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Editorial on the Research Topic
Physio-logging in marine animals: recent advances and future directions

Integrating physiological data, such as heart rate, respiration, body temperature, and
stress hormone levels with specific behavioral data, allows us to unravel the underlying
mechanisms that may directly or indirectly limit, drive, and/or affect certain actions.
These insights contribute to our understanding of the process of adaptive evolution and
provide vital information for interpreting how behavior and population dynamics interact
with extrinsic and intrinsic factors. Building upon the foundations of traditional bio-
logging and its capacity to remotely measure and understand behavior and distribution,
as well as environmental characteristics, physio-logging enables researchers to investigate
physiological processes. This linkage between behavior, distribution, environment, and
intrinsic physiology is crucial for the fields of ecology and conservation physiology (Cooke
etal., 2021; Fahlman et al., 2021).

Physio-logging has provided valuable insight into how animals respond to various
environmental factors, such as the behavioral thermal adaptation of Pacific bluefin tuna
Thunnus thynnus orientalis (e.g., Kitagawa etal., 2000; Kitagawa etal., 2022) and the
behavioral response of homing chum salmon Oncorhynchus keta to varying ambient
temperature structures (Kitagawa et al., 2016). Physio-logging can also provide the necessary
tools for conservation management, which will contribute toward reducing the impacts
of anthropogenic disturbances on species. For example, assessment of stress levels, such
as measuring corticosterone, cortisol or heart rate, may help evaluate the impact of
anthropogenic disturbance (e.g., Thompson et al., 2014; Lyamin et al., 2016). This potential
has been demonstrated in recent studies across taxa: for example, tissue perfusion and
behavioral conflict have been documented in grey seals Halichoerus grypus using physio-
logging tools (McKnight et al., 2019). Similarly, Ponganis 2021 applied heart rate loggers to
air-breathing animals such as a blue whale Balaenoptera musculus and emperor penguins
Aptenodytes forsteri to monitor physiological effort during deep dives, revealing thresholds
in oxygen management relevant to survival limits under environmental stress. Near-infrared
spectroscopy has also been proposed by Ruesch etal. (2022) as a non-invasive tool to
assess blood oxygenation in marine mammals, thereby opening new avenues for evaluating
stress and health status under conditions of human care or environmental disturbance
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(Fahlman etal., 2021; Ruesch etal., 2022). This emerging era of
physio-logging will enable long-term studies aimed at improving
our understanding of fundamental physiological function, health,
welfare or wellbeing of animals (e.g., Abe et al.; Naveed Yousaf et al.,
2022) and humans, as well as their responses to environmental
and/or anthropogenic changes. The current Research Topic,
“Physio-logging in Marine Animals: Recent Advances and Future
Directions”, introduces diverse application examples in the field of
physio-logging.

In this Research Topic, physio-logging techniques are applied
to diverse taxa, including sea turtles, seabirds and teleost fish. For
instance, Saito et al. introduced non-invasive methods to measure
electrocardiograms (ECGs), which provide heart rate data in green sea
turtles—an important step toward understanding their physiological
adaptations to the environment. Narazaki et al. and Makiguchi et al.
extended these approaches to reproductive context in loggerhead
turtles Caretta caretta and chum salmon, respectively, and provided
insights into autonomic nervous system activity through variations in
heart rate during spawning events. Abe et al. and Aoki et al. explored
how thermal physiology shapes the behavior and thermoregulatory
capacity of tunas. They emphasized the importance of both heat
retention and production in thermal adaptation, offering insight into
how tunas cope with environmental variability through physiological
and behavioral mechanisms. Koyama etal. and Mizutani etal
investigated how foraging behavior and oxidative stress reflect the
physiological condition and adaptive strategies in seabirds. Their work
highlights the importance of integrating behavioral, oxidative stress,
and environmental data to understand energy allocation, reproductive
trade-offs, and species responses to ecological pressures. The other
paper summarized findings from studies applying neurologgers to
teleost fish, revealing various spatial-cognition cells in regions of
the telencephalon analogous to the mammalian hippocampus that
are deeply involved in spatial navigation (Takahashi etal.). These
contributions demonstrate the transformative capacity of physio-
logging to uncover physiological correlates of behavior across a variety
of taxa and life-history stages.

In the future, as new sensors such as brain wave sensors
are developed and big data recording and analysis technologies
evolve, physio-logging will continue to evolve as a tool for
measuring the physiological functions of marine organisms and
will contribute to our understanding of the ecology of organisms
on Earth, including ourselves.
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Mapping spatial memory in
teleosts: a new Frontier in neural
logging techniques

Susumu Takahashi'*, Fumiya Sawatani’, Kaoru Ide?,
Takaaki K. Abe?, Takashi Kitagawa* and Yuya Makiguchi?
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Japan, *Graduate School of Frontier Sciences, The University of Tokyo, Chiba, Japan

Recent advancements in microelectromechanical system technology have
significantly enhanced our ability to monitor neuronal activity in free-swimming
fish without disrupting their natural movement, thereby greatly improving the
capabilities of neural logging using “neurologger” technology. In this review,
we compiled the findings from studies applying neurologgers to teleost fish,
emphasizing the discovery of various spatial-cognition cells in regions of the
telencephalon analogous to the mammalian hippocampus that are deeply
involved in spatial navigation. We detailed how different fish species, such
as goldfish and salmonids, correlate their neural activity with environmental
boundaries, head direction, speed, and other navigational cues for spatial
memory and navigation strategies. We critically analyzed the similarities and
differences in these mechanisms to provide insights into the evolutionary
aspects of spatial cognition. We also identified gaps in current methodologies
and suggest directions for future research, emphasizing the need for further
exploration of spatial encoding in aquatic environments. The insights gained
herein suggest the existence of a complex and evolutionarily conserved
substrate for navigation and memory in vertebrates, highlighting the potential
of neurologgers to expand our understanding of spatial cognition.

KEYWORDS

spatial memory, neural logging, teleosts, neurologgers, telencephalon

1 Introduction

The study of spatial cognition in teleost fish has seen substantial advancements due to the
development of cutting-edge technologies using microelectromechanical systems (Ide and
Takahashi, 2022). These technologies, referred to as “neurologgers,” enable researchers to
record neuronal activity in free-swimming fish, providing a more accurate representation
of their natural behavior. Zebrafish, a commonly used model organism among teleosts
(Lieschke and Currie, 2007), offers various advantages for experimental manipulation, such
as genetic tractability and transparency during the larval stage, which cannot yet be applied
to them owing to their small size. Understanding spatial cognition in teleosts is crucial, as
it sheds light on the fundamental neural mechanisms that support navigation and memory
in vertebrates, a topic of significant interest in neurobiology. Recent studies have focused
on the telencephalon of teleost fish, particularly in species like goldfish and salmonids
(Vinepinsky et al., 2020; Takahashi et al., 2021), and have revealed the presence of various
space-responsive cells. These include cells analogous to the mammalian head-direction
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and border cells, indicating a sophisticated system for spatial
navigation. Previous research has highlighted the role of these
cells in encoding spatial information; however, questions remain
regarding the differences in spatial information representation
across species and the impact of environmental factors.

This review aimed to synthesize findings from recent studies
on space-responsive cells in the telencephalons of goldfish and
salmonids. It sought to compare the similarities and differences
in spatial information processing between species, exploring how
these species use different environmental cues for navigation.
This review also examined the evolutionary implications of
these findings, particularly concerning the conservation of spatial
cognition mechanisms across vertebrates. We focused on the
recent research conducted using advanced neurologgers. Although
the review provides a comprehensive overview of the neuronal
substrates involved in spatial cognition, its scope was limited to
goldfish and salmonids; it did not cover other teleost species
or vertebrates in detail, acknowledging the need for further
research to generalize these findings across a broader range
of species. The central hypothesis of this review was that the
neural mechanisms underlying spatial cognition in teleosts are
evolutionarily conserved as well as highly adaptable, reflecting
the specific ecological needs and environmental contexts of
different species.

Understanding spatial cognition in teleosts has broader
implications for the field of neurobiology, particularly in
understanding how complex cognitive functions have evolved
across vertebrates. Insights gained from studying these fish can
improve our understanding of neuronal processes in other animal
species. Furthermore, the methodological advancements discussed
in this review, such as the use of neurologgers, have the potential
to revolutionize the study of neuronal activity in freely behaving
animals, offering new avenues for research in various fields of
biology and neuroscience.

2 Neural substrates of spatial
cognition in teleosts

The telencephalon of teleosts, particularly in species like goldfish
and salmonids, has been identified as a crucial region for spatial
navigation, as evidenced by studies linking brain lesions to impaired
behavior (Rodriguez et al., 2002). This area contains a variety
of space-responsive cells, including those resembling mammalian
head-direction cells (Vinepinsky et al., 2020; Cohen et al., 2023).
These findings underscore the complexity and sophistication of
the spatial navigation systems in teleosts, similar to those found
in mammals.

Extensive studies have demonstrated the presence of neurons
that respond to specific environmental boundaries and head
directions in goldfish. These neurons are believed to be critical
for the cognitive map, allowing fish to orient themselves in
their environment. For instance, head-direction cells in the lateral
pallium of goldfish consistently fire when the head is oriented
in a specific direction (Vinepinsky et al., 2020). This is akin to
the function of the head-direction cells in mammals, which are
essential for maintaining spatial orientation during navigation.
Additionally, goldfish possess edge-encoding cells that become
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active when the fish are near environmental boundaries, such as
the walls of a tank, similar to the border cells and boundary
vector cells found in mammalian brains (Vinepinsky et al., 2020;
Cohen et al.,, 2023). These cells likely provide a reference frame
for spatial orientation, helping the fish navigate by maintaining an
awareness of their position relative to environmental boundaries.
Interestingly, some neurons in the goldfish pallium encode speed
and velocity-vector cells that show increased firing rates correlated
with the fish’s swimming speed and vector along the swimming
direction, respectively (Vinepinsky et al., 2020). These cells integrate
information about head direction and speed, which are crucial for
calculating the fish’s trajectory and planning navigational strategies.
Such integration indicates a complex neural network capable of
supporting advanced navigational behaviors, including homing and
exploration.

A notable study on free-swimming salmonids used wireless
neurologgers to record neuronal activity in the telencephalon.
This study revealed that these fish also possess head-direction
cells that exhibit neuronal responses similar to those observed
in goldfish and rodents (Takahashi et al,, 2021). These findings
suggest a conserved mechanism of heading orientation signals
for spatial navigation across vertebrates. Recording neuronal
activity using biotelemetry in naturalistic settings provides a
more comprehensive understanding of how teleosts process spatial
information. This approach allows researchers to observe neuronal
activity in real-world environments, thereby providing more
accurate insights into the neural mechanisms underlying spatial
navigation.

A comparative analysis of goldfish and salmonids highlighted
both similarities and differences in their spatial navigation
mechanisms. Although both species share head-direction cells, the
specific environmental cues they use may vary. This variation reflects
adaptations to their respective habitats, with goldfish often relying
more on visual cues (Broglio et al., 2003) and salmonids potentially
using geomagnetic information for long-distance migration
(Putman et al., 2013) (Figure 1). The absence of border cells in
the pallium of salmonids may be due to their ethological needs and
living environment. In studies on salmonids, the number of recorded
cells and environmental variables are limited (Takahashi etal., 2021),
which may be crucial for supporting or refuting this hypothesis in
future research. In particular, because goldfish do not engage in
long-distance migration, their response to changes in magnetic
fields is a critical area for empirical study.

Despite these advancements, several challenges remain in
the study of spatial cognition in teleosts. Most studies have been
conducted in controlled laboratory environments, which may
not fully capture the complexities of natural habitats. Future
studies should explore how different environmental factors, such
as water currents, salinity, changes in lighting, or underwater
topography, affect the neural processing of spatial information.
Additionally, understanding how teleosts encode three-dimensional
space remains a significant challenge because their aquatic
environments add complexity to spatial navigation. As goldfish
are entirely freshwater fish and salmonids migrate between
saltwater and freshwater, it is important to investigate, in the
future, fish that exclusively inhabit oceanic environments, as
we still do not fully understand what cues they use for spatial
cognition. The continued development of wireless neurologgers
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FIGURE 1

Spatial cognition cell types found in goldfish and salmonid fish. On the left, neural representations of spatial cognition cell types found in the
telencephalon of goldfish are illustrated: (top left) velocity-vector cells that encode swimming velocity in two dimensions; (top right) speed cells with
firing rates correlated with swimming speed; (bottom left) boundary-vector cells responding to environmental boundaries; and (bottom right) edge
cells encoding edges of the environment. The central diagram shows a head-direction cell that fires when the fish's head is oriented in a specific
direction, a cell type found in both goldfish and salmonids. On the right, neuronal activity in the telencephalon of salmonid fish remains unclear for
other spatial cognition cell types (denoted by shaded illustration), with only head-direction cells confirmed to be common between the two species.

Salmonid fish

and biotelemetry technologies is crucial for overcoming these
challenges and enabling more detailed and extended studies in
diverse and challenging environments. Overall, the exploration of
space-responsive cells in teleosts has provided valuable insights
into the neural substrates of spatial cognition, highlighting both
the evolutionary conservation and adaptability of these systems
across vertebrates.

3 Comparative analysis and
evolutionary considerations
Comparative studies have highlighted similarities and
differences between the spatial navigation systems of teleosts
and mammals. For instance, while the hippocampal formation in
mammals has been well-documented for its role in spatial memory
(Wilson and McNaughton, 1993; Dickerson and Eichenbaum, 2010),
homologous structures in teleosts, such as the lateral pallium, also
play a significant role in spatial learning and memory. For example,
the lateral pallium in goldfish has been implicated in the encoding of
allocentric spatial strategies akin to the function of the hippocampus
in mammals. Research involving lesion studies in goldfish has
shown that damage to the lateral pallium impairs their ability to
navigate using an allocentric strategy (Rodriguez et al., 2002),
indicating its critical role in spatial cognition. Recent single-cell
studies in teleost fish, particularly in goldfish and cichlids, provide
additional evidence that the neuronal mechanisms supporting
spatial navigation may be evolutionarily conserved. For example,
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mapping of the goldfish telencephalon using single-cell RNA
sequencing and spatial transcriptomics revealed a hippocampal
marker NEURODG6 expression scattered across the dorsolateral
and dorsomedial regions (Tibi et al., 2023). Similarly, neurons in
the subdivision of the dorsolateral pallium of cichlid fish share
transcriptional profiling and neuroanatomy with mammalian
hippocampus (Hegarty et al., 2024), offering further support for
the hypothesis that spatial navigation mechanisms are conserved
across vertebrates.

In mammals, spatial navigation relies heavily on the
hippocampus and associated structures in which place cells (O’Keefe
and Dostrovsky, 1971), grid cells (Hafting et al., 2005), border
cells (Solstad et al., 2008), speed cells (Kropff et al., 2015) and
head-direction cells (Taube et al., 1990) reside. These cells encode
information regarding the animal’s location, direction, and distance
traveled. Similarly, teleosts such as goldfish and zebrafish possess
analogous neurons that respond to spatial cues, including edge-
encoding cells that are activated near boundaries, and head-
direction cells that maintain stable activity relative to the fish’s
heading. Notably, recent research has identified place cells in the
telencephalon of zebrafish (Yang et al., 2024), suggesting that teleosts
share similar neural mechanisms for spatial cognition as mammals.
These findings suggest that while the specific types of neurons and
their functions can vary between species, the fundamental neural
mechanisms supporting spatial navigation have been conserved
across vertebrate evolution.

The use of geomagnetic cues in navigation is another area
wherein significant differences emerge between aquatic and
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terrestrial vertebrates. For example, salmonids use geomagnetic
cues for long-distance migration, a mechanism less prevalent
in terrestrial mammals, which typically rely on visual and
olfactory cues for navigation. This adaptation reflects the distinct
environmental challenges faced by these species. The reliance on
different sensory modalities for navigation in various environments
underscores the versatility and adaptability of the spatial navigation
systems in different taxa.

Furthermore, a comparative approach revealed that teleosts,
such as goldfish, may lack certain features seen in mammalian
spatial systems, such as theta oscillations (Cohen et al., 2023).
These oscillations are prominent in mammalian hippocampal
activity and are associated with navigation and memory encoding
(Buzsaki, 2002). The absence of such rhythms in teleosts suggests
that while the overall architecture of spatial cognition may be
conserved, the specific neural dynamics can differ significantly from
those in bats (Eliav et al., 2018).

Overall, these findings suggest that the neural mechanisms
underlying spatial cognition have been conserved to some extent
across vertebrate evolution. However, the specificity of how
different species process spatial information varies, reflecting their
adaptations to their respective environments. This comparative
perspective not only highlights the evolutionary conservation of
spatial navigation mechanisms, but also emphasizes the unique
adaptations that different species have developed to navigate their
specific ecological niches.

4 Methodological advances and future
directions

The emergence of neurologgers has contributed significantly
toward uncovering the neural bases of spatial cognition in teleosts.
These tools enable high-resolution recording of neuronal activity in
freely behaving animals and provide valuable insights into how these
fish navigate complex environments. Methodological improvements
are needed to overcome the current technological limitations.
Although neurologgers have been revolutionary, challenges remain,
such as the need for more robust waterproofing and longer battery
life for extended recordings in underwater conditions. Moreover,
developing smaller devices will allow researchers to study smaller
species and younger individuals, broadening the scope of research
on neural mechanisms in teleosts. Overall, these methodological
advances and future directions highlight the potential for further
discoveries regarding spatial cognition in teleosts. As we continue
to refine our techniques and expand our understanding, we
expect to gain deeper insights into the neural underpinnings of
navigation and memory, not only in fish but also across the entire
vertebrate lineage.

5 Discussion

Studies on spatial memory and navigation in teleosts
highlight the remarkable complexity and sophistication of their
neural systems. This body of research reveals that teleosts
advanced

possess spatial-cognition mechanisms,

such as head-direction cells,

including

space-responsive cells, which

Frontiers in Physiology

10

10.3389/fphys.2024.1499058

are analogous to those found in mammals. These discoveries
underscore the significant evolutionary conservation of spatial-
cognition mechanisms across vertebrate lineages, suggesting
that the ability to navigate and form an internal compass
is a fundamental trait that may have evolved early in
vertebrate history.

Teleosts, such as goldfish and salmonids, can use various
environmental cues, including visual landmarks and geomagnetic
fields, to navigate their environments. The presence of specialized
neurons that respond to these cues indicates a highly developed
neural substrate capable of processing complex spatial information.
For instance, the discovery of head-direction cells in both goldfish
and salmonids and their functional similarities to those in
mammals points to a conserved neural architecture that supports
spatial orientation and navigation across different species and
ecological niches.

As research in this field advances, it is expected to further
uncover the neural mechanisms that enable fish to navigate their
aquatic habitats. This includes understanding how different types
of space-responsive cells interact within broader neural networks,
and how these networks integrate sensory information to support
behaviors such as migration, homing, and exploration. The study of
these systems in teleosts not only enhances our understanding of fish
neurobiology, but also provides valuable insights into the evolution
of cognitive functions in vertebrates.

The continued development and refinement of neurologgers
is crucial for driving these discoveries. These tools have enabled
researchers to record the neuronal activity in freely behaving
animals, thereby offering a more accurate representation of
how fish process spatial information in naturalistic settings.
Future technological advancements may include more robust
waterproofing, longer battery life, and device miniaturization, which
will allow for extended and more detailed studies on smaller and
younger fish.

Furthermore, future research should explore the neural
encoding of three-dimensional space, given the unique challenges
posed by the aquatic environments in which teleosts live.
Understanding how these fish encode vertical and horizontal
spatial information will provide deeper insights into the neural
The
neurologgers with other devices, such as depth sensors and

basis of three-dimensional navigation. integration of
accelerometers, in biotelemetry systems (Korpela et al., 2020;
Otsuka et al.,, 2024; Tanigaki et al., 2024) may offer solutions to
these challenges. Moreover, manipulating environmental variables,
such as geomagnetic fields, in experimental settings can shed
light on the specific neural circuits involved in processing these
cues, further elucidating the mechanisms of spatial cognition, as
the head-direction cells in the pallium of migratory birds prefer
geomagnetic north (Takahashi et al., 2022).

In summary, research on spatial memory and navigation in
teleost fish not only advances our knowledge of these fascinating
animals, but also contributes to a broader understanding of the
evolution of cognitive functions in vertebrates. As we continue to
refine our methodologies and explore new technologies, we are
likely to uncover new dimensions of the neural processes underlying
spatial cognition. These findings have the potential to revolutionize
our understanding of neurobiology and cognition across the animal
kingdom, highlighting the shared and unique aspects of neural
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architecture and function that have evolved to support life in diverse
environments.
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Measuring the heart rate of sea turtles is important for understanding their
physiological adaptations to the environment. Non-invasive methods to
measure the electrocardiogram (ECG) of sea turtles have been developed by
attaching electrodes to their carapace. However, this method has only been
applicable to sea turtles with sparse keratin on their shell surfaces, such as
loggerhead turtles, and it is difficult to detect heartbeats in sea turtles with
dense keratinous scutes, including green sea turtles. Here, we explored the
electrode placements on the plastron that can be applied to ECG
measurement in green turtles. ECG signals were checked using a handheld
ECG monitor at three sets of electrode placement on the plastron. When ECG
signals could be detected, they were measured in the water tanks for several days
to confirm the clarity of the ECG signals. Of the 29 green turtles, when the
negative electrode was placed near the neck area of the plastron, clear ECG
signals were obtained in nine individuals (39.1%), whereas ECG signals were not
detected at any placements in four individuals (17.4%). Furthermore, in the water
tank experiments, continuous ECG signals were successfully recorded by
attaching a negative electrode near the neck: almost noiseless clear ECG
signals even during moving in seven out of ten individuals and slightly weak
and noisy signals in other individuals. The measured heart rate of ten individuals
during resting was 8.6 + 2.9 (means + s.d.) beats min™ and that during moving
was 12.2 + 4.7 beats min™?, similar to those reported in a previous study involving
the insertion of electrodes inside the body. Therefore, for measuring the ECG of
green turtles, the negative electrode should be placed closer to the neck, and the
positive and earth electrodes should be placed to the lower left of the plastron.
Although the selection of suitable individuals for measurements is required, this
heart rate measurement method will contribute to a better understanding of the
physiological status of sea turtles with dense keratinous scutes, including green
turtles.

heart rate, sea turtle, non-in vasive method, biologging, electrocardiogram
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1 Introduction

Sea turtles are diving reptiles specialized in the marine
environments. Despite being air-breathing animals, they have
outstanding abilities for deep (e.g., 1,186 m in leatherback turtles,
Lopez-Mendilaharsu et al, 2009; 340 m in loggerhead turtles,
Narazaki et al., 2015) and long dives (e.g., 614 min in loggerhead
turtles, Broderick et al., 2007; 330 min in green turtles, Fukuoka
et al, 2015) among marine reptiles. Moreover, they spend most of
their life at sea, except for nesting and hatching on land (Lutcavage
1987; Hochscheid et al, 2010). To understand the
of the
environment, many studies have been conducted to measure

et al,
physiological adaptations sea turtles to marine
their cardiovascular adjustments using an electrocardiogram
(ECG). From the ECG records of free-ranging animals, the
number of heartbeats per minute, ie., the heart rate, can be
calculated, which reflects the cardiovascular status at that time.
As sea turtles have hard shells, it is difficult to measure ECG by
attaching electrodes to their body surfaces, as in terrestrial animals.
Therefore, ECG measurements in turtles have been conducted by
inserting electrodes inside the body (Southwood et al., 1999, 2003;
Williams et al.,, 2019; Okuyama et al., 2020). Recently, an ECG
measurement method has been developed by attaching electrode
patches to the surface of the carapace in several species of hard-
shelled sea turtles (Sakamoto et al., 2021). However, these non-
invasive methods have only been applicable in loggerhead (Caretta
caretta), black (black morphotypes of the eastern Pacific Chelonia
mydas; Alvarez-Varas et al, 2021), and olive ridley turtles
(Lepidochelys olivacea). In some species, such as green (C. mydas)
and hawksbill turtles (Eretmochelys imbricata), ECG signals were
hardly detected even when the electrodes were attached to the same
positions reported for loggerhead turtles on the carapace. Sakamoto
et al. (2021) suggested that the lack of detection may be due to the
dense keratinous scutes of these species, making it difficult to
transmit biopotentials.

Although non-invasive heart rate measurement methods have
been difficult to apply to sea turtle species with dense keratinous
scutes, there has been great interest in studying their physiological
status. Green turtles, for example, are distributed from temperate to
tropical areas and are listed as “Endangered” on the International
Union for Conservation of Nature and Natural Resources Red List
(Seminoff, 2023). However, conflicts with fishermen have become
problematic because of bycatch in set nets and the modification of

coastal marine ecosystems associated with seaweed feeding. Heart

TABLE 1 Summary of data for green sea turtles in 2 study sites.

Study site No. of turtles
Kuroshima Island 14
Sanriku coastal area 15
Total 29

10.3389/fphys.2024.1511443

rate is regulated according to diving behavior under natural
2015).
including such heart rate regulation is related to the use of

environments (Ponganis, Cardiovascular adjustment
oxygen store and is essential for diving ability (Ponganis, 2015).
A more sophisticated understanding of sea turtle physiology based
on heart rate may provide key insights into solving the issues in sea
turtles. Therefore, it is desirable to develop a non-invasive ECG
measurement method for sea turtles with dense keratinous scutes. In
loggerhead turtles, clear ECG waves could be obtained by changing
the electrode placements from the carapace to the plastron, closer to
the heart (Kinoshita et al., 2022a). Therefore, we tested whether ECG
signals could be obtained by placing the electrodes in different
placements from those used in previous studies.

In this study, we explored the effective electrode placement for
ECG measurement in green turtles by attaching electrodes to their
plastron. First, the quality of the ECG signals obtained from three
different electrode placements was evaluated using a handheld ECG
monitor. Next, when ECG signals were confirmed, animal-borne
recorders were used to check whether ECG signals could be
measured continuously for several days in the water tanks. We
report that a high percentage of clear ECG signals can be obtained by
placing the electrodes closer to the necks of green turtles.

2 Materials and Equipment
2.1 Animals and study sites

Juvenile green turtles, C. mydas, were collected from two
regions: the Sanriku coastal area and Kuroshima Island, Japan
(Table 1). The Sanriku coastal area of Japan is located in the
temperate region of the western North Pacific and is a summer-
restricted foraging ground for green turtles (Fukuoka et al., 2015).
Fifteen turtles were incidentally captured by commercial set nets
between June and August of 2020-2023. Once safely rescued, the
turtles were promptly transferred to the marine station of the
(Otsuchi Coastal Research Center,
Atmosphere and Ocean Research Institute, The University of
Tokyo; 39721'05"N, 141°56'04"E). Kuroshima Island, on the
Yaeyama Islands, located in a subtropical area in southern Japan,

University of Tokyo

provides a year-round foraging habitat for green turtles (Kameda
et al, 2017, 2023). Fourteen turtles were captured using an

entanglement net (200 m length x 2 m height, mesh size
40 cm) in February 2023. The net was set in the inner reef area

BM (kg) SCL (cm)
157 6.7 482+ 62
(6.4-32.1) (37.0-61.4)
156 + 7.2 46.7 + 6.7
(8.0-35.9) (39.2-64.6)
156 + 6.8 474+ 64
(6.4-35.9) (37.0-64.6)

BM, body mass; SCL, straight carapace length. Means are reported + s.d. Numbers in parentheses indicate maximum and minimum values.
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FIGURE 1

Three positions of electrodes of green sea turtles. Two electrodes were attached to the plastron; the negative electrode was attached to (A) humeral
scute, the same position reported for loggerhead turtles (Kinoshita et al., 2022a), (B) gular scute, or (C) intergular scute, and positive and earth electrodes

were attached to abdominal scute.

at two sites, the northeast and south sides of Kuroshima Island, and
was carefully checked by snorkelers to avoid the risk of mortality of
the turtles. Once a turtle was captured, the turtle was promptly
transferred to the Kuroshima Research Station, Sea Turtle
Association of Japan (24°14'24.0"N, 123°59'36.4"E).

After the turtles were transferred to each marine station, the
straight carapace length (SCL) and body mass (BM) were measured.
The BM and SCL of the turtles were 15.6 + 6.8 (means + s.d.) kg and
47.4 + 6.4 cm, respectively (Table 1). The sex of all turtles was not
determined. After morphological measurements, they were kept in
outdoor flow-through seawater tanks for 1—2 months at most. After
the experiments, all the turtles were released into the sea around
where they were caught. This study was conducted as a part of a “tag
and release” program. All turtles were tagged with metal or plastic
ID tags. All experimental procedures were approved by the Animal
Ethics Committee of the Atmosphere and Ocean Research Institute
at the University of Tokyo (approval numbers P20-11, P21-13, P22-
12, P22-21, and P23-21). The study in Kuroshima Island was
approved by the Marine Fisheries Coordinating Committee of
Okinawa Prefecture, Japan (approval numbers: Oki-cho K4-16).

2.2 Electrocardiogram and
behavioral recorders

The experiment involved two steps. Firstly, a handheld ECG
monitor (Checkme ECG; San-ei Medisys, Kyoto, Japan) was used to
confirm the ECG signals for a short period on land. Secondly, if ECG
signals were detected by the monitor, animal-borne ECG recorders
were used to verify whether ECG signals could be measured for up to
4 days in water tanks. ECG was recorded at 250 Hz using an ECG
recorder (ECG400-DT; Little Leonardo, Tokyo, Japan; cuboid shape:
21 mm wide, 64 mm long, 23 mm high, 60 g mass in air; ECG400-
D3GT; Little Leonardo; cuboid shape: 31 mm wide, 67 mm long,
17 mm high, 61 g mass in air). Turtle behavior was recorded using an
accelerometer (M190L-D2GT; Little Leonardo; cylindrical shape;
15 mm diameter, 53 mm length, 18 g mass in air). The accelerometer
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and ECG recorder were attached to the turtles along the longitudinal
axis of their carapaces. The longitudinal acceleration was recorded at
16 Hz or 50 Hz, and temperature, and depth were recorded at 1 Hz,
and 1 Hz, respectively.

3 Methods

3.1 Confirmation of ECG signals in a
short time

The R wave (depolarization of the ventricles) shows the most
drastic change in voltage among the ECG signals and is used to
detect heartbeats (Sakamoto et al., 2021). To measure clear R waves,
it is suitable to attach the negative electrode to the upper right and
both the positive and earth electrodes to the lower left of the plastron
for loggerhead turtles (Kinoshita et al., 2022a; Figure 1A). Therefore,
these electrodes were attached to different placements of the
plastron of green turtles, and the amplitudes and stability of the
ECG signals were confirmed by using the handheld monitor. The
signals were confirmed on land after the turtles were removed from
the tank. For conformation, we used 15 turtles from the Sanriku
coastal area and 14 turtles from Kuroshima Island.

