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Foreword

Our evolutionary trappings have not prepared us for this book. As terrestrial, air-breathing
creatures that have only traipsed the Earth for a few million years — an evolutionary blink
of an eye — we humans struggle to comprehend the notion that oxygen, such an essential
element to our existence, could possibly be limiting. We are comfortable inhaling air infused
with plenty of oxygen, about 21% by volume to be exact. Unless we scale a tall mountain,
where oxygen concentrations might be half or a third of that at sea level, its availability
just doesn’t concern us. Yet, over deep time, oxygen has been a defining commodity for
terrestrial animals because the Earth’s atmospheric oxygen levels have fluctuated markedly
over millions of years, from roughly half to nearly double that of current levels. But most
importantly for this book, dissolved oxygen concentrations in water —in lakes, rivers, and
the sea - both now and in the past are only a tiny fraction of those in the atmosphere.
Water-breathing animals struggle to get enough of the stuff.

None of this registered with me until a few years ago when, while working at my desk
at Florida International University, an email message from Dr. Daniel Pauly popped up on
my computer screen. Any respectable marine scientist knows of the famous fishery biologist
Daniel Pauly who has published more consequential scientific works than any marine
biologist in history. Dr. Pauly has gone toe-to-toe with the world’s industrialized fishing
interests to expose their destructive practices and introduced several important ecological
concepts now common in textbooks, “shifting baselines” and “fishing down the food web”
among them. He wrote me to discuss sponges and...oxygen.

By that time, I had conducted research in tropical marine ecosystems for nearly
four decades, primarily on the ecology of lobsters and, yes, sponges. But oxygen? I was
certainly aware of local episodic events in aquatic ecosystems in which dissolved oxygen
levels plummeted for one reason or another, asphyxiating fishes and other animals and
resulting in massive, smelly die-offs. Though dramatic, I considered those infrequent
events. But Daniel’s Gill-Oxygen Limitation Theory (GOLT)? Never heard of it. So, Daniel
sent me some papers on O,-related phenomena, including his original paper introducing
the theory derived from his doctoral dissertation, penned in Germany 45 years ago. It
was a revolutionary idea. Through subsequent emails, teleconferences, and animated
discussions during his visits with my research team in the Florida Keys, I found Daniel’s
scientific arguments for the GOLT persuasive. I became an acolyte of the GOLT. If
correct, this theory fundamentally changes marine biology, underpinning the evolution
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and biology of water-breathing animals with far-reaching consequences for fisheries
management across the globe.

Iam deeply honored that my friend Daniel Pauly and co-author Johannes Mtller invited
me to offer this foreword. I have never met Johannes Miiller, which is unfortunate for me
as an amateur historian because Dr. Miiller is the real deal. An interdisciplinary scholar,
his writings on the interconnections between the humanities and the natural sciences are
fascinating, and who would not be compelled to read some of his purely historical works
with titles such as “A good guy with a sword” or “Dracula and the printing press.” Like me,
Johannes spiraled into Daniel’s formidable gravity a few years ago, culminating in several
co-authored publications on the physiology of fishes. I'm sure there is a story to be told
about that transition. Together, Drs. Pauly and Miiller have scripted in this book a detailed
account of why Earth’s rapidly warming waters will fundamentally change the lives of
water-breathing animals and, in turn, humanity’s interactions with them.

This book is a deep dive into the physics and physiology behind the construct of the
GOLT, deftly explaining its significance in a warming world, and offering examples of the
ways in which oxygen limitation has driven and still drives the physiology and behavior
of a panoply of water-breathing animals, well beyond Daniels’ beloved fishes. As the best
scientists do, Drs. Pauly and Miiller also entertain criticisms of the GOLT and consider
alternative hypotheses for its predictions. Indeed, the GOLT has spawned a flurry of research
by teams from around the world, including my own. We are putting this provocative theory
to the ‘acid test.’ It is that important.

Dr. Mark J. Butler IV

Professor, Eminent Scholar, & the Walter & Rosalie
Goldberg Chair of Tropical Ecology

Institute of Environment

Department of Biological Sciences,

Florida International University

Miami, Florida, USA
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Preface and Acknowledgments

We live in a time when the effects of global warming are unmistakable: forest fires,
heatwaves, droughts, melting glaciers, and increasingly unpredictable weather events
already give us a glimpse of what can be expected in the coming decades, even if we succeed
in reducing our global emissions of greenhouse gases. While the effects of climate change
on terrestrial environments attract considerable attention and can be easily observed, the
world’s oceans and freshwater ecosystems are also massively affected by warming and
deoxygenation, but we do not perceive their intensity.

The effects of climate change on animals that inhabit these ecosystems are different
and, in some respects, more drastic than the challenges faced by terrestrial animals. This
is especially true for all those species that breathe water instead of air, which includes
the vast majority of fishes and marine and freshwater invertebrates. This even affects
marine mammals, seabirds, and not to forget, humans, for whom fish provide an essential
source of nutrition.

Breathing water presents energetic challenges that are hard to imagine for mammals
like us. When temperatures rise, water contains less dissolved oxygen, but more importantly,
water-breathing animals require more oxygen to maintain their metabolic processes, and
their oxygen demand often reaches levels that exhaust the uptake capacities of the fish,
crab, or squid in question. Simply put: water-breathing animals in warmer water are short
of breath - a physiological state we experience only when we attempt to run a marathon,
or ascend Mount Everest without supplementary oxygen.

This book explains the effects of climate warming on water-breathing animals, but its
scope is more comprehensive than that. Addressing the current constraints and the impact
of rising temperatures on random species of water breathers is not enough; instead, this
requires a theoretical foundation that allows for a more comprehensive understanding
of the eco-physiological processes that shape underwater life. To do so, this book presents
a new interpretation of the mountain of published life-history data on water-breathing
animals, and it documents that the oxygen supply to their bodies — which is limited both by
the physical properties of water, and by the oxygen supplied by their gills not being able to
grow as fast as the oxygen demand of their bodies — makes them extremely sensitive to the
warming and deoxygenation of their watery habitats. Indeed, their entire biology is shaped
by this extreme sensitivity to the oxygen dissolved in the water they inhabit, as well as its
temperature, which directly impacts their oxygen requirements.
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Although we advocate, in this book, a theory that has limitation in its name, and
which is structured around constraints, we view the diversity of water-breathing as a
triumph of evolution over a medium that presents severe physiological challenges, as it
contains 30 times less oxygen than the air we breathe, is 50 times more viscous, and in
which molecular diffusion is 10,000 times slower than in air. Indeed, the evolutionary
triumph of developing organs that enable life in such a medium allows one to dream —and
to suggest in our last chapter — that if life evolved in any of the ancient and deep oceans on
the moons of Jupiter and Saturn, it might well be structured by several of the constraints
identified in this book.

It is important to provide a thorough mechanistic foundation for the phenomena and
trends currently observed in the growth and life-histories of fish and other water-breathing
animals, as this helps us avoid fragmented conclusions that differ in each case and each
species. Avoiding singular and entirely case-based ad hoc solutions is not enough to deal
with the problems facing the world’s aquatic ecosystems and their inhabitants. Instead, we
need a theoretical framework that offers us the tools to understand what we observe, and
act accordingly. This book is an attempt to provide such a theory.

This book has numerous antecedents, notably the work of Galileo Galilei, Charles
Darwin, D’Arcy Thompson, August Piitter, J.B.S. Haldane, and Ludwig von Bertalanffy. These
pioneers are historical figures, and we can thank them only figuratively.

This endeavour would not have been possible without the help and intellectual
contributions of colleagues from different fields. Daniel Pauly would like to thank
Professor Gotthilf Hempel, his advisor, who, in the late 1970s, gave him the liberty to write
an unconventional doctoral thesis. The collaborations he maintained in the intervening
decades with various colleagues were also crucial, notably with Rainer Froese, who
helped formulate several of the ideas explored in this book. He also would like to thank
his wife, Sandra Wade Pauly for her support, and for editing the first draft of this book and
checking its references, and Elaine Chu, who not only drafted or adapted its 84 figures — with
assistance from Tiffany Mak and Rachel ‘Aque’ Atanacio — but also helped with some of the
computations they required. Johannes Miiller would like to thank Noman Saleh, Keywan
Sohrabi, Armin Schifer, Martin Miiller, and Matthanja Miiller-Pieters, whose ideas, thoughts
and observations helped shape this book. We also thank Itsaso Lopez-Ahedo for hunting
down multiple typos in our draft and Claudia Moreira Calzadilla for helping with the index.

The first draft of this book was assembled during a 3-month mini-sabbatical that Daniel
Pauly spent in early 2024 on the campus of the University of Cape Coast (UCC), Ghana, as a
guest of the Africa Center for Excellence in Coastal Resilience Cape (ACECoR); he wishes to
thank its Director, Professor Denis Aheto, and his staff and students for their support and
friendship, and his colleagues at UCC, notably Dr. Margaret Fafa Akwetey.

Other colleagues we want to thank are Melanie Warren, the first author of the draft
that became Chapter 8, ‘Bob’ Steneck, for his text on kelp also being oxygen-limited, and
D.P’s co-authors of papers whose pre-submission drafts formed the core of Chapters 4, 7,9,
12, and 14, i.e., Upali Amarasinghe, Nicolas Bailly, Mark Butler, Elaine Chu, Niels Houben,
Katia Freire, Mimi Lam, Cui ‘Elsa’ Liang, Peter Sorensen, Elsa Vasquez, and Weiwei Xian.

Finally, we would like to thank the two reviewers of this book, Drs Mark Costello and
Jeppe Kolding, whose numerous suggestions greatly improved its form and content.
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Breathing Water: Principles and
Applications of the Gill-Oxygen
Limitation Theory

Synopsis: This chapter provides an overview of the book and outlines the need for a
comprehensive theoretical framework to explain altered growth patterns in fish and other
water-breathing ectotherms in relation to temperature and oxygen. While the Gill-Oxygen
Limitation Theory (GOLT) was not originally developed to address the impact of climate
change on fish growth, it offers valuable insights into how rising temperatures affect growth
by disrupting the balance between oxygen supply and metabolic demand. The theory
suggests that as temperature increases, oxygen availability becomes a limiting factor that
constrains growth and shapes central life-history traits. Through this theoretical framework,
the book aims to provide a deeper understanding of how climate change influences the
biology of aquatic ectotherms.

Why theory?

Life first evolved in water, and aquatic lifestyles represent the ancestral state of all animal
life on our planet. Consequently, this is also true for how organisms breathe: gills are much
older than lungs and played a vital role in the evolution of vertebrate and invertebrate
animals (Gillis and Tidswell 2017). The transition to breathing air - a medium that
contains 30 times more oxygen than water — allows for far better diffusion and is 50 times
less viscous, offering opportunities for biological life that are seldom fully appreciated.!
Breathing in water presents physiological and biophysical challenges that inform all aspects
of the life-histories and ecologies of aquatic animals. These challenges become all the more
visible in times of rapid change, which demands either a high capacity to adapt to new
circumstances or a high degree of plasticity, allowing organisms to adjust their physiological
organization accordingly (Earhart et al. 2022). In our current situation, the most drastic
factor of change is climate warming, a phenomenon that affects all life on earth, but impacts
aquatic organisms in particular and critical ways (see, e.g., Daufresne et al. 2009; Sheridan
and Bickford 2011; Cheung et al. 2013a, 2013b; 2013c; Dahlke et al. 2020).2 This book presents
an overarching theory that allows us to understand these challenges by exploring the
fundamental question of what it means to breathe water and how rapid climate change
affects organisms that depend on this mode of respiration.
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Why do we need such a theory? All forms of scientific knowledge result from questions
asked at a specific time and place and the attempts to answer them. Regardless of their
size and scope, these questions are posed at historical moments that require solutions
to specific research problems that occur at that time. Science and the broad insights it
produces transcend this historical situatedness and create frameworks that allow for a
better understanding of phenomena that may be entirely unrelated to the context in which
the original problem emerged.® In times of historical challenges that demand answers and
solutions on a large scale and require data from a vast number of scientific disciplines
and fields, tying knowledge together and theorizing it is of crucial importance. This book
is an attempt to do this: even though it cannot be separated from the specific situation
in which it was written — a moment in history at which the effects of global warming
are felt more rapidly than expected by many - it reacts to this specific challenge. At the
same time, the book presents a theoretical framework with much broader implications
and it aims to explain several fundamental ecological, physiological, biochemical, and
biomechanical phenomena that shape the life-histories of water-breathing animals, some
of which touch upon the very foundation of how we think about biological organisms and
their relationships to their environments.

This apparent tension between historical situatedness and maintaining a larger
theoretical scope that connects wider bodies of knowledge is not a contradiction. Instead,
these two aspects of our endeavor — explaining the effects of climate change on aquatic
organisms and developing a broader theoretical framework to understand key features of
their ecologies and life-histories in the context of the respiratory medium they inhabit —
belong inherently together and depend on each other. The climatic transition through
which our planet is currently going has (and will have) consequences we do not yet
fully understand.* Rapid change is even more difficult to comprehend when its effects
will most likely be permanent and irreversible in the foreseeable future. Explanations
and interpretations are, therefore, often formulated ad hoc and as responses to suddenly
occurring and sometimes unexpected phenomena. Such parochial, ad hoc answers to new
questions may often be unavoidable. Answers of this kind require constant revision and
cannot explain more comprehensive sets of phenomena and connect them. Understanding
the mechanisms and the impact of quickly accelerating global change requires more than
ad hoc responses — it requires theories. These theories should allow us to develop an
explanatory framework that helps us understand what has happened so far and make
reasonable predictions about the effects in the near future.

While the theory presented in this book explains the effects of climate change on the
planet’s water bodies — oceans, rivers, and lakes — and the animals living therein: fish,
squid, crustaceans, and other invertebrates, it is essential to note that this theory was
not developed as a response to climate warming or as an attempt to describe its effects.
Rather, its theoretical foundation was first developed to describe the growth of tropical
fish, a topic that had long been neglected by European and North American fisheries
scientists, who had mainly focused on temperate species (Pauly 1979). The theory that
emerged from this approach proved capable of explaining several phenomena observed
in water-breathing animals, many of which remain poorly understood. It can provide a
comprehensive model to understand respiration, metabolism, growth, reproduction, food
conversion, adaptability, migration, and other life-history traits in aquatic organisms under
changing circumstances, as well as their interactions with their ecosystems and their roles
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within the food webs of marine and freshwater ecosystems (Pauly 2019, 2021a). When this
theory was first developed, the impact of tropical temperatures on the growth and related
physiological processes of water-breathing animals was not seen as theoretically important:
climate change was not yet a central topic in fisheries science, and its effects were not as
immediately felt as they are now. Our explanation of the impacts of climate change on
fish is not an isolated hypothesis formulated post hoc. Still, while it is based on concepts
originally developed for other purposes, it possesses a predictive potential that makes it
applicable to diverse phenomena.

The fact that the key elements of the theory elaborated in this book predate the now
visible effects of anthropogenic climate warming illustrates once more what theories
are and what they are not: theories are neither direct solutions to problems nor are they
mere sums of hypotheses (either ad hoc or systematized) or sets of answers to specific
questions. They are neither accumulations of loosely related statements or propositions
nor compilations of observed facts. Their internal coherence does not depend on the
ideas of their originators or proponents but on the necessity and specific function of each
component within the theory as a whole. The relevance of Charles Darwin’s opinions on
geology, for example, is limited compared to his views on natural selection, even though it
was important that Charles Lyell’s ‘uniformitarianism’ had provided him with the longer
timespans in which evolutionary processes could take place.® What matters to his theory of
evolution is the basic mechanism he identified as its core: biological variation and selection.
In other words: theories are not the sum of their internal components but rather their
products. Therefore, every element of a theory that does not change the results or outcome
of its products can be left out and considered external to it.

For this reason, theories are categorically different from individual hypotheses and
are necessary to transcend the level of ad hoc observations, explanations, and solutions.
In contrast to isolated hypotheses, they also structure how new questions can be asked and
how they become meaningful . It is not their task to solve specific problems (for example,
temperature-induced size reduction in aquatic animals). When they can achieve this, they
do so within a wider explanatory framework and with implications for a whole range of
other questions and problems. While many of the basic mechanisms underlying the theory
presented in this book may be relatively simple and can be related to widely available
empirical data and findings, they have broader implications and an explanatory scope
beyond explaining isolated phenomena.

Some of the ideas on which the theory behind this book is built were already developed
in the first half of the twentieth century, and some of its core tenets can be traced even
further back in the history of science and human knowledge. This also includes the
practical and applied knowledge of fishing and aquaculture communities, as well as the
rich mathematical and geometrical traditions of learning that preceded and shaped modern
science.” For earlier authors and people who worked with fish daily, the correlational and
causal nexus between temperature, oxygen uptake, and growth in fish and other animals
was far less relevant than it is now. In our current situation, the implications of these
relationships are of central importance to our understanding of the effects of climate
change on the oceans and freshwater bodies of our planet.

Fish are among the groups of animals that may suffer most severely from rising
temperatures in the near future: as recent projections suggest, many fish species face
extirpation (and even extinction for some) if global warming continues at the rates we
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see in the present, not to mention the even larger group of water-breathing invertebrates
that share similar fates (Dahlke et al. 2020). These effects will (and already do) also have
a drastic impact on human societies. Fish and aquatic invertebrates supply billions of
people with animal proteins and essential micronutrients; they play a crucial role in
the planet’s ecosystems and may even have an essential role in global carbon storage
(Belton and Thilsted 2014; Fisher et al. 2010; Hicks et al. 2019; Saba et al. 2021). Like many
effects of global warming, these effects will be distributed asymmetrically, and societies
with the lowest ‘carbon footprint’ will probably feel the consequences of warming and
deoxygenating oceans and freshwater bodies much more drastically than those that are the
main drivers of global climate change. Ironically, fisheries of countries in the global north
may even benefit from ocean warming for at least some decades as fish populations in the
tropics and subtropics shift poleward (northward or southward) due to rising temperatures.

Given the severity of these projections, we believe it is necessary to connect the
implications of the theory presented here to current developments, even if the scope of that
theory is much broader and aims to provide more fundamental explanations for critical
biological and ecological traits of fish and other water-breathing animals.

The theory presented here aims to explain how fish and other water-breathing
animals, such as molluscs or crustaceans, respond to rising temperatures, i.e., how
they grow and reproduce differently and shift their distribution poleward if they can.
Additionally, it suggests what current developments will mean for the coming decades
and perhaps even wider timeframes. It presents a comprehensive set of explanations for a
wide number of biological and physiological traits in water-breathing animals, including
larval development, growth, maturation, spawning, mortality, adaptability, migration, and
geographical distribution. In the following, we will present the most basic building blocks
upon which this theory is based and then outline its general architectural design.

Geometries of life: size, form, and dimension in the biosphere
Although scientific theories in biology are often viewed as categorically different from
those in physics, biological processes occur within the physical world. The three spatial
dimensions (length, width and height) and the resulting scale and size relationships are
fundamental aspects of all biological processes, and the specific geometries of cells, organs,
and organisms shape the processes they perform. Physical space is never scale-neutral,
and as soon as more than one spatial dimension is involved, a scale change will impact
each dimension differently. What follows is that organismic growth inescapably changes
the relationships between the dimensions in which size increases. These fundamental
geometrical relationships shape the ways in which organisms can function within
different size ranges and define how they can regulate and organize basic mechanical and
physiological processes. In other words, an increase in size will inevitably meet some form
of dimensional constraint, and organisms will need to find strategies to function within
these constraints®.

The theory presented here revolves around two central concepts: dimensional tension
and surface allometry. In the nineteenth and early twentieth centuries, the significance
of these concepts was already recognized by biologists and theorists, who discussed
their impact on basic functional mechanisms of different organisms, for example, in
terms of heat regulation and food conversion in homeotherms or oxygen consumption
in water-breathing ectotherms (see, e.g., Bergmann 1847; Spencer 1866; Rubner 1894;
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Piitter 1909, 1920; Thompson 1917; Haldane 1926; von Bertalanffy 1951, 1964). The first
concept, ‘dimensional tension’ (Pauly and Cheung 2017) refers to the difference between
a 2-dimensional surface and a 3-dimensional volume, a difference around which all
physical organisms are organized: while our bodies are three-dimensional volumes, our
interactions with the world outside us are essentially two-dimensional: they take place
through surfaces, be it as respiratory (lung or gill surface), digestive (intestinal surfaces),
thermal (heat exchange via the skin), but also as sensory surfaces. Life on Earth depends on
geometrical forms and cannot occur without them; therefore, by definition, it is organized
around these dimensional tensions. The tension between the second and the third
dimensions applies to all physically organized life forms — from bacteria and mushrooms
to elephants and blue whales. Its effects and implications are different for different kinds
of organisms. Life has evolved around this tension in such a way that it can function within
the constraints imposed upon it. To deal with these constraints and to partly overcome
the resulting limitation of resource supply that would otherwise occur, the vital surfaces
of biological organisms tend to show allometric growth patterns, i.e., they grow relatively
faster than the surfaces of cubes and spheres, for example through the development of
folded or filamented structures, as we will discuss in more detail below.

Biological and physiological theories since the nineteenth century began to take surface-
volume relations more seriously. Centuries earlier, Renaissance thinkers like Galileo
Galilei (1564 - 1642) had already pointed out that life is organized around geometrical
relationships and constraints, and explained allometric patterns in and between organisms
with references to square-cube laws. A large portion of the geometrical knowledge
underlying this kind of explanation predates early modern European science by millennia.
Greek geometricians, Indian and Chinese mathematicians, and Egyptian architects had
mathematized the consequences of the tension between the second and the third dimension
(Needham 1959; McKenzie 2007; Kolachana 2019; Pauly 2019).° In ancient China, this
resulted, as early as the second millennium BC, in methods for calculating the volumes
of highly irregular geometrical objects, and similar endeavors were undertaken in India
(Needham 1959). While the description of square-cube laws is typically attributed to Galilei
and his Two New Sciences (“Discorsi e dimostrazioni matematiche intorno a due nuove
scienze,” 1638), many of his insights were preceded by knowledge that first emerged in
East, South, and West Asia, and along Mediterranean shores. Galilei’s seminal book applied
the geometrical problem of the relationships between surfaces and volumes to mechanical
constructions and biological organisms. It presented a masterful dialogue that developed
complex mathematical and physical problems in an accessible language.

Galileo demonstrated through several practical examples that allometries of scaling
shaped how organisms were organized and how geometrical realities set the conditions
under which animals and plants could exist. If an animal grew big, it had to rearrange the
organization of all its components in order not to collapse under its own weight: “Who does
not know that a horse falling from a height of three or four cubits will break its bones, while
a dog falling from the same height or a cat from a height of eight or ten cubits will suffer no
injury? Equally harmless would be the fall of a grasshopper from a tower or the fall of an ant
from the distance of the moon. Do not children fall with impunity from heights which would
cost their elders a broken leg or perhaps a fractured skull? And just as smaller animals are
proportionately stronger and more robust than the larger, so also smaller plants are able to
stand up better than larger. I am certain you both know that an oak two hundred cubits high,
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Figure 1.1. Bones of two different sizes in “Discorsi e dimostrazioni matematiche intorno a due nuove
scienze" (redrawn from Galilei 1638, p. 119).

would not be able to sustain its own branches if they were distributed as in a tree of ordinary
size; and that nature cannot produce a horse as large as twenty ordinary horses or a giant
ten times taller than an ordinary man unless by miracle or by greatly altering the proportions
of his limbs and especially of his bones, which would have to be considerably enlarged over
the ordinary” (Galileo 1638).

Organisms must reorganize the relationships between the different components of
their bodies to become larger; that is, an increase in size can only be achieved through
morphological alterations (Figure 1.1).

The second concept, surface allometry, describes a direct consequence of the dimensional
tension discussed above, but it refers to a specific consequence of the scaling relationships
in organisms. Mechanical constraints resulting from gravity are primarily consequential for
the size of terrestrial organisms, but scaling relationships also impact animals and plants
in other ways. The relationship between surface area and mass or volume determines the
exchange rates of vital resources between organisms and their physical surroundings. Being
the site of resource uptake, waste excretion, and thermoregulation (in endothermic taxa),
surfaces limit animal metabolic rates. As we will see below, organisms have developed
different strategies to increase the area of the respective surfaces through which resource
exchange occurs.

While the limiting role of surfaces is a result of the dimensional tension described
by square-cube laws, biological surface-volume relationships do not typically manifest
themselves in terms of simple spherical or cubic mass-scaling ratios: since organisms depend
on adaptive mechanisms that allow them to survive and reproduce in their respective
environments, optimization of surface-volume relationships is one of the most fundamental
universal evolutionary adaptations in the biosphere, and while even mitochondria need to
enlarge their internal surface area to take up resources, the importance of surface-volume
optimization increases disproportionally with body and organ size. Allometry, a term first
introduced by Huxley and Teissier (1936), from the Greek &AAog — ‘other’ or ‘different’ —
describes the relative increase in size of individual body components with respect to total
body size. This has specific implications for different organs and functional traits but, in
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the case of surface, it often implies deviations from square-cube laws: while the surface of a
sphere grows with a power of 2/3 relative to mass, vital surfaces in most biological organisms
grow in such a way that their increase follows a different pace than the usual 2/3 surface
rule, mostly with positive allometry, i.e., with values larger than 2/3 (but always < 1). In
many cases, this can be described as an adaptation to specific energetic demands.

Despite such adaptive strategies that allow organisms to cope with geometrical
constraints within the conditions to which they are adapted, organisms remain vulnerable
to sudden environmental change: while metabolic rates and available respiratory surface
areas necessarily scale very close to each other, only slight changes in one of the vital
parameters — for water-breathers mainly temperature or oxygen demand — can have
dramatic effects. The physiological traits that allow an animal to survive and reproduce
are adjusted to a specific environment and lifestyle; sudden changes to this environment
pose challenges to further adaptation.

The theory presented in this book takes these dimensional challenges seriously. It
proposes to examine environmental change, in our case, climate change, through the
eyes of whole-organism physiology. It is in whole organisms, i.e., bodies, that the effects
of global warming are being felt. Rather than focusing on molecules, genes, or cells, we
position bodies and entire organisms at the center of our analysis. This is not to say that
we regard them as final and irreducible entities but rather as systemic units that can only
be understood in their entirety because “the whole exists for and by means of the parts, and
the parts for and by means of the whole,” as Longo et al. (2012) put it.*®

Organisms act as the interfaces between the environment and the cellular and
molecular levels, providing the anatomical and morphological supports for physiological
processes. This focus on organisms as a whole will become important later in the book
as the most critical constraints can only be understood in the relationships between the
different components of an organism to each other, in our case, the relationship between
the respiratory organs and the body they have to supply with oxygen.

Geometrical constraints apply to all life on Earth, but this book focuses on one specific
constraint, and one that applies to only one group of organisms: water-breathing animals, or
water-breathing ectotherms (or ‘WBE’ in the following). Note, though, that the specification
‘ectotherms’ may be redundant: the very fact that no homeotherm breathes water (or
conversely, that no water-breathing homeotherm exists) speaks for itself, and, as will be
shown below, supports the theory presented here. Although some sharks, tuna, and other
large active fish have developed limited forms of homeothermy, breathing underwater is
so difficult that the extracted oxygen would be insufficient to meet the energetic demands
of maintaining a constant body temperature. The energy requirements of mammals and
birds, which enable their elevated body temperature, are so high that they depend on
oxygen uptake in a medium within which it is much easier to breathe. Water-breathing is
only possible for organisms whose metabolic rates are so low that their energy demand can
face the specific constraints and limitations of respiration in this medium.!

Air and water as respiratory media

Before we discuss the implications of temperature, oxygen, and geometrical constraints
for growth and other physiological processes in more detail, we will have to set the
central problem of our theory in perspective by taking a short look at the constraints to
life in aquatic environments, and especially the difficulties of extracting oxygen from a
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fluid medium like water.!? Water constitutes a physical and ecological environment that
is, in many ways, fundamentally different from terrestrial habitats, requiring different
physiological adaptations (Denny 1993).

In an influential essay on the ecological foundations of animal biogeography from 1913,
Richard Hesse (1868 — 1944), professor of zoology in Tiihingen, discussed the transition
from aquatic to terrestrial lifestyles as a major development in the history of life, an
observation he linked to the greater availability of oxygen in the air: “Living in air presents
a number of great benefits to animals. The most important one is the amount of oxygen
available. One liter of water contains about 7 cm® of dissolved oxygen, whereas a liter of air
contains 207 cm?® of oxygen. This creates the possibility of a significant increase of combustion
processes in the body: aerial animals are therefore generally far more active than water-
breathers” (Hesse 1913). As Hesse further remarked, aquatic animals had made countless
attempts to evolve the capacity to breathe air, but only a few of these had resulted in fully
terrestrial lifestyles. Those that had been successful have undergone a quick diversification
and now occupy a vast array of ecological niches.

Hesse’s discussion of the increasing opportunities that came with air-breathing and
terrestrial lifestyles was not misguided. As more recent comparative reviews of terrestrial
and aquatic biodiversity estimate, 80-85% of all known species on our planet live on
land and only 15-20% in water (Grosberg et al. 2012; May and Godfrey 1994), although
all phyla evolved and, with one exception, are still present in water.* The reasons for
this disparity may be greater connectivity of marine environments, which could facilitate
higher gene flow. Still, it seems counterintuitive that life on Earth began in the sea but
then remained less diverse in water than on land. This asymmetry between aquatic and
terrestrial biodiversity suggests that life in a fluid medium, such as water, depends on
specific body plans that can less easily develop new forms than in air, i.e., on land (May and
Godfrey 1994). The physical properties of water require adaptations that are constrained
in such a way that they may allow for fewer new developments than would be possible for
terrestrial organisms. As mentioned above, water not only contains 30 times less oxygen
than air; but it is also 50 times more viscous, and its density is 850 times higher. Moreover,
diffusion is 10,000 times slower in water than in air. To use a straightforward comparison,
the air at the top of Mount Everest contains more oxygen than the best-oxygenated water
layers of the sea or freshwater rivers, streams, and lakes.?

The costs of oxygen uptake for water-breathers are very high. Even though there are
few existing studies, they suggest that fish invest about 30% of their energy in respiration
(Table 1.1)'¢. The high costs of breathing also result from the fact that water is far more
viscous than air, which makes ventilation of the respiratory organs in water even more
difficult. As Table 1.1 shows, the percentage of energy allocation to breathing has been
estimated to be as high as 57% at certain life stages of some fish. The more the organism
tries to cover increasing energetic demands with intensified respiration, the more it has
to invest in the same activity, and less energy is left for the energetic demand it seeks
to cover. The contrast with terrestrial animals is striking, as one recent study sets the
differences in perspective: “air-breathers can increase metabolic rates ca. 280-fold above
that of water-breathers for the same ventilation cost” (Garcia-Gémez et al. 2024; see also
Makarieva et al. 2008).

The data in Table 1.1. illustrates that the additional costs of breathing limit energy
budgets for activities other than respiration. This means that a sudden higher energy
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Table 1.1. Energy for respiration (R) in several fish species and age groups (in % of overall
metabolism, rounded to the nearest integer); data from Dabrowski (1985); here ‘d.s.’ refers to
estimates from different seasons.

Species R (%)
Irish pollan (Coregonus pollan) 57
Atlantic cod (Gadus morhua; 9 years old) <49
Vendace (Coregonus albula; d.s.) 41 -59
Largemouth black bass (Micropterus salmoides) 40
Atlantic cod (Gadus morhua; 3 years old) <37
Three-spined stickleback (Gasterosteus aculeatus; d.s.) 36-52
Northern pike (Esox lucius; d.s.) 16 - 50
European eel (Anguilla anguilla) 7
Mean ~30

demand, for example, through temperature-induced increase of metabolic rates, raises
energetic costs disproportionally, which is why fish are so sensitive to rising temperatures,
something every aquarist, recreational angler, or professional fisher will be able to confirm.
The medium from which this group of animals takes up oxygen sets a constraint on what is
possible in their physiology and ecology. Nevertheless, despite the difficulties of extracting
oxygen from water and the huge costs of breathing in some species, fish have evolved to
thrive within these constraints.

While the theory we present in this book strives for generality and seeks to provide
an explanatory framework valid across many species and higher taxa, we do not claim
that its explanatory range is universal. Its scope is limited to organisms subjected to the
specific constraints imposed by breathing water.!” The properties of this respiratory
medium determine the range of physiological adaptations: extracting oxygen from a fluid
and viscous medium requires specialized organs. While small aquatic animals can rely
on their body surfaces for respiration, larger fish (if they are not air-breathers) and other
WBE rely on gills, i.e., filamentous structures that immensely maximize surface area in
relation to body size.

We will refer to the theory presented in this book as the Gill-Oxygen Limitation Theory,
or GOLT, which also applies to some WBE that have no gills, such as, e.g., the chaetognaths
or arrow worms (see Chapter 14). While the focus on gills may appear oddly specific
for a theory that strives for generality, we will show that the structure of gills (or other
respiratory surfaces) and the scaling relationship of their surface area relative to body size
is of crucial importance to the biology and ecology of this group of animals and their ability
to adapt to environmental change.

As mentioned above, the GOLT is a theory of organisms, but to be more specific, it is a
theory of individual organisms — as opposed to life-history theories whose scope is at the
level of populations rather than individuals. As Morbey and Pauly (2022) have argued, the
GOLT is compatible with such life-history approaches and that the two can arrive at similar
results. The difference between the two is the mechanistic explicitness of the GOLT, which
relates anatomical and morphological factors to observed or calculated growth patterns
and therefore allows for statements on the growth of individual organisms and about the
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heuristics that individual animals use for decision-making on, e.g., reproduction (Chapter 7)
or predation (Bakun 2022). While the growth patterns of WBE are also crucial in life-history
theories, the GOLT proposes a mechanistic foundation that explains their emergence due to
the physical properties of the respiratory medium in which the respective organisms live.

Constraints and optimizations

While biological nature is historical and thereby inevitably shaped by contingent factors,
the physiological and anatomical structures of biological organisms follow patterns that
suggest wider generalities. The question of how such general patterns occur has puzzled
researchers for centuries, especially after the advent of evolutionary theories in the
nineteenth century: did such regularities emerge because they were the result of optimal
organization, or did they represent the limits of what biological organization could achieve?

Nineteenth-century physiology saw several attempts to formulate generalizations
across species and phyla, particularly regarding the role of energy metabolism and the
processes that regulate an organism’s maintenance, growth, and reproduction. While
these processes differed between species and different size classes within species, some
patterns could be detected across a wider range of phyla. Many of the early generalizations
of metabolic processes revolved around surface-mass relationships. In 1838, Pierre Frédéric
Sarrus (1798 — 1861) and Jean-Frangois Rameaux (1805 — 1878) argued that the oxygen
consumption of animals was proportional to the surface areas of their bodies. This was
explained as an effect of thermoregulation: while smaller animals lost much more heat
than larger ones, because their body surfaces were much larger in relation to their bodies,
large bodies, by contrast, required far less energy because they could conserve heat much
more efficiently (Sarrus and Rameaux 1838). Carl Bergmann (1814 — 1865) later developed
a similar explanation to explain the geographical distribution of body size in birds. As he
argued, body size correlated with latitude within related families and genera, and the birds
from colder latitudes tended to be bigger (Bergmann 1847). The advantage of larger bodies
in conserving heat was then used to explain why their greater mass was more advantageous
in colder climates.

This reasoning led to an early consensus that metabolism scaled universally with
surface area, with scaling exponents of 2/3 relative to body mass, a view for which more
support was provided by a set of experiments by Max Rubner (1854 —1932), who compared
metabolic rate and body size in different dog breeds (Rubner 1894). This observation could
then be expressed by the equation

R=aW# ..(1.1)

where R is the oxygen consumption (or respiratory rate) of an animal, used as a proxy
for its metabolic rate (which requires oxygen), W is its body weight (or mass), and ‘@’
a coefficient that varies between species, growth stage, and environmental conditions.
The exponent 2/3 was based on the notion that (i) metabolic rate universally scales
proportionally to surface area, and (ii) the geometry of the respective organism and the
relationship between its mass and the surface that regulated resource uptake did not
differ strongly.

The 2/3 rule in metabolic scaling was questioned by new generations of researchers
in the early 20" century. As Max Kleiber (1893 — 1976) and Samuel Brody (1890 — 1956)
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argued, the slope of metabolic rates between species was not proportional to 2/3. Rather,
the exponents of basal metabolism relative to body size were closer to 3/4 (Kleiber 1932;
Brody and Procter 1932; Brody 1945). The idea of a universal 3/4-power metabolic scaling
law gradually replaced the older surface-volume ‘law’ that assumed the generality of W25,
even though important theorists, such as Ludwig von Bertalanffy (1901 — 1972), insisted
on this older model (von Bertalanffy 1951, 1964) for animals whose growth he classified
as “growth type 1” (see Chapter 2). This insistence was confirmed by his experiments with
guppies and brine shrimp, for which 2/3 clearly applied.®

Theorists have proposed different mechanistic explanations throughout the twentieth
century, but the best-known model today is the one provided by the proponents of the
so-called “Metabolic Theory of Ecology” or ‘MTE’ (West et al. 1997). These theorists developed
the idea that supply networks were space-filling fractal structures that scaled with 3/4. The
MTE model is also based on the assumption that physical constraints limit resource uptake
through the cardiovascular and respiratory transport networks of organisms: since the
transport of nutrients and oxygen in large animals and plants takes more time and has
different energetic consequences, their metabolism is slower than in smaller ones. Similar
to the older 2/3 model, the MTE model identifies geometrical constraints as the reason
behind metabolic scaling relationships.

The regularity in metabolic scaling across a vast number of phyla and size ranges from
bacteria to blue whales suggests a more general pattern or even a universal law.” As more
recent research has shown, the scaling exponents of energy metabolism are not universal
across taxa, but vary widely, even though they are consistently < 1 (Glazier 2005; Pauly 2019).%
This holds true for both inter- and intraspecific scaling relationships, i.e., between different
species and within individual taxa — with the exception of larvae and early juveniles
(Post and Lee 1996; Wieser 1995). For example, based on their comparative study of data
from 25 species, Jerde et al. (2019) concluded that they had found “strong evidence for an
intraspecific metabolic scaling coefficient near 0.89 in fish.”* Studies that focus on interspecific
relationships also report widely differing patterns: while endotherms (birds and mammals)
seem to confirm the 3/4 rule as a whole, metabolic rates scale closer to 2/3 (~ 0.667) with body
mass in Columbiformes (pigeons and doves) as well as in rodents (0.669) (Glazier 2005).* The
interspecific slopes are generally higher in larger mammals and also in ectotherms.

These differing values raise questions about the assumption of a ‘general rule’ or a
single mechanism that could explain patterns in metabolic scaling from aquatic ectotherms
to terrestrial endotherms. As we have seen above, the constraints on growth and size are
not the same for all groups of organisms. This suggests that different mechanisms generate
the pattern we see between phyla and size classes. There is no universal law’ but many
different constraints resulting in variable values of the scaling exponent. Equation (1.1)
can then be written as

R=aW¢ ..(1.2)

where the value of 2/3 is replaced by the scaling exponent d, and takes values <1 but
typically > 0.6.22 Only in the smallest of all organisms, for example, in prokaryotes and
protists, does d take values ~ 1, an observation that will be of interest in Chapter 2.2

As a result of this wide distribution of slopes (and of the values that d can take), more
recent approaches towards explanations of metabolic scaling propose to look beyond the role
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of physical and geometrical constraints and understand both inter- and intraspecific scaling
relationships (thus between and within species) as a result of evolutionary optimization.
As White et al. (2022) and White and Marshall (2023a, 2023b) have recently argued,
metabolic scaling can be explained without reference to physical constraints and as a result
of evolved life-history strategies that allow for sufficient somatic growth and then optimal
reproduction for a given species in a given environment. Their departure from constraint-
based explanations reflects a wider rift between supply-based and demand-based models of
metabolic scaling: while supply-based models explain a relative decrease of metabolic rates
with increasing body size by referring to constraints and limitations of resource supply,
demand-based explanations focus on declining energetic requirements, i.e., they argue that
larger organisms become more efficient in their energy use (see, e.g., Glazier 2002).

The argument that evolution acts upon metabolic slopes produces a variety of scaling
exponents across the tree of life is valid and important: life on Earth is dynamic, and even
though it is subjected to a wide variety of energetic, physical, and geometrical constraints,
evolutionary processes find ways to accommodate physiological functions within these
constraints. While biological processes occur in the physical world, they constantly challenge
their geometrical constraints and are able to overcome strictly determined surface-volume
constraints, as a typical example. J.B.S. Haldane (1892 — 1964) has elegantly summarized
this in his seminal essay “On being the right size,” by stating that “comparative anatomy is
largely the story of the struggle to increase surface in proportion to volume” (Haldane 1926).

This “struggle to increase surface in proportion to volume” is central to the GOLT. While
this theory can be categorized as being structured around a constraint- or a supply-based
theory of metabolic scaling —in the sense that it explains relationships between body size and
metabolic rate by limited supply rather than decreasing demand - it provides a mechanistic
and evolutionary explanation for the variability in metabolic slopes in and between species.
In contrast to older surface-volume-based explanations of metabolic scaling, which assumed
fixed exponents of 2/3 (e.g., Plitter 1920; von Bertalanffy 1951, 1964, i.e., for “growth type 17),
the GOLT argues that evolution acts in such a way that metabolic slopes are adjusted to the
lifestyles and life-histories of the respective organisms. Curiously, earlier supply-based models
that invoked surface-volume relations as the reason for decreasing energy consumption with
increasing size seldom indicated which specific surface was the limiting factor.

The GOLT proposes a mechanistic foundation for surface-volume relationships, or
metabolic scaling of water-breathing animals, by focusing on their respiratory organs (a
factor that does not constrain the growth and metabolic scaling of air-breathers, as we will
discuss in more detail in Chapter 11). A robust body of research indicates that the surface
area of gills scales proportionally to metabolic rates and matches the observed variety of
scaling exponents of d, ranging from approximately 0.6 in small fishes (and crustaceans)
to 0.9 in very large fish species.? The relationship between the slopes of gill surface area
and metabolic rates will be discussed in more detail in Chapter 2.

The fact that metabolic scaling does not follow strict laws’ and that scaling exponents are
not universally equal to 2/3 does not invalidate explanations based on surface-volume ratios
(or fractal relationships). Slopes of 2/3 do apply to surface-volume ratios of geometrical objects
whose shape remains identical when they increase in size, for example, spheres (where
surface area increases in proportion to the second power of the radius) or cubes (where the
increase is proportional to the second power of the side lengths; see Figure 1.2A).
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Figure 1.2. Relationships between surface and volume (or mass) in arbitrary units. A: surface-
volume ratios of the so-called Platonic solids. B: Even though gill surface area (S) also increases
when fish or other WBE grow, it cannot keep up with the subsequent increase in their body weight
(W) if d <1, as occurs in very small fishes (with d » 0.6), in medium-size fish (d ~ 0.75), or in fishes that
can become very large (d ~ 0.9). Note that this graph, which illustrates schematically the relationship
S W4, does not consider the fact that in reality, S = a-W¥, with ‘a’ being low in fish species that
remain small and high in species that attain large sizes, and that values of d > 1 do not occur in
adult fish, except in air-breathing species with very small gill areas (i.e., low values of ‘a’).

The 2/3 rule does not frequently apply in biological organisms, whose existence
depends on the “struggle to increase surface in proportion to volume” (Haldane 1929),
and whose organs responsible for the uptake of vital resources, mainly oxygen, develop
highly filamentous or folded surfaces whose area can increase hyper-allometrically, with
slopes > 2/3 (Figure 1.2B).

Consequently, the GOLT acknowledges that metabolic slopes and the scaling factors
of gill surface area with whom they correlate are adaptive and the result of evolutionary
processes that allow species to grow to a given size in a given environment and at a given
time, to reproduce, and to utilize suitable energy resources, e.g., food of size and nutritious
value sufficient to sustain all these processes. These ‘optimizations’ can only occur within
geometrical constraints that limit the morphological possibilities of what can further evolve
(see Hordijk 2016; McGhee 2015).% Unless it changes its shape, no physical object can grow
so that its surface area increases at the same rate as its volume.

As we will show in this book, the gills of fish and other water-breathing animals cannot
grow at the same pace as the growth of their bodies (thus not with slopes of d > 1) past
its post-larval or early juvenile stages. Only in larvae and early juveniles (whose body
mass is very low) can the gills grow with slopes of d > 1.6 The life histories of water-
breathing animals — from metamorphosis to maturation, first reproduction, and finally,
post-reproductive growth — can be explained by the relationship between gill sizes and body
size.”” Even though the GOLT acknowledges the reality of adaptation, i.e., maximizing gill
surface area relative to body size, it can still be characterized as a supply-based model of
metabolic scaling. We argue that allometric metabolic slopes are not a result of decreasing
demand but of limited supply.?
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Strong support for such supply-based models can be found in studies on the metabolism
of cells in vitro. Multiple studies have shown that cells extracted from an organism whose
metabolism scales relative to body size with an exponent <1 showed higher metabolic rates
when cultured in vitro (Ahluwalia 2017; see also West et al. 2002 and Brown et al. 2007). This
suggests that it is not reduced demand that shapes metabolic slopes but a whole-organism
structure that constrains the supply of oxygen to an organism’s different components,
organs, and cells. We will discuss the problem of causality in metabolic scaling in more
detail in Chapter 16 and address how models of metabolic supply and demand can define
these two traits. For now, we will only mention that optimization- and constraint-based
models are not opposed to each other, but rather depend on each other. As Maynard Smith
(1978) remarked in a review of optimization theories in evolution, optimization can only
be meaningfully discussed when it is related to the constraints that define the possibilities
of what could actually evolve: “It is clearly impossible to say what is the ‘best’ phenotype
unless one knows the range of possibilities. If there were no constraints on what is possible,
the best phenotype would live forever, would be impregnable to predators, would lay eggs at
an infinite rate, and so on. It is therefore necessary to specify the set of possible phenotypes,
or in some other way describe the limits on what can evolve.”

Organisms with such ‘best’ phenotypes do not exist, and all biological processes are
constrained in several ways. Optimization can only meaningfully be understood when it
is defined as an optimization concerning these constraining factors: the constraints define
what can (or should) be optimized. The relationship between optimizations and constraints
will also be important in Chapters 3 and 16, where we will discuss the possibilities of inferring
causality in metabolic scaling and the physical constraints on which optimization can act.

Constraints and limitations

The relationship between constraints and optimization is of primary importance in
phylogeny, i.e., in the adaptive adjustment of an organism’s morphological and physiological
traits to its environment in evolutionary time. The constraints within which an organism
has evolved can also play a constitutive role in maintaining the organism’s functions or
even in developing new traits and features. Like physical and chemical processes, biological
processes are constrained externally through the availability of resources and the exposure
to specific thermal and physical conditions of the system’s environment. Unlike chemical
and physical processes, biological systems are also self-regulatory, meaning that they
operate by constraining themselves. As biological and general systems theorists have long
argued, systemic operations depend on internal and ‘self-created’ constraints that function
as closures to the system’s operational modes (Montévil and Mossio 2015; Wiener 1948; von
Bertalanffy 1952, 1964).% The system can collapse whenever such self-controlled constraints
are removed, as it can no longer maintain its internal energy balance.*

Constraints also have productive functions and are necessary conditions of organic life.
They are not just limiting the ability to perform certain operations, but they also constitute
these operations. They not only reduce the degrees of freedom of a system but also enable
and stabilize biological functions or create new opportunities. A simple example: a heart
can only function (by creating pressure) when it acts as a constraint — by constraining the
free and uncontrolled flow of blood and pumping it through a closed system (Montévil
and Mossio 2015). At the same time, the heart’s pumping capacity or the width of arteries
and veins are the most crucial and fundamental limiting factors of an organism’s ability to
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perform vital operations. We must be aware of the dual role of constraints in biology when
discussing the role of limitations and deficiencies.®!

While functional constraints are a central tenet of the GOLT, the critical mechanism
it addresses is the limitation of oxygen uptake. As we have seen, constraints can play a
constitutive role and thus enable certain functions. It is evident that they also play a limiting
role by excluding specific options or reducing the degrees of freedom of a given system. But
what is the relationship between constraints and limitations? The concept of ‘limitation’
might be potentially misleading as it suggests that individual organisms are constantly
pushed to the brink of their capacity to perform basic vital operations. In that sense,
limitations appear to be maladaptations. While examples of such maladaptations can be
easily found, they only represent a particular case of limitation. Most forms of limitations,
however, are unproblematic and do not endanger the survival and reproduction of an
organism or species.? Both constraints and limitations can be defined as the reduction
of the degrees of freedom, but it is helpful to define these reductions on different levels.
A constraint reduces phylogenetic possibilities and can be conceived as having evolved.
A limitation, by contrast, is the reduction of some degrees of freedom on an ontogenetic
level. Individual organisms experience limitations set by the evolved constraints of their
respective body plan (or Bauplan). In contrast to phylogenetic constraints, limitations are
those reductions of freedom that cannot be overcome by adaptation, and the only possibility
to mitigate their effects lies in individual plastic responses.

This distinction between constraints and limitations is conceptually important,
particularly in Chapters 4 and 5, where we examine the impact of temperature, growth,
and size on fish. When we apply these definitions to the growth patterns of different species
in different environments, it would be implausible to explain slow growth or small size
to a physiological limitation. The growth of small or slow-growing species can be better
understood as a life-history adaptation to specific niches and lifestyles. These adaptations
set and determine the limitations that the individual organism will experience, such that
its capacity to generate and distribute energy determines its ability to grow, reproduce, and
perform basic maintenance activities. In an optimal environment, these limitations may, in
fact, never become a problem for an individual organism — for example, when the internally
determined growth limit corresponds to the limits that are set by the environment. Speaking
of limitations does not imply that an organism is constantly living on the very limits of its
existence — it only means that it must function within certain boundaries.

However, the impact of limitations changes rapidly in response to the environmental
conditions experienced by the organism. The evolved Bauplan of a species allows for a given
size at a given temperature and ambient oxygen level. However, this size cannot be reached
at higher temperatures or lower oxygen levels. The constraints on body size that evolved
for different parameters at certain temperatures will affect the physiological performance
of the organism in such a way that limitations occur in different ways and reduce the
full growth potential that would otherwise be possible. In short, our stress on gill-oxygen
limitation as a mechanism behind reduced growth does not imply that the respiratory
system of fishes is a maladaptation. Instead, the GOLT identifies the dimensional tension
between water-breathers’ respiratory surfaces and their bodies’ oxygen demand as the
constraint that acts upon the organism’s performance. This constraint becomes effective
as it limits the range of phenotypic possibilities available under specific environmental
conditions, with temperature being the most critical parameter.
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Mechanistic theory and the principle of constrained
generalization

With the growing importance of science in modern societies and the increasing trust in
scientific methods to explain complex problems, the question of what constitutes a valid
scientific explanation has become ever more pressing. As a result of the dominance of
physics in the modern philosophy of science, the most prominent explanatory models were
based on nomothetic accounts that tried to identify general laws of nature that determine
the occurrence of individual phenomena. In Carl Gustav Hempel’s (1905 — 1997) ‘Deductive-
Nomological’ model, an explanation was valid if an observed phenomenon could be
traced back to a more fundamental law that made its occurrence possible (Hempel 1962).
This mode of explanation, however, poses a challenge for disciplines in which no such
fundamental laws can be identified, most notably the social sciences and the humanities.
According to many philosophers of science, the same applies to biology and the life sciences
(Glennan 2002; Bechtel and Abrahamsen 2005; Bechtel 2011). In contrast to problems studied
in physics and most of its subfields, biological, social, historical, or linguistic phenomena
often depend on much more contingent mechanisms and can seldom be reduced to deeper
general or even universal laws.

This does not mean, however, that biological phenomena are random or entirely
unpredictable (or, to relate this point to our previous section, that their range of biological
possibilities is unconstrained), and this book makes precisely the opposite point. Given its
stress on geometry and the importance of surface-volume relationships, the GOLT may
even appear as a theory that resorts to nomothetic-deductive modes of explanation in the
sense of Hempel’s model. Indeed, compared to other theories of growth and metabolism,
the GOLT pays far more attention to the underlying physical and geometrical factors of
biological processes. However, rather than understanding the dimensional tension (Pauly
and Cheung 2017) between respiratory surfaces and the bodies they must supply with
oxygen as a ‘law’ that fully determines the outcomes of specific metabolic processes, the
GOLT interprets this tension as a constraint on what is biologically possible. As Ross (2023)
argues, the surface-cube law should not strictly be understood as a “law” but rather as “a
mathematical principle that can be derived without empirical studies.” The GOLT relies on this
mathematical principle in a mechanistic rather than a nomothetic sense and investigates
how it acts on the various mechanisms involved in metabolic processes. As we have seen
in the previous sections, metabolic slopes cannot be reduced to geometrical properties that
universally produce identical values, regardless of whether the exponents are 2/3 or 3/4.
Instead, these slopes reflect adaptations to different niches and lifestyles because different
life-history strategies result in a diverse range of values.

While biological processes rely on and are constrained by physical principles, they
are never entirely determined by physical laws. Hence, biological explanations must
identify the (physics-constrained) mechanisms that shape and cause the phenomena we
observe in the biosphere. In this regard, the GOLT is an explicitly mechanistic theory. This
is also important in its use of mathematical models to interpret data. Some of the growth
models we present here are also used by proponents of other theoretical approaches,
such as the Piitter and von Bertalanffy growth equations, which are the central
mathematical underpinning of the GOLT. However, mathematical models themselves do
not provide explanations, especially when their parameters are not explicitly related to
biological traits. This is often the case in studies that understand their models as merely
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Figure 1.3. Growth curves fitted to age-length data pairs obtained by reading microstructure on
the beaks of the African cuttlefish Sepia bertheloti (modified from figure 7 in Guerra-Marrero et al.
2023 from the coast of Guinea-Bissau). The dashed line is a von Bertalanffy growth function (VBGF),
i.e., an asymptotic curve which, as argued in this book, fits size-at-age (or growth) data because it
reflects underlying physiological processes. The exponential line meets Akaike's statistical criteria for
the 'best fitting growth curve’ (both sexes combined), hence this absurd graph.

phenomenological representations of the described datasets, as proposed by White and
Marshall (2019), and as practiced by many fishery biologists who use Akaike’s ‘information
criterion’ (Akaike 1973) to select the model that best “fits’ their age-at-length data. This
practice, which is common among colleagues studying specific groups of WBE®, leads, in
some cases, to grotesque results (Figure 1.3).

However, a model requires a mechanistic interpretation that makes its relationship to
its object explicit to explain something. If this is the case, a phenomenon can be explained in
the sense that a biological mechanism is related to a more general mathematical principle.

Some proponents of the ‘new mechanistic philosophy of science’ have criticized non-
mechanistic modes of explanation — and especially the nomothetic-deductive model - as
prone to the pitfalls of what Ludwig Wittgenstein referred to as the human “craving for
generality” (Wittgenstein 1958; see Glennan 2017). While attempts to over-generalize bear
the risk of an explanatory ‘overstretch’ or of losing sight of specific causal or constitutive
mechanisms behind specific phenomena, a scientific explanation always requires a certain
degree of generalizability. Explanations that entirely isolate their objects from other
phenomena and limit their scope to only individual phenomena lose their explanatory
validity. No explanatory argument can be entirely unique, even in extreme mechanistic
explanations. The explanans must either be able to explain other (often similar) phenomena
or show categorical parallels to other explanantia. This requirement is primarily formal
since the possibility of a genuinely unique causal relationship could exist in theory.
However, invoking such causes would inevitably lead to ad hoc explanations, where each
phenomenon could be explained by a different mechanism, law,” or underlying principle.

Both extremes - nomothetic over-generalization and mechanistic over-
individualization - fail to formulate a framework for what could count as a valid explanation
or to commit themselves to certain constraints on their explanatory scope. Suppose every
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single phenomenon requires a different explanation. In that case, we cannot formulate
general categorical guidelines of explanatory validity, and the same is true for attempts
at explanations whose scope is too broad. The GOLT proposes a more balanced approach
and commits itself to what we may call the ‘principle of constrained generality, i.e., it
strives for generality, but this generality is not limitless; rather, it is limited to specific
categories of phenomena and only applicable to specific groups of biological processes
and organisms.* However, it does not include isolated ad hoc explanations since causal
or enabling mechanisms are never entirely individual, and their variety is not infinite.
Otherwise, strictly speaking, we could not exclude the possibility of miracles.

