of marine food webs by considering spatio-temporal
variations in stable isotopic signatures–the case of an open ecosystem: The Bay
of Biscay (North-East Atlantic). Progress in Oceanography, 101(1):92–105, 2012

• M. T. Chung. Functional and life-history traits in deep-sea fishes. PhD thesis,
University of Southampton, Southampton, United Kingdom, 2015. URL
https://eprints.soton.ac.uk/384568/

https://eprints.soton.ac.uk/384568/


202 Chapter D. δ13Cmusc values and sources

• A. Colaço, E. Giacomello, F. Porteiro, and G. M. Menezes. Trophodynamic
studies on the condor seamount (Azores, Portugal, North Atlantic). Deep Sea
Research Part II: Topical Studies in Oceanography, 98:178–189, 2013

• R. M. Connolly, T. A. Schlacher, and T. F. Gaston. Stable isotope evidence for
trophic subsidy of coastal benthic fisheries by river discharge plumes off small
estuaries. Marine Biology Research, 5(2):164–171, 2009
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Appendix E

Temporal range of otolith samples

E.1 Summary

To estimate the amount of time incorporated into my otolith stable isotope samples, I
prepared sagittal thin sections otoliths from a selection of species. Most of these were
myctophids, from the lanternfish chapter (Chapter 3), as I generally had both otoliths
from each individual within this group, which meant I had unsampled otoliths which
I could use for sectioning. For the non-myctophids I was somewhat restricted as these
had already been sampled and for the most part I did not have spare otoliths from
these species. Additionally, the Covid-19 pandemic meant I did not have much time
for otolith sectioning and was restricted to otoliths I could section myself using
cyanoacrylate glue (Campana, No Date).

I mounted otoliths in cyanoacrylate glue on either a glass slide, or using the resin
backing plates used for sample mounting. For the glass mounted otoliths, I polished
each face using 30 and 3 µm aluminium oxide lapping paper. For the resin mounted
otoliths I was only able to polish a single otolith face, though in many cases this was
sufficient for a thin section. I photographed the sections using a Wild Heerbrugg 3M
microscope using transmitted light. I took annuli to be a pair of hyaline and opaque
bands, with the edge of an annulus taken as the edge of the opaque band. I analysed
and annotated all images in ImageJ 1.52a (Schneider et al., 2018).

I attempted to section otoliths of some species which did not show any clear annuli.
Species where I could not find clear annuli were Synaphobranchus kaupii (Kaup’s
arrowtooth eel), Holocentrus adscensionis (squirrelfish), Rouleina attrita (softskin
smooth-head), Halosauropsis macrochir (abyssal halosaur) and Pagrus caeruleostictus
(bluespotted seabream).

The ages of individuals in my sample ranged from 1.5 years (Protomyctophum bolini,
Bolin’s lanternfish) to 27.0 years (Bathysaurus ferox, deepsea lizardfish). The temporal
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ranges of my otolith stable isotope samples ranged from 0.5 years (Limanda limanda,
common dab) to 6.0 years (Nezumia duodecim, twelve-rayed grenadier), with a mean of
2.3 years.

TABLE E.1: Summary of temporal range of otolith stable isotope samples. ND = not
determined. * = depending on sample position. ** = difficult section to interpret.

Order Species
Estimated age

(years)

Temporal range

(years)

Time Age

Aulopiformes Bathysaurus ferox 27.0 3.0 25.0 - 27.0

Aulopiformes Saurida lessepsianus 7.0 3.0 4.0 - 7.0

Gadiformes Nezumia duodecim 9.0 - 10.0 4.0 or 6.0*
3.0 - 9.0 or

4.0 - 8.0*

Myctophiformes Electrona antarctica 3.5 2.0 1.5 - 3.5

Myctophiformes Electrona carlsbergi 3.0 1.0 2.0 - 3.0

Myctophiformes Gymnoscopelus braueri 6.0 3.5 2.5 - 6.0

Myctophiformes Gymnoscopelus nicholsi 5.0 2.5 2.5 - 5.0

Myctophiformes Krefftichthys anderssoni 1.5 1.5 0 - 1.5

Myctophiformes Neoscopelus microchir 5.0 0.5 - 1.0 3.5 - 4.0

Myctophiformes Protomyctophum bolini 2.5 2.0 0.5 - 2.5

Perciformes Lepidoperca coatsii** 14.0 - 18.0 4.0
10.0 - 14.0 or

14.0 - 18.0

Pleuronectiformes Limanda limanda 3.0 0.5 2.5 - 3.0

Pleuronectiformes Microstomus kitt 7.0 1.5 - 2.0 5.0 - 7.0

Scombriformes Aphanopus carbo** 13.0 1.0 ND
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E.2 Individual otolith ages and sections

E.2.1 Aulopiformes

E.2.1.1 Bathysaurus ferox

From an individual of 533 mm SL. I estimated the age as 27 years, and the time
incorporated as 3 years, between the ages of 25 and 27 years.