Three positions were tested for the negative electrode: humeral
scute (Position A; Figure 1A), the same position reported for loggerhead
turtles (Kinoshita et al., 2022a), gular scute (Position B; Figure 1B), and
intergular scute (Position C; Figure 1C). Positive and earth electrodes
were attached to the abdominal scute. Preliminary experiments showed
that the detectability of the signal changed depending on the position of
the negative electrode, and ECG signals were more likely to be
confirmed when the electrode was placed close to the neck.
Therefore, we selected Position C, the conventional position
(Position A), and Position B, which is in between the two, as the
position of the negative electrode. A conductive adhesive tape (KNZ-
ST50 shield cloth tape; Kyowa Harmonet Ltd., Kyoto, Japan) was cut
into squares (1 cm X 2.5 cm) to make the small electrodes. Small
electrodes were attached at each position and connected to a handheld
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ECG monitor by clipping the electrodes with alligator clips. The
handheld ECG monitor displayed ECG signals in real-time. We
checked whether the signals could be detected for 30 s to several
minutes at each position.

3.2 Confirmation of ECG signals in a
long time

ECG data may not be applicable for analysis if the ECG contains
noise produced by muscle contractions, particularly when the turtle
is moving. To confirm whether a qualified ECG could be measured
continuously for up to 4 days, animal-borne recorders were attached
to 14 turtles (six in the Sanriku coastal area and eight on Kuroshima
Island) after confirming successful detection from the handheld
ECG monitor.

The ECG signals of the turtles were recorded using a previously
described non-invasive method that involved attaching two-electrode
patches to the carapace of the turtles (Sakamoto et al., 2021) with some
modifications (Kinoshita et al., 2022a). The ECG electrodes were
made by cutting conductive adhesive tape into squares (4 cm x 5 cm).
A lead wire was attached to the ends of the electrodes using the same
adhesive tape. Two electrodes were attached to the plastron where the
ECG signals were confirmed by using the handheld monitor in each
turtle. In the water tank experiments, the specific electrode placements
for each individual were as follows: G2015 at Position A; G2262,
(2263, and G2268 at Position B; and other individuals at Position C.
After attaching the electrodes, a conductive cream (ECG cream;
Suzuken, Aichi, Japan) was applied to the surfaces to allow the
electrical signals to pass. As seawater intrusion into the electrodes
causes electrical noise in the ECG, the water droplets around the
electrodes were carefully removed using acetone. Thereafter, the
electrodes were waterproofed with waterproof adhesive plasters
(BAND-AID Brand Hydroseal XL bandages; Johnson & Johnson,
NJ, United States), and the edges of the adhesive plasters were glued
using an instant adhesive (Aron Alpha Jelly Extra; Konishi, Osaka,
Japan). Waterproof films (FC waterproof free-cut; Hakujuji, Tokyo,
Japan) were used to cover the electrodes completely. To ensure that
the electrodes were waterproof, they were thinly coated with an epoxy
(Bond Quick 5; Konishi). The lead wires of the electrodes were
arranged from the plastron along the side of the body to the
carapace and fixed with adhesive tape and instant adhesive. These
wires were connected to the lead wires extending from the ECG
recorder and sealed with a heat-shrinkable tube. Finally, the ECG
recorder and accelerometer were placed on a waterproof adhesive
plaster pasted on the carapace using an instant adhesive. The
attachment of the instruments was completed within
approximately 1 h. After the electrodes were attached, the turtles
were returned to their tanks (1 m X 2 m x 1 m).

3.3 Analysis

The ECG signals were evaluated based on their amplitudes and
stability as “undetectable” when they were visually detectable for less
than 30% of the measurement period, “unclear” when they were
30%-70%, and “clear” when they were more than 70%. To analyze
ECG, longitudinal acceleration, and temperature data obtained by
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TABLE 2 Summary of evaluations for 3 sets of electrode placements using
handheld ECG monitor.

Evaluation Electrode placement

Position A Position B Position C
Undetectable 4 (16.7%) 4 | (14.3%) 4 | (17.4%)
Unclear 20 | (83.3%) 20 ‘ (71.4%) 10 | (43.5%)
Clear 0 (0%) 4 ‘ (14.3%) 9 (39.1%)
Total 24 28 ‘ 23

animal-borne recorders, IGOR Pro version 8.04 (Wavemetrics,
Portland, OR, United States) was used with the Ethographer
program package (Sakamoto et al, 2009). Data within a 12-h
period after returning to the water tank was excluded to eliminate
handling effects from the instrument attachments. In the case of turtle
G2356, only the ECG and longitudinal acceleration data were
analyzed because the temperature data were lost owing to a device
error. Small R waves may be partially offset by the noise produced by
muscle contractions when the turtle is moving, preventing the
accurate detection of R waves. Therefore, the behavior of the
turtles was classified into resting or moving phases based on
longitudinal acceleration data to calculate the heart rate during
each phase (Kinoshita et al, 2022a). The degree of activity of sea
turtles can be reflected by the values of the standard deviation of
longitudinal acceleration. We defined 0.5 m s> as the threshold to
distinguish between resting and moving phases (sea turtles were
hardly moving when the value was below 0.5 m s7). The standard
deviation of the longitudinal acceleration was calculated every minute;
values lower than 0.5 m s were regarded as representing resting
status, otherwise as moving status. Only the same status that
continued for at least 2 min was defined as the corresponding
phase. The ECG data were processed using the ECGtoHR package
(Sakamoto et al., 2021), which runs on IGOR Pro. After band-pass
filtering, the R waves were detected. For each turtle, the heart rate
during each phase (resting and moving) was calculated by dividing the
total number of R-waves per period by the duration of each period.
These values were averaged to obtain the grand mean value for each
phase. The values are expressed as means + s.d.

4 Results

The ECG signals of the 29 green turtles were checked for three
sets of electrode placements on the plastron using a handheld ECG
monitor (Table 2). By attaching electrodes at Position A, the same
position reported for loggerhead turtles, no signal was detected in
any individual. On the other hand, clear ECG signals were detected
when the negative electrode was attached closer to the neck with
signals detected from four individuals (14.3%) at Position B and nine
individuals (39.1%) at Position C. When unclear ECG signals were
detected at Position A, the same individual showed clear signals by
attaching the electrodes at Position C, the placement closest to the
neck (nine individuals, 31.0%; Supplementary Table S1). However,
no matter where the electrodes were placed, ECG signals were
unclear from ten individuals (34.5%) and undetectable from four
individuals (17.4%). Among the individuals used in this study, the
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FIGURE 2

Comparison of ECG signals measured with animal-borne recorders. In each section, the top figure shows the data for 30 min and the bottom one is
the enlarged data. Blue and orange lines indicate longitudinal acceleration and filtered ECG, respectively. The bar above indicates moving (black) and

resting (white) phases. (A) ECG signals were undetectable

(G2015; Position A). (B) ECG signals were unclear. ECG waves contained some noises produced

by muscle contraction, especially during moving (KG2308; Position C). (C) ECG signals were clear (KG2310; Position C). Therefore, placing the
electrode at position C is recommended. Note that the range of the Y axis in ECG is different from others.

body size and habitat did not have any obvious effects on the clarity
of the ECG signal of ECG measurements (Supplementary Table S1).

After the ECG signals were confirmed using a handheld ECG
monitor, the ECG and behavior of 14 turtles were measured for
2-4 days using animal-borne recorders (Supplementary Table SI).
In one individual with electrodes placed at Position A, ECG signals
were undetectable (Figure 2A). Three individuals with electrodes
placed at Position B showed clear ECG signals even during the
moving phases, although they were not tested at Position C using a
handheld ECG monitor (Supplementary Table SI). For the ten
individuals with electrodes placed at Position C, closest to the
neck, the signals were continuously confirmed. While three of
them showed unclear ECG signals, specifically during the moving
phases (Figure 2B), seven of them showed clear ECG signals with
almost no noise even during moving phases (Figure 2C). The mean
heart rate of ten individuals was 8.6 *+ 2.9 beats min™' (n = 2,520)
during resting phases and 12.2 + 4.7 beats min™' (n = 1991) during
moving phases. The average water temperature during the
experiments was 23.4°C 1.1°C (the Sanriku coastal area;
24.3°C + 0.2°C, Kuroshima Island; 23.3°C + 1.2°C).

+

5 Discussion

In green turtles, clear ECG signals could be obtained from a higher
percentage of individuals by placing the negative electrode closer to
the neck on the plastron. Both the positive and earth electrodes were
placed to the lower left as shown in Kinoshita et al. (2022a), whereas
the negative electrode should be placed close to the neck. The
variations in the quality of the signals within individuals may be
due to differences in electrical conductivity among the positions of the
plastron for some reasons. For example, the scapula (shoulder blade)
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is under the humeral scute (Wyneken, 2001), and the bones do not
transmit electricity. In addition, the border of the scutes near the neck
may allow biopotentials to easily transmit. Therefore, factors such as
the position of bone, the thickness of the plastron, and the amount of
muscle and fat may affect the electro-conductivity of the body.
Necropsy data such as the presence of bones and tissues under
various scutes and the composition of plastron will guide the
optimal electrode placement for future heart rate measurements in
sea turtles. Moreover, body size had no obvious effect on the position
of the electrodes and the clarity of the ECG signals among the
individuals used in this study. However, the effect of larger body
size and growth stage have not been confirmed in green turtles.
Further study is needed to determine whether body size affects the
percentage of individuals available for heart rate measurements. At
that time, it will be effective to adjust the electrode placements using a
handheld ECG monitor, as in this study.

In a previous study that measured ECG by inserting electrodes
inside the body, the heart rate of juvenile green turtles (BM; 19.4 +
1.5 kg, SCL; 53.8 + 1.4 cm) was reported to be 11.1 + 0.4 beats min™"
during resting dives and 15.0 + 0.5 beats min™" during active dives
(Okuyama et al., 2020). The values in this study are slightly lower
than those in the previous study, possibly due to the lower water
1.1°C, Okuyama et al., 2020;
0.0°C). Therefore, the heart rate measured in this study

temperature (this study; 23.4°C +
29.0°C +
was similar to that obtained by inserting electrodes into the body,
suggesting that this method allowed us to obtain a highly accurate
ECG of green turtles. The amplitude of the ECG signal in this study
was approximately one-tenth of the signal obtained using the
conventional approach; however considering band-pass filter
processing, this amplitude is sufficient to detect R waves.

Our method is minimally stressful for sea turtles and can be
applied to monitor the health of captive individuals in aquariums. It
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can also be used to measure the heart rate of sea turtles in the field
without recapturing them by using an automated tag release system
for removing the electrodes and recorders (Saito et al., 2024). This
helps us to understand the physiological status of sea turtles under
natural conditions. By using our method, ECG of green turtles could
be measured stably for at least 4 days. This was the limit of the
battery in the recorder, but the electrodes remained attached to the
plastron in the water tank for about a week. In the future, ECG might
be measured for longer periods by improving the wires and
electrodes. The non-invasive ECG measurement method is now
applicable to sea turtles, which was previously unavailable. Diving
ability, such as dive duration and depth varies among species;
therefore, a comparison of heart rates among sea turtle species
may reveal the physiological functions underlying differences in
diving ability. Heart rate is used as a proxy for indirectly estimating
field metabolic rates on a fine time scale (Kinoshita et al., 2022b). In
addition, when sea turtles are entangled in fishing nets, their heart
rates will increase due to higher activity levels, potentially causing
gas emboli and rapid oxygen depletion (Williams et al., 2019).
Studying heart rate of sea turtles during diving and various levels
of activity can lead to a better understanding of energetics under
natural environments and the physiological effects of interrupting
natural diving patterns. Such knowledge will be fundamental to
assessing the potential impacts of the issues in sea turtles, including
bycatch and the modification of coastal marine ecosystems.

This study successfully identified an effective electrode
placement for heart rate measurement in green turtles. The
negative electrode should be placed closer to the neck, and both
the positive and earth electrodes should be placed to the lower left of
the plastron. While the ECG signals in some individuals were less
distinct or undetectable regardless of placement, the use of a
handheld monitor, as demonstrated in this study, offers a
practical approach for selecting suitable individuals, especially for
turtles with dense keratinous scutes, such as green turtles. Green and
hawksbill turtles, which face extinction, primarily use coastal areas
after growing up and are closely related to human activities through
bycatch and feeding damage. To coexist with sea turtles, it is
important not only to understand their ecology but also to
closely examine their physiological status such as their heart rate.
Our method contributes to a better understanding of the
physiological status of free-ranging sea turtles.
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Introduction: Thermal physiology is a pivotal biotic factor for the ecophysiology
of commercially valuable tuna, influencing not only horizontal but also vertical
behaviors. We aimed to examine how the thermal physiology of skipjack tuna
(Katsuwonus pelamis, SKJ) can explain the differences in their vertical behavior,
focusing on surfacing and diving, among various thermal environments during
their northward migration in the western North Pacific.

Methods: We analyzed archival tag data collected during 2012-2015, with
individual time series (Fork length: 38-49 cm, N = 38) of swimming depth,
water temperature, and peritoneal body temperature during northward migration
from subtropical areas to temperate regions around Japan. We quantified
surfacing and diving behavior as an index of vertical behavior and estimated
the whole-body heat transfer coefficient (1) during the cooling and warming
phases associated with diving using body and water temperature records as
indicators of thermal physiology.

Results: In the southern mixed layer areas, SKJ were widely distributed at a depth
layer <200 m, whereas they were restricted to the surface in the strong
thermocline areas in the north. The dive duration was significantly shortened
with a strong thermal gradient during northward migration. We observed minor to
no differences in A values between the cooling and warming phases in the
southern areas, whereas the A values in temperate areas differed by a factor
of 2-3 between the phases.

Discussion: Our findings of changes in A values between the cooling and warming
phases represent the first evidence of thermoregulation in SKJ. Surfacing
preference behavior and short dive duration in temperate areas may be an
avoidance of prolonged exposure to cold temperatures, a behavior commonly
exhibited in other tuna. Moreover, we discussed how the changes in vertical
behavior driven by thermal physiology can explain spatial heterogeneity in SKJ
fishery grounds in the western Pacific Ocean.

skipjack tuna, vertical behavior, archival tag, migration, thermal physiology,
thermoregulation
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1 Introduction

A core challenge in the ecophysiology of commercially valuable
tuna is predicting how species respond to environmental changes,
such as global warming, which is essential for interpreting their
distribution, population dynamics, fishing strategies, and effective
management (Lehodey et al., 2013; Dueri et al., 2014; Bernal et al.,
2017; Bell et al., 2021). In particular, the vertical behavior of tuna is
crucial for fishing activities, particularly regarding the overlap in
depths and time between target species and gear settings by humans
(Post et al., 2008; Lennox et al., 2017; Wright et al., 2021; Matsubara
et al, 2024). Surface-oriented behavior renders tuna more
vulnerable to surface fisheries than the behavior that keeps them
at deep depth for a long time (Matsubara et al., 2024). Therefore,
changes in vertical behavior across areas can be a good indicator to
explain the spatial heterogeneity of fishery grounds (Forget et al.,
2015; Scutt Phillips et al., 2017).

In 2022, Skipjack tuna (Katsuwonus pelamis, SKJ) was the third most
exploited fish species globally (2.8 million tons), for the 11th consecutive
year (FAO, 2022). SKJ catch in the Western and Central Pacific Ocean
(WCPO) is predominantly exploited by purse seine (84% of 1,735,500 mt
for 2022) and pole-and-line fisheries (8%), along with various “artisanal”
gears (8%, Williams, 2023). These fisheries have been mainly operated in
tropical and temperate areas (Williams, 2023) and rarely operated in
subtropical areas, despite SKJ being widely distributed from tropical to
temperate areas (Matsumoto et al, 1984; Wild and Hampton, 1994).
Beyond fishery-dependent information, advancements in biologging
technologies have improved the study of SKJ migration ecology in the
WCPO (Aoki et al., 2017; Kiyofuji et al., 2019). SKJ exhibit long-distance
north-southward migration, moving from subtropical areas to foraging
temperate foraging grounds off Japan. Throughout the northward
migration, the vertical distribution becomes shallower as latitude
increases, likely due to the avoidance of lower temperatures (Kiyofuji
etal, 2019). These field observations can explain the spatial gap in fishery
grounds by improving our knowledge of the depths at which SKJ is
distributed during migration. However, we still lack a clear understanding
of how and why their depth changes. To address this gap, behavioral
differences among thermal habitats should be evaluated in conjunction
with the underlying physiological mechanisms.

Inferring thermal physiology is a key field for addressing the
underlying reasons behind tuna behavior, as their unexceptionally
elevated body temperature has ecological advantages in the
expansion of thermal niches (Brill, 1994; Bernal et al,, 2017). A key
feature contributing to the ability to elevate body temperature above
that of ambient water is the axial positioning of the locomotor red
muscle, which reduces conductive heat loss to the environment at the
body surface (Dickson, 1996; Graham and Dickson, 2000; Korsmeyer
and Dewar, 2001). Furthermore, heat generated in the red muscle is
effectively conserved by a complex vascular network of counter-current
heat exchangers (retia mirabilia), which play a role in minimizing
convective heat loss to the gills (Carey and Teal, 1966; Brill, 1994).
Owing to their unique anatomy, body temperature during dives can be
maintained relatively stable in tuna, a phenomenon known as short-
term thermoregulation (Holland et al,, 1992; Aoki et al, 2020; Hino
etal., 2021). For example, Bigeye tuna (Thunnus obesus) inhabiting cool
water below the thermocline quickly ascend to warmer surface water to
rapidly absorb heat via conduction, as their body temperature
approaches the ambient temperature (Holland et al, 1992; Boye
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et al, 2009; Hino et al, 2021). Subsequently, they immediately
descend back below the thermocline while suppressing the decrease
in their body temperature. This remarkable thermoregulation is a result
of the physiological modulation of thermal conductance during the
cooling and warming phases associated with their vertical movements
(Evans et al., 2008; Holland et al., 1992; Malte et al., 2007). The degree of
physiological modulation, often expressed as the whole-body heat
transfer coefficient (1), exhibits variability across tuna species (Aoki
et al,, 2020; Kitagawa et al., 2006; Kitagawa et al., 2022). Regarding
thermoregulation in SKJ, only laboratory experiments have compared
the differences in the A values between the warming and cooling phases,
leading to the conclusion that they do not thermoregulate during the
short term (Neill et al., 1976; Don and Neill William, 1979). These
studies have mostly focused on the range of the thermal tolerance of
SKJ; however, SKJ often dive beyond the thermocline and reach
environments outside the critical temperature limits in the wild
(Kiyofuji et al.,, 2019). In addition to physiological thermoregulation,
further exploration of the behavioral aspect is required, as the free-
ranging environment is completely different from controlled
experiments (Brill, 1994). While laboratory studies have established
a solid understanding of thermoregulation in SKJ, relatively few studies
have comprehensively compared the thermoregulation of SKJ in terms
of both behavioral and physiological aspects across their broad thermal
range in the wild.

Physio-logging in free-ranging animals is a promising tool for
accumulating long-term data, leading to a better understanding of
their thermal physiological traits and responses to the natural
environment (Fahlman et al, 2021). Accumulation of SKJ
biologging data, including records of internal body temperature
from previous studies (Aoki et al., 2017; Kiyofuji et al., 2019), allows
us to extract new knowledge of their thermal physiology. Moreover,
the distinct thermal habitats they encounter during migration (Aoki
etal., 2017) enable us to identify specific thermal physiological traits
for each thermal habitat. Building on previous tagging and recapture
studies by our group, our study focuses on how the thermal
physiology of SKJ explains the differences in its vertical behavior,
particularly surfacing and diving, across various thermal
environments during their northward migration. First, we
classified thermal habitats using temperature and swimming
depth records in a cluster analysis with newly added tagging data
from a previous study (Aoki et al, 2017). Subsequently, we
quantified the surfacing and diving behaviors in each thermal
habitat, estimated the A in the cooling and warming phases, and
compared the values among thermal habitats to assess whether
short-term thermoregulation occurred. Finally, we discussed how
SKJ behavior addresses the spatial gap between migration ecology
and fisheries in subtropical areas from the viewpoint of thermal

physiology.
2 Materials and methods
2.1 Tagging procedure
Our tagging research is a part of a comprehensive tagging project
described in previous studies (Aoki et al., 2017; Kiyofuji et al., 2019)

and briefly mentioned herein. SKJ were captured by pole-and-line
vessels at subtropical areas (20-24 N, 136-141°E) and off the Boso
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TABLE 1 Recaptured tags used for the analysis.

Release

Recapture

Date Lat. 'N) Lon. (°E) FL (cm) Date Lat. 'N) Lon. (E)

411 42.5 08 February, 2012 23.40 129.67 Na 15 May 2012 30.41 130.24
476 42.0 15 February, 2012 20.40 136.20 44.0 21 May 2012 35.00 140.23
532 43.0 08 February, 2012 26.65 140.92 46.0 06 April, 2012 24.00 140.00
602 45.0 08 February, 2012 26.65 140.93 46.0 07 May 2012 31.55 139.83
1222 40.0 09 February, 2013 23.18 138.02 43.5 28 April, 2013 30.57 131.23
1316 40.0 16 March, 2013 20.40 136.18 45.0 31 May 2013 34.00 138.83
1328 39.0 10 March, 2013 24.85 141.13 46.0 07 June, 2013 33.33 139.67
1348 40.0 10 March, 2013 24.77 141.18 44.3 07 June, 2013 32.50 144.00
1359 38.0 10 March, 2013 24.85 141.13 44.3 08 June, 2013 33.38 139.22
1883 46.5 27 June, 2013 35.05 141.62 47.0 18 July, 2013 38.50 145.50
1886 48.0 17 June, 2013 34.93 143.93 51.5 07 August, 2013 37.00 147.00
1894 48.0 27 June, 2013 35.05 141.62 48.4 24 July, 2013 38.00 145.00
1897 48.0 01 July, 2013 35.52 145.35 48.0 14 July, 2013 38.72 147.75
1932 49.0 10 July, 2013 36.95 144.33 54.9 11 September, 2013 38.00 148.83
1950 46.0 11 July, 2013 36.18 142.15 47.0 27 August, 2013 40.00 145.00
1974 48.0 01 July, 2013 35.52 145.35 51.3 26 July, 2013 38.88 146.80
2410 47.0 14 March, 2014 20.43 136.02 47.1 6 April, 2014 20.33 136.08
2536 44.0 14 March, 2014 20.43 136.02 42.5 6 April, 2014 20.33 136.08
2601 45.0 28 May 2014 30.73 141.33 Na 01 August, 2014 37.33 147.00
2605 45.0 28 May 2014 30.73 141.33 48.0 25 June, 2014 36.00 148.50
2607 45.0 28 May 2014 30.73 141.33 48.0 16 June, 2014 34.67 144.50
2608 44.0 28 May 2014 30.73 141.33 45.0 21 June, 2014 38.30 141.50
2620 46.0 28 May 2014 30.73 141.33 46.4 24 June, 2014 35.50 147.50
2673 45.0 2 June, 2014 31.58 144.22 Na 25 June, 2014 35.67 147.83
2680 44.0 2 June, 2014 31.58 144.22 49.5 31 July, 2014 33.07 142.95
2746 44.0 2 June, 2014 31.63 143.98 44.2 27 June, 2014 35.03 150.05
2810 46.0 2 June, 2014 31.63 143.98 50.5 30 July, 2014 33.00 142.00
2822 45.0 11 June, 2014 34.33 148.40 Na 02 July, 2014 35.00 151.00
2832 43.0 2 June, 2014 31.59 144.22 46.0 20 July, 2014 34.65 145.87
3136 41.0 10 March, 2015 23.75 141.72 42.1 23 March, 2015 23.63 141.78
3164 39.0 10 March, 2015 23.75 141.72 42.0 20 April, 2015 22.00 140.00
3174 40.0 10 March, 2015 23.75 141.72 42.3 31 March, 2015 23.85 142.83
3230 38.0 12 March, 2015 23.48 141.95 Na 13 April, 2015 23.50 141.93
3417 41.0 10 March, 2015 23.75 141.72 Na 13 April, 2015 23.50 141.93
3690 43.0 21 May 2015 33.60 143.25 48.0 11 June, 2015 36.00 145.00
3735 46.0 2 June, 2015 33.12 149.05 48.0 11 July, 2015 37.00 145.00
3964 49.0 10 June, 2015 37.33 143.40 47.9 16 June, 2015 37.47 144.08
3969 48.0 10 June, 2015 37.33 143.40 52.4 21 June, 2015 38.00 143.52
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areas (30-40°N, 141-145 E) during February to March
2012-2015 and May to July 2013-2015, respectively. SKJ
individuals with a fork length (FL) of 38-49 cm were selected for
investigating the north migration process and were tagged on board
with archival tags surgically inserted into the peritoneal cavity.
Overall, 1251 tagged individuals were released. The electric tag
type, LAT2910 (Length, 26 mm; diameter, 7.8 mm; Lotek
Wireless Inc., Newfoundland, Canada), was used in this study, as
it has previously been successful in recording behavioral data for SKJ
with minimal effects from tag attachments (Kiyofuji et al., 2019).
The stalk of the thin, flexible sensor records light intensity and
external temperature. The main body, embedded in the peritoneal
cavity, also has a sensor for recording internal temperature and
pressure. These data are recorded at 30-s intervals, and the tag can
continue recording for at least 1 year using an embedded battery. To
date, 76 individuals were recaptured, and data were retrieved from
38 of them (Table 1). The others were not used for analysis because
of technical issues (e.g., short recapture within 1 day of release or tag
deterioration). Daily geolocation estimates based on light intensity
for all the recovered tags have been already published in the study by
Kiyofuji et al. (2019), and we referred to the literature for the
corresponding geolocations.

2.2 Thermal habitat classification

Spatial and temporal changes due to migration make the
comparison of behavior and thermal physiologies in the same
thermal habitat difficult. To address this, temperature profiles
collected with electronic tags were used in a clustering analysis to
characterize SKJ thermal habitats. The habitats utilized by SKJ
during their northward migration were referenced from a
previously reported study (Aoki et al., 2017), with some updates
based on the addition of newly recovered tags. Thermal habitats
were classified into six clusters using daily thermal profiles,
calculated from pairs of swimming depth and ambient
temperature records (Figure 1). The daily thermal profile was
The
temperature recorded each day was divided into the following
bins based on the swimming depth: (i) 5-m depth (0-10 m), (ii)
10-m depth (10-100 m), and (iii) 25-m depth (100-200 m). As the
surfacing behavior of SKJ made data collection at deeper depths
difficult, the depth bins were set wider at greater depths. All

temperature data within each depth bin was averaged as a

reproduced using the following procedures. ambient

representative temperature at the depth, and the average
temperatures from 0 to 200 m were combined to reproduce the
daily thermal profile. Missing values at each depth were replaced by
the environmental data of World Ocean Atlas 13 (0.25° grid).
Profiles in coastal areas for which there were no environmental
data were removed due to the incomplete data set. Profiles collected
on release and recapture days were also removed, as the data length
for these days differed from other days at liberty. The complete set of
daily thermal profiles was grouped wusing a hierarchical
agglomerative clustering algorithm, which was implemented on a
dissimilarity matrix calculated from Euclidean distances using
Ward’s linkage method. This method was selected because it
successfully produces compact groups in highly migrated species

(Bestley et al., 2009; Aoki et al., 2017). In this study, we allocated the
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thermal habitats for the newly added data based on the six known
thermal habitats (Aoki et al., 2017), indicating that our update
focused on the reallocation of the thermal habitats to the
newly added data.

2.3 Vertical behavior in each thermal habitat

A daily surfacing rate is a useful indicator for evaluating the
encounter rate between fish and fisheries, particularly as SKJ are
vulnerable to surface fishery. To understand the basic features of the
surfacing rate in each thermal habitat, a daily surfacing rate during
the daytime was examined by assessing the proportion of time spent
at the surface (<10 m). The effect of thermal habitats on the daily
surfacing rate was examined via the generalized linear mixed effect
model (GLMM) using a binomial distribution with a logit link
function in the “glmer” function of the “Ime4” package in R software
(R Foundation, Vienna, Austria). The purpose of this analysis is to
evaluate the effect of thermal habitat on the daily surfacing rate. We
modeled the daily surfacing rate as a response variable and the
thermal habitat effect (HAB) as a fixed effect of the explanatory
variable. The probability (m) of SKG being distributed at depths
shallower than 10 m was calculated from the number of data on the
surface (Surface) and the number of data during the day (Total),
expressed using the following Equation 1:

Surface;; = Bin (7;;, Total; ) )

logit(mj) =B, X HAB +z; + &,zi ~ N (0,0746p)

where Surface;; represents the number of data in the surface (<10 m)
during daytime for observation j in each fish i and 3, represents the
effect of HAB, (k = 1, 2, 3, ... 6). As observations were repeated
measures collected from the same individuals, we incorporated
individual fish as random intercept effect (z;), assuming them to
be normally distributed with mean 0 and variance 0”r4gp. In the
binomial distribution, the variance is automatically determined
when the mean is determined, resulting in overdispersion, where
the variance of the observed data is larger than the expected one.
Therefore, we applied two models for the error structure: (1) a model
that only considers the individual effect, and (2) an observation level
model that includes both individual effect and the error ¢; at each
observation. The choice of the best model was determined based on
the Akaike Information Criteria (AIC). In addition, we used the
dispersion statistic to assess overdispersion by calculating the sum of
squared Pearson residual divided by the number of observations,
minus the number of parameters. We then confirmed that the
overdispersion was less than 1 (Zuur et al, 2013). We finally
selected the observation level model as it exhibited a lower AIC
(18156) than the model that considers only individual effects
(450111). Dispersion static (0.06) did not indicate overdispersion
(Zuur et al., 2013).

2.4 Effect of diving behavior on body
temperature

Thermal differences between body and water temperature
during dives provide a simple way to assess the effect of diving
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FIGURE 1

Thermal habitat (HAB) classification based on daily thermal profiles (0—-200 m). (A) Vertical thermal profiles of the identified six habitats. The average
temperature-at-depth of the profile is represented by a white line in each thermal habitat. (B) Daily geolocations of 38 individuals classified based on the
thermal habitats. Each color represents habitat (HAB—-6) grouped by cluster analysis based on thermal profiles. Note that this figure was updated from

the original figure in Aoki et al. (2017).

behavior on body temperature (Kitagawa et al., 2007). We examined
the thermal difference during dives by averaging the thermal
difference and water temperature during dives. Each dive event
was extracted from the recorded swimming depth data as follows:
The beginning of the dive was defined as the last point where SKJ
descended to the depth (>10 m), and the end of the dive was defined
as the first point where SKJ ascended back to the depth (<10 m).
Data from depths shallower than 100 m during the dive were not
used in this analysis, as the purpose of this analysis was to examine
the effects of temperature changes during the dive on body
temperature, which requires data outside their typical vertical
range (Average swimming depth is 99 m; Kiyofuji et al., 2019).