The rejection of ad hoc explanations and the requirement of constrained generality
also imply that explanations must always be less complex than the phenomena they
should explain. Every described and describable phenomenon and process possesses a
certain degree of individuality and particularity, especially in biology. Every fish stock is
different, every population is exposed to different thermal and trophic conditions, and
every individual of a given population is different to a certain degree. However, even
though no scientific or statistical model can account for every single variable, it is still
possible to identify several underlying factors and develop generalizing explanations
beyond individual variances and differences. In some cases, the validity of the generalizing
explanation can be compromised by numerous contingent factors that become more
dominant in the specific case or situation, and we will discuss several such examples
later in this book. However, singular exceptions can only be used to reject an explanatory
model when their persistence suggests an overall revision of the model itself and the
search for a new and different set of explanations.

This requirement of constrained generality can be illustrated by the five criteria
for acceptable scientific theories defined by Kuhn (1977): accuracy, consistency, scope,
simplicity, and fruitfulness. The more generalized an explanation is, the greater its internal
consistency and broader scope. The requirement of accuracy constrains explanatory scope.
Simplicity, in turn, is a precondition of scope because the ability to generalize is limited
by too many sub-clauses and the incorporation of local and specific variables. If we accept
that the explanation of a phenomenon must be less complex than the phenomenon itself,
it follows that theories should refrain from adding too many layers of complexity and
instead, strive for simplicity.* Finally, a theory’s explanatory fruitfulness for related areas
and phenomena is also a result of its ability to generalize within reasonable constraints. We
believe the GOLT meets all these criteria, and this book will lay out its explanatory potential.

Breathing water in a warming world: the structure of this book
This book consists of two parts. In the first part, we will lay out the theoretical architecture
of the GOLT. The second part will illustrate the explanatory scope of the theory through
case studies that discuss applications of the theory to animals across different taxa and/or
different processes.

Before we further describe these two parts, we must mention some technical
peculiarities of this book. The central tenets of the GOLT have already been discussed in an
earlier book titled Gasping Fish and Panting Squids (1% edition: Pauly 2010; 2" Pauly 2019).
One of these particularities is that while this book is certainly not a 3™ edition of the earlier
book, some text, equivalent to about ten pages, and several of the figures from its 2" edition
were incorporated herein after slight modifications.* The figures, when dealing with only
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one taxon, will generally include a simple drawing of the animal(s) in question in the hope
that this may elicit “a feeling for the organism” (Keller 1983), and Table 1.2 defines the most
frequently used variables and acronyms in this book. Another feature of this book is that
we do not provide the authority for the scientific names of the fish and other WBE, e.g., we
omit ‘Linnaeus, 1758’ after the scientific name for Atlantic cod (Gadus morhua). Instead,
we refer the reader to FishBase, the global online encyclopedia on marine and freshwater
fishes (Froese and Pauly 2024; www.fishbase.org) for fishes, and to SeaLifeBase (Palomares
and Pauly 2024; www.sealifebase.org) for marine non-fish WBE.*’

These databases provide scientific names with authorities and update them when the
taxonomy of various groups is revised, hence the differences between some of the names
we use and the references we cite. Additionally, these databases provided the biological
traits of multiple species that we used in some of our graphs or to support the statements we
make. In the following, these two databases are cited only as ‘FishBase’ and ‘SeaLifeBase.’

After presenting the general scientific framework of the GOLT in the introduction, our
second chapter, titled What is Growth? will provide the foundation of the GOLT’s definition
of organismic growth, especially in ectothermic water-breathing animals, and discuss the
theory’s indebtedness to earlier work, especially the historical contributions by August
Piitter and Ludwig von Bertalanffy. Chapter 2 also presents and explains the fundamental
mathematical models on which the theory is based. Chapter 3 will outline the geometrical
structure of fish and invertebrate gills, as well as the consequences of their shape and
growth for the organism’s metabolic performance. Chapters 4 and 5 will discuss the impact
of temperature on the metabolism and growth of water-breathing animals, focusing first
on the biochemical level and then on the ecological consequences of higher temperatures.

The book’s first part will conclude with Chapter 6, hopefully clarifying why we use a ‘P-
diagram’ (to be discussed later) to conceptualize fish growth and resolve misunderstandings
about what it means and does not.

Chapters 7 to 11 apply the elements of the GOLT elaborated in the first six chapters to
the growth and reproduction of what is conventionally viewed as ‘fish,” i.e., bony fishes
that breathe water, sharks, rays and skates, and chimeras (or chondrichthyans) and air-
breathing fish. Two of these chapters will show that an evolutionary ancient heuristic,
triggered by the declining oxygen supply of growing fish and other WBE, provides the
mechanism that ‘tells’ them to respond to the environmental stimuli for maturation and
spawning that they did not previously perceive as such, while chondrichthyans (and a
coelacanth!) provide evidence for this mechanism through a surprising aspect of their
biology. The other three chapters in this part of the book present a solution to the old
problem of ‘compensatory growth,” propose a distinction between two forms of ‘gigantism’
in fish, of which one is explained by the GOLT, and interpret the high growth performance
of air-breathing fish as indirect evidence for the GOLT, which posits that the performance
of their gills limits the lesser growth of water-breathing fish and invertebrates.

Chapters 12 to 14 focus on applying the GOLT to non-fish WBE. Chapter 12 deals with
water-breathing arthropods and shows not only (i) that asymptotic growth, which is
necessary for the GOLT, is the rule in Recent species, as it appears to have been in (fossil)
Ordovician, Cambrian and Ediacaran species,* but (ii) that the heuristic helping fish
‘decide’ when to mature and eventually spawn also occurs in water-breathing arthropods.
Chapter 13 applies the GOLT to molluscs, whose hard parts (and their calcification) appear
extremely sensitive to the changes in internal (within-body) pH, which shapes various
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Table 1.2. Definitions of parameters, symbols and acronyms that occur repeatedly in this book;
those that occur in equations are in italics.

Item (unit) Definition

/ This s‘ym'bf)l, when occurring betweerj two numbers, letters, symbol or words, means that the first
item is divided by the second (exceptions are: ‘and/or’ and ‘L/F' for ‘length-frequency data’)

A A difference in time, length or weight

. InFerc_epF in linear regresgions; al§o: multiplicativg term of a Iength-we‘ight r'elationship, arelation-
ship linking food conversion efficiency (E) and weight, or another relationship

b Slope of a linear regression; the exponent in W = a - L, where usually, b = 3

°C Degree Celsius

cf. Condition factor, defined by c.f. = W-100/L3; usually based on TL (cm) and W (g)

D Exponeqt ina relatiqnship‘linkirjg gill surface area (GSA) and body weight (W), i.e., GSAx W¥, or
metabolic rate (Q) with weight, i.e., Q o W (but see d, and d,))

d; Exponent in relationship: gill surface area (GSA) vs. body weight (W), i.e., GSA«x W<©

dQ Exponent in a relationship linking metabolic rate (Q) with weight, i.e., Q « W%

D A convenience parameter equal to 3(1-d) or b(1-d), where b is from W = a-L®

dw/dt Growth rate, in weight (or mass)

FCE Food conversion efficiency, i.e., growth increment/food ingested (in a given time span)

g Gram

GSA (mm?) Gill surface area, in same cases replaced by S

GSI Gonadosomatic index, a measure of the weight of ripe gonads relative to that of the body

H Coefficient of anabolism, i.e., of protein synthesis

k (year™) Coefficient of the catabolic term in Pitter's equation; note that k = 3K

K (year) In the VBGF, the rate at which asymptotic size is approached

L (cm) Any measure of body length, with L, the length at age ¢

L, (cm) Asymptotic length in the VBGF, reached after an infinitely long time

L, (cm) Mean length at first maturity, i.e., at which 50% of WBE become mature and spawn

L/L.P (Maturation and) spawning threshold, numerically equivalent to Q /Q,. ..

L, (cm) The largest fish in a species or population, depending on context

m Weight exponent of the catabolic term in Pltter’s equation (m = 1, and is mostly ignored)

0ocCs Ontogenetic changes of scale, i.e., change in d; or d,

P Index of growth performance, defined by P = log(K‘W.)

Q, Coefficient expressing the increase in some activity due to a temperature increase of 10 °C.

Q, Metabolic rate at first maturity (i.e., L,)

0 Metabolic raFe ensuring the ma'intgnapc'e of aII'Iife-supporting activities except growth. Estimated as

(cig the metabolic rate of non-growing individuals, i.e., at L, or W,

Q,/Q aine Maturation and spawning threshold, numerically equivalentto L °/L P

S A surface; here often a respiratory surface (typically in mm2), e.g. gill surface area (GSA)

t (year) Absolute age (relative age =t - t))

t, (year) The usually negative ‘age’ at L = 0 predicted by the VBGF

TL (cm) Total body length; also note FL, i.e., fork length, used for scombroids such as tuna

TSR Temperature-Size Bule, i.e., the tendency of small (young) WBE to grow faster in warmer tempera-
tures, but to remain smaller than those that grow in lower temperatures

VBGF Von Bertalanffy Growth Function; different forms exist for growth in length and weight

WBE Water-Breathing Ectotherms, i.e., animals that breathe water

WBD (pm) Water-Blood Distance; diffusion distance across a respiratory surface

W(g) Weight (or mass); W, is weight at age t; here: ‘live’ or wet weight

W, () Asymptotic weight in the VBGF, reached after an infinitely long time

w...(9) The heaviest fish in a species or population, depending on context
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aspects and predictions of the GOLT. Also, this chapter addresses the widespread notion that
cephalopods, besides being smart®, should be able to escape the physiological constraints
that shape the biology of other WBE due to their unique Bauplan. Chapter 14 deals with
three phyla whose various species have bodies that contain far more water than in fish and
lack dedicated gills: sponges (Porifera), medusoid jellyfish and their relatives (Cnidaria),
and the enigmatic arrow worms (Chaetognatha), all of which have species with stages
that, nevertheless, can be described by asymptotic growth curves, and to which the GOLT
appears to apply.

The three closing chapters — 15 to 17 — will bring us back to the more theoretical level
and examine two key questions: first, in Chapter 15, we discuss the implications of the GOLT
for the evolution of water-breathing ectotherms and address the question of whether gill-
oxygen limitation is a constraint that can be ‘solved’ by natural selection over evolutionary
time. The fact that oxygen constraints remain a limiting factor for the metabolism and
growth of water-breathing ectotherms has led to the assumption that the GOLT assumes
a fundamental maladaptation that lies at the heart of the Bauplan of aquatic organisms
(Lefevre et al. 2018; Scheuffele et al. 2021). We address this concern by discussing the
criteria of successful adaptation in more detail and connecting the GOLT’s central tenets to
processes of natural selection and how they act to optimize physiological processes. As we
argue, the primary mechanism described by the GOLT is not a maladaptation but a result
of evolutionary processes that enable organisms to thrive in a medium that imposes severe
constraints. Understanding these challenges and how evolution develops ways to cope
with these constraints is crucial in rapid environmental change, which requires different
adaptation rates.

The second question about the theoretical foundation is addressed in Chapter 16,
where we discuss the methodological problem of how to draw causal inferences from the
observations and data we present here. The focus of this chapter will be the phenomena
of metabolic scaling, and we will evaluate different optimization- and constraint-based
explanations for the fact that metabolic processes decrease in intensity with age and size.
As we argue, the GOLT has the potential to bridge the gap between these two modes of
explanation and to provide a foundation for future explorations of this topic by offering
more unifying and coherent interpretations and explanations of various phenomena.

As already mentioned, the GOLT was not initially developed for this purpose. Rather, it
was first designed to explain features of the growth of tropical fishes (Pauly 1979)* but has
since been extended to water-breathers in general and appears robust enough to suggest
a unified theory: “A theory that exhibits simplicity explains the same facts as rival theories,
but with less theoretical content. A unified theory, however, is one that explains more kinds
of facts than rival theories with the same amount of theoretical content” (Keas 2018, citing
Thagard 1978). Put differently, scientific advances occur when the theory explaining a class
of phenomena can also be used, without substantial modification, to explain another class
of phenomena (Keas 2018).

This book aims to provide a unifying understanding of fundamental biological and
ecological traits of water-breathing ectotherms by organizing these traits into a coherent
theoretical framework. The richness of aquatic life and its features extend beyond what
we can present here, and we encourage readers to use the framework presented here as
a starting point for further exploration and for relating their observations and data to the
models presented in the following chapters. Like any theory that aims for generalization,

BREATHING WATER 33



the GOLT will remain an unfinished project and rely on others to take it further. In this
respect, our theory can be seen as a window into the world of aquatic life, and we invite
others to look through this window, hoping they will see new phenomena and processes,
some of which we could not have envisaged at this point. This invitation is not only
addressed to biologists and ecologists but also to researchers in other fields and readers
with a more general interest in our topic. While non-biologists may skip some of the more
technical details of our argument, we hope that the summaries of these details will be
sufficient. Conversely, many biologists might be less interested in the historical background
of the theory and how it developed and move on more quickly to the chapters on different
taxa and phyla.

The final chapter serves as an epilogue that connects the various topics addressed in this
book and identifies underexplored issues that other researchers might wish to try resolving
(in addition to some of the anomalies mentioned in other chapters), using the mechanisms
presented. We are convinced that the world of aquatic life is still full of surprises and
wonder, and we hope the GOLT’s window to this fascinating world will open to new and
unexpected vistas.
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2

What is growth? Putter, von
Bertalanffy, and living systems

“The body and its parts are in a continuous state of dissolution and reconstruction, so
they are inevitably undergoing permanent change.” Ibn Al-Nafis (1213-1288)*

Synopsis: This chapter introduces a general model of organismic growth in fish and other
water-breathing ectotherms (WBE), emphasizing its foundation in the balance between
anabolism (the build-up of new organismic material) and catabolism (the breakdown
of existing material). We explore the historical roots of the GOLT's growth model and
acknowledge key contributions by August Putter, Ludwig von Bertalanffy, and earlier
theorists. By integrating these historical, mathematical, and physiological perspectives,
this chapter establishes the basis for subsequent discussions on how environmental and
physiological constraints shape the growth of aquatic ectotherms.

What slows down indeterminate growth?

Growth and size are essential characteristics of an organism’s existence in a three-dimensional
world, and they directly impact reproduction, energy uptake, thermal regulation, and many
other essential life-historical and ecological traits of living beings.*> Changes in growth
rate can have dramatic consequences, especially in seasonal environments, and both the
reduction and maximization of body sizes can push a population out of its ecological niche.
On the other hand, different growth trajectories can lead to optimal sizes within a given
environment. As mammals, we intuitively view growth as a phenomenon limited to the
first stages of life and ends when maturation and reproduction set in. However, this form
of determinate growth is typical only for birds and mammals, i.e., for endotherms. In most
phyla and species within the animal kingdom, i.e., in ectotherms, growth does not stop in
early adulthood but can continue throughout an animal’s entire life.** Such indeterminate
forms of growth can be split into various sub-forms. Still, they all have in common that an
increase in metabolically active body mass persists throughout the reproductive life stages
and often until death, albeit with a steady decline in growth rates.

In phyla and lower taxa where growth is not genetically fixed, it is inevitable that a
mechanism must exist that causes an asymptotic decline in growth rates. As not only early
theorists of growth understood, but also farmers and aquaculturists worldwide know, the
growth of animals depends on a sufficient supply of resources. Consequently, once the
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available resources are exhausted, growth should cease. However, it is not evident that
individual growth should cease when food resources are abundant; indeed, this may be
seen as a paradox.*

This problem required theorization and a more general understanding of organismic
growth. As Jean-Baptiste Lamarck (1744 — 1829) pointed out, the growth of living and
nonliving things is fundamentally different. While non-organic objects can also grow —
outwardly similar to organisms or organic matter — this form of growth is different:
crystals and minerals accumulate more substances and add them to their structure, but
living organisms must also maintain the structures they have already built. As Lamarck
explained, “the body of [a] living being is not formed by juxtaposition, as in most mineral
substances, that is to say, by the external and successive apposition of particles aggregated
en masse by attraction, but it is essentially formed by generation, in its principle, it has then
grown through intussusception—which means, by the introduction, the transportation, and
the internal apposition of molecules borne along and deposited between its parts; that bring
about the successive developments of parts which compose the body of this living individual,
and from which afterwards also result in the repair activities which preserve it during a
limited time” (Lamarck 1797).%

While Lamarck was later criticized for his distinction between organic and non-
organic growth (see, e.g., Wiesner 1892), the fact that organisms could not just grow new
mass but also had to pay maintenance costs for the mass they had already built remained
foundational to modern theories of organismic growth. Dead matter can be preserved
without maintenance, but living cells require constant energy. This energy is necessary for
the specific component’s function(s) in the organism and for cell repair activities. According
to Johannes Peter Miiller (1801 — 1858), one of the pioneers of modern physiology in the
nineteenth century, an organism’s resource uptake was devoted to both the “regeneration”
of existing structures and the production of new materials (Miller 1835). This relationship
between growth and maintenance was further elaborated in various applied sciences,
where growth, or the time required for an organism to reach a specific size, was crucial. Two
of these fields in the second half of the nineteenth century were pediatrics and agricultural
sciences, and researchers in these disciplines presented new models and data to explore
further the energetic investment in growth and other physiological processes, especially
the maintenance of cell structure and the replacement of dead cells by new ones. Max
Kassowitz (1842 —1913), one of the most renowned pediatricians of his time, considered the
relationship between disintegration and regeneration of cellular substances one of the most
critical processes in biology and devoted the entire first volume of his “General Biology” to
the breakdown and the renewal of cellular protoplasm (Kassowitz 1899).4¢

Dividing available resources between repair (maintenance) and the production of new
substances (growth) was already widespread before the twentieth century. However, no
mathematical model existed that predicted individual growth curves and the timespan
in which final or asymptotic sizes could be approached under specific feeding regimes
and/or temperatures. While mathematical growth models for demographic growth
or financial interest rate development were already in use, for example, the Gompertz
function or Verhulst’s logistic growth function, none provided a satisfactory foundation
for a mechanistic explanation of individual organismic growth.*” Such a model requires
realistic assumptions about the energy fractions devoted to growth and maintenance. To
estimate these fractions, it is necessary to predict the differences in demand and supply
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during growth, i.e., to explain the energy required during an organism’s various growth
stages, which is related to the amount of food consumed and processed within a given time.

Putter’s equation and the mathematization of organismic
growth

Mechanistic models to determine growth curves and their dependence on the balance
between energy uptake and expenditure were produced in the first decades of the twentieth
century, a period that marked the development of new theoretical approaches to biology
and physiology. Following important breakthroughs in physiology in previous decades,
some of which will be described in more detail below and in the next chapter, biologists
began to rethink growth in the context of new physiological theories and describe it in
mathematical terms.

A pioneer in elaborating such mathematical models was the German physiologist
August Piutter, mentioned in Chapter 1. Even though his modeling approach to growth
was formative for many growth theories, his work was later seldom read and cited in
the original,*® but was instead mainly disseminated through the work of Ludwig von
Bertalanffy (1934, 1951). Between 1917 and 1920, Piitter published a series of four papers
on “Physiological Similarities” (“Physiologische Ahnlichkeiten”) and the last one, published
in 1920 and titled “Similarities of Growth” (“Wachtumsdhnlichkeiten”), contained an
equation that laid the basis for growth models in a wide variety of disciplines, but was
typically ascribed to von Bertalanffy by later authors.*

The “Physiological Similarities” series was not Piitter’s first attempt to present a broader
generalization of physiological processes. In 1911, he published a book on comparative
physiology (“Vergleichende Physiologie”), a thoroughly theorized account of physiological
phenomena across different phyla and taxa (Pitter 1911). Although this work did not yet
contain a mathematical growth model, its explanatory foundations were already in place,
including a theory that describes the impact of temperature on metabolism and growth
(see Chapter 4).

Piitter’s career fell into a period during which physiology was characterized by a
renewed quest for theoretical generality and synthesis, especially in Central Europe. Born
in Stralsund in 1879, he initially studied zoology in Breslau (now Wroctaw, Poland) and
earned a doctoral degree with a dissertation on the physiology of vision in aquatic mammals
in 1901. In 1903, he went to Gottingen to earn a medical degree under the supervision of
the renowned physiologist Max Verworn (1863 - 1921), with whom he collaborated for
several years. Despite his prominent status in German physiology at the time, Verworn
was a highly idiosyncratic scientist and thinker. He explicitly positioned himself in the
tradition of Johannes Peter Miiller and published a synthesis of modern physiology in 1894,
titled “General Physiology” (“Allgemeine Physiologie”), but also published on divergent
topics, ranging from archeology, philosophy — mainly epistemology —, art, and psychology.
(Stang 2023; Verworn 1901).

While Piitter did not engage in direct debates outside his discipline, he was also an
unconventional scholar in many respects. As the physiologist Edgar Wohlisch wrote
in his eulogy for Piitter, he “embodied a type of scholar that is uncommon in the age of
biological specialization: a theoretical polymath who strove for deeper natural-philosophical
understanding beyond the countless individual findings” (Wo6hlisch 1929). During his lifetime,
and as a professor in Kiel and Heidelberg, he was primarily known for his work on
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endocrinology, the physiology of vision, as well as a controversial theory on the nutritional
sources of aquatic animals, which he believed to be largely dependent on dissolved organic
matter as a food source (Piitter 1909).5°

In the final chapter of his “Comparative Biology” from 1911, Piitter closed with
a discussion of how and where nature showed similarities that could be detected and
understood across phyla and taxa. This comparative approach was further developed in
the “Physiological Similarities” series. As Piitter asserted, identifying similarities was the
prerequisite to arrive at any form of generalizing theory in the field of biology: “Similarity
is always ‘partial sameness,” or sameness with regard to a specific feature or relationship.
Finding these similarities is one of the great tasks of comparative physiology. Every awareness
of a similarity in places where we first only saw differences brings us one step further on the
way to a general physiology” (Piitter 1920, p. 298). This quest for generality, understood as
the search for “partial sameness” was typical for Pitter’s understanding of what a genuinely
comparative physiology should look like.

Despite Piitter’s ambition to generalize across phyla, the scope of the 1920 essay was
limited to the growth of water-breathing animals. In this model, the energy required for
maintenance determines an organism’s final size. As Piitter put it, organisms did not
stop growing because of the unavailability of additional materials that could be added
to the system, “but because the processes of buildup and breakdown reach an equilibrium”
(Piitter 1920, p. 299). This approach was similar to the conceptualization of growth by
his mentor Verworn, who defined growth as the relationship between “assimilation” and
“dissimilation” and stated that growth could only occur if A (assimilation) > D (dissimilation).
The point at which growth stopped could be expressed as A/D =1 (Verworn 1901, p. 513).5!

Piitter reasoned that if growth ceased, “buildup” and “breakdown” increased at different
paces. Based on geometrical considerations, he stated that vital resources could only be
absorbed by entering the system through a two-dimensional surface, yet they had to be
supplied in a three-dimensional body. Decreasing growth could be explained by decreasing
resource supply capacity and a more rapid increase in the negative term with weight.
Growth rates could then be expressed as a simple subtraction

k-A2-k -2 .(2.1)

Here, A represents the linear dimension proportional to “buildup” and “breakdown”
raised to the second and the third power, respectively, and k and k’ are the corresponding
coefficients of synthesis and breakdown. Regardless of the values of the coefficients, the
anabolic term (“buildup”) must increase faster initially (otherwise, the organism would
not be able to initiate growth). After a while, however, the catabolic term (“breakdown”)
catches up, and growth ceases when the two are equal.

Piitter’s idea that the relationship between synthesis and breakdown was proportional
to surface-volume ratios was not entirely new, and it was already anticipated by Herbert
Spencer’s “Principles of Biology” (1866), which conceptualized growth as the balance
between “surplus assimilation” and “expenditure.” The balance between these two traits
depended on the resource supply rate, body size, and their interrelationship. Since resource
uptake depended on surfaces, but consumption (or expenditure) was proportional in the
organism’s entire body, assimilation of surplus resources was easier for smaller organisms
but became more difficult in large ones.5?
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This approach to understanding growth was further developed by Patrick Geddes, a
biologist and sociologist best known for his work on urban planning, and his colleague
John Arthur Thomson. In their book “The Evolution of Sex,” Geddes and Thomson further
developed Spencer’s theory and explicitly described growth as the balance between
anabolism and catabolism and applied this model to both cells and whole organisms: “The
limit of growth, when waste has overtaken and is beginning to exceed the income or repair,
corresponds in the same way to the maximum of katabolic preponderance consistent with
life. The limit of growth is the end between anabolism and katabolism, the latter being the
winner” (Geddes and Thomson 1889).5

Researchers who followed the reasoning that buildup and breakdown metabolism
(however defined) scaled proportionally to surface-volume ratios typically assumed
scaling exponents of 2 and 3, including von Bertalanffy (1934, 1951), who found these
values confirmed in his experiments on guppies (von Bertalanffy 1938) and brine shrimp
(von Bertalanffy and Krywienczyk 1953). However, as Thompson (1917) had already
demonstrated, morphological adaptations acted so that organisms could strongly increase
surface in relation to volume. Later work showed that the proposed values of the exponents
needed revision: while smaller fish and other WBE may indeed show scaling relationships
that are similar to the second and the third power (i.e., with d » 2/3), larger and more active
species show very different values (Pauly 1979). The Piitter equation, of the form

dw /dt = HL? - kL? ..(2.2)
was revised to
dw /dt = HW? - kW ...(2.3)

where dW/dt is the growth rate, W is body weight, and H and k are protein synthesis
and breakdown metabolism coefficients, respectively. While Equation (2.2) may be
physiologically valid for several species, it only represents one case among many others.
In smaller fishes, such as guppies, the values for d assumed by Piitter and von Bertalanffy
(d~0.67) are close to 2/3. However, the values of d can vary between 0.6 and 0.9 across fish
species and other WBE.>* Equation (2.3) corresponds to the theory presented in this book.

The special and generalized von Bertalanffy growth functions
Equation (2.3) is central to the GOLT and defines its growth concept. It expresses that two
factors constrain growth: (i) a limiting surface that determines the uptake and utilization of
vital substances, and (ii) a factor that subtracts a given amount of energetic investment from
growth because organic materials need constant maintenance and repair. This equation,
but with d = 2/3, as in Equation (2.2), was also adopted by von Bertalanffy and entered
fisheries science through its incorporation into the now classic fisheries text of Beverton
and Holt (1957) “On the Dynamics of Exploited Fish Populations.” While von Bertalanffy was
sometimes accused of incorporating Piitter’s growth model without crediting him as the
originator, he explicitly acknowledged his indebtedness to Piitter, albeit while criticizing
some aspects of the original model.*

Von Bertalanffy was an even more eclectic researcher and scholar than Piitter and
his predecessors, publishing on a wide range of subjects, from medieval philosophy (as a
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student) to physiology and mathematical biology. Later in life, he laid the foundation for what
became known as General Systems Theory. Whereas Piitter’s growth model was explicitly
restricted to water-breathing animals, von Bertalanffy attempted to adapt his approach to a
wide range of water- and air-breathing animals. To achieve this, he distinguished between
three “growth types,” i.e., (1) one in which respiration (and consequently growth itself) was
proportional to a surface, (2) one in which respiration was proportional to body weight,
and (3) an “intermediate” growth type between surface and weight proportionality (von
Bertalanffy 1951, 1964). The first ‘type,” which could be described by Equation (2.2) or by
Equation (2.3) with d = 2/3, was not restricted to water-breathers and - according to von
Bertalanffy — also applied to reptiles, mammals, and other air-breathing vertebrates.> In
this regard, the GOLT deviates from von Bertalanffy’s reasoning (and is closer to Piitter),
as discussed in this chapter’s last section.

If the model in (2.3), which has the form of a differential equation, is to serve as the
basis for an actual growth curve used to determine length or weight at a given age, it must
be integrated. While von Bertalanffy agreed with Piitter on the basic growth model, the
two authors integrated this equation differently. Piitter’s integrated function for length
was given as follows:’

L =L, (1-ae*tk) ..(2.4)

Here, L, stands for length at age t, L is the asymptotic length, a is the constant of
integration that corresponds to body length when t = 0, and c is the growth coefficient,
expressing the rate at which L_ is approached. This equation was slightly modified by
von Bertalanffy with k as the growth coefficient and L, as the length of the organism at
age zero:s®

L=L-(L, -L)e~ (2.5

Here, L,is the length at age t, and k is the growth coefficient. The difference between
Equation (2.4) and (2.5), which represent different ways to interpret and integrate Piitter’s
model, is evident in the definitions of the growth coefficients c and k. Indeed, von Bertalanffy
criticized Pitter for an underlying assumption that led to a dimensional mismatch, as it
connected final size to the coefficients of the positive and the negative terms of Equation
(2.3) in a misleading manner.>®

The GOLT adopts von Bertalanffy’s integration of Piitter’s growth model and expresses
it as follows for length:

L=L, (1-e*t-wv) ...(2.6)

Here, K is the growth coefficient, and ¢, is the age at which the organism’s length would
have been zero. This equation will be referred to as the special von Bertalanffy Growth
Function (or VBGF) for length, which predicts the mean length (L) of a given population’s
WBE at age t. The 3 parameters of the special VBGF are L, the asymptotic length, i.e, the
mean length the WBE of a given population would reach after a very long time (actually:
infinity, hence the « symbol), Kis a coefficient expressing the rate (with time! as dimension)
at which L_ is approached (therefore K is not a growth rate, contrary to many published
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statements), and t, is the (theoretical) age at which the length of the organisms would have
been zero if they always grew in the manner predicted by the equation — which they don’t
(see further below for the reason).

The special VBGF for weight takes the form:

W,=W - (1-ek )y ..(2.7)

where W_ is the weight corresponding to L_ and all other parameters are as defined
above. However, if the length-weight relationship of the WBE in question, of the form W=
a-L? has a value of b # 3, the following version can be used:

W,=W_ - (1-ekeop ...(2.8)

As mentioned above, both Piitter and von Bertalanffy assumed that surface-volume
ratios in the metabolic scaling in fish would always lead to exponents of 2 and 3, as in
Equation (2.2). However, as we have seen in Chapter 1 and will develop in more detail in
Chapter 3, one of the key characteristics of biological organisms is the ability to develop
morphological modifications in evolutionary time that rearrange the relationship between
the second and third dimensions. Equations (2.6) and (2.7) still assume exponents of 2 and 3
(or 2/3 and 1), i.e., values that only apply to a limited number of species. This is why we
refer to these equations as versions of the special VBGF.

The growth model that results from the integration of Equation (2.3), i.e., that allows
for values of d = 2/3 (but still requires that d < 1) is the generalized VBGF. For length, it can
be written:

L=L (1 - e @cuyn (2.8)

with the parameter D, which is added to account for values of d # 2/3 and is defined
by D = 3(1-d).
For weight growth, the generalized VBGF is:

W, =W, (1 - e @cwyn (2.9)

where b is the exponent of the length-weight relationships for the individuals in
question and D = b(1-d).*®® Through the additional parameter D, the generalized VBGF allows
for a better fit to data for most species, especially fish that can reach large sizes and whose
values for d deviate strongly from 2/3.

As the generalized version of the VBGF has found fewer adherents than the special
one, we will use the special (or standard) VBGF for the descriptive examples used in this
book. The special VBGF allows for a reasonably good fit to length-at-age data in most cases
and provides L estimates similar to maximum lengths (L, ) observed in most populations
of fish and other WBE. Only in exceptional cases, for example, in bluefin tuna (Thunnus
thynnus), which has a high scaling value, i.e., d = 0.9, does fitting the special VBGF lead to
estimates of L that are much higher than the largest observed specimens (Pauly 2021a).5*
Using the special VBGF will allow comparisons with VBGF parameter estimates already in
the literature, e.g., in FishBase for fishes and in SeaLifeBase for other WBE.
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Mechanistic foundations I: What is ‘catabolism’ in Pltter’s
model?

We have now presented the mathematical foundation of the GOLT’s basic growth model.
The Piitter-von Bertalanffy growth model, further abbreviated as VBGEF, is not unique
to the GOLT but is widely used in fisheries science. This model is also shared by several
other biological growth theories, including the Ontogenetical Growth Model of West et al.
(1997), the various versions of the so-called Dynamic Energy Budget model as developed
by Kooijman (2000), and many individual studies that do not explicitly adhere to a specific
theoretical framework.

In many approaches that work with the Pltter-von Bertalanffy growth model, it is
not clear if its mathematical foundation refers to real life-history parameters and offers a
mechanistic account of the observed growth curves or if the model is just used in a merely
descriptive way (as a phenomenological model, see, e.g., White and Marshall 2019). As
discussed in Chapter 1, the GOLT adopts a different approach, emphasizing the importance
of identifying a mechanism that can account for the observed patterns. As Kearney (2021)
puts it: “The Gill-Oxygen Limitation Theory (GOLT) of Pauly (1979, 2010) represents a more
mechanistically explicit version of Piitter and von Bertalanffy’s ideas about the balance
between anabolism and catabolism,” mainly by identifying the gills or other respiratory
surfaces of water-breathers as the limiting factor for their oxygen supply and hence growth.

Mechanistic explications are indeed crucial for the GOLT, and, in our view, they should
inform every form of scientific explanation that seeks to go beyond the description of
statistical patterns.5? The following three sections of this chapter provide a more precise
account of the GOLT’s mechanistic interpretations of the VBGF’s key parameters. We will
first define the negative or “breakdown” term of Piitter’s equation and discuss how it differs
from various definitions of ‘catabolism’ (which, incidentally, is a term Piitter never used).

As discussed earlier in this chapter, growth theories since the nineteenth century started
to conceptualize growth as the result of a relationship between two opposing processes:
on the one hand, consumed energy is invested in building new organic material; on the
other hand, an inevitable consequence oflife (and being alive) is that elements and cellular
components become dysfunctional. The system’s disintegration requires continuous
maintenance and repair activities, and the larger an organism grows, the higher the energy
cost of maintenance.

But what are these costs, and how do they scale with other energy expenditures in a
living organism? Any mechanistic theory of growth will need to define the processes that
require repair and maintenance, which limit the production of additional new material.
Piitter (1920), whose growth equation explicitly modeled both uptake and expenditure of
metabolic energy, decided to define this as broadly as possible and to include all processes
that contributed to processes of disintegration and decay in the cells: “A slow transformation
of the building materials is continuously taking place in every living system and its ultimate
result is the dysfunctionality of parts of the system. These transformations occur slowly in
relation to the conversions of substances in the energy metabolism. Whether the conversion
of building materials takes place in a visible form and turns a fully capable cell into a pile of
rubble of disintegrating organic compounds, or whether they occur on a submicroscopic level
is of lesser importance for the general theoretical consideration that is provided here — they
all lead to the destruction of the smallest parts of the living system.”
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In this view, adult organisms that do not grow anymore can therefore be described
as remaining in a “dynamic equilibrium.” They still produce new organic mass, but all of
this new material is needed to “replace” the elements that are constantly lost. “The adult
organism produces new cells on a constant basis: red and white blood cells, intestinal epithelia,
epidermal cells, etc., and yet the current state remains constant because the newly produced
cells only replace the continuously decaying elements” (Piitter 1911, p. 127).

A similarly broad definition of the negative term of the growth equation was given
by von Bertalanffy, whose “Theoretical Biology” (1951) defined breakdown metabolism
as equivalent to Rubner’s “rate of wear and tear” and argued that this rate was roughly
proportional to the breakdown of protein and nitrogen structures — a theme we address
further below. Like Piitter (who did not elaborate on this in detail), von Bertalanffy stated
that these breakdown processes should be proportional to body mass: “From a quantitative
perspective, we have to primarily consider the loss of proteinic structures. The rate of wear
and tear can therefore be measured as the metabolism of protein and nitrogen loss. Empirical
physiological experience shows that the rate of wear and tear or the loss of organismic
substance is — at least approximately — proportional to body mass, i.e., a constant fraction of
body mass is lost per unit time” (1951, p. 279).%

The term “catabolism,” which was not used by Piltter and occurred only in the
English translations of von Bertalanffy (1960), can be misleading in this context. Both
authors referred to “Abbau” (“breakdown;” Piitter 1920; von Bertalanffy 1951), “Zerfall”
(“decay;” Piitter 1920), “Zerstorung” (“destruction;” Piitter 1920), or “Verlust kérpereigener
Bausubstanz” (“loss of organismic substance;” von Bertalanffy 1951).%* These definitions
are incompatible with the notion of catabolism as the production of metabolic energy
through the breakdown of larger molecules into smaller ones, provided these molecules
are taken up as food and are not yet part of the organism itself.® The processes involved
in catabolism, defined in this way, cannot be included in the negative term of Piitter’s
equation, especially those that consume oxygen and generate ATP by breaking down
complex molecules into simpler ones (Pauly and Lam 2023; see below and Chapter 4).
The crucial difference between these two concepts of ‘breakdown’ is that Piitter and von
Bertalanffy (and the GOLT) define it as the breakdown of cellular material belonging to the
organism (“korpereigene Substanz”) rather than breaking up molecules that are taken up
in the form of nutrition.

The GOLT agrees with Piitter’s broad definition of “breakdown” and with von
Bertalanffy’s specification that such breakdown processes mainly involve protein and
nitrogenous substances. Even though it would not strictly be necessary to know which
substances are primarily affected by these processes, as long as they require repair and/or
maintenance activities, this definition of “breakdown” must exclude all those processes that
require oxygen (which is nevertheless required for repair or re-synthesis).

The most important factors that contribute to the negative term of Piitter’s equation can
be deduced from the repair costs. For the GOLT, and indeed for any interpretation of Piitter’s
equation, the factors of interest here are limited to those processes that subtract anything
from the positive, left term of the equation, i.e., the buildup of new cellular material. The
costliest part of such processes is the synthesis of native proteins, which can fold into the
required tertiary and quaternary structures. Consequently, the same must be valid for
the re-synthesis of vital structures: the costliest process is the repair (or, more frequently,
the replacement) of proteins, especially those with quaternary structures, for example,
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hemoglobin or ribosomes. The details of these processes at the molecular level are only
relevant to the GOLT with respect to the maintenance activities that must be subtracted, as
the ‘catabolic term,’s® from the anabolic term.

These processes will be discussed in more detail in Chapter 4, which examines the
impact of temperature on maintenance metabolism. For now, it is sufficient to define the
relevant parameter that subtracts from the anabolic term of Piitter’s equation; we can
equate this term with all the maintenance activities that are necessary to repair and re-
synthesize vital molecular structures, of which protein re-synthesis is the most important
one. What follows is that the synthesis of new materials and the re-synthesis of degraded
materials can be understood as similar processes, with the difference that one adds new
organic mass and the other maintains what is already there. While re-synthesis must occur
throughout the entire organism and increase in proportion to body mass, the synthesis of
new structures increases in proportion to the surface. The following section will discuss
which surface is the limiting factor in producing new organic structures and growth.

Mechanistic foundations II: What is the limiting surface?

Since all organisms are three-dimensional beings, the uptake of resources from
their surroundings must occur through a surface. Metabolic processes depend on
different metabolites; thus, they typically involve multiple surfaces. While nineteenth-
century physiologists recognized the importance of surfaces for metabolic processes,
the question of which surface acted as a limiting factor for resource uptake (and
consequently growth) remained open. Following Rubner (1894), many researchers —
implicitly or explicitly — assumed that intestinal surfaces might present a limitation
for metabolic processes.” The GOLT assumes that the growth-limiting factor in water-
breathing organisms is not the limited uptake capacity of food per unit of time but of
oxygen. In Chapter 15 (“Inferring causality in metabolic scaling”), we will discuss the
methodological problems of inferring causality in biology in more detail. For now, it is
essential to provide a basis upon which the subsequent chapters of this book, as well
as the taxon- or process-specific chapters, can be built.

Piitter’s 1920 seminal paper did not explicitly indicate which specific surface limited the
uptake of vital resources. However, the final pages of his “Comparative Physiology” (1911)
indicate that one central “physiological similarity” in organisms that set a limit to growth
and performance was the capacity to take up sufficient oxygen (p. 698).% Earlier in this
book, he distinguished between two types of animals, one in which the uptake capacity of
the respiratory surfaces was lower than that of the cells, and one in which cells consumed
less oxygen than the respiratory surfaces could provide (p. 170). It was unclear what limited
metabolism in the second type, but Piitter speculated that the resorption of nutrients might
indeed be the bottleneck. In organisms of the first type, it could be shown that oxygen
consumption scaled proportionally to respiratory surfaces; Piitter’s examples (p. 162 to 165)
were fishes, aquatic crustaceans, and amphibians in their larval stage.

The search for a causal factor behind the intensity of metabolic processes is interesting,
given Piitter’s relationship with his mentor, Verworn, who had developed an epistemological
theory that postulated the unknowability of causes and effects in the natural world. This
view, which he later called “conditionism,” dismissed attempts at a causal explanation as the
result of a human “causality instinct” (“Kausalitdtstrieb;” Verworn 1901, p. 34) and instead
called for an analysis of the conditions that enabled phenomena to occur (Stang 2023).
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In this view, it would be impossible, in principle, to determine which surface limits
metabolic processes or if metabolic rates are low because of the limiting role of either
digestive or respiratory surfaces. Even though Piitter did not explicitly criticize Verworn,
the final passages of his “Comparative Physiology” provide an argument for the possibility
of inferring causes and effects. While it was undeniable that an organism’s energetic
exchanges depended on multiple surfaces, causality could be inferred if the “weakest link”
in a chain of physiological processes could be identified. While there were animals for
which the absorption of dissolved nutrients might set such a limit, for a wide range of phyla,
the bottleneck was their capacity to absorb oxygen.

This feature allowed for broader generalizations for the physiology of all those types of
organisms “in which oxygen consumption per surface unit reaches a value that is determined
by physical properties, and thus marks an absolute capacity limit” (Pitter 1911, p. 698).
Despite the absence of an explicit identification of the limiting surface in question in his
other publications, it may have been clear to contemporaries who cited Piitter that his
work on metabolism and growth referred to gills and oxygen uptake as a limiting factor
for energy uptake and growth (see, e.g., Babak 1910).

As already mentioned, later authors involved with the Piitter-von Bertalanffy growth
model were typically unaware of the original German texts, many of which do not exist in
English, and the interpretation of the limiting surface in question adds another example
of resulting misunderstandings. Some of the twentieth-century pioneers in modeling fish
growth and assessing fish stocks have misinterpreted Piitter’s and von Bertalanffy’s growth
function as a model that assumed food and gut surface as the limiting factors (see e.g.,
Beverton and Holt 1957; Ricker 1975), which was understanding, as von Bertalanffy himself
was sometimes ambiguous about intestinal surfaces as a potentially limiting factor (see von
Bertalanffy 1951, p. 284).%° The idea that gut surface plays a fundamentally limiting role is,
moreover, implausible for another reason than the surface proportionality of respiration
detected by Piitter: a crucial difference between gills and intestinal surfaces is that gills
are constantly in contact with oxygen through the medium in which breathing occurs (see
also Chapter 3). Intestines, by contrast, are not constantly in contact with food and in fact,
growth continues for quite some time after ingestion has taken place (Iles 1974; Parry 1983;
Rosenfeld et al. 2015). Given that surface limitation is a factor that involves time, the
continuity of the respective absorptive processes that are taking place can indicate whether
a surface in question is likely to present “the weakest link” in a chain of physiological
processes. While we can conclude that intestinal surfaces are unlikely to act as a limiting
factor before gills or respiratory organs limit metabolic supply in water-breathing animals,
we will return to this point in Chapter 3. While oxygen limitation could theoretically occur
at any stage of the oxygen cascade, we will apply our method of identifying ‘the weakest
link’ to determine whether limitation mainly occurs in the gills, the cardiovascular system,
or at the cellular level.

Mechanistic foundations III: Differences between Putter, von
Bertalanffy, and the GOLT

As has become clear, the GOLT is deeply indebted to the work of both Piitter and von
Bertalanffy, and Kearney’s abovementioned characterization of this theory as a
“mechanistically explicit version of Piitter and von Bertalanffy’s ideas” is apt. However, it
also departs from the work of these two pioneers in several important points. The crucial
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difference is, of course, the fact that the model presented here goes beyond the 2/3 rule’(in
animals of “growth type 1”): as discussed in Chapter 1, the GOLT is not a merely constraints-
based theory, but its explanatory foundation is based on both constraints and optimization
(because values of d > 2/3 can be explained as adaptive optimizations). Piitter and von
Bertalanffy paid little attention to adaptive explanations — partly due to an anti-Darwinian
reflex that may be understood as a reaction to the simplistic adaptationist models prevailing
in the first half of the twentieth century, and which they and many others considered to
be just-so stories.”

Another critical difference between the GOLT and the Piitter-von Bertalanffy growth
model, as interpreted by von Bertalanffy himself, is the mechanistic foundation on which
the growth curves of air- and water-breathers are based. While Piitter (1920) developed
his growth equation, he explicitly restricted it to modelling the growth of water-breathing
ectotherms, i.e., our WBE. Von Bertalanffy, by contrast, applied the same model to mammals
and fish alike, whom he believed to conform to what he defined as “growth type 1,” which
is limited by a surface growing isometrically (see above).

Although the special VBGF has been used to model the growth of birds (Brunner et al.
2021; Karpouzi and Pauly 2008)"* and mammals (Brunner and Kiithleitner 2020; Fernandes
etal. 2019), a mechanistic underpinning for this equation in fitting bird or mammal growth
data is lacking.” As discussed at the beginning of this chapter, (most) fish and other WBE are
indeterminate growers, and their growth curves are asymptotic. Whereas mammals and
birds typically do not grow anymore after maturation and first reproduction, fish growth
continues, and indeed, the inflection point in the growth curves (in weight) of many species
occurs well after first reproduction (Froese and Pauly 2023; Pauly and Liang 2022a). Even
though the VBGF can provide an adequate phenomenological description of the growth
curves of some homeotherms, the nature of their growth is fundamentally different.

An often-heard objection to growth models based on the VBGF is the so-called
‘Reproductive Drain Hypothesis,” which posits that maturation and reproduction reduce
and eventually end growth because the energy that would otherwise be available for
further growth is now invested in the formation of gonadal tissues and eggs or sperm.
This objection, which, incidentally, is refuted by every single goldfish in its bowl that stops
growing even though it never reproduced, and by the fact mentioned above that fish growth
in weight tends to accelerate after first maturity is reached, will be discussed in more
detail in Chapter 9, but for now it suffices to conclude that a necessary condition for the
GOLT to apply is that a given species exhibits asymptotic growth. This is due to the GOLT’s
mechanistic interpretation of the VBGE, which predicts that growth can continue as long as
the anabolic term of the equation outweighs the catabolic term. The VBGF can model growth
in some air-breathing vertebrates (amphibians, reptiles, birds, mammals), but only if the
growth function is understood as a phenomenological, rather than a mechanistic model.

A final point in which the GOLT differs from von Bertalanffy’s work is the growth
of larvae and early juveniles. Since their values of d are usually > 1, their growth and
metabolic rate cannot be limited by the surface area of their respiratory organs. Piitter only
hinted at this point in his 1920 essay, stating that his growth model could only be applied to
organisms whose geometrical and morphological proportions did not change markedly (p.
324). Despite von Bertalanffy’s stress on questions of form and morphology (see, e.g., 1951,
p- 332-350), he also neglected this issue. The growth of larvae and very young juveniles
cannot be modeled using the VBGF because its prerequisite is a surface limitation.” The
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growth of fish larvae (Overnell and Batty 2000) and early juveniles (Guan and Cao 2007),
which is exponential rather than asymptotic, provides another powerful argument for the
hypothesis that gills and not intestinal surfaces are the limiting surface.

A model of the growth of fish and other WBE
The GOLT’s conception of growth is presented as a graphic model (Figure 2.1), based mainly
on chapters 6 and 7 of von Bertalanffy (1951).

The fish feeds, and its food (represented by proteins) is assimilated, that is, broken down
into amino acids, in which form it joins the ‘amino-acid pool’ in the fish’s body. Part of the
amino acids of this pool is ‘burnt’ (see Excretion I in Figure 2.1); the chemically bound
energy thus obtained is used to synthesize native proteins, the building material being
drawn from the amino-acid pool. Simultaneously with this synthesis process, the body’s
native proteins undergo continuous denaturation (see Chapter 4).

On the other hand, the rate of synthesis of body substances (hence, also the replacement
of denatured proteins) is limited both by the rate of replenishment of the amino-acid
pool (to which the degradation process itself partly contributes) and by the amount of
oxygen available for the oxidation of the substances from the amino-acid pool. A high
oxygen supply will synthesize a maximum amount of body substance from the amino acid
pool. A low oxygen supply will allow for only a limited rate of synthesis, and a part of the
amino-acid pool spills over and “is excreted by the gills and kidney as incompletely oxidized
nitrogenous compound” — the latter point quoted from Webb (1978), who cited the works of
Forster and Goldstein (1969); Savitz (1969, 1971); Olson and Fromm (1971) and Niimi and
Beamish (1974). This phenomenon, whose existence was also confirmed by Kajimura et al.
(2004), is called ‘Excretion II’ in Figure 2.1.

Environmental temperature
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Figure 2.1. Model of the growth of fish and water-breathing invertebrates derived by Pauly (1979,
1981) from his reading of von Bertalanffy (1951) and other authors (see text). Note the emphasis on
the role of gills and oxygen demand and supply for protein synthesis.
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A portion of the available oxygen and protein is used to form gonad products, which,
once the fish reach a certain size, are periodically released from the body (see Chapter 9).
Also, the sum of synthesis minus breakdown of body substance, when positive, results in
body growth, which, among other things, also increases gill surface area and, therefore,
the total amount of oxygen that can enter the body per unit of time. Body weight tends to
increase faster than gill surface area, causing relative gill surface area (= gill surface area/
body weight) and oxygen supply per unit weight to decline with increasing body size.

Oxygen supply per body weight steadily diminishes as body weight increases, resulting
in large fish with a lower energy metabolism per unit weight and a lower synthesis of new
material. However, the amount of body substance degraded per unit of time increases in
a manner directly proportional to body weight, and growing fish gradually reach a point
where the synthesis of body substances is sufficient to replace degraded substances. Webh
(1978) confirms this last point by stating that losses of incompletely oxidized nitrogenous
compounds via the gills increase with size, and are very low in actively growing, small fishes.
The same concept can be expressed by calculating food conversion efficiency (food intake/
growth increment) for fish of different sizes. Such experiments consistently demonstrate a
decrease in conversion efficiency with increasing size (Jones 1976; Kinne 1960; Gerking 1971;
Menzel 1960). This point will be discussed in greater detail in Chapter 9.

Necessary criteria for the GOLT to apply
To conclude this chapter and link its implications to the following chapters on different taxa
and phenomena, we summarize the main criteria that are required for the GOLT to apply:

Growth in late juvenile and adult water-breathing ectotherms is asymptotic;
Metabolic rate scales proportionally to gill surface area;™

Gill surface area scales with body mass with an exponent d < 1 in adults™. If this were
not the case, the GOLT’s proposed mechanism for asymptotic growth (see Statement 1)
would not apply since oxygen would remain available to adults at the relative rate as
in juveniles.”

The architectural design of the GOLT is illustrated in Figure 2.1, which sets its different
components in relation to one another. The next chapter will relate the growth parameters
resulting from the GOLT’s interpretation of Plitter’s equation to the growth and the geometry
of gills. There, we will outline how limiting surfaces determine the growth patterns
described here and then discuss how the different mechanisms of growth, reproduction,
and maturation are impacted by the changing ratios of oxygen supply in the life histories
of fishes and aquatic invertebrates.
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Channeling the fire of life: fish
gills and their geometry

Synopsis: This chapter examines the geometric structure of the gills of fish and other water-
breathing ectotherms (WBE) and explores how their shape and growth influence oxygen
uptake, metabolism, and, consequently, the growth of WBE. It discusses the relationship
between gill surface area, body size, and oxygen supply, highlighting the constraints these
factors impose on metabolism. By analyzing the functional implications of gill morphology,
this chapter provides a foundation for understanding how respiratory limitations shape
growth and energy allocation in aquatic water-breathers.

Respiration, combustion, and surface areas

Thinking about respiration is not limited to contemporary science; indeed, every human
culture has found ways to conceptualize breath and the act of breathing. Even before a proper
mechanistic understanding of gas exchange was established, humans worldwide developed
knowledge about respiratory processes that enabled biological organisms to survive. In
some cultures, breathing was associated with life itself and with the ‘soul.””” In the ancient
Mediterranean world, respiration was often understood as a form of cooling.”® The most
prominent proponent of this idea was Aristotle (384 — 322 BC), who likely adopted it from
Plato (? — 348 BC). According to these philosophers, organisms constantly produce internal
heat, which must be dissipated through respiratory organs. While Aristotle realized that
animals died when denied access to fresh air, he ascribed this to the fact that the exhausted
gas contained too much heat to cool down the body sufficiently. This cooling process was
thought to apply to both lung- and gill-breathers, implying that the respiratory organs in
question needed to have surfaces large enough to cool the entire body volume of the animal.”
While not all Greek authors shared the assumption that respiration was a form of cooling -
perhaps most notably Herophilus (335 — 280 BC), who argued that the lungs supplied the body
with life-giving “pneuma” (“mvediua”) - they underlined the relationship between respiratory
surfaces and the volume of the bodies they had to keep alive (von Staden 1984).

The understanding of respiration as a vital substance exchange rather than a cooling
mechanism became more widespread in late Graeco-Roman antiquity and the Islamic Middle
Ages. Authors from Galen (129 - 216) to Ibn al-Nafis (1213 — 1288) reflected this transition,
describing pulmonary circulation in more detail and speculating on the distribution of
vital substances through the body (West 2015). This was a crucial step toward the modern
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discovery of gas exchange and the identity of respiratory gases. Another step was the idea
that breathing was related to a form of combustion. Seventeenth-century Europe marked a
turning point in this respect, despite earlier anatomical discoveries on respiration as a part
of ‘burning’ food (Wilson 1960). Vacuum experiments showed that neither respiration nor
combustion could occur without air. These findings led to the insight that air has weight
and density, too, and that “we live submerged at the bottom of an ocean of the element air,”
as Evangelista Torricelli (1608 — 1647) famously put it (cited after West 2013a). Torricelli
calculated that air was 400 times lighter than water, which can be considered a step in
the right direction, even though he underestimated the density of water, which is, in fact,
around 850 times denser than air. The existence of vacuums was still controversial in
the seventeenth century — and famously denied by Descartes and others — but was then
empirically demonstrated by Torricelli and Otto von Guericke (1602 - 1686). Von Guericke’s
famous vacuum demonstration at the Imperial Diet of Regensburg in 1654, for example,
helped connect this emerging knowledge to questions about the role of gases in combustion
and respiration (Schaffer and Shapin 1985).

Two English researchers who also conducted vacuum experiments, Robert Hooke
(1635-1703) and Robert Boyle (1627 — 1691), noted that igniting a flame within a container
free of air was impossible. As Boyle also observed, insects that were put into a vacuum
would die off like a flame, and Boyle concluded that there must be “some kind of resemblance
betwixt fire and life” (Boyle 1662). A similar experiment was performed by the English
contemporary John Mayow (1641 — 1679), who observed mice in sealed glasses and noted
that the lack of fresh air in the container caused their eventual demise. As he concluded,
both respiration and combustion depended on the same substance to survive, which he
called “spiritus nitro-aereus” (Severinghaus 2016).

Inspired by these findings, early modern ideas about respiration began to adopt a new
metaphor, describing respiratory processes as a form of combustion. That breathing played
an essential role in the “fermentation” of nutrition, and the organism’s capacity to effectively
transform food in a way that the body could utilize it was already articulated by Marcello
Malpighi (1628 — 1694), albeit in a more intuitive form.** Connecting these ideas to the
observation that access to air had similar effects on the survival of living organisms as
it had on candles and flames paved the way for understanding energy metabolism as an
equivalent of fire.