FIGURE E.1: Section of an otolith from Bathysaurus ferox (BFE 244/BFE 94, 533 mm
SL). White dots indicate estimated annuli (A) and the white polygon indicates ap-

proximate sampling area (B).
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E.2.1.2 Saurida lessepsianus

From an individual of 142 mm TL. I estimated the age as 7 years, and the time
incorporated as 3 years, between the ages of 4 and 7 years.

FIGURE E.2: Section of an otolith from Saurida lessepsianus (SLE 41/SLE 1121, 142 mm
TL). White dots indicate estimated annuli (A) and the white polygon indicates approx-

imate sampling area (B).
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E.2.2 Gadiformes

E.2.2.1 Nezumia duodecim

From an individual of 26 mm HL. I estimated the age as 9-10 years, and the time
incorporated as 4 or 6 years, between the ages of 3 and 9 years or 4 and 8 years
(depending upon the sample location).

FIGURE E.3: Section of an otolith from Nezumia duodecim (NDU 975/NDU 981, 26
mm HL). White dots indicate estimated annuli (A) and the white polygon indicates

approximate sampling area (B).
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E.2.3 Myctophiformes

E.2.3.1 Electrona antarctica

From a female, of 71 mm SL (BAS 33). I estimated the age of the individual was 3.5
years, and the time incorporated as 2 years from ages 1.5 to 3.5 years.

FIGURE E.4: Section of an otolith from Electrona antarctica (BAS 33, female, 71 mm SL).
White dots indicate estimated annuli (A) and the white circle indicates a representative

sampling point with a cut width of 895 µm (B).
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E.2.3.2 Electrona carlsbergi

From an individual of undetermined length. I estimated the age of the individual was
3 years, and the time incorporated as 1 years from ages 2 to 3 years.

FIGURE E.5: Section of an otolith from Electrona carlsbergi (BAS 84). White dots in-
dicate estimated annuli (A) and the white circle indicates a representative sampling

point with a cut width of 895 µm (B).
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E.2.3.3 Gymnoscopelus braueri

From an male, 124 mm SL. I estimated the age of the individual was 6 years, and the
time incorporated as 3.5 years from ages 2.5 to 6 years.

FIGURE E.6: Section of an otolith from Gymnoscopelus braueri (BAS 94, male, 124 mm
SL). White dots indicate estimated annuli (A) and the white circle indicates a repre-

sentative sampling point with a cut width of 895 µm (B).
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E.2.3.4 Gymnoscopelus nicholsi

From an male, 151 mm SL. I estimated the age of the individual was 5 years, and the
time incorporated as 2.5 years from ages 2.5 to 5 years.

FIGURE E.7: Section of an otolith from Gymnoscopelus nicholsi (BAS 122, male, 151
mm SL). White dots indicate estimated annuli (A) and the white circle indicates a

representative sampling point with a cut width of 895 µm (B).
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E.2.3.5 Krefftichthys anderssoni

From an female, 43 mm SL. I estimated the age of the individual was 1.5 years. As K.
anderssoni otoliths were all crushed, we estimated the amount of time incorporated in
the otolith sample is also 1.5 years.

FIGURE E.8: Section of an otolith from Gymnoscopelus nicholsi (female, 43 mm SL).
White dots indicate estimated annuli.
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E.2.3.6 Neoscopelus microchir

From an individual of 39 mm HL. I estimated the age of the individual was 5 years,
and the time incorporated as 0.5-1 years from ages 3.5 to 4 years.

FIGURE E.9: Section of an otolith from Neoscopelus microchir (NMI 217/NMI 991, 39
mm HL). White dots indicate estimated annuli (A) and the white polygon indicates

approximate sampling area (B).
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E.2.3.7 Protomyctophum bolini

From an male, 44 mm SL. I estimated the age of the individual was 2.5 years, and the
time incorporated as 2 years from ages 0.5 to 2.5 years.

FIGURE E.10: Section of an otolith from Protomyctophum bolini (BAS 212, male, 44 mm
SL). White dots indicate estimated annuli (A) and the white circle indicates a repre-

sentative sampling point with a cut width of 895 µm (B).
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E.2.4 Perciformes

E.2.4.1 Lepidoperca coatsii

From an individual of 210 mm TL. I estimated the age of the individual was between
14 and 18 years, and the time incorporated as 4 years from ages, either between 10 and
14 years, or 14 and 18 years.