Dive duration is another important variable for surface fisheries
because it provides an estimate of the time it takes for SKJ to
reappear at the surface after a dive. The particular concern here is
how the dive duration changes in association with the thermal
gradient in each thermal habitat. Dive duration was calculated as the
time elapsed from the beginning to the end of the dive, and the
thermal gradient between 0-10 m and 90-100 m was used as an
indicator of the thermocline. As the dive duration exhibits a non-
linear relationship with the thermal gradient, we applied generalized
additive mixed effects models (GAMMSs) with normal distribution
in the “mgcv” package of R software to evaluate the effect of thermal
gradient (Grad) on dive durations (Dive). We incorporated the
thermal gradient as an explanatory variable (fixed effect) and dive
duration as the response variable, as presented in the Equation 2
below for each observation j in each fish i.

Dive,-j ~ N(HU,O'Z) (2)
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thi; = ﬂl + f(Grad,-j) +ai,a; ~ N(O’ G'ZFAGID )

where f3; is the intercept, and f is the smoothing function of the
thermal gradient. Individual effect a; was incorporated as a random
effect, assuming it to follow a normal distribution with mean
0 and variance o*pagip. To account for errors in different
thermal habitats, the variance in the equation was set to (1)
02 when constant, and to (2) 0% when the variance changed
among thermal habitats (k = 1, 2, 6). Using AIC and
likelihood ratio tests (Table 2), we finally identified the model
that accounts for errors in different thermal habitats.

2.5 Thermal physiology

The whole-body heat transfer coefficient (A) during the cooling
and warming phases associated with dives was compared to
investigate whether SKJ can thermoregulate during their dive.
The coefficient was estimated from the recorded body (T},) and
water (T,) temperatures using the heat budget model as follows
(Holland et al., 1992; Aoki et al., 2017; 2020):

%:}\(Ta_Tb)"'Tm €)

This model describes that T}, changes depend on T, A, and heat
production due to metabolism (T,.). The magnitude of A and T,
were estimated from the T, curve during the warming and cooling
phases (Aoki et al., 2017) using the method of non-linear least
squares optimization. These phases used in the regression were

extracted by analyzing whether the differences in the temperature

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2025.1462940

Aoki et al.

10.3389/fphys.2025.1462940

TABLE 2 Comparisons between two models [one with constant variance o? and the other with variable variance o2, (k = 1, 2--6)].

Model variance logLik Likelihood ratio
Constant 5 86,915 86,950 —43453 — 714
Variable 10 85,458 85,527 -42719 1,468 <0.0001

data (T} (,1- Ty) were positive or negative. Consecutive positive and
negative data points that last for more than 10 min were selected as
warming and cooling curves, respectively. To remove noisy data, T},
changes <1.0°C were excluded from this analysis.

The purpose of this analysis was to evaluate the differences in
estimated A between two the warming and cooling phases, providing
evidence for physiological thermoregulation (Holland et al., 1992;
Aoki et al., 2020; Hino et al., 2021). As the A is a positive value, a
GLMM with log-normal distribution was applied as follows
Equation 4:

Aij ~ N(log(/zij),oz) (4)
log(yij) = Phase;j +a;, a; ~ N (0,07,,4:p)

where A ;; represents the A of individual i at observation j. Two
phases of warming and cooling were incorporated as the fixed
effect of categorical value (Phase;;), and the individual effect was
expressed as a;, assuming it to follow the normal distribution with
mean 0 and variance o’ragip. AIC in models with/without the
Phase;; was compared to evaluate the effect of the two phases
in each HAB.

Estimated A and T, in each HAB were used to simulate dive
durations required for T}, to reach the critical temperature of 18°C
(Barkley et al., 1978; Kiyofuji et al., 2019), when SKJ descend from
the surface to a depth of 200 m in each HAB. In this simulation, the
following equation, based on Equation 3, was used.

T;,(t+At)—Th(t)=}\

AL (Ta (8) =Ty (8) + T, (5)

The median value of A and Tm in the cooling phase, T, at 200 m,
and T} in each HAB (Table 3) were incorporated into Equation 5. As
the A and T, can vary depending on the specific temperature range
reached during the cooling phase, we adopted the median A values to
estimate the most frequently utilized thermal ranges for each
thermal habitat as a representative value of these parameters. T,
was simulated in every interval (Af) until 200 min. The simulated
dive durations were compared with observed dive durations
calculated in Section 2.4. (Effect of diving behavior on the body
temperature). Note that while the simulated durations considered
only the cooling phase, the actual dive durations included both the
cooling and warming phases associated with dives.

3 Results
3.1 Thermal habitat classification

The daily geolocations of classified thermal habitats (N = 1385),
based on the thermal profile with the updated data, covered the area of

the Pacific region around Japan and captured the ocean currents
(Figure 1). Overall geographical trends for the updated thermal
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habitats did not differ from those reported in the study by Aoki
et al. (2017). However, our study provided more data for the
area around the Boso region (30-35°N, 140-145°E), where
spatial coverage was low in the original study, thereby
strengthening the robustness of the classification. Looking
more specifically at each thermal habitat, HAB1 (N = 213),
mainly distributed south of latitude 25°N, had a warm surface
temperature (SST: 25.0°C + 0.8°C) with an isothermal layer
extending from 0 to 50 m. Below a depth of 50 m, the
temperature gradually decreased with increasing depth. HAB2
(N =598) was widely spread out from 25°N to 30°N and had the
lowest SST (20.5°C + 1.0°C), with a mixed layer extending from
0to 150 m. HAB3 (N = 244) was mostly found around the edge of
HAB2, and its thermal profile exhibited a gradual decline from
0 to 150 m. Habitat 4 (N = 181) was distributed in coastal areas of
the main island, Japan, and appeared close to the areas around
HAB5 and 6. Further, the average temperature within depths
ranging from 175 to 200 m was 13.8°C, which closely resembled
the features of the Kuroshio, where the temperature at a depth of
200 m is 15°C (Stommel and Yoshida, 1972). HAB5 (N = 80) and
6 (N = 69) were found between 35°N and 40°N. Both habitats had
strong thermocline, but the difference between the two thermal
habitats was that the temperature at depths of 175-200 m in
HABG6 was slightly colder than that in Habitat 5.

3.2 Characteristics of vertical distribution in
each thermal habitat

A weekly time series of vertical movements in each thermal
habitat is presented in Figure 2 as a representative example. Tag ID
476 at HAB1 showed clear diurnal migration, with a daily average
depth of 97-152 m deeper than that at night (50-96 m). Tag
(1328 HAB2) also exhibited diurnal migration as in HABI, and
widely spread within the mixed layer (i.e., daily average depth:
17-131 m). The daily average depth of Tag ID 411 at HAB3 was
30-74 m, and the individual spent the daytime within the mixed
layer. Tag (1316) at HAB4 showed a shallower distribution (daily
average, 10-20 m) than the depths reached by HAB1-3, and the
individual frequently dove around 79-179 m. It should be noted that
the individual reached a depth of 286 m and experienced a water
temperature of 8.3°C on 18 May 2013. Tag (1932 HAB5) exhibited a
shallow daily average depth of 7-16 m, with a daily average water
temperature of 24°C. Further, dive behavior beyond 100 m was
frequently observed during daytime, and the individual experienced
water temperatures as cool as 8°C. Tag (1950 HAB6) was distributed
at a depth of 2-18 m on a daily average, and the individual
experienced surface temperatures of 19°C-24°C.

In total, SKJ distributions in HAB1-3 were mainly restricted to
the thick mixed layer from 0 to 200 m (Figures 1, 2), and they did not
experience drastic temperature changes during their dives. The
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TABLE 3 Parameters used for the dive simulation.

10.3389/fphys.2025.1462940

HAB1 HAB2 HAB3 HAB4 HABS HAB6
Body temp. (°C) 24.51 20.58 22.18 22.14 242 23.49
Whole-body heat transfer coefficient A (10°s™) 0.52 0.62 0.57 0.40 0.31 0.48
Metabolic heat production T, (10*C-s') 1.39 0.70 1.00 0.77 1.29 1.40
Temp. 200 m ("C) 19.21 18.16 18.36 13.75 9.28 6.52
Observed duration (min) 47.0 61.1 45.2 34.2 15.1 52
Estimated duration (min) — — — 42.6 46.2 17.2
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Examples (Tag ID 476, 1328, 411, 1316, 1932, 1950) of weekly time series showing vertical movements and daily ambient temperature profiles in
thermal habitat (HAB) 1-6. The profiles were calculated from the time series for swimming depth and ambient temperature collected every 30 s. Bottom

gray bars represent the night periods.

temperature differences experienced during these dives were not
large in HAB1-3. Contrastingly, SKJ in HAB4-6 spent most of their
time on the surface, with occasional vertical dives to depths deeper
than 100 m during the day. A remarkable change in ambient
temperature was noted owing to strong stratification. These
distribution trends are also reflected in the significant differences
in the probability of being at the surface (>10 m) among thermal
habitats (Figure 3; Table 4). Specifically, the lowest average
probability was found in the southern area of HAB1 (20%),
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whereas the highest probability was noted in the northern area of
HAB6 (90%).

3.3 Effect of diving behavior on body
temperature

The average water temperature and the thermal difference
between body and water temperature during dives are presented
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FIGURE 3

Probability of staying on the surface throughout the thermal
habitats (HAB1-6). Circles show the average rate of staying on the sea
surface (0-10 m) in the daytime of each individual and habitat. Note
that daily surface rates were used in the statistical model, but the
averages per individual and per thermal habitat are shown for
visualization of the results. Red circles and bars indicate the estimated
fixed effect and its 95% confidence intervals, respectively. The intervals
were calculated by the fitted values plus or minus 1.96 x

standard errors.

in Figure 4. The overall body temperature ranged from 17.1°C to
28°C, and the thermal differences were more pronounced in the
northern areas of HAB4-6 (0°C-15°C) compared to those in the
southern areas of HAB1-3 (0°C-7°C). The minimum temperature
during the dive was 6.2°C in HAB6.

The dive duration significantly shortened with a strong thermal
gradient (Figure 5; f(Difference;;) = 4.024, F value; 70.35, p < 0.001).
The average dive durations in HABs with weak thermal gradients
(HAB1-3) were 47.0, 61.1, and 45.2 min, respectively. In contrast,
the durations in strong thermocline areas (HAB4-6) were 34.2, 15.1,
and 5.2 min, respectively.

The frequency distribution of the estimated median value of A
during the descent and ascent phases in each thermal habitat and the
AIC values for models with phase effect (M1) and without the effect
(M2) are presented in Figure 6 and Table 5, respectively. AIC for
M1 showed lower values than those for M2, except in HAB2, and the

TABLE 4 Result of estimated thermal habitat effect for surface model.

10.3389/fphys.2025.1462940

phase effect was significant (¢-static, p < 0.01). The estimated median
A in the descent phase was higher than that in the ascent phase
(Table 5). The A difference between the phases in HAB1 and 3 are
1.38 and 1.47, respectively, whereas the difference in HAB4-6 was
1.9-2.9. Focusing solely on the difference in A among HABs, there
was a tendency for a slight decrease in A along with movements from
low-latitude areas (HAB 1) to mid-latitude areas (HAB5-6).
Calculating the reciprocal of the heat time constant (1/1)
provided a more intuitive understanding of the efficacy of their
thermal physiology. This constant quantifies the degree of
responsiveness to temperature changes and denotes the time
the body change 1/e
(approximately 63.2%) of a specific temperature. The thermal
constant time in HABs, calculated from A, was 32, 27, 29, 42, 54,
and 35 min for HAB1-6, respectively.

required for temperature  to to

In addition to this intuitive interpretation, we performed a more
practical simulation for body cooling time specific to each thermal
habitat. We calculated the time required for the body temperature to
be cooled to 18°C when an SK]J individual dives to a depth of 200 m.
The simulated dive time in HAB4-6 was 4, 46, and 17, respectively,
which was longer than the actual observed dive durations (Figure 7;
Table 3). In HAB1-3, the body temperature was not cooled to a
critical temperature limit of 18°C, as the water depth at 18°C was
deeper than 200 m.

4 Discussion

In the present study, we applied a physio-logging technique to
estimate the thermal physiology parameter of A during the cooling
and warming phases associated with diving, based on body
temperature records. Our findings provide evidence of
thermoregulation in wild SKJ, showing several patterns in the
differences in A values between phases, largely attributable to
their
thermoregulation in SKJ are not surprising, as this species is

surrounding thermal profiles. Our findings on the
known as regional endothermy fish, possessing anatomically
unique rete mirabilia, a feature commonly found in other tuna
species (Carey and Teal, 1966; Brill, 1994). However, the new finding
of changes in A, which has not been reported in previous laboratory
experiments (Neill et al., 1976; Stevens and Neill, 1979), further
expands the interpretation of their thermoregulation ability specific
in free-ranging environments. Identifying thermal physiology in the

wild also provides mechanistic insights into why their surfacing

Habitat effect Estimated S« Std. error z-value Pr (>|z|)
HAB1 —2.442 0.174 -14.002 <2e-16
HAB2 0.808 0.167 4.837 1.32E-06
HAB3 0.594 0.174 3.423 <0.000619
HAB4 2.755 0.192 14.345 <2e-16
HAB5 2.861 0.252 11.353 <2e-16
HAB6 3.788 0.314 12.055 <2e-16

Z-values are obtained by dividing the estimated regression parameters using the standard errors, and the probability of absolute z-value is calculated by using the Z distribution.
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FIGURE 4

Relationships between the ambient temperature and the temperature difference between body (peritoneal cavity) and ambient during dives in
habitats (HAB1-6), shown as average temperature values during one dive. Three dashed lines represent body temperatures of 18, 23, and 28°C,
respectively.
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FIGURE 5

Dive durations of skipjack tuna from the surface to a depth beyond 100 m depth according to the strength of the thermal gradient (temperature
difference between 0-10 m and 90-100 m layers). (A) Smooth function and (B) Dive duration (min) vs. thermal difference (°C) estimated using the
generalized additive mixed modeling (GAMM). Solid and dashed lines show the fixed effect of the thermal gradient and its 95% confidence interval.
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Frequency distribution of whole-body heat transfer coefficient in each thermal habitat. Upper and lower parts of each panel present the cooling

(descending) and warming (ascending) phases, respectively.

TABLE 5 Median values of whole-body heat transfer coefficient 1 (10-3s™) in the warming and cooling phases among thermal habitats and the comparisons
between two models.

Habitat Cooling Warming
Number A (10735 Number A (10735
HABI 306 0.52 478 0.72 2206 2221
HAB2 757 0.62 671 0.73 3799 3748
HAB3 384 0.57 600 0.84 2670 2697
HAB4 154 0.40 378 0.84 1481 1532
HAB5 74 031 322 091 1047 1099
HAB6 58 048 208 0.92 714 727

behaviors are unique in each thermal habitat, as well as a
quantitative evaluation of how their dive duration is linked to
their physiology.

In this section, we evaluated the validity of the classification of
thermal habitats in our study and then discussed how thermal
physiology differs among thermal habitats, focusing on the short-
term thermoregulation, while comparing our results to previous
findings from laboratory experiments (Neill et al., 1976; Stevens and
Neill, 1979). We also subsequently discussed the links between area-
specific thermal physiology and the vertical behavior of surfacing

Frontiers in Physiology 28

and diving in each thermal habitat. Finally, we described the
implications for the spatial heterogeneity of SKJ fishery grounds
in the northwestern Pacific Ocean.

4.1 Validity of the classification of
thermal habitats

In the present study, habitat classification was based solely on
recorded depth and water temperature from tagged SKJ to avoid
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Simulation of body temperature change at a dive depth of 200 m

in each thermal habitat (HAB). Initial body temperature, water
temperature at a depth of 200 m, whole-body heat transfer, and
metabolic heat production used in this simulation are presented

in Table 3. Dashed horizontal line shows a critical temperature limit of
18°C estimated based on the study by Barkley et al. (1978).

arbitrary spatial and temporal boundaries dependent on position
estimates (Bestley et al., 2009; Aoki et al.,, 2017; Matsubara et al.,
2024). This objective approach effectively captures the basin-scale
oceanographic structures as a large water mass. Specifically, the
thermal profile in HAB1 has a similar feature of the subtropical front
around the latitude of 25°N in the western North Pacific (Kobashi
etal,, 2006), and the strong mixed layer in HAB2 corresponds to that
of the subtropical mode water (Suga and Hanawa, 1995; Oka et al.,
2023). Moreover, the thermal profile in HAB4 exhibited features
similar to those of the Kuroshio, where the temperature at a depth of
200 m is 15°C, with broad overlap with the coastal regions of the
Kuroshio current (Stommel and Yoshida, 1972). These consistencies
with the description of the oceanic structure support the validity of
our classification. However, there are limitations in identifying
habitats as a single oceanographic area, leading to difficulty in
interpreting the SKJ habitat-specific behavior, particularly in
HAB3 and 4. Although the thermal profile is consistent within
each HAB, the sparse locations of HAB3 (found north and south of
HAB2) and HAB4 (found around HABS5 and 6) should be carefully
considered when evaluating behavior in these thermal habitats.
There is considerable variation in the surface rate in HAB3 and
4. However, given that these data points are relatively few, we
assumed that their effects would be minimized when using
average trends.

4.2 Characteristics of SKJ thermal
physiology

The large thermal differences between body and water
in low-latitude (HAB
compared to those in mid-latitude (HAB5-6) areas offer an

temperature during dives 1) areas

intuitive understanding of the differences in their thermal
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physiology depending on the thermal habitats. High body
temperature during dives can be explained by the change in the
A between the cooling and warming phases (Holland et al., 1992;
Kitagawa et al., 2007; Aoki et al., 2020). Our observations of slight or
little difference in A in HABI1-3 are consistent with the results of
Neill et al. (1976) and Stevens and Neill (1979) in SKJ (0.4-3.5 kg
body weight) tested at water temperatures above 18°C, suggesting
that this species was not physiologically able to regulate its body
temperature. The minimal difference in A observed in these areas is
reasonable, as the water temperature at 200 m depth in these HABs
was higher than the critical temperature limit of 18°C (Barkley et al.,
1978). The agreement between the laboratory studies and our
findings in the wild suggests that SKJ are not severely required to
thermoregulate in the short term to maintain their body
temperature within environments that fall within their thermal
tolerance range.

In contrast, the A in HAB4-6 differed by a factor of 2-3 between
descent and ascent, indicating that SKJ physiologically regulated
their body temperature during their diving behavior. Tropical tuna
species, such as bigeye and yellowfin tuna, thermoregulate both
behaviorally and physiologically by reducing A during descent to
prevent heat release from the body and increasing A during ascent to
absorb heat from the warmer water, allowing them and recover body
temperature in a short period (Holland et al., 1992; Aoki et al., 2020).
While the difference in A for SKJ was not as pronounced as in bigeye
tuna (with a 12-fold difference between phases), it was still slightly
higher than that of yellowfin tuna (two-fold difference). This
physiological thermoregulation in strong thermocline areas
suggests that such mechanisms are common in tropical tuna and
are vital for accessing depths below the thermocline that exceed their
thermal tolerance in the wild.

The change in the A between the cooling and warming phases is
likely due to changes in blood flow during dives. Heat exchange in
fish can be mainly divided into the effect of body inertia and internal
body effects such as blood flow (Kitagawa and Kimura, 2006; Aoki
et al,, 2020). Although thermal inertia does not change in a short
period such as diving behavior, changes in the blood flow can occur.
According to a study that examined the relationship between blood
circulation and respiration (Brill Richard and Bushnell Peter, 2001),
the volume of blood output from the heart of SKJ remains constant,
but changes in heart rate can alter the volume of blood output per
unit time. As heat exchange occurs between arterial and venous
blood in the counter-current heat exchanger developed in tuna
(Carey et al., 1971), changes in heart rate are believed to alter heat
exchange efficiency in the rete mirabile.

In addition to short-term thermoregulation, long-term thermo-
conservation, driven by the body bulk effect, contributes to
substantial thermal inertia, helping to maintain a high core
(Neill et al, 1976). In the Kuroshio-Oyashio
transition area, only SKJ with an FL of >45 cm and a high-fat

temperature

condition factor (>20) are found in the waters north of the Kuroshio
front. This suggests that large individuals meeting these criteria can
move from relatively warm waters in the 20°C range to cold waters in
the 18°C range (Nihira, 1996), a phenomenon called “size-
screening”. However, the consecutive measurements of the daily
average temperature during the northward migration revealed that
SKJ (<45 cm FL) already experienced the lowest temperature of 18°C

in areas around HAB2, which is further south of the
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Kuroshio—-Oyashio transition area (Kiyofuji et al., 2019). The direct
link between experienced temperature and thermal inertia,
previously hypothesized as a size-screening phenomenon, has not
been validated in individuals with archival tags in the
Kuroshio-Oyashio transition area. However, it is noteworthy that
slight decreases in A during the cooling phase were observed
alongside movements from low-latitude areas (HAB 1) to mid-
latitude areas (HAB5 and 6). This observation could be interpreted
as developments in thermal inertia associated with growth. In
HABS5 and 6, the presence of the Oyashio current beneath the
upper warm layer offers abundant food resources derived from high
productivity (Yasuda, 2003; Sassa et al., 2007). Feeding while
reducing the A in these rich food areas would further contribute
to lowering A by increasing thermal inertia due to additional fat
reserves (Aoki et al., 2017). This process could initiate a positive
feedback loop, stimulating enhanced exploitation of food resources
within this area (Nihira, 1996). The body bulk effect is commonly
developed in marine animals as they grow (Nakamura et al., 2020);
however, the developmental shift to regional endothermy, associated
with unique anatomical features, occurs more rapidly in juvenile
tuna (Kitagawa and Fujioka, 2017; Hino et al., 2021; Kitagawa et al.,
2022). Although increases in thermal inertia in SKJ were subtle in
our study, further investigation targeting individuals with a wide
variety of body sizes and fat contents is necessary to capture the
drastic shift in their thermos-conservation ability, particularly along
the ontogenetic shift.

4.3 Links between thermal physiology and
vertical behavior

Surface-oriented behavior and short dive durations in SKJ are
likely behaviors to avoid exposure to cold temperatures
(Kitagawa et al., 2007; Lawson et al., 2010; Matsumoto et al.,
2013; Matsubara et al., 2024). As high energy demand species,
tuna must meet high oxygen demands (Brill Richard and
Bushnell Peter, 2001; Bernal et al., 2017; Humphries et al.,
2024). Prolonged exposure to cold temperatures would reduce
oxygen supply and cardiac output, resulting in an increased risk
of hypoxia (Bushnell et al., 1990; Shiels et al., 2015). Although
SKJ possess the physiological ability to thermoregulate in the
short term to maintain stable body temperature, as mentioned
above, this ability is not sustainable beyond a certain duration.
Our comparison of the body cooling stimulation with actual dive
duration provided field evidence of how dive duration in SKJ is
determined based on thermal physiology. An observed dive
duration shorter than the simulated cooling time indicates
that SKJ returned to the surface before their body temperature
decreased to the critical level of 18°C (Barkley et al., 1978), which
can be interpreted as behavioral thermoregulation (Kitagawa
et al., 2007). During northward migration, the shallower the
depth at which the 18°C threshold is reached (Kiyofuji et al,
2019), the more frequent the surfacing behavior and the shorter
the dive duration. Therefore, areas with shallow depths, where
this lower thermal tolerance is present, such as the temperate
areas, would result in the vertical distribution of SKJ being near
the surface with occasional short dives. In contrast, the relatively
few restrictions posed by low thermal tolerance in subtropical
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areas allow SKJ to spend most of the daytime throughout a wide
range of water columns.

The diving behavior of tuna offers advantages in encountering
food resources and is particularly essential in areas where surface
prey is scarce (Kitagawa et al., 2004; Walli et al., 2009; Bauer et al.,
2017). Successful foraging associated with diving is related to both
access to prey depths and long dive duration, which maximize prey
encounters (Josse et al., 1998; Kitagawa et al., 2007; Walli et al.,
2009). Prolonging the dive duration in subtropical areas, which are
poor prey environments for SKJ (Aoki et al., 2017), is reasonable as it
enables them to forage for long periods across a wider range of the
water column. Although SKJ in subtropical areas expend three times
more energy on feeding than they do in temperate areas, their
estimated food intake is still only half of what is observed in
temperate areas (Aoki et al, 2017). In contrast, the strong
thermocline in temperate areas restricts the diving period of SKJ
(Kitagawa et al., 2007; Lawson et al., 2010), which increases the risk
of unsuccessful foraging. However, the rich prey environment in
temperate areas (Aoki et al., 2017; Fujioka et al., 2018; Muhling et al.,
2022) allows them to meet their high energy demands, even within
the short foraging period.

4.4 Implications for SKJ surface fishery

The concept of prey-predator encounter based on the overlap of
depths and times within vertical habitats is extendable to fishing
activities between prey (SKJ) and predator (human) (Post et al.,
2008; Lennox et al., 2017). Given that SKJ is mainly exploited by the
purse seine and pole-and-line fisheries, which rely on visually
locating schools swimming at the surface (Gaertner et al.,, 1999;
Matsubara et al.,, 2022), changes in the vertical behavior among
habitats would explain the spatial heterogeneity of scarce catch being
reported in subtropical areas. The comprehensive behavioral dataset
obtained from subtropical and temperate areas in this study,
combined with previous literature from tropical regions, provides
a valuable opportunity to compare and evaluate changes in vertical
behavior. Our findings of non-surfacing behavior and long dive
duration in subtropical areas may serve as a plausible explanation for
the decrease in the encounter rate by surface fisheries. Nevertheless,
a slight catch can be observed in subtropical areas (Williams, 2023),
probably due to the increased chances of encounter during the
limited time of dawn and dusk periods when SKJ distribution shifts
between day and night. Notably, the habitat in subtropical areas
would not be optimal for surface fisheries in terms of efficiency when
searching schools on the surface. On the contrary, the surface-
oriented behavior and shorter dive durations observed in temperate
areas would facilitate the discovery of schools and subsequent
catches by fisheries (Matsubara et al., 2024). While surface rates
for individuals in tropical areas are unavailable, research on SKJ
(53-73 cm FL) in tropical areas, both associated and unassociated
with floating aggregate devices (FADs), indicates shallower depths
(10.4 and 44 m during the day, respectively) (Schaefer and Fuller,
2007) than those observed in subtropical areas (HABI, 97-152 m) in
our study. In addition, SKJ unassociated with FADs showed surface-
oriented behavior (less than 10 m below the surface for
periods >10 min), ranging from 5 to 23 events in a day, each
lasting 10-214 min per event (Schaefer and Fuller, 2007). The
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primary drivers of the surface-oriented behavior and relatively
shallow depths in tropical areas remain unclear. However, it is
plausible that this behavior enhances encounter rates for surface
fisheries in tropical areas compared to those in subtropical areas.
Therefore, integrating our findings on the shift in vertical behavior
driven by thermal physiology in subtropical and temperate areas
with previous literature from tropical areas explains why SKJ fishery
grounds predominantly thrive in tropical and temperate regions
(HAB4-6) in the western Pacific Ocean, consequently resulting in a
spatial gap in subtropical areas.

Finally, this study established a link between the vertical
distribution of SKJ and their vulnerability to fisheries by adding a
novel component: the response of this species to thermal
environments in the wild. A better understanding of the
physiological mechanisms controlling vertical habitat use in the
water column would offer ecologists a more mechanistic
understanding of depth-related habitat, helping them predict the
hotspots associated with changes in thermal profiles driven by ocean
environmental variations. The predicted decline in the thickness of
STMW in HAB2 (Oka et al.,, 2023) and the shoaling of the mixed
layer in the Kuroshio Extension area (Zhang et al, 2016) in
HAB5 and 6 highlight the importance of exploring thermal
physiological responses. This knowledge is essential for predicting
the redistribution of hot and cool spots for SK] fisheries under these
future climate change scenarios (Sunday et al, 2012). Such
evaluations would reduce the uncertainty in future stock
management and bring us closer to achieving sustainable
fisheries (Lehodey et al., 2013).

5 Summary

This study investigated the vertical behavior and thermal
physiology of skipjack (SKJ) during their northward migration
from subtropical to temperate areas in the western Pacific Ocean
using a physio-logging technique. We quantified the surfacing
rate on the surface and dive duration and estimated the whole-
body heat transfer coefficient (1) based on body temperature
records as an index of their thermal physiology. SKJ exhibited
non-surface-oriented behavior with extended dive duration in
the southern mixed layer areas, whereas they demonstrated
surface-restricted behavior with occasional short dives in
northern areas with strong thermocline. Notably, SKJ in
(with
differences in A of 2-3-fold between the warming and cooling

northern areas exhibited greater thermoregulation
phases associated with diving) than those in southern areas
(minor differences in A between the phases). This provides
new field evidence of short-term thermoregulation during
dives in SKJ, which exhibit distinct patterns across the
thermal habitats. This adjustment in A during the phases in
the northern areas allows SKJ to minimize heat release from
the body by reducing A during the cooling phase in descent and to
absorb heat from the warm water near the warm surface and
quickly recover body temperature by increasing A during
warming phase in ascent. Non-surface-oriented behavior with
a long dive duration in warm subtropical areas would enable SKJ
to forage efficiently in poor prey environments without requiring
thermoregulation. The surfacing behavior, with occasional short
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dives in temperate areas, can be interpreted as a consequence of
thermoregulation, avoiding exposure to cold temperatures
the

environments.

beyond thermocline while in rich prey
The in thermal habitat
suitability would explain why SKJ exploitation by surface

fisheries does not thrive in subtropical areas from the

foraging
spatial difference

viewpoint of encounter rate by fisheries, which rely on the
overlapping depth and time at the surface. Our findings of SKJ
thermal physiology and its implications for vertical behavior and
fishery vulnerability underscore the importance of considering
thermal physiology in predicting species responses to ocean
environmental changes, thus providing more plausible future
stock estimates.
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Effects of nest locations on
foraging behavior and
physiological responses in seabird
colony

Yuichi Mizutani ® *, Yusuke Goto ®, Akiko Shoji ® and
Ken Yoda ®

Graduate School of Environmental Studies, Nagoya University, Nagoya, Japan

Breeding success and survival in colonial seabirds are influenced by nest location,
physical surroundings, and external disturbances. Nest location may also directly
or indirectly affect individual foraging behavior and physiological conditions,
shaping reproductive success and survival. Despite these influences, few
studies have integrated the analysis of nest location, behavior, and
physiological status. In this study, we analyzed 20 black-tailed gulls (Larus
crassirostris) nesting in the center of a colony within a protected area (Central
Group, CG) and five gulls on the periphery outside the protected area, where
human disturbance is frequent (Peripheral Group, PG). Using GPS movement
trajectories and physiological indicators, we found that although clutch sizes
were similar between the CG and PG, the PG exhibited shorter foraging trip
durations, maximum distances from the nest, and a lower daily frequency of
foraging trips. Antioxidant capacity did not differ between the groups; however,
oxidation levels were lower in the PG. These behavioral and physiological
differences associated with nest location may partly result from the incubation
period influenced by human activity. The PG individuals remained in the
peripheral group for at least 2 years (some for over 15 years), with all
reproductive attempts failing, suggesting consistently low reproductive
success. However, reduced foraging activity and lower oxidative stress levels
reflect an energy-saving strategy that may mitigate the costs of repeated
breeding failures. These findings suggest a potential life-history trade-off, in
which individuals prioritize survival over reproductive success. This highlights
how external disturbances and nest location can shape energy allocation
strategies within a colony’s peripheral-central distribution.