A century after Boyle, Hooke, Malpighi, and Mayow, chemists in England and France
made further progress in identifying what we now know as oxygen. Joseph Priestley
(1733 - 1804), a dissenting Protestant minister and polymath who became interested in
natural phenomena such as electricity, optics, and respiration, designed an experimental
setup that enabled him to understand gas exchange in different organisms. In an elaborate
experiment involving mice and peppermint plants, he demonstrated that gas exchange in
plants and animals showed opposing trends and that the peppermint cuttings produced the
gas that enabled the mice to survive in a sealed container (Kutschera and Niklas 2013).8* This
gas — the equivalent of Mayow’s “spiritus nitro-aereus” — was then called “oxygeéne” by the
chemical pioneers Marie-Anne Paulze-Lavoisier (1758 — 1836) and Antoine Lavoisier (1743 -
1794). The Lavoisiers showed that the seventeenth-century identification of respiration as
a form of combustion was more than just metaphorical: in an experiment on a live guinea
pig, they measured how respiration also produced heat and demonstrated that oxygen
was needed to “burn” food (Lavoisier and de la Place 1780; Fitting 2005; Koehler et al. 2011;
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West 2013b). This breakthrough was key: without oxygen, the energy contained in ingested
food cannot be accessed; thus, oxygen can be considered a “resource” (Kramer 1987).82

Important additional steps in the study of respiration in aquatic animals were
undertaken by researchers around the turn of the eighteenth and nineteenth centuries,
most notably by Lazzaro Spallanzani (1729 — 1799), Auguste Broussonet (1761 — 1807),
Alexander von Humboldt (1769 — 1859), Jean-Michel Provencal (1781 — 1845), and Paul
Erman (1764 — 1851), the last of whom was also the first known researcher to describe air-
breathing in fish (Erman 1808). As these early physiological investigations demonstrated,
aquatic respiration could be understood as analogous to breathing in terrestrial animals.
Based on earlier work by Broussonet (1785), Spallanzani (1803) found that dead and live
fish consumed oxygen and produced carbon dioxide, and concluded that both metabolism
and the decay of dead flesh resembled each other regarding gas exchange. Humboldt
and Provencal (1809) successfully quantified gas exchange and metabolic rates in fish
by measuring the oxygen, carbon dioxide, and nitrogen concentrations before and after
placing a fish in a glass container for a given time. While their work prepared the ground
for modern respirometry on aquatic animals, their data were, in themselves, of little use
as the authors did not indicate the body sizes of the fishes on which the experiments were
conducted. Still, as all these new findings confirmed, gas exchange in aquatic and terrestrial
animals was similar, and respiration depended on processes resembling the oxidation of
organic matter.

If combustion was more than just a metaphor for organic metabolism, nineteenth-
century biologists concluded that the physical conditions on which respiratory and
metabolic processes depended should be taken seriously. All oxidative processes crucially
rely on specific geometrical relationships. Like combustion, respiration depends on surface/
volume ratios that are sufficient to allow for an effective exchange between oxygen and
its reactive counterpart. Lighting a campfire is not workable with one big firewood log,
but it is easy when chopped into kindling. Similarly, mechanical engineers experimenting
with early combustion engines recognized that combustion largely depended on optimized
surface/volume ratios. Similarly, the quest to develop carburetors that could be used to
create a flammable gas mixture suitable for a car’s engine depended on an effective method
of diffusion, which essentially meant the maximization of surface in relation to volume:
the smaller the drops of vaporized liquid fuel (typically realized through high-pressure
injection), the faster and more efficient the explosion in the combustion chamber.

Respiration in living organisms depends on similar principles, and oxidative processes
require sufficiently large surfaces to supply organs and organisms with energy. Just as the
wood of a log will only catch fire if its surface is increased through fragmentation into
small pieces, large organisms need to enlarge their surfaces in relation to their mass. In this
context, it is not surprising that forms and shapes were a major theme in debates involving
Johann Wolfgang Goethe (1749-1832) and Alexander von Humboldt, as well as among early
Darwinists such as Ernst Haeckel (1834-1919) and Carl Semper (1832-1893) (Nyhart 1995).

The contributions of thinkers like D’Arcy Thompson, Piitter, and von Bertalanffy can
best be understood in this context, and the centrality of morphology in nineteenth and
early twentieth-century physiology should not be underestimated. Questions of form and
shape continued to be influential in debates on physiology and growth, and they were at
the very heart of what would later become known as mathematical biology. Morphological
relationships were the core theme of Thompson’s seminal and pioneering “On Growth and
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Form” (1917). They became important again in a branch of biology that sought to go beyond
simplistic explanatory accounts of adaptation that neglected the geometrical and physical
structures in which adaptation took place, and that were themselves subject to natural
selection. To cite ].B.S. Haldane again, if the shape of an organism or organ “is unaltered its
surface will be increased only a hundredfold, and ten times as much oxygen must enter per
minute through each square millimeter of skin, ten times as much food through each square
millimeter of intestine. When a limit is reached to their absorptive powers, their surface has
to be increased by some special device. For example, a part of the skin may be drawn out into
tufts to make gills or pushed in to make lungs, thus increasing the oxygen-absorbing surface
in proportion to the animal’s bulk” (Haldane 1926).

The paradox of optimization

Specialized adaptive mechanisms that increase respiratory (and other) surfaces were crucial
for all organisms to reach sizes beyond the unicellular level (Schulz and Jergensen 2001).
While fish larvae do not yet depend on gills since their surface-to-volume ratio is still such
that cutaneous respiration is sufficient for oxygen uptake, this is only possible up to a length
of 2-3 cm.® From that size onwards, the organism needs structures whose surfaces grow
disproportionately to the increase in body mass, and skin-breathing is no longer sufficient.®
There are still geometrical limits to the extent to which this increase is possible. Surfaces
can drastically increase by forming pores, folds, filaments, and tufts, but the effectiveness
of these shapes is not infinite.®> Every surface that exhausts a fluid or gasiform medium
from a specific substance requires an effective removal of the substances that are no longer
needed. Gills can only use inhaled water once, and their function implies an inherent
paradox: the more effective they are and the greater their increase in surface, the quicker
their resources are exhausted. That means an increase in surface is only effective in width
and height, but not in depth, since the water, once it is flushed through the gills, is largely
devoid of oxygen (see Figure 3.1 for a similar dimensional constraint in cars’ radiators).

Fish gills allow for a highly efficient transfer of oxygen between water and blood. The
blood flow runs in the opposite direction to the water that is pumped through the gills. This
countercurrent exchange of oxygen enables the organism to efficiently extract the dissolved
oxygen from the water, which, past the gill lamellae, often has an oxygen saturation of
less than 10-15%. Paradoxically, it is this high efficiency of gas exchange that underlies
the geometrical constraint of fish gills, and, in that respect, it would be apt to state that
the construction of gills falls victim to its own success. The exhaust water can no longer
be used once it leaves the lamellae, which also means that increasing their ‘depth’ (i.e.,
their size in the dimension parallel to the water flowing through gills) would not result in
a higher oxygen uptake. Nothing that is located behind the gill lamellae has any effect on
respiratory performance.

This mechanism can be explained by comparing it with the function of a radiator used to
cool down a car’s engine. The radiator’s function is to exchange heat through a sufficiently
large surface. Once the engine heats up above an optimal temperature, a thermostatic valve
opens and cooling water is pumped through the radiator. The water is then cooled as it
flows through the interior of small lamellae that are exposed to the airflow while driving
(Figure 3.1), which may be enhanced by a fan that blows more air through the radiator.

Whereas gills pump oxygen-rich water across a highly maximized surface and almost
entirely deplete it of oxygen, car radiators blow cool air through lamellae, which absorb
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Figure 3.1. Illustrating the structural parallels between cooling systems in car engines and fish

gills. A: Schematic representation of a car radiator, with one of its lamellae on the right. B: The
radiator can grow in width and height but not in depth because air, once it has passed the first layer
of lamellae, cannot pick up more heat from a second or third layer. C: Frontal view of the interior

of a manta ray’s mouth (Mobula japanica, adapted from figure 3.20A of Wegner 2015), illustrating
the 2-dimensionality of breathing, i.e., the fact that once water has passed through the gills, it is
largely depleted of oxygen, and it would be useless for it to pass through more gill structure.

the heat before it leaves. Like fish heads, which need sufficient space to pick up oxygen, car
hoods have a geometrical problem in dissipating heat. If the radiator’s efficiency is to be
enhanced, it is impossible to use the ‘depth’ of the car hood since the air that would leave the
first row of lamellae is already hot and cannot absorb more heat. The same is true for gills,
where the highly efficient countercurrent exchange system in Mobula japanica (Figure 3.1)
or Nautilus sp. (Figure 3.2) would not deliver more usable oxygen if it had more than 2 gills
on each side or if their lamellae were longer.

Stacking gills behind each other would make as little difference as stacking radiators
behind each other (Figure 3.1B). While gills must increase with positive allometry because
they are surfaces that need to keep pace with a volume that requires oxygen, this increase
can only occur on the surface that directly faces the water flow. Despite their allometric or
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Figure 3.2. The geometrical constraint that reduces the effectiveness of longer gill lamellae can be
perceived in the gill structures of Nautilus sp., which breathe by pumping water in and out (arrows)
of the mantle cavity (grey) through its ‘funnel’ (Ward 1987, p. 13). This cavity is almost filled in width
by the gills, but not in length. If the gills (or their lamellae) were to grow longer, the effectiveness
of their distal parts would be drastically reduced, as the water reaching them would already be
depleted of oxygen.

hyper-allometric growth, the oxygen supply that they provide reaches a point where it can
no longer match the oxygen demand for further growth.

What can positive allometry effectively do?

As discussed in Chapter 1, the gills of most WBE defy the 2/3 rule proposed by Piitter and
von Bertalanffy in that the scaling exponent (d) of fish gills can vary widely. Small fishes
whose growth is initially fast but then stagnates often tend to show values of d around 0.6.
These values are typically closer to 0.9 in large, active fish, such as tuna or the largest shark
species. In adult fish, d never reaches 1. Values of d =1 or higher are only possible in young
larvae with a minimal body mass and, therefore, a relatively large body surface area. Their
soft skin allows for cutaneous respiration in larvae, and the large body surface can provide
sufficient oxygen for exponential growth.®® The scales that cover the bodies of most adult
fish no longer allow for respiration through the skin.

The relatively high values of d in large, active species have sometimes led to the impression
that these values (for example, d = 0.9) were sufficient to overcome oxygen limitation (e.g., in
Lefevre et al. 2017). It is often overlooked how much difference the exact scaling exponents
make (see Chapter 4). Even with such high values, the increase in respiratory surface area
continues to decrease relative to body size. In the case of Atlantic bluefin tuna (Thunnus
thynnus), where d = 0.9 (Muir and Hughes 1966), a 10,000-fold increase in body mass only
results in a 4,000-fold increase in gill surface area, which means that the respiratory capacity
in a 500 kg adult is 60% lower than in a 50 g juvenile. Intuition does not necessarily serve us
well when appreciating these relationships, as illustrated by Figure 3.3.

Another example is provided by the cyprinid Labeo catla, whose adults have about % of
the gill surface area relative to the body size of juveniles (see Figure 3.4). While a fingerling
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Figure 3.3. Two schematic illustrations of the perceived effect on its gill ‘size’ (i.e., surface area)

of doubling the length of a fish. A: Lefevre et al. (2017, figure 1) used this schematic to illustrate
(originally in color) how easily a larger fish - an Atlantic cod in this example - could grow larger gills
as required when its length doubles; this graph suggests (via the number of gill symbols in the
ellipses) an increase by 4. B: Given a doubling in length and the same overall shape, a large cod

is 2x2x2 = 8 times heavier than a small cod. To maintain the same O, supply per unit weight as the
small cod, the larger one would therefore need 8 times the gill surface area of the small one. While
the drawing in panel A is not quantitative, it reflects how Lefevre et al's intuition prevents them from
perceiving the problem (modified from Pauly 2018b).

of 17 g had a gill surface area of 8.3 cm? per gram of body weight, this was only 1.9 in an
adult of 17 kg (Kunwar and Munshi 1988).8

Only extreme forms of surface hyper-allometry would effectively overcome the
constraint posed by the dimensional tension between surfaces and volumes, but why are
these values not realized in adult fish? As we have seen above, increasing the depth of the
gill lamellae would not solve the problem, since the countercurrent exchange of oxygen
between water and blood is so efficient that very little oxygen is left in the water that exits
the space between the lamellae.

Some physiologists have attempted to explain this problem away by questioning the
need to increase surfaces in relation to volume. As Lefevre et al. (2017) have argued, “in
our field, it is generally accepted that a species’ oxygen demand determines the size of their
respiratory surface area, not the other way around.” Aside from the question of how such
reasoning would be evaluated in other research fields,® it is noteworthy that not all kinds
of organisms share the same ratios between energy demand and respiratory surface, as
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Figure 3.4. Changes in relative gill area and thus O, supply in the cyprinid Labeo catla during
growth. Left: a fingerling weighing 17 g. Right: an adult weighing 17 kg, corresponding to a scaling
factor d, = 0.79. The available gill surface area per gram of body weight in adults is only 23% of that
in the fingerlings (data from Kunwar and Munshi 1988).

has been shown since the early 20™ century (see e.g., Piitter 1909). Explaining values of d <
1 with decreasing metabolic demand rather than geometrical limitation, as done by Lefevre
et al. (2017), would require providing a reason why fish should allow their metabolism
to decline if they could do otherwise,* or at least a precise identification of the energy
savings that would allow for a reduced gill surface area. While adult fish of most species do
indeed become quieter with increasing size and swim more efficiently (Bakun 2022), these
differences are not substantial enough to explain the sharply declining relative supply of
oxygen. The most important factor is decreasing energy allocation to growth in adult fish.
This implies a different causality, suggesting that the relative decline in gill surface area per
body mass limits growth rather than vice versa (we will return to this point in Chapter 16).

Optimal gill size is a result of tradeoffs and constraints

The highly optimized structure of gills and the efficient strategy of gas exchange between
water and blood through countercurrent blood flow seem to defy the notion that
evolutionary adaptation may be highly constrained. A surprisingly widespread view of
optimization conceives of adaptive processes as capable of achieving perfection and, in
the process, surpassing all the constraints that stand in the way. As White et al. (2022)
argue, “the invocation of constraints is unnecessary to explain the ontogenetic trajectories
of metabolism and growth.” Such an explanation neglects the fact that a set of parameters
must define the spectrum in which processes and traits can be optimized. The example of
gills perfectly illustrates why optimization- and constraint-based explanations should not
be seen as opposites and why optimizations depend on constraints. Philosopher of science
Arno Wouters has used the example of gills to outline his proposal for “design explanation”
as a mode of scientific explanation that examines “the constraints on what can be alive”
(Wouters 2007). In contrast to functional explanations that ask questions like “What is the
function of an organ?”, “design explanations” ask questions about the features on which
processes rely as necessary conditions. As Wouters points out, above a given body size,
fishes’ lifestyle and respiratory medium make gill-like structures necessary because of the
constraints that structure the possible adaptations that enable life in water.®®
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Figure 3.5. Two axolotls (Ambystoma mexicanum), adapted from various photos. A: Wild type, with
short external gills. B: Domestic breed of the same species. Note the difference in gill size, which
suggests that smaller gills are adaptive in the wild types because long filaments would be too
vulnerable.

As we have seen in Chapter 1, it is impossible to define ultimate optimization without
predefining the phase space of possible phenotypes (Maynard Smith 1978). Given that
fish and water-breathing invertebrates must function in a world that poses different
ecological, life-historical, and biomechanical challenges, we can evaluate the constraints
on which possible (or actual) optimization can act. Suppose we evaluate these constraints
sequentially. In that case, it becomes clear that adaptive features can act as constraints, and
it is sometimes impossible to distinguish between adaptive and non-adaptive constraints.

As the analogy between the car’s radiator and gills illustrates, the latter cannot expand
in depth because a three-dimensional increase (thus including depth) would not allow
for more oxygen absorption. To become more efficient, gills must expand in height and/
or width. In fish, this is only possible within the limits of the Bauplan of the organism’s
anatomy and obvious hydrodynamic constraints.®® In both bony fishes and elasmobranchs,
the shape of the head limits the space available for gills stacked in rows above, below, and
beside each other. The operculum is an adaptive constraint to further redesign fish gills in
bony fishes (in invertebrates or water-breathing amphibians, different constraints act on
gills’ shape and maximal size).

Opercula allow more effective ventilation by guiding and constraining the water
flow through the narrow buccal channel. They also have a protective function: gills are
highly vulnerable and delicate structures that can easily be damaged when exposed to
the organism’s surroundings. Opercula are features that both protect and constrain gills’
growth and have an essential mechanical function.

The lack of opercula does not mean that open external gills can grow unconstrained,
as the case of water-breathing amphibians with external gills clearly illustrates. In the
paedomorphic salamander known as the ‘Mexican axolotl’ (Ambystoma mexicanum), the
gills are not protected by opercula and are attached externally to the head and not directly
limited by geometry. However, axolotls are highly vulnerable to attacks by predators or
mechanical damage that can occur during foraging or hiding under rocks. Severe damage to
these filamentous structures would result in the asphyxiation of the animal.?? A limitation of
the size of these gills (and of body size) is one obvious trade-off, superbly illustrated by the
diminutive shape of the gills in wild axolotl (Figure 3.5A) vs. the exuberant gill development
in domesticated conspecifics (Figure 3.5B).
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Another adaptive constraint to gill growth is vulnerability to parasites. The evolution
of gills has also created a beautiful evolutionary niche: the inside of a fish operculum is
well-oxygenated and an ideal site for small filter feeders that can thrive in the continuous
water flow. The structures of the gill membranes must also be soft to allow for efficient gas
exchange, thereby allowing parasites to bore or gnaw into and feed on the well-perfused
gill tissue (Lo 1999). The vulnerability of fish gills to parasites often correlates with their
size, which presents another disadvantage for developing large gill surface areas (see, e.g.,
Buchmann 1989; Grutter 1994; Lo 1999). This effect may be exacerbated in gill structures
with larger empty spaces, which may make ventilation more effective but also offer more
opportunities for, and possibly larger parasites, to infect the gills.

Finally, we should not forget that gills are multipurpose organs with many functions
besides oxygen uptake and carbon dioxide excretion (Gonzalez and McDonald 1992; Evans
et al 2005). It has even been hypothesized that gas exchange was only a later and secondary
function of gills in fishes (see Rombough 2007; Fu et al. 2010; Baker et al. 2015). Water-
breathing animals depend on them for osmoregulation, ion and acid-base regulation,
ammonia excretion, and other functions, some of which are probably not fully understood.
The function of osmo- and iono-regulation was first described by August Krogh (1874 — 1949)
in the 1930s (Krogh 1937, 1939). The multifunctionality of gills presents a constraint on
their size and growth, as large gills would allow for more effective oxygen uptake but could
also result in increased ion loss or too high excretion rates of other substances. Hence, the
“osmoregulatory compromise” requires a whole set of trade-offs and imposes limits on gill
size that depend on multiple factors, including the specific properties of the biochemical
and ecological environment of the organisms, which determine the relationship between
these different traits (see, e.g., Wood and Eom 2021).%

In an excellent summary of the factors that favor adaptive selection for smaller gill
surface area, Nilsson et al. (2007) list the following points: “Indeed, several problems are
likely associated with a large lamellar surface area:

1. The ‘osmorespiratory compromise,” which emphasizes that the gills are the main sites
for water and ion fluxes, and that an increase in the respiratory surface area results
in elevated fluxes that have to be counteracted by energetically expensive ion pumping
[...]. Indeed, estimated energetic costs for ion-regulation/osmoregulation in fish varies
between 10 and 50% of the energy budget of the animal.

2. The water may contain toxic substances, and a large lamellar surface area may facilitate
the entrance of many of these into the fish. Naturally occurring substances such as
ammonia, algal toxins and metal ions may have provided a selection pressure for small
gills for millions of years, and since the industrial revolution, manmade pollutants may
provide additional selection pressures for small gills.

3. Pathogens that enter the fish over the gills and parasites that attach to the gills should
make it advantageous to have small gills.

4. Infish, the whole cardiac output has to pass through the gills, making hemorrhage from
gill injury immediately life threatening [...]. Large gills are likely to be more fragile than
small ones, so having large gills probably increases the risk of dying from gill injury.

5. Since the gills take up space in the oral cavity, large gills may impede the capacity for
feeding.”*
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In short, given all these constraints, we can conclude that fish gills are already fully
optimized in terms of their different functions, and their size, growth, and shape can only
be understood as the result of a series of multiple trade-offs.*

Again: what is the limiting surface? An oxygen cascade within
Russian dolls
Mechanisms related to surface limitation in metabolic processes have been proposed for
both food ingestion and respiration. In Chapter 2, we presented and summarized several
arguments against the hypothesis that surface-limited resource supply plays a role in
processes related to food ingestion or nutrient absorption. Accepting that surface limitation
applies to oxygen rather than nutrient supply still allows for multiple interpretations since
the oxygen supply from the gills to individual cells involves multiple surfaces, all of which
could play a limiting role (see Figure 3.6). It may seem that the GOLT’s focus on gills is
an arbitrary choice. While early theorists of metabolic scaling and its dependence on the
limiting effect of surfaces were often hesitant to explicitly identify the surface in question,
the currently available data allow for reasonable inferences on which surfaces in the
oxygen cascade could play the most critical role.*

Recent studies on oxygen limitation in water animals have produced evidence that
supports the GOLT but also suggests that different mechanisms could play an additional
role. Verberk et al. (2022), Hermaniuk et al. (2021), and others have demonstrated that
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Figure 3.6. Schematic representation of the oxygen cascade in fishes (modified from Rummer

and Brauner 2020). Each step of the O, cascade may be seen as representing one of the dolls in
Figure 3.7. Note that the partial pressure inside the system may also be indicative of the respective
‘bottlenecks’ of transfer: if the cell surface were the main limiting factor, oxygen concentrations in
the circulatory system should be expected to take values similar to those in the gill area.
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Figure 3.7. Seven ‘Russian’ dolls, where the six smaller dolls can be sequentially inserted into

the next larger ones. Surface/volume ratio decreases with size, which means that the largest doll
has the smallest surface area relative to its volume. Even if different degrees of surface allometry
and morphological adjustments are involved, these relationships allow for causal inferences on
surface limitation in physiological processes between different organs. Note that in organisms, the
differences between the surface area of the different organs, cells, and organelles are much greater
than those between the dolls.

hypoxia sensitivity is correlated with cell and genome size, suggesting that cellular surface-
to-volume relationships provide an explanation. That would mean that surface-dependent
oxygen limitation emerges at least partly at the cellular level. The idea that cell size plays a
role in the capacity to transport and diffuse oxygen through the body is plausible and should
not be dismissed offhand.?”” Two arguments for the prevalence of gills in this process stand
out. The first is based on physiological and adaptive mechanisms, mainly the plasticity of
the gill in relation to environmental stimuli.®® The other argument is based on geometrical
relationships, i.e., the relationship between whole organisms and their different organs
and components is analogous to ‘Russian dolls,” where different surfaces are placed over
each other and, consequently, their respective surface-volume ratios decrease with each
new layer (Figure 3.7). This makes it evident that there would be no point in evolving a
highly efficient system for distributing oxygen to the smallest organelles because its supply
is limited by the equivalent of the largest doll.

Oxygen entering the body through respiratory surfaces must be transported from the
respiratory tissues throughout the entire body. Every membrane through which a specific
amount of oxygen has to pass from the gills to the cells presents a limiting surface through
which only a certain number of oxygen molecules can pass within a given amount of time. After
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oxygen enters the blood in the gill capillaries, it must be transferred from the blood plasma
to the erythrocytes and then released again from the red blood cells to the plasma. Several
additional membranes must be passed to enter the extracellular fluid and, finally, reach the
cells and mitochondria. All these surfaces involve a tension between surface and volume, and
each of these surfaces limits the eventual oxygen supply to the cells and mitochondria.

Despite the undeniable role of all the other limiting surfaces in the oxygen cascade, it
follows from geometrical necessity that the first surface through which a substance enters
the body has the greatest limiting impact. Suppose we imagine a body through which
oxygen is transported as a multilayered Russian doll. In that case, we can see that the first
barrier, the outer surface of the largest doll, is the largest, but it also envelops the largest
volume, i.e., the entire body, with all the smaller dolls inside. Consequently, all the following
surfaces are smaller and also cover smaller volumes. The point is that the surface/volume
ratio increases with each step, reducing the limiting role of subsequent surfaces in the body.
If gills are the first surface (the largest of the Russian dolls), then they present the greatest
limiting factor, and the role of all the following surfaces (erythrocytes, body cells, etc.) is
much smaller, if not negligible® (see Figure 3.7).

Ontogenetic changes in scaling and diffusion distance

One aspect of the literature on fish gills, and on the gills of other WBE, is that change in
their scaling, while well-documented (see Glazier 2024 and references therein), is rarely
considered. In debates about the growth of gill surface area relative to body weight (as
discussed in Chapter 6), it is rarely explicitly mentioned that it is late juveniles and adult fish
that are limited by their gills, and notlarvae or early juveniles. Figure 3.8, which illustrates
ontogenetic changes in scaling (OCS) in 5 fish species and in crustaceans, shows that the
growth of their gills is very rapid at first, with d, < 1 in juveniles, which becomes < 1 only
in the terminal, adult phases (Pauly and Miller 2025).

We draw two conclusions from Figure 3.8: (i) that this pattern is generalizable, i.e.,
that OCS impacts on all WBE, and (ii) that it is the main reason why some authors report
estimates of d_ or d,>1, because they have included small (young) individuals in estimating
a parameter meant to refer to adults (see also Chapter 6).

A related issue is the trend, admittedly not as well established as OCS, for the water-
blood distance (WBD), also known as the ‘diffusion distance’ of gill lamellae, to increase
as fish grow in size (Pauly and Miiller 2025; Figure 3.9). An increase in WDB, i.e., of the
thickness of the gill lamellae, probably to better resist the strong water flow across the
gills of adult fish, will reduce the oxygen diffusion rate across these same gills (Pauly and
Miiller 2025; see also Equation (4.3)).

Jointly, the ontogenetic changes in scaling and in the increase in diffusion distance,
which also occurs in Caribbean king crab and spiny lobster (Jarrett et al. 2025) suggest,
if they can be generalized to fish and other WBE (and we don’t know any reason why we
shouldn’t), that the gills of adult water-breathers limit their growth more than previously
anticipated.
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Figure 3.8. lllustrating ontogenetic changes in the scaling (OCS) of gill surface area or GSA (i.e., changes in
d,) and metabolic rate in fish and crustaceans (i.e., changes in d,)). A: Development of gill surface area (GSA)
in Atlantic herring, from De Silva (1974). B: Development of GSA in plaice from De Silva (1974). C: Increase
in specific O, consumption in yellowtail amberjack, based on Moran and Wells (2007). D: Increase in specific
O, consumption with weight in Pacific bluefin, based on Miyashita et al. (1999). E: Development of GSA in
the thresher shark, from Pauly and Cheung (2017), based on Wegner (2015) and Wootton et al. (2015). F:
Increase in the specific O, consumption of miscellaneous crustaceans, based on figure 3 in Zeuthen (1953).
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Figure 3.9. Increase of the water-blood (WBD, or ‘diffusion distance) of the gills' lamellae in 6 fish
species. A: Nile tilapia, based on Kisia and Hughes (1992); B: Tench, based on Hughes (1972); C:
Climbing perch, based on Prasad and Prasad (1984), and D: 3 species of thresher sharks based on
Wootton (2011).

Gill plasticity and remodeling as responses to hypoxia

A physiological mechanism often described as a response to hypoxia or increasing
temperature in fish and aquatic invertebrates is the plasticity of gills that can be
“remodeled” within a given period of time if oxygen demand increases (Nilson 2007; Sollid
and Nilson 2006). This phenomenon has been described in several bony fishes of different
orders, mainly in temperate freshwater species, which can slowly increase their gill surface
area if oxygen demand increases slowly.'® The range of species that can undergo such
modifications is still unknown, but it mainly includes cyprinids and cichlids and, as well,
amphibious killifish (Nilson 2007; Rutjes et al. 2009; Turko et al. 2012). In some species, for
example, several African cichlids from Lake Victoria, the increase in gill surface area can
be so substantial that even the cranial morphology and the shape of the skull need to be
adjusted to enable the enlargement that becomes necessary in hypoxic or hot environments
(Rutjes et al. 2009). Even in extreme cases like these, the increase in actual oxygen uptake
capacity still lags far behind the increase in gill surface area.'

As we have seen above, the size of gills results from a series of necessary tradeoffs. That
means that the range of what is geometrically and physiologically possible is narrowly
constrained by multiple factors crucial for maintaining essential physiological functions.
Even though other organs, and even single cells, also rely on such tradeoffs, the balancing
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act they must perform is less extreme for gills. Therefore, a certain degree of morphological
gill plasticity is advantageous for regulating various functions, which range from iono- and
osmoregulation to oxygen, carbon dioxide, and nitrogen exchange. The fact that at least
some fish species can change their gill morphology in response to environmental conditions
allows for inferences in the search for the surface with the most important limiting role in
the oxygen cascade. At lower temperatures and higher oxygen concentrations, the surface
area of gills can be reduced because a smaller surface area is advantageous. At higher
temperatures, it can then be enlarged again. While the same may apply to certain parts of
the cardiovascular system (e.g., veins and arteries), gills are the first most important organs
in which such plastic responses occur — and some organs or structures do not seem to show
any such plastic behaviors (van der Meer et al. 2005; Farhat et al. 2019).1%? If gills are the
main site at which plastic morphological responses to higher oxygen demand occur, this
suggests that they are the main bottleneck in the oxygen cascade occurring in the bodies
of WBE. While every surface in the cascade can have a limiting role, a limitation is always
an effect of the narrowest part, and the fact that individual plasticity first acts on gills
rather than cells elsewhere in the body. Gill remodeling and gill plasticity can therefore
provide important inferences about the causal mechanisms underlying oxygen limitation
in water-breathing organisms.

It is important to note that the possibilities of individual morphological plasticity are not
endless and that they are soon exhausted even in species that show extreme forms of gill
remodeling and even forms of remodeling of the cranial structure to provide space for larger
gills - see Rutjes (2006). An increase in the gill surface would pose severe challenges to other
functions and could result in the unregulated loss or influx of ions. This may be a particular
challenge in tropical marine fish species whose gill plasticity appears to be very limited. As
Bowden et al. (2014) put it, “marine species, in general, must also protect against a constant
influx of ions from the surrounding hypertonic aquatic environment, which can be exacerbated
by an increased gill surface area and result in higher energy costs to expel the unwanted ions.” In
addition, many tropical fish species already live at the maximum of what is morphologically
and physiologically possible, and further re-modification is therefore out of reach.

Why should the low heart rates in fish be a “mystery”?

In a review of the cardiorespiratory and cardiovascular physiology of fish, Farrell et al.
(2009) provide an overview of the research on the impact of climate change and higher
temperatures on the basic physiological functions of fish. While a number of their
conclusions present a relatively coherent picture and show that increasing temperatures
affect the aerobic scope of many species, several items puzzled these authors. First, as
they concluded, arterial oxygen partial pressure was reduced at higher temperatures, but
a mechanism was still lacking. Second, it was unclear why fish had lower heart rates than
mammals: “Why maximum heart rate is limited to a low rate in most fishes compared with
similar-sized mammals, even when Q,  effects are considered, remains a mystery.”

It may be worthwhile to address these three problems as related questions rather
than in isolation and explore whether a solution might be found where they intersect
and overlap. As we argue, an answer to one of these questions is an answer to all. The
problem of limited heart rates in fish may seem secondary, but since it is the first “mystery”
discussed in the review, it can be an entry point to our discussion. The two most striking
differences between the physiology of mammals and fish are (i) a different medium from
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which each group extracts oxygen and (ii) endothermy vs. ectothermy. Endotherms have a
disproportionately higher energy demand than ectotherms, and their vital body functions
require more oxygen. At the same time, it is easier to breathe air than water. Also, (iii) the
respiratory surfaces of mammals — lungs — are much larger than those of fish — gills —whose
size is constrained by several factors (see above).

Higher heart rates have a real added value for mammals because they can effectively
supply the body with more oxygen. The capacity of the heart to provide more oxygen to
the body of a water-breathing organism is very different, even if this fact is obscured by
the third assumption made by the authors, which is that sufficient levels of arterial oxygen
concentrations at higher temperatures rule out the possibility of gill-oxygen limitation in
fish. As Farrell et al. (2009) rightly argue, the high partial pressure of oxygen in the arteries
demonstrates that temperature does not reduce the gills’ capacity to take up oxygen. Indeed,
what changes at higher temperatures is not primarily the diffusion capacity but rather the
0, demand in the body. Therefore, measuring oxygen concentrations in the arteries tells
very little about temperature-induced oxygen limitation in fish bodies. The arterial blood
that leaves the gill may hold very high oxygen concentrations, but the increased demand
creates a limitation.

As the GOLT postulates, gill-oxygen limitation results from the limited gill surface area
in fish. This brings us to the authors’ second (self-created) problem: low heart rates. Higher
heart rates would only have an effect if the respiratory surfaces could enrich the circulating
blood with more oxygen. If the surface area of the gills is the limiting factor for oxygen
uptake, higher heart rates would only pump half-oxygenated blood through the body, further
exacerbating hypoxic stress. Low heart rates are an efficient strategy to reduce energy
demand under thermal stress while providing the body with as much oxygen as possible.1%

The examples on which Farrell et al. (2009) base their central arguments are illustrative;
for example, the data on Chinook salmon (Oncorhynchus tshawytscha), where, indeed,
lower partial O, pressure was found in the arteries. Especially, “in larger fish arterial
PO, was reduced with increasing temperature (Clark et al. 2008).” This example perfectly
illustrates our point: low heart rates ensure adequate oxygenation and distribution of
oxygen in the arterial blood. Farrell et al. (2009) acknowledge that Chinook salmon exhibit
cardiac arrhythmias at extreme temperatures, which may provide a plausible explanation
for the lower partial oxygen pressure in their arteries. This phenomenon (which may
also be found in other salmonids) illustrates what would happen if heart rates in fish
resembled those of mammals, especially under thermal stress. Instead of being a “mystery,”
the interrelationships between limited gill surface area, oxygen limitation, and heart rate
are predictable outcomes of the GOLT.

Conclusion: the GOLT and whole bodies

The basic geometrical observations presented in this chapter again show why it is crucial
to consider entire bodies, rather than just isolated organs, cells, or even smaller units to
understand organisms’ responses to different temperatures or oxygen concentrations. This
approach sets the GOLT apart from theories that may appear similar. However, we still need
to emphasize that organisms are operational wholes and can only sustain themselves through
the interactions of their various features and functions, as stressed by Longo and Montévil
(2014). In our case, these interactions involve the relationship between gills and the whole
organism, including all the components and organs that need to be supplied with oxygen.
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Temperature and its
biochemical impact on
water-breathing animals

Synopsis: Since the pioneering work of August Putter, outlined here, the well-established
temperature-dependence of growth parameters and maximum sizes of fish and other
water-breathing ectotherms (WBE) form the basis for various ‘temperature-size rules’ (TSR)
for fish and other WBE. Numerous adaptationist interpretations of these rules exist, but
their biochemical basis is largely ignored. One fundamental, but frequently overlooked
component of the mechanism that leads to temperature-size rules is that proteins only
‘work' if their native quaternary structure (or ‘native folding’) is maintained. However, proteins
have half-lives that are U-shaped functions of temperature, which means that higher or lower
than optimal temperatures increase their rates of spontaneous denaturation in aqueous
solutions, i.e., within body cells. Proteins that lose their quaternary structures cease to
function and need to be resynthesized. Protein denaturation (including ‘cold denaturation’
below 4 °C) explains why the metabolic rates of fish and other ectotherms increase with
temperatures above 4 °C, at which hydrogen bonding in water is the strongest.

Why do animals grow larger at lower temperatures? Early
answers

One of the crucial factors in the physiology, ecology and reproductive biology of all
organisms is temperature. Attempts to identify patterns and rules that relate the growth
and final size of animals to the respective temperatures of their environment have a
long tradition in biology, ecology and biogeography. The last field, biogeography, was the
first to address this topic; at least since Bergmann (1847), researchers started to look for
correlations between temperature and size by either analyzing geographical distribution
ranges or comparing individual growth curves.

The formulation of macroecological rules was initially based on the identification
of underlying mechanisms, as seen in Bergmann’s rule (Bergmann 1847) and Allen’s
rule (Allen 1877). The nineteenth and twentieth centuries saw a trend towards models
that focused on generalized patterns deduced from statistically relevant numbers of
observations. Simultaneously, older ecological rules were applied to groups of organisms
in which the originally described mechanism could not occur. Perhaps the most prominent
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of all ecogeographical rules, Bergmann’s rule, perfectly illustrates this trend: the trend to
larger body sizes in colder climates was initially explained through thermoregulation, and
it could only be applied to endotherms (see also Chapter 1). The mechanistic foundation
of the rule eroded when various researchers tried to apply it to ectotherms, even though
it was clear that the mechanism had to be different in animals that cannot keep their
body temperatures at a constant level (see, e.g., Ray 1960; Mousseau 1997; Timofeev 2001;
Partridge and Coyne 1997; Angilletta et al. 2004; Blanckenhorn and Demont 2004; Rollinson
and Rowe 2018a, 2018b).

Generalizing any negative correlation between body size and temperature as a
manifestation of Bergmann’s rule is understandable, as this trend can be observed in
both endotherms and ectotherms, including water-breathers. As previously mentioned
in Chapter 1, thermoregulation has very different implications for ectotherms and cannot
be invoked to explain the observed pattern.’® An explanation for Bergmann-type size
reductions in fish and other water-breathers at higher temperatures must consider different
mechanisms. The pattern that ectotherms with indeterminate growth reach larger sizes
at lower temperatures and also mature at larger sizes is now typically referred to as the
‘temperature-size rule’ (TSR; Atkinson 1994).1% Even though the mechanisms behind this
pattern remain disputed, this term is typically restricted to size differences resulting from
ontogenetic growth plasticity rather than fixed adaptations to specific environments or
lifestyles.

Early polar expeditions that focused on zoological surveys presented evidence of a
phenomenon that is now often referred to as ‘polar gigantism’ in aquatic animals.® As
researchers involved in such expeditions described in detail, at high latitudes, fish tend to
grow to large sizes and small species to become rarer.'”” Even planktonic species grow to
sizes that had no equivalent in tropical, subtropical or even temperate climates (see, e.g.,
Vosseler 1901; Rhumbler 1909).1® Early twentieth-century zoologists speculated on the
reasons for such forms of growth and offered different hypotheses: one possible explanation
by Hesse (1913) was that late maturation would allow animals to grow to larger sizes before
maturity, i.e., before further somatic growth would be slowed down by reproduction (see
also Chapter 7 on the ‘Reproductive Drain Hypothesis’).1®®

Another hypothesis was the decreasing rate of “wear and tear” (“Abnutzung”) at lower
temperatures: if biological processes were slowed down by low temperature, this would allow
organisms to live longer and then grow to a larger size. Physiologist Alexander Lipschiitz
(1883-1980) was skeptical about these hypotheses, but acknowledged the possibility that a
temperature-induced slowdown of biological processes could be understood as pertaining
to energy metabolism: if the processes of “assimilation” and “dissimilation” were both
slowed down, this could mean that an organism would need more time to grow but also
that the ‘dissimilating’ metabolic activities would only increase later in life and at larger
size. This would then not only increase lifespan, but also final size (Lipschiitz 1915).11°

Putter and the mechanistic origins of the ‘temperature-size rule’
Piitter (1911, 1920) sought to present a more mechanistically defined account of the
relationship between growth, size, and temperature in ectotherms. Even though his work
was long neglected outside the German-speaking world, he can rightfully be considered the
originator of what is now referred to as the ‘temperature-size rule’ (Kearney 2021; Miiller
and Koster 2024). Even before his seminal essay on “Similarities of Growth” (1920; see also
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Figure 4.1. Predicted growth of a fish at 0, 10 and 20 °C (adapted from Putter 1920). The insert,
adapted from a figure in the same article, illustrates his findings about the relationship between
temperature and both “Betriebstoffwechsel” (~ energy metabolism) and “Baustoffwechsel” (~ synthesis).

Chapter 2), Piitter started to theorize the impact of different temperatures on different
metabolic activities. In his “Comparative Physiology” (1911), he presented the hypothesis
that the catabolic term (of what later became ‘Piitter’s equation’) had a different thermal
sensitivity and a higher temperature coefficient (Q,,) than “buildup metabolism,” i.e., the
anabolic term. Below a certain temperature, he argued, an organism could maintain its
primary function, but not invest any energy in growth.!'* Only above a given temperature
did growth occur, and steadily increased. The positive impact of temperature on growth
then reached an inflection point above a thermal optimum beyond which growth decreased
again (see insert in Figure 4.1).

In this early model, Piitter did not yet explicitly distinguish between the two different
features that constitute the ‘temperature-size rule’: as he, and many other authors after him,
noted, this pattern did not only become manifest in Bergmann-type size clines, but also in
larger final sizes at lower temperatures. It also occurred in conjunction with another effect
of temperature on growth, i.e., initial faster growth and earlier maturation as described in
Piitter’s aforementioned 1920 article.

It is often overlooked that Piitter, through his influential growth model (see Chapter 3),
also presented the first mechanistic explanation for temperature-size relationships that
could not be derived from thermoregulatory mechanisms (as in Bergmann’s rule). Piitter
was familiar with the results of the German ‘Plankton-Expedition’ of 1889, and he also noted
that many invertebrate species and genera were larger in cooler waters. He confirmed
this insight by laboratory observations on nematodes, which showed that body sizes in
populations kept at 10°C were larger than at 25°C, but their early growth was slower (see
Figure 4.2 for a replication of these results).!"? This phenomenon, Pitter argued, could
be modelled by his growth equation if the coefficients and exponents of the anabolic and
catabolic terms could be estimated.

The observation that organisms grew faster at higher temperatures required an
initial increase of the anabolic coefficient. Piitter assumed that the thermal sensitivities
of synthesis and breakdown were different since the breakdown of cellular material was
a chemical process, whereas its synthesis depended on the capacity of a living system to
take up resources. Despite the acceleration in growth, the same mechanism also accounted
for a decrease in maximum sizes. Therefore, faster growth could only be maintained for a
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Figure 4.2. Growth in ‘length’ and ‘weight’ of the nematode Caenorhabditis elegans at different
temperatures. Based on surface-at-age data in Van Voorhies (1995, figure 1A), in which the square
root was taken to provide estimates of ‘length,’ with the ‘weights’ approximated by ‘length’ cubed?.
The data points in A, C and E were fitted with the VBGF for length growth, and those in B, D and F
with the VBGF for weight.

short period before anabolism was outpaced by the increase in repair processes that were
required at elevated temperatures. Plitter reasoned that the descriptive power of his model
depended on the correct determination of the coefficients of the anabolic and the catabolic
terms (k and k’ in Pitter or H and k in Beverton and Holt 1957; Pauly 1979, 2019; see also
Chapter 2). To express the relationship between growth and temperature more specifically,
Piitter teased apart the properties of the anabolic coefficient k (thus H in Beverton and
Holt 1957) and defined its properties as follows:

k=ap/(p+q ..(4.1)

Here, p stands for a diffusion coefficient, q represents maintenance metabolism and
is thereby understood as a reaction constant (because Piitter assumed that maintenance
metabolism increased exponentially with temperature, at least up to a limit; see insert in
Figure 4.1) and a is an “equilibrium concentration of a chemical reaction” that describes the
respective concentrations at which the involved reactants are in equilibrium. In contrast to
p and g, which are extensive parameters, a must be understood as an intensive and surface-
dependent variable. To illustrate the relationships between these three terms, Plitter used
the model of a water barrel with an inflow and outflow to visualize the concentration of
substances used in both growth and metabolism (Figure 4.3).

70 BREATHING WATER IN A WARMING WORLD



max. height (a)

m) outflow (q)

Figure 4.3. The water-barrel model used in Putter's “Similarities of Growth” (1920).

The water level in the barrel is x, which should be equal to k. It represents the
concentration of substances used in growth and metabolism and is directly governed
by their in- and outflow. The inflow, which is proportional to the diffusion coefficient p,
depends on the water height and the size of the barrel, g, as it can only occur between the
top of the barrel and the water surface. The outflow, g, has a fixed value and is a measure
of energy metabolism. The inflow of substances in an empty water barrel is larger than
the concentration of substances used for energy metabolism, and the interaction between
p and q leads to an increase in water level (see Figure 4.3).

As the barrel is filling up, the rate at which the water level rises will decrease and
eventually decline to zero when the barrel is full. A full water barrel would describe the
biological situation in which the organism would be able to attain the highest possible
growth rate. If the inflow is reduced while metabolism continues, the water level will
decrease again until the inflow and outflow are the same: the organism stops growing if
this equilibrium is achieved.

Growth rates differ during the life-history of an organism and, as Piitter argued, they
depend on ambient temperature in ectotherms. While p increases linearly with temperature,
the increase in g should be exponential - Plitter estimated a value of Q,, = 2. The term a is
then expected to be unaffected by temperature. Using a range of realistic values that p and
q could possibly take, Piitter demonstrated that final sizes will be reduced in most scenarios
(see growth curves in Figure 4.1).

The explanatory power of Piitter’s mechanistic approach becomes clear when we
compare his explanation of the relationship between temperature, size, and growth to
postulates of ecogeographical rules whose validity relies on deductions from empirical
observations. Such rules will inevitably be confronted with exceptions and irregularities;
indeed, Piitter’s mechanistic model already anticipated such apparent contradictions and
was able to provide explanations for many of them. One example is that some organisms
have specific growth requirements that cannot be met at low temperatures. Piitter (1920)
refers to Rhumbler (1909), who had noticed that Foraminifera species, which require
large amounts of calcium carbonate for their shells, are smaller in high northern latitudes
because it is difficult to precipitate calcium carbonate at low temperatures (Clarke 1983).113

A more complex phenomenon, which seemed to contradict the trend toward larger
body sizes at higher latitudes, arose from the way in which temperature-induced size
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distributions could be observed in wild populations. Due to the initially faster growth
at higher temperatures, later growth reduction might often be difficult to observe when
natural mortality is high.1** This difficulty highlights the importance of developing a well-
composed mechanistic model rather than relying solely on statistical data and observations
(unless they correct for such underlying distorting factors).

Temperature and its impact on maintenance costs

While Piitter’s mechanistic model explained the impact of temperature on growth and
final size was a major step towards a better understanding of this phenomenon, and his
argument that anabolism has a different Q, than ‘breakdown,’ it can be simplified and still
provide the same results. Even if the thermal sensitivities of the coefficients were the same,
the concept of the limiting surface which underlies Piitter’s reasoning, would still lead to
the same outcomes: being a chemical process, breakdown could theoretically continue
infinitely until the organism would collapse as a whole, but anabolism would still be limited
by the surface that regulates uptake capacity. Hence, there will always be a point at which
growth is no longer possible.

But how exactly does temperature increase the costs of maintenance, i.e., ‘breakdown,’
which needs constant repair? While Piitter did not explicitly define the different components
of breakdown, but referred to them as the sum of all those activities that gradually turn
“a fully capable cell into a pile of rubble of disintegrating organic compounds” (Plutter 1920).
The definitions of maintenance costs in ectotherms still vary widely, and no general
consensus seems to have been reached so far — with the unfortunate result that exact
definitions are typically avoided. Metabolic maintenance costs in ectotherms arise from a
wider number of biochemical processes, many of which remain poorly understood. One
component of maintenance is mitochondrial proton leakage, which is believed to account
for 20-30% of maintenance costs in endotherms and ectotherms and is highly sensitive to
temperature (Portner 2001; Sokolova 2023). Furthermore, complex proteins that possess
a quaternary structure, such as hemoglobin, ribosomes, DNA polymerase, or structural
proteins like keratin or collagen, tend to lose this structure and need to be resynthesized.
The energetic costs of re-synthesis may be proportional to the costs of the synthesis of new
protein, which would represent growth. Thus, growth and maintenance are connected in
our interpretation of Piitter’s equation in the sense that synthesis creates new materials,
while re-synthesis rebuilds what is constantly being lost.

A necessary constraint within this definition of maintenance is its limitation to repair
activities applicable solely to processes that do not involve oxygen consumption. The
spontaneous denaturation of proteins is such a process.

Pltter’'s equation and the spontaneous denaturation of proteins
When marine biologists, limnologists, or fishery biologists study the growth of WBE, they
usually pay scant attention to the underlying biochemical processes. This is evident in recent
publications where the choice of fish growth models (Gompertz, von Bertalanffy, logistic,
polynomials, etc.) is a purely statistical exercise, in which, often aided by the criterion
proposed by Akaike (1973), the growth curves that may be selected for the description of
length-at-age data have no basis in biology (see Figure 1.3). Such approaches obfuscate,
rather than elucidate, the relationships between growth and temperature.
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This section aims to help overcome this state of affairs by describing the biochemical
mechanism that gives rise to macroscopic phenomena described by various temperature-
size rules purporting to describe and/or explain temperature-related size variations in
WBE (e.g., Atkinson 1994).

Recall that Piitter (1920) conceptualized growth as the net result of two processes with
opposite signs affecting the body weight (W; actually mass) of WBE, one adding to, and the
other subtracting from it, which can be represented by

dw/dt = HW! - kWwm ..(4.2)

where dW/dt is the growth rate, and HW? and kW™ are conventionally referred to as
‘anabolic’ and ‘catabolic’ terms, respectively.

The integration of Equation (4.2) with d = 2/3 and m = 1 yields the ubiquitous von
Bertalanffy Growth Function (von Bertalanffy 1938), with growth ceasing when HW? =
kW. This implies that asymptotic (= final) length and weight will be reduced if temperature
increases affect k more strongly than H, and because anything, irrespective of their
‘starting point’ (or intercept), growing in proportion to W?? will eventually be matched
by something growing in proportion to W itself. There is a huge number of studies of this
specific temperature effect (see, e.g., Dimarchopoulou and Tsikliras 2022, Palomares et al.
2022, and references therein), including new evidence presented below. Before we delve
further into the implications of Equation (4.2), we first recall some of the ideas presented
in previous chapters about its exponents, d and m.

In animals, adenosine triphosphate (ATP) is required to synthesize the proteins from
which body cells and tissues are made. ATP is derived from oxidative phosphorylation in
the inner mitochondrial membrane, where the Krebs Cycle provides substrates, and where
oxygen is required as the final electron acceptor (Nelson and Cox 2017). This requires an
oxygen supply that must enter the body through a respiratory surface.

In biological organisms, respiratory surfaces (S) grow in proportion to the square of body
length, i.e., S < L? in the case of isometry (i.e., the ‘same,’ or ‘equal’ dimension). The exponent
can be < 2 (negative allometry) or > 2 (positive allometry), as elaborated in Chapters 1 and 3.
The body weight (W, strictly ‘mass’) of WBE can increase isometrically with L (with W « L%),
or with negative (< 3), or positive allometry (> 3). Length-weight relationships of the form
W =a-L’, with b = 3 or b ~ 3, are most frequent in fishes (Froese 2006), crustaceans (Pauly
et al. 2022a), and other WBE (see SeaLifeBase).

Next, we must deal with how oxygen enters a WBE’s body. Fick’s law states that the rate
of diffusion of oxygen through a respiratory surface can be quantified by

R=U-S-dP- WBD" ...(4.3)

where R is the oxygen uptake (i.e., supply to the body in mL-hour?), U is Krogh’s
diffusion constant (i.e., the amount of oxygen (in mL) that can diffuse through membranes
with an area of 1 mm? in one minute through a given type of material or tissue), S is
the respiratory area (e.g., the sum of the lamellar area of gills, or GSA), dP the difference
between the oxygen pressure on either side of the membrane in atm, and WBD is the
water-blood distance, i.e., the thickness of the membrane in question (Fick 1855; De Jager
and Dekker 1975; Pauly and Miiller 2025).
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If one assumes that, of the parameters in Equation (4.3), only S changes with the size
of WBE, then oxygen uptake (R) can be considered directly proportional to S, i.e., R «c S (De
Jager and Dekker 1974). Combining Fick’s equation with the preceding considerations leads
to the exponent of the anabolic term of Equation (4.1), HW% having a d-value of 2/3 when
the respiration of a WBE is proportional to its length squared (R « S « L?) and body weight
to its length cubed (W o« L3).

Examples of WBE with isometric respiration are the guppies (Poecilia reticulata) that
von Bertalanffy used to test his growth theory (Bertalanffy 1951) and subsequently, the
brine shrimp Artemia salina (von Bertalanffy and Krywienczyk 1953). While such small
WBE often have gills that grow near isometrically, or even lack gills and respire through
their integument, where S «« W23 applies (as in chaetognaths; see Chapter 14), the gills of
larger WBE usually grow with a positive allometry, i.e., with d-values commonly ranging
between 0.7 and 0.9 (Hughes and Morgan 1973; De Jager and Dekker 1975; Pauly and
Cheung 2017).

Important here is that the estimates of d pertain to late juvenile and adult WBE, which
are always < 1, and not the d-values observed in fish larvae, which commonly exceed 1;
see De Silva (1974) for larvae of Atlantic herring (Clupea harengus) and European plaice
(Pleuronectes platessa), and in early juveniles. The growth of fish larvae, consequently,
does not become limited by their oxygen supply as they gain weight (Bochdansky and
Leggett 2001; Pauly 2019, 2021).

Given Fick’s law, d can be estimated from respiratory or gill area studies (see De Jager
and Dekker 1975; Pauly and Miiller 2025). Studying only a small range of body sizes within a
species of WBE, subjecting the studied WBE to various stresses, or not being aware of pitfalls
in the study of gill areas (Hughes 1984), can easily produce erroneous estimates of d > 1.

In adult WBE, d > 1 would imply that the membranes through which oxygen is supposed
to diffuse would fill up a 3-dimensional space. This would prevent water from flowing
through the gills, which must have oxygen-rich water entering from one side, and oxygen-
poor water leaving at the opposing side (Pauly 2021a). For fish larvae, the gills can expand
rapidly within an initially ‘empty’ head, and d > 1 (see De Silva 1974), which then gradually
transits to lower a value (d ~ 1) in early juveniles (Oikawa and Itazawa 1985; Pauly and
Cheung 2017) before settling on the late-juvenile and adult values, i.e., d < 1.

The exceptions to d < 1 in adult WBE pertain to some fish, crabs, and other ectotherms
that rely mainly on air-breathing, and which drown in well-oxygenated water despite
having (small) gills (see Chapter 10). Here, we consider only water-breathing ectotherm:s,
which comprise the majority of species of interest in aquatic biology and fisheries.

As already mentioned in Chapter 2, the catabolic term of Piitter’s equation, kW™, is
where the real problems begin. This term has a multiplicity of names in German (“Abbau,
Abnutzung, Auflosung, Zerfall, Zerstorung”) in the writings of Piitter (1920) and von
Bertalanffy (1951). In English, the terms ‘degradation’ or ‘breakdown’ are often used (e.g.,
in Jobling 1993), but without elaboration, or with elaborations that are seriously misleading.

For example, Ursin (1967, 1979) argued that perceiving catabolic processes as
proportional to weight (i.e., m = 1) is “too simple because it overlooks the fact that oxygen
required by catabolic processes must enter the body through a surface” (Ursin 1967, 1979).
To overcome this self-generated problem, he reformulated Equation (4.2) with d as the
exponent of the catabolic term, and invented a new exponent (n) for the anabolic term
which did generate asymptotic growth curves in a variety of fishes, but only because n <
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d.'*5 This led nowhere, because conceiving the catabolic term as requiring oxygen resulted
in numerous contradictions, notably that dead flesh would not rot.

Another definition of catabolism that may be appropriate for some uses, but which is
not suitable in the context of Piitter’s equation was implied by Hochachka (1969), who wrote
that “during initial phases of catabolism, large molecules are broken down to yield, apart from
CO,, and H,0, a quite restricted group of small organic molecules, liberating about one-third
of the available free energy in the process.” Here, the problem is that this definition of the
catabolic term includes processes wherein the components of the food of a WBE (along with
its denatured proteins) are used as substrate for the Krebs Cycle, at the end of which the
ATP is generated that is used for the synthesis of new proteins, i.e., anabolism.

To avoid contradictory and overlapping definitions and the confusion they create, the
catabolic term, at least in the context of Equation (4.1), must be conceived as ‘removing’
proteins from the stock of ‘live’ proteins through a process that does not require oxygen,
or more precisely, that does not consume oxygen. Such a process exists, and although it is
generally overlooked, it is ubiquitous in living organisms: the spontaneous denaturation
of proteins, which occurs at all temperatures but increases at both high temperatures and
very low temperatures.