FIGURE E.11: Section of an otolith from Lepidoperca coatsii (LCO 2859/LCO 722, 39
mm HL). White dots indicate estimated annuli (A) and the white polygon indicates

approximate sampling area (B).
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E.2.5 Pleuronectiformes

E.2.5.1 Limanda limanda

From an individual of 230 mm SL. I estimated the age of the individual as 3 years, and
the time incorporated as 0.5 years, between the ages of 2.5 and 3.0 years.

FIGURE E.12: Section of an otolith from Limanda limanda (LLI 09, 230 mm SL). White
dots indicate estimated annuli (A) and the white polygon indicates approximate sam-

pling area (B).
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E.2.5.2 Microstomus kitt

From an individual of 250 mm SL. I estimated the age of the individual as 7 years, and
the time incorporated as 1.5 to 2 years, between the ages of 5 and 7 years.

FIGURE E.13: Section of an otolith from Microstomus kitt (MKI 09, 250 mm SL). White
dots indicate estimated annuli (A) and the white polygon indicates approximate sam-

pling area (B).
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E.2.6 Scombriformes

E.2.6.1 Aphanopus carbo

From an individual of 900 mm TL. I estimated the age of the individual as 13 years,
and the time incorporated as 1 year.

FIGURE E.14: Section of an otolith from Aphanopus carbo (ACA 03/ACA 41, 250 mm
SL). White dots indicate estimated annuli (A) and the white polygon indicates approx-

imate sampling area (B).
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Appendix F

References for phylogeny building

TABLE F.1: References for species additions to the Rabosky et al. (2018) phylogeny. Each species was added to its sister with an arbitrary branch
length of 0.5.

Species Family Sister Species Reference

Saurida lessepsianus Synodontidae Saurida undosquamis Russell et al., 2015

Helicolenus mouchezi Sebastidae Helicolenus dactylopterus Tikochinski et al., 2016

Lycodes gracilis Zoarcidae Lycodes palearis Eschmeyer and Hureau, 1971

Spicomacrurus kuronami Macrouridae Hymenocephalus italicus Schwarzhans, 2014

Cetonurus globiceps Macroruidae Ventrifossa garmani Shi et al., 2016
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Appendix G

Summaries of model diagnostics

G.1 Chapter 4: Body mass and temperature scaling

G.1.1 Main models

TABLE G.1: Diagnostics results for the sensitivity test models in the body mass and
temperature scaling chapter (Chapter 4). Autocorrelation = 75% quartile for autocor-
relation. ESS = minimum effective sample size. Geweke = Geweke’s diagnostic. H-W

= Heidelberger & Welch’s diagnostic.

Model name Traceplot Autocorrelation ESS Geweke H-W

c resp main Good 0.010 9980 Acceptable Passed

mass specific main Good 0.007 9980 Good Passed

whole organism main Good 0.005 9980 Acceptable Passed
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G.1.2 Sensitivity tests

TABLE G.2: Diagnostics results for the sensitivity test models in the body mass and
temperature scaling chapter (Chapter 4). Autocorrelation = 75% quartile for autocor-
relation. ESS = minimum effective sample size. Geweke = Geweke’s diagnostic. H-W

= Heidelberger & Welch’s diagnostic.

Model name Traceplot Autocorrelation ESS Geweke H-W

c resp ours Good 0.004 9980 Good Passed

c resp outer
Divergent

intercept
0.020 9980 Good Passed

c resp priors Good 0.050 9980 Acceptable Passed

mass specific ours Good 0.008 9980 Good Passed

mass specific outer Good 0.010 9980 Acceptable Passed

mass specific priors Good 0.010 9980 Good Passed

whole organism ours
Divergent

intercept
0.010 9980 Acceptable Passed

whole organism outer Good 0.010 9605 Acceptable Passed

whole organism prior Good 0.008 9980 Acceptable Passed
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G.2 Chapter 5: Thermal realm

G.2.1 Main models

TABLE G.3: Diagnostics results for the models models in the thermal realm chapter
(Chapter 5). Autocorrelation = 75% quartile for autocorrelation. ESS = minimum ef-
fective sample size. Geweke = Geweke’s diagnostic. H-W = Heidelberger & Welch’s

diagnostic.

Model name Traceplot Autocorrelation ESS Geweke H-W

realm main Good 0.009 9604 Good Passed

realm interaction Good 0.009 9657 Acceptable Passed

range interaction
Divergent

intercept
0.011 9161 Acceptable

Failed

log(bm):range
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G.2.2 Sensitivity tests

TABLE G.4: Diagnostics results for the sensitivity test models in the body mass and
temperature scaling chapter (Chapter 4). Autocorrelation = 75% quartile for autocor-
relation. ESS = minimum effective sample size. Geweke = Geweke’s diagnostic. H-W

= Heidelberger & Welch’s diagnostic.