KEYWORDS

seabird, colony, reproductive cost, antioxidants, pro-oxidant, BAP, d-ROMs, GPS

1 Introduction

In colony-forming seabirds, individuals nesting at the center of a colony generally
exhibit higher parental survival and reproductive success than those nesting at the
periphery, a pattern known as the peripheral-central distribution (Coulson, 1968;
Tenaza, 1971; Aebischer and Coulson, 1990; Piro and Schmitz Ornés, 2021). Variations
in fitness-related traits across nesting locations may be influenced by internal parental
factors, such as age (Aubry et al., 2009), breeding experience (Vergara and Aguirre, 2006),
and foraging ability (Spurr, 1975), as well as external factors, including predation risk (Vine,
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1971; Brodin, 2001; Brown and Kotler, 2004; Piro and Schmitz
Ornés, 2021), physical environmental conditions (Montevecchi,
1978; Rounds et al., 2004; Minias, 2014; Pagenaud et al., 2022),
and social interaction levels (Birkhead, 1977; Kokko et al., 2004).

Seabirds may select nesting sites according to these factors, often
shifting from subcolonies or peripheral areas to more significant
central sites (Serrano and Tella, 2007). As a result, older, more
experienced, and reproductively successful individuals are more
likely to occupy the central regions, whereas less experienced
individuals tend to nest peripherally (Aebischer and Coulson,
1990; Bosch and Sol, 1998; Kim and Monaghan, 2005;
Indykiewicz et al., 2019). However, some seabird species exhibit
strong nesting site fidelity, returning to the same location in each
breeding season (Pearce, 2007; Piro and Schmitz Ornés, 2021),
potentially because of their genetic preferences for specific
habitats (Rodway and Regehr, 1999).

Although colony position and associated factors can influence
reproductive outcomes (but not always; see Ryder and Ryder (1981),
Shaw (1985)), the long-term strategies of iteroparous seabirds may
buffer against the negative impacts of occasional breeding failures.
Temporary breeding failures in peripheral nests may not
substantially reduce overall fitness because skipping a breeding
attempt allows individuals to conserve resources, including
physiological conditions, that can be allocated to future breeding
opportunities. To further clarify the peripheral-central nest-site
distribution, comparing the physiological loads of parental
seabirds, in conjunction with their behavior, between the
peripheral and central nests is essential.

One promising approach involves examining oxidative stress,
which has become a key indicator of the physiological costs
associated with wildlife behavior (Koyama et al., 2021). It arises
from an imbalance between pro-oxidants, particularly reactive
oxygen species (ROS), and antioxidant defenses (Monaghan
et al, 2008). While ROS plays a crucial role in pathogen
elimination, their excessive accumulation can damage DNA,
proteins, and lipids, leading to fatigue due to impaired
mitochondrial function and a shift toward anaerobic metabolism.
Conversely, antioxidants mitigate oxidative damage through
endogenous enzymes and dietary compounds (Droge, 2002).
Elevated ROS levels are generally associated with physiological
strains, whereas antioxidant levels indicate the capacity for
recovery and resilience (Ahmadi et al, 2006). In avian studies,
female European starlings (Sturnus vulgaris) experimentally
exhibit
physiological functions, including increased oxidative stress

subjected to increased breeding costs reduced
(Fowler and Williams, 2017). Furthermore, individuals may
adjust their antioxidant mechanisms in response to anticipated
conditions, potentially balancing endogenous and dietary
antioxidant activities based on past environmental experiences
and expected intake (Noguera et al., 2015). Oxidative stress has
also been observed to exert delayed effects on life-history traits
linked to survival (Noguera et al., 2012) and is often positively
correlated with reproductive effort (Christe et al., 2012; Fletcher
et al, 2013); however, some studies have reported no such
correlation (Nussey et al., 2009; Marko et al., 2011).

In this study, we compared the physiological loads and foraging
movements of black-tailed gulls (Larus crassirostris) incubating on

Kabushima Island, where a fenced, sea-surrounded protected center
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(Central Group, CG) was contrasted with a more exposed periphery
accessible to humans and predators (Peripheral Group, PG)
(Figure 1). Although defining clear boundaries between the
central and peripheral areas is challenging, the fenced structure
of this colony allowed us to identify distinct groups consistent with
distribution. We recorded foraging
movements using biologging and measured physiological loads

the peripheral-central

based on oxidation levels and antioxidant capacity. Given that
sexual differences in foraging behavior (Kazama et al.,, 2018) and/
or antioxidant capacity (Lin et al., 2022) may reflect differences in
breeding investment or physical condition, we also compared clutch
size and body size, traits often correlated with and indicative of
reproductive effort, between the CG and PG. Clutch size, which
represents reproductive demand, may also influence oxidative stress
because it is related to the heat requirements of seabirds (Biebach,
1984; Moreno et al., 1991; Moreno and Sanz, 1994), including black-
tailed gulls (Niizuma et al., 2005). Because black-tailed gulls on
Kabushima Island are known to exhibit strong nest site fidelity
(Narita and Narita, 2004), we hypothesized that PG individuals may
consistently experience lower reproductive success due to
interrupted breeding or reduced reproductive investment while
simultaneously gaining physiological benefits that enhance self-

maintenance and future breeding potential.

2 Methods
2.1 Ethical note

All fieldwork was conducted by highly skilled personnel who
had completed comprehensive training in animal experimentation
ethics as required by the Animal Experimental Committee of
Nagoya University. All procedures used in this study were
approved by the Animal Experimental Committee of Nagoya
University (V230001-003). Additionally, protocols for capturing
birds on Kabushima Island, a national natural monument, were
approved by the Hachinohe City Board of Education (permit
number 2023-294) and the Aomori Prefectural Government
2023-3045) under the Ministry of the
Environment approval for equipment installation (2404111).

(permit number

2.2 Field work

This study was conducted at the black-tailed gull breeding site
on Kabushima Island, Japan (40°32'20°N, 141°33/26 E) from April to
June 2023, coinciding with the breeding season of the species.
Intermittent marking surveys have been conducted at the site
since 1922. Since 1973, approximately 2,000 chicks have been
banded annually with metal rings by the Ministry of the
Environment before fledging (Narita and Narita, 2004), allowing
for precise age determination and individual identification of many
parent birds in the colony. Kabushima Island has been designated a
protected natural monument since 1922 and was connected to the
mainland in 1943 through land reclamation. The island’s perimeter,
shrine precincts, and approach roads are open to visitors. In
contrast, the remaining areas, from the midsection to the coast,
are fenced and designated as protected zones inaccessible to the
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FIGURE 1
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Photographs of Kabushima Island and its surroundings (A, B) and an aerial view (C) (modified from the "Kabushima Island Black-tailed Gull Breeding

Ground” Natural Monument Environmental Survey Report). (A) The nesting area is located directly outside the fence and is accessible to visitors. (B) View
from Kabushima Shrine at the island’s summit (located on the right hill in (a)), showing the protected zone in the foreground and the unprotected area
beyond the fence in the background. (C) The pink-outlined area marks the protected zone, fenced on the land side and facing the sea, while the

blue-outlined area indicates the accessible, unfenced zone used for the peripheral group survey. The nesting locations within the protected area (Central
Group, CG) are shown as circles based on GPS-measured coordinates. In contrast, those outside the protected area (Peripheral Group, PG) are shown as
triangles, mapped relative to the fence and fence posts. GPS data were unavailable for one CG individual, and one pair was included, resulting in 18 nests

displayed for CG.

public (Figure 1). Approximately 30,000 black-tailed gulls inhabit
protected and unprotected areas on and around the island
(Biodiversity Center of Japan, 2019). In May 2023, 52 dead
individuals were found on and around Kabushima Island. The
cause of death was unknown in 50 cases; one case was attributed
to predation by a cat, and the other to predation by a bird
(FY2024 Kabushima black-tailed gull monitoring report).

The Peripheral Group (PG) consisted of five adult birds marked
with metal or numbered plastic rings in 2007 and 2008, nested in
unfenced areas or immediately below the fenced region. Individuals
were selected based on their rings to ensure a history of consistent
nesting in the area. In recent years, no chicks have survived in these
areas, and no successful nestlings have been recorded since 2021
(Figure 1C). Observations began during the pre-nesting period, and
egg-laying dates, egg measurements, and clutch sizes were recorded
upon confirmation of nesting. Parent birds were captured manually
during the incubation period. Daily patrols were conducted until all
eggs were hatched or 5 days after the expected hatching date.
Unhatched eggs were recorded for each nest, and nests with dead
chicks or eggshells following the anticipated hatching date were
classified as unsuccessful. In 2023, breeding began approximately
2 weeks earlier than in previous years, complicating the

Frontiers in Physiology

determination of exact egg-laying dates for some individuals. For
eggs with uncertain laying dates, the incubation periods were
estimated based on data from the 2021 and 2022 surveys, in
which the laying and hatching dates were confirmed. The
incubation period for the first egg was calculated as 28.6 days
and standardized to 29 days, whereas that for the second and
third eggs was calculated as 26.9 days and standardized to 27 days.

Captured adult birds were weighed, and morphometric
measurements were collected. Approximately 700 pL of blood
was drawn from the brachial vein, with the area disinfected using
a cotton pad soaked in 70% ethanol. Blood was collected using a 25G
or 29G syringe (NIPRO, Japan) preloaded with liquid heparin
(5,000°units/5 mL; Mochida Pharmaceutical Co., Ltd., Tokyo,
Japan) and stored in microtubes for transport to the laboratory.
Subsequent experimental procedures were conducted after ensuring
hemostasis at the puncture site. Previous studies have indicated that
the volume of blood collected has negligible effects on the behavior,
reproductive success, and survival of adult black-tailed gulls
(Mizutani et al., 2013).

After blood collection, FLEX II Max devices (15.5 g, Druid
Technology, China) were attached to the birds using the harness
method (Thaxter et al., 2014; Koyama et al., 2024). A Teflon ribbon
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Foraging trip tracks of black-tailed gulls on Kabushima Island during the incubation period. Tracks for the Central Group (red; 20 birds: 5 females,
15 males) and the Peripheral Group (green; 5 birds: 3 females, 2 males) are shown. The asterisk marks the location of Kabushima Island.

(TH-25; 6 mm width; BallyRibbonMills, Bally, PA, United States)
secured the device on the bird’s back. This method, previously
employed in black-tailed gulls at this site, has been shown to have
minimal effects on survival, reproduction, and behavior over periods
exceeding 1 year (Hibiki Sugiyama in prep.).

The FLEX II device, powered by solar energy, transmits data via
mobile radio, eliminating the need for recapture. Behavioral data
were collected continuously, even after breeding efforts ceased. The
device was set to the standard mode with a GNSS positioning
interval of one point per hour and a communication interval of
8 hours. For comparison, the same behavioral and physiological
surveys were conducted on 20 black-tailed gulls nested in a protected
area (CG), with blood samples collected for oxidative stress analysis.
For the CG birds, a VHF/GPS logger (PinPoint VHF/GPS with solar
panels, 82 mm X 25 mm X 27 mm, 18 g; Lotek Wireless Inc., Canada)
was used for biologging using the harness method. GPS data for the
CG were collected at 5-minute intervals, allowing for detailed multi-
year tracking of individual behavior. Because birds that lose their
eggs often abandon their nests, communication devices are attached
to PG birds to ensure continuous data collection. For the CG birds,
we used individuals equipped with a VHF/GPS logger that our
research group had deployed for long-term monitoring over
multiple years.

2.3 Laboratory procedures: blood
processing and oxidative stress assays

The blood samples were transported from the study site to the
laboratory in light-protected containers. Within a few hours of
collection, samples were centrifuged to separate plasma and
hemocyte fractions, which were then stored at —20°C for later
oxidative stress assays. DNA was extracted from blood cells
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obtained after centrifugation using the DNeasy Kit, and sex
was determined using a PCR-based method (Fridolfsson and
Ellegren, 2000; Mizutani et al., 2016). For oxidative stress
measurements, plasma samples were thawed for 1 h before
analysis and centrifuged at 14,000 rpm at 4°C for 10 min. A
middle plasma layer was used to avoid the contamination of the
upper and lower layers. Oxidative stress levels were measured
using the Free Carrio Duo system (Diacron International,
Grosseto, Italy) with d-ROMs and BAP test reagents,
following established protocols to assess oxidative status
(d-ROMs in U. CARR) and antioxidant capacity (BAP in uM)
(Koyama et al., 2021). To maintain sample integrity, all assays
were conducted with samples kept below 10°C. Plasma samples
that appeared turbid during measurement were excluded from
subsequent analyses and treated as missing values. This affected
four individuals in the CG (d-ROM and BAP measurements) and
one in the PG (BAP only).

2.4 Laboratory procedures: analysis of
biologging data

All behavioral and statistical analyses were conducted using R
version 4.3.2 (R Development Core Team, 2023). Only high-
accuracy biologging data (GNSS accuracy below 7 HDOP or
VDOP) were retained for analysis, and missing values were
removed. Because two different devices were used, movement
data from the FLEX II and VHF/GPS loggers were standardized
and resampled at 30-minute intervals using the adehabitatLT
package (version 0.3.28; Calenge, 2006). Data points with speeds
exceeding 90 km/h, considered errors, were removed using the
ddfilter function of the SDLfilter package (version 2.3.3;
Shimada, 2023).
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As black-tailed gulls engage in central-place foraging during the
breeding season, a foraging trip (hereafter “trip”) was defined as any
excursion of at least 500 m from the nest that lasted 30 min or more.
We defined the distance as the straight-line path between the GPS
positioning points recorded by the device and the border between
the colony and a nearby location (fishing port) where the birds were
expected to stay. The duration, maximum distance from the
breeding site, and total distance traveled were calculated as the
primary trip parameters for each trip. To ensure consistency within
the incubation period, analyses were limited to data collected from
May 1st or the device deployment date. This allowed for a more
extended period, until the emergence of the first hatchling. As a
result, the average analysis periods were 254 days (range:
18-31 days) for CG and 21 days (range: 19-23 days) for PG (see
supplementary materials).

This study examined whether behavioral and physiological
variables differed by nest location and investigated the influence
of behavioral parameters (trip duration, maximum distance from
the colony, and total trip distance as indicators of foraging effort)
and clutch size on oxidative stress markers (d-ROMs and BAP).
However, the maximum distance from the colony and the total
distance were highly correlated (Pearson correlation coefficients:
trip duration and maximum distance, r = —0.214; trip duration and
total distance, r = 0.373; maximum distance and total distance, r =
0.747). Because of the wide sampling interval (1 point per 30 min)
even after interpolation, the maximum distance from the colony was
used as the primary trip distance indicator in subsequent analyses.
Bayesian f-test was used to evaluate the impact of each variable on
oxidative stress levels (d-ROM and BAP). To examine group
differences in oxidative stress markers, foraging behaviors during
the incubation period (trip duration, maximum reach, total distance,
total number of trips during the period, number of days measured,
and average number of trips per day based on these figures), and
clutch size between the PG and CG, we used Bayes Factor analysis
with the BayesFactor package in R (version 0.9.12-4.7; Morey et al.,
2024). A Bayes Factor (BF) value greater than one supports the
alternative hypothesis, indicating a difference between groups,
whereas a value less than one is evidence for the null hypothesis,
indicating no difference. In addition, we used BF to confirm the
absence of differences between the CG and PG in terms of body
mass, and each external measurement was analyzed separately for
males and females (see supplementary materials). Moreover, the
relationship between clutch size and female body mass was
evaluated using a Bayesian linear model, which did not detect a
significant relationship between these variables (detailed methods
and results are provided in the Supplementary Materials).

3 Results

The average clutch size for the five PG gulls (3 females and
2 males) was 2.4 £ 0.54 SD (range: 2-3). No chicks hatched in four of
these nests, whereas in one nest, two chicks hatched; however, the
first chick disappeared at 5 days post-hatching, and the second chick
died at 4 days of age. Although PG parents remained near the nest
after these losses, no additional eggs were laid. For the CG, 20 gulls
(5 females and 15 males) were caught during the incubation period,
with an average clutch size of 2.25 £+ 0.79 SD (range: 1-4), an average
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of 1.86 + 0.91 SD (range: 0-3) hatched chicks per clutch, and an
average of 1.00 + 0.77 SD (range: 0-3) fledglings (chicks that
survived to 30 days of age). In two CG nests, all eggs failed to hatch.

The PG birds were at least 10 years old, including one born in
2006 and another in 2013 (both identified by metal rings). The other
three were captured in 2007 and 2008 and identified using plastic
rings. The age of the CG birds ranged from 5 to 24.

The average trip duration and maximum distance traveled were
1.48 + 3.20 h and 15.72 £ 15.70 km for PG, and 3.26 + 2.89 h and
24.28 + 18.89 km for CG (Figures 2, 3). The mean number of daily
foraging trips was 3.79 + 1.24 for CG and 2.75 + 1.18 for PG,
respectively. The mean oxidation levels (d-ROMs) and antioxidant
capacity (BAP) were 41.8 + 25.7 U. CARR and 1,431.0 + 435.0 uM
for PG, and 69.6 = 25.2 U. CARR and 1,293.0 + 326.0 uM for CG
(Figure 3).
measurements of the two CG gulls whose eggs failed to hatch did

In addition, behavioral and oxidative stress
not deviate from the range observed in the CG group.

The Bayesian t-test results showed significant differences in trip
duration between the PG and CG, with a Bayes Factor (BF) of 20.97,
indicating a strong effect. BF = 4.60 suggested a moderate difference
between the groups for the maximum distance traveled. The
oxidation level showed weak evidence for a difference with BF =
1.82, whereas the antioxidant capacity (BF = 0.54) showed no
difference between the groups. The clutch size also showed no
evidence for a difference, with a BF of 0.45. Additionally, the
Bayesian t-test results for the number of measurement days, the
total number of trips, and the average number of trips per day
yielded the following BF values: 2.52 for the number of measurement
days, providing weak evidence for a difference between the groups,
148.30 for the total number of trips, providing strong evidence for a
difference; and 21.90 for the average number of trips per day, also
providing strong evidence for a difference.

4 Discussion

The PGs could not raise chicks because of several factors,
including non-hatching, egg loss, and chick mortality, a pattern
similar to that observed in previous years for most parents in
peripheral areas. It is unclear whether non-hatching results from
unfertilized eggs or inadequate embryonic development. This is
because the PG area was easily accessible to tourists and feral cats,
frequent disturbances caused parents to leave their nests. These
disturbances are likely to reduce hatching success, either through
direct nest attacks or lowered nest temperatures linked to shortened
incubation periods (Di Giovanni et al., 2022; Clemencin et al., 2024),
as well as increased stress resulting from proximity to disturbances
(Ellenberg et al., 2007).

Regardless of hatching success, the antioxidant capacity was
similar between the PG and CG, indicating that the intra-species
variation in antioxidant capacity was slight. This finding suggests
that black-tailed gulls maintain comparable levels of non-
enzymatic endogenous antioxidants (e.g., vitamins A and E,
uric acid; Sharma et al., 2018) and exogenous antioxidants
(e.g., coenzyme QI0; Zozina et al., 2018) and carotenoids
(Milani et al, 2017). In contrast, differences in foraging
movements and oxidative stress levels suggest that the primary
defense against oxidative stress during the breeding season likely
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Distribution of trip duration, maximum distance reached from the colony, oxidation levels, and antioxidant capacity for the Peripheral Group (PG)
and Central Group (CG). The CG is further divided into groups based on whether egg hatching was successful or not.

depends on endogenous enzymes such as glutathione peroxidase.
Similar to other bird species (McWilliams et al., 2021),
glutathione peroxidase may serve as the first line of defense
against ROS. Consequently, if the observed levels of foraging
and breeding efforts remain within the capacity of endogenous
enzymatic systems, the immediate need for additional exogenous
antioxidants may be minimal.

Compared to the CG, the PG exhibited significantly shorter trip
durations, a smaller maximum distance reached (strongly correlated
with the total distance), and a lower frequency of foraging trips.
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Black-tailed gulls on Kabushima Island utilize a variety of feeding
grounds and consume a broad diet beyond fish and shellfish (Yoda
et al, 2012; Mizutani et al., 2021). Their regurgitated food items
include freshwater fish and insects (Narita and Narita, 2004).
Although the exact types and quantities of food consumed in this
study remain unknown, the foraging range of PG overlapped
substantially with that of CG, and no differences in antioxidant
levels were observed between the groups. This suggests that both the
PG and CG consumed similar types and amounts of food. However,
the observed differences in foraging behavior likely influenced
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energy expenditure, leading to slight differences in ROS production
and oxidation levels.

Although antioxidant levels were similar between individuals,
PG exhibited lower oxidation levels, possibly due to nearby, shorter
foraging trips and a lower daily foraging frequency. Gull species
spend much of their flying time flapping their wings, a highly
energy-intensive activity (Bishop, 2005; Mizrahy-Rewald et al,
2022) that likely increases energy consumption and ROS
Additionally, the
significant physiological costs on the parent birds. For example,

production. incubation period imposes
in common eiders (Somateria mollissima), high incubation demands
lead to weight loss and decreased immune function due to reduced
food intake, resulting in decreased fertility in the following year and
long-term fitness costs (Hanssen et al., 2005). In contrast, the failed
hatching observed in PG suggests inadequate incubation, which
would have led to lower incubation costs. Although breeding costs
are generally buffered during the non-breeding season (Senner et al.,
2014; Briedis et al., 2018; Gow et al., 2019), consistently reduced
breeding investment may minimize negative carryover effects in
subsequent seasons.

PG individuals experienced consistently low reproductive
success over multiple years; however, it is intriguing that they
do not change their nesting locations. They may lack the
competitive ability to secure favorable nest sites. Instead, the
low oxidative stress associated with less demanding foraging
trips may offset the high reproductive costs borne by CG
individuals, reflecting an underlying life-history trade-off. Our
results indicate that a peripheral-central distribution generates
heterogeneity in reproductive success within a colony. However,
the peripheral groups may gain fitness benefits by occasionally
foregoing reproduction. Future research should investigate
behavioral differences during the incubation, chick-rearing, and
non-breeding periods, as well as their long-term physiological
costs. Such investigations would enable a more comprehensive
evaluation of rearing costs within the broader framework of life-
history trade-offs. From a conservation perspective, completely
fencing off all black-tailed gull nesting areas to protect PG groups
from predators and human disturbances may be impractical.
Instead, phased measures, such as deterrents against easily
accessible small terrestrial mammals and visitor restrictions,
combined with countermeasures such as fencing, which are
considered critical to success, are expected to improve the
hatching success rate of PGs.

One limitation of this study is the absence of continuously
recorded physiological data. Blood, a vital biomarker source, is
widely used in diagnostics and research (Toner and Irimia,
2005), underscoring the significant demand for real-time blood
sampling loggers. Wearable automatic blood-sampling devices
designed to minimize pain and distress are being developed for
use in captivity settings (Li et al., 2009; Li et al., 2015; Hopper, 2016).
While the long-term collection of blood from wild flying animals
remains challenging, advances in non-invasive techniques, such as
continuous glucose monitoring via interstitial fluid (Mathew et al.,
2024), offer promising alternatives. Deploying such technologies in
seabirds could revolutionize biologging, enabling researchers to
explore how species balance reproduction and survival, respond
to environmental disturbances, and allocate energy across life-
history stages.
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Understanding the relationship between behavior and physiological state, as
well as species differences in physiological responses, is key to identifying
the behavioral and physiological adaptations necessary for wild animals to
avoid physiological deterioration, thereby enhancing their survival and fitness.
A commonly used measure of physiological condition is oxidative stress, which
results from an imbalance between oxidative damage—often exacerbated by
respiration during exercise and indicative of physical harm—and antioxidant
capacity, which reflects the organism’s ability to recover from such damage.
Despite its importance, oxidative stress has rarely been linked to behavior,
such as foraging, leaving this relationship underexplored. In this study, we
focused on two seabird species, black-tailed gulls (Larus crassirostris) and
streaked shearwaters (Calonectris leucomelas), which are similar in body size
and primarily forage on the same prey species but differ in traits such as
habitat, flight style, and physiological function. We recorded the trajectories
of these birds for approximately 1 week using biologging and measured their
plasma oxidative stress. We found that oxidative stress in black-tailed gulls was
higher than that in streaked shearwaters, suggesting that species differences in
life histories, habitats, and physiological function may be related to long-term
oxidative stress. However, over a 1-week timescale, there were no significant
species differences in changes in oxidative stress, suggesting that behavioral
differences between the two species might not necessarily lead to species-
specific oxidative stress responses in the short term. Additionally, no consistent
relationship was found between changes in oxidative stress of the two species
and their behavioral metrics in most years, suggesting that this relationship may
vary depending on yearly environmental fluctuations. Based on our findings,
we encourage future studies that would explore and integrate the interactions
between marine environments, behavior, and oxidative stress of different bird
species to clarify the contribution of specific foraging behaviors to either the
deterioration or recovery of physiological conditions, and the varying effect of
environmental conditions on these relationships.

marine animals, antioxidants, pro-oxidant, gulls, shearwaters, BAP, d-ROMs, GPS
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1 Introduction

Wild animals attempt to minimize physiological deterioration,
such as reduction in nutrition (Bishop et al, 2009) and
immunity (Cabezas et al., 2011) and increase in stress hormones
(Kitaysky et al., 2007; Romero and Wikelski, 2010; Wey et al., 2015)
and oxidative stress (Noguera et al., 2012; Costantini and Dell'Omo,
2015), that can reduce their survival and fitness. In particular,
long-lived animals with multiple breeding opportunities are likely
to behave efficiently to minimize physiological deterioration
and successfully raise offspring during the breeding period to
ensure both current and future reproductive success by adjusting
their foraging and provisioning behaviors, such as locomotion
style, time spent foraging, and the distance to the foraging site
(Killen et al., 2013; Cooke et al., 2014; Crino et al., 2017). These
behavioral adaptations can vary significantly among species
based on their life history and habitat, leading to differences in
how foraging and provisioning behaviors impact physiological
conditions across species. To understand species-specific
behavioral adaptation, it is necessary to assess which foraging
and provisioning behaviors contribute to either the deterioration
or recovery of physiological conditions and how these differ
between species.

In addition to individual-level responses, wild animals are
expected to develop species-specific tolerance to physiological
deterioration depending on their habitat and life history (McCue,
2010; Bozinovic et al, 2011). Laboratory experiments have
demonstrated species differences in physiological conditions
and survival under stressors such as starvation, drugs, and
parasites (Haley, 2003; Matzkin et al., 2009; Rohr et al.,, 2010).
Evaluating species differences in tolerance of wild animals
may lead to a deeper understanding of their physiological
adaptations to habitats and life histories (Hermes-Lima and
Zenteno-Savin, 2002; Kroeger et al., 2019).

Oxidative stress, an indicator of physiological condition,
results from an imbalance between oxidative damage, such as
reactive oxygen species (ROS) generated by respiration, and
antioxidant capacity (Sies, 1997; Urso and Clarkson, 2003).
While ROS can eliminate pathogens in body tissues, excessive
accumulation damages biomolecules such as DNA, proteins, and
lipids, leading to physiological deterioration (Filomeni et al,
2015; Sies et al., 2017). This deterioration reduces the efficiency
of energy metabolism mainly by interfering with mitochondrial
function (Pan et al., 2008) and causing physical fatigue. Antioxidant
capacity comprises both endogenous antioxidants produced within
the body and exogenous antioxidants obtained from food, which
removes ROS and oxidized biomolecules, facilitating recovery from
oxidative damage (Shahidi, 2000; Pisoschi and Pop, 2015). Thus,
oxidized biomolecules indicate physiological deterioration, whereas
exogenous antioxidant capacity obtained through foraging reflects
tolerance to oxidative damage.

In wild birds, oxidative stress is linked to fitness factors such as
individual resistance probability (Saino et al., 2011; Noguera et al.,
2012; Costantini and DelllOmo, 2015), reproductive decisions
(Costantini et al.,, 2020), reproductive success (Losdat et al,
2013; Costantini et al, 2015), behavioral traits like migration
(Larcombe et al., 2008; Alan and McWilliams, 2013) and foraging
behavior (Koyama et al., 2021), as well as external factors such
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as urbanization, environmental pollution (Espin et al, 2016;
Isaksson etal., 2017; Salmoén et al., 2018), and pathogens (Costantini
and DelllOmo, 2006; Isaksson et al., 2013; Sebastiano et al.,
2017). Therefore, measuring oxidative damage and antioxidant
capacity, which may be associated with behavior and fitness, is
ideal for quantifying the physiological deterioration and resilience
of wild birds. However, few studies have combined detailed
measurements of foraging and movement behavior with oxidative
stress data in wild animals, and the combination of oxidative
stress measurements with precise behavioral tracking enabled by
biologging remains particularly rare. As a result, our understanding
of the relationship between behavior and oxidative stress
remains limited.

Here, we focused on two seabirds, black-tailed gull (Larus
crassirostris) and streaked shearwater (Calonectris leucomelas),
which are similar in body size (Chochi et al., 2002; Shirai et al.,
2013) and primarily feed on small fish such as anchovies (Narita
and Narita, 2004; Kurasawa et al., 2012; Matsumoto et al., 2012;
Yoda et al,, 2012; Kazama et al., 2018; De Alwis et al., 2025).
During the breeding season, we recorded the behavior of these
birds for approximately 1 week by using GPS loggers attached to
them. Additionally, we measured changes in oxidative stress at the
beginning and end of the behavioral recording. Species differences
in oxidative stress levels were used as an indicator of chronic
physiological stress that is expected to be linked to their habitat,
life history, and physiological function. During the breeding season,
black-tailed gulls, which often inhabit urban areas (Yoda et al,
2012), typically lay two to three eggs (Tomita and Narita, 2021),
whereas the streaked shearwaters found in rural areas lay one egg
(Oka et al.,, 2002; Oka, 2004; Koyama et al., 2024b). During the
non-breeding season, black-tailed gulls move around the Japanese
Archipelago (Tomita et al., 2015), whereas streaked shearwaters
migrate to tropical regions near the equator (Yamamoto et al., 2010).
These reproductive or migratory differences may cause differences
in oxidative stress levels. The species differences in the changes
in oxidative stress levels were also used as a reflection of the
accumulation of physiological deterioration or recovery due to the
recorded behavior. During the breeding season, black-tailed gulls
take round trips from the colony to the foraging site (foraging
trip) several times per day and forage in coastal and land areas
relatively close to their breeding sites (Yoda et al., 2012; Kazama et al.,
2018; Park et al., 2024). In contrast, streaked shearwaters undertake
foraging trips lasting from one to 14 days and forage around the
colony and in the open ocean (Yoda et al., 2014; Matsumoto et al.,
2017; Koyama et al., 2024b). Differences in foraging behavior may
lead to species-specific changes in oxidative stress over a weekly
timescale. Finally, we examined the relationship between foraging
behavior and changes in oxidative stress to evaluate the types of
behaviors that affect oxidative stress. For example, increasing the
foraging time, during which individuals obtain food, is expected to
decrease oxidative stress. Additionally, the influence of foraging and
provisioning behaviors on oxidative stress may vary depending on
the species. For instance, streaked shearwaters, which adopt energy-
saving flight called dynamic soaring (Mir et al., 2018), may not
generate ROS compared to black-tailed gulls, which adopt flapping
flight, due to differences in heart rate increases associated with these
flight styles (Ropert-Coudert et al., 2006; Sakamoto et al., 2013).
Thus, it is expected that increasing flight distance would elevate
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oxidative stress in flapping black-tailed gulls but does not have a
significant effect on soaring streaked shearwaters.