The warm and cold denaturation of proteins

Disruption of the highly ordered quaternary structure or conformation of globular proteins,
such as enzymes, from their natural or ‘native’ states is called "denaturation.” Denaturation
occurs spontaneously in biological organisms, either due to the disruption of weak chemical
links that stabilize the native state conformation or from preferential hydration of the
denatured state. Higher-than-average denaturation rates are easily achieved upon heating
(heat denaturation) via an increase of the kinetic energy of the random Brownian motion
of proteins in aqueous solutions. Indeed, the link between temperature and denaturation is
implied in the very fact that temperature reflects the average kinetic energy of the moving
and colliding atoms of a substance. Denaturation also occurs at low temperatures (cold
denaturation) due to hydrophobic interactions among protein nonpolar groups, which,
somewhat surprisingly, favors their hydration in the denatured state (Privalov 1990).

Consequently, proteins in aqueous solutions, that is, in the bodies of WBE, have
half-lives that are U-shaped functions of temperature, such that higher or lower than
optimal temperatures increase their rates of spontaneous denaturation. Proteins that
lose their quaternary structures as a result of a random collision with another molecule
(which increases with temperature) or because the surrounding water is too cold cease
to function, and in the overwhelming majority of cases, need to be resynthesized.
Spontaneous protein denaturation explains why the metabolic rates of WBE increase with
temperature, both above and below 4 °C (the temperature at which hydrogen bonding in
pure water is the strongest and hydration of protein nonpolar groups is the weakest). In
the aqueous solution that forms the bulk of the content of living cells, different proteins
will have their stability optima at different temperatures, but their relationship to
temperature will remain U-shaped.'

Once a protein has lost its relatively fragile quaternary structure, it becomes a “random
coil” (Smith et al. 1996), i.e., an essentially useless jumble of amino acids (Figure 4.4). As
such, denatured proteins become part of a WBE’s amino-acid pool, where they join the
amino acids originating from the food of that animal.'*” None of the oxygen supplied by
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Figure 4.4. Schematic representation of how a globular protein with its intact quaternary structure
is denatured into a “random coil” (Smith et al. 1996) of amino acid by the kinetic shocks of Brownian
motion occurring at a/l temperatures, including ‘benign’ ones; see text.

a respiratory surface is required to remove a substantial part of the stock of ‘working’

proteins from the body of a WBE. These denatured proteins, however, must be immediately

replaced if the organism is to maintain itself.

The biochemical basis of the mechanism of protein denaturation is summarized in the

following:

@

(iD)

(iii)
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The quaternary structure or conformation of proteins is typically stabilized by
weak chemical linkages, such as hydrogen and disulfide bonds, and hydrophobic
interactions among nonpolar groups within the polypeptide chain (Privalov 1990).
These weak chemical interactions are easily disrupted in aqueous solutions (i.e.,
within living bodies) by the random Brownian motion of water molecules surrounding
the protein molecules, or the input of thermal energy that can overcome the strength
of these bonds (~ 0.4 - 4 kJ-mol?)."*® The breaking of many of the weak intramolecular
linkages responsible for the highly ordered quaternary structure of a protein in its
native state results in protein denaturation.

Protein denaturation typically proceeds to irreversible degradation and hence
to biological inactivity. In some proteins, such as with electrostatic hinges, the
reversible process of renaturation can occur in the presence of stabilizing ionic
ligands, demonstrating the link between protein structure and function (Yan et al
2018). Protein denaturation can be quantified by the time taken for a given quantity
of proteins with well-formed quaternary structure to decrease by half, which is the
definition of the aforementioned half-life of a protein. Protein half-lives decrease
with increasing temperature, as increased Brownian motion disrupts the weak bonds
which stabilize the quaternary structures. Half-lives can also decrease with decreasing
temperature in the case of cold denaturation. Note also that different proteins have
different half-lives and the same protein can have different half-lives in different
environments (see, e.g., Kuhar 2009).

The quaternary structure of proteins is also stabilized by hydrophobic interactions,
which consist of short-range attractive van der Waals interactions among protein
nonpolar groups and long-range repulsive hydration of these nonpolar groups
(Privalov 1990). Once disrupted, van der Waals interactions, being delocalized
many-body interactions (Distasio et al. 2014), are not easily re-formed. As a result,
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(iv)

)

(vi)

once a protein’s quaternary structure is lost, it is not easily repaired, i.e., it is
thermodynamically possible, but kinetically improbable, as the stable structure
requires achieving a conducive transition-state configuration of proteins. Once they
have lost their quaternary structure, proteins usually need to be re-synthesized, which
requires an input of energy (ATP) to overcome the (high) activation barrier for the
protein synthesis reaction.

The stability of globular proteins is maximal at the temperature at which the degrees
of entropy (disorder) of the native and denatured states are equal and the structure
is stabilized only by the enthalpy (configurational energy) difference between these
states (Privalov 1990). In aqueous solution, proteins are most stable at 4 °C, the
temperature at which hydrogen bonding in water is the strongest and hydration of the
protein polypeptide chain, which consists mainly of nonpolar groups, is the weakest.
At temperatures above and below this point, protein stability decreases, i.e., protein
denaturation occurs with both heating and cooling, yielding a distinct protein stability
curve with respect to temperature. Spontaneous heat and cold denaturation reflect
the thermodynamic balance between the configurational energy (or enthalpy), which
is stabilized mainly by hydrophobic interactions, and the conformational entropy, or
the tendency of the Universe to evolve toward disorder.

Disruption of the native protein structure on heating, called heat denaturation,
proceeds with heat absorption and, consequently, with increases in molecular
enthalpy. Disruption of the native structure upon cooling, known as cold denaturation,
proceeds with the release of heat and, hence, with enthalpy decreases (Privalov 1990).
Heat denaturation requires only a small input of energy, on the scale of thermal
fluctuations in Brownian motion, whereas cold denaturation releases a small amount
of energy as heat. No additional external source of chemical energy, such as from ATP,
isrequired, as the activation barrier to protein denaturation is low. Consequently, the
folded and unfolded protein states often occur in a dynamic near-equilibrium state,
with more denaturation than renaturation in growing organisms, and equilibrium
in non-growing organisms.

Low temperatures (< 4 °C) also can cause loss of quaternary structure or “cold
denaturation” (Privalov 1990). Cold denaturation is a general phenomenon caused
by the specific and strongly temperature-dependent interaction of protein nonpolar
groups with water. Hydration of these groups is favorable thermodynamically, i.e., the
Gibbs energy of hydration is negative and increases in magnitude as the temperature
decreases. As a result, the polypeptide chain, tightly packed in a compact native
structure, unfolds at a sufficiently low temperature, exposing internal nonpolar
groups to water.

The hydrophobic interactions stabilizing the quaternary structure of native proteins are
an enthalpic balance between the temperature-dependent repulsive hydration of protein

nonpolar groups and the temperature-independent attractive van der Waals interactions

among these nonpolar groups. At low temperatures, the weakly attractive van der Waals

interactions can be disrupted, leading to unfolding and denaturation. For example, Fraser
et al. (2022), based on work on limpets and the notothenioid fish Harpagifer antarcticus,
state that “protein metabolism data for Antarctic invertebrates show low rates of protein
synthesis and unusually high rates of protein degradation. Additionally, in Antarctic fish,
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Figure 4.5. Relationships between oxygen consumption (and/or related processes) and
temperature. A: Illustrating how Wohlschlag (1964) chose to present his data, with ‘cold adaptation’
interpreted as inducing “variability." B: Plots of non-linear regressions of maximum length vs. water
temperature of the 10 fish species in Norwegian trawl surveys (adapted from figure 3 in Lavin et al.
2022), scale-inverted and rescaled as % deviation of their means, such as to make visible their
relationships to plots of oxygen consumption vs. temperature. C and D: plots of the temperature-
related stability (as a function of the Gibbs free energy) of two examples viz., ribonuclease, an
enzyme (C) and chymotrypsinogen, an enzyme precursor (D). Note the U-shape of these plots,
which were adapted from Brandts (1967).

increasing evidence suggests a lower frequency of successful folding of nascent proteins and
reduced protein stability.”

The 4 panels of Figure 4.5 present evidence for the effects of protein denaturation
on fish growth. Figure 4.5A illustrates that Wohlschlag (1964) interpreted his own data
as increased “variability” at low temperature. This interpretation, for which he did not
provide a mechanism, is probably one reason why his notion of “cold adaptation” became
controversial. Another reason was the suggestion that his experimental set-up may
have stressed the fish whose respiration he was measuring, and their elevated oxygen
consumption was deemed an “artifact” (Holeton 1973).

Figure 4.5B presents new, if indirect, evidence for cold adaptation, i.e., elevated oxygen
consumption, in 10 fish surveyed in cold Norwegian waters (Lavin et al. 2022). There,
only three species exhibited a decrease in maximum observed length with increasing
temperature, (as shown here as an inverse relationship) in line 1 (spotted wolffish,
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Anarhichas minor)'*%, 2 (cusk, Brosme brosme) and 3 (Norway redfish, Sebastes viviparus),
compared with five species whose maximum length increased with temperature (here
shown again as an inverse relationship), i.e., lines 4 (capelin, Mallotus villosus), 5 (Greenland
halibut, Reinhardtius hippoglossoides), 6 (Golden redfish, Sebastes norvegicus), 7 (daubed
channy, Leptoclinus maculatus) and 8 (polar cod, Boreogadus saida), while two species,
bold lines 9 (Atlantic wolffish, Anarhichas lupus) and 10 (beaked redfish, Sebastes mentella)
spanned the range from 1 to 10 °C with the very U-shaped relationships that best reflect the
underlying biochemical mechanisms of protein denaturation.

Figures 4.5C and 4.5D, finally, show two examples, among many that could be shown,
of protein stability versus temperature (modified from Brandts 1967); Figure 4.5C refers
to ribonuclease and Figure 4.5D to chymotrypsinogen. Note the U-shape of the protein
stability curves (but also note the inverted scale).

At this point, we must clarify a generally misunderstood concept, whose relevance
to the growth of WBE is generally missed. It is widely accepted that proteins in aqueous
solutions undergo denaturation at very high temperatures (see, e.g., Nelson and Cox 2017).
However, it is usually not realized that all proteins undergo spontaneous denaturation at
all temperatures — even at their optimal temperature — and that this is why proteins have
half-lives, ranging from a few hours to several days, even in homeotherms. This implies that
while denaturation processes are minimized at a WBE’s optimal temperature, a fraction
of its stock of proteins, in any instant, still spontaneously loses the quaternary structures
required to fulfill their specific roles, e.g., as an enzyme to catalyze a reaction, or, as in the
case of hemoglobin, to transport oxygen.

Yet many theoretical explanations of the impact of temperature on ectotherm
metabolism rely on categorical distinctions between biochemical mechanisms that are
limited to physiological effects under ‘stressful’ or ‘benign’ conditions, as if these were two
fundamentally separable categories (Lonthair et al. 2024a; Jutfelt et al. 2024; Angilletta
and Dunham 2003; Angilletta et al. 2004). While it is clear that some biochemical effects of
temperature on cellular processes will only become effective under extreme conditions,
the GOLT points to the rich literature on protein half-lives that makes clear that these
half-lives do not fundamentally, but often rather gradually, differ between benign and
stressful condition (Bojkowska et al. 2011; Dice 1987; Zhou 2004). In fact, the very definition
of certain thermal conditions as stressful depends on the reaction of cellular proteins at
specific temperatures.

As shown above, one of the major drivers of maintenance costs in cells and organisms is
the re-synthesis of denatured proteins, which have lost their quaternary structure. This is not
a process limited to extreme conditions; it occurs constantly — the difference between ‘benign’
and ‘stressful’ thermal ranges is the acceleration of these denaturation processes under
increasing temperatures. Rather than assuming protein denaturation as a factor contributing
to increased maintenance costs under stressful and extreme conditions, the GOLT points to
evidence for spontaneous denaturation occurring under all thermal conditions, but increases
with temperature and, below 4 °C, with declining temperatures (see above).

Strictly speaking, the correlate of higher temperatures, i.e., an increase in Brownian
motion, should not be understood as a result or a consequence of temperature. Rather,
it is far more accurate to identify this increase in particle movement as a heat increase
(Einstein 1905).12
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The considerations above make sense from an evolutionary perspective, as organisms
perform best when they are within a narrow optimal thermal range, representing the
optimal energy trade-off between their rates of anabolism and their maintenance
requirements. The underlying chemistry that supports this conclusion involves a similar
trade-off between short and long-range forces of attraction and repulsion within and
between biological macromolecules, as well as between them and their surrounding
environment in the organism, which consists largely of water, other organic and inorganic
molecules, and ions. The observed structure-function dualism of proteins (Yan et al. 2018)
reflects the evolutionary adaptation of molecular processes within organisms to their
biochemical environments, which include temperature, pH, ionic potential, solvents, etc.

The following points summarize what we believe is strong evidence for spontaneous
protein denaturation being the essential contributor to the catabolic term (- kW™) of
Piitter’s equation:

(1) Proteins undergo spontaneous heat and cold denaturation in aqueous solution,
exhibiting stability curves as a function of temperature with a minimum at 4 °C.
Denatured proteins in living organisms typically must be resynthesized, leading to
elevated metabolic rates, increased oxygen demand, and smaller maximum sizes;

(2) In WBE, oxygen consumption is a concave function of temperature, with a minimum
at 4 °C. If oxygen is limiting the metabolic rates of WBE and if spontaneous protein
denaturation is responsible for the catabolism term of Piitter’s equation, then their
asymptotic growth (balance of anabolism and maintenance requirements) will reflect
this temperature dependence;

(3) Oxygen demand in WBE increases with temperatures above 4 °C, reflecting elevated
rates of protein re-synthesis in response to spontaneous protein denaturation.
Above 4 °C, when temperatures increase, the maximum sizes of WBE decrease;

(4) Cold denaturation, which tends to occur below temperatures of 4 °C, also increases
oxygen consumption and limits growth, owing to elevated metabolism required to
resynthesize denatured proteins. Arctic and Antarctic fish occurring at temperatures
below 4 °C are smaller than predicted by a projection of their size-temperature
relationship to low temperatures (Pauly 1979, 1980a; Lavin et al. 2022);

(5) No other growth-negating process has been described in the literature that is
consistent with Equation (4.1) and does not lead to contradictory conclusions about
growth processes in WBE;

(6) Finally, sloughing skin and other mechanical processes also contribute to losses of
body substances and weight, but these should generate ‘replacement costs’ that are
likely minor compared to spontaneous denaturation.

Different proteins have different half-lives, but if it can be assumed that the protein
composition of a young WBE is roughly similar to that of an older WBE of the same
species, the abundance ratio of different proteins will remain similar. This implies that
the same denaturation processes are occurring throughout the body and that the exponent
of the negative term in Piitter’s equation, m = 1, can be neglected. That is, maintenance
requirements are proportional to the weight of WBE, in contrast to anabolism.

The effect of increasing protein denaturation provides a causal mechanism for
temperature-size rules that state that temperatures higher than 4 °C lead to smaller
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Figure 4.6. Above 4 °C, the oxygen demand by fish and other water-breathing ectotherms
increases with temperature (line A) mainly due to increased protein denaturation, while the oxygen
dissolved in the water declines (line B, with the difference between sea and freshwater being too
small to show here). This reduces the oxygen supply to water-breathers and therefore their ability
to re-synthesize denatured proteins. Below 4 °C, cold denaturation increases with decreasing
temperature (dotted line C). Based on Ege and Krogh (1914) and Pauly (1979, 2023).

maximum sizes for WBE. More complex hypotheses to explain the smaller sizes of WBE at
high temperatures are largely superfluous (Pauly 2021a), at least if Ockham’s Razor still cuts.

The problems that fish and other WBE experience at extreme temperatures, especially
now, given that oceans and freshwaters are warming and deoxygenating, are summarized
in Figure 4.6. Not only does warmer water contain less oxygen (Figure 4.6, line B), but
warmer water also increases the oxygen demand of fish and other WBE (Figure 4.6, line
A).'2! On the other hand, at extremely low temperatures, there is a twist, derived by Pauly
(1979; Figure 4.6, line C) from various growth and respiration datasets, including that of
Wohlschlag (1964) based on nototheniid fishes. Wohlschlag’s work was highly contested
at the time (see, e.g., Holeton 1973), and therefore, the concept was left “in profound
hibernation” (Pauly 2019). Nevertheless, signs of ‘cold adaptation’ were later detected in
a set of natural mortality estimates (Pauly 1980a), which are also related to growth and
temperature, and therefore to respiration and protein denaturation.

Now, given the contributions of Forster et al. (1987), Torres and Somero (1988), White
et al. (2012), Sanfelicea and Temussia (2016), Fraser et al. (2022), Lavin et al. (2022) and Lin
and Costello (2023)'?2, we can assess why “neither the careful experimental work of Holeton
(1973, 1974) nor theoretical arguments (Clarke [1980a], 1980, 1991, 1993) resulted in the
demise of the concept of metabolic cold adaptation” (Clarke and Johnson 1999). The reason
for the resilience of the cold adaptation concept is that researchers continue to stumble
upon its effects while conducting empirical studies of WBE, which primarily occur in waters
below 4 °C. Thanks to Privalov’s (1990) review, we now also have a mechanistic explanation
that was previously lacking, and it is compatible with the GOLT.
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Temperature and its impact on
water-breathing animals

Synopsis: This chapter applies the theoretical insights from the previous chapter to real-
world scenarios, exploring how temperature influences the physiology, ecology, and growth
of fish. It examines the role of temperature in intraspecific and interspecific differences
in growth rates, the widespread occurrence of ‘Heincke’s law’ (the trend of larger fish
occurring in deeper waters), and the impacts of heatwaves and hypoxic events on size-
dependent survival. By connecting theory with empirical observations, this chapter provides
a comprehensive understanding of how temperature shapes the size and age composition
of fish populations in a changing climate.

Temperature, physiology, and ecology

Temperature shapes all the major traits of biological organisms, and of ectothermic animals in
particular. In the previous chapter, we examined the biochemical foundations of the mechanisms
by which temperature acts on metabolic processes. Identifying these processes allows for a
mechanistic interpretation of the modified Piitter’s equation that underlies our growth model,
thereby ‘translating’ the biochemical level into the level of organisms’ life histories and their
ecological and environmental interactions. Bridging these different levels requires considering
the diversity of life and its phenomenological manifestations in the real world.

In this chapter, we apply our explanatory model to physiological and ecological
phenomena and connect these different levels of causation. However, a fundamental
distinction has to be made before this general model can be used to interpret biological
data regarding temperature differences between intra- and interspecific traits, thus within
and between species. The impact of temperature on organisms with identical or similar
genetic compositions is fundamentally different from that of species that have adapted
to divergent thermal conditions and have evolved specific mechanisms to optimize their
life-history traits in their respective environments. This chapter discusses the differential
influences of temperature at intra- and interspecific levels, illustrating their consequences
in different contexts and based on well-based phenomena.

First, we will examine why optimal growth temperatures decrease during ontogenetic
growth trajectories and why water-breathing ectotherms grow better under colder conditions
once they reach a larger size. Second, we explain the universally observed fact that bigger
fish (within a given species) inhabit deeper water layers (and vice versa). Third, we will apply
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our model to interspecific and biogeographical patterns and discuss why the evolution of
large body sizes is less likely under warmer conditions. The final sections of this chapter will
examine the impact of temperature on aerobic scope and thermal tolerance. This topic is
critical in the current climatic transition, where heatwaves are becoming increasingly likely
to occur, and fish are often among the first victims (Cannell et al. 2019; Miiller et al. 2023). We
will conclude by discussing the widely observed phenomenon that fish follow their preferred
temperature if they have the opportunity; for example, if their habitats warm up, they have
to move to areas with the temperature these fish prefer. All these phenomena are already
well-studied, and sufficient data are available; however, their description often lacks a more
general theoretical foundation that allows for coherent mechanistic explanations. We argue
that providing such a foundation and a better mechanistic understanding of the relation
between temperature and ectotherm growth is possible. A more comprehensive and general
explanatory model is needed in times of drastic climate change, and we believe the GOLT can
and will play an essential role in this context.

Temperature and fish growth differences within species

The ichthyological literature is replete with reports of negative correlations between water
temperature and optimal fish growth at greater sizes; as fish grow bigger, they seek lower
temperatures. This pattern was confirmed by a meta-analysis based on 52 datasets on more
than 2,000 species (Lindmark et al. 2022). The decrease of optimal growth temperature
during ontogeny can be seen as one facet of the temperature-size rule, but it allows for
interesting mechanistic inferences. While many authors working on this phenomenon are
reluctant to relate their findings to more general underlying mechanisms, we argue that the
modified Piitter’s equation allows for a coherent interpretation of the decreasing optimal
growth temperatures with increasing body size.!?*

Suppose we interpret the rightmost term of Piitter’s equation as the sum of breakdown
processes that require repair or re-synthesis of denatured protein. These processes are
accelerated at higher temperatures. Since repair activities are necessary for the entire
body (if we neglect ontogenetic allometries in the composition of body substances), we can
assume that breakdown metabolism (kW) scales proportionally to body mass:

dw/dt = HW - kW ..(5.1)

As previously discussed, anabolism scales, in adults, with an exponent lower than 1 if
understood as a surface-limited process. On the other hand, biochemical breakdown
processes — such as the denaturation of proteins, whose quaternary structure is directly
impacted by temperature — will always cause maintenance costs (and thus repair activities)
to be higher in warmer environments.

Because the anabolic term of the above equation (HW¥) is also temperature-sensitive,
ectotherms will initially grow faster at higher temperatures. However, as increasing body
mass also increases maintenance costs, this initial growth benefit is quickly undone—a
dynamic that follows the temperature-size rule. But if habitats with lower temperatures
are available during ontogeny, they would allow for a reduction in maintenance costs
and maintain a positive balance in Equation (5.1), i.e., the fish would grow. The seemingly
complex phenomenon of decreasing thermal growth optimum can be explained by the
relationship of only a few parameters. The reason for the assumed complexity of the
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relationship between ontogenetic growth and temperature is the assumption — which we
believe is invalid - that intraspecific metabolic scaling is not a result of decreasing energetic
investment in growth but rather a reduction in maintenance costs (Lindmark et al. 2022;
Marshall and White 2019). While a size-dependent decrease in maintenance costs is the
foundation for differences in interspecific scaling (i.e., between species), the assumption
of the same mechanism for ontogenetic scaling leads to erroneous results that only further
complicate the relationship between available data on WBE of different life stages and
metabolic requirements under different conditions.

Deeper water - bigger fish: Heincke’s law is ubiquitous

The observation that larger fish are typically found in deeper and cooler water than their
smaller conspecifics of the respective population has been noticed for centuries. It is sometimes
referred to as ‘Heincke’s law’ (Figure 5.1). German fishery biologist Friedrich Heincke
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Figure 5.1. Illustrating Heincke's ‘law,’ i.e., the relationships between water depth and the size of
fishes. A: Distribution of plaice (Pleuronectes platessa) in the North Sea, adapted from Garstang
(1909), with mean sizes (TL; cm) given for each depth isobar. B: Typical depths transect (approx. 53°
N, 80° E to 56° N, 3° E). Dark grey represents the juvenile distribution, light grey represents the adult
range, and black indicates spawning strata (modified from Zeller and Pauly 2001).
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Figure 5.2. Increase of mean size in two species of reef fish as a function of depth and temperature
at French Frigate Shoals, Hawaiian Islands; the dashed lines are extrapolations, which make the
trends more visible (modified from Longhurst and Pauly 1987).
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Figure 5.3. Seasonal offshore - inshore movements undertaken by non-migratory fishes to
maintain themselves at roughly similar temperatures throughout the year. Note that larger fish tend
to occur in deeper water than smaller ones, whatever the season (modified from Pauly 2019).

(1852-1929) described the size-dependent habitat use of fishes in the North Sea and found that
the European plaice tended to appear in deeper zones of the North Sea with increasing body
size (Heincke 1913; see also Pauly 2019).1% (Also note, though, that larger plaice may occur in
shallower water during the cold season, as generally suggested in Figure 5.3).

This pattern has been widely described and confirmed for many species (e.g., van Hal
et al. 2016; Morita et al. 2010; Longhurst and Pauly 1987). Figures 5.2 — 5.4 illustrate this
pattern in tropical and temperate marine fish, including striped bass (Morone saxatilis) for
the East Coast of the U.S.

The same pattern has also been widely documented for freshwater fishes and
has sometimes been described as the bigger fish-deeper habitat pattern (Harvey and
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Figure 5.4. Depth distribution of different fish sizes. A: In San Miguel Bay, Eastern Luzon, Philippines
(Pauly 1982b). B: along the U.S. East Coast, the habitat of the striped bass (Morone saxatilis);
modified from Coutant (1986).

Stewart 1991; Maki-Petdys et al. 1997; Vehanen et al. 1999; Baran et al. 2005; Riley et al.
2006; Kaspersson et al. 2012; Arranz et al. 2015). Complementary to this observed regularity,
others have postulated a “smaller fish — shallower habitat” pattern (Oliveira et al. 2022).
In the context of our discussion of decreasing thermal growth optima during individual
growth trajectories, the explanation for this phenomenon may seem straightforward, as
deeper water strata are cooler and offer larger fish more opportunities to grow further.
While similar mechanisms were already proposed in the literature of the early 1980s,
mainly by Coutant (1985, 1986; Coutant and Carrol 1980), who primarily focused on varying
oxygen concentrations in different water layers, later research on this topic explored a
wide range of possible explanations - typically with inconclusive results. An influential
hypothesis was the assumption that changing habitat use during ontogeny resulted from
size-selective predator avoidance (see, e.g., Schlosser 1987; Harvey and Stewart 1991). While
it is true that large fish species that depend on regular access to the water surface often
develop particular adaptations to fend off terrestrial predators (e.g., in the air-breathing
Arapaima gigas, whose skin is covered with extremely tough scales), size selectivity cannot
explain why younger fish prefer the higher water strata — we should not forget that almost
every coastal and freshwater ecosystem in the world accommodates birds that specialize
on small fish as prey (see, e.g., Sheaves 2001).

Vehanen et al. (1999), who studied brown trout in an aquaculture set-up, suggested
that the habitat of different size classes might be structured by intraspecific competition:
“This bigger fish — deeper habitat relationship is relatively common among stream fishes and
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has usually been interpreted as an antipredator tactic to avoid encounters with size-selective
predators [...]. Another potential mechanism suggested to explain spatial segregation among
differently sized brown trout is intercohort competition [...]. An obvious question is then: do
small trout occupy low-velocity microhabitats along stream margins because they actively
prefer these areas, or because they do not have access to more preferred habitats due to
intercohort competition from larger trout?”

While intraspecific competition could indeed be a factor that shapes size-structured
habitat use in territorial and aggressive species, it is an unlikely candidate as a universal
pattern for several reasons: first, not all fish species exhibit intraspecific aggression or
territorial behavior. Second, territorial aggression is often directed against conspecifics of
similar sizes, especially in the case of competition for shelter sites, which are only available
to specific size classes (Harrington 1993; Shulman 1985). Most importantly, it is, at best, an
incomplete explanation since it leaves open the question of why different size classes would
compete for a particular depth layer.

For marine fishes, some authors have sought to explain the preference of larger
fish for deeper waters, attributed to changing trophic relationships or size-selective
exploitation by modern fisheries (see, e.g., Frank et al. 2018). Still, at least the latter point
can be easily countered by the existence of this pattern in unexploited fish populations
(see, e.g., Pauly 1980b).1%

While trophic differentiation is another likely candidate to play a decisive role in size-
structured habitat use — at least in freshwater habitats where many species are insectivores
as juveniles — the factor that most clearly separates deep and shallow aquatic habitats —
temperature - is often overlooked. The groundbreaking idea that temperature and oxygen
concentrations, rather than food supply, shaped the size-dependent thermal niches
was developed by Coutant and Carrol (1980) and Coutant (1985, 1986). It was explicitly
formulated as “a speculative hypothesis” at the time (1985), and the author may not have
initially realized the stringency of this argument.

As Coutant could show, niche specialization is not only a way to optimize growth
conditions, but different size classes also critically depend on specific thermal niches. The
affinity of larger fish to deeper water strata becomes a fatal liability once this specific niche
suddenly becomes oxygen-depleted, and the fish can move between zones that are either
too warm or contain insufficient oxygen (Figure 5.5).1% Specific thermal preferences change
with age and size. For fish at the lower end of their size range, this implies a decreased
scope for growth. It is crucial to note that larger individuals, especially those close to their
thermal maximum, are particularly vulnerable to lethal heat stress, a risk that we must
consider to understand and protect fish populations. The impact of temperature on the size-
specific aerobic scope will be further discussed below; clearly, Coutant’s identification of
oxygen- and temperature-specific niches was an essential step toward better understanding
this phenomenon.

The well-established negative correlation between body mass and optimum growth
temperatures may allow for predicting fish growth and a population’s habitat. The higher
the degree of a habitat’s temperature stratification that provides for a fish population’s
thermal niche, the greater the scope for growth of its individuals throughout their life
history. In other words, access to a broader thermal range increases the scope for growth.'?”
Fishes specialized in hunting near the water surface may live in highly stratified thermal
environments, but they will experience more constant temperatures as they never reach
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Figure 5.5. Schematic representation of the distribution of adult striped bass (Morone saxatilis)
under two temperature and oxygen regimes along the US East Coast. A: Throughout the year,
except late summer. B: In late summer, when the deoxygenation of their habitat forces them out of
their size-specific thermal niche (modified from Coutant 1986).

the lower water regions. Another example is nocturnal species that hide under deep rocks
during daylight and roam the water at night. They will experience a very different thermal
environment compared to other fish in the same water body. In isolated habitats where
the range of thermal niches (and seasonal oscillations) is minimal, such as shallow tropical
pools, we should expect to see more species of similar sizes. Consequently, the lower the
degree of temperature stratification of a fish population’s habitat, the more limited the
scope for growth in this specific habitat will be by the constant temperatures of their
particular environment. They can grow fast as larvae and juveniles, but their growth will
approach an asymptote earlier than in populations in more stratified habitats.

Temperature and fish growth differences between species

While temperature impacts the scope for growth within species, biogeographical patterns
suggest similar effects on interspecific levels. Growth in temperate populations is
typically slower than in tropical waters, but it eventually approaches a larger asymptote
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Figure 5.6. Relative numbers of species of tropical vs. temperate marine and freshwater bony
fish species vs. their maximum length (in cm; log scale), showing that tropical fish are generally
smaller than their temperate counterpart (data from FishBase, based on 20,062 tropical

and 3,143 temperate species).

(Henderson 2005; Pauly 1998b). Maximum sizes in temperate bony fishes are consistently
higher than those from tropical regions (Figure 5.6).

The body sizes of tropical freshwater fishes vary everywhere between specific habitats
and ecozones. Examples of habitats with minimal temperature variation are tropical
rainforests, whose diurnal temperature variation is limited by the isolating vegetation.
Especially in smaller water bodies, the thermal niche of rainforest fishes is very narrow.
Indonesia and the wider Malay Archipelago comprise 12,000 to 18,000 islands (depending
on their definition) and a highly diverse freshwater fauna that differs strongly from island
to island. Many freshwater fishes inhabit small and isolated creeks, peat swamps, and
seasonal puddles, and some species can be found in barely submerged leaflitter during the
dry season, a survival strategy that is possible mainly due to accessory breathing organs
(Hui and Ng 2005). Fishes in such isolated habitats lack access to thermally stratified
environments and experience high temperatures throughout their lives.!?® Unsurprisingly,
the freshwater fish fauna of Indonesia consists of very small species: almost half of the
freshwater taxa’s maximum length is below 10 cm. The number of extremely small
species is also remarkable, with more than 240 species having maximum lengths ranging
from 0.8 to 5 cm (Hubert et al. 2014).

While the thermal range of tropical fishes is already lower than in temperate species,
i.e., 2-5 °C as opposed to more than 10 °C in temperate regions (Pauly et al. 2019), the
temperature range in isolated peat swamps and small tropical creeks is among the lowest
of all aquatic habitats. Hypoxia-tolerant cyprinids and air-breathing catfishes, loaches, and
gouramis are the only fish species that can inhabit such places and reach larger sizes (see
Chapter 11). Complementing this observation, large tropical freshwater fish are typically
found in the deepest (and coolest) waters they inhabit. While some of the largest freshwater
species are tropical, they are either air-breathers or require access to very deep river pools,
such as the giant Mekong catfish (Pangasianodon gigas) and the giant freshwater stingray
(Urogymnus polylepis).'*® A comparative study on intraspecific fish sizes in the lower Mekong
revealed that individual fish hiding in the deep-water pools of this river system were up
to 78% larger than their conspecifics swimming closer to the surface (Baran et al. 2005).

90 BREATHING WATER IN A WARMING WORLD



While Pitter’s equation (5.1) explains the impact of temperature on growth intra- and
interspecifically, size and growth differences between species result from selection and
evolutionary processes. As the asymmetry in size and growth between temperate and
tropical species shows, the evolutionary pathways to larger body size are constrained
by temperature, and tropical fishes often rely on specific adaptations to overcome these
constraints. Some of these adaptations will be further discussed in Chapters 6 and 11,
but reducing maintenance costs is necessary for further growth on both intra- and
interspecific levels.

Being the wrong size during heatwaves and hypoxic events
Thermal niches that enable fish to grow larger and separate different size classes also shape
other aspects of their physiology and often ‘bind’ individuals of a given size to a specific
temperature and water depth. As Coutant (1985, 1986, 1990) argued, based on research on
striped bass (Morone saxatilis), larger individuals critically depend on specific temperatures
and oxygen saturations at the particular water depths that they inhabit. The rich evidence
for this observation in the fisheries literature is also confirmed by a meta-review by Peralta-
Maraver et al. (2021), who showed that heat tolerance in ectotherms scales intraspecifically
with body size. As Coutant described, the dependence on specific thermal niches of different
size classes could have fatal consequences if the fish were forced out of their preferred
temperature zone due to deoxygenation events. Trying to escape to more well-oxygenated
zones, they could suffer heat death in shallower water (Coutant 1985 and Figure 5.5).1%°

The prediction that larger fish will be more vulnerable to heat stress than smaller
conspecifics is confirmed almost univocally in the fieldwork literature used in fisheries
management. A review of a diverse body of fisheries literature, as well as physiological
and ecological studies, revealed that 19 out of 20 instructional manuals produced by
government agencies on temperature- and hypoxia-induced fish kills indicated the death
of larger fish as a sign of hypoxia and/or thermal stress (Miiller et al. 2023). Most of these
manuals contained checklists with different recommendations. If mainly smaller fish were
affected, the authors suggest a higher likelihood of chemical wastes or toxic algal blooms
as the cause of the die-off. In contrast, if it was predominantly large fish that were affected,
this pointed to oxygen depletion. As if to provide evidence supporting the GOLT, some field
manuals explicitly referred to the dimensional tension between respiratory surfaces and
body volume: “Small fish usually survive because they have a greater gill size ratio than do
larger fish. This enables them to extract enough oxygen from low dissolved oxygen water to
survive” (Missouri Department of Conservation 1994).

Others gave sensible reasons for why large gills would also be disadvantageous because
of the higher uptake of substances at different surface/volume ratios (see also Chapter 3 of
this book): “The key difference is gill surface ratio to total body mass. Small fish, relatively
more rapid in absorbing water solutes, withstand marginal oxygen depletion but succumb
first to toxic materials” (U.S. Environmental Protection Agency 1972).13!

The literature suggests that some physiologists could benefit from such simple
observations, confirmed repeatedly in the daily fieldwork experience of fisheries managers,
fishers, and aquaculturists.’® A 2008 review on this topic claimed that “body size per se
has little or no impact on the ability to take up oxygen during hypoxic conditions, primarily
because the respiratory surface area matches metabolic rate over a wide size range” (Nilsson
and Ostlund-Nilsson 2008). Surprisingly, these authors concluded that size should matter
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because larger individuals have a higher capacity for anaerobic ATP production, which
allows them to survive longer during severe hypoxia. Under this scenario, given the high
levels of lactate released due to anaerobic metabolism, larger individuals would have an
advantage over smaller ones because they would be more resistant to the effects of these
waste products.

An extensive body of literature confirms the specific observation of lactate production,
as large individuals often rely on anaerobic metabolism (Somero and Childress 1980),
while smaller conspecifics usually do not possess this capacity. Indeed, the need for larger
fish to resort to glycolysis (or other forms of anaerobic metabolism) to maintain their
vital functions is well documented. Goolish (1991), for example, noted that while smaller
fish could perform energy-consuming sprints — up to their very physical limits — without
using anaerobic resources, larger fish could not perform even moderate physical exercise
without glycolysis.'*?

Nilsson and Ostlund-Nilsson (2008) turned this observation on its head, concluding that
larger fish were not oxygen-limited. While large (old) fish do indeed have a higher capacity
for anaerobic metabolism than small (young) ones and are more tolerant of their waste
products — their assertion that “the ability to take up oxygen during hypoxia is independent of
size” goes against existing knowledge and everyday fieldwork experience in inland fisheries
and aquaculture. Additionally, it contradicts most available studies on the size effects of
hypoxia: as a recent review showed, studies on 26 out of 30 species for which size-specific
responses to heat and hypoxic events were documented, suggested a decreasing tolerance to
oxygen depletion with body size (Miiller et al. 2023). For the 4 species that seemed to be the
exception, it was unclear for how long the animals were exposed to the hypoxic environment.
At the same time, body size also correlated positively with aquatic surface respiration in fish
under respiratory stress, a response to aquatic hypoxia similar to air-breathing, but where
only the oxygen-rich surface layer of the water is flushed through the gills.

Temperature and the elusive aerobic scope
The central tenet of the GOLT and its predictions on the growth and thermal tolerance of
fishes and other water-breathing ectotherms is not that organisms grow until they lose
their ability to perform essential maintenance functions, but that their potential or ‘scope’
for further growth gradually disappears. Since maintenance activities constantly consume
energy that is unavailable for growth, this feature presents intrinsic protection against
loss of aerobic scope if this parameter is understood as the difference between resting
and maximum metabolic rates and the ability to perform routine activities (under optimal
thermal conditions). The GOLT agrees with its critics, who have described this mechanism
as “aerobic scope protection” (Jutfelt et al. 2021). We should not forget that routine activities
in juveniles fundamentally differ from those of large adults who have developed different
lifestyles, especially in sluggish species such as groupers in the sea or pikes in freshwater.
Body size strongly lowers aerobic scope under thermally stressful conditions. At higher
temperatures, large (old) fish perform strenuous exercises anaerobically (which they can do
only for a short time). At the same time, small (young) individuals can still rely entirely on
their aerobic scope (Goolish 1991). The numerous studies on size dependence of anaerobic
metabolism all reported a positive correlation with body size (Goolish 1989a, 1989b, 1991;
1995; Kieffer 1995, 2000, 2010; Kieffer et al. 1996; Kieffer and Tufts 1998; Ferguson et al. 1993,
Gingerich and Suski 2012, Somero and Childress 1980; Clark et al. 2012 and many others).
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If fish size did not influence the capacity to supply the body with oxygen, there would be
no need to switch to anaerobic metabolism at larger sizes and/or higher temperatures.

Fisheries managers and anglers widely recognize the impact of temperature on aerobic
scope. Awareness of this phenomenon underlies angling regulations in many regions of
the world where temperate fish species can encounter temperatures beyond their thermal
preferences, for example, in the Southwestern United States. Therefore, many fisheries
districts and park services have installed so-called ‘hoot owl regulations’ that restrict
daytime angling on hot days (e.g., Lamborn and Smith 2019; Meyer et al. 2023; Smith and
Lamborn 2024). While fish can better withstand stressful temperatures at rest, their aerobic
scope is severely limited at higher temperatures. The consequences of angling stress are
greatly magnified, especially in larger fish, which show high lactate concentrations after
being ‘played’ (Meka and McCormick 2005).134

While adult size reduction at higher temperatures may appear due to non-optimal
adaptation to a specific thermal environment, reduced growth may also present an adaptive
advantage. Final size reduction can also be regarded as a tradeoff that presents a safety margin
for larger fish to protect themselves from lethal heat stress. This compromise also comes
at a cost, for example, fewer and smaller eggs, since large-bodied fish, especially females,
have the highest reproductive output (Hislop 1988; Chapters 7 and 9). However, heatwaves
and hypoxic events illustrate the risk of being large (i.e., close to L_in a given species or
population) in warm environments, and this risk may outweigh other disadvantages. Such
events drastically increased during rapid climate change, becoming a major threat to fish
populations in the 21st century.!* Staying small can, therefore, be seen as a safety margin
that protects the aerobic scope of fishes but at the cost of reduced offspring. The evolutionary
consequences of this relationship will be discussed in more detail in Chapter 15, but the
“physiological benefits of being small in a changing world” (Clark et al. 2012; see also Daufresne
et al. 2009) are already rewarded on the level of individual ontogenies.

Losing one’s thermal niche or moving within the right
temperature

Empirical observations and climate models indicate that mean global temperatures
have been increasing over the last 100 years, as assessed in successive reports of the
Intergovernmental Panel on Climate Change (or IPCC; see Portner et al. 2022), and biological
responses to these changes have been observed in both terrestrial and marine biomes
(Parmesan and Yohe 2003; Perry et al. 2005). These responses include changes in size and
physiology, geographic range, and phenology at the population, species, community, and
ecosystem levels (Cheung et al. 2008a, 2008b).

Bioclimatic envelope models have been widely used to predict the effects of climate
change on the distribution ranges of terrestrial species (Pearson and Dawson 2003). The
application of bioclimatic envelope models to marine ecosystems was initially limited by
the scarcity of large-scale biogeographical and ecological data for most marine species.
However, this was gradually overcome by the emergence of projects as AquaMap (Ready
et al. 2010) for species distributions and the Sea Around Us for fisheries catches (www.
seaaroundus.org), both of which utilize data from FishBase and SeaLifeBase, and more
recently by AquaMap 2.0.* The maps provided by these initiatives can then be combined
with model predictions of physical oceanographic data (such as temperature, salinity, ice
cover) to project future distributions.

TEMPERATURE AND ITS IMPACT ON WATER-BREATHING ANIMALS 93


https://www.seaaroundus.org
https://www.seaaroundus.org

For example, a global bioclimatic envelope model was built which uses the temperature
preferences of WBE and their affinities to various environmental and ecologically-relevant
parameters of over a thousand species of marine fish and invertebrates to predict their
climate-induced shift of distribution over a map composed of over 150,000 ice-free spatial
cells of % degree latitude and longitude (Cheung et al. 2008a, 2008b, 2009). Specifically,
this model integrates a species’ bioclimatic envelope with its population and dispersal
dynamics, thereby providing more realistic predictions than conventional bioclimate
envelope models that only use environmental variables to predict changes in species
distributions. Its first results were global maps of species immigration and extirpations
and, by combining the two, of species turnover (Cheung et al. 2009). Unsurprisingly, these
maps showed that species turnover was higher in polar regions, with extirpations being
the dominant change in tropical areas. Moreover, the data in these maps also allowed
for mapping the changes to 2050 in potential catches, which suggests possible ‘winners’
(cold temperate countries, e.g., Norway, Iceland) and losers (mainly tropical countries, e.g.,
Indonesia) in terms of fisheries catch potential (Cheung et al. 2010, 2013c).

The outputs of coupled atmosphere-ocean models suggest that, except possibly in the
four major boundary currents, i.e., upwelling areas (Bakun 1990), future oceans will be
more strongly stratified, while coastal eutrophication will increase (Rabalais et al. 2014).
Hence, the future oceans will be warmer and contain less oxygen, while the frequency
and intensity of hypoxic areas and events will increase. These effects are predicted to
have increasingly severe impacts on fish resources (see contributions in Pauly and
Dimarchopoulou 2022). One of these effects will be to amplify the trend toward reduction in
the maximum size reached by many fish species, as caused by both fisheries and warming
(Cheung et al. 2013b, Pauly 2019).

Documenting and understanding fish migrations and range
shifts

The classic text by Harden-Jones (1968) on “Fish Migration” does not include the word
‘temperature’ in its index. Yet temperature is, arguably, the most important driver of the
migrations of exclusively marine fish,'*” as illustrated in Figure 5.7.

The point is that, within a species, fish of given sizes usually have a narrow range of
optimal temperatures. If these shift, e.g., latitudinally within the year as they do in Northwest
Africa, then it is physiologically more efficient, at least for the adult of larger species (i.e., those
with a smaller aerobic scope), to follow this temperature range than to stay put and endure
temperatures outside of this range.!® If, while doing so, these fish encounter successively
good places to reproduce and feed, the migrating fish will grow and achieve high biomasses.
Fisheries scientists will describe their ‘migrations’ as biological ‘phases’ with names such as
‘overwintering,’ ‘spawning,’ or ‘feeding.’ Fish avoid respiratory distress by moving with their
preferred temperatures and doing their business along the way. Pauly and Keskin (2017) and
Pauly (2019, p. 199) illustrate this with the migration of the mackerel Scomber scombrus, with
the latter account covering other species, if more cursorily.

The range shifts (not ‘migrations’) that the bioclimatic envelope models simulate (notably
that of Cheung et al. 2008a, 2008b, 2009) are also not based on fish deliberately choosing
to ‘migrate toward cooler temperatures,” as the phrase commonly goes. Rather, within
their seasonally fluctuating distribution ranges (Lam et al. 2008), their (sub-)populations at
higher and colder latitudes do better than those at the low-latitude, ‘trailing’ edge of their
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Figure 5.7. Seasonal latitudinal migrations of some Northwest African fishes (adapted from
Pauly 1994c¢). A: Summary of information on the occurrence in space (latitude) and time (month)
of 3 species, Sardinella aurita, Pomatomus saltatrix, and Epinephelus aeneus (from Boély et al.
1978, Champagnat and Domain 1978, Boély 1979, Barry-Gérard 1994). B: Same as in (A), but
plotted against mean monthly temperature (data from ICOADS). The seasonal migrations result
in the 3 species remaining in approximately the same temperature (and hence oxygen regime)
throughout the year (modified from Pauly 2019).

ranges. Over generations, this leads to the appearance of poleward ‘migrations,” although
no directed migration took place. Instead, this phenomenon is entirely due to the fact that
fish and other WBE cannot change their evolved temperature preferences in a few years or
even decades, much loose talk about their ‘adaptability’ notwithstanding. The reason is that
their temperature preference is the result of thousands of years of evolution fine-tuning their
physiology, notably by coordinating and adjusting hundreds of enzymatic reactions, each
involving hundreds of different proteins, of which each must perform best at the preferred
temperature of the species or population in question (see Pauly and Lam 2023, and Chapter 4).
One mutation or the other is unlikely to change the temperature preference of a WBE. Our
intuition on the potential evolvability of ‘warming-proof species,” which may partly be based
on major handicaps in people being caused by a single gene’s mutation, is misleading.

This persistence of biological traits, part of what Cury (1994) calls the ‘obstinacy’ of
nature, can be used, on the other hand, for an index of the perception of warming by
communities of fish and invertebrate WBE exploited by marine or freshwater fisheries
(Cheung, et al. 2013c). This index, the Mean Temperature of the Catch (MTC), is defined by

MTC = 3}'T; - Ciyr/Z?Ciyr ...(5.2)

where C, is the catch of species i in a specific region in year yr, T,is the temperature
preference of species i, and n is the total number of species.
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Figure 5.8. Segmented regression of the time series of MTC, illustrating that the two trend lines
(the horizontal 1931 - 1986 line and the ascending 1987 - 2019 line) jointly explain over half of

the variance in the data set, which documents the 'hockey-stick’ concept in an exemplary manner
(multiple R?=0.53; adjusted R?=0.51; modified from figure 2 in Kangur et al. 2021). The dotted line
and the ordinate on the right refer to mean temperatures, whose long-term changes are less visible
than those in the MTC.

Multiple local marine applications of the MTC now exist, which followed the nearly
global coverage of Cheung et al. (2013c), notably Tsikliras and Stergiou (2014) from the
Mediterranean Sea; Tsikliras et al. (2015) for Greek waters; Keskin and Pauly (2014, 2018) for
Turkish waters; Khalfallah et al. (2023) for Egypt’s Mediterranean waters; Alajmi et al. (2023)
for the Persian Gulf; Liang et al. (2018) contrasting MTC trends in the South China, East China
and Yellow Seas, and Dimarchopoulou et al. (2022) contrasting such trends in Japan, Indonesia
and Eastern Australia. Another application to New Zealand allowed the detection of an MTC
trend masking a ‘fishing down’ trend (Pauly et al. 1998), as both occurred simultaneously
(Lavin et al. 2023). To date, only one application to a freshwater lake has been reported
(Kangur et al. 2021). It pertains to a famous lake'* shared between Estonia and Russia, and its
MTC trend will be the last figure in this chapter, as it very well documents the ‘hockey stick’
pattern that global warming imposes on natural systems (Figure 5.8).14°

Overall, while challenges will continue, the GOLT can explain the relationship between
body size and temperatures that shape both the broad pattern of the global distribution
of fish size, the differential effects of temperature-induce hypoxia on small (young) fish
compared to large (old) conspecifics and the ‘obstinacy’ of fish regarding their temperature
preferences, which itself allows for a better understanding of fish migration and range
shifts, and the definition of an index enabling the detection of range shifts from fisheries
catch data.
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Objections to the theory and
what to learn from them

Synopsis: Mechanistic explanations of the impact of climate change on fish growth are
currently under debate. However, critical assessments of even the most prominent theories
are not always based on accurate interpretations of their underlying mechanistic models.
This chapter addresses some of the major misunderstandings that still prevent the Gill-
Oxygen Limitation Theory from being examined based on its actual structuring elements
and assumptions. As we argue, recent critiques of the GOLT are based on implausible
interpretations of respirometry data that fail to distinguish between maintenance costs
and the overhead costs associated with growth. We emphasize the fact that fasting
young and growing fish for short periods of time is not sufficient to suppress energy (i.e.,
oxygen) allocation to growth. In the process of dealing with these issues, several cases
of misunderstanding and one case of fabricated ‘counter-evidence’ are discussed. We
recommend that testing the theory should focus on broad reviews or meta-analyses, e.g.,
on datasets of gill surface area and on the relationship of these data to growth performance
under different temperature regimes.

Apparent problems with the GOLT
As outlined in the introduction to this book (Chapter 1), the origins of the GOLT can be
traced back to the doctoral dissertation of Pauly (1979),*! and its basic principles were
formulated by the early 1980s (Pauly 1981, 1984). It took nearly 3 decades for the theory to
receive more than perfunctory attention, which occurred in the context of debates about
the impact of climate change on aquatic life and ecosystems. While key elements of the
GOLT were independently tested and confirmed starting in the 2000s (e.g., Kolding et al.
2008; Tran-Duy et al. 2012; Diaz Pauli et al. 2017; Meyer and Schill 2021; Kuparinen et al.
2022; Lin and Costello 2023; Gunwardane et al. 2024) and further developed (e.g., Cheung
et al. 2013b; Pauly 2019, 2021a), it became the topic of a heated debate between some
physiologists on one side and ecologists and fisheries scientists on the other. The main
point of contention in this debate was the mechanistic foundation of observed temperature-
induced size reductions in fish and other aquatic ectotherms (Lefevre et al. 2017; Pauly and
Cheung 2017, 2018; Pauly 2021a; Scheuffele et al. 2021; McKenzie 2023).

The debate surrounding the GOLT does not so much revolve around the observed
phenomena or trends but rather the question of potential explanations. While some
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physiologists until recently stated that “based on their respiratory capacities, we would not
predict a change in the size of fishes in a warmer world” (Lefevre et al. 2017), these size
decreases are now universally observed and confirmed. While disputes around the GOLT
continue, the limiting role of oxygen has become more apparent and is acknowledged more
widely (e.g., Atkinson et al. 2022; Woods et al. 2022; Deutsch et al. 2024) and confirmed in
many empirical studies (e.g., Tunnicliffe et al. 2020; Verberk et al. 2016 and 2021, as well as
the studies cited therein). None of the studies that investigated the impact of temperature
and oxygen on fish growth have presented their results in a broader and more generalizing
theoretical framework, with the notable exception of the theory of oxygen- and capacity-
limited thermal tolerance (OCLTT) as developed by Portner (2010), which comes to many
conclusions similar to the GOLT.**? Besides these two generalizing theoretical approaches,
no alternative, widely applicable theoretical framework has been proposed, nor have other
mechanisms been identified to explain why fish within a wild population (or in captivity
with food ad libitum) remain smaller at higher temperatures.

While the GOLT’s quest for generality implies that the possibility to discuss all specific
details relating to the growth and metabolism of water-breathing ectotherms across phyla
and taxa is necessarily limited, the debate around the theory’s applicability is a welcome
opportunity to examine more specific cases and questions, some of which would not have to
come to mind without the critics of the GOLT. While every theory with the ambition to explain
a broader range of empirical phenomena through a limited number of (ideally universal)
mechanisms must necessarily encounter phenomenological challenges, these challenges
often allow for new and unexpected insights.*** While the GOLT faces several explanatory
challenges, most of the criticisms raised so far have been easily addressed and produce
new insights into the theory. In this chapter, we will discuss these counterarguments — to
defend our viewpoint but also because these apparent challenges open perspectives that
can enrich its explanatory potential.’#

Itis for thisreason that here, we present one of the heuristics of the GOLT - the so-called
P-diagram (Kolding et al. 2008) - in the context of the criticism that it has recently faced
(Scheuffele et al. 2021; McKenzie 2023; Jutfelt et al. 2024). This criticism allows us to get
to a hopefully more precise explanation of one of the critical elements of the theory. We
will first discuss the definitions of some key parameters and features on which the GOLT’s
critics base their arguments, especially their interpretation of metabolic measurements
in respirometry experiments. Then, we will explain the heuristic value of the P-diagram,
followed by a discussion of some more specific arguments against the theory, notably
the growth of fish under hyperoxic conditions, the growth of gills at different life stages,
the argument that “gills are folded surfaces, not spheres” (Lefevre et al. 2017)'#%, and the
existence of large fish species in tropical waters, which has been used as an argument
against the broad validity of the GOLT.

So far, we believe that none of these arguments pose an existential challenge to the GOLT
and can be addressed straightforwardly. Still, we welcome further discussions of the theory
and explorations of potential limits and obstacles to its explanatory scope. Since theory is
not the same as dogma (and good theory is, by definition, not dogmatic), every scientific
theory must open itself to counterarguments and take them seriously. This chapter attempts
to do so, and as we will show below, it is enriched by the multiple questions posed by the
GOLT’s critics, many of which we would not have thought about ourselves. One central
problem remains as a challenge: the question of ultimate causation. We will address this
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issue in Chapter 16 in more detail and discuss how the GOLT explains allometric metabolic
scaling in and between species. For now, we use the opportunity to elaborate on some crucial
features of the GOLT by addressing the major critiques of our model.

Fish growth, respiration, and temperature

Deriving general physiological models and drawing mechanistic principles rely on data
from a wide range of studies that must be integrated and harmonized. In physiological
studies, definitions of parameters and traits are of crucial importance, for allowing
meaningful interpretations of data. In studies on the scaling of metabolic rates, definitions
are often less clear-cut than reviews of the state of the art in the discipline suggest. This is
particularly important if data are used to test more general hypotheses initially produced
in different contexts and for other purposes, as is the case for the definitions of resting,
standard, and active metabolic rates. Despite the instructional and widely cited review of
this issue by Chabot et al. (2016), the problem of defining parameters remains unsolved. As
this chapter shows, it often leads to serious misunderstandings.

The authors of some recent studies have argued that oxygen limitation cannot be
expected to impact growth if either resting or active metabolic rates scale with a similar
exponent as gill surface area (Lefevre et al. 2017; Scheuffele et al. 2021; Lonthair et al. 2024a,
2024b). As these authors argue, the fact that gill surface area scales isometrically with
oxygen consumption implies that the capacity to meet oxygen demand is independent of
body size. Hence, they assert that changes in the relationships between respiratory surfaces
and body mass during ontogeny cannot explain the decline in growth rates at larger size
or lower final sizes at higher temperatures.

This idea underlies many critiques of mechanistic growth models, which explain the
asymptotic form of growth curves in fish due to the different scaling exponents of gill
surface area and body weight (Lefevre et al. 2021). While Lefevre et al. (2017) initially
argued against the impact of surface-volume relationships on oxygen uptake capacity per
se, later studies revisited this argument and examined the relationship between the slopes
of metabolic rate and gill surface area (Scheuffele et al. 2021; Lonthair et al. 2024a). As these
authors argued, it is not body size itself that should be regarded as the relevant parameter
in this context but rather metabolic rate, which also scales (with negative allometry) with
body mass, as the extensive literature on metabolic scaling consistently shows (see, e.g.,
Schmidt-Nielsen 1984). As long as metabolic rate and gill surface area scale with the same
exponents, these authors suggest that oxygen limitation can be excluded as a factor that
could impact growth.46

For this reasoning to hold, it is necessary to exclude metabolic costs of growth from
the respiratory measurements that underlie the model in question. The exact definitions
of ‘standard’ and ‘active’ metabolic rates are crucial for the conclusions that can be drawn
from the existing data: the standard metabolic rate (SMR) must then be defined in such a way
that it does not account for the oxygen uptake that is required to support further growth.