Model name Traceplot Autocorrelation ESS Geweke H-W

realm main ours
Divergent

intercept
0.009 9980 Good

Failed

several

realm main outer Good 0.009 9980 Good
Failed

tropical

realm main prior Good 0.007 9228 Good
Failed

temperate

realm int ours
Divergent

intercept
0.009 9980 Concerning

Failed

several

realm int outer Good 0.009 9980 Acceptable
Failed

log(bm):subtropical

realm int prior Good 0.009 9401 Acceptable Passed

realm int no polar Good 0.009 9129 Good Passed

range int ours
Divergent

intercept
0.011 9895 Good

Failed

intercept

range int outer Good 0.008 9823 Good Passed

range int prior Good 0.010 9643 Good
Failed

log(bm):range
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G.3 Chapter 6: Depth

G.3.1 Main models

TABLE G.5: Diagnostics results for the main models in the depth chapter (Chapter 6).
Autocorrelation = 75% quartile for autocorrelation. ESS = minimum effective sample

size. Geweke = Geweke’s diagnostic. H-W = Heidelberger & Welch’s diagnostic.

Model name Traceplot Autocorrelation ESS Geweke H-W

max main Good 0.023 2552 Good Passed

max pelagic Good 0.027 2639 Good Passed

max gads
Divergent

intercept
0.034 2565 Good Passed

min main Good 0.017 2557 Good Passed

min pelagic Good 0.021 2283 Good Passed

min gads
Divergent

intercept
0.043 2670 Good Passed
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G.3.2 Sensitivity tests

TABLE G.6: Diagnostics results for the sensitivity test models in the depth chapter
(Chapter 6). Autocorrelation = 75% quartile for autocorrelation. ESS = minimum ef-
fective sample size. Geweke = Geweke’s diagnostic. H-W = Heidelberger & Welch’s

diagnostic.

Model name Traceplot Autocorrelation ESS Geweke H-W

max depth outer
Divergent

intercept
0.032 2543 Good Passed

max depth ours
Divergent

intercept
0.024 2712 Acceptable Passed

max depth prior Good 0.007 9646 Good Passed

max depth minus two Good 0.024 2442 Acceptable Passed

min depth outer
Divergent

intercept
0.040 2405 Concerning intercept Passed

min depth ours
Divergent

intercept
0.040 1731 Good Passed

min depth prior Good 0.006 9980 Good Passed

min depth minus two Good 0.200 2402 Acceptable Passed
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Appendix H

Model sensitivity testing

H.1 Chapter 3: Myctophids

To test whether the method of otolith preparation (outer surface vs. whole-otolith
sample) had a significant impact on resulting Cresp values, we modelled Cresp values as
a function of otolith preparation method, with species as a random factor:

Cresp ∼ a + bprep × prep + a Varspecies (H.1)

Where prep is the method of preparation assigned to a dummy variable (outer edge =
0, whole-otolith = 1) and bPrep is the effect of crushing the otolith on Cresp values, and
a Var Species is the variable intercept for species. We did the same for temperature,
modifying equation S1 to swap Cresp values for experienced temperature (temp):

temp ∼ a + bprep × prep + a Varspecies (H.2)

The use of whole-otolith samples significantly increased resulting Cresp values, as
indicated by bPrep 95% HDPIs not overlapping zero (Figure H.1), however, this
significance was marginal; the value for bPrep was 0.026 ± 0.019. Additionally this
model’s diagnostics did show some concerning behaviour (Gelman-Rubin diagnostic
> 1.01 and low effective sample size), so should be treated with caution. There was no
significant effect of preparation method on temperature (Figure H.1).
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FIGURE H.1: Posterior predictions for (A) equation H.1 and (B) equation H.2. a is the
intercept; bPrep is the effect of using whole-otolith samples on Cresp and aV ar represents
the variable intercept for each species; ELN = Electrona antarctica, GYR = Gymnoscopelus
braueri, KRA = Krefftichthys anderssoni, ELC = Electrona carlsbergi, PRM = Protomycto-
phum bolini and GYN = Gymnoscopelus nicholsi. sigma indicates overall residual error,
and sigmaSpecies is residual error of the species variable intercept. Circles indicate the
mean of the posterior predictions. Thick lines show the 50% posterior intervals, while
thin lines show the 95% posterior intervals. Results are considered statistically signif-

icant if the 95% highest density posterior intervals do not overlap with zero.