2 Method
2.1 Fieldwork and data collection

Fieldwork was conducted on egg-laying black-tailed gulls in
Kabushima Island (40° 32'N, 141° 33'E), during May in 2018,
2019, and 2021 and on chick-rearing streaked shearwaters in
Awashima Island (38° 28'N, 139° 14'E), from mid-August to
late September from 2018 to 2023. Birds were captured, their
blood samples were collected, and GPS loggers were attached to
them. Blood samples were collected from the wing veins of the
gulls and the lower limb veins of the shearwaters using a needle
and syringe prefilled with a small amount of the anticoagulant
heparin sodium (5000 units 5 mL'; Mochida Pharmaceutical Co.,
Ltd., Tokyo, Japan). The volume of collected blood samples was
less than 1mL, corresponding to less than 1% of the body
mass of the birds. Blood samples were centrifuged at 2,680 g
for 10 min at room temperature, divided into blood cells and
plasma, and frozen. Blood sampling did not significantly affect
the behavioral parameters (detailed in Supplementary Material,
Supplementary Table S1). Body masses of the birds were measured
in 5 g units using a spring scale (Pesola LightLine Metric 11,000,
£0.3%; PESOLA AG, Baar, Switzerland) before logger attachment
(Supplementary Material, Supplementary Tables S2, S3).

Animal-borne GPS loggers (Axy-Trek with resin 55 x 25 x
11 mm, 25g; Technosmart, Roma, Italy) were attached on the
birds’ back using waterproof tape (Tesa®; Beiersdorf AG, Hamburg,
Germany) and cyanoacrylate glue (Henkel Loctite Adhesives Ltd.,
Hatfield, UK). The Axy-Trek without resin was housed in waterproof
heat-shrink tubing (less than 25 g) and attached to the bird’s back
using a Teflon ribbon (TH-25; width, 6 mm; Bally Ribbon Mills,
Bally, PA, U.S.A.). Another type of GPS logger (PinPoint VHF with
solar panels, body size excluding antenna 82 x 25 x 27 mm, 18 g;
Lotek Wireless Inc., Newmarket, Ontario, Canada) were attached
to the back of the bird using a Teflon ribbon. The PinPoint VHF
and Axy-Trek loggers were attached to different individuals. The
GPS sampling intervals were set to either 1 point per minute or 1
point every 5 min. The attachment of the same or similarly sized
loggers did not significantly affect reproduction (Yoda et al., 2012) or
reproduction, behavior, and subsequent survival of the shearwaters
(Shiomi et al., 2012; Yoda et al., 2014; Koyama et al., 2024b).

On the day of logger attachment and day after, the birds were
recaptured, and additional blood samples were taken and measured
body mass after the loggers were retrieved. Individuals with PinPoint
VHF loggers were released to record their migration.

The sexes of the birds were determined based on their body
size for the gulls (males being larger than females; Chochi et al.,
2002), and on their vocalizations for the shearwaters (males had
higher-pitched calls than females; Arima et al., 2014). Based on a
previous study (Koyama et al., 2021), we included in the analysis
individuals that could be recaptured; a second blood sample
was collected from these individuals within 17 days after logger
attachment and from the date of first blood sampling.
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2.2 Oxidative stress measurement

Plasma pro-oxidant levels (derivatives of reactive oxygen
metabolites; d-ROMs) and plasma antioxidant capacity (biological
antioxidant potential; BAP) were measured using a free radical
analyzer (FREE Carrio Duo; Diacron International, Grosseto, Italy).
The d-ROMs, expressed in Carratelli units (U. CARR = 0.08 mg
H,0,dL"), reflect plasma concentrations of hydroperoxides
(R-OOH) while BAP represents both the endogenous organic
compounds and external substances acquired from food. The
measurements were conducted according to the experimental
protocol described by Koyama et al. (2021). The values of BAP
for the gulls in 2018 were measured twice, and the average value
was used in the subsequent analysis. Changes in the d-ROMs and
BAP levels were calculated by subtracting the levels of the first blood
sample (at the time of logger deployment) from those of the second
blood sample (at the time of logger retrieval).

2.3 Data analysis

Data analyses were conducted using R version 4.2.1
(R Development Core Team, 2020). The duration between the first
and second blood sampling did not influence the changes in d-
ROMs or BAP (Supplementary Material, Supplementary Table S4).
Therefore, the duration of blood sampling was not taken into
account in the subsequent analysis. To evaluate the species-based
difference in changes in oxidative stress using linear regression
models, we used the Im’ function in R, with species as the
explanatory variable and changes in d-ROMs or changes in BAP
values as the response variables. To examine species differences
in d-ROMs and BAP values, we used Tobit models implemented
with the ‘vglm’ function in the VGAM package (Yee, 2025). Species
was set as the explanatory variable, and d-ROMs and BAP values
were set as the response variables. Tobit models are appropriate
for modeling response variables with range restrictions. For this
analysis, the accurate detection limits of the analyzer, 40 to 1,000 for
d-ROMs and 500 to 6,000 for BAP, were set as the detection ranges.

We analyzed the effect of handling time (ranging from
1 to 9minfor black-tailed gulls and 1-32 min for streaked
shearwaters in our study) from capture to the completion of blood
sampling. Handling times of 10 min or less, which encompassed
all samples of black-tailed gulls and 96.8% (179 out of 185)
samples of streaked shearwaters, did not significantly affect d-
ROMs or BAP values (detailed in the Supplementary Material;
While
blood collection is generally recommended to be completed within

Supplementary Tables S5, S6;  Supplementary Figure S1).
3 min, particularly for measuring baseline hormone levels, which
are highly sensitive to short-term handling (Kitaysky et al., 1999),
previous studies have reported no significant effects on oxidative
stress variation in birds even with handling times of 30 min or
longer (Costantini et al., 2007; Fowler et al.,, 2023). Given these
findings, the handling times in our study likely had minimal impact
on oxidative stress.

The GPS data recorded by the loggers were extracted to match
the period between the first and second blood samples. From this
dataset, we removed GPS points with ground speeds exceeding
90 kmh! using “ddfilter” function of SDLfilter package (Shimada,
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2023) in R. Foraging trip was defined as an extended trip of
more than 1 km from the colony and more than 1h for the gulls
(Yoda et al, 2012) and more than 3 km from the colony and
more than 6 h (Koyama et al., 2021) for the shearwaters. Foraging
trip parameters, such as total flight distance, maximum distance
from the colony, and number of takeoffs, were calculated for each
foraging trip. To calculate number of takeoffs, flight state was
defined as ground speed more than 15 km h™* calculated from GPS
points (Shiomi et al,, 2012; Yoda et al, 2012). The number of
takeoffs was calculated as the number of times the birds switched
from the stationary phase (less than 15 km h'!) to the flight phase
(greater than 15 km h'!). We then calculated the average frequency
of takeofts by dividing the number of takeoffs by the trip duration
for each foraging trip.

To calculate the foraging duration, we applied hidden Markov
models (HMM) to classify bird behavior into three states: resting,
foraging, and flight. These states are commonly used to describe
the behavior of seabirds that forage exclusively in the ocean,
such as shearwaters (Clay et al., 2020; Darby et al., 2022). First,
intervals of GPS points were resampled to 10 min intervals using
“redisltraj” function in adehabitatLT package (Clement et al., 2024)
of R because in previous studies that classified seabird behavior
into three states using HMMs, GPS data with 5-30 min intervals
were often used (Clay et al., 2020; Darby et al., 2022; Clay et al,,
2023; Gillies et al., 2023a; 2023b). Each GPS point was classified
into three states based on the step length and turning angle
between GPS points using “momentuHMM” function in
momentuHMM package (McClintock and Michelot 2022) of R. Step
lengths were calculated as the net distance between two consecutive
GPS points. Turning angles, representing changes in direction,
were calculated as the angles between two consecutive step vectors
constructed from successive GPS points. We defined the resting,
foraging, and flight states as GPS points with small step lengths and
turning angles, medium step lengths and large turning angles, and
having large step lengths and small turning angles, respectively. We
defined the continuous GPS points classified as a foraging state of
more than two as the foraging phase. The foraging duration was
calculated by summing the time differences between the first and
last GPS points of each foraging phase.

To calculate the foraging parameters for individuals, the total
flight distance and number of takeoffs were calculated by summing
the values across all foraging trips for each individual. The average
maximum distance was calculated by dividing the total maximum
distance from the colony, which was calculated by adding the values
of each trip, by the number of trips. The average frequency of
takeoffs for each individual was calculated by averaging the average
frequency of takeoffs for each foraging trips. The percentage of
foraging duration was calculated by dividing the foraging duration
by the logger-recorded duration. For the gulls that use urban areas
to forage, insects, and food derived from human activities on land
(Yoda et al., 2012; Mizutani et al., 2021), utilization percentage
of the land per individual was calculated. Because GPS points
may tend to be missing in urban areas than over the ocean,
GPS points were resampled to 1 min intervals using “approx.irts”
function in tseries package (Trapletti et al., 2024). We counted
GPS points corresponding to flight states, defined as ground speeds
greater than 15km h! (Shiomi et al., 2012; Yoda et al., 2012),
during foraging trips and calculated the utilization percentage of
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the land divided by all resampled GPS points during foraging
trips for individuals.

We established Bayesian regression models using “brms”
function in “brms” package (Biirkner et al, 2024) for each
year and species to evaluate the relationships between behavioral
metrics and oxidative stress. The relationship between changes in
oxidative stress and foraging behavior may vary depending on
food availability in the surrounding environment (Koyama et al.,
2021; Lin et al., 2022), and these relationships were evaluated
separately for each year. We used the total flight distance, number of
takeoffs, average maximum distance, average frequency of takeoffs,
foraging duration, percentage of foraging duration, utilization
percentage of the land for the gulls, and sex as explanatory
variables. To avoid multicollinearity, variance inflation factors (VIF)
were calculated using “vif” function in car package (Fox et al.,
2024). The parameters with the highest VIF were removed
until the VIF values of all the parameters were less than three
(Zuur et al., 2010; Supplementary Table S7). Changes in d-ROMs
and BAP were used as response variables. Gaussian distributions
were used in this analysis. The relationship between changes in
oxidative stress and behavioral parameters was evaluated based on
the calculated 95% Bayesian credible interval (CI). A CI greater than
zero was considered a positive relationship, and vice versa.

3 Results

We obtained the oxidative and behavioral data for 41 black-tailed
gulls (17, 9, and 15 gulls for 2018, 2019, and 2021, respectively) and
101 streaked shearwaters (11, 20, 18, 17, 23, and 12 shearwaters for
2018, 2019, 2020, 2021, 2022, and 2023, respectively). The average
duration between the first and second blood samples was 7.51 days
(range, 4-14 days) for the gulls and 5.74 days (range, 1-17 days) for
the shearwaters. Because all d-ROMs values of streaked shearwaters
in 2022 (range, 3-39 U. CARR) and 2023 (range, 5-33 U. CARR)
were lower than the accurate detection limit of the analyzer, 40 U.
CARR, we excluded them from the following analysis.

We recorded 400 and 337 foraging trips for the gulls (Figure 1A)
and the shearwaters (Figure 1B), respectively. At the individual scale,
for the gulls, total trip duration was 71.21 + 31.99 (h), total flight
distance was 923.48 + 454.31 (km), average maximum distance from
the colony was 33.8 + 13.54 (km), average frequency of takeofts
was 0.81 + 0.32 (times h™'), foraging duration was 43.84 + 22.35
(h), percentage of foraging duration was 23.84 + 8.78 (%), and
utilization percentage of the land was 11.02 + 13.62 (%). For the
shearwaters, total trip duration was 121.06 + 98.69 (h), total flight
distance was 1,651.49 + 1,496.27 (km), average maximum distance
from the colony was 221.63 + 201.39 (km), average frequency of
takeoffs was 2.08 + 0.69 (times h™!), foraging duration was 45.36 +
36.74 (h), and percentage of foraging duration for individuals was
37.87 + 11.87 (%).

For black-tailed gulls, the average d-ROMs, BAP, changes in d-
ROM:s, changes in BAP were 131.52 + 76.52 (U. CARR) (average
+standard deviation), 1,437.51 + 416.73 (uM/L), —10.67 + 71.27,
and 44.87 + 498.76, respectively (Supplementary Table S8A). For
streaked shearwaters, the average d-ROMs, BAP, changes in d-
ROMs, changes in BAP were 59.61 + 36.59 (U. CARR), 1706
+ 352.85 (UM/L), —6.37 + 39.92, —97.88 + 365.04, respectively
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FIGURE 1

Trajectories of black-tailed gulls (A) and streaked shearwaters (B). Purple lines represent the flight trajectories of black-tailed gulls, whereas green lines
represent those of streaked shearwaters. Triangle and circle marks indicate the breeding site of black-tailed gulls, Kabushima Island, and that of
streaked shearwaters, Awashima Island, respectively. The copyrights of the seabird photos in Figures 1A, B belong to Yuichi Mizutani and Yusuke Goto,
respectively, who are authors of this paper.
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FIGURE 2
Species differences in d-ROMs (A) and BAP (B). The values of black-tailed gulls (BTG) are represented by the purple violin plot, whereas those of

streaked shearwaters (STS) are represented by the green violin plot. The d-ROMs values are expressed in Carratelli units (U. CARR = 0.08 mg H,O, dLd).

(Supplementary Table S8B). d-ROMs was significantly larger in  For the gulls, changes in d-ROMs were negatively related to the
gulls than in shearwaters (estimate = —49.01; P < 0.01, Figure 2A).  percentage of foraging duration (—14.48 [95% CI -27.08, —2.00]) and
BAP was significantly lower in gulls than in shearwaters (estimate  the utilization percentage of the land (-5.19 [95% CI -10.02, -0.25])
= -252, P < 0.01; Figure 2B). There were no significant differences in 2018, and positively related to the total flight distance (0.06 [95%
between the changes in d-ROMs (estimate = 4.30, P =0.69) and BAP ~ CI 0.01, 0.12]) in 2021 (Table 1; Supplementary Table S7A). For the
(estimate = —142.74, P = 0.093) for gulls and shearwaters. shearwaters, changes in BAP were positively related to the foraging

Using the brms, we evaluated the relationship between  duration (5.83 [95% CI 1.69, 9.88]) and negatively related to the
behavioral parameters and changes in oxidative stress each year.  average maximum distance (-0.69 [95% CI -1.26, —0.13]) in 2022
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TABLE 1 Relationship between behavioral parameters and the changes
in d-ROMs of black-tailed gulls (A) and changes in BAP of streaked
shearwaters (B). Only the years with significant relationships are
presented. Behavioral parameters removed based on VIF are indicated
by blank spaces. N.S. indicates no significant relationship. Positive (+)
and negative (-) relationships are shown where applicable.

(A)Year 2018 2021
total flight distance N.S. +
average maximum distance N.S. N.S.
foraging duration

percentage of foraging - N.S.
duration

average frequency of takeoffs | N.S.

utilization percentage of the - N.S.
land

sex (male) N.S. N.S.
(B)Year ‘ 2022 2023
total flight distance

average maximum distance -

foraging duration + N.S.
percentage of foraging N.S.
duration

average frequency of takeoffs | N.S. -

sex (male) N.S. +

and negatively related to the average frequency of takeoffs (—458.47
[95% CI -747.12, —152.72]) in 2023. Sex-based differences in the
changes in BAP were observed in 2023; the changes in males were
larger than those in females (395.26 [95% CI 146.58, 630.01]) for
the shearwaters (Table 1; Supplementary Table S7B). There was no
significant relationship between the changes in oxidative stress and
behavioral parameters for the gulls in 2019, and for the shearwaters
from 2018 to 2021.

4 Discussion

Black-tailed gulls during the egg-laying period exhibit higher
oxidative damage and lower antioxidant capacity than streaked
shearwaters during the chick-rearing period in terms of chronic
oxidative stress. The species differences might be explained
by differences in their habitat, species-specific physiological
functions, and reproductive stages. As environmental pollution
(Espin et al., 2016; Isaksson et al., 2017; Salmén et al., 2018) and
pathogens (Costantini and Dell'lOmo, 2006; Isaksson et al., 2013;
Sebastiano et al., 2017) can increase oxidative stress, living in
urban areas might increase oxidative stress in black-tailed gulls.
Black-tailed gulls, which inhabit a variety of environments, might
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possess physiological mechanisms that enhance their tolerance to
oxidative damage as well as antioxidant capacity, such as autophagy
(promoting the degradation of damaged biomolecules) (Yun et al.,
2020) and DNA repair pathways (Barzilai and Yamamoto, 2004),
preventing oxidative damage from becoming fatal. In contrast,
streaked shearwaters exhibit reproductive traits, with their chicks
growing slowly and storing fat reserves to withstand starvation
(Oka et al., 2002). Previous studies have shown that birds with
higher fat content have been found to possess higher antioxidant
capacities (Costantini et al., 2007 but see Eikenaar et al., 2020),
and it is possible that adult streaked shearwaters, displaying
similar traits as their chicks, may also store fat and similarly
accumulate antioxidant compounds in their bodies, enhancing
their tolerance to oxidative damage. In 2022 and 2023, the
oxidative damage to the shearwaters was so low that it fell below
the detection limit of the measurement equipment. As shown
in other migratory birds, streaked shearwaters, which migrate
approximately 3,000 km from Japan to the equator (Takahashi et al.,
2008), might accumulate antioxidant capacity in preparation for
extended migrations (Skrip and Mcwilliams, 2016; Gutiérrez et al.,
2019), or may have evolved mechanisms to upregulate endogenous
antioxidant capacity in response to elevated oxidative damage
(Costantini, 2008; Jenni-Eiermann et al., 2014; Cooper-Mullin
and McWilliams, 2016). Notably, our results did not confirm the
existence of these physiological functions in either species. We
encourage further studies to clarify species-specific physiological
mechanisms and their adaptations to habitat and life histories.
Furthermore, the reproductive stage is also a factor that may
influence oxidative stress in birds and mammals, including seabirds
(Costantini et al., 2014; Montoya et al., 2016; Speakman and
Garratt, 2014). As demonstrated in previous studies, incubation
might increase oxidative stress in gulls compared to chick-
rearing, although the underlying mechanism remains unclear
(Colominas-Ciuro et al., 2017; 2022; Kulaszewicz et al., 2018). We
recommend that future studies investigate whether reproductive
factors, including not only reproductive stage but also egg number,
egg size, chick condition, and chick age, are associated with
parental oxidative stress, and explore the mechanisms driving
these relationships.

Over a weekly timescale, there were no significant species
differences in changes in oxidative damage and antioxidant
capacity, suggesting that behavioral differences, such as daily
short-range coastal foraging versus extended oceanic foraging
trips lasting up to 2 weeks, might not necessarily lead to
species-specific changes in oxidative stress. Our findings indicate
that seabirds might possess physiological adaptations to prevent
oxidative stress buildup over a weekly timescale, even during
the breeding season, which is one of their most energetically
demanding periods. These adaptations may include physiological
mechanisms such as the upregulation of nuclear factors that
modulate antioxidant defenses in response to oxidative damage,
similar to those observed in laboratory and domestic animals, as well
as humans (Ungvari et al., 2008; Ge et al., 2019; Surai et al., 2019;
Castiglione et al., 2020).

There was no consistent trend in the relationship between
oxidative stress and behavioral metrics across all years or species,
suggesting that the effects of behavior on oxidative stress may vary
with environmental differences each year, regardless of species.
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The energy requirements for flight may vary with annual wind
conditions (Furness and Bryant, 1996; Thorne et al., 2023), and the
effect of migration on oxidative stress may fluctuate. Additionally,
as shown in black-tailed gulls in 2018 and streaked shearwaters
in 2022, a longer foraging duration might decrease oxidative
damage or increase antioxidant capacity resulting in decreased
oxidative stress in years when food availability is high. However,
a longer foraging duration might not result in obtaining food,
which decreases oxidative stress, depending on the food species that
change from year to year (De Alwis et al., 2025), food availability
(Garthe et al,, 2011; Horswill et al,, 2017), and the presence
of competitors (Koyama et al., 2024a). Our results indicate no
significant species differences in the changes in oxidative stress,
species-related factors such as flight style, reproductive traits, and
life history might not influence oxidative stress as strongly as
environmental factors.

Comprehensive investigations of behavioral and physiological
conditions offer significant insights into how wild animals adapt
to their habitats through species-specific functions and provide a
foundation for assessing species’ vulnerabilities and responses to
threats such as urbanization and climate change (Cooke et al., 2014;
Andrews and Enstipp, 2016). To date, comprehensive investigations
have mainly been conducted on large marine animals, such as
seals and turtles, by combining multiple loggers that record their
behavioral activity and physiological conditions, such as heart rate
(Ropert-Coudert et al., 2006; Clark et al., 2010; Viblanc et al., 2011;
McDonald et al., 2018), body temperature (Southwood et al., 2005;
Papastamatiou et al., 2015), and brain activity (Kendall-Bar et al.,
2023). Unlike logger-based physiological recordings, measurement
of oxidative damage allows for a more direct assessment of
physiological stress in animals by quantifying the damage to
biomolecules. Additionally, antioxidant capacity reflects the quality
of an animal’s food intake and nutritional status, providing valuable
insights into the physiological effects of external factors such
as food availability. Thus, we propose combining behavioral
biologging with oxidative stress measurement, which is useful
for quantifying oxidative damage as physiological deterioration
caused by exercise and antioxidant capacity as tolerance to oxidative
damage derived from the prey, despite its limitation in providing
only instantaneous physiological data. Integrating environmental,
behavioral, and oxidative stress data would help identify the
environmental factors that cause physiological deterioration or
recovery, especially for small- and medium-sized animals, for
which attaching multiple loggers is challenging owing to weight
limitations (Barron etal., 2010; Portugal and White, 2018). Oxidative
stress measurements have been measured in marine animals of
various sizes, including seals (Vazquez-Medina et al., 2012), sea
turtles (Labrada-Martagon et al., 2011; Perrault and Stacy, 2018),
seabirds (Merkling et al., 2017; Kulaszewicz et al., 2018), sharks
(Barrera-Garcia et al., 2012; Vélez-Alavez et al., 2013), and fish
(Janssens et al., 2000; Bacanskas et al, 2004; Cappello et al.,
2016), demonstrating its potential for broad applications across
marine species. We encourage future integrated studies on the
marine environment, behavior, and oxidative stress of different
species and animals to clarify what kind of foraging and
provisioning behavior contributes to either the deterioration
or recovery of their physiological conditions depending on the
surrounding environment.
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Novel insights into sex-specific
differences in heart rate
variability and autonomic
nervous system regulation
during spawning behavior in
chum salmon (Oncorhynchus
keta) revealed by re-analysis of
ECG logger data

Yuya Makiguchi'*, Takaaki K. Abe' and Masaki Ichimura®

!College of Bioresource Sciences, Nihon University, Fujisawa, Kanagawa, Japan, *Shibetsu Salmon
Museum, Shibetsu, Japan

This study reanalysed electrocardiogram (ECG) data collected in a previous study
on chum salmon to explore sex-specific differences in heart rate variability
(HRV) and autonomic nervous system regulation during spawning. The prior
research included six female and five male salmon with implanted ECG loggers,
observed during spawning, and ten additional females for pharmacological
experiments on autonomic nervous system effects. The analysis uncovered
distinct HRV patterns between sexes. Females exhibited an increase in heart
rate from 82.27 to 86.16 bpm post-spawning, while males decreased from
74.71 to 67.78 bpm. Breakpoint analysis identified four change points in female
HRV and five in male HRV. Females displayed a heart rate decrease 21 min
before spawning, while males maintained stable rates until spawning. Both sexes
experienced cardiac arrest at spawning, consistent with the previous study.
HRV changes did not always correspond directly with spawning behaviors,
indicating autonomic nervous system involvement beyond physical exertion.
Pharmacological experiments showed that atropine, a parasympathetic blocker,
suppressed HRV and prevented cardiac arrest, emphasizing the key role of
the parasympathetic system in regulating spawning-related HRV. The study
suggests that HRV during salmon spawning is regulated by physical activity and
autonomic nervous system control, with an important role in parasympathetic
activation. This activation begins 20 min before spawning in females, serving
as a preparatory mechanism for the physiological demands of spawning. These
findings improve our understanding of salmonid reproductive physiology and
may inform conservation strategies. Future research should investigate direct
measurements of autonomic activity, environmental influences on HRV, and the
relationship between HRV patterns and reproductive success. Combining HRV
data with other physiological measurements could offer a more comprehensive
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understanding of the regulatory mechanisms underlying spawning behavior and
the energetic costs associated with reproduction in salmonids.

salmonid

reproduction,

cardiovascular physiology, parasympathetic regulation,

behavioral ecology, physiological adaptation, biologging, stress response

Introduction

The spawning period is a critical life event for salmonids,
profoundly influencing individual survival and reproductive
success. During migration from marine to freshwater habitats,
salmon undergo complex physiological changes using considerable
energy for swimming, sexual maturation, and spawning behaviors
(Crossin et al, 2004; Quinn, 2018). For example, Chinook
salmon reallocate a significant portion of their energy, with
females dedicating approximately 14% to gonadal development
and 78% to metabolism, whereas males allocate only 2% to
gonadal development and 80% to metabolism (Bowerman et al.,
2017). These adaptations are crucial for reproduction and are
accompanied by significant shifts in gene expression to cope with
environmental stressors such as changes in salinity and temperature
(Evans et al., 2011; Miller et al., 2011).

Spawning behavior in salmonids reflects local adaptations,
with traits like swimming performance are not necessarily directly
linked to reproductive success (Quinn et al., 2001). The ability
to optimize energy consumption and cardiovascular function
during migration is necessary for Pacific salmon to meet the
physical demands of upstream travel and prepare for spawning
(Flores et al., 2012; Eliason and Farrell, 2016). However, salmon
with limited energy reserves and high-stress indicators, such as
elevated blood lactate, glucose, and cortisol levels, are at risk of
premature mortality during migration (Cooke et al., 2006). Thus,
understanding the physiological responses and behaviors during
spawning is essential for understanding salmon’s reproductive
ecology and population dynamics.

Heart rate variability (HRV) analysis has emerged as a
valuable non-invasive tool to assess the interplay between fish’s
sympathetic and parasympathetic branches of the autonomic
nervous system (Vera and Priede, 1991; Altimiras et al., 1995).
HRV measurements reveal how environmental factors such as water
temperature influence cardiac function, reflecting physiological
adjustments that maintain homeostasis. Notably, distinct HRV
patterns during spawning have been observed; for example, male
Atlantic salmon display higher activity levels and metabolic rates
than females (Altimiras et al., 1996).

The autonomic nervous system is central to regulating HRV
in fish by balancing sympathetic and parasympathetic inputs, with
each branch contributing differently according to the physiological
state (Cameron, 1979; Iversen et al, 2010). Pharmacological
studies employing blockers such as atropine and propranolol have
demonstrated that vagal (parasympathetic) regulation is critical
for modulating heart rate and stroke volume, especially during
rest, exercise, and stress. Sex-specific differences in autonomic
regulation have been observed in spawning salmonids—males
often exhibit higher heart rates and distinct low-frequency
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spectral peaks compared to females (Altimiras et al., 1996).
Additionally, research on sockeye salmon suggests that females
maintain higher resting heart rates due to lower cholinergic
tone, implicating autonomic balance differences in spawning
behavior and reproductive success (Sandblom et al., 2009). Despite
these advances, the precise interactions between the sympathetic
and parasympathetic systems under varying environmental
stresses remain incomplete, highlighting the need for further
investigation.

This
heart rate variability (HRV) and spawning behavior in male

study aims to clarify the relationship between
and female chum salmon (Oncorhynchus keta), building on
previous work by Makiguchi et al. (2009). Our primary objectives are
to clarify the correlation between heart rate and specific spawning
behaviors and to investigate the role of the autonomic nervous
system during this critical life stage. By employing continuous HRV
recordings via ECG loggers and pharmacological interventions,
we seek to provide a detailed characterization of cardiac
control under both physiological and environmental influences.
Ultimately, our findings are expected to enhance understanding of
reproductive physiology in salmonids and inform conservation
and management strategies to improve salmon survival and
reproductive success.

These studies emphasize the importance of high-resolution
HRV analysis in elucidating the physiological mechanisms
underlying salmon spawning. Our work provides insight
regarding autonomic regulation during this critical life stage
by integrating continuous ECG monitoring, detailed behavioral
observations, and targeted pharmacological interventions. This
comprehensive approach deepens our understanding of the
interplay between cardiac function and spawning behavior. It lays
the foundation for future research that may inform conservation
and resource management strategies for sustainable salmon
populations.

Materials and methods
Attachment procedure of ECG data logger

This study examined the dataset used by Makiguchi et al. (2009),
which involved six female (mean + s.d. fork length = 618 + 22 mm;
mean * s.d. mass = 2648 + 119 g) and five male (mean =+ s.d. fork
length = 655 + 24 mm; mean + s.d. mass = 3,028 + 285 g) chum
salmon (Oncorhynchus keta) implanted with ECG loggers (W400L-
ECG, Little Leonard Co., Tokyo, Japan; 21 mm diameter, 110 mm
length, 57 g mass in air). In addition to the ECG logger-implanted
individuals, we used ten female chum salmon for pharmacological
experiments. Specifically, three fish (mean + s.d. fork length = 649

frontiersin.org


https://doi.org/10.3389/fphys.2025.1511476
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Makiguchi et al.