In sharp contrast to this reasoning, the similarity between the slopes of oxygen uptake
and gill surface area is a constitutive element of the GOLT (see, e.g., Pauly 2019, p. 36-37),
based on Fick’s law of Diffusion (Fick 1855) and the review of De Jager and Dekkers (1975)
on the gill surface area and respiration of fishes (see also Pauly and Miiller 2025). The
notion on which the proposed ‘tests’ of the GOLT by Scheuffele et al. (2021), Lonthair et al.
(20244, 2024b), and its echoes in Jutfelt et al. (2024) are based is a parameter which these
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authors believe to be derived from the GOLT itself: the parameter b, which is defined as

the difference between the scaling exponents of standard metabolic rate (bg,,) and that of
gill surface area (b_,). Thus:
by=b ¢, —bg ..(6.1)

As both Scheuffele et al. (2021) and Lonthair et al. (2024a) assert, for the GOLT to apply,
bgshould be < 0. Therefore, the authors conclude that values of b;> 0 would refute this
theory, as the allometric slopes of the GSA would cause it to increase faster than SMR with
increasing body size. The GOLT always assumed b, and b, to have the same or similar
values; this is explicitly stated in Pauly (2019, p. 36-37), where b, and b, , are referred to
as ‘d;’and ‘d,,’ respectively, and are used as substitutes for one another throughout his book.

Values of by < 0 would be in contradiction of Fick’s law, while values that exceed b, >
0 would not make evolutionary sense (why would an organism invest energy in producing
excess gill tissue, it does not need and which is vulnerable to parasites that can easily access
the bloodstream through the extremely thin epithelia that separate the blood from the
surrounding water?). The GOLT considers substantial deviations from b, = 0 to be caused
by methodological issues of no theoretical importance. Systematically occurring b, values
higher or lower than 0 would be a refutation of the GOLT; random deviations from 0 do
not (see Pauly and Miller 2025).

The reasoning of Lefevre et al. (2021), Scheuffele et al. (2021), and Lonthair et al. (2024a)
assumes that the GOLT, and its assumption that b, <1 (i.e., d,< 1), implies that fish growth
continues until vital body functions would be close to collapse, i.e., that fish are supposed
~b
fish have less and less surplus oxygen to allocate to growth until they reach the maximum
size they can reach in a given environment (and temperature). They can do everything they
normally do (forage, digest their food, escape predators, etc.) except grow. In other words,
what the GOLT claims is not that old fish lose their aerobic scope and collapse because they

to grow their way into asphyxia.'¥” What b, ~ b, < 1 implies, in reality, is that growing

cannot maintain their normal activities, but rather that they do not have any more surplus
oxygen to devote to further growth.

As outlined in Chapter 2, the foundation of the GOLT is the modified version of Piitter’s
equation (1920),

dw/dt = HW — kW ...(6.2)

where the increase of breakdown processes (kW) with increasing body mass outpowers
the anabolic processes (HW%, which enables the production of new organismic materials
as long as the slope d is < 1. This change in energy allocation from growth to increasing
‘maintenance’ (not reproduction, as we demonstrate in Chapter9) is unrelated to the
assumption behind Equation (6.1), which assumes that there will be a critical shortage of
available oxygen for even basic maintenance functions during a fish’s growth trajectory.
From this perspective, Equation (6.1) is biologically meaningless and will only generate
values that can be predicted to be identical across species, i.e., values ~ 0. To understand
the assumptions that underlie the reasoning of Lefevre et al. (2017; 2021), Scheuffele et al.
(2021), Lonthair et al. (2024a), and Jutfelt et al. (2024), we will first examine the data used in
these studies and the conclusions that can be drawn from them. We then propose a more
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appropriate interpretation of these data by introducing the so-called P-diagram as a heuristic
that illustrates the relationship between growth and maintenance costs more intuitively.

Do fish stop allocating oxygen to growth when in a
respirometer?

To test the conclusions of Lefevre et al. (2017; 2021) and Scheuffele et al. (2021) and their
argument that oxygen limitation cannot impact fish growth as long as values of b are > 0,
it is worthwhile to take a closer look at the 54 studies cited to make this claim (Table 6.1).
For the argument of these authors to hold, it would be necessary to exclude additional costs

Table 6.1. Data used to support the argument of Lefevre (2016; # 1-37) and Scheuffele et al. (2021;
# 38 - 54). P = parameter; F = fasting period: h = hours; d = day(s). 02M = minimum O, consumption
rate; 02C = O, consumption rate; Re = resting O, consumption; Rou = routine metabolic rate; and

N = not stated.

# P F Source # P F Source

1 SMR 36h Brett (1964) 28 SMR 44-48h Norin et al. (2014)

2 SMR 24h Bruneaux et al. (2014) 29 Rou N Nowell et al. (2015)

3 RMR  48h Chen et al. (2015) 30 SMR 3d Pang et al. (2010)

4 SMR 24h Claireaux et al. (2006) 31 RMR 2d Pang et al. (2013)

5 SMR  24h Claireaux et al. (2000) 32 In N Rosa and Seibel (2008)
6 o2Mm N Clark et al. (2011) 33 Res N Rummer et al. (2014)

7 02¢ 2 Clark et al. (2005) 34 RMR N Seth et al. (2013)

8 SMR 2d Dickson and Kramer (1971) 35 SMR N Tirsgaard et al. (2015)
9 RMR  12-24h  Donelson (2015) 268  SMR 48h Tu et al. (2012)

10 RMR N Donelson and Munday (2012) 37 N 96h Vagner et al. (2015)

11 SMR 48h Duthie (1982) 38 SMR N Al-Kadhomiy (1985)

12 SMR N2 Dwyer and Kramer (1975) 39 SMR 24h Beauregard et al. (2013)
13 N N Eliason et al. (2011) 40 SMR 24h Blasco et al. (2022)

14 SMR 10h Ferreira et al. (2014) 42 RMR 24h Bowden et al. (2018)
15 SMR N Fry (1947) 42 N N Clark (2013)

16 Res 24h Gardiner et al. (2010) 43 RMR 45-72h Clark et al. (2010)

17 SMR 40h Grans et al. (2014) 44 SMR 20h Cutts et al. (2002)

18 Rou N Healy and Schulte (2012) 45 BMR N Degani et al. (1989)

19 SMR 24h Khan et al. (2014a) 46- SMR 48h Duthie (1982)

20 SMR 48h Khan et al. (2014b) 47 SMR 24h Herrmann & Enders (‘00)
21 Rou N Lee et al. (2003) 48 RMR 7?29 Hughes (1978)

22 Res N Lefevre et al. (2015) 49 RMR 36h Huang et al. (2013)

23 SMR 24h Lefrangois and Claireaux (2003) 50 02C 24h Ken-Ichi (1992)

24 RMR  21dY Lowe and Davison (2006) 51 RMR 24+48h Li et al. (2016)

25 SMR 4d Mallekh and Lagardére (2002) 52 RMR 48h Li et al. (2018)

26 SMR 24h Marras et al. (2015) 53 02C 24h Miyashita (1999)

27 RMR 24h Nilsson et al. (2009) 54 SMR 24 h Seppanen et al. (2010)

a) # 12: No statement about fasting, but maintenance ration was provided prior to respirometry, even though the
period is not stated; b) # 24: three weeks because specific dynamic action (SDA) in Antarctic fish can last 5-15 days
post-feeding; c) #35: Not stated, but a maintenance ration was provided for 5 - 10 days; d) # 48: b) Fish were held
“generally without feeding” (unspecified).
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of growth from the measurements of metabolic rates. Including overhead costs would not
allow interpretation of these data as standard metabolic rate or SMR, i.e., the parameter
the authors believe works within their analysis.

As a comparative analysis of the definitions and methodologies of the 54 studies cited
in Lefevre (2016), Lefevre et al. (2017), and Scheuffele et al. (2021) shows, the descriptions
of the experimental set-ups are too divergent for consistent and realistic inferences of SMR
in growing fish - if this parameter is understood as metabolic rate excluding activities,
digestion, and especially growth (see Table 6.1). Additionally, most of these studies were
not designed to distinguish between the metabolic activities of juvenile and adult animals,
nor to identify the resulting differences in energy allocation. As numerous studies have
shown, juvenile and subadult animals do not suddenly switch their metabolism away from
growth to maintenance when confined in a respirometer. Rather, respirometry on smaller
and younger individuals always incurs energetic overhead costs of growth (Parry 1983;
Rosenfeld et al. 2015; Chabot et al. 2016).

This illustrates the difficulties of drawing inferences on the relationship between
oxygen uptake capacity and growth from data interpreted as SMR, which are then expected
not to include growth expenditures, as these differ greatly between juveniles (i.e., growing
animals) and adult individuals (with low growth rates). In the context of the issue raised
by the GOLT, an evaluation of the declining oxygen consumption rates in larger animals is
only possible if reduced growth costs are taken into account.

As Rosenfeld et al. (2015) reminded us, fish physiologists follow different procedures
and definitions than researchers who work on endotherms: “because of the strong influence
of growth on SMR, physiologists studying maintenance metabolism in birds and mammals
generally work on adults; in contrast, fish physiologists commonly measure SMR on actively
growing juveniles in laboratory experiments.”

To obtain realistic values, fish must be fasted sufficiently before being put in a
respirometer (Chabot et al. 2016). But how long must they be food-restricted to exclude the
metabolic contribution to growth that would otherwise interfere with values understood
as genuine SMR? Despite a growing body of literature and the instructive review of Chabot
et al. (2016), the answer is far from straightforward, and some authors argue that SMR
can only be reliably measured in non-growing, i.e., large adults (see, e.g., McNab 1997).
Similarly, more recent studies define the term SMR as “the metabolic rate of an adult, inactive,
unstressed, postprandial ectotherm,” i.e., for animals where no growth expenditures are
expected to be included in measured metabolic rates (e.g., White and Marshall 2023a).

While many studies rely on 24-hour fasting periods before placing their fish in
respirometers, this may not be sufficient to exclude the overhead costs associated with
growth. As Rosenfeld et al. (2015) demonstrate, the measured values of SMR depend heavily
on the rations consumed in the days and weeks before fasting. In their study on juvenile
salmonids, animals fed heavily before a 35-hour fasting period showed overhead costs
of growth of at least 67%. Therefore, Rosenfeld et al. (2015) recommended putting the
fish on maintenance ratios for extended periods before respirometry, as even in fish fed
only moderate rations for 2-3 weeks before the experiment, overhead growth expenditure
fluctuated between 19% and 33%. These experiments show that juvenile fish do not
abruptly cease allocating oxygen to growth when placed in a respirometer after fasting
for only 24 or 48 hours.
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If we examine the studies upon which criticism of the GOLT is based following the
recommendations of Rosenfeld et al. (2015) and Chabot et al. (2016), we see that almost none
of the research setups that underlie the studies in Lefevre (2016) and Scheuffele et al. (2021)
conform to the recommended standards. In the 37 studies cited in Lefevre (2016), many
authors did not indicate fasting periods; some only fasted the fish for 10 hours (Table 6.1).
The only longer fasting period was maintained in a study on Antarctic fish, where the
metabolic effects of specific dynamic action, or SDA, can last for 2 weeks or longer. In the
more recent study by Scheuffele et al. (2021), the average fasting period was 36.6 hours,
and some datasets did not indicate whether the fish were fasted.

Only one study (Tirsgaard et al. 2015) indicated how pre-fasting maintenance rations
were calculated. As the experiments of Rosenfeld et al. (2015) show, information like this
is necessary to infer if SMR data are realistic, i.e., represent metabolic rates that exclude
growth expenditures. Only one study followed the suggestion of Chabot et al. (2016) to
report feeding conditions in the weeks preceding respirometry and pre-respirometry fasting
(Dwyer and Kramer 1975). Another study reported that the fish were on maintenance
rations 5-10 days before the experiment (Tirsgaard et al. 2015). Overall, this suggests that
the data cited by Scheuffele et al. (2021), Lefevre et al. (2017), and Lefevre (2016) are not
adequate for addressing the question raised by these authors.

The time between food consumption and subsequent protein synthesis varies among
species. While postprandial standard dynamic action (SDA) in most fishes occurs and also
decreases rather quickly (polar species seem to be the exception here), animals from other
phyla show SDA-related higher metabolic rates even weeks after feeding. According to Vahl
(1984), postprandial SDA (which may at least partially reflect the costs of growth) could
still be measured after 42 days in the common starfish Asterias rubens. Based on a similar
experiment, also involving echinoderms, Broertjes et al. (1982) inferred that the impact
of a single meal on tissue growth could still be reflected in metabolic rate measurements
after 40-50 days. These extreme values may be unique to echinoderms and fail to reflect
broader patterns in invertebrate WBE. Still, they demonstrate that standard procedures
must take into consideration the metabolic patterns in different phyla, classes, families,
and species.

The P-diagram, metabolic rates, and the cost of growth
As outlined in Chapters 1 and 2, the primary growth model that underlies this book is built
on the assumption that the dimensional tension between gill surface area (GSA) and body
mass (or simply ‘weight’) in fishes results in a decreasing capacity to take up oxygen in
large adults compared to growing juveniles. A consequence of this changing relationship
between respiratory surfaces and the three-dimensional bodies that require oxygen is a
steady decline in growth rates. Even though gills are filamentous organs whose surfaces can
increase hyper-allometrically, the increase in their respiratory surface is not proportional
to the mass increase of a growing body. This limitation occurs even though oxygen demand
may decrease with body size due to the hydrodynamic advantage of large size (Bakun 2019,
2022), the reduced number of potential predators (Hone and Benton 2005), and the greater
ease of capturing larger, energy-dense prey (see Chapter 10).

The relationship between GSA and body weight at different sizes can be presented in
the so-called P-diagram (Kolding et al. 2008; Figure 6.1A). In this diagram, the difference
between the oxygen demand of maintenance metabolism — defined as the metabolism
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Figure 6.1. Illustrating the relationships between the metabolic rate(s) of fish and other WBE and
their body weight. A: Original version of a P-diagram, documenting the placement and definition of

its key elements, maintenance metabolism (Q, . ), and the scope for growth (Pauly 1984; Kolding et al.
2008). Note that this representation is schematic, i.e., not to scale. B: A more realistic P-diagram, based
on GSA « W€, and showing how the silver-cheeked toadfish Lagocephalus sceleratus, a Lessepsian
species, could increase in maximum weight from 6 to 10 kg if it manages to reduce its maintenance
metabolic rate by only 10%, as indicated by the dotted line (Ulman et al. 2022).

of a large (old) and hence non-growing animal - and the supply that results from the
relationship between gill surface area and body weight is then visualized as ‘scope for
growth’ (Pauly 2019).

Another P-diagram is illustrated as an insert in Figure 6.2, which documents the growth
of gill surface area in common carp (Cyprinus carpio). It illustrates that, due to the rapid
increase of the gill surface area in larvae and early juveniles (where d > 1), growth of
carp — and other fish and WBE - is not oxygen-limited. From a weight (W) of about 1 g,
gill surface area (S) grows according to S « W? with d ~ 0.8, a pattern that appears to last
through adulthood.

Aside from explaining the reasons behind the cessation of growth at the maximum or
asymptotic weight (W_or W_ ), the schematic versions of P-diagrams play a pivotal role
in understanding why fish and other WBE tend to be smaller when subjected to higher
temperatures (Figures 6.1 — 6.3)'%%. Also, in Chapter 7, we will further demonstrate the
practical utility of P-diagrams in explaining the maturation and spawning patterns of fish
and other WBE.
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the operculum removed. Note that its growth relative to body weight initially proceeds with d > 1,
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from figure 2 in Pauly and Cheung (2017) and figure 2 in Oikawa and Itazawa (1985). See also
Figure 3.8 for more cases of changing values of d_ with increasing size.
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Nevertheless, the concept of the P-diagram has been criticized by McKenzie (2023), who
claimed that it leaves maintenance metabolism undefined - although a clear definition
was provided in the book he discussed in his review.'® Instead of using maintenance
metabolism as a parameter to infer the remaining scope for growth (as visualized in the
P-diagram), he suggested looking at ‘aerobic metabolic scope’ as the relevant parameter,
i.e., the difference between standard and maximum metabolic rate. This is not the same as
the scope for growth as described in Figure 6.1. Indeed, the aerobic scope does not allow
for any inferences on growth. Still, according to McKenzie (2023), Scheuffele et al. (2021),
and Lefevre et al. (2017), the fact that SMR scales with roughly the same exponents as gill
surface area refutes the GOLT because the role of body mass in relative oxygen supply is,
in their view, negligible.

The fact that metabolic rate and gill surface area have the same exponent is not only
explicit in Pauly and Cheung (2017, table 2) and in many of the articles they cite, but also
in Gasping Fish (Pauly 2019, p. 157) in which Rombough and Moroz (1990) are quoted,
viz: “Mass exponents for total surface area (d 0.85) and metabolic rate (d = 0.8-0.9) were not
significantly different for the larger fish. [...] Studies of scaling in juvenile and adult fish have
shown that gill surface area and aerobic capacity expand at roughly the same rate as fish
grow (Muir and Hughes 1969; Holeton 1976; Hughes 1979, 1984; Schmidt-Nielsen 1984). This
is usually interpreted as indicating that aerobic capacity is effectively limited by gill surface
area. Recent ablation studies tend to support this hypothesis (Duthie and Hughes 1987).”

None of these authors comes even close to suggesting that measured oxygen uptake
scales more steeply with body mass than gill surface area, and none of the GOLT-related
publications assert this, either. Instead, the GOLT, based on earlier authors, such as De Jager
and Dekkers (1974), relies on the scaling exponents of metabolic rates and a gill surface area
being similar or identical, which is itself due to Fick’s law (see Fick 1855).

The GOLT proposes that juveniles must invest a substantial amount of their energy (i.e.,
food + oxygen) into growth. Growth expenditures are minimal or absent in older adults, and
the similarity of the scaling exponents of gill surface area and metabolic rates in juveniles
and adults can only be understood if this is considered.

Even if aerobic scope would remain the same over a wide range of body sizes (see
Figure 6.4), it would still not correspond to the scope for growth (Figure 6.1A). In other
words, aerobic scope remains self-similar over a wide range of body sizes, which is only
possible because the costs of growth decrease with size, and the energy that would otherwise
be invested in producing new tissues is increasingly used for their maintenance.!>

The issues addressed above strongly suggest that it is debatable whether SMR in
juveniles and growing fish would solve the problems associated with measuring the
overhead costs of growth. Indeed, a comparison between Rosenfeld et al. (2015) and the
data cited in Table 6.1 shows that this assumption is not justified. An earlier paper by
McKenzie et al. (2003) indicates that respirometry conducted after 24 hours of fasting does
not necessarily reflect genuine SMR. In their experiment, tilapia hybrids (of Oreochromis
spp.) treated with a growth hormone showed significantly higher metabolic rates than the
control group, an observation that the authors ascribed to ... the overhead costs of growth.

Maintenance metabolism, as defined in the GOLT (Figure 6.1A) and used for various
inferences (e.g., Figures 6.1B, 6.2, and 6.3), is a theoretical variable that can only be defined
retroactively. In contrast to SMR, it cannot be directly measured in growing fish at a given
time because a growing organism will never be in a state where all its metabolic energy
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Figure 6.4. Alternative to the P-diagram proposed by Scheuffele et al. (2021), with the lower dotted
line representing the standard metabolic rate (SMR) at a low ambient temperature and the upper
dotted line representing SMR at a higher temperature, and "W, , <X - W_,"is supposed to mean
that increased temperatures do not reduce asymptotic size. The original caption reads as follows:
"Representation of the scaling relationship of SMR [...], where by, has the same value as b, (b, = bg,,;)
despite temperature modifying the intercept of the SMR regressions. The resulting ‘scope for growth’ thus
never becomes 0, and the corresponding ratio S [...] stays constant throughout the entire body mass
range. In this latter scenario, maximum body mass declines cannot be explained by GOL."

will be invested exclusively in maintenance activities. We suggest that Figure 6.4, which
summarizes an alternative to the logic of the P-diagram, is profoundly mistaken.

The primary reason for this is that SMR, as defined by proponents of the notion
illustrated in Figure 6.4, includes the cost of growth (of which more is discussed below).
Also, two corollaries of Figure 6.4 are worth highlighting mentioning here: (i) its authors
suggest that “in the latter scenario, maximum body mass declines cannot be explained by
GOL,” i.e., temperature does not affect the maximum sizes reached by fish and other WBE
and (ii) there can be no size so large that it would preclude further growth. Both of these
corollaries are wrong.

Notably, the second of these corollaries seems to imply that fish would grow forever
if not constrained by some external factor(s) that is (are) independent of their physiology.
One such factor is food availability, explicitly mentioned, e.g., by Lefevre et al. (2021), who
assert that “many studies focus on food limitation as the causative factor for declining fish
sizes in the field.” These studies did not demonstrate why food availability declines rapidly,
for each fish species, in each of the world’s ecosystems, at precisely the sizes that mimic
well-established temperature-size relationships, i.e., patterns caused by oxygen stress.

Back in the real world, the suggestion that maintenance should be seen as a primarily
theoretical parameter avoids the problems that occur when values are inferred from
studies that only measure oxygen uptake at rest and then interpret this as SMR (even if
the original publications did not use this term) — without acknowledging that these data
should also involve overhead costs of growth. Using published respirometry results from
experiments on juvenile fish to infer standard metabolic rates (tacitly understood as
excluding growth) requires context and a closer examination of the methodology behind
the respective experimental setup.
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This raises the question of how the problem of convincing parameterization could be
solved if the data on ‘SMR’ presented in various publications do not eliminate the growth
component of metabolism, as Table 6.1 suggests. One possibility would be to develop a
model that incorporates estimated growth expenditure and then explicitly uses these
to correct the metabolism estimates for the cost of growth in juveniles, perhaps using
approaches analogous to those of Rosenfeld et al. (2015) or Garcia-Gomez (2023). Pending
the emergence of such a model, inferences based on simply assuming that a few hours of
fasting eliminate the cost of growth will not suffice.

Fish growth under hyperoxia

Another critique of the GOLT was recently published, which was supposedly tested by fish
(Galaxia maculatus) that were exposed to absurdly high (150%) levels of hyperoxia (Skeeles
and Clark 2023), the idea being that if fish grown in hyperoxia do not grow faster than in
normoxia, this should demonstrate that oxygen is not a limiting factor to fish growth.'s* This
experimental setup is a surprising choice, given that it has been known for nearly a century
that under hyperoxia conditions, oxygen can act as a stressor, and in higher concentrations
even as a toxin (see Lane 2002, and the review by McArley et al. 2021).152

Much more realistic results can be produced in experiments where mild hypoxia is used
to quantify the effect of oxygen on growth and reproduction (see, e.g., Kolding et al. 2008,
or Diaz Pauli et al. 2017) - and they confirmed the GOLT’s predictions.'s® Other experiments
that would effectively test the GOLT could focus on the food conversion efficiency of fish
(i.e., growth increment/food intake), which ought to decline with size (as illustrated, e.g.,
in Tran-Duy and van Dam 2012; see also Chapter 9), a feature that the GOLT assigns to a
declining oxygen available for growth. This would be useful as the GOLT is incomplete, as
it does not adequately address food and feeding-related issues (Pauly 2021a).

Itis unclear what these authors expected from experiments with hyperoxia. As Skeeles
et al. (2023) explain, they assume that hypoxia exposure would be an imperfect test for the
limiting role of oxygen for growth. As they argue, “depriving fish of normal oxygen levels
may trigger a range of physiological processes (e.g., gill remodelling) that divert resources
away from somatic growth, leading to a flawed understanding of the role of oxygen in the
[temperature-size rule] under normoxic conditions” (Skeeles et al. 2023). While gill remodeling
as a response to hypoxia is indeed observed in many freshwater species (and it illustrates
that the gills are a bottleneck in the oxygen cascade), this argument not only lacks support
from empirical data, but its underlying assumptions are inconsistent. Suppose an organism
is lacking a crucial resource like oxygen. In that case, it is inappropriate to consider only
the processes involved in rescuing the organism from the stressful situation, but not the
stressful situation itself. As experimental studies on the impact of increasing temperatures
on fish have shown, stressful conditions activate mechanisms that reduce metabolic costs
rather than incurring even higher energy expenditures (Wootton et al. 2022). This argument
is not based on current physiological knowledge, illustrating that ectotherms can utilize
plastic responses to reduce metabolic costs. These reduction strategies do indeed come at
the expense of growth — which is what our theory essentially relies on.

Allometric scaling of gill surface area and research integrity

Itis a core prediction of the GOLT that gill surface area (GSA) does not increase isometrically
with body weight in fish beyond the larval and early juvenile stages. In other words, in
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Figure 6.5. Scaling of gill surface area in relation to body weight in the horn shark Heterodontus
francisci, based on data by Prinzing et al. (2023); @ = dots, & = squares. A: Regression using

all 19 fish studied, with the slope significantly lower than unity, as expected from the GOLT. B: Data
fitted with a segmented regression, whose upper segment has a slope of 1.012, suggesting the gills
of this shark grow such that they keep up with body weight, but whose lower segment suggests that
the gills of small (young) horn shark grow very slowly - a feature for which there is no evidence in
the literature.

adults, d must be < 1, a testable hypothesis. A recent paper on this issue again demonstrates
that the positive results of such tests can be twisted such that they appear to be negative. As
Prinzing et al. (2023) argue, based on their analyses of 19 individual horn shark Heterodontus
francisci, GSA can be shown to increase proportionally to body weight, which, they then
conclude, invalidates the GOLT.

As can be seen in Figure 6.5A, over the whole size range studied, the scaling exponent
stayed solidly within the range predicted by the GOLT, with d = 0.877. To arrive at a value
of d > 1, the regression had to be broken down into two segments. By using a segmented
regression, with a separate low slope (‘d’ = 0.564) for the smallest three individuals,
Prinzing et al. (2023) obtained a convenient slope of ‘@ = 1.012 with the remaining 16 fish
(Figure 6.5B), which they then used as an argument for vituperating against the GOLT.

Changes of slopes of GSA at different sizes are no anomaly and occur in many species —
especially at early life stages (Pauly and Miiller 2025; see Chapter 3). The usual pattern
in the species for which comparative data are available shows a trend that points to the
very opposite of what Prinzing et al. (2023) reported in their segmented regression that
highlighted three individuals with seemingly lower values of d. In fish, and specifically
shark species for which changing slopes of GSA scaling have been reported, e.g., in the
thresher shark Alopias vulpinus (Pauly and Cheung 2017; see also Figure 3.8E in the section
on ‘Ontogenetic changes in scaling of gill surface area and diffusion distance’ in Chapter 3),
it is at the high end of the fish size range where the d parameter takes lower values, when
the gills can be assumed to be so large as to have difficulties increasing their lamellar area
further.'** This pattern, known as ‘ontogenetic change of scale (OCS)’, is well-documented
(Glazier 2024 and references therein; see also Figure 6.2). One can assume that a segmented
regression, which produced a standard error for ‘@ (+ 0.113) much higher than the honest
solution (+ 0.065), was used only because it generated what looked like an argument against
the GOLT.*ss
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Gills are folded surfaces, not spheres

The assumptions behind the idea that fish gills can grow with scaling exponents equal or
even larger than unity (i.e., d >1) are related to one of the more idiosyncratic points used
as an argument against the GOLT. As Lefevre et al. (2017; 2020) repeatedly argued, surface-
volume relationships do not apply to the relationship between gills and the body they must
supply with oxygen. According to these authors, “gills are folded surfaces, not spheres,”
which is true. They argue that this geometrical fact would invalidate the assumption of
declining surface-volume relationships in growing bodies and that “the scaling of surface
area to volume is not constrained by spherical geometry.” Even though this inapt statement is
based on a misunderstanding of basic geometry, it reveals an interesting kind of confusion.
As outlined in the introduction to this book and Chapter 3, gills typically have higher scaling
exponents than expected in the early 20th-century literature on this topic (i.e., d > 2/3 in
species that can reach lengths exceeding 5-10 cm). The argument that “gills are not spheres”
does not pertain to the problem in question: if gills grew at the same rate as spheres, their
slope relative to body size would not be ~2/3, but significantly lower (depending on the
species and size range, it could be as low as <0.2). This argument would only apply to fish
growth if gills had to support themselves and their own oxygen consumption. Since they
have to supply an entire organism with oxygen, hyper-allometric slopes are needed to
reach even exponents of ~ 2/3. This is nicely illustrated by Scott (2005), also cited by Lefevre
et al. (2017), who use his study to argue that d can take values of 1.0. As Scott shows in the
case of the bivalve Solemya velum, the scaling exponents of the gill surface relative to body
mass are not 1.0, but 0.85. Instead, it is the scaling exponent of gill surface area relative
to gill mass (excluding the rest of the organism’s weight) that takes a value of 1.07 (which
obviously has very different implications). Lefevre et al. (2017) state that “in morphometric
studies where both total lamellae area and gill mass have been measured, a linear scaling
relationship (scaling exponent of 1.0) has been found in fishes (Gehrke 1987) as well as bivalves
(Scott, 2005). Consequently, there is no geometric constraint that prevents an increase in body
size (mass or volume) from being accompanied by a corresponding increase in gill mass and
hence respiratory surface area.” As outlined above, the slopes ascribed to Scott (2005) refer
to the slope of gill surface area relative to gill mass. Even if the volume of gills grows with a
slope of 1.2 relative to gill mass, the exponent of their surface area relative to body mass is
still well <1 (as illustrated for other bivalves in Table 13.1).1%¢ As for the value of d = 1.04 in
spangled perch, Leiopotherapon unicolor reported by Gehrke (1987), it was based on early
juveniles, below 12% of the maximum adult weight reached by this species (see FishBase),
implying that they were in transition between the very high d values occurring in larvae
and early juveniles and values < 1 occurring in adults, as implied by OCS, and illustrated
here in Figure 6.2.

The improbable existence of large tropical fish

The GOLT implies that larger fish are generally constrained in their further growth by the
oxygen uptake capacity of their gills, which limits the flow of oxygen to the body’s interior.
This is particularly true for large fish in the tropics, where the high temperatures increase
oxygen demand. As we discuss in Chapter 11 on air-breathing fish, the constraints to
sufficient oxygen delivery from the gills have resulted in several evolutionary developments
that enabled tropical fish to take up oxygen from the air. Many of the large fish species in
tropical freshwater ecosystems, such as those in the lower Mekong River and the Amazonian
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floodplains, are indeed air-breathers — for example, the Amazonian osteoglossid Arapaima
gigas, whose anabolism is constrained by neither the size of its gills nor the oxygen content
of the water it inhabits, and which shows highly atypical growth patterns (see Chapter 11).

Not all tropical freshwater ‘giants’ breathe air, and a notable example is the giant
freshwater stingray (Urogymnus polylepis), which has recently been revealed to be the
largest known freshwater fish extant (Hogan and Lovgren 2023). Even though there are
reasonable explanations for why the aquatic megafauna of the Mekong is so extraordinary —
and the giant fish species typically occur in the vicinity of deep holes where they can cool
themselves (see Chapter 5) — critics of the GOLT have used the existence of these exceptions
as arguments against the theory. As outlined elsewhere (Pauly 2019; 2021a), large tropical
fish have developed strategies to maintain their body temperatures at levels that enable
them to reduce their metabolic maintenance efficiently. The apparent problem of large
tropical fishes reveals a more fundamental point of the GOLT, and the counterexample
invoked allows us to address it even more concisely.

A fundamental implication of the theory is that inter- and intraspecific metabolic scaling
depends on two different mechanisms. The decrease in the metabolic rates in growing
fish of the same species differs from the higher metabolic rates in a guppy compared to a
whale shark.’” As Pauly (2020) stated, “the GOLT does not claim to explain why minnow and
anchovies are small while carp and tuna grow to much larger sizes. We have the theory of
evolution for that. What the GOLT explains is why a minnow and a large tuna have gills which
supply them, as they grow, with a declining oxygen per unit weight, and that this reduced
oxygen supply reduces their growth rate until finally, they stop growing.”

While this may seem trivial, it is, in fact, of crucial importance for our mechanistic
model. Decreasing oxygen consumption rates within species are caused by slower growth
rates at larger body sizes, and not decreasing maintenance costs, as assumed by Lefevre
et al. (2021) and White and Marshall (2023a). This is not the case in the differences between
species. As we show in Chapters 1 and 15, the GOLT is a theory that connects optimization-
and constraint-based explanations. Since metabolic scaling between species cannot be
the consequence of ontogenetic growth trajectories, it must be explained as the result
of evolutionary selection. Since large animals cannot consume and metabolize the same
amounts of energy as smaller ones, the evolution of their sizes depends on selection for
low maintenance costs. In short, an elephant with the metabolic rate of a mouse would be
a physical, chemical, and physiological impossibility. If it could find enough food to fuel its
extreme demand, it would immediately overheat and collapse (and then probably explode).
A large fish with high maintenance costs would quickly suffocate; however, its relatively
lower metabolic rates allow it to exist.

What follows from this is that evolutionary roads to large body sizes are more unlikely
to occur and more difficult to navigate in tropical waters since they rely on more refined
mechanisms that allow for the reduction of metabolic rates, e.g., by performing regular
cooling dives,'*® and/or by relying on different enzymes in metabolic processes. The
evolution of large water-breathing ectotherms is in itself not in contradiction to the GOLT’s
underlying model: while the theory provides a good explanation for the strikingly close
correlation between latitudes and average fish sizes, the existence of whale sharks or large
sunfish is not a real challenge. In contrast, their relative rareness, along with their unique
adaptations to life at low latitude neatly illustrates the GOLT’s predictive value.
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Objections to the GOLT and the future of mechanistic models
As the recent debate around mechanistic physiological models illustrates, the question of
how published data on metabolic rates should be integrated into one’s perspective depends
on one’s coherent interpretation. As shown here, the currently available evidence fails to
support the idea that oxygen uptake capacity is independent of body size (see Table 6.1).
Even though the costs of growth cannot be directly measured during respirometry, they
must be assumed to impact respirometry data in growing animals. The difficulty in isolating
overhead costs of growth from measured metabolic rates does not imply that the GOLT is
untestable (as has subtly been suggested by Wootton et al. 2022). What it shows, rather,
is that empirical data only allow for biologically meaningful interpretations if they are
analyzed within the framework of coherent scientific models.**

What colleagues interested in testing the GOLT may therefore consider is confronting
its prediction of patterns with the result of meta-analyses, comprehensive reviews, and/or
global analyses while using single-species studies to identify the limits of its applicability.
For example, the study of Galaxia maculatus mentioned above, which identified hyperoxia
as a limit to the positive role of oxygen in the growth of fish, would have been helpful if
it had been framed as testing when and where ambient oxygen, for fish, ceases to be an
asset and may turn into a liability. As the authors of this study do not mention, the studied
species is also an oxyconformer, which is rare among bony fishes, and its exceptional lack
of oxyregulatory capacity has been intensively studied (see, e.g., Urbina et al. 2012; Urbina
and Glover 2013, and the many other studies of these authors on inanga).

The question of how climate warming impacts the physiology and, eventually, the
population structure and ecosystems of fishes and other WBE may be the most pressing
current issue in all the different fields in which this group of animals is studied, and the need
for valid models is urgent. Taking this question seriously requires methodological stringency,
conceptual transparency, and, as the regrettable case illustrated by Figure 6.5B, integrity.
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Why bony fishes mature and
spawn when they do

Synopsis: Among fishery biologists and ichthyologists, maturation and spawning of fish are
viewed as processes that use ‘energy’ that would otherwise be applied to somatic growth,
which is supposed to explain why post-maturity growth in length tends to decline. This
widespread conceptualization may be called the ‘Reproductive Drain Hypothesis' (RDH).
When growth is correctly viewed as involving body mass, and is expressed in weight, post-
maturity turns out (in iteroparous bony fish whose maximum length exceeds 10 cm) to
accelerate after first maturity, despite its energy cost. This, and other common observations,
flatly contradict the RDH, and it is time to withdraw this hypothesis. As a contribution
towards this task, we propose a reconceptualization of fish spawning that is consistent
with current knowledge of fish biology. This revision serves as the basis of a model that
quantifies changes in the phenology of spawning due to ocean and freshwater warming. It
also allows for tentative predictions of the timing of spawning within a diurnal oxygen cycle.
As a contribution to this task, we propose an alternative reconceptualization of fish spawning
that is consistent with current knowledge of fish biology. This reconceptualization serves as
the basis for a model that quantifies changes in the phenology of spawning due to ocean
and freshwater warming and also enables tentative predictions of spawning timing within
a diurnal oxygen cycle.

An old myth

Among fishery biologists and ichthyologists, fish maturation and spawning are viewed as
processes that use ‘energy’ that would otherwise be applied to somatic growth, which is
supposed to explain why post-maturity length growth tends to decline (Figure 7.1).

This widespread (mis-)conception (see Figure 7.2), which may be called the
‘Reproductive Drain Hypothesis,” can be traced back to the early twentieth century (see,
e.g., Lea 1913; van Oosten 1923; Hubbs 1926; Jones 1976; Lagler et al. 1977; Sebens 1987;
Day and Taylor 1997; Charnov 2008; Quince et al. 2008). While its validity has long been
criticized (see, e.g., Iles 1974), it still plays a central role in optimization-based theoretical
models on metabolic scaling (see, e.g., White et al. 2022 and the replies to their piece). The
reason for the persistence or re-emergence of this idea may be that fish growth slows down
in length around the time of first spawning. When growth is correctly viewed as involving
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Figure 7.1. Representation of the ‘Reproductive Drain Hypothesis,'i.e., the notion that reaching the
size at first maturity causes previously ‘linear’ growth (line A) to decline due to ‘energy’ previously
used for somatic growth being transferred to the elaboration of gonads, with line B implying a small,
and line C a strong transfer of ‘energy’ (modified from figure 2 in Lester et al. 2004).
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Figure 7.2. lllustrating the fact that when growth in weight is considered, first maturity, in fish
reaching more than about 10 cm maximum length, the weight at first maturity (W) is reached
at a size where growth is accelerating, i.e., well below the weight at which maximum growth rate
is attained (at Wi); A: Japanese cutlassfish (Trichiurus japonicus), based on data in Shi et al. (2020);
B: Atlantic horse mackerel (Trachurus trachurus), based on Froese and Pauly (2023); C: Rock carp
Procypris rabaudi), based on data in Wang et al. (2015); D: Atlantic cod (Gadus morhua), based on
data in Le Franc (1970).
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body mass and is expressed in weight, post-maturity accelerates after first maturity, despite
the energy costs associated with maturation and subsequent reproduction (Figure 7.2).16

Another line of evidence against the ‘Reproductive Drain Hypothesis’ can be drawn from
the literature on triploid fish, which are unable to reproduce and therefore do not invest in
reproduction. As early optimistic studies postulated, triploids should grow faster because
they can allocate a much larger portion of their energy to growth (see, e.g., Galbreath et al.
1994). As aquaculturists hoped, this would yield much better economic results. As it soon
emerged, however, triploidy itself had little impact on somatic growth, and in some cases,
it even negatively impacted growth (Maxime 2008; Trippel et al. 2014; Farrell et al. 2025).
Triploidy remains attractive in commercial aquaculture because it is possible to produce
more female fish, which grow better and bigger, and males are usually quieter, as they do
not invest energy in competition for females (Galbreath et al. 1994). Interestingly, triploids
sometimes show better growth results as larvae and juveniles, before any investment in
reproductive activity occurs (Bowden et al. 2018). Evidence for faster or more efficient
triploid growth in the absence of reproduction is lacking (Maxime 2008; Farrell et al. 2025).
These observations flatly contradict the ‘Reproductive Drain Hypothesis’'¢!, and as we argue
here, the time has come to retire it.'6?

In the process of the reconceptualization of fish spawning, this chapter provides an
answer to the related question as to why longer-lived fish (and other WBE, by extension)
‘choose’ to reproduce for the first time at a given year (and/or spawning season).
Table 7.1 shows that this question is not trivial because longer-lived fish may experience,
over years (and sometimes decades), multiple ‘spawning seasons’ without spawning and
without having perceived the environmental cues or ‘stimuli’ that supposedly trigger the
hormonal cascade leading to the elaboration of gonadal products.

The hormonal cascade that leads to maturation and spawning in fish, which is typically
initiated by environmental stimuli that trigger reproduction (see, e.g., Bhattacharya 1992,
1999; Pankhurst 2016; Taranger et al. 2010), is not self-starting. This was also noted by
Thorpe (1986, 1990), who suggested that an element was missing that would, when present,
cause juvenile individuals’ internal readiness to experience these environmental stimuli in
the same manner that adult fish do. Thorpe (1990) suggested that this element is the growth

Table 7.1. Age at first maturity (¢, ; years) and longevity (T, . years) in 6 species of long-lived fishes,
i.e., species whose pre-adults experience multiple ‘spawning seasons’ without spawning (from
Pauly 2021b)

Species Location t, Toox Reference
Epinephelus marginatus Southern Mediterranean 12 50 Tsikliras and Stergiou (2015)
Acipenser fulvescens Nottaway River, Canada 20 154 Anderson (1954); Magnin (1966)

Koshelev and Ruban (2012);

Huso dauricus Amur River Estuary, Russia 21 80 Sytova et al. (2004)
. . Semakula and Larkin (1968); Rien
-0) -
Acipenser transmontanus' Fraser River, B.C., Canada 11-14 104 and Biemesderfer (1994)
Albatrossia pectoralis North Pacific 23 56 Tuponogov et al. (2008)
Hoplostethus atlanticus New Zealand 34 93 Doonan (1994); Andrews et al.

(2009)

a) The estimates for A. transmontanus are confirmed by Doroshov et al. (1997), who also mention that “males reach
puberty at a younger age” and that “cultured females reach puberty at a considerably younger age compared to wild fish.”

WHY BONY FISHES MATURE AND SPAWN WHEN THEY DO 115



performance of fish, i.e., “exactly how the fish monitors its performance is unknown, but I
have suggested elsewhere (Thorpe 1986) that it is physiologically aware of its growth rate
through its rate of accumulation of surplus energy, and through hormone kinetics associated
with storage of that energy.”

We demonstrate below that a specific relative size, roughly proportional to Thorpe’s
“rate of accumulation of surplus energy,” must be reached by pre-adult fish for environmental
cues or stimuli to be sought and/or perceived, triggering the hormonal cascade that leads to
maturation and spawning'®. In the second part of this chapter, we then present a within-
year, temperature-driven mechanism that impacts this oxygen-related trigger and show how
it is affected by climate change, leading to changes in phenology. Finally, in the last section
of this chapter, we propose the hypothesis that the apparent preponderance of spawning
at dusk may also be explained by an oxygen, or rather hypoxia-related mechanism.

The crux of the problem

Figure 7.1 illustrates the conventional conceptualization of fish spawning. It shows that
it is perceived as a costly process wherein ‘energy’ is transferred from somatic to gonad
growth, thus abruptly impacting somatic growth. Hence, somatic growth is slowed or even
stopped depending on the extent of the ‘energy’ transfer.

As already suggested, the first and perhaps most important reason for the survival
of this conceptualization - the ‘Reproductive Drain Hypothesis’ — is that its outward
plausibility rests on the representation of growth as proceeding in length. Length, while it
can represent growth, is, however, a process involving mass, better represented by weight;
‘energy’ certainly does not have the dimension of length, or length per time. Once somatic
growth is — correctly — viewed in terms of weight per time (Figure 7.2), the visual argument
(in Figure 7.1) for the ‘Reproductive Drain Hypothesis’ is refuted. Except for species whose
maximum length doesn’t exceed 10 cm (and we shall deal with these species further below),
fish tend to reach first maturity at sizes below that at which they experience their highest
growth rate (dW/dt).

Figure 7.1 doesn’t support the notion that ‘energy’ being transferred from somatic
growth to the elaboration of gonads is the cause for growth in length declining after
first maturity. Rather, it illustrates a case of the ‘post hoc, ergo propter hoc’ fallacy, which
considers that an event (1) is the cause of an event (2) simply because event (1) occurred
before event (2).

Earlier authors, notably Iles (1974), noted that the usual narrative does not make sense.
He wrote about the age and size at first maturity of fish that “despite the fact that at some
time during this stage of the life history large quantities of protein, ultimately derived from the
same food sources that sustain body growth, will be newly required for gonad development,
there is no indication that the growth pattern is disrupted or disturbed. Indeed, under ‘normal’
conditions it appears that it is singularly unaffected by the new physiological and metabolic
demands which the fish is called upon to meet. The fact that, for most species of fish, unlike
those of mammals and birds, growth continues after the attainment of the adult stage is one
of the most characteristic features of the growth of fishes.”

The “programme” that Iles (1974) proposed as an alternative did not explain, however,
how fish manage to spawn at the ‘right’ size, i.e., at the size that is a predictable fraction of
the maximum size they can reach in a given environment (Pauly 2019).
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The special and generalized von Bertalanffy growth function
We start again with Piitter’s equation, i.e., with the growth rate (dW/dt) of fish and other
WBE conceived as a differential equation

dwydt = HW! — kW ..(7.1)

where W is the body weight (i.e., mass), H is the rate of synthesis of proteins and other
body substances, 0 < d > 1 is the exponent of a relationship of the form S = a-W* which
limits protein synthesis, and k the rate of breakdown, whose main component is protein
denaturation (see Chapter 4).

When d = 2/3, corresponding to S = a-L? and W = a-L%, the integration of Equation (7.1)
into a growth curve is the von Bertalanffy Growth Function (VBGF), which for growth in
length has the form

L,=L - (1-exty) (7.2)

where L, is the mean length at age t of the animals in question, L  is their asymptotic
size, i.e., the mean size attained after an infinitely long time, K is a growth coefficient (here
in year'; with k = 3K), and ¢, is a parameter adjusting for the fact that the VBGF usually fails
to describe the growth of larval and early juvenile fish and other WBE.

For growth in weight, this becomes

W, =W, : (1-e*tp) ...(7.3)

where W_ is the weight corresponding to L_, all other parameters being defined as
above, and the exponent (b = 3) is justified by the fact that it is the most common exponent
of the length-weight relationship in fish (Froese 2006; Hay et al. 2020; see also FishBase).
Equation (7.2) has no inflexion point (dL/dt declines linearly with length), but Equation (7.3)
has an inflexion point (i.e., dW/dt is at a maximum) at W, = 0.296-W .

In Chapter 4, we interpreted Piitter’s equation in terms of the oxygen required for
the synthesis of native protein, i.e., the first term on the right side of Equation (7.1), and
to replace denatured proteins, which drives the second term on the right side of that
equation. In this interpretation, d refers to the scaling exponents of gill surface area or
other respiratory organs, i.e., 2-D structures whose growth cannot keep up with a 3-D body
that requires oxygen.

As outlined in Chapter 2, when d = %, the VBGF is ‘generalized’ and becomes

L, =L (1-ekpeip)p (7.4
for length, with D = 3(1-d), and
W, = W - (1-e D)) ...(7.5)

for weight, where D = b(1 — d) and b is the exponent of a length-weight relationship of
the form W = a-L?, with b generally 3 or near 3 (see above).
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Equation (7.4) has an inflection point when D = 1, at age ti = t,- (In(D)/K'D), and length
L, =L, - (1-e @)1, while Equation (7.5) has an inflection point at age t, = t,- (In(D/b)/K-D)
and weight W, = W_-(1-(D/b))"”, which implies

W, W, = (1-(D/b))P ...(7.6)

In practice, the difference between the standard VBGF (Equations 7.2 and 7.3) and the
generalized VGBF can be neglected when fitting a set of age-at-length, tagging-recapture,
or length-frequency data with a growth curve. This applies especially to fishes whose gill
surface area scales in a manner not differing much from the 2/3 value assumed in the
standard VBGF (i.e., up to d ~ 0.8). This is the case for small fish, e.g., coral fishes, and small
pelagic fishes, such as herring, sardine, or anchovies, where d ~ 0.75, and medium-sized
species, e.g., carp or cod, where d ~ 0.8 (De Jager and Dekker 1975; see also Figure 7.3).

Only with a higher value of d does the fit of the standard VBGF become problematic, e.g.,
in the case of Atlantic bluefin tuna (Thunnus thynnus), where d = 0.9 (Muir and Hughes 1969),
notably because the estimates of asymptotic length (L ) that are generated by fitting the
equation to reliable age-at-length data tend to be much larger than the maximum length
(L,,) in a given population, which is not the case when the generalized VBGF is used
(Pauly 2021a).

As most applications of the VBGF involve species in which d ranges from 0.7 to 0.8 (see
FishBase), which is still relatively close to 2/3, the fact that the standard VBGF, in such cases,

differs slightly from a physiologically correct equation is usually ignored. This is also what
is done here.
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Figure 7.3. Showing that in fish, the parameters d and D are related to the maximum weight
reached by various taxa (modified from figure 2 in Pauly 1981); the straight line is based on the
relations d = 0.674 + 0.0357-log(W, ), with live weights in g based on 27 estimates of d from studies
of gill surface or respiration in bony fishes, all documented in table 2 of Pauly (1981).
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Spawning and the ‘reproductive load’ concept
It is well-established that the mean length at first maturity (L, ) of the individual in a given
population of iteroparous bony fishes is a predictable fraction of their asymptotic length (L )
or maximum length (L, ), which generally ranges from 0.4 to 0.6 in fish that reach larger
sizes and from 0.6 to 0.8 in fish that remain small (Beverton and Holt 1959; Pauly 2021a;
Prince et al. 2015).'%* This ratio does not deserve the name ‘Beverton and Holt invariant’ that
Charnov (1993) gave it. Instead, here we use the term ‘Reproductive Load’ for the L /L_(or
the similar L, /L, ) ratio used by Cushing (1981), which resonates with the ‘Reproductive
Drain Hypothesis’ mentioned above.

That reproductive loads are not ‘invariant’ but vary systematically among fishes of
widely different sizes was demonstrated by Froese and Binohlan (2000), who, based on data
from 265 fish species from 88 Families and 27 Orders in FishBase, derived the relationships:

log(L,) = 0.898-1og(L, ) - 0.0782 (1.7

where L, and L are lengths in cm.

This model suggests that fish with an asymptotic (or maximum) length of
approximately 10 cm will have a length at maturity (L, ) of 6-7 cm, while fish with L_(or
L,.) values of approximately 100 and 1000 cm will have L, values of near 50 and 400 cm,
respectively.

First reproduction precedes growth acceleration
Because the gill surface area of late juvenile and adult fish, which scales with d < 1 and
supplies oxygen to their growing bodies, cannot keep up with their weight, and hence,
with their oxygen demand, relative oxygen supply declines with body weight. This results
in internal hypoxia, which manifests as an increase in the role of glycolytic enzymes. As
individual fish grow, these enzymes gradually replace oxidative enzymes (Somero and
Childress 1980; Burness et al. 1999; Norton et al. 2000; Davies and Moyes 2007).165

This decline in relative oxygen supply reaches its limit when HW - kW = 0, i.e., when

the oxygen supply only meets the requirements for maintenance (Q . ), i.e.,, normal life,

maint-
including various activities, including reproduction, but with nothing left for further
somatic growth. The second part of this chapter and Chapter 9 deal with the seasonal
trade-off allowing the elaboration and release of fish reproductive products without much
impact on their multiyear growth.

Several physiologists have perceived our definition of ‘maintenance’ as implying that
fish, when they have attained maximum size (L, _or W __or approached their asymptotic
sizes, L_or W), would have to become completely passive, e.g., could not move to search
for food or escape potential predators, nor reproduce (Seibel and Deutsch 2020; Scheuffele
etal 2021).% Our definition of maintenance encompasses all the activities that fish usually
have in the wild or in captivity; the only thing they cannot do is grow (see Chapter 6).

Since d < 1, their relative oxygen consumption at first maturation (Q, ) will be higher than
when they have attained their maximum size, and their oxygen supply will be sufficient
naind+ THUS, Q> Q
that, given length-weight relationships of the form W = a-L?, and gill surface area — body
weight relationship of the form S = a-W, the ratio L, P/L P is equivalent to the ratio Q,/
Q,.ne (Pauly 1984).

only for their maintenance (Q Also, it can be shown algebraically

maint*
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Figure 7.4. A P-diagram representing schematically the major metabolic features of two populations
of the same fish species (or other WBE) in two different habitats, one (A) with cooler water, leading
to a high value of W and a relatively low value of the corresponding Q,_ ... (which must be lower
than Q, ), the other (B) with warmer water, leading to a lower of W and a relatively high value of
oz (Which must be lower than Q, ). The question is now: is the Q_ /Q . ratio

max2
the corresponding Q
the same as Q_,/Q ratio? Or, more generally, is Q,/Q, . ‘constant’ in fish and other WBE?

maint2
ratio estimated for a population whose fish
value) remain the same when the
population is exposed to a different temperature regime — one that results in lower L

The question now becomes: does a Q, /Q
reach a given L, (and hence the corresponding Q

maint
maint
values and, consequently, higher Q, . ? (See also Figure 7.4).

The questions in Figure 7.4 were answered by the study of Pauly (1984), which
covered 34 species with 56 pairs of L, ” and L, " values,' included species rangingin L
from 19.2 to 250 cm, and produced an estimate of the mean L P/L P = 1.36 with a 95%
confidence interval later estimated as 1.22 — 1.53 using the method of Fieller (1940; see
Table 7.2). The implications of that study were largely ignored (except by Imsland 1999), and
its replication by Meyer and Schill (2021) came as a complete surprise. These authors were
concerned about the warming-induced reduction of L, and L, in freshwater salmonids of
Idaho (Meyer et al. 2023), which support lucrative recreational fisheries, when they came
across the 1984 study. They replicated it with 4 species in 51 populations, and surprisingly,
they also obtained a mean L, P/L P ratio of 1.35, i.e., virtually the same as Pauly (1984)
estimated for unrelated marine fish.

This inspired several similar studies on other groups of iteroparous bony fishes
(Table 7.2), confirming that sexual maturation is initiated in these fish when the spawning
threshold L, /L, P ~1.35 is reached.

These findings (and Table 7.2) allow for interesting generalizations, of which

L, =L, /135" (7.8)

may be the most useful.

Other generalizations are possible; for these, we use the label A =L, /L P = 1.35 for
compactness, but only in this chapter.'®® Given the definition of A and length-weight
relationships, A = (W, "»/W, "), whose inverse (A7, i.e, L /L, P)is A" = (W /W 'P)P,

Thus, A* = (W /W )PP or
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Table 7.2. Studies establishing the existence and similarity of the numerical value of a spawning
threshold (i.e., L »/L, P)in various groups of bony fishes. The estimates (+ standard errors) were
calculated using Microsoft Excel for the slope of a linear regression with the intercept set at zero.

# Bony fish group r:'r":gx:{chﬁ) s:esifes ‘ct:efs’ (E:;i:‘;te Reference

1- Miscellaneous (mainly) marine species? 1.9 -250 34 56 1.36 (£ 0.06) Pauly (1984)

2- Freshwater salmonids in Idaho, US. 11.0-48.1 4 51 1.35(+ 0.04) Meyer and Schill (2021)

3- Cichlid fish from 3 continents 4.2-55 7 41 1.35-1.40 Amarasinghe and Pauly (2021)
4- Chinese freshwater and marine fish 5.3-102 117 241 1.40 (£ 0.021) Chenetal. (2022)
i’.[lf;i;h‘”ate' EINE] TR ({0 [0 @F EOUTE] 5 s 57 120 1.44(£0.035) Keskin and Pauly (2023)

6- 22 of 25 sturgeon species® 116-323 22 22 1.35 (£ 0.03) Chu and Pauly (2024a)

7- Indian Ocean pelagics 26.2-311 18 18 1.36 (+ 0.04) Gunwardane et al. (2024)

8- Indo-Pacific and Atlantic coral reef fish 1.8-176 131 207 1.35 (£ 0.02) Chu and Pauly (2024b)

9- ‘All’ bony fishes® 1.8-311 194 379 1.37 (£ 0.02) See Figure 8.1A.