Most otoliths from Protomyctophum bolini were milled, but two small otoliths were
crushed. Therefore we ran the same model, without the variable intercept for species,
to test for a difference in Cresp values or temperature between crushed and milled
otoliths within P. bolini:

Cresp ∼ a + bprep × prep (H.3)

temp ∼ a + bprep × prep (H.4)

There was no significant effect of preparation method on Cresp values or temperature
within this species (Figure H.2).
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FIGURE H.2: Posterior predictions for (A) equation H.3 and (B) equation H.4 within
Protomyctophum bolini. a is the intercept and bPrep is the effect of using whole-otolith
samples on Cresp and sigma is the residual error. Circles indicate the mean of the pos-
terior predictions. Thick lines show the 50% posterior intervals and thin lines show
the 95% posterior intervals. Sigma indicates error. Results are considered statistically

significant if the 95% highest density posterior intervals do not overlap with zero.

Given the unbalanced design of these two models, it is unclear whether preparation
method had a significant effect on Cresp values. Given that Krefftichthys anderssoni
Cresp values were entirely estimated using crushed otolith samples, it is likely that K.
anderssoni Cresp values are slightly higher due to this preparation method, and this
should be born in mind when interpreting our results. As only two P. bolini otoliths
were crushed, this is unlikely to have unduly influenced Cresp values for this species. It
is unlikely that crushing had any significant effect on otolith-derived temperature.
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H.2 Chapter 4: Body mass and temperature scaling

None of the sensitivity tests had any significant effect on the body mass or
temperature scaling of Cresp values (Table H.1). Results were similar for the
mass-specific (Table H.2) and whole organism (Table H.3) oxgyen consumption
sensitvity tests. For oxygen consumption, removing literature data slightly decreased
the standardised effect size of log body mass, and removing whole otolith samples
slightly increased the standardized effect size of temperature (Table H.2). However,
overall results remained consistent across the sensitivity tests.

TABLE H.1: Sensitivity tests for Cresp value models in the body mass and temperature
scaling chapter (Chapter 4).

Model name intercept (a) main effects (b) λ

log(bm) temp

c resp main 0.20 -0.03 0.04 0.92

c resp ours 0.22 -0.02 0.04 0.93

c resp outer 0.20 -0.03 0.04 0.93

c resp prior 0.19 -0.03 0.04 0.93

TABLE H.2: Sensitivity tests for mass-specific oxygen consumption models in the body
mass and temperature scaling chapter (Chapter 4).

Model name intercept (a) main effects (b) λ

log(bm) temp

mass specific main 4.41 -0.26 -0.31 0.58

mass specific ours 4.40 -0.20 -0.34 0.53

mass specific outer 4.24 -0.26 -0.36 0.62

mass specific prior 4.37 -0.26 -0.31 0.67
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TABLE H.3: Sensitivity tests for whole organism oxygen consumption models in the
body mass and temperature scaling chapter (Chapter 4).

Model name intercept (a) main effects (b) λ

log(bm) temp

whole organism main 3.24 2.53 -0.31 0.59

whole organism ours 2.50 2.05 -0.34 0.52

whole organism outer 3.06 2.50 -0.36 0.62

whole organism prior 3.20 2.52 -0.31 0.65
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H.3 Chapter 5: Thermal realm

H.3.1 Thermal realm models

Removing literature data (therm ours) changed the scaling of Cresp values with temperature in the polar group from negative to positive
(Table H.4). Removing literature data also increased the scaling of Cresp values with temperature in the tropical group, while reducing the
temperature scaling in the subtropical group (Table H.4). Neither removing whole-otolith samples (therm outer) or changing priors
(therm prior) significantly altered the scaling effects for the interaction models (Table H.4).

TABLE H.4: Sensitivity tests for interaction effects models in the thermal realm chapter (Chapter 5).

Model name body mass (b) polar temperate subtropical tropical λ

intercept (a) temp (b) intercept (a) temp (b) intercept (a) temp (b) intercept (a) temp (b)

therm main -0.03 0.10 -0.08 0.19 0.01 0.23 0.06 0.09 0.10 0.96

therm ours -0.02 0.32 0.04 0.29 0.03 0.38 0.02 0.27 0.14 0.99

therm outer -0.04 0.12 -0.08 0.18 0.03 0.23 0.05 0.12 0.11 0.97

therm prior -0.04 0.08 -0.07 0.18 0.02 0.25 0.04 0.06 0.10 0.94
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Removing literature data (therm ours) and removing whole-otolith samples
(therm outer) both reduced the model mean Cresp value for the tropical group (Table
H.5). The sensitivity tests had no significant effects on body mass or temperature
scaling, nor any significant effects on any other thermal realm groups.

TABLE H.5: Sensitivity tests for the main effects models in the thermal realm chapter
(Chapter 5).