10.3389/fphys.2025.1511476

90

80

~
o

f2}
o

SEX

~F

Heart rate(bpm)

©o
o

70

60

-~ M

-100 -50

FIGURE 1

0
Elapsed Time from Spawning

Heart rate time series data for female and male chum salmon (Oncorhynchus keta) during the 2 h before and after spawning. The x-axis represents
time relative to spawning (in minutes), with 0 indicating the moment of spawning. Negative values denote time before spawning, while positive values
indicate time after spawning. The y-axis shows the heart rate in beats per minute (bpm). The upper panel (pink) displays data for females (n = 6), while
the lower panel (blue) shows data for males (n = 5). Each data point represents the mean heart rate; error bars indicate the standard deviation.
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+ 32 mm; mean + s.d. mass = 3,045 + 65g) were administered
physiological saline as a control, three fish (mean *+ s.d. fork
length = 665 + 50 mm; mean + s.d. mass = 3,157 + 82 g) were
administered atropine, a parasympathetic nervous system inhibitor,
and four fish (mean + s.d. fork length = 624 + 13 mm; mean +
s.d. mass = 2771 + 20 g) were administered sotalol, a sympathetic
nervous system inhibitor. The drugs were administered via a cannula
inserted into the dorsal aorta of the individuals equipped with
ECG loggers. For detailed information on the drug administration
methods, please refer to Makiguchi et al. (2009). We anesthetized
the fish and surgically sutured a copper disc bipolar electrode to
the ventral side of each fish. The ECG loggers were attached to the
dorsal side, anterior to the dorsal fin, and programmed to record
at a sampling rate of 200 Hz. After a 24-hour recovery period, we
placed the implanted fish in a spawning channel (3.8 m x 2.9 m
x 1.1 m) at the Shibetsu Salmon Museum, Hokkaido, Japan. The
channel was supplied with 16.8°C spring water and had a silt-free
gravel bottom (Groot, 1996). We recorded the spawning behavior
of the fish with a digital video camera and synchronized it with
the ECG signals. Among the experimental data, we observed four
pairs of male and female salmon for spawning behavior, with both
individuals in each pair equipped with ECG loggers. Each of these
four pairs exhibited two spawning events. Additionally, we paired
two females with males without ECG loggers and obtained data
only from the females in these pairs. These two pairs also exhibited
two spawning events each. Furthermore, we paired one male with
a female with no ECG logger attached and obtained data only
from the male in this pair, with two spawning events observed.
We observed 14 spawning events and collected electrocardiogram
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data associated with 22 spawning events from both males and
females combined.

Behavioral definitions

In this study, we defined two key spawning behaviors: redd
digging and covering. Redd digging refers to the behavior where
a female salmon uses her caudal fin to excavate gravel from the
riverbed, creating a spawning nest. During this behavior, the female
tilts her body and moves her caudal fin from side to side to displace
gravel and form a depression for egg deposition. Covering behavior
was defined as the action where a female uses her caudal fin to
cover the deposited eggs with the excavated gravel. This action helps
protect the eggs from predators and ensures a safe environment
for hatching. Both behaviors were identified and analyzed using
digital video recordings of the spawning events. We quantified the
frequency of these behaviors by counting the number of instances
per 10-minute interval.

Data analysis

To examine the relationship between spawning behavior and
heart rate, we set 2h before and after the observed spawning
time as the analysis interval. The 2-hour period before spawning
corresponds to the timing when females determine the approximate
location of the spawning bed and engage in digging behavior.
We determined R-R intervals using ECGtoHR (Sakamoto et al.,
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FIGURE 2
Time series data of female covering behavior and male quivering behavior in chum salmon (Oncorhynchus keta) during the 2 h before and after

spawning. The x-axis represents time relative to spawning (in minutes), with 0 indicating the moment of spawning. Negative values denote time before
spawning, while positive values indicate time after spawning. The y-axis shows the frequency of behaviors as counts per 10-minute interval. The upper
panel (pink) displays covering behavior data for females (n = 6), while the lower panel (blue) shows quivering behavior data for males (n = 5). Each data
point represents the mean count of behaviors per 10-minute interval, and error bars indicate standard deviation. Note the contrasting patterns
between sexes: females show increased covering behavior immediately after spawning, while males exhibit peak quivering behavior just before
spawning, followed by a sharp decline post-spawning. (a) Heart rate time series with identified change points. The x-axis represents time relative to
spawning (in minutes), with 0 indicating the moment of spawning. The y-axis shows the heart rate in beats per minute (bpm). Vertical dashed lines
indicate detected change points, with the numbers above showing the time (in minutes) relative to spawning when each change point occurred. Note
the decrease in heart rate and increase in variability starting 21 min before spawning, followed by cardiac arrest at spawning (0 min), and subsequent
increase until 46 min post-spawning. (b) Frequency of digging and covering behaviors with identified change points. The x-axis represents time relative
to spawning (in minutes), with 0 indicating the moment of spawning. The y-axis shows the frequency of behaviors as counts per 10-minute interval.
Vertical dashed lines indicate detected change points, with the numbers above showing the time (in minutes) relative to spawning when each change
point occurred. Observe the decline in digging behavior until spawning, followed by a rapid increase in covering behavior immediately after spawning,

changes during the spawning process in female chum salmon.

with a slower rate of decrease starting 40 min post-spawning. These graphs illustrate the complex interplay between physiological and behavioral

2021), a computer program that calculates heart rate from
electrocardiograms, running on IGOR Pro ver9.05 (WaveMetrics
Inc., Lake Oswego, OR, United States). We used R software
ver. 3.62 (Team, 2022) for the analysis. We set the significance level
at 5%. When comparing heart rates before and after spawning in
males and females separately, we used the lme4 library, specifying
a Poisson distribution since the response variable, heart rate, is a
count. Individual ID was treated as a random effect. Values are
presented as mean + standard deviation (s.d.). Heart rate is expressed
as beats per minute (b.p.m.).

We also used the ‘strucchange’ library (Zeileis et al., 2003)
in R software to investigate whether there were any breakpoints
in the heart rate trends for both males and females during the
period from 2h before spawning to 2h after spawning. The
‘strucchange’ library uses a function that detects structural changes
in regression models, identifying potential breakpoints where the
heart rate change significantly shifts along the time gradient. To
determine the optimal number of breakpoints, we calculated the
Bayesian Information Criterion (BIC) for each potential number
of breakpoints. We selected the number of breakpoints resulting in
the lowest BIC as the final number of change points (Zeileis et al.,
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2003). This method allows the most parsimonious model to be
chosen, balancing the goodness of fit with the complexity of the
model. This approach allows for identifying significant changes in
heart rate trends over the spawning period, providing insights into
the physiological responses of male and female salmon during this
critical life stage.

Results

Heart rate increased in females from 82.27 + 7.59 bpm (n =
1,190) before spawning to 86.16 + 7.18 bpm (n = 1,200) after

spawning (p < 0.05). Conversely, heart rate in males significantly

decreased from 74.71 + 9.46 bpm (n = 1,190) before spawning to
67.78 £9.09 bpm (n = 1,200) after spawning (p < 0.05). Additionally,
females exhibited significantly higher heart rates than males before
and after spawning (p < 0.05). Figure 1 shows the heart rate time
series data for both sexes during the 2 h before and after spawning.
Figure 2 displays the time series data of male courtship behavior and
female digging and covering behavior. Breakpoint analysis using the
‘strucchange’ library (Zeileis et al., 2003) in R software identified
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Breakpoint analysis of heart rate variability and behavioral changes in female chum salmon (Oncorhynchus keta) during spawning. (a) Heart rate time
series with identified change points. The x-axis represents time relative to spawning (in minutes), with 0 indicating the moment of spawning. The y-axis
shows the heart rate in beats per minute (bpm). Vertical dashed lines indicate detected change points, with the numbers above showing the time (in
minutes) relative to spawning when each change point occurred. Note the decrease in heart rate and increase in variability starting 21 minutes before
spawning, followed by cardiac arrest at spawning (0 minutes), and subsequent increase until 46 minutes post-spawning. (b) Frequency of digging and
covering behaviors with identified change points. The x-axis represents time relative to spawning (in minutes), with 0 indicating the moment of
spawning. The y-axis shows the frequency of behaviors as counts per 10-minute interval. Vertical dashed lines indicate detected change points, with
the numbers above showing the time (in minutes) relative to spawning when each change point occurred. Observe the decline in digging behavior
until spawning, followed by a rapid increase in covering behavior immediately after spawning, with a slower rate of decrease starting 40 minutes

chum salmon.

post-spawning. These graphs illustrate the complex interplay between physiological and behavioral changes during the spawning process in female

four change points in heart rate variability during spawning
behavior in females (Figure 3a). Heart rate increased from 2 to 1.5 h
before spawning and remained relatively stable until 21 min before
spawning. At 21 min before spawning, heart rate decreased while
heart rate variability increased, with a drop in heart rate observed
at spawning due to cardiac arrest (Makiguchi et al., 2009). After
spawning, the heart rate increased until 46 min post-spawning and
then decreased until 2 h after spawning. The breakpoint analysis
identified two change points in the frequency of female digging
and covering behavior during spawning (Figure 3b). Female digging
behavior declined until 2 h before spawning. Covering behavior
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occurred at spawning, increasing rapidly before decreasing. The
rate of decrease slowed at 40 min after spawning, followed by a
gradual decline. Changes in digging behavior frequency and heart
rate did not clearly coincide before or after spawning. Female
digging behavior occurred 6.3-9.2 times/10 min until spawning,
with frequent covering behavior immediately after. Covering
behavior frequency decreased after spawning, falling below 9
times/10 min 1-2 h post-spawning. In males, breakpoint analysis
identified five change points for heart rate variability during
spawning behavior (Figure 4a). Heart rate decreased from 2h to
1.5 h before spawning, then increased until 43 min before spawning,
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FIGURE 4
Breakpoint analysis of heart rate variability and courtship behavior changes in male chum salmon (Oncorhynchus keta) during spawning. (a) Heart rate
time series with identified change points. The x-axis represents time relative to spawning (in minutes), with 0 indicating the moment of spawning. The
y-axis shows the heart rate in beats per minute (bpm). Vertical dashed lines indicate detected change points, with the numbers above showing the time
(in minutes) relative to spawning when each change point occurred. Note the initial decrease in heart rate from =120 to —90 min, followed by an
increase until =43 min, stability until spawning, a sudden drop to 67 bpm at spawning (0 min) due to cardiac arrest, and sustained low heart rate with
minor fluctuations post-spawning. (b) Frequency of quivering behavior with identified change point. The x-axis represents time relative to spawning (in
minutes), with 0 indicating the moment of spawning. The y-axis shows the frequency of quivering behavior as counts per 10-minute interval. The
vertical dashed line indicates the detected change point, with the number above showing the time (in minutes) relative to spawning when the change
point occurred. Observe the increase in quivering behavior frequency from 2 h before spawning until spawning (ranging from 1.86 to 4.87
times/10 min), followed by a sharp decrease and sustained low levels post-spawning. These graphs illustrate the distinct patterns of physiological and
behavioral changes in male chum salmon during spawning, highlighting the rapid shifts in both heart rate and courtship behavior around spawning.

after which it remained stable. During spawning, the heart rate
drops to around 67 bpm due to cardiac arrest (Makiguchi et al.,
2009). Heart rate remained low until 2h after spawning, with
only minor fluctuations. Breakpoint analysis detected one change
point in male courtship behavior (Figure 4b). Courtship behavior
frequency increased from 2h before spawning until spawning,
ranging between 1.86-4.87 times/10 min. After spawning, courtship
behavior frequency decreased sharply and remained lower than pre-
spawning levels, indicating that males rarely engage in courtship
behavior after spawning.
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To investigate the autonomic nervous system’s regulation of
heart rate during spawning, we administered atropine and sotalol
to females and compared their heart rate and variability with
that of a sham control group. In the atropine-treated group, heart
rate did not change from 93.5 + 4.07 bpm (n = 579) before
spawning to 93.9 £ 3.41 bpm (n = 595) after spawning. However,

the sotalol-treated group showed an increase in heart rate from
87.2 + 5.84 bpm (n = 828) before spawning to 89.8 + 5.16 bpm
(n = 825) after spawning (p < 0.05). The sham control group did
not show changes in heart rate, with 92.0 + 4.78 bpm (n = 592)

frontiersin.org


https://doi.org/10.3389/fphys.2025.1511476
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Makiguchi et al.

10.3389/fphys.2025.1511476

Atropine
100
(a)
90
80
70
Sotalol
__100
g |®
Q
< 9 I i Drug
= it et 1 T i ~ Atropine
= - Sotalol
% 80 —~ Control
]
I
70
Control
100
(©)
90
80
70
-100 -50 0 50 100
Elapsed Time from Spawning
FIGURE 5
Effects of autonomic nervous system blockers on heart rate variability in female chum salmon (Oncorhynchus keta) during spawning. The x-axis
represents time relative to spawning (in minutes), with 0 indicating the moment of spawning. The y-axis shows the heart rate in beats per minute
(bpm). Each panel displays the heart rate time series for a different treatment group: Top panel (red line (a)): Atropine-treated group (parasympathetic
blocker), Middle panel (green line (b)): Sotalol-treated group (sympathetic blocker), Bottom panel (blue line (c)): Sham control group.

before spawning and 93.0 + 3.22 bpm (n = 599) after spawning. No
significant differences in heart rate were found among the treatment
groups before or after spawning. Figure 5 shows the heart rate
time series for each treatment group. The atropine-treated group
did not experience cardiac arrest, characterized by prolonged RR
intervals, and showed decreased heart rate variability (Figure 5a).
Conversely, the sotalol-treated group showed larger fluctuations in
heart rate around spawning (Figure 5b). In contrast, the control
group showed a sharp change in heart rate before and after
spawning (Figure 5c¢).

Breakpoint analysis of heart rate variability revealed multiple
change points in each treatment group (Figure 6). In the atropine-
treated group, change points were identified at 66 min before,
31 min before, 5 min before, and 66 min after spawning (Figure 6a).
The sotalol-treated group showed change points 48 min before
spawning, 6 min after, and 42 min after spawning (Figure 6b). The
sham control group had change points 42 min before spawning,
1 min after spawning, and 42 min after spawning (Figure 6¢). No
clear distinctions in change point patterns were apparent among
the groups.

Figure 7 shows each group’s coefficient of variation (CV)
of heart rate during spawning. The atropine-treated group
maintained a lower CV than the other two groups (Figure 7a).
This suggests that atropine suppressed heart rate variability during
the spawning process. The sotalol-treated group had a larger
CV around spawning and maintained high variability during
the observation period, except post-spawning (Figure 7b). This
indicates a broader range of heart rate changes in the sotalol group.
The control group showed a sharp increase in CV 24 min before
spawning, suggesting that anticipating spawning significantly
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affected heart rate variability (Figure 7c). Post-spawning, the CV
in the control group decreased from the large fluctuations observed
pre-spawning.

Discussion

Sex-specific differences in heart rate
variability patterns before and after
spawning and their significance

This study analyzed the heart rate variability of salmon during
spawning behavior in detail. A temporary increase in heart rate
was observed immediately before spawning, followed by a rapid
decrease in heart rate, or cardiac arrest, at the moment of spawning
(Makiguchi et al., 2009). This cardiac arrest is suggested to be caused
by increased parasympathetic nervous system activity (Taylor et al.,
1999; Makiguchi et al., 2009). After recovery from cardiac arrest,
the heart rate slowly recovers, but does not return to the pre-
spawning level. This heart rate fluctuation is thought to reflect
the energy expenditure and autonomic nervous system regulation
during salmon spawning behavior. The increase in heart rate
before spawning suggests increased sympathetic nervous system
activity corresponding to the increased energy demand required
for spawning (Altimiras et al., 1997; Taylor et al., 1999). On the
other hand, the rapid decrease in heart rate during spawning
is thought to be due to a rapid increase in parasympathetic
nervous system activity to facilitate the release of eggs and
sperm (Makiguchi et al., 2009). Such dynamic regulation of the
autonomic nervous system is considered a physiological adaptation
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FIGURE 6

Breakpoint analysis of heart rate variability in female chum salmon
(Oncorhynchus keta) under different autonomic nervous system
blocker treatments during spawning. The x-axis represents time
relative to spawning (in minutes), with 0 indicating the moment of
spawning. The y-axis shows the heart rate in beats per minute (bpm).
Vertical dashed lines indicate detected change points, with the
numbers above showing the time (in minutes) relative to spawning
when each change point occurred. (a) Atropine-treated group
(parasympathetic blocker). Change points were detected at —66, —31,
-5, and +66 min relative to spawning. (b) Sotalol-treated group
(sympathetic blocker). Change points were identified at —48, +6, and
+42 min relative to spawningc). (c) Sham control group. Change
points were observed at =42, +1, and +42 min relative to spawning.
Note that despite the different treatments, no clear distinctions in
change point patterns were apparent among the groups. This suggests
that factors beyond direct autonomic nervous system control may
influence the overall temporal dynamics of heart rate variability
during spawning.
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for fish to efficiently perform reproductive behavior (Nilsson, 1983).
Furthermore, analysis of heart rate variability (HRV) suggested
the possibility of changes in the autonomic balance of salmon
during the spawning period. HRV is a method of evaluating
autonomic nervous system activity using the variability of heart
beat intervals as an index, reflecting the balance between the
sympathetic and parasympathetic nervous systems (Akselrod et al.,
1981; Altimiras, 1999). Changes in HRV during the spawning period
may reflect the regulation of the autonomic nervous system in
response to stress and changes in energy consumption associated
with reproductive behavior (Campbell et al., 2004, 2006). However,
in this study, specific HRV indicators (e.g., LF/HF ratio by frequency
analysis) were not analyzed, and further investigation is needed
to quantitatively evaluate changes in autonomic balance. In future
studies, a more detailed analysis of HRV will allow a more
detailed understanding of the dynamics of the autonomic nervous
system in salmon during spawning behavior. In addition, it is
necessary to observe heart rate variability in more detail under
natural conditions by utilizing bio-logging technology to better
understand the relationship between spawning behavior and heart
rate variability (Warren-Myers et al., 2021).

Relationship between heart rate variability
and spawning behavior before and after
spawning

The observed cardiac arrest during spawning suggests a
potential adaptive strategy aimed at conserving energy and
enhancing spawning efficiency. This phenomenon, also reported by
Makiguchi et al. (2009) in chum salmon, may be common among
salmonids. However, we did not observe a direct correspondence
between the frequency of spawning behavior and HRV patterns.
This discrepancy may be attributed to the complex nature of
spawning, where HRV is also influenced by other environmental and
individual factors. Additionally, sex differences in heart rate during
the spawning period suggest potential variations in autonomic
nervous system activity between males and females. Studies by
Sandblom et al. (2009) indicate that the autonomic innervation
of the heart differs between sexes in salmonids. The increase in
heart rate after spawning in females compared to the decrease
in males may reflect differences in the balance of sympathetic
and parasympathetic activity. The results of the pharmacological
experiments provide further support for these interpretations. The
increase in heart rate after atropine administration suggests that
parasympathetic activity is crucial for maintaining a lower heart rate
during spawning. Furthermore, as Steele et al. (2011) have shown,
B-adrenergic receptors play an important role in the autonomic
control of the heart and these receptors may influence the changes
observed in heart rate during spawning. These findings suggest that
heart rate fluctuations in spawning salmon are controlled not by a
single factor, but by a complex interaction of several autonomic and
physiological factors.
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that anticipation of spawning significantly affected heart rate variability. Post-spawning, the CV decreases from the large fluctuations observed
pre-spawning. These graphs illustrate the differential effects of autonomic nervous system blockers on heart rate variability during the spawning

The role of the autonomic nervous system
in heart rate variability during spawning

Pharmacological experiments using atropine and sotalol have
provided key insights into the autonomic regulation of heart
rate in salmon during spawning (Campbell et al., 2009; Bazmi
and Escobar, 2022). Atropine, a muscarinic cholinergic receptor
antagonist, increases heart rate by blocking the parasympathetic
nervous system’s effects on the heart, removing inhibitory tone.
Sotalol, a B-adrenergic receptor blocker, mainly antagonizes the
sympathetic nervous system, reducing heart rate and contractility
(Steele et al., 2011). These drugs are widely used in fish cardiac
function studies to dissect the relative contributions of the
parasympathetic and sympathetic systems. The use of atropine
in particular highlights the strong vagal tone that suppresses
heart rate in many fish species. For example, in Antarctic fish,
pharmacological blockade of muscarinic receptors with atropine
increased heart rate, demonstrating a significant cholinergic
influence on resting heart rate (Campbell et al., 2009). Furthermore,
the use of adrenergic antagonists, such as sotalol, allows the study
of adrenergic contributions to cardiac function. Combining these
pharmacological tools allows identification of the intrinsic heart
rate of the cardiac pacemaker in the absence of autonomic input,
providing a detailed understanding of the autonomic control of heart
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rate (Sandblom and Axelsson, 2011; Sandblom et al., 2016). In the
study by Makiguchi et al., 2009, atropine administration did not
prevent cardiac arrest, while sotalol administration did, and heart
rate variability was similar to the control group. This suggests a key
role for the parasympathetic nervous system in cardiac arrest during
spawning. However, analysis of the coefficient of variation (CV)
revealed that heart rate variability increased in the control group
immediately before and after spawning, while this increase was
blunted in the atropine and sotalol-administered groups (Watanabe-
Asaka et al., 2022). This indicates that not only the parasympathetic,
but also the sympathetic nervous system significantly affects heart
rate variability during spawning. While the parasympathetic system
appears to play a central role in the cardiac arrest itself, the
sympathetic system also appears to be involved in the dynamic
modulation of heart rate during the period from immediately before
to immediately after spawning. These findings highlight the complex
interplay of the autonomic nervous system in the control of heart
rate during spawning, supporting previous knowledge about the
importance of the parasympathetic nervous system, and suggesting
a role for the sympathetic nervous system in regulating heart
rate variability during spawning. This discussion emphasizes the
importance of analyzing not only average heart rate but also the
CV of heart rate variability to understand the dynamic regulatory
actions of the autonomic nervous system.
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ECG loggers and future research

Advances in data logger technology have significantly improved
our ability to monitor physiological parameters in fish over
extended periods, enabling detailed studies of cardiac function
during critical life stages. In our study, high-resolution ECG
loggers allowed the identification of precise change points in
heart rate variability (HRV) that correlate with distinct spawning
behaviors in chum salmon. Rather than simply reiterating our
results, our findings suggest that the pre-spawning decrease in
HRV observed 21 min before spawning in females may represent
a preparatory autonomic adjustment, likely mediated by increased
parasympathetic activity. This anticipatory response, similar to what
has been observed in other salmonids (Sandblom et al., 2009),
appears to optimize cardiac performance in anticipation of the
high energetic demands of spawning. Similarly, the rapid post-
spawning drop in heart rate in males, coinciding with a decline
in courtship behavior, indicates a swift autonomic modulation
that may serve to conserve energy following intense activity.
This rapid change highlights the dynamic nature of autonomic
control during spawning (Makiguchi et al., 2009). Furthermore,
our findings are consistent with the understanding that heart rate
variability is not solely governed by physical exertion, suggesting
complex autonomic nervous system responses during this critical
life history event (Warren-Myers et al., 2021).

Importantly, our pharmacological experiments further support
the role of parasympathetic control in these processes; the
suppression of HRV by atropine treatment confirms that the
autonomic nervous system is actively involved in regulating cardiac
function during spawning (Makiguchi et al., 2009). In contrast,
sotalol treatment did not prevent the occurrence of cardiac arrest,
suggesting a more complex interplay between sympathetic and
parasympathetic influences that merits further investigation. This
finding aligns with other studies indicating that parasympathetic
mechanisms are dominant in mediating cardiac arrest during
spawning (Makiguchi et al., 2009) while also highlighting that
the specific roles of sympathetic and parasympathetic systems
can vary significantly across different physiological responses
(Mann et al., 2010; Steele et al., 2011).

Looking ahead, future research should integrate ECG
additional  physiological
measurements—such as hormonal profiles, gastrointestinal blood

logging  with and  environmental
flow, and energy expenditure—to elucidate the multi-faceted
regulation of spawning behavior. This approach would allow
for a deeper understanding of the interplay between internal
physiological changes and behavioral responses during spawning
(Brownscombe et al., 2019; Prystay et al., 2019). Comparative
studies across salmonid species will also be essential to determine
whether these autonomic responses represent a conserved
adaptive mechanism or if they vary with ecological context.
Such comparative research will help to assess the generality
of the findings across different salmonid species and their
ecological contexts (Campbell et al., 2009; Sandblom et al., 2009).
Ultimately, a deeper understanding of these mechanisms will
not only advance basic reproductive physiology in fish but may
also inform conservation strategies and aquaculture practices by
highlighting sex-specific responses to environmental stressors.
Understanding sex-specific differences and responses is crucial for
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effective conservation efforts, as these differences can significantly
impact mortality rates and reproductive success (Cooke, 2004;
Sandblom et al., 2009). By focusing on the interpretation of our
data and its implications, we aim to provide a comprehensive
framework for future studies that bridges the gap between high-
resolution physiological monitoring and practical applications in
fish management and conservation. This interdisciplinary approach
is crucial for developing effective strategies for sustainable fisheries
management (Cooke et al., 2012; Sandblom et al., 2016).
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Bioresource Science, Nihon University, Fujisawa, Kanagawa, Japan, *Fisheries Resources Institute,
Japan Fisheries Research and Education Agency, Yokohama, Kanagawa, Japan, ‘Department of
Fisheries, School of Marine Science and Technology, Tokai University, Shizuoka, Japan, °Field Science
Education and Research Center, Kyoto University, Kyoto, Japan, °*Osaka Aquarium Kaiyukan, Osaka,
Japan, "Marine Biological Section, University of Copenhagen, Helsingar, Denmark, *Graduate School
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Pacific bluefin tuna (Thynnus orientalis; PBT) can maintain their body
temperature above ambient water (i.e., thermal excess) through high heat
production and heat retention. The endothermic ability develops at 20-40 cm
fork length (L;), which has been attributed to improved heat retention.
Meanwhile, the contribution of heat-production capacity to the development
of thermal excess is insufficiently understood. This study aimed to elucidate the
ontogenetic pattern of heat production and its contribution to endothermic
capacity in juvenile PBT using a heat-budget model (HBM) and swim-tunnel
respirometry. The HBM was applied to 2-4 months of biologging data
from juveniles (23-50 cm L;; 200-4 kg) to estimate heat production rates
(T.,). revealing that these rates remained high up to approximately 700 g
and declined thereafter. Moreover, the comparison of the development of
endothermic capacity with the HBM-estimated parameters suggests that in
the early juvenile stages, when PBT rapidly develop the thermal excess, the
high T,, contributes to the thermal excess. The high T,, in this stage implied
the juvenile-specific development of aerobic capacity; therefore, metabolic
rate and aerobic capacity-related tissues (red muscle and ventricle) were
measured, and the scaling exponents were calculated in this stage (16-28 cm Ly;
50-420 g). Swim-tunnel respirometry was conducted on juvenile PBT in Japan
(August—September 2022 and 2023), and the collected samples were used to
measure red muscle and ventricular masses. The scaling exponents of tunas
throughout life history are generally in the range of 0.6-0.9, while those for
these traits were 1.0 or greater in this size range, supporting the juvenile-specific
aerobic capacity development. In conclusion, this study reveals the ontogenetic
characteristics of heat production-related traits in PBT and provides new
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insights into the developmental process of endothermic ability, beyond heat
retention capacity.

KEYWORDS

biologging, heat-budget model, metabolic rate, respirometry, red muscle development

1 Introduction

Animal body temperature is determined by internal heat
production and heat exchange with the external environment
(Schmidt-Nielsen, 1997; Butler et al., 2021). Each species possesses
an optimal body temperature range and employs various strategies
to maintain body temperature within this range (Butler et al., 2021).
Based on their thermoregulation strategies, animals are classified
as either endotherm or ectotherm. Endotherms sustain body
temperatures above the surrounding environment through elevated
metabolic heat production (Schmidt-Nielsen, 1997; Butler et al.,
2021). In contrast, ectotherms do not retain their body temperature
with their heat production; instead, they primarily rely on external
heat sources, exploiting environmental thermal gradients to regulate
body temperatures (Angilletta, 2009; Butler et al., 2021). Most fish
are ectotherms: this is because the aquatic habitat is a challenging
environment to maintain body temperature due to the high heat
capacity of water, and the metabolic heat they produce is further
lost through the gills and the skin. Nevertheless, among fish, a few
species can maintain their body temperatures above ambient water,
known as endothermic fish (Bernal et al., 2012; Wegner et al., 2015;
Bernal et al., 2017). The endothermic ability is restricted to specific
tissues/organs; therefore, it is referred to as “regional endothermy”
to distinguish it from the “endothermy” observed in mammals and
birds (Carey and Teal, 1969; Carey et al., 1971).

Tunas (tribe Thunnini) are notable examples of endothermic
fish and have long been explored for their ability to maintain
body temperatures (Kishinouye, 1923). Tuna species achieve
their endothermic ability through both high heat production
and retention capacity, and exhibit unique morphological traits
associated with them. They possess a unique vascular arrangement
around specific tissues/organs (e.g., red muscle, liver), where arteries
and veins alternate (Kishinouye, 1923; Carey et al., 1971; Dickson
and Graham, 2004). The vascular pattern, referred to as rete mirabile,
functions as the counter-current heat exchangers to retain metabolic
heat, and heat from venous blood returning to the heart is passed to
arterial blood, thereby reducing heat loss at the gills.

Tuna species also exhibit high metabolic rates, generally
measured by oxygen consumption rate (MOZ)’ compared with
ectothermic fish, reflecting their high metabolic heat production
(Blank et al.,, 2007a). Moreover, they exhibit developed features
conducive to aerobic metabolism, such as greater proportions of
the ventricle and red muscle (Dickson et al., 2000; Graham and
Dickson, 2001; Kubo et al., 2008). The red muscle serves as a
major source of metabolic heat, and the ventricle allows the high
oxygen demand of tunas. The red muscle arrangement along the
body’s medial axis further reduces heat dissipation. The physio-
morphological features of tuna are shared in endothermic sharks
(lamnid sharks), demonstrating that these traits represent one valid
solution to acquiring the endothermic ability for fish. However,
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the endothermic ability of tuna is not innate, which is statued
throughout their ontogeny (Dickson, 1994; Dickson et al., 2000;
Kubo et al., 2008; Malik et al., 2020; Kitagawa et al., 2022). Typically,
the endothermic capability of tuna starts to represent the ability to
maintain their body temperature from early juvenile (>20 cm fork
length, L f) (Dickson, 1994; Dickson et al., 2000). The developmental
process of the endothermic ability has been well described in Pacific
bluefin tuna (Thynnus orientalis; PBT).

Pacific bluefin tuna and other bluefin tuna species, including
Atlantic bluefin tuna (Thunnus thynnus) and southern bluefin tuna
(Thynnus maccoyii), have well developed retia mirabilia among
tuna species, and the adults generally show high heat retention
capacity exceeding 10°C of thermal excess (Ty) between body and
T

water (ambient) temperatures (T, —T,) when in relatively cold

water. They can elevate the temperature of their locomotor muscle,
viscera, brain, and eye tissues above that of water (Carey and
Teal, 1966; 1969; Carey et al., 1971; Graham, 1995; Altringham
and Block, 1997). With the prominent endothermic ability, these
fish species have expanded their niches to low-temperature waters
and improved their ability to sustain high-speed swimming due
to their high aerobic metabolism and warm muscles (Stevens and
Carey, 1981; Block and Finnerty, 1994; Brill, 1996; Dickson and
Graham, 2004; Bernal et al., 2017). Pacific bluefin tuna are widely
distributed across the Pacific Ocean, whereas their spawning areas
are limited to Asian waters (Figure 1A). One main stock of PBT
breeds in the waters of the western North Pacific Ocean between
the Philippines and the Nansei Islands of Japan from April to June
(Yabe et al., 1966; Chen et al., 2006), and another stock breeds in
the Sea of Japan in August (Okiyama, 1974; Tanaka et al., 2007)
(Figure 1A). The larvae spawned in the western North Pacific Ocean
are transported by ocean currents (e.g., Kuroshio Current) to the
coastal waters of Japan in the summer 2-3 months after hatching
(Chen et al., 2006; Tanaka et al., 2006; 2006; Satoh et al., 2008;
Kitagawa et al., 2010; Satoh, 2010) (Figure 1A). While some PBT
remain in the coastal waters around Japan, others migrate from the
Kuroshio-Oyashio transition region to the eastern Pacific in what is
referred to as the trans-Pacific migration (Orange and Fink, 1963;
Clemens and Fittner, 1969; Bayliff et al., 1991; Itoh et al., 2003;
Kitagawa et al., 2009; Fujioka et al., 2018).