# 1: a) Atable including the raw data used for this study was included in the Supplementary Materials of Pauly (2021a); #6: b) This
excludes the Syr-Darya and Chinese sturgeons, both extinct, and beluga, a manifest outlier; # 9: c) Combining the studies # 1, 3,
4,6 and 8.

w,, =W - (1JA)PP ..(7.9)
By combining equation (7.6) and (7.9), we obtain
W, /W, = (1-(D/b))""|APP ...(7.10)

When W, > W, , we also have:

A-Dp)ye > A

.(7.11)

which implies (1-(D/b)) > A. Now, given the definition of D = b-(1-d), we have

d>A*implies W> W
d~A" implies W~ W
d < A' implies W< W,

...(7.12a)
..(7.12b)
...(7.12¢)

This all means that, for d < 1/1.35 (i.e., smaller than the value of d = 0.74, as generally

occurs in small (reaching less than about 10 cm) and short-lived fishes; Figure 7.3),
spawning occurs after their growth rate (dW/dt) has started to decline. This is not the case
in larger iteroparous, longer-lived fish where d > 0.74. This explains why the first maturity
of, e.g., cod (Gadus morhua) and similarly large (and well-studied) species occurs well before

these fish have experienced their fastest growth, which, we should remember, occurs at W,

(Figure 7.2). One cannot but conclude that the ‘Reproductive Drain Hypothesis’ is based on

an invalid assumption and must be retired.
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Reconceptualizing maturation and spawning in fish
The case made above is that a heuristic (sensu Budaev et al. 2019) determines the overall
readiness of fish to mature and spawn as a function of their metabolic rate (Q,) relative to

their maintenance metabolism (Q _ . ). Specifically, this heuristic, in longer-lived iteroparous

maint-
fish, readies them to perceive seasonal (i.e., within-year) environmental maturation and
spawning stimuli only when the threshold A is reached (see Table 7.1 and the above
equations for the definition and properties of A) and not earlier (Pauly 2021b). A framework
for understanding the concept of a ‘spawning season’ is still required. For simplicity, we will
assume a single spawning season annually, in spring (Pauly and Liang 2022b).1¢

As will be shown, the processes taking place can be described in a way that various
aspects of fish spawning, which had remained unexplained or treated as anomalies, can
be straightforwardly accounted for, i.e., without ad hoc hypotheses. Still, a second heuristic
is required, the ‘cusp catastrophe.’

The cusp catastrophe, or ‘cusp,’” is one of the 7 topological entities which, as shown
by Thom (1975), are sufficient to describe the transitions among a maximum of 4 ‘control
factors’ qualitatively and to distinguish areas where the transitions would be smooth
from areas where it would be sudden (thus the term ‘catastrophe,’” the cause of many
misunderstandings). With its two control factors, the cusp can easily represent sudden
transitions between, for example, 2 biologically relevant variables (Woodcock and
Davis 1978). The growth curve in Figure 7.5 illustrates our use of the cusp (see insert) and
the two control factors that adapt it to maturation and spawning events as functions of body
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Figure 7.5. A representation of bony fish growth as a succession of cusps, with the youngest fish
being too small to enter the region (shaded grey) where spawning occurs. This region is approached
in pre-adults, who may undergo an (abortive) maturation but fail to spawn. The following year, they
will again reach a size associated with Q_/Q_ . ~1.35, and maturation and spawning will proceed
(as illustrated by the growth curve overlapping with the grey zones representing both the spawning
seasons and the seasonal incentives to spawn). In subsequent years, size increases are associated
with a spawning season that starts earlier and ends later until maximum size is approached, when
spawning often occurs repeatedly and the body weight is reset at a lower value, allowing growth to
be re-initiated.
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size. Our cusps have body size and time (here, 1 year, given one spring spawning season
per year) as control factors.

Young fish (ages 1 and 2 in Figure 7.5) are too small for their L, P/L P ratio to have
fallen to 1.35: they avoid the cusp region where maturation and spawning occur. At 3 years,
the largest fish of a cohort will mature and spawn, the smallest will not, and the fish of
intermediate size may undergo an abortive maturation, i.e., elaborate gonadal products
which are resorbed and not shed (Iles 1974; review in Rideout et al. 2005).

This ‘skipped spawning,” performed “more often by young and small fish” and often
when food is scarce (Jorgensen et al. 2006), is therefore neatly explained without requiring
elaborate models of trade-offs between reproductive output, growth, and survival, and
which individual fish, in any case, could not use as an individual heuristic to ‘decide’
whether to spawn or not.

In this example, the subsequent growth in year 4 and beyond pushes the fish deeper
into the shaded area in Figure 7.5, implying that the maturation of larger (older) fish should
start earlier than in smaller individuals and end later in the season. In contrast, smaller
(younger) fish mature (and spawn) only during the peak of the season. Numerous authors
confirm this, for example, Rijnsdorp (1989) for plaice Pleuronectes platessa in the North
Sea, and Trippel et al. (1997), who summarized their review of this phenomenon by stating
that “the importance of female size to recruitment success is reinforced by the observation
that large females commonly start spawning earlier in the season [...], continue for longer,
and produce larger eggs with higher viability than smaller females.”

The cusp often implies that once a phase transition has occurred, the system may
display ‘hysteresis,” wherein the behavior in question (here: spawning) loops repeatedly
(at the highest age in Figure 7.5, above the « symbol). This is precisely the behavior oflarge,
old fish, which may spawn repeatedly during a spawning season, while small adults usually
spawn only once or even skip spawning. This behavior can be interpreted as follows: once
a large fish has spawned, i.e., lost some of the tissues it had to supply with oxygen, it has a
higher gill area/body weight than before spawning. Hence, when it returns to feeding, its
food conversion efficiency will be high. This leads to increased body weight and renewed
lowering of the gill area/body weight ratio, which can cause (at least in large individuals)
rapid re-maturation and repeated spawning (Trippel et al. 1997; see also Chapter 9, where
this mechanism is elaborated in more detail). This cycle can repeat within a spawning
season until, e.g., the temperatures drop and respiratory stress declines, at which point
the reproductive season ends.

In addition to providing a graphic metaphor for spawning, the cusp links three
phenomena that, to date, had not been tied to a common explanatory framework, i.e.,
skipped spawning, size-dependent reproductive seasons, and spawning hysteresis.
Figure 7.5 thus represents an integrated view of the life of a long-lived fish as a succession
of cusps, each ‘entered’ at another size (corresponding to successive ages), implying a
different set of responses by the fish in question.

Maturation and spawning are obviously more complicated than presented in this
account. Notably, these processes involve the release of numerous hormones in response
to environmental stimuli (Pankhurst 2016). As documented in Table 7.1, long-lived fish
species fail to respond to such seasonal stimuli during many years (even decades) of pre-
adulthood during which they could perceive these stimuli.
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The ‘hormonal cascade’ leading to maturation and spawning is not self-starting. For
maturation and spawning to be initiated, an internal state is linked to fish size (Figure 7.5),
i.e., to their relative oxygen supply. The mechanistic simplification presented here aligns
with the observed phenomena, regardless of the underlying biochemical complexity of the
hormonal cascade involved in the processes of maturation and reproduction.!”

Finally, the reconceptualization presented here implies that, rather than being analogous
to humans and other uniparous mammals, the life-threatening and often debilitating event
of giving birth is, in fish, a seasonally liberating event. It frees females from a quivering
mass of eggs that must be supplied with scarce oxygen and whose removal enables them
to grow again.

Spring spawning and global warming

Global change, or global warming, has modified much of the Earth’s flora and fauna’s
reproductive phenology and is expected to continue for decades and centuries. These
modifications take various forms, including earlier flowering in some trees and earlier
bird migrations (see, e.g., Ahas and Aasa 2006; Cohen et al. 2018), many of which are due to
sinusoid seasonal temperature oscillations with a higher annual mean (Figure 7.6).

Over the past few decades, the temperatures of marine ecosystems have increased
(Belkin 2009), as has been observed in freshwater bodies (Carpenter 1992; Kangur et al.
2021). Increasing temperatures, on the other hand, will alter the physiology of fish,
particularly their reproductive processes, as is expected in ectotherms (Alix et al. 2020;
Neidetcher et al. 2014).

Fish too small (i.e., Temperature that | _— | A°C |
too young) to perceive | | induces spawning f’
spawning cues -

=

\ f/ \\ [

OCaNWRr,OIN

= \
_1-\ 7

2t

3t

41

5t

T T T T T T T T T T T A T T A |

DFAJAODFAJAODFAJAODFA
Year 1 Year 2 Year 3

Seasonal temperature deviation (°C)

Figure 7.6. Schematic representations of the effect of global warming on the phenology of spring
spawning fish via two sine curves. Here, the lower sine curve represents the baseline climate, with
a temperature threshold that acts as an evolved trigger for maturation and spawning. In contrast,
the upper curve represents a warmer climate, leading to the threshold temperature being reached
earlier (see insert on the upper right).
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The fact that ocean and freshwater warming is modifying the phenology of maturation
and spawning in fishes, i.e., the timing of their reaching puberty, has been widely reported.
A meta-analysis of observed phenological shifts suggested that seasonal events of marine
species advanced by an average of 4.4 days per decade during the late 20th Century
(Poloczanska et al.,, 2013). Additionally, larvae of 17 of the 43 fish species in the California
Current ecosystem occurred earlier in recent decades relative to the last 58 years
(Asch 2015). Zooplankton, one of these fish’s main food items, did not shift their phenology
synchronously with most fishes (Asch 2015).7* Such a mismatch often disrupts the fine-
tuned adaptation that usually results in fish larvae being hatched at the time when potential
prey is abundant, which leads to high larval mortality due to starvation or increased
predation on slower-growing larvae (Cushing 1990; Asch et al. 2019).

Here, we present a simple method, based on Pauly and Liang (2022b), for quantifying the
effect of global warming on the onset of maturation and spawning in the spring-spawning
freshwater and marine fish of temperate latitudes (roughly 24 °N - 67 °N; 24 °S - 67 °S), for
which ample documentation exists. This method consists of a simple model that predicts
how spawning in marine and freshwater fish is modified by temperature changes. Its use
could stem the proliferation of adaptationist ad hoc hypotheses that are currently being
proposed to explain why, given the warming of their surrounding water, spring-spawning
fish now spawn earlier.

As proposed here, fish can monitor their growth performance, which is strongly
dependent on their oxygen supply, by monitoring the ratio of their metabolic rate (Q)

relative to their maintenance metabolism (Q, . ). Given the fact that the respiratory area

maint
of fish gills, as a 2-D surface, cannot keep up with the growth of the 3-D bodies that they
supply with oxygen (see Chapter 3), this ratio must decline and, as individual fish grow,
reach a value (Q,) at which maturation is triggered. The ratio Q,/Q
threshold for bony fishes, was estimated at ~ 1.35 (see above).
When fish are small (young), their Q /Q,....>> 1.35, and no maturation and spawning

occur, even during the season that adult conspecifics perceive as ‘spawning season.’” As

i.e., the spawning

maint®

maint

the small fish grow, they will reach a size at which Q_/Q, . declines to 1.35, which triggers

maint

maturation and spawning. If this size coincides with a period of increasing temperature, as

occurs in spring spawners, the increase will further reduce the Q,/Q, ... ratio (because the

maint
catabolic term of the underlying Piitter equation will increase). If the rise in temperature
occurs earlier, they will also mature and spawn earlier.

Figure 7.6 defines the problem for which a solution is provided based on two sine
curves. These sine curves represent typical seasonal oscillations of sea surface temperatures
(SST) or temperature oscillations in (northern) temperate freshwater bodies, where mean
monthly temperature tends to oscillate with an amplitude (Amp) of approximately 10 °C
(see, e.g., figure 5 in Genner et al. 2010). These curves require a shift of 6 months in the
southern hemisphere.

The lower sine curve represents the oscillation of the ‘baseline’ climate, which usually
exhibits minimum temperatures in February in the northern hemisphere. The upper
sine curve represents a warmer climate, here with a temperature increase of 1 °C. The
ascending parts of the upper curve imply differences in the time at which various threshold
with the subscript
also referring to the ‘minus’ sign of Ad, and ‘d’ here referring to days) when the slope of

temperatures are reached. This difference has its annual minimum (4d

‘min®

the sine curve is highest. However, Ad does not change much within a range of 3-4 months.
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The derivation of an equation allowing for the computation of Ad,,, is facilitated by
shifting the time axis by 6 months. It intercepts the ordinate in August (Figure 7.7A), with the
curves now turned into cosine curves. The equation of the lower curve in that figure is then:

Y, = (Amp/2)-cos(X) ...(7.13)

with Amp/2 being half of the summer-winter amplitude.
When Y, = (Amp/2)-cos(X) = 0 (g, and g, points in Figure 7.7A), then cos(X) = 0, and X =
arccos(0) = 1t/2. The equation of the upper curve is:

Y, = (Amp/2)-cos(X) + B ...(7.14)

with Amp being the oscillation amplitude, as defined above, and B being the temperature
difference between the two cosine curves. We then have Y, = (Amp/2)-cos(X) +B =0 (r, and
r, points in Figure 7.7A), then cos(X) = -2B/Amp, and X = arccos(-2B/Amp).

The distance from r, to g, and from r, to g, on the X-axis (Figure 7.7A) is [arccos(-2B/
Amp) - (n/2)]. When the frequency of the sine curves is one year (365.24 days), each day
corresponds to 27m/365.24. Therefore, in areas where the spring spawning fish experience
strong temperature changes between summer and winter, and the water temperature has
become warmer on the average (B), spawning should occur earlier, by a time predicted by
Ad,, = [arccos(-2B/Amp) -(11/2)]/(211/365.24), or simplified

Ad, . = [arccos(-2B/Amp) - (11/2)]/0.0172 ...(7.15)

which allows Ad,. to be calculated for spring spawners, given Amp and B, or the
ratio Amp/B. Figure 7.7B illustrates the range of values that can be taken, given different
amplitudes of seasonal growth oscillations (Amp) and warming-induced increases of mean
annual temperature (B).

Table 7.3 shows that the empirical estimates of Ad/A°C, which can be computed from
the numbers in various explicit statements in the literature (mean 12.7 + 1.6 days/A°C)
correspond, on the average, to the theoretical estimates of Ad,,, derived from Equation
(7.15), i.e., 11.7 days if the amplitude of the seasonal temperature is 10 °C and the overall
temperature increase is 1 °C, as occurred 1 to 2 decades ago when most studies documented
in that table were performed.

The sinusoidal model presented here, and Equation (7.15) derived from it, are
simplifications of complex phenomena. Still, we are not helpless in the face of this complexity.
We know that seasonal temperature oscillations, driven by the Earth’s obliquity and highly
regular movements around the Sun, generate and maintain the sinusoidal oscillations of many
natural phenomena, including seasonal changes in the temperature of water bodies. We also
know that baseline temperatures have increased throughout much of the world. Combining
these two facts with the knowledge that increasing temperature triggers maturation and
spawning in spring-spawning fish leads to a robust model for predicting the extent to which
spawning will be shifted back in time, as long as the warming under consideration does not
exceed 2 °C when the amplitude of the seasonal oscillation is < 10 °C.172

The model may be used to assess whether an observed change in the phenology of
spawning is small or large compared to a prediction from Equation (7.15b). Another potential
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Figure 7.7. How the shift toward earlier temperature-induced spawning is estimated and can be
evaluated. A: Using trigonometry, with the variables g, and g, referring to the lower curve and r, and
r,to the upper curve; see also Equations (7.13) - (7.15) and text; B: The nomogram illustrates that
the solutions of Equation (7.15) are robust, but only within a limited warming range, and becomes
useless when the mean annual temperature increase exceeds 2 °C. The dotted lines and the open
circle refer to the example in panel A, which describes a case where Ad = 11.7 days.

use of the model would be to assess whether it is justified to evoke the match-mismatch
hypothesis (Cushing 1990) or complex or ad hoc hypotheses often presented to explain the
temporal shift in spawning in terms of adaptation to temporal shifts in the emergence of
prey species. Note that this model doesn’t account for the delayed maturation of spawning
of fall spawning temperate fish, for which ample evidence also exists (Koenigbauer et al
2025) and for which the GOLT currently has no simple, mechanistic explanation.

Diel spawning periodicity and hypoxia

If, as stated above, getting rid of oxygen-consuming eggs is experienced as a liberating event
by female fish,'” which begs the question of similar consequences for the shorter timeframes
that shape the reproduction of fish and other WBE. Many marine and freshwater species
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Table 7.3. Instances of fish maturing and spawning earlier in the ‘spring’ reproductive season due
to higher water temperature. A°C refers to the difference in temperature between the years, and
Adays refers to the time difference in maturation and/or spawning. The standard error and standard
deviation (s.d.) in the penultimate row are underestimates, as only the midranges of the Ad/A°C

values were used.

Species Location (years) Aa°c Adays  Ad/A°C  Source
X Tjeukelmeer Lake, Netherlands, "
Abramis brama 1961 vs. 2006 1.94 20 10.3 Mooij et al. (2008)
Acipenser schrenckii A pond in China, 2001 3vs. 6 30/50 8.3-10.0 Zhang et al. (2012)
Gadus chalcogrammus Gulf of Alaska (1979 vs. 2015) - - 5.0 Roger and Dougherty (2019)
Gadus morhua North and Irish Sea, 1985vs. 2015 1.1-1.4 - 8.1-27.4  McQueen and Marshall (2017)
Schizopygopsis Selinco Lake, Tibetan Plateau, _
selincuoensis China, 1970 vs. 2000s i 197 19 Tao et al. (2008)
Rutilus rutilus Meuse River, below a nuclear 3 21 7 Mattheeuws et al. (1981)
power plant, 1977
Rutilus rutilus Lake Geneva, 1983 vs. 2001 =A| 14 14 Gillet and Quétin (2006)
Scomber scombrus North Sea, 1968 vs. 2008 - - 7.4-11.4  Jansen and Gislason (2013)
Solea solea yg{éh ) TS0 S, TS 1.72 40 233 Fincham (2013)
. Aquaculture ponds,
Tachysurus fulvidraco China, 2013 5 25-30 233 You (2015)
. . English Channel, spring and
13 marine species summer spawners, 1975 vs. 1987 1.0 17 17 Genner et al. (2010)
Multiple spp. (larvae) South. California, 1949 vs. 2000 1.3 - 17.7 Asch (2015)
10 freshwater spp. Estonian waters, 1951 vs. 1998 2.65 10-30 3.8-11.3  Ahas and Aasa (2006)
All previous spp. Marine and freshwater fish in R R 12.741.6) Mean of above estimates; s.d.

Spring spawners

temperate regions

Marine and freshwater fish in
temperate regions

.7

=6.2 days

Predicted for Amp = 10 °Cand
B=1°C

spawn at dusk, meaning that females release their eggs at a time when oxygen availability
is at its lowest (Xu and Xu 2015). This is particularly the case in freshwater habitats with
high densities of plants and algae, which oxygenate the water in the daytime but require
oxygen at night when photosynthesis is impossible. It is at dusk that the competing oxygen
demand of plants and algae becomes more acute (Correa-Gonzalez et al. 2014).

The widespread pattern of dusk-spawning in fishes still needs to be fully explained,
and traditional answers typically involve predator avoidance or light stimuli (Lobel and
Neudecker 1985; Samoilys 1997). While these factors may play a role, it is remarkable that
spawning —a highly energy-consuming activity — takes place when fish experience the most
severe oxygen limitation of the entire diurnal cycle.’ Suppose the experience of a changing
ratio of oxygen demand and supply indeed induces spawning. In that case, a similar
mechanism may be at play at the exact moment of the diel cycle at which spawning occurs.

This hypothesis still needs to be tested, but experiments on small cyprinids such as the
zebrafish (Danio rerio), a model species well-known as a dusk-spawner, could be easily
performed. A setup in which zebrafish groups are exposed to different concentrations of
dissolved oxygen in the morning hours (preferably with different light regimes) could test
the hypothesis that spawning represents a process that liberates fish from tissues that are
maintained at high energy cost.
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The growth and reproduction
of Chondrichthyes

Synopsis: The size at first maturity of most Chondrichthyes (sharks, rays and chimaeras),
when expressed as a fraction of their maximum size, is larger than in bony fishes and most
marine invertebrates. Here, based on the fact that gill surface area, in adults, always scales
with d_ < 1, which causes relative oxygen supply to decline with size, and body fluids and
tissues to become hypercapnic and acidic, we test the hypothesis, presented in the previous
chapter, that it is lowered pH inside a fish body which triggers the hormonal cascade leading
to maturation. This test is made possible by the urea that all sharks and chimeras use for
osmoregulation, which is a base and therefore tends to mute a signal caused by the low
pH resulting from hypercapnia. Also, it turns out that in rays, decreasing urea retention
correlates with the fraction of size at first maturity relative to maximum size, with freshwater
rays approaching the values occurring in bony fishes. These results support the existence of
a critical maturation size threshold, while also suggesting a role for urea that was previously
undocumented.

Why should Chondrichthyes differ from most other water-
breathers?

Given that the GOLT appears to apply to taxa as evolutionarily remote from each other
as bony fishes (Chapter 7) and crustaceans (Chapter 12), and particularly that they also
seem to rely on a critical value of the L /L P ratio as a heuristic to trigger their first
reproduction, expanding the GOLT to cover the class of Chondrichthyes, or cartilaginous
fishes, was unavoidable. The task of testing this specific aspect of the GOLT was entrusted to
a brilliant graduate student, and her MSc thesis (Warren 2023) was subsequently developed
into an article (Warren and Pauly 2024), whose pre-submission version formed the basis
of this chapter.

As detailed in several previous chapters of this book, the Piitter growth equation
provides the starting point for our analyses of growth and reproduction in water-breathing
ectotherms. This model also underlies the considerations presented in this chapter. In
addition, we also demonstrate that the argument presented in Chapter 7, regarding the need
for a size-related trigger to set the perception of environmental stimuli, which themselves
initiate the hormonal cascade leading to maturation and eventual reproduction, also
pertains to Chondrichthyes and their various sub-classes. As it turns out, Chondrichthyes
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illustrate the pattern discussed in Chapter 7 in a surprising way, offering additional support
for the proposed mechanisms that underlie the correlation between body size, oxygen
supply, and maturation. As mentioned in Chapter 7, the GOLT’s explanation of this pattern
is based on the fact that Pauly (1984) estimated that L,  ”/L, P~ 1.36 based on 56 populations
in 34 species of bony fishes, ranging in L, ,_from a few cm in guppies to over 2 m in tuna,
and on the fact that the number of subsequent studies, involving hundreds of bony fish and
invertebrate species confirmed not only the existence of a ‘spawning threshold’ (L, "/L,")
but its specific value, estimated back in 1984 (see Chapters 7 and 12).

The ubiquity of this ratio suggests that it evolved early in the evolution of WBE as a
handy heuristic (Budaev et al. 2019; Morbey and Pauly 2022), enabling them to mature
when the relative surface area of their gills can still supply both their somatic growth and
the energetically costly production of gonadal products. This inference is supported by
experimental evidence showing that external hypoxia causes maturation at sizes lower
than in normoxia (Kolding et al. 2008). Therefore, if maturation is triggered by a critical
oxygen supply and its corresponding low pH threshold, it may be hypothesized that any
WBE possessing the ability to buffer against low pH may be able to delay maturation to a
larger fraction of their maximum size (i.e., L "L P < 1.36).

Despite their ancient origins, only 5% of all cartilaginous fish species are known to be
euryhaline, typically entering freshwater seasonally or during juvenile stages (Constance
etal 2023). Another 3-4% of all Chondrichthyes live solely in freshwater and cannot tolerate
strong fluctuations in salinity (Ballantyne and Fraser 2012). This contrasts with bony fish, of
which about 40% occur only in freshwater (Ballantyne 2016), with numerous neritic species
easily entering freshwater bodies, especially in the tropics (Longhurst and Pauly 1987).

A reason for the rarity of freshwater cartilaginous species may be found in their
osmoregulatory mechanisms. In marine environments, aquatic organisms must be able to
tolerate an environment that is hyperosmotic to their body fluids (Greenwell et al. 2003).
Marine bony fish ‘osmoregulate’ through their seawater intake and active excretion of
excess salt ions (Ballantyne and Fraser 2012). In contrast, cartilaginous species prevent
excess water loss by retaining high urea levels in their tissues, matching the osmolarity of
their surrounding environment, a strategy also known as ‘osmoconforming’ (Ballantyne
and Fraser 2012).

While critical for osmoregulation, urea is also known to aid in acid-base regulation
in Chondrichthyes and requires carbon dioxide (CO,) for its synthesis, given its chemical
composition, i.e., 2NH, + CO, + CO(NH,), + H,O (Ballantyne and Fraser 2012; Withers 1998).
Since marine Chondrichthyes need to produce urea to maintain an appropriate osmotic
environment within their tissues (Ballantyne and Robinson 2010), it is reasonable to assume
that they possess the ability to remove CO, at a greater rate compared to bony fish, which
can only do so via diffusion across their gills.

This adaptation presents Chondrichthyes with a challenge in environments of reduced
osmolality, as high urea concentrations create a hypoosmotic internal environment prone
to a rapid influx of water (Ballantyne and Fraser 2012). Despite this, there have been
incursions of marine Chondrichthyes into freshwater environments, the first of which is
thought to have occurred 25 million years ago (Ballantyne and Fraser 2012) and involved
mainly rays. The main adaptation of rays to reduced salinity is a substantial reduction
in urea retention. While marine stenohaline species of rays retain upwards of 400 mM
urea, euryhaline species have reduced their concentrations to 80-150 mM, and freshwater
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stenohaline species have lost the ability to retain urea, with tissues containing only
negligible amounts, < 1 mM (Ballantyne 2016).

With obligate freshwater, saltwater, and euryhaline species possessing varying urea
concentrations, the Chondrichthyes may be an ideal group of aquatic organisms to test how
the L, P/L Pratio may vary. If a given spawning threshold (L,  P/L ") makes WBE respond to
external stimuli, therefore inducing maturation, it can be expected that ureosmotic species
will mature at a greater fraction of their maximum size than non-ureosmotic species.
Specifically, it is hypothesized that L, P/L ° will differ depending on salinity, with reduced
urea retention (i.e., reduced ability to remove CO,) being correlated with an increase in
mean L, P/L P ratios.

Moreover, there is an additional oxygen-related factor to consider when dealing with
the reproduction of Chondrichthyans: as recent surveys have shown, the vast majority of
sharks and rays are viviparous (Brooks et al. 2024). Given that large embryos that develop
in the mother’s uterus substantially add to the oxygen demand of the maternal organism,
this raises the question of how large sharks can cover the metabolic costs of viviparity.
Recent research suggests that some live-bearing sharks developed strategies to cover the
additional oxygen demand by ‘flushing’ the uterine fluid with freshly oxygenated seawater.

The pups in these species can take up oxygen through their gills while still in the womb,
thereby relieving the mother from supplying them with high volumes of additional oxygen
(Tomita et al. 2016). It is still unclear how many species are capable of uterine flushing, and
even in confirmed cases, this resource is not endless; pregnant females still provide their
pups with oxygen that passes through their gills (Tomita et al. 2012, 2017). This suggests
an additional oxygen strain on viviparous females, absent in males or oviparous females.
It can be hypothesized that the additional oxygen demands associated with viviparity
will increase L, "/L P, independent of phylogeny or habitat. To test these hypotheses,
life-history parameters of all known cartilaginous species with suitable data (L, and L,
pairs) have been compiled through a literature review, and their L, /L P ratios have been
examined, while also accounting for other life-history parameters.

Finally, this chapter addresses a more fundamental methodological point about
integrating data into models designed to elucidate interspecific patterns. It is often stated
that, in interspecies comparisons, data points cannot be treated as independent values
due to the shared evolutionary history among species (Revell 2010). Indeed, some authors
suggested that analyses without phylogenic considerations are both “flawed” and “biased”
(Ricklefs and Starck 1996), a topic addressed further below. After discussing the life-
history invariances of growth and reproduction in bony fishes and chondrichthyans, the
result is contextualized with a brief discussion of the ‘living fossil’ Latimeria chalumnae,
or the Coelacanth. This species, which shares features with both ray-finned fish and
elasmobranchs, illustrates how different phylogenies lead to comparable patterns and
reflect the universality of the fundamental constraints that underlie water-breathing and
its specific functional consequences for aquatic lifestyles in aquatic vertebrates.

Creating a suitable database'’”

To detect life-history invariances in Chondrichthyes, information was collected for all
cartilaginous species for which at least one L, _and L data pair could be obtained from
reliable sources such as scientific papers and textbooks, as well as ‘grey’ literature, including
theses, technical reports, and museum collection databases.'’s
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Length measurements for all species were recorded in centimeters (cm) and weights
in grams (g); details on the taxa-specific measurements are provided in Warren (2013)
and Warren and Pauly (2024), but they are not relevant here, as for all three groups of
Chondrichthyes covered here, the length type (TL, FL, etc.) has no influence on the results
because it is the L, "to L P ratios which were of interest, not the absolute values of L, _or
L . Warren (2023) should also be consulted for other assumptions made while assembling
the required estimates of L, ”and L " for females and males Chondrichthyes, as well as
their reproductive traits and habitats. This also applied to their length-weight relationships,
which were used, jointly with an L, _estimate for each species, to derive W, , from which
d values were derived using

d =0.674+0.0357-log(W, ) ~(8.1)

an equation (already encountered in Figure 7.3) based on a robust regression method
of 27 estimates of maximum body weight (in g) in various bony fish taxa and estimates of d
from gill area and/or respiratory studies. Equation (8.1) also provides reasonable estimates
of d in sharks (see d values in table 1 of Bigman et al. 2018).1””

The estimates of d thus obtained were converted to values of D using the formula D = 3(1-d),
which allowed for calculating the L ”/L, P ratio for each elasmobranch species. The average
ratios between L, P and L, for various groups of elasmobranchs were then estimated by
regressing L, P against L " with the intercept forced through zero using Microsoft Excel, which
also produced a 95% confidence interval (C.I) for each of the ratio estimates.!”®

Finally, to determine whether shared evolutionary history introduces bias into
regression models, the steps mentioned previously were repeated while also accounting
for the effect of phylogeny. Here, only one L, ” and L " data pair per species was used
in the analysis, while the impact of phylogenetic affinities was accounted for by first
obtaining a complete phylogeny from VertLife (www.vertlife.org); the few species that did
not have a resolved phylogenetic position on this tree were removed from the analysis. The
phylogenetic signal (Pagel’s lambda) was then determined using the fishtree package in R
v.4.0.2 and integrated into each regression model.

Of the 10,000 possible phylogenetic trees available on VertLife, 10 were randomly selected
for analysis, with the above steps being repeated for each tree. This was done to generate
an average slope, ensuring that tree selection did not affect the results. A comparison of
regression models, both with and without phylogenetic considerations, was then conducted
to ensure that the results of this study were not affected by random effects due to faulty
individual measurements (Chen et al. 2022).

A wild hypothesis and surprising test results

In total, 1622 L, and L, data pairs in 918 species of Chondrichthyes were collected,
representing 414 species of sharks (vs. 561 shark species in FishBase), 470 species of rays
(vs. 717), and 34 species of chimaeras (vs. 55); given these high numbers a bias due to a
small sample size is unlikely.

Forty-nine shark species lacked a resolved phylogenetic position on the trees obtained
from VertLife and were therefore excluded from the analysis (see Warren 2023, Table S4).
The remaining species (n = 438) were analyzed in separate regressions, both accounting
and not accounting for phylogeny. Combining all the L, _” and L " data pairs (i.e., without
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considering phylogeny) yielded a slope L, "= 1.13-L ” (+0.01). Accounting for phylogeny

resulted in a significantly lower average slope, i.e.,, L, ”=0.98:L P (+0.06),0or L, " ~L P.
This is an absurd result; while cartilaginous species are known to mature at a larger

max (COTtés 2000; Ebert

as phylogenetic analyses would suggest. Other

fraction of their maximum sizes than bony fishes, with L  ~ 0.75-L
et al. 2006), this fractionisnot L ~L_ ,
authors have noted that phylogenetic methods can result in “poor statistical performance”
(Revell 2010). Weak correlations and wide confidence intervals have also been reported
using these methods (Rohle 2006), and it is suggested that the inclusion of a phylogenetic
signal is unnecessary in (i) phylogenetically diverse datasets and (ii) whose raw data
exhibits strong correlations (Ricklefs and Starck 1996). Given that the dataset used in this
research meets both of these criteria and the biologically nonsensical slope produced by
the inclusion of phylogeny, its results are not considered further. Only results analyses
performed without consideration of phylogeny are discussed below.

The finding that the values of L, ” and L P were correlated (p < 0.001) across each of
the major groups of Chondrichthyes was prominent. That an average L, /L P ratio of 1.13
(+0.01) was obtained for non-viviparous marine species (n = 994; 821 species; Figure 8.1B)
was not obvious, as it was significantly lower than the mean ratio L /L P = 1.37 (+ 0.04),
obtained by combining the L, P vs. L ? data pairs in Amarasinghe and Pauly (2021), Chen
et al. (2022), Chu and Pauly (2022), and Pauly (1984) (Figure 8.1A).

This result confirms that marine non-viviparous Chondrichthyes, i.e., the majority of
cartilaginous fishes, experience their first maturity at a significantly larger fraction of their
maximum size than bony fish (Chapter 7). This cannot be explained away by stating that
‘sharks are different’ or some other facile (non-)explanation, as some authors have suggested,
because crustaceans and other invertebrate WBE (as shown in Chapters 12 and 14) have
L, >/L,P ratios similar to those of bony fishes, although they have an evolutionary history
very distinct from that shared by bony and cartilaginous fishes.

In viviparous marine species, of which 349 L, ” and L P data pairs were collected,
representing 262 species of sharks and 79 species of marine rays, the values of L, P and
L, P were also correlated (p < 0.001) across each group. More importantly, they yielded an
average L P/L P ratio of 1.16 (+ 0.01) for sharks (Figure 8.2B) and 1.24 (+ 0.03) for rays
(Figure 8.2C), the latter differing significantly from non-viviparous marine Chondrichthyes
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Figure 8.1. Plotsof L Pvs. L Pand 95% C.I. in two clades of fishes. A: Bony fishes, combining data
in the studies of Amarasinghe and Pauly (2021), Chen et al. (2022), Chu and Pauly (2022), and Pauly
(1984). B: Non-viviparous marine cartilaginous fishes (sharks, rays, and chimaeras). Note that these
regressions have significantly different slopes.
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Figure 8.2. Plots of L, Pvs. L ?and 95% C.I. for different groups of cartilaginous fishes. A: Non-
viviparous marine species (sharks, rays, and chimaeras). B: Viviparous sharks. C: Viviparous marine
rays. Note that these regressions have significantly different slopes.
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Figure 8.3. Plotsof L Pvs. L P and 95% C.I. for rays in different habitats. A: Euryhaline viviparous
species. B: Euryhaline males and oviparous females. C: Freshwater viviparous species. D: Males of
freshwater species.

(Figure 8.2A) and suggesting that viviparity imposes an oxygen burden on female sharks,
resulting in a reduced ability to delay maturation. This is probably what led to the ability
of female viviparous sharks to flush their uterus with oxygen-rich seawater, which their
embryonic pups can breathe. Uterine flushing does not occur in viviparous rays, which
otherwise could have explained their higher L _P/L Pratio.

Finally, for non-marine (i.e., euryhaline and freshwater) species, 279 L__” and L P
data pairs were assembled, representing 124 species of euryhaline and 29 species of
freshwater rays; the two variables were correlated (p < 0.001) across both euryhaline and
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freshwater species (viviparous and non-viviparous). In contrast to oviparous marine rays,
which have a mean L, ”/L P = 1.13 (Figure 8.1B), euryhaline and freshwater rays have
high L /L Pratios, whether they are viviparous (Figure 8.3A) or oviparous (Figure 8.3B),
and independently of sex (Figure 8.3 B-D). Most importantly, it is in freshwater that the
means L P/L P reaches its highest values for Chondrichthyes, i.e., 1.33 (+ 0.05), which is
statistically the same as that in bony fishes and multiple invertebrate WBE.

Comforting implications
Similar to bony fish, the results of this research demonstrate that L, ”/L, " is also conserved
across marine non-viviparous cartilaginous species (L, "/ L P = 1.13), which implies that

L, can be predicted from L, _using:
L, =L, /114" ...(8.2)

The 1.13 ratio is lower than that in bony fish and various invertebrate species (for which
L,.» L, ~1.36), confirming that marine Chondrichthyes delay maturation to a greater
fraction of their maximum size than other WBE. This is supported by the fact that most
cartilaginous species tend to mature at around 60-90% of their maximum length, typically
averaging around 75% (Cortés 2000; Ebert et al. 2006), a ratio that is higher than typically
observed in iteroparous bony fishes (see Beverton 1963; Prince et al. 2015). Similarly, it is
well recognized that Chondrichthyes are late to mature, a life-history characteristic that has
been well investigated due to the high susceptibility to fishing pressure it causes (Dutilloy
and Dunn 2020). Looking specifically at L /L
significantly smaller ratio for bony fish (0.59) compared to sharks (0.70) and chimaeras
(0.77) in the Mediterranean Sea.

The CO, required for urea production likely enables ureosmotic species to remove
CO, from their bodies faster than those who can only do so via diffusion across the gills.
Consequently, ureosmotic species maintain a relatively high pH in the bodies’ tissues and

Tsikliras and Stergiou (2015) also noted a

max®

fluids despite their relative oxygen supply declining to a level that would trigger maturation
in bony fishes. They delay the critical maturation and spawning threshold to a greater
fraction of their maximum size. Non-viviparous euryhaline rays also seem to confer some
benefit from intermediate urea levels, removing CO, at a greater rate than freshwater rays
and bony fishes (Figures 8.1 and 8.3).

The reduction of urea concentration seems to be reflected in the L, ’/L, P ratio (1.21) in
these species, which, although lower than in freshwater rays (~ 1.27), is higher than observed
in marine rays and other Chondrichthyes, where L /L ?~1.13 (Figures 8.1 and 8.2). These
results emphasize the role of (lack of) oxygen in triggering maturation and the existence
of a critical hypercapnic (elevated CO, in the blood) consequent increase in acidity, which
affects maturation and spawning threshold. Additionally, while it has long been established
that Chondrichthyes are late to mature, these results provide a mechanistic explanation
for this phenomenon.

A pattern confirmed by the Coelacanth

Having discussed the two largest groups of vertebrates commonly called ‘fish,” the
differences and parallels raise the question of how the observed patterns pertain to oddities
such as the Coelacanth (Latimeria chalumnae), which is often described as a ‘living fossil.’
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Although it is a lobe-finned fish, L. chalumnae shares many features with cartilaginous
fishes, including similarities in reproduction (Smith et al. 1975) and osmoregulation.
Thus, L. chalumnae is also ureosmotic (Griffith 1991), maintaining over 350 mM of urea
within their tissues, a level similar to that of marine cartilaginous species (Pickford and
Grant 1967). If the timing of maturation can be delayed due to the physiological effects of
urea, it would be expected that L. chalumnae would also display high values of L, /L and
low values of their L, /L P ratio. Available measurements allow for estimates of L /L .
corresponding to 0.74 for males (Froese and Palomares 2000; Mahé et al. 2021) and 0.75 for
females (Froese and Palomares 2000), similar to sharks (0.70) and chimaeras (0.77) and
significantly higher than bony fishes (see above) with an estimate of D = 0.44 corresponding
to d = 0.85, as estimated from a maximum weight of 98,000 g and Equation (8.1), while an
estimate of L, ”/L P =1.13 is obtained for L. chalumnae.

The value of L, %/ L ” =1.13 is similar to that of non-viviparous marine rays, sharks,
and chimaeras and significantly lower than bony fishes as well as euryhaline (~ 1.21)
and freshwater rays (= 1.27). The low L, /L P ratio values in L. chalumnae and marine
Chondrichthyes suggest a shared triggering mechanism for maturation and a shared
ability to delay maturation compared to other WBE. The commonality suggested here is
the presence of tissues suffused with urea and the resulting ability to offset the critical
hypercapnic maturation and spawning threshold through consistent CO, removal.

Further supporting the existence of a critical maturation and spawning threshold
are viviparous females, whose increased oxygen demands associated with this form

of reproduction results in an increase in L, "/L P (i.e., L P/L > males and oviparous

max max

females), independent of phylogeny or habitat (Figures 8.1 and 8.2). Despite this, the
significant differences between viviparous sharks and marine rays (Figure 8.1B and C),
with the higher L, ?/L P displayed by marine rays, suggest a higher maternal (oxygen)
investment than in viviparous sharks.

We suggest that these results add to a better understanding of the oxygen uptake modes
in pups. In-utero studies are often challenging, and oxygen uptake in viviparous species
appears to be based on a minimal number of species (Carter and Soma 2020; Tomita et al.
2016). In sharks, it has been suggested that oxygen diffusion across the uterus appears
sufficient during the early stages of development. The increasing oxygen requirements
and diffusion rate limits suggest this is inadequate for late-stage embryos (Tomita et al.
2016). During this developmental stage, shark pups are thought to receive only 15-30%
of their oxygen requirements from their mother, with the remaining supply provided by
periodic flushes of the uterus with seawater, as documented in Squalus acanthias and
Orectolobus ornatus (Tomita et al. 2016). Similar inferences have been made in Somniosus
microcephalus (Carter and Soma 2020). While uterine flushing has not been observed in
this cryptic species, it is suspected that oxygen diffusion across its uterus is insufficient to
support the oxygen demands of mid-to-late-stage embryos or even early-stage embryos in
larger litter sizes (Carter and Soma 2020).

In contrast, uterine flushing has not been documented in ray species. While it cannot
be stated with certainty that it does not occur, current knowledge suggests that rays do not
employ this strategy or provide an appreciable oxygen support to their pups. It seems likely
that the development of uterine trophonemata, highly vascularized structures involved
in gas exchange and nutrient supply (Hamlett and Hysell 1998) and unique to viviparous
stingrays, allows females to support their pups with abundant oxygen throughout the entire
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gestational period (de Sousa Rangel et al. 2020). While modifications of the uterine lining
in sharks do suggest a facilitation of gas exchange, direct maternal-pup contact is absent or
minimal compared to rays in which the entire uterus acts as a respiratory exchange surface
via dense trophonemata which has even been observed to enter the mouth, gill slits, and
spiracles of ray pups in utero (Hamlett and Hysell 1998).

While sharks and rays are viviparous, their maternal investment and metabolic
(oxygen) requirements are not comparable. Nevertheless, the increased L, "/L P ratios
associated with viviparity and the fact that these ratios generally increase with decreasing
urea retention, which is identical in males and oviparous females (Figures 8.1 and 8.2),
implicate both oxygen and urea in the timing of maturation.

While the main conclusion of this chapter is that urea production enables various
species to delay the critical hypercapnic (and/or acidic) maturation and spawning threshold,
this conclusion was not experimentally tested. Therefore, empirical investigations into the
role of urea and other aspects of chondrichthyan physiology in relation to internal hypoxia
and maturation would be of great interest to the GOLT, especially if they are extended to
coelacanths and other ureosmotic species, including invertebrates.

Additionally, the rising CO, levels in global seas and freshwater bodies, along with
their acidification, may affect the functioning of urea as an osmoregulator, as suggested
for other compounds with similar properties (see Giareta et al. 2023). Major consequences
could include changes to previously known urea functions, such as acid-base regulation
and osmoregulation, as well as, as suggested in this chapter, size at first maturation. Such
changes may be especially important for ecologically and economically important species
of elasmobranchs, of which 37% are currently being threatened with extinction (www.
iucnredlist.org; see also Constance et al. 2023).

Nevertheless, this research has demonstrated the applicability of the GOLT via a detour
that elucidates the masking role of urea, which, in a warming and deoxygenating world,
will be required to explain changes in the performance of fish and other WBE.
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9

Post-spawning acceleration
and its implications

Synopsis: The conventional view of spawning in iteroparous bony fishes, i.e., the ‘Reproductive
Drain Hypothesis,' is based on the observation that somatic growth (in length) slows down
noticeably at approximately the time fish attain maturity, and hence the assumption is
made that investment in gonadal development slows down growth. In contrast, when this
is translated as growth in weight, the weight at first maturity (or puberty) is usually smaller
than the weight at which growth rate is highest, i.e., weight growth accelerates after first
maturity. We solve this conundrum, with some emphasis on female cod (Gadus morhua) by
proposing that the substantial loss of body mass experienced by fish as a result of spawning
is quickly compensated for by increased somatic growth after the spawning period, notably
because of the increase in food conversion efficiency resulting from a sudden loss of body
weight, which unavoidably leads to a large increase in relative oxygen supply via the gills.

Tackling ‘compensatory growth’

In the previous two chapters, and especially in Chapter 7, we presented several arguments
against the conventional view of the relationship between fish growth and reproduction, i.e.,
that fish grow rapidly until they begin to mature and spawn, with reproduction being the
cause for the reduction in growth (see Chapter 7). As we previously demonstrated, this view
is untenable, and the assumption that growth slows down due to energetic investment into
reproduction produces unrealistic results when related to real-life data. The relationship
between growth, maturation, and reproduction is the opposite of the conventional view;
Iles (1974) has summarized this concisely: “far from growth depending on maturity, on the
contrary, maturity depends on growth.”

This raises the question of how the fish that spawn produce gonadal products, i.e., egg
and sperm, in large quantities without their apparent effects on their overall growth curves,
as described by the VBGF. Here, based on Pauly et al. (2023), we present evidence that the
substantial loss of body mass experienced by fish, especially females, as a result of spawning
is compensated by increased somatic growth after the spawning period, providing a simple
explanation for this phenomenon.'” We propose an alternative hypothesis for the decline
of growth with increasing body size and show that fast growth after spawning is one of
its predictions.

A revision of the idea that reproduction reduces or stops overall growth is also
urgently needed because the ‘Reproductive Drain Hypothesis,” continues to inform
current debates about the impact of climate change on fishes and other aquatic animals.
The global trend to smaller body sizes at higher temperatures is often explained by a
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redistribution of energy to earlier reproduction (see, e.g., Wootton et al. 2022; Audzijonyte
et al. 2019). This perspective on the interaction between growth and reproduction at
increased temperatures is often based on resource allocation models (Kozlowski et al.
2004) or on interpretations based on the Dynamic Energy Budget Theory or DEB (Moreira
etal 2022; Lavaud et al. 2021). According to these approaches, adult growth continuously
competes with reproduction, and the allocation of energy to both processes is a key factor
in life-histories.

The gonadosomatic index of temperate fish can be very high
The work on the contribution from which the bulk of this chapter is adapted (Pauly et al.
2023) began with a search for reports published on the gonadosomatic index (GSI) of fish,
i.e., the weight of ovaries (or testes) relative to female (or males) body weight in iteroparous
gonochoric bony fishes, which explicitly covered both the periods before and after spawning
events. This literature search focused on temperate latitudes and yielded Table 9.1.

Table 9.1 was complemented with original data on relative gonad weights of the 6 main
commercial species of fish from the Western Baltic Kiel Bight, Germany (Figure 9.1), from
a monitoring survey conducted in collaboration with commercial fishers in Kiel Bight,
Germany (Froese et al. 2020).

The GSI data in Table 9.1 and Figure 9.1 were complemented with a literature review
on the immediate post-spawning growth of ‘spring spawning’ fish, i.e., a phenomenon
typical for most fish species at temperate latitudes.

As shown above, the gonadosomatic index of females of temperate species, such as
herring (Clupea harengus), plaice (Pleuronectes platessa), and cod (Gadus morhua) can reach
extreme values, sometimes exceeding 30% of the total body weight. After spawning, the
females lose most of this extra volume, typically followed by an intensive feeding period
(Trippel et al. 2014; Shul’man 1974). The extreme values of GSI in temperate fishes suggest
that, for a while, they allocate their resources to gonadal rather than somatic material.
After spawning, the converse applies, and the body weight reduction that spawning implies
causes a massive increase in food conversion efficiency, which, combined with intensive
post-spawning feeding, leads to a growth spurt that can last until the end of the respective

Table 9.1. Weight of ripe gonads in % of the body weight of (mainly) female iteroparous fish from
temperate seas and freshwaters, in descending order of (midrange) % GSI values; the + symbol
indicates the existence of some higher values.

Species GSI (%) Source

Scophthalmus maximus 30+ Pauly et al. (2023)

Platichthys flesus 27-30+ Pauly et al. (2023)

Clupea harengus 25-30 Pauly et al. (2023); also 20+ in Iles (1974)
Pleuronectes platessa 25-30 Pauly et al. (2023)

Coregonus lavaretus 25-27 Rosch (2000)

Gadus morhua 20-30 Trippel et al. (2014) and Pauly et al. (2023)
Limanda limanda 20-27 Pauly et al. (2023)

Perca fluviatilis 16-28 Le Cren (1951) and Heibo (2005)
Acipenser fulvescens 8-12 McKinley (1998)
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Figure 9.1. Gonadosomatic index (ovary weight relative to whole body weight) for females of the
main commercial fish species in Kiel Bight (Germany) in 2020, 2021, and 2022. Note that all species
spawn in spring, with flounder (Platichthys flesus) and plaice (Pleuronectes platessa) starting in
January and turbot (Scophthalmus maximus) starting in April and/or May, and that peak ovary weight
is near or above 30% of body weight in all 6 species (see Froese et al. 2020 for a description of the
project that generated the data used to produce this figure).

season. However, to understand the dynamics of growth and reproduction, taking this
change in food conversion efficiency seriously is crucial, as will be discussed further in
the section below.

Food conversion efficiency - an often-misinterpreted concept
The GSI data cited in Table 9.1 and their relationship to subsequent post-spawning events
can be better understood when analyzed using our interpretation of Piitter’s growth
model (see preceding chapters). We recall that this model, jointly with d < 1, implies that
as fish grow, less oxygen per unit body weight is available to turn the ingested food into
metabolically usable ‘energy’ (e.g., ATP), which causes large fish to either reduce their
relative food intake per unit of time and/or causes them to excrete food-derived nitrogenous
compounds via their gills (see Webb 1978 and Chapter 2).

Numerous experiments have demonstrated that in addition to this reduction of relative
food consumption and/or excretion of unassimilated compounds, the food conversion
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efficiency (FCE) of fish declines with increasing body weight (see Gerking 1952, 1971). This
decline starts at very high FCE values, e.g., 0.93 in rainbow trout larvae ‘feeding’ on their
yolk sack (From and Rasmussen 1984) to FCE = 0 at W, _(or W), when a fish that has
reached the maximum size possible in its environment continues to eat, but does not grow
anymore. This FCE decline was conventionally described by the Equation

FCE=a W5 ..(9.1)

where a and 3, are estimated empirically from a linear regression of several log(growth
increments/food consumption) vs. log(W).*** Note that FCE implies that the growth
increments and the food ingested should be expressed in comparable units.!®!

Pauly (1986) proposed an alternative relationship between FCE = growth increment/
food ingested, which can be expressed as

FCE =1- (W/W ), ...(9.2)

where FCE is predicted for a given weight (W) from W _(or W, ) and j,, the latter
being estimated as the slope (with the sign changed) of -log(1-(growth increments/food
consumption)) vs. log(W). W_can then either be estimated as the intercept of the regression
with the abscissa or entered externally to obtain a compatible estimate of f,. Note that
either choice implies that FCE at W_should be zero, not an assumption but a fact, by
definition (Equation (9.2).

Note that Equation (9.2) avoids the prediction of FCE > 1 at very small sizes and
FCE > 0 when W>W , both of which can be predicted from (9.1), but are inconsistent
with the definitions of FCE and W_.**2 Also, Equation (9.2), which provides a better fit to
empirical data than the model it replaces (Pauly 1986), is fully compatible with the special
and generalized VBGF (Silvert and Pauly 1987).

To estimate B, for Atlantic cod (Gadus morhua) and to predict FCE as a function of
weight in this species for a specific estimate of W, a dataset from Table II in Edwards et al.
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Figure 9.2. Food conversion efficiency (FCE = growth increment/food ingested) of Atlantic cod Gadus
morhua (from table II in Edwards et al. 1972; open circles, referring to very high and very low FCE
values were considered outliers) fitted with the equation FCE = 1-(W/W, )%, with 8, = 0.089, and W_=
10,000 g (see also Table 9.2 and Figure 9.3).
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Table 9.2. Estimates of the parameter 3, relating food conversion efficiency to the weight of fish
(see Equation 9.2), with the asymptotic weights (W,) related to these estimates.

Species B, w, (9) Remarks and Source(s)

Sarotherodon melanotheron 0.036 215 Pauly et al. (1988), based on field data
Holacanthus bermudensis 0.040 800 Pauly (1986), based on Menzel (1958)
Serrasalmus nattereri 0.067 1000 Pauly (1994a) based on various data sets
Limanda limanda (?) 0.073 756 Pauly (1986), based on Pandian (1970)
Channa striata 0.077 1290 Pauly (1986), based on Pandian (1967)
Limanda limanda (&) 0.089 149 Pauly (1986), based on Pandian (1970)
Gadus morhua 0.089 10,0002 See Figure 9.2

Epinephelus guttatus 0.136 1148 Pauly (1986), based on Menzel (1960)

a) Assuming an asymptotic length of 100 cm for Gadus morhua and a length-weight relationship with @ = 0.01 and b =
3, i.e., likely values for Atlantic cod (see FishBase); see text and Figure 9.2.
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Figure 9.3. Plots of food conversion efficiency (FCE = growth increment/food consumed) vs. age for
a fish with the parameters W_= 10,000 g, K= 0.2 year”, t,=- 0.1 year, and 5, = 0.089. A: Without
accounting for spawning. B: Accounting for a spawning-induced loss of 10% of body weight at first
spawning (i.e., at 2 years of age), 20% at 3 years, and 30% at 4 years and thereafter, which generates
FCE increases of 3% at 2 years, 9.4% at 3, 21% at 4, 28% at 5, and 36% at 6, while the percent
increase at t = w could be defined only indirectly. Also, the schematic accounts for a 3-month post-
spawning period weight-recovery period, after which FCE is again at the ‘predicted’ level.
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(1972) was fitted with Equation (9.2). As Figure 9.2 shows, this yielded j, = 0.089, and as
Table 9.2 illustrates, this value fits well with earlier estimates of this parameter.!8

The results of the FCE plot in Figure 9.2, combined with Equation (9.2), leads to
Figure 9.3, which illustrates in A how the FCE of Atlantic cod declines with age, and hence
with size, and in B, how its annual spawning events, by suddenly releasing gonadal material,
makes the fish up to 20-30% lighter, which, because FCE is weight-dependent, results in a
sudden increase of FCE.'® This, combined with “ravenous” feeding (Trippel et al. 2014) or
“hyperphagia” (Shul’'man 1974) immediately after spawning, leads to faster growth than
would have occurred if spawning had not occurred.!s

Another example is presented in Figure 9.4, where the shape of an Atlantic salmon
immediately post-spawning is contrasted with its shape 51 days later. Figure 9.4A illustrates
the loss of weight and the resulting change in body shape (c.f. = 0.8) following spawning in
an (iteroparous) Atlantic salmon (Salmo salar) in Newfoundland (see Reddin et al. 2011).
Figure 9.4B illustrates the rapid regain of weight and body shape (c.f. = 1.0) resulting from
less than 2 months of post-spawning feeding with an increased FCE.

A conundrum resolved

The suggestion in Chapter 7 that “spawning in fish is a seasonally liberating event,” which
frees females from a quivering mass of eggs that must be supplied with scarce oxygen,
and enables them to grow again was here turned into a testable hypothesis. Because of the
sudden reduction of the live weight (or mass) of fish caused by spawning, which can be
as high as 30% and beyond (Table 9.1), their oxygen supply per body weight will increase
because their gill surface area is not affected by spawning, which increases their food
conversion efficiency (Figure 9.3B).

If the fundamental feature of the GOLT is correct in its assertion that the ratio between
gill surface area (and hence, oxygen supply) and the fish’s body demand for oxygen impacts
their growth, then post-spawning fish ought to experience a phase of accelerated somatic
growth immediately after spawning. Such an accelerated growth phase is well documented
in the literature, although the cause(s) for this distinct phase is (are) usually not identified.
Of course, this phenomenon may often be masked by several factors, including rising water
temperatures (and reduced oxygen) that frequently occur after springtime spawning and/
or increased activity of post-spawning fish, including nest guarding for the same species.'¢

The post-spawning accelerated somatic growth period is due to a greater allocation
of oxygen being devoted to growth. The total weight of fish bodies — which require
oxygen for maintenance - is reduced while their gill surface area is not. This necessarily
increases the FCE, as schematically shown in Figure 9.3, which then converts increased
feeding into a much-increased growth until the entire pre-spawning somatic growth loss
is compensated for.