Model body mass (b) temp (b) intercept (a) λ

polar temperate subtropical tropical

therm main -0.02 0.01 0.21 0.20 0.29 0.26 0.96

therm ours -0.02 0.03 0.23 0.21 0.27 0.21 0.99

therm outer -0.02 0.02 0.22 0.22 0.28 0.23 0.97

therm prior -0.02 0.02 0.20 0.19 0.29 0.26 0.95

H.3.2 Range sea-surface temperature models

Removing whole-otolith samples (range outer) had the greatest effect on model
outcomes, reducing the effect of range on Cresp values and altering interaction effects
(Table H.6). Removing literature data (range ours) increased the effect of temperature
on Cresp values (Table H.6).

TABLE H.6: Results summary for sensitivity tests of interaction models concerning
range in sea-surface temperature (Chapter 5). * = failed diagnostic tests (Appendix G)

Model Intercept (a) Main effects (b) Interaction effects (b) λ

log(bm) temp range log(bm):range temp:range

range main 0.21 -0.02 0.02 -0.03 0.00 -0.01 0.96

range ours 1.93* -0.02 0.04 -0.02 0.00 -0.02 0.98

range outer 0.20 -0.02 0.03 0.00 -0.02 0.01 0.97

range prior 0.19 -0.02 0.03 -0.02 0.00* -0.02 0.95
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H.4 Chapter 6: Depth

Across all sensitivity tests, the effect of maximum depth on Cresp values decreased
(Table H.7). However, sensitivity tests brought about no significant changes in any
outcomes concerning minimum depth (Table H.8).

TABLE H.7: Results summary for sensitivity tests of maximum depth in the depth
chapter (Chapter 6).

Model Intercept (a) Main effects (b) λ

log(bm) temp depth

max main 1.77 0.14 -0.22 0.10 0.98

max ours 1.74 0.15 -0.25 0.08 0.98

max outer 1.83 0.16 -0.23 0.07 0.98

max prior 1.73 0.15 -0.23 0.08 0.78

max minus two 1.75 0.14 -0.23 0.08 0.97

TABLE H.8: Results summary for sensitivity tests of minimum depth in the depth
chapter (Chapter 6).

Model Intercept (a) Main effects (b) λ

log(bm) temp depth

max main 1.77 0.14 -0.23 0.11 0.98

max ours 1.75 0.16 -0.24 0.10 0.98

max outer 1.83 0.16 -0.21 0.11 0.98

max prior 1.74 0.15 -0.22 0.10 0.77

max minus two 1.76 0.14 -0.22 0.11 0.98
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Appendix I

Extra analyses for Chapter 3:
Myctophids

I.1 Effect of life stage on Cresp values

To test for possible effects of different life stages on Cresp values, we divided individual
standard length (SL, mm) by maximum SL for that species and used this to model
Cresp values:

Crespsima + b RSL × RSL + a VarSpecies (I.1)

Where RSL is the ratio of SL to maximum SL and b RSL is the effect of that ratio on
Cresp values. Only Cresp values from outer-edge samples were included in this model,
as these samples best matched recorded SL for each individual. Although there
appears to be a negative correlation between SL ratio and Cresp values (Figure I.1),
which supports the use of Cresp as a metabolic proxy, we found that there was no effect
of this ratio on Cresp when accounting for replication within species (Figure I.2).
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FIGURE I.1: Cresp values plotted against ratio of standard length (SL, mm) of the indi-
vidual to maximum SL for that species, for individuals of five myctophid species.
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FIGURE I.2: Posterior predictions for equation I.1. a is the intercept; bRatio is the effect
of the ratio of standard length (mm) to species maximum length on Cresp values, and
a Var represents the variable intercept for each species; ELN = Electrona antarctica, GYR
= Gymnoscopelus braueri, KRA = Krefftichthys anderssoni, ELC = Electrona carlsbergi, PRM
= Protomyctophum bolini and GYN = Gymnoscopelus nicholsi. sigma indicates overall
residual error, and sigmaSpecies is residual error of the species variable intercept. Circles
indicate the mean of the posterior predictions. Thick lines show the 50% posterior
intervals, while thin lines show the 95% posterior intervals. Results are considered
statistically significant if the 95% highest density posterior intervals do not overlap

with zero.
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I.2 Effect of year of capture within species

We used the following model investigate whether year of capture had a significant
effect on Cresp values within each species:

Cresp ∼ a + bYear + Year (I.2)

Where bYear is the effect of year of capture on Cresp values. Year of capture was
assigned to a dummy variable (1998 = -1, 2008 = 0 and 2016 = 1). Within most species,
year of capture had no significant effect on Cresp values. Protomyctophum bolini was the
exception (Figure I.3), wherein individuals captured in 2016 had a higher mean Cresp

value than those captured in 2008 (bYear = 0.028 ± 0.01). This led to further
investigations within P. bolini (see below).