It has long been known that PBT juveniles with a fork length
of 30 cm or more exhibit a thermal excess of 3°C-4°C post-
capture compared to the ambient water (Funakoshi et al., 1985),
indicating that PBT of this size and larger already have developed
T

the endothermic ability. The long-term measurements of T}, T,,

and swimming depth using biologging devices, have demonstrated
that they have developed ability to maintain T;, when more than
45 cm Lf fish (Kitagawa et al., 2000; 2001; Kitagawa and Kimura,
2006; Kitagawa et al., 2007a; 2007b; Fujioka et al., 2018). Kubo et al.
(2008) measured the ‘steady-state’ T}, in PBT across a size range
of 16.5-55.5 cm Ly and reported that the thermal excess increased
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FIGURE 1
(A) Map of the western North Pacific Ocean, showing the study area (shaded area). Schematic of near-surface currents around Japan: Kuroshio Current,
Kuroshio Extension, and Oyashio Current (gray arrows) (B) Enlarged map of the study area. The white triangle represents the release location of tagged
Pacific bluefin tuna juveniles. The yellow-filled circle indicate the location of the Iburi Center, Osaka Kaiyukan Marine Biological Research Institute.

from 0.1°C to 1.5°C in individuals measuring 16.5-34.9 cm L to
2.6°C-4.4°C in those measuring 54.5-55.5 cm Lf, consistent with
earlier observations in Euthynnus tunas (Dickson, 1994).

The mechanistic basis of thermal excess enhancement has
mainly been attributed to the heat retention capacity, the
development of retia mirabilia, because PBT develop the vascular
structure rapidly during the juvenile stage (Funakoshi et al., 1985;
Malik et al., 2020). Moreover, a biologging study has also shown
that the heat retention capacity considerably improves with growth,
while that of the heat-production rate decreases after >45cm Ly
(Kitagawa et al., 2007b). Meanwhile, the ontogenetic progression of
heat production capacity and its role in the development of their
endothermy remains less comprehensively understood. Achieving
a body temperature above the ambient level necessitates not only
heat retention but also substantial heat production. The total heat
production capacity increases with body size due to the growth
of red muscle mass (Malik et al., 2020), especially during the
early juvenile stage (<30 cm Lg) (Kubo et al,, 2008), implying an
ontogenetic increase in heat production capacity.
enabled the
miniaturization of biologging devices and the in situ measurement

Recent technological advancements have
of body temperature in small-sized tuna (<30 cm Lf),
the

process of PBT’s endothermic ability (Kitagawa et al., 2022).

providing new insights into dynamic developmental
However, our previous study focused on the developmental
process of heat retention capacity but did not discuss heat
production capacity (Kitagawa et al., 2022). Therefore, the present
study aimed to elucidate the ontogenic development of metabolic
heat production capacity in PBT and its contribution to endothermic
ability through reanalysis of the dataset in the previous study. In the
present study, we (1) estimated the heat-production rate in juvenile
PBT via heat-budget model and its scaling exponents in the juvenile
as an index for developmental state, (2) discussed the relationship
between the parameters estimated via heat-budget model and the

contribution of heat production to the development of endothermic
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ability in PBT, and (3) evaluated aerobic capacity-related traits,
including metabolic rate, total red muscle mass, and ventricular
mass, and estimated scaling exponents of these traits.

2 Material and methods
2.1 Analysis of biologging data

2.1.1 Summary of analyzed data and electronic
devices

In this study, we analyzed time-series temperature data of
body (T,) and ambient water (T,) from nine juvenile Pacific
bluefin tuna for a heat-budget model (Table1). The data were
originally obtained from tagging survey conducted on PBT by
the National Institutions of Far Seas Fisheries, Fisheries Research
Agency (present name: Japan Fisheries Research and Education
Agency Fisheries Resources Institute) in Tosa Bay, Kochi Prefecture
(Furukawa et al., 2017; Fujioka et al., 2018; Kitagawa et al., 2022) from
July to August in 2012-2015.

Over the 4-year tagging survey, a total of 3,281 PBT juveniles
were captured by trawling in the coastal area of Tosa Bay (2012-2015:
n = 1,044, 1,725, 236, 276), and 2,518 fish were released with dart
tags (2012-2015: n = 923, 1,147, 201, 247). Of the dart-tagged fish,
321 fish were surgically implanted with an archival tag (LAT2910;
Lotek Wireless Inc. Ontario, Canada) into their peritoneal cavity and
released from the coastal area (2012-2015: n = 75, 62, 77, 107). In
total, 307 fish were recaptured off Tosa Bay, its adjacent waters, and in
California, United States (2012-2015: n = 128, 60, 45, 74). Of these, 93
were archival-tagged individuals (2012-2015: n = 23, 8, 23, 39), but for
about half of the fish, the archival tags themselves were not recovered,
or the data were not retrieved due to the tag malfunction. As a result,
41 fish were used for the heat-budget model in our previous study
(Kitagawa et al., 2022). In this study, we selected nine individuals
with more than 2 months of time-series data for analysis (Table 1),
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TABLE 1 Information on the individuals used for heat-budget model analysis. Fish size is expressed in fork length. The parentheses in size range analysis
column indicate size estimated from growth rate due to the lack of size information at recapture.

Fish ID  Capture/Recapture Tagging/Recapture Size range for Growth rate (cm:- Data length (days)
date size (cm) analysis (cm) day™)

2012-0925 July 28, 2012/August 25, 24.0/n.a 24.0-(52.6) 0.24 120
2014

20120932 | July 29, 2012/December 19, 28.0/53.5 28.9-47.1 0.18 102
2012

2012-0948 July 29, 2012/October 21, 24.5/50.0 28.9-42.8 0.18 78
2012

2012-1,127 August 10, 2012/ July 28, 26.5/n.a 26.5-(55.3) 0.24 120
2013

2013-1766 August 15, 2013/September 23.0/n.a 23.0-(51.3) 0.24 120
19,2014

2014-2,880 August 14, 2014/November 21.5/47.2 23.4-47.1 0.27 88
18,2014

2014-2,922 August 18, 2014/November 23.0/49.0 23.0-49.0 0.30 87
13,2014

20142952 | August 20, 2014/November 25.0/46.5 25.0-46.2 025 85
13,2014

2015-3792 August 02, 2015/October 26.5/47.2 26.5-47.0 0.26 79
21,2015

excluding 32 individuals with shorter data records, because this study after the abnormal point (less than 0.01% of all data points). The
aimed to evaluate the development of endothermic capacity from the ~ diurnal pattern has been known in the PBT’s body temperature
20 to >40 cm size range. (Kitagawa et al.,, 2022), where the temperatures in the daytime
The archival tags consisted of a body (¢8.5x25 mm) and  were higher than those in the nighttime, which generally reflects
stalk (154 mm), which weighed 3.3 g and 1.2 g in air and water,  an increase in metabolic demand accompanied by activity and
respectively. A temperature and pressure sensor were attached tothe  digestion in the daytime. In the present study, to reveal the
main body, and another temperature and illuminance sensor were  developmental process of body temperature in the stable condition
attached to the tip of the stalk. The recorded temperatures at the  of early juvenile stages (20-40 cm Ly), the data during nighttime
main body were used as T}, in the peritoneal cavity (where thetagwas ~ were focused on the analysis, assuming as a low-activity phase (10
placed in) and those at the stalk as T,. The illuminance and pressure ~ p.m.-5a.m.). Additionally, the data were limited to the first 120 days
sensors were set to measure light level and depth, respectively. The  after release (Table 1), although our previous analysis had extended
sampling intervals of all sensors were set to 30 s (Furukawa et al.,  to the following year after the release (Kitagawa et al., 2022). This
2017; Fujioka et al., 2018; Kitagawa et al., 2022). The temperature  limitation was applied because estimating the increase in body size
sensors had a resolution of 0.02°C in the range of —5-45°C. (fork length) during winter was difficult due to the reduced growth
The tagging procedure was described in detail in previous studies  rate during this period.
(Furukawa et al., 2017; Fujioka et al., 2018). Briefly, a scalpel was
used to make a 1 cm incision along the body approximately 0.5cm  2.1.3 Heat-budget model (HBM)
from the midline and 1-2 cm anterior to the anus, through which To analyze body temperature dynamics in juvenile PBT,
the archival tag was inserted into the peritoneal cavity. At the tagging ~ we employed a heat-budget model to estimate changes in the
timing, the straight fork length of each fish (L, in cm) was measured. ~ whole-body heat-transfer coefficient (1) and heat-production rate

The implantation procedure was generally completed within 30 s. (T,,) according to previous studies (Kitagawa and Kimura, 2006;
Nakamura et al., 2015; Kitagawa et al., 2022). The heat-budget model
2.1.2 Time-series data analysis follows the equation:
Igor Pro Ver 8.1 (WaveMetrics Inc., Portland, OR, United States) dT,
and its add-on package of Ethographer (Sakamoto et al., 2009) d_tb(t) =MT,()-T,)+T,, (1)

were used to analyze the T, and T, recorded at 30s intervals
by the archival tags. Temporary measurement abnormalities were ~ where, Tj(t) represents body temperature (in °C) as a function
corrected by taking a moving average of the values before and  of time (¢, in min), T, is ambient water temperature (in °C)
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as a function of t. The parameter A indicates the whole-body
heat-transfer coefficient (min~'), which represents the rate of heat
exchange between the body and ambient water. The term T,
represents the heat-production rate (°C -min'), which indicates
the rate of internal heat generation. Therefore, the heat-budget
model shows that the time change in body temperature at a time
t (dT,/dt(t),in °C min~!) is determined by the rate of heat exchange
(first term) and heat production (second term).

In our previous study (Kitagawa et al., 2022), we assumed that
the ambient water temperature at a given time, T,(f), reflects the time
change in T, at the same time, dT;,/dt(t) However, a time lag in heat
transfer response was found. To account for this, the response time
lag against T,(t) (7, in min) was added to Equation 1:

7 (O =MT,(t=1) = Ty(®)) + T,

)

The parameters were estimated for each day using maximum
likelihood method. We used the “lm”
R Core Team (2023)] to estimate the parameters for models with

function in R [v.4.3.1,

different values of 7, and calculated the Bayesian information
criterion (BIC) for each model according to previous studies
(Nakamura et al., 2015; 2020) The model with the lowest BIC values
was regarded as the more parsimonious model, and the parameters
estimated by the lowest BIC model were used as parameters
for the day.

2.1.4 Allometry of HBM parameters

To clarify the development of the heat-production rate in
PBT, the heat-production rate was compared to body mass. The
relationship between body mass (M,) and a trait (I) is generally
described by a power-law equation (Schmidt-Nielsen, 1984), known
as the allometric equation, as follows:

I=aMF, 3)

where, « is the scaling coefficient, and f is the scaling exponent
or slope of the log-log plot of I vs M,, (Glazier, 2005; Killen et al.,
2010). The scaling exponent indicates the rate of increase of a trait
relative to the increase in body mass. In this study, we evaluated
the development of the heat-production rate using the allometric
equation. To apply linear models, both body mass (M) and heat-
production rate (T,,) were log,,-transformed. Estimation was first
conducted on a linear model using the Im function in R. To explore
whether there is a change point in the allometric relationship of heat-
production rate during ontogeny, segmented regression analysis was
performed on the linear model, comparing the Akaike information
criterion (AIC) and BIC to determine if breakpoints should be
included. The segmented function in the “segmented” package of R
was used for this analysis (Muggeo, 2008).

2.1.5 Body size estimation of the tagged PBT

To estimate the scaling exponent of the heat-production rate, the
body mass of PBT juveniles on each day was estimated based on a
calculation in a previous study (Kitagawa et al., 2022). Briefly, the
estimation was conducted through two processes: (1) estimating the
fork length on each day using the growth rate, and (2) estimating the
body mass from the estimated fork length. The growth rate of PBT’s
fork length is rapid and linear in 0-age fish, for example, at 0.45 cm -
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day™! at 30-120 days of age (Jusup et al., 2011). Even after 4 months
of age, the rapid growth of 0-age fish is known to continue until the
onset of their first winter (Fukuda et al., 2015b). PBT juvenile do
not fit the von Bertalanffy growth function (Von Bertalanfty, 1938)
otherwise widely used as a growth formula (Fukuda et al., 2015a),
where the fork length during ontogeny is described by a sigmoid
curve. Therefore, the increase in fork length during the analysis
period (0-120 days after release) was estimated by linear regression
between fork length and the days after release. For fish without fork
length data at the time of recapture (n = 3; Table 1), fork length was
estimated from the average growth rate (0.24 cm-day ') number
based on linear regression of other fish (n = 24) in a previous study
(Kitagawa et al., 2022). Body mass (M,,) during the analysis period
was estimated from fork length (Ly) using the allometric formula
(Equation 3), M, = ocLLjﬂL [a) = 4.85-107%, B, = 3.39, the values of
the constant from Malik et al. (2020)].

2.2 Metabolic rate measurement

2.2.1 Fish collection and maintenance

Swimming respirometry was conducted at the Iburi Center (IC)
of Osaka Kaiyukan Marine Biological Research Institute (Figure 1B)
from August 9 to 26, 2022, and from August 15 to 9 September
2023. Juvenile Pacific bluefin tuna, ranging from 16.6 to 28.2 cm in
fork length, were captured by hook-and-line trolling over a period
of 2-3 days (August 11-13, 2022, August 18-19, 2023) off the
waters of Tosa Bay, Japan. The captured fish were transported to
IC on the final day of fishing each year. Upon arrival, the fish
were transferred from the transport tank to 5-ton holding tanks
(diameter 2.6 m, depth 0.94 m) with a custom-made dip-net, where
the lower part was made of vinyl sheet and thus filled with water
during fish handling. A total of 97 fish (2022: n =67, 2023: n=
30) were collected and 31 fish (2022: n =16, 2023: n=15) were
used for swimming respirometry. The holding tanks were aerated
and supplied with filtered seawater. The holding tank water was
maintained at the sea surface temperature at the location where
the fish were caught (mean =+ s.d.: 25.8°C * 0.5°C). The PBT were
fed larvae of Japanese anchovy (Engraulis japonica), to saturation
twice daily, with the total daily feeding amounting to approximately
5%-10% of their body mass. They were not fed at least 12 h prior
to the start of the swimming experiment. After the swimming
experiment, the remaining fish not used for the experiment were
euthanized with an overdose of FA100 (4-allyl-2-methoxyphenol,
known as eugenol, 107 mg - mL"; Tanabe Seiyaku Co. Ltd., Osaka,
Japan). The euthanized PBT juveniles were dissected for sampling,
including ventricular mass measurement, or whole body frozen for
red muscle mass measurement. The samples were then stored in a
freezer at —20°C.

2.2.2 Swimming respirometry

A Steffensen-type swim tunnel respirometer (SW10210, Loligo
Systems, Viborg, Denmark) situated at the IC was used to measure
the oxygen consumption rate (MOz’ in mgO,-h™") of the fish as a
function of swimming speed (Svendsen et al., 2016). The tank in
the swimming section of the respirometer held 90 L of water; water
flow was generated using a voltage-controlled motor and propeller,
where the voltage was calibrated against the water velocity. The swim
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tunnel was connected to an optical O, sensor instrument (Firesting
O,; PyroScience GmbH, Aachen, Germany) using the dipping probe
oxygen minisensor included in the instrument. The external water
bath of the swim tunnel was connected to a plastic supply tank
containing 200 L of air-saturated water. The water temperature of
the supply tank was maintained in 25.6°C-26.4°C during the Moz
measurement. The respirometer was darkened on the outside using
a black curtain to prevent external disturbances.

The fish were transferred from the holding tank to the swim
tunnel using a nylon sling. The fish were first given 0.5-3 h to
acclimate to the swim tunnel at a water speed of 45-60 cm-
s (approx. 1.5-2.1 Ly s71), at which speed they swim regularly.
Conversely, under a certain low flow speed (<25-35 cm-s™'), they
could not maintain their posture horizontally and opened their
mouths, and eventually started to show active ventilation, resulting
inincreased MO2 compared to MO2 ataspeed of 45-60 cm -s™'. Some
fish failed to maintain position in the swim tunnel, or repeatedly
charged the upstream screen of the swim tunnel by 1 h after placing
them in the swim chamber. In such a case, the fish was immediately
removed from the swim tunnel and a new trial with a new fish
started. During the acclimation period, the oxygen consumption
rate was monitored, and confirmed that the MO2 for all individuals
were almost stabilized (defined by lino et al. (2024) as an estimated
MO2 that did not vary by more than 10% from the mean over three
consecutive measurement cycles). Each experimental run consisted
of a 3-8 min period at each of the designated speeds up to 90
cm-s~'. After each measurement, the seawater was exchanged with
fresh seawater.

After each 15 min period, the water flow was increased by an
additional 0.3 L- s”! and was maintained at the new velocity for
15 min or until the fish were unable to swim against the current
and were pushed to the downstream screen, and remained there
for more than 10s. After each trial, the fish were euthanized by
overdose of anesthesia (FA100), and the fork length and body mass
were measured. Some fish were dissected soon after euthanasia
for sampling, while others were frozen whole bodies for later
quantification of red muscle mass.

The oxygen consumption rate (Mg , in mgO,- min™') was
determined during the measurement period (Af, in min) as the
decline in dissloved oxygen (ACy , in mgO,) in the swim tunnel.
Mo, was calculated as:

CO
0,= —— (Vo= Vi)

Ar (4)

where V, is the volume of the swim chamber (in1), V}, is the volume
of the fish (in I, which was calculated from body mass assuming the
density of the fish was 1 kg-17!). Background changes in dissolved
oxygen concentration, measured when there were no fish in the
swim chamber, were negligible. The swim speed was corrected for
blocking effects, as recommended by Bell and Terhune (1970), when
the cross-sectional area of the fish exceeded 2% of the swimming
chamber area (Iino et al., 2024).

2.2.3 Scaling of metabolic rate

In this study, the standard metabolic rate (SMR) was determined
to calculate the scaling exponent of a metabolic trait. The SMR is
defined as the metabolic rate when swimming speed is zero, and for
tunas, it is typically derived from the relationship between metabolic
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rate and swimming speed, known as the “swimming curve” (Dewar
and Graham, 1994; Sepulveda and Dickson, 2000). Previous studies
have reported a linear relationship between metabolic rate and
swimming speed in tunas, and this study also identified a similar
linear relationship (Dewar and Graham, 1994; Sepulveda and
Dickson, 2000). Consequently, a linear model was employed for the
estimation, where the oxygen consumption rate at a given speed
(MOZ(U)) can be expressed as follows:

MOZ(U) =yU+ MOZ,SMR’ )

where U denotes swimming speed (cm-s™!

, and y represents the
slope of the linear function. The intercept indicates the oxygen
consumption rate when the swimming speed is zero, thus providing
an estimate of the SMR. For each individual, the swimming curve
was estimated using a linear model, and the metabolic rate at a
swimming speed of zero was defined as the SMR. However, since
the metabolic rate estimated from the swimming curve is obtained
through extrapolation, some concerns have been raised regarding
the accuracy of such estimates (Chabot et al., 2016). To address
this issue, we also determined the metabolic rate at the minimum
(sustained) swimming speed (M02>Unm.)’ defined as the lowest speed
at which tunas can maintain their swimming, and used MOZ'Umin for
the metabolic trait scaling exponent calculation.

The minimum swimming speed (U,;,) was determined for six
individuals in 2023 by gradually reducing the flow speed after the
measurement phase. Specifically, after the measurements, the flow
speed was decreased incrementally at a speed of 5 cm-s™!, and the

Upin Was defined as the speed just before the metabolic rate began to
increase. Within the size range examined in this study, no significant

correlation was observed between the U,,;, and body mass, so the
average U, of 44.3 cm - s™! was used. By substituting the U, ;, into

the swimming curve for each individual, we calculated MO2 U -
>~ min

2.2.4 Calculating red muscle and ventricle
masses

Metabolic heat produced through aerobic metabolism in red
muscles (RM) is a major source of body temperature, and the
ventricle is closely related to aerobic capacity (Graham and Dickson,
2001). To evaluate the development of red muscle and ventricle in
the early juvenile stage, a portion of PBT juveniles captured for
swimming respirometry were measured for the masses of red muscle
(Mpyy) and ventricle (M,)).

Twenty-one fish (mean + s.d. fork length: 20.6 + 3.2 cm, body
mass: 142.4 + 80.6 g) were used to quantify total red muscle mass
(Mpyp in g). The method was based on a previously described
protocol (Bernal et al., 2003; Malik et al., 2020). For each fish, the
total red muscle mass was calculated as the sum of the mass in
the cross-sections. Before analysis, the fish were stored in —20 °C
freezer and they were sectioned using a bandsaw while still frozen.
Measurable quantities of RM did not occur in the anterior 20%-25%
L. Thus, beginning at this position, whole frozen PBT juveniles were
cut into 0.6-1.4-cm thick (approx. 4%-6% L) cross-section until
70%-90% Lf, where little to no red muscle remained visible. The
anterior sides of each cross-section were photographed alongside
a scale bar. For each of the cross-sections, the red muscle’s cross-
sectional area was measured using Image]J. The cross-sectional area
was multiplied by the thickness of section (0.6-1.4 cm) to give the
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FIGURE 2
Example of time-series data of electronically tagged Pacific bluefin tuna (ID 2012-0932). The vertical dashed lines depict the estimated fork length at
the time. (A) Body temperature (T,, red) and ambient water temperature (T, blue). (B) The temperature difference between body and water
(thermal excess).

volume value, and it was then multiplied by the published density
[1.05¢g- cm™>; Bernal et al. (2003)] for the tuna muscle to give the
mass value.

The ventricular masses (M,, in g) were measured in 37 juveniles
(mean = s.d. fork length: 22.7 + 3.4 ¢cm, body mass: 207.0 + 107.0 g).
Each fish was dissected soon after euthanasia by anesthesia overdose.
The ventricles were blotted and weighed to assess the ventricular
mass. For each fish, the ventricular mass was divided by the body
mass to give relative ventricular mass.

3 Results
3.1 Heat-production rate

T

Time-series data of the T}, T,

, and Ty retrieved from one
individual (ID 2012-0932) are shown by a representative example
(Figure 2). During this period, it is estimated that its fork length
increased from 29 to 47 cm (approx. 500 g to 2 kg; Table 1; Figure 2).
The Ty exhibited a diurnal pattern; the daytime Ty was higher than
the nighttime Ty. At small sizes (<30 cm Ly), the Ty ranged from
0.25°Cto 1.5°C, but the Ty increased with growth, and at larger sizes
(>45 cm Lf), the T range increased to 0.5°C-3°C (Figure 2).

For the fish, the heat-production rate (T,,,) and whole-body heat-
transfer coefficient (1) were estimated using the heat-budget model
(Equation 2). The response time lag 7 minimizing BIC of the heat-
budget models on each day increased, accompanied by their growth.
The minimizing 7 ranged 0.5-1 min at the length of 30-35cm L,
(approx. 500-1,000 g; Figures 3A,B), while the heat-budget model
incorporating a 7 of more than 2 min showed the lowest BIC over
40 cm Ly (approx. > 1.5 kg; Figures 3C,D). The calculated BIC values

Frontiers in Physiology

70

of the heat-budget models were at their minimum at a response time
lag () 0-3 min in the fork length range of 25-50 cm.

The heat-production rate (Tm) was estimated for individuals
with fork lengths ranging from 23.0 to 55.3 cm (body weight
200-3,900 g) (Figure 4). A decreasing trend in T,, was observed
with body size, but when T, was plotted against body weight on
both logarithms, T, tended to remain constant up to a certain
body mass (Figure 4). The segmented regression model exhibited
lower AIC and BIC values than the linear model (segmented
model: AIC = 85.1; BIC = 108.9, linear model: AIC = 153.5; BIC =
167.7), which indicated a change in the slope of T, at the
breakpoint (714 g, 95%CI: 641.7-794.5).The slope of T,, remained
close to 0 before the breakpoint (ie., below 714 g), with no
significant slope detected (estimate: 0.121, 95%CI: —0.082-0.324,
p =0.74) (Figure 4). In contrast, beyond the breakpoint (i.e., above
714 g), T,, decreased with increasing body weight (Estimate: —1.299,
95%CI: —1.421--1.176, p < 0.01).

3.2 Relationship between the development
of heat-production rate and endothermic
ability

In the case of T, is an equilibrium state—meaning the state
where the left side of the heat-budget model is 0 (Equation 1)—the
temperature difference between body and ambient water (T}, — T,),
or thermal excess (T), can be described by the following:

T,=ATy (6)
where the Ty is determined by the values of T,, and . For example,
if T,,, is twice A, Ty is calculated as 2°C. Furthermore, if this equation
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is converted into logarithmic form, Equation 6 becomes:

log T, =log A +log Ty. (7)

In this equation, the relationship between log T,, and logA is
expressed as a linear function with slope 1 and the log Ty as the
intercept of the linear function. The estimated Ty using the HBM
parameters was consistent with the mean thermal excess on each
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body mass: 193 + 90 g) by decreasing the flow speed. The average
speed was 44.3 + 1.51 (+s.d.) cm - s~'. The minimum swim speed did
not significantly correlate with body mass within the size range (p =
0.62). Therefore, the minimum swim speed in the MOZ’Umin estimate
was set to the average of 44.3 cm -s™'.

Mgy and Mo gy ranged 115.2-593.3 mgO,-h™' and
64.6-466.3 mgO,-h™', respectively (Figure 6B). The both of
MOZ’Umin and MOz,SMR increased with body mass (Figure 6}3). The
scaling exponent of M, ; - was 0.95 (s.e.: 0.24) and that of M gyp
was 1.01 (s.e.: 0.33) (Table 3).
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The effects of heat-production rate (T,,,) and whole-body heat-transfer coefficient (1) on the difference between body and ambient (water)
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The mean (+s.d.) value of mass-specific MOz,Umm was 719.7
(£303.5) mgO, -h™! and that of mass-specific MOZ)SMR was 1,198.3
(+366.1) mgO, -h™! (Table 2; Figure 6C). The scaling exponent of
the mass-specific MopUm;n was —0.05 (s.e.: 0.24) and that of the mass-
specific MOZ’SMR was 0.33 (s.e. 0.33), but both exponents were not
significantly different from zero (Table 3).

3.4 Development of red muscle and
ventricular masses

Total red muscle mass was evaluated using the fish’s cross-
sectional area [n =21, mean + s.d. (min-max range) fork length:
20.6 + 32 (16.3-27.9) cm, body mass: 1424 + 80.6 (48-362)
g]. The red muscle mass increased with body mass (Figure 7A)
and it spanned 2.8-38.7 g in 48-362 g fish. The red muscle mass
significantly increased with body mass in the log-log transformed
regression model, and the scaling exponent was estimated at 1.20
(s.e.: 0.11) (Figure 7A). The ventricular mass was measured in
37 individuals [mean + s.d. (min-max range) fork length: 22.4 +
3.4 (17.1-28.2) cm; body mass: 199.0 + 109.4 (73-423) g]. The
ventricular masses significantly increased with body mass in the
log-log transformed regression model, and the scaling exponent was
estimated as 1.15 (s.e.: 0.05) (Figure 7B).

The relative value of red muscle mass to body mass ranged
3.77%-10.69% (mean * s.d.: 6.07% * 1.79%) (Table 2; Figure 7C),
but the scaling exponent of the relative red muscle mass was
not significantly larger than 0 (p=0.09; Table2). The relative
ventricular mass ranged 0.132%-0.279% (Table 2; Figure 7D). The
scaling exponent of the relative ventricular mass was 0.15 (s.e.:
0.054), which was significantly larger than 0 (p = 0.009; Table 2).
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4 Discussion

Endothermic fish, such as tuna and lamnid sharks, can
maintain the temperatures of certain tissues/organs higher than
the surrounding water, if in cold water, by retaining high levels of
heat production. In the early juvenile stage, a strong correlation
has been observed between red muscle mass and thermal excess
(Dickson et al., 2000; Kubo et al., 2008), suggesting that heat
production plays an important role in thermal excess. However,
thermal excess is influenced not only by heat production, but also
by heat retention capacity. Since the development of the rete mirabile
occurs around the same time as the red muscle (Funakoshi et al.,
1985; Malik et al., 2020), the ontogenetic pattern of heat production
capacity and the extent to which heat production specifically
contributes to thermal excess remain insufficiently understood
compared to the heat retention capacity. Therefore, in this study,
we aimed to explore the ontogenetic pattern of heat production
capacity and to discuss the extent to which heat production
contributes to the thermal excess between the inside and outside
of the body. The thermal excess of juvenile PBT increased with
growth as shown in our previous study [Figure 2; Kitagawa et al.
(2022)]. By estimating parameters using a heat-budget model, we
found that heat production is maintained at a high level in the
early juvenile stage. Through comparison of the parameters of
the heat-budget model, we found that a high heat-production
rate is important for the early formation of thermal excess.
To reinforce the mechanistic basis for highly maintained heat
production in early juveniles, scaling exponents were estimated
for physiological and/or morphological traits related to aerobic
metabolic capacity, such as metabolic rate, red muscle mass, and
ventricular mass.
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(A) Relationship between the swim speed (cm-s*) and oxygen

consumption rate (mgO, - h™), where point color represents body
mass (M,, in g). The solid lines represent the fitting results for each
individual fish. (B) Scaling of and standard metabolic rate (Mg_gug. pale
color; scaling exponent: 0.95) and metabolic rate at minimum swim
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regression fits, and the shaded areas show the 95% confidence
intervals.
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4.1 Ontogenetic patterns of heat
production in PBT

The heat production rate (T,,) estimated by the heat-budget
model decreases with growth for fish after 45 cm L (Kitagawa et al,,
2007b), which is natural given the scaling law of metabolic rate.
Since heat production depends on metabolic heat, the internal
heat production is closely related to the metabolic rate (Carey and
Teal, 1969; Dewar and Graham, 1994; Blank et al., 2007a; 2007b).
The heat-production rate (Tm, in °C -min~!) reflects the heating
rate for a fish body (in °C min™! -ind.”™!). Therefore, Tm can be
interpreted as the mass-specific heating rate (i.e., °C min' -kg™!)
and the ontogenetic trend is expected to be similar to the mass-
specific metabolic rate (in mgO,-h™'-kg™'). Metabolic rate (in
mgO, -h™") is proportional to body mass to the power of 0.5-0.9
according to the scaling laws of metabolic rate (Glazier, 2005;
Killen et al., 2010), which means that the mass-specific metabolic
rate (in mgO, -h™"' - kg™!) decreases in proportion to the —0.5 to the
—0.1 power of body mass. The scaling exponent of metabolic rate
throughout life history depends on the species, and species with
higher metabolic rates exhibit lower scaling exponents (Killen et al.,
2010). The scaling exponents of metabolic rates in tuna species
estimated using >40 cm Ly fish ranged from 0.5 to 0.6 (Killen et al.,
2010), which is consistent with the decline in T,, with growth
in PBT larger than a certain size (>45cm Ly in Kitagawa et al.
(2007b); > approx. 35 cm Ly in Figure 4). In contrast to the decline
in T, after 45cm Ly (Kitagawa et al, 2007b), in the present
study, we observed that T,, did not decrease in the early juvenile
stages (approx. < 35 cm, Figure 4). These results might seem to
contradict the scaling laws; however, it is known that the allometry
of traits, particularly metabolic rate, is not constant throughout life
history but varies depending on the life history stage (Glazier, 2005;
Killen et al., 2010). Previous studies have reported that the scaling
exponent of the metabolic rate tends to be higher during early life
stages in fish (Glazier, 2005).