Accelerated growth in fishes and other ectotherms is well-documented, notably by
von Bertalanffy (1934, 1951). Endocrinological studies have sometimes described this
phenomenon as “compensatory growth,” but often remained ambiguous about the energetic
prerequisites for the increase in somatic mass, or only discussed food supply as the decisive
factor that enables further growth (e.g., Won and Borski 2013; Caldwell et al. 2013; Jobling
et al. 1994). Ali et al. (2003) highlight the role of hyperphagia after a period of reduced
growth, but they do not address changes in food conversion efficiency. For more food to be
converted into growth, an increase in oxygen supply is required, which occurs due to the
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Figure 9.4. Illustrating one aspect of fish spawning that is usually neglected. A: Representation of an
Atlantic salmon (Salmo salar) adapted from a photo taken immediately after spawning of a lean 'kelt’

of 63.8 cm and weighing 2.06 kg. B: The same fish 51 days after it spawned, with a length of 66.7 cm
and a weight of 2.25 kg. The gill surface area of the kelt (in A), which was not reduced by spawning, had
a low body mass to supply with oxygen; hence, the kelt's food conversion efficiency was high (based on
photos by Kristin Bge, supplied by Ian Fleming, Memorial University, St. John's, New Foundland).

abrupt loss of live weight caused by spawning (during which the head retains its shape,
and, one can safely assume, the same gill surface area; see, e.g., Figure 9.4).

As mentioned above, this chapter does not address the seasonal growth of fish, whose
oscillation can usually be related to temperature changes (see Chapters 12 and 13). Also,
Figure 9.3B is incomplete, as it does not account for the effect on growth of the increase
in temperature that follows upon spring spawning, nor for the dynamics of the fat
accumulation.’” The point of this chapter is to show that the simple fact of a loss of live
weight at spawning is sufficient to explain post-spawning growth acceleration. This also
implies that ad hoc hypotheses to explain why fish feed intensely after, but not before,
spawning may be superfluous. One such hypothesis (Trippel et al. 2014) is that “body size
cavity restriction associated with hydrated ovaries may also play a role in limiting ingestion
during the gravid state (Weeks 1996).”

Michalsen et al. (2008) commented as follows on a study by Hoar et al. (1983), which also
included this hypothesis: “They suggested that feeding activity could be affected by less space
being available in the body cavity for food, or possibly associated with a change in hormone
levels during spawning, which might reduce an individual’s appetite. As the feeding of males
in our study was suppressed during spawning to an even greater degree than that of females,
the thesis of lack of space does not seem convincing.”

The suggestion of possible “changes in hormone levels” is yet another example of an ad
hoc hypothesis, which wouldn’t be helpful even if it tested positively because it would be
impossible to know, after establishing that such changes occurred, that this was the cause
for the decline in appetite and not an intermediate step. Rather, it is sufficient to note
that pre-spawning, gravid females are so challenged by having to supply oxygen to their
ovaries that they have little oxygen to direct to the assimilation of ingested food, and they
stop feeding in the months before spawning. Then, post-spawning, they can catch up, and
as their lower body mass is well supplied with oxygen, and for 2-3 months, their somatic
growth is faster than would be predicted without spawning having taken place.!®®
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The argument presented above dealt overwhelmingly with fish species occurring
at relatively high latitudes, exposed to strong seasonal fluctuations in temperature and
resource availability, resulting in well-defined and relatively short spawning periods. In
lower latitudes, where such fluctuations are generally less pronounced, fish spawning
tends to occur over more extended periods, often related to monsoon winds (Longhurst
and Pauly 1987; Navaluna and Pauly 1988). This may be the reason why fishes from
lower latitudes, even though they are likely to also rely on the FCE-driven mechanism
presented above, tend to have a lower GSI than fish of higher latitudes, e.g., 4-6 % in bluefin
tuna Thunnus thynnus (Heinisch et al. 2008), 3-4 % in skipjack Katsuwonus pelamis, or
even 1.3-1.5% in yellowfin tuna Thunnus albacares (Stéquert et al. 2001).1%

The recent debate surrounding reproduction and growth in a warming world appears
to have overlooked the implications of seasonal fluctuations in fish growth. As a group
of biologists and ecologists state in a recent paper, “one key problem with the growth
efficiency approaches that rely on a von Bertalanffy function [...] is that they ignore the single
evolutionary goal of every organism —reproduction” (Audzijonyte et al. 2019). This statement
doesn’t account for the fact that the asynchrony between seasonal changes in body weight
and relative gill surface area generates periods during which food growth efficiency is
very high and which, combined with heavy feeding, can quickly compensate for the cost
of producing gonad material.

While they do this implicitly, the von Bertalanffy growth equations, when not modified
to include seasonal changes, cannot explicitly account for interactions between growth,
feeding, and reproduction. Seasonalized versions of the VBGF for both length and weight
growth exist (reviewed in Pauly 2019); they should allow for re-expressing the VBGF as
a model of growth explicitly accounting for reproduction and responding to a frequent
critique of the standard VBGF (and indirectly of the GOLT).
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10

Gigantism in fish

Synopsis: In this chapter, we distinguish between two forms of gigantism in fish:
‘Brobdingnagian’ and ‘Goliathan.’ The former refers to populations in which all individuals
are larger than is typical for the taxon; the latter applies to exceptional individuals that attain
unusually large sizes within otherwise normally sized populations. While Brobdingnagian
gigantism is largely explained by various ecological and evolutionary rules, Goliathan
gigantism is not. A mechanistic hypothesis is proposed to explain Goliathan gigantism which
reduces oxygen requirements in individual fish via moving to cooler temperatures and/or the
acquisition of larger, more energy-dense prey. These shifts enable some individuals to grow
larger and, in the process, sometimes generate bimodal size distributions that may represent
gradual forms between Goliathan and Brobdingnagian gigantism. This mechanism, which
relies on the way their gill surface area grows, is more likely to operate in fish that can get
big in the first place than in fish that remain small. Finally, we suggest that a Brobdingnagian
iteroparous giant (and extinct) salmon, Oncorhynchus rastrosus, may be the ancestor of the
recent semelparous Pacific salmon species via the paedomorphosis of their offspring.

Two types of gigantism

As a theory of growth, one of the GOLT’s central themes is the question of body size and
the constraints that set a limit to this trait. Extreme and extraordinary sizes are, therefore,
a topic that allows for a more thorough exploration of these physical and physiological
constraints and inferences on the mechanisms behind their evolution. In this chapter,
mainly based on Pauly et al. (2024a), we will discuss this trait and relate it to the central
mechanisms proposed by the GOLT.'° Both the ichthyological literature and fisheries
reports are full of mentions of individual specimens that reach enormous sizes, and
their occurrence in populations of otherwise much smaller fish is a continuous source of
fascination for anglers as well as public media and their audiences. Unfortunately, these
observations do not appear to have been used to formulate a generalized hypothesis that
would explain gigantism in fishes. This is possibly due to the confusion created by the fact
that gigantism has two meanings, not differentiated in the literature.

One meaning is that all individuals of a single population within a species (Herczeg
et al. 2009), or species within a genus or higher taxon (Chapelle and Peck 1999) became
very large in certain habitats, which may be referred to as ‘Brobdingnagian gigantism’
(Swift 1726). The other meaning is that single individuals within (or a small fraction of) a
population become much larger than most other adult individuals in the same habitat (see,
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e.g., Le Cren 1992; Ulman et al. 2022), which we may call ‘Goliathan gigantism’ after the
Bible story (King James Bible, 1 Samuel 17). These two forms of gigantism have different
causes and consequences. Although they are not always clearly separable, we will attempt
to distinguish the central mechanisms that are responsible for these phenomena. We will
first discuss Brobdingnagian and Goliathan gigantism as distinct forms of gigantism and
explore their wider implications for the evolution of large body sizes in fishes and the
ecological and physiological conditions on which they rely. While the GOLT’s implications
for evolutionary and adaptationist modes of explanation will be addressed in more detail
in Chapter 15, the dynamics between evolution and morphological plasticity are also a
central theme in this chapter, which will illustrate the main implications of the GOLT for
the evolution of body sizes in water-breathing ectotherms.

Brobdingnagian gigantism

Examples of Brobdingnagian gigantism are very large stickleback (Gasterosteus aculeatus)
living in ponds devoid of predators (Herczeg et al. 2009), or instances of ‘polar gigantism’
(Chapelle and Peck 1999). In the former case, the absence of predators allowed the evolution
of placid fish, which, similar to domesticated (= farmed) fish, can devote their scarce
oxygen to acquiring food and growing, as opposed to incessantly stressing about potential
predators (Vincent 1960; Walters 2000; Pauly 2019). In the latter case, some fish and other
WBE may reach large sizes, either because low temperatures generally reduce oxygen
demand (Krogh 1941; Chapter4), as seen in the giant isopods (Bathynomus spp.) or the
amphipod Alicella gigantea, which live in the deep sea. Another example is provided by
the sea spiders (Pycnogonida) of Antarctica, whose large sizes may (also) have been useful
in countering the negative effect of the viscosity of very cold water on their respiration
(Verberk and Atkinson 2013).

As Vermeij (2016) has reminded us, “the single most important trait that affects the body
size of organisms is metabolic rate.” Whereas air-breathing animals can grow to gigantic
sizes by maximizing food consumption — because their metabolic rate can keep up with
the oxygen demand of assimilating that food — gigantism in water-breathers follows the
opposite pattern. Aquatic giants are typically ‘gentle giants’: animals with low metabolic
demand, sluggish habits, slow growth, and long lifespans.'*

Given the well-established evidence for the ‘gigantization’ of entire populations within
one species, or single species within a higher taxon, Brobdingnagian gigantism is not
discussed further here. This form of gigantism is actively studied and largely explained by
the ecological and evolutionary adaptations of WBE populations, species, or higher taxa
(see e.g., Shimada et al. 2021; Pimiento et al. 2019; Vermeij 2016; Chapelle and Peck 1999;
van Roy et al. 2015).

These adaptations also provide an answer to the question as to why “there [are] no really
big bony fishes” (Freedman and Noakes 2002), which is that this question is wrong as posed,
as there are, or more precisely, there were extremely big bony fish, in the form of the giant
Jurassic Leedsichthys problematicus.'*? This fish, which may have reached a length of 16.5 m
(Liston et al. 2013), implying a maximum weight of about 20 tonnes, was planktivorous,
similar to that of the largest extant fish, the whale shark Rhincodon typus (Pauly 2002a).'%
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Goliathan gigantism and ‘parasitic castration’

One hypothesis to explain Goliathan gigantism is implied by the phenomenon of ‘parasitic
castration.” If one assumes that somatic growth and reproduction are antagonistic, i.e.,
that adult fish stop growing because they put all their ‘energy’ into the elaboration of
gonads (Hubbs 1926; Lagler et al. 1977; Charnov 2008; Quince et al. 2008),*** then castrated
individuals may reach sizes larger than non-parasitized, fertile individuals. Heins et al
(2010) formulated this as follows: “As a consequence of castration, host energy provides for
growth of greater parasite volume and may promote host gigantism (Ebert et al. 2004; Bonds,
2006; Hall et al. 2007).”

As Merild and Eloranta (2017) demonstrated in a population of parasitized sticklebacks
(Pungitius pungitius) with giant individuals among them, there was no correlation between
body size and parasitic infestation: “As noted by Hall et al. (2007), diversion of energy away
from host reproduction by parasites such as P. pungitius may result in gigantism. However,
in our data, there were no differences in mean sizes of parasitized versus unparasitised
individuals, suggesting that parasitic infections did not lead to improved growth of fish host.
Furthermore, none of the largest (>100 mm) individuals in our data were parasitized [...].”
Instead, the authors found a strong correlation between cannibalistic behavior and the
giant size of individual sticklebacks.

Parasitic castration is a phenomenon well-documented in invertebrates, such as marine
gastropods (Rothschild and Rothschild 1939), but it is not mentioned for fish in the early
review by Boudoin (1975). Since that review, the roach Rutilus rutilus and three-spine
stickleback Gasterosteus aculeatus appear to be the only two fish species in which the
effects of parasitic castration on growth have been studied in detail. The results of these
studies are confusing, notably because the weights of the parasite(s) and those of the fish
host(s) were not always assessed separately.

When this rather basic error was corrected, the supposedly growth-enhancing
effect of parasitic castration disappeared. Barber and Svensson (2003), working with G.
aculeatus parasitized by the cestode Schistocephalus solidus, noted that “when including
the plerocercoid, infected females gained weight more quickly than controls, but when
plerocercoid weight was removed, this trend was reversed.”

Barber (2005), working with the same host and parasite species, found that “the closest
predictor of parasite mass was body size-corrected host growth rate, indicating that the
fastest growing fish developed the largest parasites. Faster growing hosts therefore apparently
provide ideal environments for growing parasites.” Pioneering work on hitherto unknown
biological phenomena is often prone to explanations that confuse cause and effect. In this
case, rather than a heavy parasite enhancing the growth of its host, fish that are fit and
grow well can be assumed to also tolerate a heavier parasite load.

Moreover, castration is not the only effect of parasitic castrators; they also reduce the
evasive behaviors of their hosts vis-a-vis predators, which often are the parasites’ final
hosts. This reduced activity level, combined with hyperphagia (Barber and Svensson 2003),
would result, given that darting about uses a large fraction of the oxygen required by fish
(Koch and Wieser 1983), in larger body sizes of parasitized fish without their ‘energy’ having
to be shunted from reproduction to growth. For all these reasons, and because it appears
to occur —if at all - in only small fish species (Lafferty and Kuris 2008), parasitic castration
will likely remain peripheral to a general explanation of Goliathan gigantism.
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A metabolic interpretation of Goliathan gigantism
To examine the issues of Goliathan gigantism, we rely, as in previous chapters, on Plitter’s
definition of growth:

dw/dt = HW — kW ...(10.1)

where dW/dt is the growth rate, HW is the rate of protein synthesis, requiring oxygen
that diffuses across the gills, and kW is the rate at which proteins are being spontaneously
denatured, a process not requiring an oxygen supply (see Chapter 4).

Growth ceases when HW? = kW, which must occur when W increases and d < 1;
however, the fish can continue living, given that they can maintain their metabolic rate
and other life-supporting processes. The low weight-specific oxygen consumption (Q) at
this maintenance level is Q, ..

This interpretation of Equation (10.1) focuses on gill surface area as a limiting factor for
the oxygen supply to fish, rather than on ‘internal’ processes such as hematocrit, circulating
blood volume, heart size, or heart stroke rate, because oxygen in the water entering a fish’s
mouth first passes over the gill surface area before being transported to the cells where it
is used. If the gill surface area becomes limiting as the fish grows (and it does), it does not
matter whether the internal oxygen transfer mechanisms are highly efficient or not; the
first barrier is still a limiting factor (see Chapter 3).

Given Fick’s law, relative gill surface area and relative oxygen consumption are directly
proportional. Accordingly, the ratio of weight-specific oxygen consumption rate (Q) from
a smaller length (L,) or weight (W)) to a larger length (L,) or weight (W) is given by 1- (Q,,/
Q,,)? for length and 1- (Q,,/Q,,,) for weight. This leads to:

Percent reduction O, consumption = 100-(1-(L,/L,)**) ...(10.2a)
for length, and
Percent reduction O, consumption = 100-(1-(W,,/W,)*4) ...(10.2b)

for weight, if the length-weight relationship of the fish in question can be assumed to
have an exponent b = 3, as is common in fish (Froese 2006). These two equations provide
the framework for our considerations of the Goliathan gigantism.

Figure 10.1, which is based on Equation (10.2a) for growth in length (Figure 10.1A)
and Equation (10.2b) for growth in weight (Figure 10.1B) establishes that fish species that
grow to large sizes (and have high values of d) can increase their size at a relative cost that
is much lower than for small species (with low values of d). The question then becomes:
how are extraordinary individual growth performances realized?

In the case of Nile perch (Figure 10.2A), we know that they switch, at sizes of about 50 cm
and beyond, from feeding on zooplankton, a diffuse, low-energy prey, to fish, an energy-
dense prey (Lauzanne 1976; Soriano et al. 1992). This may be sufficient to reduce the oxygen
they require for their maintenance (including chasing prey) by 10%, which allows them to
‘hop’ on a second growth curve, and reach a weight that is more than 3 times the asymptotic
weight of their first growth curve.
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Figure 10.1. Illustrating the relationship between the scale parameter d (of Equation 10.1) and the
% reduction of oxygen demand (Q) that fish must achieve to grow from a maximum size (length L, or
weight W) to a larger maximum size (L, or W,). A: % reduction of metabolic rate required for a 125,
150, 175, and 200 % increase in maximum weight. B: The same as required for increases in length.
Note that the latter reductions are much higher because a doubling in length implies an eightfold
(2x2x2) increase in weight, and similarly for other length increases. Also, note that for both length
and weight, the reduction of oxygen demand required for a size increase is smallest when d is high.

Similarly, yellowfin tuna (Figure 10.2B), which feed on zooplankton when small
(Maldeniya 1996) and on nekton when larger (Sabatié et al. 2003), switch from diffuse,
low-energy prey to more energy-dense prey, as do white sturgeon (Figure 10.2C). The latter
feed on zooplankton and invertebrate zoobenthos when small (Radtke 1966), but switch
to fish when they become larger, i.e., “herring, anchovies and Eulachon during the annual
spring smelt run” (Pietsch and Orr 2010), which is equivalent to the transition of food type
in Nile perch and yellowfin tuna.

A similar phenomenon has been described as “cannibalistic polypheny” in fish and
amphibians, where a few individuals start feeding on their conspecifics and grow to larger
sizes (Claessen et al. 2000). It is well documented that the “exceptionally big perch” in Lake
Windermere, England (Figure 10.2D), and on other lakes in Europe are cannibalistic, i.e.,
feed on other perch (Le Cren 1992; Claessen et al. 2000), which provide an energy-dense
food, more so than the planktonic and benthic invertebrates that smaller perch feed on
(Allen 1935).
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Figure 10.2. Biphasic growth curves in 4 fish species. A: Nile perch Lates niloticus in southern
Lake Chad (from Soriano et al. 1992 and Loubens 1974); B: Yellowfin tuna Thunnus albacares in
the Eastern tropical Atlantic (Gascuel et al. 1992); C: White sturgeon Acipenser transmontanus in
the Fraser River, British Columbia (Semakula and Larkin 1968), and D: Perch Perca fluviatilis in Lake
Windermere, England (Le Cren 1992).

Table 10.1. Parameter estimates for the two growth phases of the 4 fishes in Figure 10.2.

Parameter (units) Perch (TL) White sturgeon (FL) Nile perch (SL) Yellowfin tuna (FL)

First-phase growth

L (cm) 18.1 102 110 60
K (year™) 0.62 0.499 0.153 1.026
W, (kg) 0.055 7.85 21.7 3.49

Second-phase growth

L (cm) 46.3 204 172 170
K (year™) 0.242 0.188 0.39 0.628
W, (kg) 1.45 69.8 76.7 73.0

Other parameters

a (of W=a-L?)? 0.00233 0.0039 0.0404 0.0224
b (of W=a-L*) 3.478 3.14 2.81 292
Scaling parameter d 0.822 0.852 0.859 0.90%
Ratio of W, estimates 1:26 1.8.9 1:35 1:21
0, demand reduction (%) 32 28 13 16

Note in ‘Other parameters": a) from FishBase; b) from Equation (10.3); c) from Soriano et al. (1992); d) from Muir and
Hughes (1969); e) as required for the transition from first to second of W_(in % of the first estimate).
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Figure 10.3. Relative oxygen demand of two fishes at weights W, and W, = 2:W,, but with different
values of the scale parameter d. A: Nile perch, with W, and W, approximately corresponding to
Figure 3A and Table 10.1, and requiring, for d = 0.85 a 10% reduction of its oxygen demand to be
able to double its weight. B: The Philippine goby or sinarapan (Mistichthys luzonensis), which, with

d =0.60 (Pauly 1982a), would require a decline of its oxygen demand of 24 % to double is maximum
weight of 30 mg (see insert, with a reduced ordinate scale).

Overall, Table 10.1 suggests that the reduction of metabolic rate required for the
transition from the first to the second growth curve in the 4 cases of Figure 10.2 is likely,
given the energy density of prey fish compared with diffuse prey such as zooplanktonic
and zoobenthic invertebrates.

On the other hand, it is hard to conceive of small fishes such as Mistichthys luzonensis
as being able to find, among the tiny prey that they can feed on, one that would reduce
their oxygen requirement by 249%, as required to double their weight (Figure 10.3B), given
their d value of 0.6 and the constraints expressed by Figure 10.1A.

Another common solution for fish to reduce their oxygen requirements is moving to a
different, cooler part of their ecosystem, a phenomenon also discussed in Chapter 5. This
explains the depth distributions of many fish species, which usually move to cooler deeper
waters as they grow (Heincke 1913; Longhurst and Pauly 1987; Pauly 2019; Ulman et al.
2022), and is aligned with the result of a recent review, which showed that optimum growth
temperatures universally decline with increasing body size in fish (Lindmark et al. 2022;
Figure 10.3A). Another case is very large fishes (including rays) of the Mekong River, which
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occur mainly around and in deep pools (Viravong et al. 2006; Campbell et al. 2020), where
the water is much cooler than near the surface. Here again, it is difficult to imagine that tiny
fishes would be able to migrate to cooler waters to reduce their metabolic rate similarly.

The points above argue against Goliathan giants among smaller fish species, but cases
exist. As the data in Merild and Eloranta (2017) show, stickleback gigantism may not only
involve Brobdingnagian forms (see above) but also Goliathan forms, which are typically
a result of cannibalistic behavior in only a few individuals within a population. Another
example is a report of a male Madeiran sardinella Sardinella maderensis measuring 37.3 cm
(FL) in a species supposedly reaching up to 32.1 cm (FL; Whitehead 1985; converted
from 30.0 cm (SL).1%

We did not discuss the seasonal variability of environmental parameters, notably
temperature, as the seasonal growth oscillations that it induces (Pauly 2019) do not appear
to be related to the maximum sizes reached by fish species. This is different for very small
metazoans such as pteropods, whose maximum sizes appear to depend on the temperature
during their first months of life (Wang et al. 2017; Chapter 14). Very small fish, such as
sinarapan (Mistichthys luzonensis) in freshwater (Te Winkel 1945) and dwarfgobies (Eviota
spp.) on coral reefs, inhabit tropical environments where seasonal temperature fluctuations
are minimal.

Goliathan gigantism may lead to Brobdingnagian gigantism
To our knowledge, the distinction between Brobdingnagian and Goliathan gigantisms has
not been made previously, at least not in ichthyology, and the evidence for their separate
existence is tentative. It could well be that the two-phase growth in three of the four
cases in Figure 10.2 is, in reality, a case of Brobdingnagian gigantism, with only the perch
(Figure 10.2D) being a clear case of Goliathan gigantism. Indeed, it could well be that the
successful reproduction of one or a few Goliathan giants in a specific habitat may result
in a Brobdingnagian population, if the necessary traits are stabilized by natural selection.

This may explain the existence of the various giants described in salmonids, for
example, Arctic charr (Salvelinus alpinus) and brown trout (Salmo trutta), and it may
be common in even more fish taxa (see Claessen et al. 2000, 2002; L’Abée-Lund 1992;
Frandsen et al. 1989 and references therein). The transition from Goliathan individuals
into Brobdingnagian population may be likely to occur in species with a wide variety of
polyphenic or bimodal types, for example in salmonids where individuals or parts of a
given population switch to piscivory and cannibalism (Grey 2001; Claessen et al. 2000;
Hughes et al. 2019; Griffiths 1994, table 9; L’Abée-Lund 1992). So-called ‘ferox trout,” for
example, earlier described as a separate species because of their huge head and jaw, are
now seen as giant morphs of Salmo trutta that feed on conspecifics, which themselves may
have been piscivorous (Grey et al. 2002; Mangel and Abrams 2001). Gigantism in species
with such polyphenic and bimodal growth and sizes suggests that the distinction between
Goliathan and Brobdingnagian gigantism might be gradual, but the implications of the
relationship in Figure 10.2 appear inescapable nonetheless.

Incorporating oxygen and reduced metabolic costs into the discussion of fish gigantism
may also help solve a riddle addressed by studies whose findings struggled to explain
bimodal size distributions in populations that would qualify as gradual forms between
Goliathan and Brobdingnagian gigantism. Claessen et al. (2002) point out that the existence
of only a few large “cannibalistic giants” (‘Goliaths’ in our terminology) can be explained
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by invoking a food-based model. Brobdingnagian cases, i.e., populations in which a large
group of individuals reaches the prey shift that allows them to grow further, require
different explanations. To solve this puzzle, the authors hypothesized the existence of an
intermediate food source that could smooth the transition between the two growth stages.

In our model, this assumption is not strictly necessary, as the reduction in metabolic
costs associated with foraging should occur as soon as the first larger prey is available. If this
is the case, the second growth stage becomes available for more individuals even without
an intermediate food source. While the new prey may be scarcer due to the presence of
a larger number of competitors, it allows the preying individuals to reduce their activity
levels, compensating for the relative scarcity of the new food resource. This assumption
would need to be tested further, but it may help explain how bimodal size distributions
within stable populations can emerge.

The GOLT, ‘Cope’s rule,’ and the evolution of body sizes

‘Cope’s rule,” the observation that species tend to increase in body size over evolutionary
time, is often invoked to describe an evolutionary trend that drives the members of various
animal genera and families, both terrestrial and aquatic, toward larger body sizes.'*
The mechanisms behind this pattern have long been debated, and its validity has been
challenged as a statistical or even a “psychological” artifact (Gould 1997; Jablonski 1996).
For many fish groups, evidence for this pattern is mixed (Knouft and Page 2003). Regardless
of the validity of this ‘rule, it is clear that its postulate can only be maintained if the
boundary conditions of its applicability are well-defined, since most organisms with larger
body sizes have smaller ancestors even within shorter phylogenetic lineages.*’ But even
if Cope’s rule is not universal, the selective advantage of larger body size can be detected
in many taxa, and the possible mechanisms that drive species and genera to larger sizes
are numerous.’® Such advantages may include an increase in predation success and a
greater range of available food resources, more effective defense mechanisms against
predators and competitors, increased longevity, and several other traits (see, e.g., Hone
and Benton 2005). While all of these advantages are indeed likely evolutionary drivers
of larger body size, size-based selection still requires a certain degree of phenotypical
plasticity that produces the development of a range of sizes from which the largest can
then be selected. The existence of individual ‘Goliaths’ in a population of smaller-sized fish
could have adaptive consequences: if these larger individuals carry inheritable traits that
facilitate earlier prey shifts — and therefore reduced maintenance costs at an earlier age
or size — this may constitute a scenario in which the occurrence of individual Goliaths can
result in the formation of Brobdingnagian populations.

This proposed mechanism for size increase in water-breathing ectotherms aligns
with the view proposed by Kingsolver and Pfenning (2004), who identified selection on
an individual level as the main driver of evolution towards larger body sizes. It may also
illustrate an evolutionary mechanism described as “plasticity-led evolution” (Levis and
Pfennig 2020; West-Eberhard 2003). This implies that phenotypes that are shaped by
developmental plasticity or the occupation of individual (or ontogenetic) niches, such as
access to earlier prey shifts, can be translated into phylogenetic and evolutionary trends.

As Kingsolver and Pfennig (2004) argued, evolutionary drivers of larger body size
are likely countered by selection for decreased development time. Individuals that grow
and mature early would then have more reproductive success than their slower-growing
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competitors and suppress the emergence of Brobdingnagian populations. As discussed in
Chapters 4 and 5 and the rich literature on temperature-size effects in aquatic ectotherms,
higher temperatures correlate with faster growth and development rates but also with
lower final sizes. This would imply that lower temperatures should favor the transition from
Goliathan to Brobdingnagian gigantism. Should the climate become warmer, slow-growing
individuals that would have developed into giants would be outcompeted by conspecifics
that develop and mature earlier. How this pattern translates into wider biogeographical
patterns will need to be examined further. Still, the dynamics between development and
growth rate, on the one hand, and ‘giant’ growth on the other, may serve as a promising
hypothesis for further research on this topic.

Our proposed mechanism for Cope’s rule and the factors that act as checks and
constraints on the evolution of larger body sizes may have even wider evolutionary
implications. As shown by researchers who studied increasing body sizes over evolutionary
time in mammals, a surprisingly consistent pattern emerges in many families and
genera; while Cope’s rule can indeed be confirmed in many (mammalian) taxa, body size
turned out to correlate positively with extinction risk (Cardillo et al. 2005; Clauset and
Erwin 2008). Despite the short-term advantages of larger body size, larger mammal species
face a higher risk of extinction than their smaller relatives. The mechanism behind this
pattern is assumed to be related to metabolic demand and trophic specialization: a giant
homeotherm is dependent on great amounts of food to survive - if the available resources
are dwindling, its earlier advantage over smaller competitors is reversed and it is now the
smaller individuals that are less affected by resource scarcity. Another factor that makes
larger species more vulnerable to extinction is their relatively lower population density,
which tends to be inversely correlated to body size (Cardillo et al. 2005). Losses in numbers
can therefore lead to the extinction of species consisting of larger individuals more easily
than those with smaller ones.

A similar mechanism may occur in fishes: as outlined in Chapter 5, larger body sizes
can pose risks for many fishes, especially in a warming climate. While food availability
may not normally be the limiting factor, large-bodied water-breathing ectotherms are
more susceptible to oxygen limitation than smaller ones (see also Miiller et al. 2023).
As biogeographical surveys indicate, fish size is negatively correlated with low oxygen
levels and temperature, and smaller species are more numerous in warmer climates
(Adhikari 2015; Blanchet 2010). While this pattern clearly emerges from gradual adaptation
to specific thermal environments, paleozoological research suggests the existence of a similar
mechanism as in the above-mentioned mammals, since fish species and genera with larger
body sizes are more prone to extinction than smaller ones (Sallan and Galimberti 2005;
Friedman et al. 2010; Shimada et al. 2023). For adult fish, the primary driving factors are
more typically temperature and oxygen availability, rather than food limitation (Shimada
et al 2023; Natscher et al. 2021)'%. As recent surveys have shown, the long-term patterns in
the evolution of body sizes in WBE reflect climatic conditions and oxygen saturation levels
(Troyer et al. 2022; Vermeij 2016; Verberk and Atkinson 2013; Ward 2006).

In the light of our proposed physiological mechanism, individual ‘Goliathanism’ and its
risks can be explained coherently: if a reduction of maintenance costs and a high value of
d (see Figure 10.1B) enable organisms to grow larger because more energy (i.e., oxygen) is
available for growth, this opportunity for size increase disappears when temperatures —
and maintenance costs —increase. In this case — and most cases of climate warming — being

156 BREATHING WATER IN A WARMING WORLD



large can be a liability rather than a selective advantage. Under warm conditions, the
roles are reversed: other organisms can enjoy the “physiological benefits of being small in
a changing world” (Clark et al. 2012) and outcompete the giants whose body sizes earlier
allowed them to explore new food sources, to grow older, and to reproduce at higher rates.
We will return to the evolutionary implications of the GOLT in more detail in Chapter 15,
but as this chapter has shown, connecting physiological adaptations to inferences on their
evolutionary success can elucidate complex phenomena on a mechanistic level that would
otherwise appear as mere statistical patterns.

Brobdingnagian gigantism and the transition from itero- to
semelparity

Semelparity, i.e., death right after first spawning, is not very widespread in fish. Most
temperate species that reach sizes > 10 cm are iteroparous, meaning they spawn repeatedly,
typically at annual intervals (Breder and Rosen 1966). One group within which semelparity
is the rule are the 8 species of Pacific salmon in the genus Oncorhynchus, whereas the 8,
generally smaller ‘trouts’ in this genus are iteroparous (see FishBase). While the semelparity
of the Pacific salmon species is well established and commented upon in multiple scientific
articles, there is a dearth of accounts on how they may have acquired this trait, if assuming,
as suggested, e.g., by Crespi and Teo (2002), that it is a derived trait, with iteroparity being
the original condition.

The extinct planktivorous spike-toothed salmon Oncorhynchus rastrosus (Cavender
and Miller, 1972) was a Brobdingnagian giant which reached a maximum length estimated
at 240 cm and a weight of 200 kg (Stearley and Smith 2016; see also Cleason et al. 2024 and
Sankey et al. 2016), and it probably was iteroparous (Crespi and Teo 2002). O. rastrosus
lived from the mid-Miocene (i.e., 13.0 — 14.8 million years ago; Créte-Lafreniere et al.
2012) to the early Pleistocene when the cold climate would have been propitious to the
emergence of giant fish species, as suggested in the previous section for various fish (see
also Figure 10.3A). O. rastrosus, reported from fossil beds spanning the entire North Pacific
from California (Sankey et al. 2016) to Japan (Takakuwa 2021), is therefore a possible or
likely ancestor of the Recent species of Pacific salmon.

Given Figure 7.1, O. rastrosus may have had a gill surface area and hence an oxygen
consumption which scaled with their body weight with d ~ 0.85, which is compatible with
the estimates of d for Recent Oncorhynchus species, which range from d, = 0.80 (Meyer and
Schill 2021) to d,, = 0.90 in O. mykiss (Morgan 1971; De Jager and Dekkers 1975).

If it is assumed that the ancestral Pacific salmon used the same triggering threshold
as recent bony fishes for ‘choosing’ the size (and the age) at which to first mature and
spawn, it follows that a value of d = 0.85 (and D = 0.45) would lead, via Equation (7.8) to
an estimate of L, ~ 100 cm in O. rastrosus. This result would remain largely unchanged
if the uncertainty around the estimate of d and L, in O. rastrosus were considered. The
estimates of 100 cm and its corresponding weight (W, ~ 15 kg) for O. rastrosus are roughly
equal to or higher than all but one of the reported maximum sizes of Recent Oncorhynchus
species (see FishBase).

This suggests that Recent Oncorhynchus species may have been derived from
paedomorphic forms of O. rastrosus; the genus Oncorhynchus is, within the Salmonidae,
isolated enough for the trend toward semelparity to have remained unique (Créte-
Lafreniére et al. 2012; Zhivotovsky 2015).
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This account is here proposed as a tentative hypothesis, and we cannot elaborate on
the details of how the putative early paedomorphic species descended from O. rastrosus
may have evolved. They did manage to maintain their ancestors’ diadromous habits while
gradually adapting themselves to the lower, central, or upper sections of the rivers in which
they spawn and die, all the while enjoying, as Clark et al. (2012) noted, the “physiological
benefits of being small in a changing world.”
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Air-breathing fish:
between two worlds

“Now suppose that Nature wishes to adapt a fish, which breathes by gills, to life in the
air; she does not create an organ specially for this purpose, but utilises the moist gill-
chamber (e.g., in Anabas scandens), modifying it in certain ways so that the fish can take
advantage of the oxygen it contains. But this gill-chamber lung is at best a makeshift, and
when she comes to the more definitely terrestrial Amphibia nature gives up the attempt
to use the gill-chamber as a lung, and creates a new organ, the true vertebrate lung,
specially adapted for breathing air.”

E.S. Russell, Form and Function (1921, p. 199).

Synopsis: This chapter elaborates on the major implications for fish of breathing air as opposed
to breathing water. It covers anatomical differences that can vary between the air- breathing
groups, e.g., lungfishes and catfishes. Emphasis is given to the growth performance of a few
large air-breathing fishes, notably the Arapaima (Arapaima gigas) of the Amazon, whose growth
curve cannot be fitted with the asymptotic von Bertalanffy growth function (VBGF), and to the
Mekong giant catfish (Pangasianodon gigas) whose growth curve appears to be asymptotic,
and roughly comparable with that of bluefin tuna. Such high growth performance can only be
achieved because P. gigas breathes air. Other aspects of air-breathing fishes are discussed,
notably that small species, such as Betta spp., can handle confinement in small water volumes
much better than water-breathing fish. These observations limit the scope of the Gill-Oxygen
Limitation Theory which applies only to water-breathing fish and invertebrates.

The growth of air- and water-breathing fish

Not all aquatic ectotherms rely entirely on water as their source of oxygen - several
thousand species of fish and a large number of crustaceans are capable of breathing air, a
medium that contains not only far more oxygen, but also makes gas exchange incomparably
easier, as we have seen in Chapter 1. The GOLT claims to be able to generalize and theorize
life-history traits across all phyla of water-breathing ectotherms. How does the theory then
relate to animals that rely on bi-modal respiration? As should have become apparent from
the previous chapters, oxygen limitation is a critical factor in the life-histories of water-
breathing organisms. Still, if the constraints of aquatic respiration represent the ultimate
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limitation to growth and energy expenditure, we should expect radically different growth
patterns between water-breathing and air-breathing fish.

These differences are indeed hard to miss: many air-breathing species belong to the
fastest-growing fishes in the world, some with growth rates that can be compared to those
of endotherms (Bayley 2020). Arapaima gigas, for example, can gain up to 80 cm in length
within only one year, and their growth is strikingly different from the common pattern found
in other fishes (Queiroz 2000; Arantes et al. 2010). Another huge freshwater fish, the giant
Mekong catfish (Pangasianodon gigas), can gain as much as 150 to 200 kg in only six years
(Rainboth 1996). We will discuss the growth of these two species in more detail further below.

Such growth rates are rare in exclusively water-breathing freshwater species, even
though freshwater can contain up to 25-30% more oxygen than saltwater under ideal
conditions (Debelius et al. 2009). The fast growth rates of large freshwater species with the
capacity of aerial respiration seem to confirm the prediction of the GOLT that access to more
oxygen should result in higher growth rates. In the following, aerial respiration is discussed
with reference only to fish; however, as the recent literature on arthropods suggests, many
of the generalizations we present should be easily transferable to air-breathing crabs, e.g.,
to the coconut crab Birgus latro and other crustaceans with amphibious lifestyles (Drew
et al. 2010; Giomi et al. 2014).

Oxygen and growth in freshwater and marine fish species
Several suggestions have been offered to explain the disparity in growth and metabolism
between marine and freshwater species (Winberg 1960). Given the higher solubility
of oxygen in freshwater, marine fishes’ comparatively higher growth rates seem to
contradict theories that link growth to gill surface area and oxygen availability. Another
counterintuitive observation in this context is the unequal distribution of accessory
breathing organs between freshwater and marine species. Air-breathing is an adaptation
that is extremely rare in fishes that are exclusively marine and non-amphibious, i.e., that
do not occasionally enter hypoxic freshwater (as do the tarpons, i.e., Megalops atlanticus
and M. cyprinoides) or hop on mudflats, as do mudskippers (Graham et al. 1978; Turay et al.
2006). Except for some coral reef fishes (Nilsson et al. 2007b), non-amphibious marine fishes
only use air-breathing as juveniles in fresh- or brackish water, for example, in tarpons.

The lower oxygen solubility in saltwater does not seem to matter much, as marine
waters tend to be better oxygenated than most freshwater fish habitats. There are at least
three factors that limit the oxygenation of freshwater bodies: (i) tropical rivers, lakes, and
stagnant pools are often warmer than marine waters of the same latitudes; (ii) freshwater
habitats, except fast-flowing hill streams and some lakes, are smaller and tend to be more
stagnant than the open seas, which limits gas exchange between water and atmospheric
air. Whereas organic decay processes in pools and smaller rivers can consume all available
dissolved oxygen, larger water bodies are less affected by aerobic rotting processes because
of the relatively smaller bottom surface and amounts of organic materials relative to the
water volume and (iii), freshwater habitats are generally more acidic than marine water
bodies which, again, limits oxygen saturation and produces higher CO,levels.

The average pH of oceans is currently 8.1 (8.2 before the industrial age), whereas such
high levels are comparatively rare in freshwater. Many air-breathing fishes inhabit neutral
and acidic water bodies, and some are adapted to niches where extreme acidity is favorable
(with levels down to pH 3 and sometimes lower), such as the small gouramis of the genera
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Sphaerichthys and Parosphromenus. Other air-breathing fishes also tolerate such low pH
levels, even though they do not critically depend on them (for example, Channa spp. or
Osphronemus spp.). Air-breathers are often among the rare fish species that inhabit acidic
habitats, sometimes in the company of very small cyprinids.

While many air-breathing fishes show indeed impressive growth performances and
large final sizes, not all species with the capacity of aerial respiration show this trend —
some are only a few centimeters long and belong to the smallest known vertebrates,
such as the smallest gourami species, which remain smaller than 2 cm (Finke and
Hallmann 2013). Another assumption about air-breathing bony fishes that is challenged
by more detailed observations is that air-breathing impacts the aerobic scope of fishes —
positively or negatively. While earlier research suggested that air-breathing fishes tended
to be more “sluggish” than others (Johansen 1970), this is a perspective that is no longer
accepted and is certainly not valid for migratory species like the pangasiid catfishes of the
great rivers of South and Southeast Asia (Bayley et al. 2020). Despite these revisions, air-
breathing does not necessarily add energetic scope for growth or activity. In many cases, it
requires several physiological mechanisms to regulate its effects on the organism’s overall
energetic balance.?

In this chapter, we will discuss the opportunities and limitations posed by bimodal
respiration in aquatic animals, as well as the conditions under which air-breathing can
become a mechanism to overcome the constraints of oxygen limitation in water-breathing
ectotherms. As we demonstrate, aerial respiration is an adaptation that enables air-breathing
fish to colonize specific niches that would otherwise be unavailable and is a mechanism
that can enhance both their aerobic scope and scope for growth (see Chapters 2 and 6). This
adaptation cannot ‘solve’ the problem of oxygen limitation entirely, and the physiological
modifications that involve the combination of two different modes of breathing pose their
own energetic challenges. Therefore, the central tenets of the GOLT still apply to fishes
and crustaceans that evolved bimodal respiration. On the other hand, the adaptation of
air-breathing also illustrates several features of the GOLT ex negativo, i.e., by showing to
what extent some biological traits of air-breathers are indeed exceptional.

Air-breathers defy the rules
As an adaptation to low-oxygen environments or water bodies that can heat up quickly
during the day, air-breathing fish can occupy habitats inaccessible to obligatory water-
breathing fish. More than 99% of all air-breathing fish species are distributed in tropical
regions, and only the North American gars (Lepisosteidae), the northern snakehead (Channa
argus), the Alaska blackfish (Dallia pectoralis), and some blennies (Blenniidae) inhabit cold
temperate or even Arctic regions. A similar pattern emerges in the distribution of air-
breathing crustaceans, which has inspired the hypothesis that the evolution of bimodal
respiration is an adaptation that allowed tropical arthropods to tolerate heat stress more
effectively (Giomi et al. 2014).2

The differences in oxygen demand between temperate and tropical species are
substantial, despite the necessary adaptive strategies of tropical species to reduce their
maintenance costs. As Brett and Groves (1979) estimated, tropical species in the weight
range of 10 and 100 g require between 60% and 70% more oxygen for maintenance than
temperate species of the same size (see also Kramer 1983).
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Figure 11.1. Length-at-age data on the air-breathing fish Arapaima gigas stocked in a lake of the
Peruvian Amazon (modified from Wosnitza 1984). The (eye-fitted) growth curve is incompatible with
all forms of the von Bertalanffy growth function. The head of A. gigas is small, limiting the space
available for gills, in contrast to that of large marine fishes capable of reaching large sizes.

As comparisons between large numbers of genera and species have shown, the growth
of water-breathers from tropical and temperate regions differs in at least two major ways.
First, tropical fishes grow faster due to the lack of seasonal influences and often mature
much earlier than species in temperate regions. According to Henderson (2005), the average
values of K in the VBGF that describe their growth range between 0.8 and 1.6 year™. Second,
despite their initially faster growth, water-breathing tropical fish typically reach lower
maximum sizes (Henderson 2005). Especially tropical forest streams, such as Amazon
tributaries or strongly acidic peat swamps in Southeast Asia, tend to have species of
small sizes, which are less likely to occur in cold temperate or Arctic regions (Britz and
Conway 2009). Such ecosystems contain not only the world’s smallest fish species but also
the greatest diversity of small fish species on the planet (Henderson and Walker 1986;
Thornton 2018). Such biotopes do not occur in temperate regions, where fish usually grow
more slowly but where small species are comparatively rare.

Air-breathing fishes are a notable exception to this pattern: not only do they include the
biggest freshwater species of South America, tropical Asia, and southern Africa (Arapaima
gigas, Pangasianodon gigas, Heterobranchus longifilis, and Clarias gariepinus), they are
also among the few aquatic ectotherms that can grow very fast and yet reach large sizes
(Wosnitza 1985; Queiroz 2000; Arantes et al. 2010). Pauly (2019), after several attempts,
concluded that the growth of Arapaima gigas, as documented in Figure 11.1, cannot
adequately be fitted with the VBGF.

Only marine species such as the Atlantic bluefin tuna (Thunnus thynnus) show similar
growth rates and maximum sizes (see below). The fact that air-breathing freshwater fishes
can still maintain growth rates like those of the fastest-growing marine species under
conditions where hypoxia is frequent, for example, in the habitats of pangasiid catfishes
and snakeheads, highlights the role of their accessory breathing organs.

Their resilience to hypoxia and high temperatures is one of the primary reasons for
the recent increase in air-breathing fish species in aquaculture (Bayley et al. 2020). Air-
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breathers such as snakeheads, knifefish, or arapaima often exhibit the highest growth rates
near the maximum of their thermal range. One study on Pangasianodon hypophthalmus
even shows a six-fold increase in growth rates when exposed to temperatures close to the
tolerated maximum (Bayley et al. 2020). As a recent study has highlighted once again, access
to air increased the thermal tolerance of air-breathing fishes, in this case, two Amazonian
catfish species (de Lima et al. 2025)

In contrast to unimodal water-breathers, species with accessory breathing organs can
often be cultured in poorly aerated containers and under high stocking densities. Studies
on big obligate air-breathing species such as Arapaima gigas, Pangasius bocourti, and
Channa striata show that high stocking densities in aquaculture have far fewer effects
on growth than in unimodal water-breathers, and sometimes a negligible effect on total
length (Jiwyam 2011; Aminur Rahman et al. 2012).2°2 Even though the setup of some of these
studies included open cages, in which high stocking densities did not necessarily lead to
drastically lower oxygen levels, the results were comparable and suggest that the effect of
poor oxygenation is less important.?® Aminur Rahman et al. (2012) report undiminished
growth rates in Channa striata at oxygen levels between 5.28 and 5.66 mg/L.

In the following, we focus on three specific issues related to the features of air-breathing
fish that differ from those of water-breathing fish in a manner relevant to the GOLT, i.e.,
ones that supports its major tenets and highlights some of its corollaries, sometimes
surprisingly. These issues are why air-breathing fish can still grow well in small and poorly
aerated containers, and whether the growth of large, air-breathing freshwater fishes can
approximate that of the fastest-growing marine fishes. We will answer the latter question by
comparing the growth of the Mekong giant catfish (Pangasianodon gigas) to that of Atlantic
bluefin tuna (Thunnus thynnus) and then close with a discussion of the factors by which
most air-breathing fish are still constrained in their oxygen uptake capacity, regardless of
their ability to breathe air.

Air-breathing fish and their growth in small containers

A point of debate among aquarium hobbyists and aquaculturists is the problem of growth in
small containers. This question has also caught the attention of animal welfare organizations,
and many European countries and local city administrations have recently banned goldfish
bowls, citing stress and lack of swimming space. This raises the question of which container
size would provide sufficient space for goldfish (Carassius auratus), a species that can reach
sizes up to 35-40 cm, with Murdy et al. (1997) even reporting a maximum size 0of 48 cm. Even
though smaller aquarium fish, due to the absence of predators and other causes of natural
mortality, often get bigger in captivity than in the wild, it is clear that goldfish, like many other
larger aquarium species, cannot reach their maximum sizes in a bowl.

A traditional argument to defend goldfish bowls or smaller aquaria is that fish somehow
‘adjust’ their size to the volume of the container, even though no coherent mechanism has
ever been presented that would provide an explanation. Perhaps a better argument is that
fish cannot get old in small bowls or aquaria. The average maximum age of goldfish in bowls
or aquaria does not even approach half of the 41 years reported in FishBase. Jointly, these
answers may solve at least part of the problem: (1) The ‘adjustment’ argument has some
support in the growth-limiting impact of nitrogen levels (as ammonia, nitrite, or nitrate)
that are typical for overstocked tanks; (2) large fish in small containers are often exposed
to stressful situations for extended periods, which might explain their earlier demise.
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Air-breathing fish in small containers or heavily stocked grow-out tanks do not appear to
suffer from confinement similarly. As several aquaculture surveys have shown, the growth
of large air-breathers such as Pangasius bocourti, Channa striata, or Arapaima gigas does not
seem to be affected in heavily overstocked tanks or small water volumes (Jiwyam 2011; Paredes-
Lopez et al. 2021; Aminur Rahman et al. 2012; Cavero et al. 2003; De Oliveira et al. 2020).2+

Observations from the ornamental fish trade further support the critical role of water
oxygenation and oxygen uptake for fish growth. One of the most popular aquarium species,
the air-breathing Siamese fighting fish (Betta cf. splendens), is commercially produced
under circumstances that seem to contradict all the above hypotheses, including the
idea of container size as a constraint on growth. In Thailand, Cambodia, and Indonesia,
professional Betta breeders typically use hundreds of small rum or whisky bottles as
grow-out containers for their fish. This method of ‘jarring’ is also used by hobbyists in China,
the United States, and Europe, even though organizations such as PETA call for it to end.?%

The fact that this method of growing fish is commercially viable is interesting in itself:
if we assume that the container size limits fish growth, it would make little sense to ‘jar’
juvenile fish in bottles with a volume between 0.5 and 0.7 liters and even lower net water
volumes. The jarred’ fish are transferred into these bottles at sizes between 15 and 25 mm
and remain there until they are big enough for sale. Container volume cannot be the limiting
factor, at least not for these air-breathing fish. The reason for using such bottles is that
fighting fish start to exhibit aggression at around 20 mm, and growing out in groups might
lead to fights that damage their tails and fins, for which they are valued in the aquarium
trade. Furthermore, being ‘quiet’ in a bottle drastically reduces the organism’s energetic
costs — more of its food can be used for growth. The fact that small container sizes benefit
the growth of air-breathing fish suggests that oxygen is the limiting factor for the growth of
water-breathing fish in small containers. While air-breathing fish seem unaffected by lower
water volumes, water-breathing fish would quickly reduce the dissolved oxygen level and
perhaps survive for a while, but without growing. What might look like an ‘adjustment’ to
smaller water volumes is, in fact, oxygen limitation. The fact that traditional fish bowls,
due to their shape, have a strongly reduced water surface for replenishing their dissolved
oxygen also contributes to the low availability of this crucial element in such containers.

Comparing two giants

The differences in growth between exclusively water-breathing fishes and air-breathing
species can best be illustrated in large tropical air-breathers, such as the Mekong giant
catfish (Pangasianodon gigas), which is not only among the fastest-growing but also among
the largest freshwater fishes. Graham (1997, p. 256) suggested that “the growth rate of
Pangasianodon gigas is said to rival that of pelagic species such as tuna, a rare phenomenon
for a freshwater species.” As we will show below, this comparison is apt, but only because
Pangasianodon gigas is an air-breathing species.

The Mekong giant catfish reaches a length of 300 cm (Baird et al. 1999) and a weight
of 350 kg (Kottelat 2001), data that are similar to the maximum sizes reported for the three
bluefin tuna species and for yellowfin tuna (i.e., Thunnus spp., see FishBase). The notion that
P. gigas reaches these large sizes as rapidly as these tuna species is a strong claim because
the latter evolved gills with very narrow interlamellar spaces and huge large surface area
(Muir and Hughes 1969), which provides them with a large amount of oxygen required to
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sustain their elevated metabolism; Mekong giant catfish do not have such extraordinarily
large gills.

In contrast to tuna, whose growth has been extensively studied by numerous authors
(see FishBase), the growth of Mekong giant catfish has not been well studied. Its growth in
captivity has been reported upon (Lorenzen et al. 2006), but no studies document its growth
in the wild. Roberts and Vidthayanon (1991, pp. 119 — 120) mention specular growth rates in
the early juvenile stages, but their information is based solely on personal communications.
According to their account, the growth in length of these fish accelerates during their second
year, which is atypical for both marine and freshwater fishes and has so far only been
demonstrated in Arapaima gigas (Wosnitza 1984; Pauly 2019).

In addition to these more anecdotal accounts, Lorenzen et al. (2006) presented two
rough estimates of the parameters of the von Bertalanffy Growth Function (VBGF) for P.
gigas, from which a single growth curve for the remaining few specimens in the wild may
be inferred. The special VBGF for length and weight is used here, along with parameter @’
(Pauly 1998a), defined by the equation

@ =log(K) + 2-10g(L) L(11.1)

which has a normal distribution when applied to numerous populations of the
same species, e.g., in skipjack tuna, Katsuwonus pelamis (see figure 9.4 in Longhurst and
Pauly 1987). When comparisons between species with different body shapes are made, it
is better to use @, which is defined by

@ =1og(K) + 2/31og(W.) .(11.2)

The first estimation of growth parameters in Mekong giant catfish is based on Lorenzen
et al. (2006), who wrote that P. gigas “are widely stocked into ‘semi-natural’ reservoirs in
Thailand, where they appear to survive and grow well but are not known to mature or spawn.
Stocking and recapture data were analysed for Sirikit reservoir in Thailand [and growth
parameters] were estimated as L= 210 cm and K= 0.2 year™. [...]. The stocked fish thus appear
to grow at a higher rate but to a lower asymptotic size than the wild fish in the Mekong.”

Lorenzen et al. (2006) provide no textual details beyond the statement that “no data were
collected for the first 7.5 years after release,” and they did not specify the method they used
to estimate growth parameters from the growth increment data they casually mention. The
graph they presented suggests that the stocked and released fish, whose length increments
were used to calculate growth parameters, were relatively large and did not exhibit much
growth. This should result in a somewhat uncertain estimate of the parameter K because
of the more rapid growth of small (young) fish, which usually stabilizes the estimation of
this parameter.

For their second estimate, Lorenzen et al. (2006) used the maximum size (they) recorded
for P. gigas, i.e., 290 cm, as an estimate of L_.2% To estimate K, they plotted the values of L_and
Kin Pauly (1980a) as In(K) vs. In(L ), from which they derived a regression equation. Solving
this equation for L_ = 290 cm (TL) yielded K = 0.08 year™. They thought these values were
reasonable and used them to assess the (dire) state of their population in the Mekong basin.

Applying Equation (11.2) to the first and the second estimate of growth parameters of P.
gigas yields estimates of @’ = 3.94 and 3.83, respectively, with an average @’ = 3.88. Combined
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with an estimate of L = 300 cm, the mean @’ yields an estimate of K = 0.085 year™. An
estimate of ¢, is provided, in the absence of any other applicable method, by the empirical
equation of Pauly (2019), which suggests that

log(-t,) = -0.3922 — 0.2752-log(L ) - 1.038-log(K) ...(11.5)

which here yields ¢, = -1.12 years.

These growth parameters for P. gigas in the wild, i.e., L_ = 300 cm (TL), K = 0.085 year™
and t, = -1.12 years, are very tentative. Still, they are based on broader considerations
than the previous estimates and may be more accurate. Lorenzen et al. (2006) presented a
length-weight relationship for P. gigas, i.e., W = 0.04-L?$, where weight is in g and length in
cm. Based on the previous considerations, the VBGF for the growth of P. gigas is

W, = 345,000-(1-e 008511228 ...(11.6)

which leads, via Equation (11.4), to an estimate of @ = 2.62, which is close to estimates
of @ for bluefin tuna (Thunnus thynnus; black dots in Figure 11.2), and within the ellipsoids
that could be drawn around the Scombridae family (grey dots in the same figure).

Figure 11.2 suggests that the Mekong giant catfish Pangasianodon gigas (black star)
grows almost as fast as Atlantic bluefin tuna (black dots), commonly and justifiably seen
as the fastest-growing tuna. The Mekong giant catfish is indeed a very fast-growing fish. A
total length of 300 cm in P. gigas roughly corresponds to a fork length of 266 cm, smaller
than the asymptotic fork lengths estimated by various researchers for Atlantic bluefin tuna.
Using the mean value of @’ =4.00 in Atlantic tuna, which refers to LF, an estimate of K can be
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Figure 11.2. Auximetric plot of the fish with weight growth parameters in FishBase, with each dot
representing a K-W, pair, i.e., the mean growth curve of the individuals of a fish population. The non-
Scombridae are represented by white dots (‘Miscellaneous species’), the fast-growing Scombridae
(mackerels, tuna, etc.) by grey dots, and Atlantic bluefin tuna by black dots. The star represents the
tentative growth curve for P, gigas (W, = 345 kg and K = 0.085 year™), which is suggested here to
grow almost as fast as bluefin tuna.
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derived for a hypothetical bluefin with an asymptotic length of only 266 cm LF. This estimate
of Kwould be 0.14 year”; inserted into Equation (11.5), these estimates yield ¢, ~ -0.2 years.