FIGURE I.3: Posterior predictions for equation I.2 within species. A = Gymnoscopelus
nicholsi, B = Protomyctophum bolini, C = Electrona carlsbergi, D = Krefftichthys anderssoni,
E = Gymnoscopelus braueri, F = Electrona antarctica). a is the intercept, bYear is the effect of
year of capture on Cresp values within that species, and sigma is residual error. Circles
are the mean of the posterior predictions. Thin lines show the 95% highest density
posterior intervals. Results are considered statistically significant if the 95% highest

density posterior intervals do not overlap with zero.
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I.3 Further investigations within species

I.3.1 Protomyctophum bolini

To test whether latitude had a significant effect on Cresp values within P. bolini, we
modelled Cresp values as a function of latitude of capture:

Cresp ∼ a + bLat × Lat (I.3)

where Lat is the latitude of capture in decimal degrees and bLat is the effect latitude of
capture on Cresp values. P. bolini individuals captured further north had significantly
lower Cresp values than those captured further south, as indicated by bLat 95% HDPIs
not overlapping zero (Figure I.5).

FIGURE I.4: Posterior predictions for equation I.3 within Protomyctophum bolini. a is
the intercept and bLat is the effect of latitude of capture on Cresp values and sigma
is the residual error. Circles indicate the mean of the posterior predictions. Thick
lines show the 50% posterior intervals and thin lines show the 95% posterior intervals.
Sigma indicates error. Results are considered statistically significant if the 95% highest

density posterior intervals do not overlap with zero.

To investigate whether this phenomenon was specific to P. bolini, we ran the above
model across all species, but also included a variable intercept of species (a VarSpecies):

Cresp ∼ a + bLat × Lat + a VarSpecies (I.4)

When investigating all species together, there was no effect of latitude on Cresp values
(Figure S14).
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FIGURE I.5: Posterior predictions for equation I.4. a is the intercept; bLat is the ef-
fect of latitude on Cresp values, and a Var represents the variable intercept for each
species; ELN = Electrona antarctica, GYR = Gymnoscopelus braueri, KRA = Krefftichthys
anderssoni, ELC = Electrona carlsbergi, PRM = Protomyctophum bolini and GYN = Gymno-
scopelus nicholsi. sigma indicates overall residual error, and sigmaSpecies is residual error
of the species variable intercept. Circles indicate the mean of the posterior predictions.
Thick lines show the 50% posterior intervals, while thin lines show the 95% posterior
intervals. Results are considered statistically significant if the 95% highest density pos-

terior intervals do not overlap with zero.

To investigate whether diet could be the driver of this variation, we modified equation
S8 to test for an effect of latitude on δ13C of muscle (δ13Cmusc), our proxy for δ13C of
diet.

δ13C ∼ a + bLat × Lat (I.5)

We found no significant effect of latitude on δ13Cmusc (Figure I.6).



I.3. Further investigations within species 247

FIGURE I.6: Posterior predictions for equation I.5 within Protomyctophum bolini. a is
the intercept and bLat is the effect of latitude of capture on Cresp values and sigma
is the residual error. Circles indicate the mean of the posterior predictions. Thick
lines show the 50% posterior intervals and thin lines show the 95% posterior intervals.
Sigma indicates error. Results are considered statistically significant if the 95% highest

density posterior intervals do not overlap with zero.

I.3.2 Gymnoscopelus nicholsi

We tested whether there was a significant difference between Cresp values of G. nicholsi
individuals caught on the South Orkneys shelf breaks and those caught elsewhere. We
did this by modelling Cresp values as a function of location:

Cresp ∼ a + bLocation × Location (I.6)

Where Location is the location of capture assigned to a dummy variable (South
Orkneys = 1, elsewhere = 0) and bLocation is the effect of location being South Orkneys
on Cresp values. There was no significant difference between Cresp values of G. nicholsi
individuals captured at the South Orkneys compared to those captured elsewhere
(Figure S16).
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FIGURE I.7: Posterior predictions for equation I.6 within Gymnoscopelus nicholsi. a is
the intercept and bLocation is the effect of catch location being the South Orkneys on
Cresp values and sigma is the residual error. Circles indicate the mean of the posterior
predictions. Thick lines show the 50% posterior intervals and thin lines show the 95%
posterior intervals. Sigma indicates error. Results are considered statistically signifi-

cant if the 95% highest density posterior intervals do not overlap with zero.
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I.4 Age estimations of study individuals from length

For Table 3.2, we estimated the age (t) of each individual using a rearranged von
Bertalanffy growth function:

t =
1
K

ln
L∞

L∞ − Lt
+ t0 (I.7)

where K is the growth coefficient, Lt is standard length (mm) L∞ is asymptotic
standard length and t0 is length at age 0. Table I.1 gives the parameters used and their
sources. Unfortunately there are no reliable growth parameters for Protomyctophum
bolini.