4.2 Contribution of juvenile-specific high
heat production into endothermic ability in
juvenile PBT

We aimed to discuss the extent to which heat production
contributes to the rise in thermal excess by comparing parameters
estimated using a heat-budget model (Figure 5). The heat-budget
model estimates parameters for heat production and heat retention
capacity, denoted as T,, and A, respectively. Assuming the body
temperature is in a steady state, the ratio of these parameters is
considered to determine the thermal excess (Ty) (Equations 6 and
7). The thermal excess in juvenile PBT reaches approximately 2°C
by the time they grow to approximately 45cm L, (Figure 5A),
which corresponds with the average nighttime body temperature.
The distribution of plots before reaching 45 cm L shifts to the left
between 25 and 35 cm L, indicating an increase in thermal excess
from approximately 0.25°C-1°C (Figure 5B). Based on the pattern
of this shift, it can be inferred that, as suggested by previous studies
(Kitagawa et al., 2007b; Kitagawa et al., 2022), the decrease in A plays
an important role in the increase in thermal excess. Additionally,
it was found that the maintenance of high heat production levels
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TABLE 2 Summarized information on fish body size and measurements of physiological traits. Each physiological trait is represented as a value relative

to body mass. Mean + s.d., and min-max range (in parentheses) are presented.

Trait n Fork length (cm) ‘ Body mass (g) ‘ Relative values to body mass Units

Mo, sur 13 233+ 2.5 (19.4-27.5) 211.6 + 75.7 (94.0-330.0) 719.7 + 303.5 (393.6-1,417.4) mg O,h kg™
Mo,y 13 233 +2.5(19.4-27.5) 211.6 + 75.7 (94.0-330.0) 1,198.3 + 366.1 (745.4-1900.0) mg O,-h kg™
Red muscle 21 20.6 + 3.2 (16.4-27.9) 142.4 + 80.6 (48.0-362.0) 6.07 + 1.79 (3.77-10.69) %

Ventricle 39 224 +3.6 (16.2-28.2) 199.0 + 109.4 (53.0-423.0) 0.21 + 0.06 (0.08-0.48) %

TABLE 3 Scaling exponents for physiological traits. Each row represents a physiological trait and its corresponding scaling exponent values, including
absolute values and values relative to body mass (or mass-specific, ms). Scaling exponent values with a p < 0.05 are highlighted in bold.

Abs./Rel Trait Units of trait Scaling exponent estimate P
Mo, v, mg O,h! 0.95 (0.42-1.48) 0.002
Mo,_onm mgO,-h™! 1.01 (0.29-1.73) 0.011
Absolute
Red muscle g 1.12 (0.96-1.43) <0.001
Ventricular mass g 1.15 (1.04-1.26) <0.001
ms-Mo g mg O,-h~" kg™’ ~0.05 (-0.58-0.475) 0.831
ms-Mo,_ sur mg O, h kg™ 0.01 (~0.71-0.73) 0.974
Relative to M,
Rel. red muscle mass % 0.45 (-0.09-1.00) 0.096
Rel. ventricular mass % 0.15 (0.04-0.26) 0.009

also contributed to the rapid increase in thermal excess during the
early juvenile stage. Although heat production began to decline
after 35cm Ly, it is likely that the improvement in heat retention
capacity exceeded the rate of decrease in heat production, resulting
in a continued enhancement in thermal excess (Figure 5B). One
possible ecological reason that prevents the increase of the thermal
excess due to high heat production from occurring after 35 cm
Ly is the energetic cost. Tunas require an enormous amount of
food to maintain their elevated body temperatures (Estess et al.,
2014). According to model estimates, the cost of heat production
is substantial, with more than 80% of assimilated energy being lost
after reaching 35 cm Ly (Jusup and Matsuda, 2015), suggesting that
reliance on high heat production to maintain body temperature may
impose excessive energy costs.

Figure 5B also provides insights into the challenges small-sized
fish face in maintaining thermal excess. For example, the plots
of T, and A for individuals smaller than 25 cm Ly were mainly
distributed 0.05°C-0.1°C - min —1 and 0.2-0.4 min —1, respectively.
Juvenile PBT of this size exhibited a Ty 0of 0.25°C; however, assuming
that the Ty increase up to 1°C, the fish would require a 2- to 8-
fold increase in Tm (i.e., 0.2°C-0.4°C - min —1). Meanwhile, the
juveniles around 40 cm L; showed a Ty of 1°C, with the T, of
0.04°C-0.1°C - min -1 and the A of 0.05-0.1 min -1, and a 1- to 5-
fold Tm (i.e., 0.1°C-0.2°C - min —1) would be needed to increase T
to 2°C. Therefore, it is considered difficult for the small-sized fish
to produce a Ty of more than 1°C due to low heat retention ability,
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which also implies the limitation of body size to produce a certain
level of T.

4.3 Mechanistic basis of juvenile-specific
high heat production

To examine the juvenile-stage-specific development of aerobic
capacity, metabolic rate, red muscle mass, and ventricular mass,
we measured and evaluated their scaling exponents (Table 3). The
mass-specific Mo _g\r and Mg, of PBT juveniles were 719.7 +
303.5 mgO,-h™ -kg™' and 1,198.3 £ 366.1 mgO, -h™* - kg™ (mean
+ s.d.), respectively (Table 2; Figure 6). The mass-specific SMR of
PBT was significantly higher than that of other ectothermic fish
species. Although measurements of the early juvenile stages of
tuna are limited, kawakawa tuna (E. affinis) is the only species for
which a swimming curve has been provided at 24°C (Sepulveda
and Dickson, 2000). The mean + s.d. of mass-specific MOZ,SMR and
the mass-specific MOZ,Umm (calculated at 44.3 cm - s7!) of kawakawa
tuna (n =8, L, range: 18.2-25.5 cm, M, range: 59-265 g) derived
from the swimming curve were 616.9  289.9 mgO,-h™' kg™
and 1,052.5 + 257.5 mgO, -h™! - kg™, respectively (Sepulveda and
Dickson, 2000), which were generally consistent with the values
estimated in this study. The ventricle, which is an organ critical for
blood circulation, had a relative mass of 0.21% + 0.04% (mean *
s.d.) (Table 2). The relative ventricular mass of tunas (M, range:
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FIGURE 7

Scaling relationships between body mass (g) and (A) red muscle mass (g; scaling exponent: 1.12), (B) ventricular mass (g; scaling exponent: 1.15), (C)
relative red muscle mass (%), and (D) relative ventricular mass (%; scaling exponent: 0.15). Each point represents an individual, with the solid black lines
indicating the linear regression fits, and the shaded areas representing the 95% confidence intervals.
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280 g-37 kg) ranges from 0.2% to 0.4% (Poupa et al., 1981; Brill
and Bushnell, 1991; Graham and Dickson, 2001; Blank et al., 2004),
in agreement with our results and notably higher than that of
ectothermic fish species (2-2000 g), which ranges from 0.07% to
0.17% (Driedzic and Stewart, 1982; Santer et al., 1983; Sidell and
Driedzic, 1985; Farrell et al., 1988). Additionally, the proportion of
red muscle mass was 6.07% + 1.79% (mean = s.d.) (Table 2), which
was also higher than that of other ectothermic fish species (Graham
and Dickson, 2001).

In the early juvenile stage (15-35 cm Ly), the scaling exponents
of these physiological traits were close to or greater than 1.0, and
those of the mass-specific values (or values relative to body mass)
were also close to or greater than 0 (Table 3), indicating that the traits
increased isometrically or more. Although the scaling exponents of
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metabolic rate have not been reported not only for PBT but also
for other bluefin tuna species, as it is known that scaling exponents
tend to be similar among species that are phylogenetically related
and have a comparative lifestyle (Killen et al., 2010). Therefore, it
is reasonable to expect that bluefin tuna would have similar scaling
exponents to other tuna species. The scaling exponents of other
tuna species ranged from 0.5 to 0.6 [e.g., Thynnus albacares: 0.57,
Katsuwonus pelamis: 0.56, E. affinis: 0.50, as reported by Killen et al.
(2010)]. The scaling exponents for both MOZ,SMR and MOz,Uman were
close to 1.0, and tended to be high compared to the previous study.
The confidence intervals for the scaling exponents in MOZ)SMR and
MOZ>Un1in were wider because of the large variations in metabolic rates
between individuals and the narrow size range measured. Because
metabolic rates are generally known to vary 2- to 3-fold among
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individuals (Burton et al., 2011), it is necessary not only to increase
the sample size but also to measure a wider range of sizes in order to
more accurately determine and discuss the juvenile-specific scaling
exponents; however, the scaling exponents of red muscle mass and
ventricular mass would corroborate the juvenile-specific scaling
exponent of metabolic traits.

For red muscle, it has been reported that the scaling exponent
for PBT 20-60 cm L was 0.9, and the relative mass of red muscle to
body decreased from approximately 7%-4% within this size range
(Malik et al., 2020). In the 15-30 cm Lf range, the scaling exponent
was close to 1.0, suggesting that in this size range, the red muscle
is expected to grow isometrically and to decrease after this size
range. Little is known about the scaling of ventricular mass in
tunas, but the ventricular mass is expected to increase beyond the
30 cm Lf as the scaling exponent exceeded 1.0, and the relative
ventricular mass also increased in this study (Table 3). Although it
is not known to what extent the PBT’s ventricle relatively increases,
the relative ventricular mass has been reported to be 0.32% in
approximately 65 cm Ly fish (6.0-7.5 kg) (Blank et al., 2004). This
study observed that the high scaling exponents in the ventricular
mass, but the interpretation of ventricular mass and its high scaling
exponent should be noted. The ventricle is composed of two
layers, an inner spongy layer and an outer dense layer (Poupa and
Lindstrom, 1983). The dense layer is called the compact layer, and
the compact layer plays an important role in the pumping of blood.
The high scaling exponents could be attributed to an increased
ratio of the compact layer to the spongy layer, not simply an
increase in ventricular volume. Further histological study is required
for the interpretation of the high scaling exponent in ventricular
mass. In addition, the development of other tissues/organs could
also contribute to that of endothermic ability. For example, the
study on bigeye tuna (Thunnus obesus) showed the importance of
white muscle on thermogenesis and thermoconservation ability
(Boye et al., 2009). The present study observed that the high
scaling exponents for certain physiological traits—metabolic rate,
red muscle mass, and ventricular mass—during the early juvenile
stages in PBT, which supports the ontogenetic pattern of heat
production capacity at this stage, although other traits could also
contribute to the development of endothermic ability. These results
align with recent findings of higher scaling exponents specific to
early life history and the hypothesis that these patterns can be
attributed to relative increases in tissues with higher oxygen demand
(Oikawa and Itazawa, 1993; Glazier, 2005).

4.4 Ecological implications of high
metabolic rate

Although high heat production should be associated with
high energetic costs, the ontogenetic pattern of T,, suggest that
juvenile PBT maintains a high heat-production rate during the early
juvenile stage, contributing to an increase in thermal excess. The
elevated body temperature of tunas is thought to allow them to
maintain a high metabolic rate, conferring advantages for growth
and swimming performance (Brill, 1996). The rapid development of
aerobic metabolic capacity observed during this period is consistent
with the ecological characteristics of juvenile PBT. The juveniles
exhibit rapid growth up to 1 year of age, with the cohorts born
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in the Pacific Ocean between April and July reaching a body size
of 20-30 cm Ly by August-September upon their migration to
the Tosa Bay. The growth rate during this stage is particularly
high compared to the later stage (Jusup et al, 2011), and the
juveniles reach 40 cm L by October. Concurrently, their diet shifts
from zooplankton to more energy-rich prey, such as small fish
(Shimose et al., 2013; Kitagawa and Fujioka, 2017), and their
caudal fins undergo morphological changes, increasing aspect ratios
to optimize for high-speed sustained swimming (Kitagawa and
Fujioka, 2017). Given that high growth rates during the early stages
play a crucial role in determining juvenile survival (Tanaka et al.,
2006), the juvenile-specific development of aerobic capacity in the
PBT during this stage likely plays a key functional role in the early
ecology of PBT.

A recent study has provided ecological insights into the high
scaling exponents of metabolic rate during the early life stages of fish
(Norin, 2022). The relationship between metabolic rate and growth
rate has long been recognized (Altringham and Block, 1997; Sogard,
1997), with species or individuals exhibiting higher metabolic rates
often showing faster growth rates, provided they meet their dietary
demands (Auer etal., 2015a; 2015b; 2015¢). Since mortality rates are
highest during the early life stages of fish, rapid growth is believed
to enhance survival rate (Sogard, 1997; Norin, 2022). Therefore, the
study hypothesized that the ontogenetic scaling of the metabolic rate
in fish is a result of selective pressures associated with high mortality
in early life stages (Norin, 2022). The eco-physiological features of
PBT juveniles are considered to coincide with this concept.

4.5 Conclusions and perspectives

It has been known that tunas begin to exhibit higher body
temperature than ambient water at fork lengths of 20-40 cm, but
the development of heat production capacity and its contribution
to the difference between body and water temperature at this stage
has not been fully understood. By examining multiple traits related
to heat-producing capacity in PBT juveniles, this study provides
new insights into the ontogenetic patterns of heat production
capacity and its physiological basis underlying the development of
endothermic ability in PBT juveniles. Our findings demonstrate
that the juvenile-specific high heat-production rate is critical during
the early stages of endothermic development. The observed high
heat-production rates during this stage contrast with the subsequent
decline as the fish grow larger. This study elucidates the ontogenetic
development of metabolic heat production in juvenile PBT and its
role in the acquisition of endothermic capability.

However, although the results of the present study implied a
developmental shift in the physiological state, further studies are
needed to explore internal changes, particularly energetic dynamics
through ontogeny, in natural environments. Pioneering studies
have proposed the measurement of heart rate in bluefin tunas
(Clark et al., 2008; Clark et al., 2010), and recent technological
advances in data loggers enable the measurement of long-term
heart rate in bluefin tuna (Rouyer et al., 2023). It is hoped that an
increasing number of physiological traits measured using biologging
techniques will clarify the developmental process from exothermic
to endothermic attributes in tuna species.
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Reproductive processes place significant physiological demands on animals,
often accompanied by hormonal and neural changes. In this study, we examined
changes in heart rate of gravid loggerhead turtles (Caretta caretta) during
nesting activities on the beach, especially during egg-laying phase. To examine
heart rate throughout the nesting activities, non-invasive electrocardiogram
(ECG) loggers and accelerometers were deployed on five gravid females.
Heart rate increased markedly upon beach landing and remained elevated
during most nesting phases. However, a significant decrease in heart rate,
often accompanied by increased RMSSD, was observed during egg-laying,
suggesting parasympathetic nervous system dominance during this phase. This
pattern is similar to observation reported in other species (e.g., horses and
chum salmon), where bradycardia during reproductive events is associated
with elevated parasympathetic tone. Our study reported an apparent reduction
in heart rate during oviposition, which reflects the physiological mechanisms
underlying nesting activities in sea turtles, and suggest that external stressors
disrupting parasympathetic activity may reduce egg-laying success.

KEYWORDS

heart rate, bradycardia, Caretta caretta, nesting, bio-logging

1 Introduction

Heart rate, an important physiological parameter reflecting an animal’s internal
state, is widely used in studies to estimate energy expenditure (Butler et al, 2002;
Weimerskirch et al., 2002), evaluate stress and health conditions (Ellenberg et al,
2006; von Borell et al., 2007), and understand adaptations to physiologically challenging
environments such as hypoxia during breath-hold diving and high-altitude flights
(Ponganis et al., 1997; Wright et al, 2014; Meir et al, 2019; Saito et al, 2024).
Reproductive processes (e.g., egg-laying, parturition) are essential biological processes
for species survival. However, these processes place significant physiological demands on
the reproductive animal, often accompanied by hormonal changes and physical exertion.
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Monitoring heart rate and heart rate variability, which serve
as indicators of autonomic nervous system activity, has become
an important tool for studying the drastic changes in maternal
condition during reproductive processes of livestock (Nagel et al.,
2014; Kovacs et al., 2015). For example, in horses, parturition
is associated with a decrease in heart rate, and the occurrence
of arrhythmia was observed during the 15 min prior to and
45 min following delivery (Nagel et al., 2014). Analysis of heart rate
variability and plasma catecholamine concentration patterns suggest
that high parasympathetic activity is a prerequisite for the onset of
parturition, with horses giving birth in a state of marked relaxation
and elevated parasympathetic tone (Nagel et al., 2014). Similarly,
in cows, an increase in the high-frequency component of heart
rate variability, which reflects parasympathetic activity, is observed
following the onset of behavioral signs of parturition (Kovacs et al.,
2015). Heart rate and heart rate variability indicators are also used
to improve the prediction of the time of calving, which is crucial for
maintaining efficient and profitable daily farming (Kishi et al., 2024).
In contrast, studies on heart rate during reproductive process in non-
livestock animals are scarce, particularly for marine animals (but see
Wells, 1979 for octopus; Makiguchi et al., 2009 for chum salmon).

Sea turtles spend most of their lives in the ocean; however,
they emerge onto beaches to nest. The nesting process typically
involves crawling up the beach, digging a body pit and egg chamber,
laying eggs, covering the nest, and returning to the sea (Miller et al.,
1997). These terrestrial nesting activities place significant physical
and physiological demands on turtles (Jackson and Prange, 1979).
For example, green turtles are shown to experience a tenfold
increase in metabolic rate compared to resting levels during nesting
activities (Jackson and Prange, 1979). Numerous hormonal studies
have provided valuable insights into general hormone patterns
(Owens, 1997; Jessop and Hamann, 2004); however, little is known
about the changes in heart rate and neural activity associated with
nesting behaviors.

Nesting turtles on the beach are known to be sensitive and often
halt their nesting behavior in response to external disturbances.
However, once egg-laying begins, the turtle generally continues
laying eggs, even in the presence of disturbances (Miller et al.,
1997). Based on this observation, we hypothesized that high
parasympathetic nervous system activity may play a role in sea turtle
egg-laying, as has been reported in horse parturition (Nagel et al.,
2014). Parasympathetic activity is typically dominant during relaxed
states and helps lower heart rate through the vagus nerve. To test
this hypothesis, we monitored the temporal changes in heart rate of
minimally disturbed loggerhead turtles (Caretta caretta) throughout
their nesting activities using a non-invasive electrocardiogram
data logger (Sakamoto et al, 2021). If supported, the hypothesis
predicts a decrease in heart rate during egg-laying.

2 Materials and methods
2.1 Animals and study sites

All experimental procedures were covered by the guidelines of
the Animal Ethics Committee of Meijo University, and the protocol

of the study was approved by this committee (2021A13, 2022A17,
2023A14, 2023A15, 2024A23). Electrocardiogram (ECG) data from
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gravid female loggerhead turtles were collected throughout their
nesting activities using animal-borne ECG loggers at two locations
in Japan: Port of Nagoya Public Aquarium (35°5'N, 136°52’E) and
Senri beach in Minabe, Wakayama (33°46’N, 135°18’E). At the
aquarium, the measurements were conducted in 2021 and 2023 on
captive turtles whose follicle development had been confirmed via
ultrasound examination. The turtles equipped with loggers were
kept in a tank connected to an artificial beach, allowing them to
move freely between the tank and the beach. Nesting behavior was
monitored with three night-vision cameras installed at the artificial
beach. Once oviposition was confirmed, the data loggers were
retrieved from the turtles the following morning. The field study
in Minabe was conducted during the 2022, 2023 and 2024 nesting
seasons. Once the turtles emerged onto the nesting beach, the turtles
were promptly captured, fitted with data loggers, and released at the
same site. When the turtles were returned on the beach, their nesting
behavior was observed from a distance to avoid disturbance. After
oviposition was confirmed, the turtles were recaptured just before
they return to the sea to retrieve the data loggers.

2.2 Data loggers

The ECG was recorded at 250 Hz (ECG400-DT; Little Leonardo,
Tokyo, Japan; 21 mm width, 64 mm length, 23 mm height, 60 g mass
in air) using a non-invasive method by attaching two electrode
pads to the turtles’ carapace, following Sakamoto et al. (2021)
with some modifications (Kinoshita et al., 2022). A step-by-step
instruction with detailed illustrations for attaching the electrodes
and loggers is provided in Kinoshita et al. (2022). While electrode
pads on the plastron provide stronger ECG signals (Kinoshita et al.,
2022), the pads were attached to the carapace due to the high risk
of detachment while the turtles crawl on the beach. The activity
of the turtles was recorded using a behavioral logger: a M190L-
D2GT (Little Leonardo; cylindrical shape; 15 mm diameter, 53 mm
length, 18 g mass in air) recording 2-axis acceleration, depth and
temperature, or a W2000-3MPD3GT (Little Leonardo; cylindrical
shape; 26 mm diameter, 175 mm length, 140 g mass in air) recording
3-axis acceleration and the Earth’s magnetic field, depth, and
temperature. Acceleration was recorded at either 16 Hz (CcW19 and
M3) or 32 Hz (CcW06, M4 and M7). Depth, temperature and the
Earth’s magnetic field were recorded at 1 Hz.

2.3 Data analysis

Nesting activities were categorized into 5 phases based on visual
observation of the captive turtles and acceleration-magnetometer
recordings of wild turtles: 1) crawling and body-pitting, 2) digging
an egg chamber, 3) laying eggs, 4) covering the egg chamber,
and 5) camouflaging the site (Figure 1; Supplementary Figure S1).
While crawling and body-pitting are typically classified separately,
they were grouped into the same category in this study due
to difficulty in distinguish between them based on acceleration-
magnetometer recordings. The definitions of classifications are
provided in Supplementary Material.

Time-series biologging data were analyzed using IGOR Pro
version 8.04 (Wavemetrics, Portland, OR, United States). To remove
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FIGURE 1

Time-series data of heart rate, depth, and high-frequency surge acceleration, heading, and 1-minute mean ODBA during the nesting activity of turtle
M3. The areas enclosed by the blue dashed lines in (a) are magnified in (b, c).

noise primarily caused by turtles’ movements, the ECG recordings
were processed using the ECGtoHR program, which employs an
FIR filter with a Hanning window to isolate the QRS complex
and detect R peaks (Sakamoto et al, 2021). The parameters
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of the ECGtoHR program were visually adjusted to set a QRS
frequency of 10-12 Hz and maximum heart rate of 60-80 bpm
for each deployment (Sakamoto et al., 2021). The instantaneous
heart rate was then calculated as the reciprocal of the time interval
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between consecutive R waves (RR interval). The heart rate was
calculated as the median of instantaneous heart rate per minute.
In addition, the root mean square of successive differences in
consecutive RR intervals (RMSSD) was quantified every minute.
RMSSD is a widely used time-domain measure of heart rate
variability, with higher values indicating greater parasympathetic
nervous system activity (Shaffer et al., 2014).

The acceleration data recorded by behavioral loggers was
separated into two components using a frequency-based filter:
a high-frequency dynamic body acceleration component (i.e.,
flipper movements) and a low-frequency gravity-based acceleration
component (Shiomi et al., 2010). As a proxy for activity level,
overall dynamic body acceleration (ODBA) in G was calculated by
summing the absolute values of dynamic acceleration at 16 or 32 Hz
across the three axes of the W2000-3MPD3GT (Wilson et al., 2006).
ODBA was not calculated for the turtle (i.e., CcW06) equipped
with the M190L-D2GT. The orientation of turtles (pitch, roll and
heading) was calculated every second using 3-axis magnetism and
low-frequency acceleration data using the macro ThreeD_path,
which is compatible with IGOR Pro (Shiomi et al., 2010; https://
japan-biologgingsci.org/home/macro/threed_path/).

Variations in heart rate throughout the nesting activities were
examined using a linear mixed model (LMM). As data obtained
from the same nesting event was not independent, ‘nesting ID’
was included as random effect. Explanatory variables were the
behavioral modes (i.e., crawling, digging, egg-laying, covering the
egg chamber, camouflaging) and ODBA. The most parsimonious
model was selected based on AIC, followed by the Tukey-Kramer
post hoc test for the behavioral modes. All statistical analysis was
performed using R (The R project for Statistical Computing, http://
WWW.r-project.org).

3 Results

ECG and behavioral data were collected from a total of five
gravid sea turtles over seven nesting events, including a pseudo-
nesting event by turtle M7 (Table 1). The wild turtles equipped
with loggers returned to nest the following night (M3, 4) or the
second night after release (M7). M7 exhibited behavior consistent
with normal nesting: it created a body pit, dug an egg chamber, and
displayed typical egg-laying behaviors, such as letting its tail hang
into the egg chamber and remained motionless for a while. However,
the only difference from normal nesting was that no eggs were
actually laid. After completing this pseudo-egg-laying, M7 filled the
chamber and camouflaged the site.

For the six true nesting events, the heart rate during
the 19.7 7.0 bpm
(mean * s.d.), but it rapidly increased to 29.3 5.5 bpm
the (Figure 1;
Supplementary Figure S1).

10 min preceding beach landing was +
+
during 10 min immediately  after
There
in heart rate during nesting events, with a weak positive
relationship observed with ODBA (P < 0.05, F (1, 576.69) = 20.4,

Supplementary Figure S2). The heart rate during egg-laying was

landing

was substantial variability

significantly lower than during any other behavioral modes (P <
0.05, F (4, 576.91) = 138.6; 16.9 + 5.0 bpm, Figure 2), showing a
54% decrease compared to the heart rate during the preceding
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digging the egg chamber (31.2 + 2.4 bpm). With the onset of egg-
laying, the heart rate gradually decreased, accompanied by increased
variability (Figure 3). This decrease in heart rate was not only due
to the increase in RR intervals but also associated with greater
variability in the RR intervals: the mean RR intervals during the
5 min prior to egg-laying were 2.0 + 0.5 s, increasing to 3.5 + 1.5s
during egg-laying. A general trend of increase in RMSSD was also
observed during egg-laying (Figure 3). After the completion of egg-
laying, the heart rate rapidly returned to levels comparable to those
measured prior to egg-laying (Figure 3).

During pseudo-egg-laying observed in M7, a decrease in heart
rate was noted at the onset of the pseudo-egg-laying. However, the
return of heart rate after the completion of pseudo-egg-laying was
more gradual to the return observed after true egg-laying (Figure 3).

4 Discussion

By using non-invasive ECG monitoring method, we were able
to measure heart rate in loggerhead turtles throughout nesting
activities. In all turtles, a marked increase in heart rate was recorded
upon landing on the beach. Loggerhead turtles have been reported
to exhibit diving bradycardia as an adaptation to reduce oxygen
consumption during breath-holding dives (Saito et al., 2024). It
is likely that a similar bradycardic response occurred until their
bodies were fully out of the water, although apnea occurs both in
water and on land. Once on the beach, the heart rate generally
remained elevated at 24.2-30.4 bpm, although it varied depending
on the behavioral modes (Table 1; Figure 1). In diving sea turtles,
an increase in heart rate corresponding to underwater activity
intensity has been reported in captive turtles (Williams et al., 2019;
Okuyama et al.,, 2020), as oxygen must be transported from their
primary oxygen store in the lungs to the muscles (Lutcavage et al.,
1997). In nesting turtles on the beach, a positive relationship
between heart rate and activity intensity was also observed, with
the relationship being weak (Supplementary Figure S2). Nesting
activities on the beach are considered physically and physiologically
demanding (Jackson and Prange, 1979). Furthermore, the lower
specific heat capacity of air compared to water facilitates an increase
in body temperature, which in turn raises metabolic rate, although
the effect of temperature may be small in this study due to relatively
low air temperature (Table 1). One possible reason for the weak
relationship between heart rate and activity intensity is that the
heart rate while on the beach may already be at very high level
for sea turtles, leaving little capacity for significant increase in
response to high exercise intensity. In fact, the heart rates recorded
in this study represent the highest levels reported for loggerhead
turtles, even exceeding those observed during inter-dive surface
intervals when heart rate typically increases (Saito et al., 2022; 2024;
Williams et al., 2019). Another possibility could be that turtles may
be exposed to other factors (e.g., external stimuli, internal condition
associated with egg-laying) that influence heart rate aside from
activity intensity. Similarly, the relationship between heart rate and
activity observed in turtles freely diving in their natural environment
was weaker than that reported during voluntary diving in a simpler
captive environment (Saito et al., 2024).

Our results showed a significant decrease in heart rate associated
with egg-laying, as predicted by the hypothesis that egg-laying is
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FIGURE 3

Temporal changes in heart rate (box plots) and RMSSD (red dots) before, during, and after the egg-laying periods. RMSSD and the median heart rate are
shown for each minute. The upper and lower edges of the box represent the third and first quartiles, respectively. Time zero corresponds to the onset
of the egg-laying period. The egg-laying and pseudo-egg-laying periods are highlighted in pink and blue, respectively.

with the successful completion of egg-laying. Further studies,
including hormonal and/or pharmacological researches, to examine
autonomic nervous system control, are important for elucidating
physiological mechanism underlying nesting activities.

This study represents the first heart rate monitoring of sea turtles
during nesting activities, demonstrating that heart rate remained
elevated throughout most of the nesting activities, except during
egg-laying. This indicates that nesting turtles have high metabolic
rate, likely driven by physical demands, such as supporting their
body weight, and increased body temperature. Considering that
nesting activities on the beach typically last for over an hour,
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these results suggest high physiological strain associated with
the activity. Furthermore, our data suggest that egg-laying in
sea turtles occurs under parasympathetic tone, although further
investigation into hormonal patterns and heart rate variability is
necessary for validation. The parasympathetic nervous system is in
an antagonistic relationship with the stress-activated sympathetic
nervous system. If high parasympathetic activity is a prerequisite
for initiating egg-laying, external stressors, such as disturbance
from tourists or strong light, may significantly reduce egg-laying
success. Further studies uncovering the physiological mechanisms
underlying nesting activities with ecological perspectives could
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provide valuable insights for the effective conservation and
management of endangered sea turtles.
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