TABLE I.1: Growth function parameters for studied species. SL is standard length, L∞
is asymptotic standard length, K is the growth coefficient and t0 is length at age 0. ELN
= Electrona antarctica, GYR = Gymnoscopelus braueri, KRA = Krefftichthys anderssoni, ELC

= Electrona carlsbergi and GYN = Gymnoscopelus nicholsi.

Species SL Units L∞ K t0 Source

ELN cm 11.3 0.21 0.7 Linkowski (1987)

GYR mm 133.22 0.29 -0.21 Saunders et al. (2020)

KRA mm 68.6 0.71 -0.49 Saunders et al. (2020)

ELC cm 9.7 0.55 -0.6 Linkowski (1987)

GYN mm 163.8 0.41 0.081 Linkowski (1985)
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cycle define climate vulnerability of fish. Science, 369(6499):65–70, 2020.

T. T. Daley and R. T. Leaf. Age and growth of Atlantic chub mackerel (Scomber colias)
in the Northwest Atlantic. Journal of Northwest Atlantic Fishery Science, 50, 2019.

K. Das, G. Lepoint, Y. Leroy, and J. M. Bouquegneau. Marine mammals from the
southern North Sea: feeding ecology data from δ13C and δ15N measurements.
Marine Ecology Progress Series, 263:287–298, 2003.

J. Davenport. Synopsis of biological data on the lumpsucker, Cyclopterus lumpus (Linnaeus,
1758). Food & Agriculture Organization of the United Nation (FAO), Rome, 1985.
ISBN 92-5-102330-1.

P. C. Davison, D. M. Checkley Jr., J. A. Koslow, and J. Barlow. Carbon export mediated
by mesopelagic fishes in the northeast Pacific Ocean. Progress in Oceanography, 116:
14–30, 2013.

A. M. De Lecea, A. J. Smit, and S. T. Fennessy. Riverine dominance of a nearshore
marine demersal food web: evidence from stable isotope and C/N ratio analysis.
African Journal of Marine Science, 38:S181–S192, 2016.

C. M. del Rio. Metabolic theory or metabolic models? Trends in Ecology & Evolution, 23
(5):256–260, 2008.
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C. Deutsch, A. Ferrel, B. Seibel, H. O. Pörtner, and R. B. Huey. Climate change tightens
a metabolic constraint on marine habitats. Science, 348(6239):1132–1135, 2015.

C. Deutsch, J. L. Penn, and B. Seibel. Metabolic trait diversity shapes marine
biogeography. Nature, 585(7826):557–562, 2020.
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H. O. Pörtner, C. Bock, and F. C. Mark. Oxygen-and capacity-limited thermal
tolerance: bridging ecology and physiology. Journal of Experimental Biology, 220(15):
2685–2696, 2017.

P. Pottier, S. Burke, S. M. Drobniak, and S. Nakagawa. Methodological inconsistencies
define thermal bottlenecks in fish life cycle: a comment on dahlke et al. 2020.
Evolutionary Ecology, pages 1–6, 2022.

T. L. Poulson. Adaptations of cave fishes with some comparisons to deep-sea fishes.
Environmental Biology of Fishes, 62(1):345–364, 2001.

I. Preciado, J. E. Cartes, A. Punzón, I. Frutos, L. López-López, and A. Serrano. Food
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F. Silva-Brito, F. Timóteo, Â. Esteves, M. J. Peixoto, R. Ozorio, and L. Magnoni. Impact
of the replacement of dietary fish oil by animal fats and environmental salinity on
the metabolic response of european seabass (Dicentrarchus labrax). Comparative
Biochemistry and Physiology Part B: Biochemistry and Molecular Biology, 233:46–59,
2019.

N. R. Sinnatamby, B. J. Dempson, J. D. Reist, and M. Power. Latitudinal variation in
growth and otolith-inferred field metabolic rates of Canadian young-of-the-year
Arctic charr. Ecology of Freshwater Fish, 24(3):478–488, 2015.

K. A. Sloman, I. A. Bouyoucos, E. J. Brooks, and L. U. Sneddon. Ethical considerations
in fish research. Journal of Fish Biology, 94(4):556–577, 2019.

C. R. Smith, F. C. De Leo, A. F. Bernardino, A. K. Sweetman, and P. M. Arbizu. Abyssal
food limitation, ecosystem structure and climate change. Trends in Ecology &
Evolution, 23(9):518–528, 2008.

M. M. Smith and P. C. Heemstra. Smiths’ sea fishes. Springer-Verlag, 2012. ISBN
3-540-16851-6.
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