Figure 11.3A compares the growth curves in length for these two species, indicating
that their growth rates are not very different. When comparing growth in weight between
these two species (Figure 11.3B), what appears to be a small difference turns out to be
higher, with young tuna growing faster. This fast growth is made possible by huge gills,
which supply the oxygen required to sustain a metabolic rate almost equivalent to that of a
similar-sized mammal. Even by breathing air, P. gigas does not match the growth of Atlantic
bluefin tuna, although it does grow very fast.

Lefevre et al. (2013), presumably because their first author fervently believes that fish
always meet the oxygen requirements required for further growth through their gills, failed
to understand why they devoted energy to breathing air. They write, “though air-breathing
is usually considered a beneficial behaviour, we show that surfacing indeed incurs an energetic
cost. Though air-breathing is important to swimming in hypoxia (McKenzie et al. 2012), it
remains unclear what mechanisms drive the air-breathing behaviour in Pangasianodon
hypophthalmus in normoxia.” This self-created conundrum is quickly resolved: air
breathing is not “a beneficial behavior” in Pangasianodon species, but a necessary behavior,
because large individuals of this genus cannot meet their oxygen requirements by relying

0 . . . . .
0 10 20 30 40 50
Age

Figure 11.3. Growth curves in length (A) and weight (B) of (hypothetical) bluefin tuna and Mekong
giant catfish, both with an assumed asymptotic length of 266 cm (FL; see text).
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only on their gills at higher temperatures, even in normoxic water (see Mitamura et al.
2009, figure 4).

As a migratory species, P. gigas experiences a relatively wide range of temperatures
compared to other tropical freshwater fishes: it spawns in the cool regions of Chiang Rai
and Chiang Kong in Northern Thailand (Eva et al. 2016; Ngamsiri et al. 2007; Pholprasith
and Tavarutmaneegul 1997; Pholprasit 1994) and moves downstream into the lower delta
region. The temperatures at its most northern habitats range from 18 to 26 °C between
January and August (Zhang et al. 2007), whereas the water in the delta is typically 10
°C warmer. Some authors (Ngamsiri et al. 2007; Hogan et al. 2001) assume a historical
distribution of P. gigas in the Chinese province of Yunnan, where water temperatures can
be aslow as 14-16 °C in the cold season and rarely exceed 22 °C in the summer (Wang et al.
2014; Zhang et al. 2007). Hogan et al. (2001) and Hogan (2004) hypothesize that P. gigas
might still be present in southern China and that its decline in Yunnan could be attributed
to deforestation and the construction of dams in this region. Even in the warmer areas of
the delta, P. gigas may not be exposed to the upper extremes of its thermal tolerance range.

Like other large species of the Mekong Delta, P. gigas is often reported near, or even
inside, deep river pools (Eva et al. 2016). Some of these holes are as deep as 90 m (Gupta
and Liew 2007), but it is unclear to what depths the Mekong giant catfish can dive. Even
in stagnant and warm water bodies, such as the Mae Peum reservoir in Thailand, depths
of only 6 to 12 m provide temperature differences of up to 6 °C between the water surface
and the bottom (Mitamura et al. 2009). In this reservoir, P. gigas frequently surfaces in the
hot season but less so in January and February, when the deeper water columns are well-
oxygenated (Mitamura et al. 2009, figure 6).

As for Graham’s claim of 1997, which appears credible when growth is expressed
in length (Figure 11.3A), it is less convincing when growth in weight is considered
(Figure 11.3B), at least when bluefin tuna is used as representative of ‘tuna.’ Still, the fact
that a fish that inhabits warm and often deoxygenated freshwater bodies can reach growth
rates that equal those of large marine fishes is remarkable.

Is air-breathing a way out of oxygen limitation?

The rapid growth of many air-breathing fishes and their ability to thrive in hypoxic
environments suggest that the central tenets of the GOLT do not apply to species with
their anatomical and physiological adaptations. The growth of most air-breathing can
still be adequately fitted by the VBGF, which raises the question of why the evolution of
air-breathing organs did not universally result in different growth patterns, e.g., as those
exhibited by Arapaima gigas (Figure 11.1). Early studies on air-breathing in fishes often
assumed that bimodal respiration was an evolutionarily unfinished business, or “at
best a makeshift,” as E.S. Russell wrote in his book on Form and Function (1921). Early
descriptions of the air-breathing organs of fishes typically stress the rudimentary nature
of these physiological adaptations.?” While this view had to be revised in the light of newer
research, it foreshadowed a later finding that would become important for an adequate
understanding of the physiology and biomechanics of air-breathing fishes.

Given the distinct physical properties of air and water and their fundamentally different
impacts on respiration, the combination of both modes of respiration in the same organism
creates a different challenge. Especially under conditions of aquatic hypoxia, when oxygen
cannot be taken up from the water in sufficient amounts but is readily available through
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Figure 11.4. Schematic representation of the circulatory system of two air-breathing fishes, Amia
calva, a facultative air-breather (A), and Protopterus annectens, an obligatory air-breather (B);
modified from Farmer (1999). In A, after being oxygenated in the air-breathing organ, the water
flows through the heart and back to the gills, where branchial oxygen loss can occur. In B, the
oxygenated blood can be bypassed from the gills through a shunt such that it first arrives at the
tissues and is absorbed before flowing back to the gills.

aerial respiration, a mismatch may occur between the two modes of breathing, leading
to an adverse effect. Since the gills are both connected to the cardiovascular system and
to an environment that is often hypoxic, oxygen can be lost through the gills. This risk of
oxygen excretion through gills may explain the often extremely small gills (and thus small
head) in large species with highly efficient and well-developed air-breathing organs, such
as Arapaima gigas.

To avoid such branchial oxygen loss, many air-breathing fishes rely on a mechanism
that allows them to temporarily disconnect their gills from the circulatory system. The body
plans of the different air-breathing families and genera are not all organized alike. In many
facultative air-breathers, for example, Amia calva (see Figure 11.4A), the cardiovascular
system is permanently connected to the gills, so the blood that leaves the heart first passes
through the gills. Its flow is then divided between the air-breathing organ and the tissues
that need to be provided with oxygen (which is different from what occurs in obligatory
air-breathers such as Protopterus annectens; see Figure 11.4B).

The cardiovascular system in Amia calva (Figure 11.4A) implies that either the heart
mixes oxygenated and deoxygenated blood — which then reduces the capacity of the gills to
take up more oxygen due to the mechanism of countercurrent exchange (see Chapter 3) -
or that most of their tissues never benefit from the oxygen supply that is generated in
the air-breathing organ. Earlier research interpreted this body plan as a maladaptation
and contributed to the verdict that air-breathers were generally “sluggish” due to their
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inefficient respiratory architecture (see, e.g., Johanson 1970). Newer research proposes a
different functional mechanism and interprets the function of the air-breathing organ in
such a body as additional oxygenation to the heart to protect cardiovascular performance
(Farmer 1999). Fishes with this Bauplan remain oxygen-limited in the same way as unimodal
water-breathers.2®

Other families of air-breathing fishes show very different body plans and can use their
air-breathing ability to oxygenate their entire body efficiently. To do so, they must minimize
the risk of branchial oxygen loss, which can be realized through a shunt that opens or
shuts and bypasses that allow the blood to circumvent some of their gill arches to keep
the oxygen from the air-breathing organ within the cardiovascular system (Bassi 2010;
Aaskov et al. 2023). Another strategy is to minimize the gill surface area entirely, which
appears to be typical for large species with highly developed air-breathing organs, such
as Arapaima gigas (Aaskov 2022; Pelster 2020; Brauner 2004). Gills remain necessary in
such cases because the osmoregulatory compromise limits the minimum and maximum
gill surface area possible (see Chapter 3). Fishes that cannot effectively regulate branchial
oxygen loss through shunts or other mechanisms can be considered oxygen-limited in the
same way as unimodal water-breathers, even if the scaling exponents of their gill surface
area (d) can reach values >1, as reported for mudskippers by Palzenberger and Pohla (1992).
Such values are only possible because the gills are very small.?* Like most amphibious fish,
mudskippers lack a regulatory mechanism to bypass oxygenated blood from their gills (see
Graham 1997, p. 120).

Why did not all fishes evolve lungs?

While air-breathing can present a highly effective adaptation to some fish families, the
previous section has shown that it has its limitations, and the additional resources it
provides are not endless. In addition to these limitations, aerial respiration also has its
costs. Water animals that depend on breathing air from the water surface must invest
energy into surfacing, which is costly and dangerous, especially for species that inhabit
benthic or profundal zones, such as catfishes or snakeheads (Kramer 1983). The energetic
costs of locomotion are exceptionally high for bottom-dwelling species such as loaches and
catfishes and greatly exceed those of fishes in the limnetic zone. In species that inhabit
the immediate surface of the water column, such as insect-feeding killifishes or gouramis,
locomotion costs can be negligible. Still, the constant risk of predation from above requires
continuous vigilance, which implies stress. For smaller benthic fishes, locomotion through
the various water zones forms a great risk, and they often rely on synchronous surfacing
with a bigger shoal (Kramer and Graham 1976). When denied access to the surface or in
stressful circumstances without the safety of the shoal, Corydoras catfish reduced their food
intake to reduce ingestion costs (Kramer and Braun 1983; Persaud et al. 2006).

The costs of aerial respiration are further illustrated by the fact that many air-breathing
fishes have strong diving reflexes in the presence of (assumed) predators, and many have
nocturnal lifestyles (Smith and Kramer 1986). Another correlate of air-breathing in fish
is nocturnal or crepuscular activity, which strongly reduces the risk of predation from
above (Graham 1997; Farmer 1999). The exception to these patterns may be very large
air-breathers for whom these risks are much lower. Big surface-dwelling species such as
Arapaima gigas only run a considerable risk of predation as juveniles. Like many fishes,
they engage in synchronous air-breathing in their early life-stages, a strategy that is no
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longer necessary after adulthood is reached. As adults, they possess extremely hard scales
that protect them efficiently from predation and represent “one of the toughest flexible
biological materials” (Yang et al. 2019).2'° Being dependent on constant access to air, the
selective pressure to develop such protective armor must have played an important role.

These species, such as Arapaima gigas, exhibit the greatest contrast to unimodal water-
breathers, for whom aquatic oxygen limitation sets the major constraint to metabolic
performance and growth. While other air-breathers can only partly free themselves from
this constraint, the tradeoff with other risks and offsets remains, and shows why air-
breathing is seldom the way out of oxygen limitation.
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Growth, respiration,
and reproduction of
water-breathing arthropods

Synopsis: Gill surface area (S) and respiration (R) in adult water-breathing crustaceans scale
with their body weight (W) such that S « R «« W9, with d ranging mostly between 0.6 and 0.9,
but always <1, as in other water-breathing ectotherms. The growth of adult crustaceans,
therefore, approaches an asymptote, whether or not seasonal growth oscillations are explicitly
considered in the model used to describe that growth. On the other hand, the variation in
asymptotic size (L or W_) among crustaceans is primarily determined by water temperature,
which impacts the oxygen requirements of WBE. Through multiple examples, this and related
aspects of the Gill-Oxygen Limitation Theory (GOLT), first developed for fishes, are shown
to also apply to the growth of a wide range of crustaceans and other arthropods, including
fossil forms. The GOLT also explains certain aspects of crustacean reproduction, such as the
relationship between size at first maturity and maximum size, and, possibly, the feature that
female crustaceans hold their eggs outside of their bodies instead of internally.

Extending the GOLT to arthropods
As presented in the earlier chapter, the Gill-Oxygen Limitation Theory (or GOLT) was initially
developed to explain regularities in the growth, respiration, and reproduction of bony fishes
(Pauly 1979, 1984) and predicts these patterns in a variety of fishes, from fast-charging tuna to
shy seadragons (Pauly 2021a; see Chapters 1 - 6). Here, based mainly on Pauly et al 2022a), we
examine the GOLT’s efficacy in predicting growth and reproduction patterns first in a major group
of arthropods, the crustaceans, then in other groups, including two that have long been extinct.

We do not deal with the growth of insectlarvae, some of which, unlike the metamorphosed
adults, can possess gills that enable them to breathe water (Lee and Matthews 2021).2!* The
reason is that larvae, whether of fish or invertebrates, are generally small enough for the
oxygen that is supplied by their respiratory organs (primordial fin in fish, dedicated gills,
or even parts of their integument) to process any amount of the food they can capture and
ingest. Their growth is usually food-limited rather than O,-limited, and thus exponential
(though chironomid larvae may be an exception to this?).

Crustaceans?'® and horseshoe crabs are often perceived as different enough from fish
— principally because of their moulting - to require different models to describe their
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growth and other life-history patterns (Breen 1994; Zeng and Wan 2000; Foo 2019, 2020),
but we believe that this is largely unwarranted, as will be shown below. Key features of each
phenomenon examined here (growth, respiration, and reproduction) are best interpreted
in a generalized context, as opposed to taxonomic specificity. The generality of the GOLT
applied to crustaceans is demonstrated here, along with a few examples from various other
groups of water-breathing arthropods.?

The growth of crustaceans

As elaborated in earlier chapters, particularly the chapter on the fundamentals of
organismic growth, Plitter’s equation, which here also serves as the basis for analyzing
the growth of arthropods, implies asymptotic growth because d < 1 in adults. Asymptotic
growth, which is a necessary condition for the GOLT to apply to water-breathing arthropods
is, however, not a sufficient one.

In fish, there is a strong tendency in species that remain small (e.g., in gobies and
guppies) to have gills with d ranging from 0.6 to 0.7 (Pauly 1981, 1982a), whereas species
capable of reaching large sizes (and long lifespans) have higher values (i.e., d = 0.85 — 0.90).
This is similar in crustaceans, where the tiny brine shrimp Artemia salina has gills growing
approximately according to the ‘surface rule,” i.e., S « W??(Figure 12.1), whereas larger
crustaceans (but not their larvae, where d > 1) can be shown to have values of slightly
higher than fish of similar sizes (Figure 12.2; see also Hughes 1983).215
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Figure 12.1. Oxygen consumption of the brine shrimp Artemia salina as a function of their length.
A: Reproduction of the graph published by von Bertalanffy and Krywienczyk (1953), showing how
they ‘guesstimated’ from the black dots (i.e., the means of the white circles) a slope of 2 for the
log(O, consumption) vs. log(length) relationship. B: Plots of the actual data in A (small white circles,
here big black dots), showing that the slope was 1.92, corresponding to d = 0.64.
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The relationship between oxygen consumption and body weight is well documented for
many crustaceans, e.g., Bridges and Brand (1980) for decapod crustaceans. This confirms
the relationship between d and crustacean size.?!¢

With this, the stage is set to claim that - even if their moulting has the effect of growth
proceeding in steps — crustaceans, in general, grow asymptotically, with their maximum
(L, and W_ ) or asymptotic size (L, and W) often corresponding to a terminal moult
when such occurs (Vogt 2012). Asymptotic growth is best represented by the von Bertalanffy
Growth Function (VBGF; see Chapter 2). For illustration, Figure 12.3 documents asymptotic
growth in populations of four very different crustacean species.

Growth tends to vary seasonally, which can be accommodated by the seasonally
oscillating version of the VBGFE. One of these, proposed by Somers (1988) and improved by
Garcia-Berthou et al. (2012), is

L,=L_{1 - exp-[K(t- t )+S(t)-S(t )]} ..(12.1)
where

S(t) = (CK/2m)-sin(2m(t - t ) ...(12.2a)
and

S(t,)) = (CK/2m)-sin(2m(t, - t) ...(12.2b)

with L , K, and ¢, are defined as for the standard VBGFE.
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Figure 12.3 (opposite page, top). Asymptotic growth (not accounting for seasonal oscillations)

in four crustaceans. A: The cladoceran Daphnia magna at 20 °C(modified from Martinez-

Jerénimo 2012). B: Antarctic krill (Euphausia superba) sampled in 1977 (black dots) and 1981 (circles);
modified from Siegel (1987). C: The red rock lobster (Jasus edwardsii) at two localities in New Zealand;
adapted from McKoy and Esterman (1981). D: Red king crab (Paralithodes camtschaticus), adapted
from Windsland et al. (2013).

Figure 12.4 (opposite page, bottom). Seasonal growth in crustaceans. A: Seasonal growth of
male pink shrimp (Farfantepenaeus duorarum) from Tortugas, Florida, 1957-1958, with L =17.6 cm,
K=~1.3year', and C=0.6 (from Pauly et al. 1984, based on length-frequency data in Iversen et al.
1960). B: Effect of different values of the parameter C on growth curves. C: Relationship between the
summer-winter temperature differences (in °C) and estimates in fishes and invertebrates, including
four penaeid shrimps (black squares) species. Modified from Pauly et al. (1984) and Pauly (2019).
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Figure 12.5. Seasonal growth of the Northern rock barnacle (Semibalanus balanoides) (A) and
crenate barnacle (Balanus crenatus) (B) based on growth curves in figure 1 in Barnes and Powell
(1953), fitted with the software of Ogle (2017) allowing for no-growth periods in winter (NGT; in grey)
when temperatures (same source) are dropping (C, in grey).
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Equation (12.2) requires two more parameters than the standard VBGF; C and ¢, of
these, the former expresses the amplitude of growth oscillations; when C = 0, Equation (12.1)
turns back into standard VBGE. When C = 0.5, the seasonal growth oscillations increase
growth by 50% at the height of summer and reduce it by 50% in the depth of winter. When
C=1, growthrates finally increase by 100%, doubling at the height of summer and becoming
zero in the depth of winter.

The other new parameter, t, expresses the time between ¢ = 0 and the start of a growth
oscillation. Here, we use a Winter Point, WP = t_+ 0.5, expressed as a fraction of the year,
to represent the time of the year when growth is the slowest. WP is usually near 0.1
(early February) in the Northern Hemisphere and 0.6 (early August) in the Southern
Hemisphere.?” Equation (12.1) can be used when a WBE maintains a positive growth rate
(in length) throughout the year except at WP when C = 1. Figure 12.4 illustrates seasonal
growth in Farfantepenaeus duorarum and other penaeid shrimps.

When growth in length ceases entirely for an extended period, the no-growth time
(NGT) can be estimated using a modification of Equation (12.1), developed by Pauly et al.
(1992), and now implemented in R (Ogle 2017). This is here illustrated by the growth of
barnacles, which, because they are stuck to one place, cannot avoid long-lasting cold
temperatures (Figure 12.5).
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Figure 12.6. Effect of temperature on growth and reproduction of rock lobster (Palinurus
cygnus). A: Decline of the standardized mean carapace length of migrating adults vs. the mean
water temperature 4 years earlier (modified from Caputi et al. 2010). B: Length at which 50%
of rock lobster reach first maturity vs. mean temperature (modified from Melville-Smith and De
Lestang 2006).
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The effect of temperature increases on the growth of crustaceans can then be
straightforwardly interpreted, given Plitter’s model, whose anabolic term increases with
temperature more slowly than the catabolic term. Given scarce respiratory oxygen, this
has the effect that the WBE approach occurs at a faster rate, a weight at which HW? = kw.
Adult size in crustaceans declines with temperature, as illustrated in Figure 12.6A for
the West Australian rock lobster Palinurus cygnus, along with their size at first maturity
(Figure 12.6B).

In terms of the VBGF’s parameters, this response results in asymptotic length (L ) being
reduced and K increasing, and the VBGF parameters for the various populations of the same
or closely related species forming ellipsoid clusters on ‘auximetric’ plots (Pauly 1998a, 2019;
see Figure 12.7). Such plots can be extended to cover disparate taxa and used, for example,
to compare their growth and identify outliers.

The growth of crustaceans and other WBE with widely different shapes (e.g., copepods
vs. lobsters) cannot be reliably compared in terms of length and should be performed
using weights. In fishes, the length-weight relationships used for this purpose usually
have the form W = a-L?, where b, past the larval stage, usually ranges between 2.5 and 3.5
(Froese 2006). In crustaceans, more species fall outside this range (Pauly et al. 2022a), some
being interesting extreme cases. For the stalked barnacle, Pollicipes pollicipes, a length-
weight relationship of the form

log(W) =1.81 + 0.1195-F + 1.484-1og(L) ...(13.5)
was estimated, where W is the wet weight in g, and L the total length (from 2.4 to 8.4 cm),

based on 57 fresh specimens of stalked barnacle, or percebes, caught in Baiona (NW of
Spain; 42° 7.64’ N and 8° 52.04’ W) in January 2022, for which the dummy variable F was 0,
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Figure 12.7. Auximetric plots for crustaceans. i.e., double-logarithmic plots of the von Bertalanffy
parameter K vs. the corresponding asymptotic length in the larger plot, with each dot (i.e., K-L _ pair)
describing a growth curve documented in SealifeBase. The insert (modified from Pauly et al. 1984)
documents the tighter fit obtained when the W, values for different groups of penaeid shrimps are
used instead of their L values.
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while F =1 for 40 specimens caught and frozen earlier.?® This allowed for a significant effect
of freezing on the weight of stalked barnacles to be identified and for two length-weight
relationships to be estimated, one for fresh specimens (W = 0.015-L4#), the other for frozen
specimens (W = 0.020-L'4%*), both of which relate weight to length via an exponent << 3.

Aspects of the reproduction of crustaceans

Reproduction in crustaceans is a set of complex biological phenomena that differ between
families and genera, and to which no single account can do justice. At least in long-lived
crustaceans (and we will take lobsters as an example), reproduction usually occurs after
several years. The question then arises: what is so peculiar about the spawning season in
the year that spawning occurs?

A moment of reflection will suffice to realize that, barring exceptional circumstances,
any year and spawning season are like the others, and that the trigger for spawning must be
found in the individual lobster in question. It is likely not its age (though computer models
of lobster populations frequently use ‘age’ as the trigger) nor a critical size, because size
is temperature-dependent (see above); and spawning should be possible at all tolerated
temperatures.

Work on fishes (see Chapter 7) suggests that the triggering mechanism for maturation
and spawning (i.e., for even perceiving the environmental stimuli that are conventionally
stated to trigger maturation and spawning) is, in any individual, the ratio between its
current oxygen supply (Q,) and the oxygen supply corresponding to its maintenance
metabolism (Q,,..)-

As lobsters grow, the Q/Q
frequent periods of internal hypoxia (e.g., after a strenuous activity). At some point, this ratio,

naine Y10 declines (because d < 1), and they experience more
as it drops, reaches a threshold informing the individual in question that, given the local
conditions, it should begin to look for environmental stimuli, which will then push it further
toward the behavioural and hormonal processes leading to maturation and spawning.
Maturation and spawning occur at a size corresponding to an oxygen consumption Q, >
Qe With Q_ declining as Q, . increases, as occurs at higher temperatures.

In bony fishes, this is ensured by a fixed Q /Q . ratio of ~ 1.35 with a 95% confidence
interval of 1.23 - 1.53. The Q, /Q,..... ratio can be shown to be mathematically equivalent to
(L,,./L,)"» where D = b-(1-d), b is the exponent of the length-weight relationship, and d is the
species-specific scaling factor between the respiratory area and weight (see above). Here,
L,L
They suggested a mean Q, /Q

maint

b, and d values were assembled from palinurid lobsters and crabs (Figure 12.8).

' naine TAL10 Of 1.46 and 1.41, with confidence intervals that
overlap with those estimated for bony fishes.

These results suggest that not only the heuristic (Budaev et al. 2019), providing the
trigger for maturation and spawning, may not only occur in crustaceans as it does in fish,
but that the spawning threshold Q,/Q,. ... ratio in crustaceans is roughly similar to that

occurring in bony fishes. Studies on other groups of crustaceans should test these results.

maint

They suggest that the life-history constraints on (large) crustaceans are similar enough to
those of fish to have led to the emergence of the same heuristics (Morbey and Pauly 2022).
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Figure 12.9. Tentative evidence suggests thata Q /Q . (=L _ P/L P)ratio similar to recent WBE
may already have occurred in Cambrian trilobites (Olenellus spp.). A: Reproduction of figure 6 in
McNamara (1978), with non-specified axis labels. B: assuming that the end of the (growth?) curves
correspond to the maximum length in each Olenellus species, the crosses to the lengths at first
maturity, and d ~ 2/3 (i.e.,, D = 1), leads to a ratio of 1.34 (95% C.I. = 1.14 - 1.54), i.e., the same for
recent fish and various arthropod species.

Generalizing to other arthropod classes

Alternatively, and this is speculative and should be further tested by future evolutionary
models, the heuristic described above may have emerged very early in the evolution of
metazoans and was conserved in various phyla. This aligns with recent demonstrations
that the growth of at least one Ordovician trilobite species, Triarthrus eatoni, can be
described by the VBGF (Pauly and Holmes 2022) and that a Q,/Q,.... ratio of 1.34 (for d
= 2/3 and D = 1) can be computed from the length at first maturity and the maximum
lengths of trilobites in figure 6 of McNamara (1978), about five Olenellus species from the
Early Cambrian (Figure 12.9)%'.
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with L =14 mm and K = 0.33 year™' from L/F data (in Year n+1), also shown in restructured’ form
(Year n). The length scale on the right of panel D shows the actual body length of the individuals, as
opposed to the length of their claw, as analysed by ELEFAN (modified from Wu et al. 2024).

Another ancient arthropod species, the Cambrian radiodont Amplectobelua
symbrachiata, exhibited asymptotic growth, as also inferred from a length-frequency
analysis using the ELEFAN approach (Pauly and David 1980) and software (Gayanilo et al.
2005). This confirmed the rapid growth inferred from fossilized instars of A. symbrachiata
(Wu et al. 2024), which reached a length of 90 cm and was the largest predator of its time
(see Figure 12.10).

We also note that in the largest known radiodont ever to exist, Aegirocassis benmoulai,
which reached over 2 m (van Roy et al. 2015), the prehensile ‘arms’ were modified for filter
feeding like the baleens in the largest whales. This suggests that large sizes, even in the
Cambrian, and even with multiple side flaps which may have aided their respiration,??°
could be only reached by filter feeding, as also occurs in whale shark (Rhincodon typus),
basking shark (Cetorhinus maximus) or the enormous extinct bony fish Leedsichthys
problematicus (Pauly 2019, p. 84-89 and 156).

For another important group of water-breathing arthropods, the horseshoe crabs
(Xiphosura), evidence exists that the operational surface of their ‘book gills’ and their
respiration scales with body weight such that d < 1. In the well-studied Atlantic horseshoe
crab Limulus Polyphemus, gill surface area was shown to relate to body weight via an
exponent d = 0.776 (Suzuki et al. 2008), which should lead, as in crustaceans, and despite
their frequent molting, to asymptotic growth.

Indeed, there is evidence for asymptotic growth in two horseshoe crab species, L.
polyphemus and the Chinese horseshoe crab Tachypleus tridentatus, as inferred by a rearing
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horseshoe crab Tachypleus tridentatus (from Sekiguchi et al. 1988). A: Growth curves based on
specimens held in captivity under suboptimal conditions, resulting in asymptotic, but stunted
growth that included fewer instars than occur in the wild. B: Imaginary growth curves consisting of
the growth in A, onto which missing instars were grafted, reflecting presumed (higher) growth in the
wild. The results are two exponential and unrealistic ‘growth curves’ (see text).

experiment (Figure 12.11A). This figure, adapted from Sekiguchi et al. (1998), depicts
the growth of these two species in captivity. It suggests asymptotic sizes (i.e., the width
of their ‘prosoma,” or helmet-like carapace), which are much lower than the maximum
sizes reported from the wild for these two species, while fully compatible with growth in
captivity, i.e., under stressful conditions.?*!

Because these growth curves did not include all instars known for these two species
(18 in L. polyphemus and 16 in T. tridentatus), Sekiguchi et al. (1988) grafted the missing
instars on top of the curves in Figure 12.11A, along with the size increase between instars
known from the wild (see also figure 5.10 in Shuster and Sekiguchi 2003). The resulting
hybrid ‘growth’ curves are exponential (Figure 12.11B). Such growth patterns are
improbable, as they would require that a critical adult size exists at which, following a
phase of exponential growth, length and weight would reach a plateau, just like the size of a
house fly plateaus following the exponential growth of its maggoty larva.?”? In insects, this is
the critical size at which they metamorphose; adult horseshoe crabs do not metamorphose,
and this conception of the growth of horseshoe crabs will have to be revised.?*

Except for some authors perhaps unwittingly proposing exponential growth in adult
horseshoe crabs, the data on the growth, respiration, and reproduction of various species of
water-breathing arthropods presented above suggest that critical features of their life-histories
can be explained by the effect of the “dimensional tension” (see Pauly and Cheung 2017, and
Chapter 1 in this book) between the growth of their gills and that of their bodies.

Despite the claims of the generality of the GOLT as a unified theory, it does not explain
everything crustaceans and other water-breathing arthropods do. Rather, it predicts the
limits of what these animals can do under constraints such as hypoxia and/or elevated
temperatures. The applicability of the GOLT suggests that fish, crustaceans, and other WBE
are subjected to the same constraints — scarce oxygen in the medium they inhabit and a
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limited oxygen supply via their gills relative to the demands of their body tissues and their
(potential) activity levels.

The available oxygen levels in air and water varied dramatically in geologic time
(Ward 2006). Crustaceans first appeared during the Cambrian species explosion (~
450 million years ago) after oxygen concentrations in the atmosphere and the sea rose
from ~5% to ~15% of the current level (Krause et al. 2018). Large decapod crustaceans only
emerged later, during the Devonian, once atmospheric oxygen concentrations reached near
present levels (Wolfe et al. 2019).

Recognizing the constraints the GOLT poses on crustaceans may also help interpret
observed patterns in their behavior and reproduction. For example, when approached by a
predator, large lobsters are typically less apt to flee than smaller individuals (Bouwma 2006).
If they do, they cannot match the endurance of small individuals (i.e., the number of tail-
flips) (Vermeer 1986). Indeed, large decapod crustaceans typically take around 8 hours to
return to their pre-exercise oxygen consumption levels after a period of exercise (McMahon
et al. 1979; Field et al. 1991). This size-specific difference in escape behavior and limits to
aerobic endurance is consistent with the GOLT, as is the limiting role of lactate-induced
fatigue among hermit crabs (Pagurus bernhardus) fighting over shells of optimal sizes
(Doake and Elwood 2010).

Activity levels of WBE after feeding are also influenced by oxygen availability, as
an increase in oxygen consumption is associated with the extra energy required for
transportation of food in the alimentary tract, its digestion, absorption, and post-absorptive
metabolic processes collectively referred to as specific dynamic action (Jobling 1981). This is
also true of large crustaceans whose aerobic scope for activity is reduced, often for hours,
after feeding (Crear and Forteath 2000).2%

Limitations imposed by the GOLT may also explain the remarkable feature that
female crustaceans — ranging from the smallest copepods to the largest lobsters — carry
fertilized eggs outside their bodies, as do horseshoe crabs. Their eggs are supplied with
oxygen from the surrounding water, rather than from within their bodies, where they
would have to obtain oxygen through their gills. Similar behavior occurs only in a few
bony fishes, the Syngnathidae, i.e., seadragons, seahorses, and pipefishes (which have
small, inefficient gills; Pauly et al. 2022c), and in 5 species of ‘pelvic brooders’ in the Family
Adrianichthyidae (Gani et al. 2022). For large, cold-water decapod crustaceans (e.g., clawed
lobster), the developmental period for eggs is nearly a year and, therefore, would represent
a considerable oxygen demand on the female if eggs developed internally.

Seasonal aspects of crustacean reproductive phenology driven by temperature may also
be tied to the GOLT. Most crustaceans extrude their eggs in the spring as water temperatures
rise; therefore, the metabolic cost of internal egg provisioning of oxygen increases. Within
the spring spawning season, it is common among the largest crustaceans (e.g., lobsters,
crabs) for the largest females to spawn first, as do fish. This is consistent with predictions
of the GOLT as rising seawater temperatures challenge larger individuals more than
smaller ones.

Admittedly, much of the behavioral and reproductive evidence from crustaceans and
other arthropods that can be marshaled to evaluate the relevance of the GOLT is based
on studies performed for other purposes. We are aware of no comprehensive review of
data or direct experimental test of the GOLT for crustaceans or other arthropods, but
many physiologically driven aspects of crustacean biology are consistent with the theory.
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Additionally, it may be possible to understand better the remarkable feature that female
horseshoe crabs and crustaceans hold their eggs externally.

While viviparity and ovoviviparity in aquatic crustaceans are rare (Subramoniam 2016),
they do occur. A comparison between gill surface area and reproductive mode may allow
for inferences on possible correlations between these traits. Recent work on the live-bearing
marine isopod Cirolana harfordi shows that higher temperatures correlate with increased
offspring numbers and shorter gestation periods (Gavel 2022). An increase in temperature
of only 4 °C halved the gestation period, which may reflect a limiting role of oxygen as a
result of increased maintenance costs.

While this hypothesis requires further investigation, it has been established that the
GOLT applies to crustaceans, and probably to ancient arthropods such as horseshoe crabs,
trilobites and radiodonts as well. Despite the fundamental differences in the body plans of
vertebrates and invertebrates, the parallels in the Q,/Q
(at least several) aquatic arthropods illustrate that constraints of aquatic respiration have

i YAL10 between bony fishes and
the same or similar implications across different phyla and body plans. These relationships
need confirmation in a larger number of aquatic crustaceans and other arthropods. Still, the
comparison reflects that the GOLT relies on fundamental constraints rather than specific
historical contingencies that occurred in the evolution of a given phylum. The two following
chapters will explore the application of the GOLT to even more phyla and probe the theory’s
scope across phyla and classes as diverse as molluscs, sponges, jellyfish, and arrow worms.
Even if the GOLT’s claims are restricted to what we earlier called ‘constrained generality,’
due to a specific mode of respiration, its generality across metazoic phyla, however, can
claim universal applicability.
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Molluscs and the GOLT

Synopsis: The respiration and growth of bivalves, and the frequent hypoxic event they
experience, inspired earlier authors to publish a theory that anticipated several elements
of the Gill-Oxygen Limitation Theory (GOLT). After briefly reviewing this early theory, and the
growth of bivalves and some other smaller molluscs, this chapter is devoted to counter a
mythology which has long held back research on cephalopods - squid and octopus, but not
cuttlefish - whose major tenets are that a/l cephalopods (/) breathe through their skin and are
therefore not oxygen-limited, (/) grow exponentially, (i) for a year, then (iv) spawn and die, (v)
even when they reach monstrous sizes, as in giant squids. Counter-examples are presented
which suggest that the GOLT provides more credible interpretations of the available data
on cephalopod biology, notably on their growth and reproduction. This suggests that the
GOLT applies to them as well, though the applicability of the theory to this group remains
a challenge, notably due to problems in age determination, e.g., through their statoliths.

Markers of internal hypoxia

Molluscs are another group of invertebrates with singular features, to which, nevertheless,
the GOLT appears to apply. Due to the commercial importance of many molluscan taxa,
such as bivalves and cephalopods, which play essential roles in mariculture and fisheries,
respectively, data for many species are readily available, and the group as a whole has
received considerable scientific attention. The availability of data offers opportunities
for our theory to potentially explain important aspects of the biology of these animals,
especially their growth in relation to temperature. As is the case in other water-breathing
phyla, the GOLT argues that these aspects of mollusc biology can best be understood in
the context of their respiration, and the mechanisms and physical constraints involved in
extracting oxygen from a fluid medium.

To illustrate the relationship between respiration and their most important physiological
traits, we briefly explore the existing knowledge on the impact of internal hypoxia in
this group.

Almost half a century ago, Lutz and Rhoads (1977) published a paper that anticipated
various aspects of the GOLT. The first part of its summary reads: “Microstructural growth
increments within the shells of numerous Recent and fossil molluscs are interpreted as
reflections of alternating periods of shell deposition and dissolution, occurring during aerobic
and anaerobic respiration, respectively. The acidic end products of anaerobic metabolism are
neutralized by calcium carbonate from the shell, leaving a relatively insoluble organic residue
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Table 13.1. Estimates of d in the relationships S e« W? or R «« W, where S is the gill surface area of
bivalves, R their respiratory rate, and W their body weight (from Vakily 1992).

# - Species d SorR Sources and Remarks

1 - Argopecten irradians 0.87 R Jorgensen (1976); data from Kirby-Smith (1970)
2 - Aulacomya ater 0.66 R Griffith and King (1979)

3 - Cardium edule® 0.63 S Foster-Smith (1975, figure 3), with We L3.

4 - Chlamys islandica 0.78 R Vahl (1978); mean of experiments 2-4, table 4.
5 - Chlamys opercularis 0.65 R McLusky (1973); from relative O, consumption.
6 - Modiolus demissus 0.80 R Read (1962)

7 - Mya arenaria 0.58 S Hughes (1969, figure 8B), with We L3.

8 - Mytilus edulis® 0.68 R See Vakily (1992, p. 44)

9 - Scrobicularia plana 0.70 S Hughes (1969, figure 8A), with We 3.

10 - Venerupis pullastra 0.65 S Foster-Smith (1975, figure 3), with Wec L3,

11 - Venus mercenaria 0.65 S Hughes (1969, figure 8A), with Wec L3.

Note in # 3: a) Median of 3 values; # 8: b) Median of 9 values ranging from 0.51 to 0.84.

at the mantle-shell interface. With the return of oxygenated conditions and resumption of
aerobic respiration, this organic material is reincorporated within the shell.”

Hypoxia within bivalve shells is frequent because bivalves close their shells under
suboptimal environmental conditions (Mitchell 1914), as may occur during a neap tide or
when they sense the presence of a predator. This does not obviate the dimensional tension
between the gills and their bodies. Indeed, from both measurements of gill surface area
and respiratory data, there is strong evidence that bivalves, as expected, have values of
d <1 (Table 13.1).

This implies that bivalves must switch more frequently between aerobic and anaerobic
metabolism as they grow larger and gradually shift from a general reliance on aerobic to
anaerobic metabolism.?” This pattern has been demonstrated in various bivalve species,
and, in general, larger animals and adults rely more heavily on anaerobic metabolism than
juveniles (see, e.g., Cueto-Vega et al. 2022; Brokordt et al. 2013).2%

The metabolites involved in anaerobic metabolism are different from those in fish;
however, one result is the same: the pH in the body of a mollusc relying on anaerobic
metabolism is low, which, among other things, impacts the deposition of minerals onto hard
structures. Given nychthemeral variation in activity levels, this results in the formation
of the very readable daily ‘rings’ in the statoliths of young squids (Morris 1991; Balgos
and Pauly 1998), similar to those in young fish (Panella 1971). Later, in adult squids, the
statoliths (and the otoliths of fish) become largely unreadable because the above-mentioned
dimensional tension causes semi-permanent hypoxia in their bodies, which masks the diel
or ‘nychthemeral’ variations of pH levels that lead to markings (Pauly 2019, pp. 113-117).

Asymptotic growth in molluscs

Given the markings on their shells, bivalves can be ‘aged’ relatively easily, which allowed for
the establishment of their growth being asymptotic very early on. Vakily (1992) presented
the most extensive compilation of VBGF parameters for bivalves published at the time
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Figure 13.1. lllustrating that the VBGF parameters of bivalves take predictable positions on
auximetric plots, suggesting that the different populations and species share traits that constrain
their growth and size similarly and predictably. A: Position of 12 species (and subspecies)

in 30 populations of Mytilidae. B: The 3 species and 13 populations of Perna spp., a mytilid genus,
occupy only a part of the ellipsoid for Mytilidae as a whole (data from Vakily 1992, table 5.11).

(84 species and 190 populations), which he then compared with each other using auximetric
plots. As can be seen, for example, in mussels (Family Mytilidae), their different growth
curves, each represented by a dot, form an ellipsoid pattern, similar to that of fish and other
WBE (Figure 13.1A). Moreover, an ellipse drawn around the data points representing a
family will includes sub-patterns representing genera (Figure 13.1B) and so on for species
and populations.

These patterns suggest that the different populations, species, genera, and higher taxa
share traits that constrain the ellipsoid formed by their growth parameters to a given area of
an auximetric plot. The most important of these traits is that their gill surface area determines
how large they can be and how fast they will approach their asymptotic size. Local conditions,
especially the quantity and quality of the food they can access, determine the variance about
the main axis of the ellipsoids, i.e., how ‘fat’ the ellipsoid will be, while their main axes
(ranging from high K and low W_ on the upper left to low K and high L _ on the lower right)
largely reflect temperature-size effects that we know (as TSR) from other taxa and phyla.

Similar findings were made for gastropods, at least among the few aquatic species
whose growth has been studied, which also exhibit asymptotic growth patterns (see
Figure 13.2 for an example).

Asymptotic growth patterns also occur in planktonic pteropods, whose seasonal growth
does not appear to have been studied except for the contribution by Wang et al. (2017). As
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Figure 13.2. Growth of the sea slug Dolabella auricularia (Gastropoda) in the Central Visayas,
Philippines, using ELEFAN and the cubic root of body weight as ‘length equivalent,’ as its body length
cannot be measured precisely. A: Mean seasonal pattern of recruitment into the ‘length-frequency
data in € and D, compared with the seasonal occurrence of egg masses in Bais and Syit Bays,
confirming the existence of two cohorts per year (one solid, the other dotted in C and D), and allowing
the estimation to t, = - 0.33 years (see Pauly and Calumpong 1984). B: Representation of D. auricularia
by E. Chu. C: Bais Bay, with W, =512 g and K = 0.8 year™. D: Syit Bay, with W, =475 gand K= 1.0 year".

Observation

Remarks

The largest specimens occur in the
coldest part of their range.

Maturation occurs at a smaller size
in the warmer part of their range.

Gill filaments grow relatively faster
in warm parts of their range.

Males have more gill filaments
than females.

D. pealeii has relatively larger gills
than Doryteuthis roperi.

See text and Figure 13.3 for other
squids.

As in fish, see Chapter 7.

This is required to increase
o, supply in warmer water with
less dissolved O,.

Males reach 50 cm (ML),
females 40 cm off New England
(Roper et al. 1984).

D. pealeii is the larger species
wherever they co-occur.
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Table 13.2. Evidence of
adaptive compensation for
oxygen limitation in longfin
inshore squid Doryteuthis pealeii
(extracted from Cohen 1976).
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Figure 13.3. Seasonal growth curves of the North Pacific pteropod Limacina helicina as estimated by
ELEFAN from shell length-frequency data (adapted from Wang et al. 2017). Note the large difference
between the Spring and the Fall cohorts.
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Figure 13.4 (opposite page, bottom). Maximum weight in 3 species of squid in relation to latitude,
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and males in L illecebrosus, and both sexes combined for D. gigas and N. sloanii (based on data in
Ehrhardt et al. 1983 and Roper et al. 1984). As expected, squid are smaller at low latitudes (and higher
temperatures), a trend likely to intensify with global warming.
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these authors found, the short-lived North Pacific pteropod Limacina helicina exhibits growth
curves whose shape depends on the time of hatching: when hatched in spring, most of their
short lives unfold when temperatures are relatively high; hence their initial growth is fast,
but they remain smaller (mean asymptotic shell length, i.e., L = 4.2 mm, K = 5.1 year?). On
the other hand, individuals hatched in the fall tend not to grow much through the winter
butreach alarger size (L= 5.3 mm; K = 4.1 year) in the spring (Figure 13.3), in line with the
temperature-size rule and the GOLT, as presented in the earlier chapters.??’

Similarly, Table 13.2 documents respiration-related differences between the longfin
inshore squid Doryteuthis pealeii from the coldest and warmest ends of their range.

Figure 13.4, on the other hand, illustrates that 3 squid species are larger in higher (and
colder) latitudes, while Lavin et al. (2022) confirmed these results for the Wellington flying
squid, Nototodarus sloanii.?®® This implies that there should be no problem applying the
GOLT to cephalopods. But there are.

Are cephalopods really that different?

The semelparity and rapid growth of some smaller species of squid have led to numerous
misunderstandings regarding the growth performance and life span of all species of
cephalopods, which include the largest?” and heaviest?® of all invertebrates. Or, in plain
language: there are several specialists on squid — to be gradually introduced in the text below
or in the endnotes — who believe that all cephalopods (i) breathe through their skin and
therefore (!) are not oxygen-limited; also, (ii) they grow exponentially, (iii) for a year, then (iv)
spawn and die — and yes, (v) this applies even to the biggest ones (see Pauly 1998c, 2019).23

The first of these five tenets, held, e.g., by O’Dor and Hoar (2000) — but which never
made much sense in the first place, given that the surface area of the body of cephalopods
(even in tubular squid) is much smaller than their gill surface area (Pauly 2021a) — had
been thoroughly refuted by the actual measurements of Birk et al. (2018). The second part
of (i) is also easily disposed of, considering that the metabolism of squid increases with a
power of weight d <1 (O’Dor and Wells 1987; Seibel 2007), which implies that oxygen supply
does indeed limit their growth, at least in adults. If oxygen were not limiting the growth
of cephalopods, they would indeed grow exponentially, according to tenet (ii). However,
most large squid can be shown to grow asymptotically if an objective method of curve
fitting explicitly considers seasonal growth oscillations (see, e.g., Figure 13.5 and Jarre
et al. 1991 for more cases).

In a direct challenge to the suggestion that squid grow asymptotically and that this
form of growth has profound implications for their biology, Lipinski and Roeleveld (1990)
showed that a Growing Sealife™ plastic squid, when placed in water, displays asymptotic
growth. This was supposed to show that “if a fit to growth data by the von Bertalanffy curve
looks satisfactory, it does not follow that this is evidence for anabolic and catabolic changes.”
This is a “judo argument” (Asimov 1977), easily turned against its very proponents, as this
Growing Sealife™ plastic squid exhibited as much ‘anabolism’ and ‘catabolism’ as can be
expected from a piece of porous plastic.

We first note that the plastic squid in Lipinski and Roeleveld (1990, figure 2) did not
grow ‘exponentially’ as, e.g., fish larvae do. This would have implied that growth was
limited only by food intake (i.e., water intake in the case of a plastic squid) and that absolute
growth rate (e.g., g-day?) increased until an external limit was reached (metamorphosis in
the case of fish larvae). Instead, the plastic squid displayed a form of asymptotic growth
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Figure 13.5. Demonstrating that females Doryteuthis pealeii from the northwestern Gulf of Mexico
grow asymptotically once subjective methods of analysis - as in A, redrawn from Hixon et al. 1981 -
are replaced by an objective interpretation of length-frequency (L/F) data, as provided by ELEFAN
(Pauly and David 1981). B: ‘Restructured’ L/F data used to select the best combination of growth
parameters, i.e., those generating a growth curve which, by ‘hitting’ the peaks of the original L/F
data (the positive black histograms) while avoiding the troughs in between (the negative white
histogram), collects the most ‘points.’ C: The objective procedure in B yielded the parameters ML_ =
21.5 cmand K =0.285 year™, with C = 0.65 quantifying the amplitude of seasonal growth oscillations
(adapted from Pauly 1985).

well represented by the special VBGE, i.e., with a growth rate that declined linearly with
length. This is evidence that something was working, from the outset, to prevent water
from seeping into the plastic.

This ‘something’ is the cohesive force of the plastic itself, whose magnitude (k) should
be proportional to the volume (or W) of the plastic whose pores were filled with water. As
a force acting against the expansion of the plastic squid, we have a negative term, - kW. The
force that pulls water into the plastic body of the squid is capillarity, which is by definition
proportional to a surface, i.e., HW?*(Thompson 1917). This implies that the growth in weight
(plastic + water) of a Growing Sealife™ plastic squid should conform to

dwijdt = HW?*? - kW ..(13.1)

which we recognize as Piitter’s equation, as presented in earlier chapters, and whose
integral is the VBGF, which describes asymptotic growth.

Several cephalopod specialists have suggested that the VBGF cannot duplicate the
growth patterns reported from squid or octopuses. The seasonally oscillating VBGF is
versatile enough to duplicate cephalopod growth curves, including what appears to be
the ‘exponential’ growth of squid. But before this can be elaborated upon, the evolution of
cephalopods must be briefly mentioned.
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The ancestors of today’s cephalopods were shelled nautiloids; their extant descendants
in the genus Nautilus have growth rates that are much lower than those of squid and
longevities ranging from 10 to 20 years (Saunders 1983; Cochran and Landman 1984;
Landman et al. 1988, 1989; Pauly and Ward 2024), in contrast to 1- 4 years in octopus and
squid of similar sizes (see SeaLifeBase). Rodhouse (1998) suggested that the differences
between the growth of Nautilus species and that of squid were due to the latter having
evolved from nautiloids through a neoteny-like process he called “physiological progenesis,”
which corresponds to the concept of “paedomorphosis” as proposed by Gould (1977). This
suggestion would explain their high metabolic rate and rapid growth, similar to that
occurring among the juveniles of most WBE.

Also, in many squid and other cephalopods, substantial post-spawning mortality
eliminates many of the older individuals, leaving us with the initial linear’ or ‘exponential’
segments of growth curves, to which any function can be fitted, whether this makes
physiological sense or not (see, e.g., Bigelow 1993). The disadvantage of this approach is
that when purely empirical curves are fitted to actual observations (e.g., age-length pairs,
length-frequency data, or tagging-recovery data; see Figure 1.3), no theory is being tested
and/or enriched, and potential errors cannot be detected.

For example, and this deals with tenets (ii) to (v), the near impossibly fast growth estimate
of Clarke (1980b) for the oceanic squid Kondakovia longimana stood unchallenged for years,
presumably because they coincided with the widespread belief among specialists that squid -
including huge ones, living in Antarctica’s frigid waters — always have an annual life span.

Re-establishing plausible cephalopod growth patterns

The implausibly low longevity estimated for K. longimana prompted a re-examination of the
length-frequency data, which had led to it. As agreed by Malcolm Clarke, who co-authored
the paper in which the rectification was presented (Jarre et al. 1991), there was no evidence
to justify the assumption of a one-year lifespan in K. longimana. Indeed, based on the annual
markings of the chitinous pen (‘gladius’) inside this species, its longevity is likely 8-10 years
(Bizikov 1991). Again, length-frequency data may be used to infer growth patterns, but they
must be analyzed with an objective method.

Another re-assessment occurred with the jumbo flying (or Humboldt) squid Dosidicus
gigas, which ranges from California to Chile and currently supports lucrative fisheries in
the Eastern Pacific, including around the Galapagos Islands. At least since the publication of
Erhardt et al. (1983), the growth parameters—and hence the life-history — of this squid were
a matter of controversy, notably because different authors (i) continue to use subjective
methods for length-frequency analyses, (ii) usually do not consider that high temperatures
impact the sizes that WBE can reach, and (iii) nor consider that the hypoxic water which
Humboldt squid often inhabit tend to suppress the formation of rings assumed to be laid
daily on their statoliths, leading to an underestimation of their age.??

Nevertheless, a coherent account of their life-history is beginning to emerge, based on
their “extreme” phenotypic plasticity, which identifies two forms: a ‘large’ form, with a mean
mantle length of about 60 cm and reaching maturity at 1.5 years (or possibly 2 years or more
if their age is underestimated), and a ‘small’ form less than 40 cm and maturity at 6 months
(Hoving et al. 2013), but which may also require more time if ages are underestimated.
These authors write, under the subheading “What controls size-at-maturity,” that “elevated
temperatures and limited nutrition typically result in smaller size at maturity for squid
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Figure 13.6. Basic features of the growth of Sepia species. A: Auximetric plot of different
populations of Sepia aculeata, S. dollfusi, S. hierradda, and S. officinalis, where each dot represents a
K-L, pair, i.e., a growth curve. B: Plots of L Pvs. L Pin 4 Sepia spp. allowing the estimation of a mean
L,.>/L Pratio=1.36. C: Seasonal cycles of the parameters a and b of length-weight relationships,
from a simulation in Pauly (2019), based on Equation (12.2) and a similar equation for seasonal
growth in weight. D: Seasonal cycle based on monthly length and weight measurements in 2016 of
Sepia hierredda caught along the coast of Ghana (Sakyi-Djan 2017), smoothed with 3-month running
means (adapted from Pauly et al. 2024b).

(Boucher-Rodoni, 1973; Rowe and Mangold, 1975; Mangold, 1987; Forsythe and Hanlon, 1989;
Arkhipkin and Mikheev, 1992; Jackson, 1995; Jackson and Domeier, 2003; Moreno et al. 2005).
This generalization regarding temperature is consistent with the smaller size of mature squid
that would have been born in the Guaymas Basin [of the Gulf of California] during the 2009 —
2010 El Nifio... .”

All of this is in line with the GOLT because the large form occurs during cold La Nifia
periods while the small form appears during and following the warm EIl Nifio events,
and because their size at first maturity is reduced when their maximum size also is (see
Chapter 7 for a mechanism that explains why).

The plasticity of D. gigas is likely due to this species having evolved and inhabiting
ecosystems in which the deeper but resource-rich waters are hypoxic*?* and in which
the cold surface water of La Nifia years, with enough dissolved oxygen, was, for millions
of years, periodically replaced by the warm waters of El Nifio events. This required its
ancestral populations to either evolve the capability to generate a progeny consisting
of individuals tolerant of hypoxic and/or warm water (but which remain smaller when
exposed to such conditions) or go extinct.
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Our last case is dozens of cuttlefish species, close relatives of squid, which not
only exhibit asymptotic growth, as reported by multiple authors (see, e.g., Ragonese
and Jereb 1991; Mehanna and Amin 2005; Sakyi-Djan et al. 2022; Yesilyurt et al. 2019;
Figure 13.6) but reach ages of up to 4 years. Also, the parameters a and b of their length-
weight relationships exhibit, in a year, cyclical patterns that match precisely the results
of simulations based on Equations (12.2) and a related version of the VBGF for seasonal
growth in weight (see Pauly 2019, p. 94-95; Figure 13.6C and D). Moreover, they appear to
use a maturation-triggering threshold value L, P/L P = 1.36 (Figure 13.6B), which is the
same as the threshold estimated in bony fishes (Chapter 7) and similar to that in various
invertebrates (Chapters 12 and 14). Overall, this suggests that the GOLT may apply to all
species of the Family Sepiidae and, by extension, to cephalopods as a whole.

Overall, we can only reiterate the hope expressed in Pauly (1998c) that the community of
scientists who study cephalopods abandon the 5 tenets mentioned above and concentrate,
instead, on identifying what the animals they study — which indeed look different from
fish — have in common with them, given that they are subjected to the same physical and
dimensional constraints, as emphasized by the GOLT.

196 BREATHING WATER IN A WARMING WORLD



14

Growth and reproduction
in sponges, cnidarians and
chaetognaths

Synopsis: This chapter attempts to apply the Gill-Oxygen Limitation Theory (GOLT) to three
groups of water-breathing invertebrates, i.e., near spherical sponges, here represented
mainly by the commercial wool sponge (Hippospongia lachne), medusoid cnidarians, and
chaetognaths, or arrow worm, neither of which possesses gills and whose bodies contain
more water (= 90%) than fish (75-80%). In all three groups, oxygen consumption rates scale
with body weight via an exponent d <1, resulting in a good fit of asymptotic growth curves,
including variants that account for seasonal temperature fluctuations. Also, Hippospongia
lachne and the chaetognaths exhibited strong body size reductions with increasing
temperature. Indeed, the GOLT appears to explain well major traits of near-spherical
sponges and chaetognaths, including their relatively slow growth of the latter, which is
attributable to their apparent lack of a dedicated respiratory organ, while some features of
medusoid cnidarians remain to be investigated.

Biological theory and asymmetrical knowledge

Our current knowledge of marine species and ecosystems is still dominated by a focus on
animals that are of commercial interest, which leads to an asymmetry in the available data
and studies that allow for a more comprehensive understanding of their life-histories and
ecologies. As mentioned earlier in this book, the first elements of the GOLT were developed
for fish, many of which are exploited by fisheries and studied intensely (Pauly 1979).
Chapter 12, devoted mainly to crustaceans, and Chapter 13, covering molluscs, also dealt
predominantly with species exploited by fisheries or raised in aquaculture, and for which
considerable literature exists, notably on their growth.

Many other invertebrate taxa have been less intensively studied because fisheries do
not exploit them. One example is chaetognaths (Pauly et al. 2021a), but also the sponges
(Pauly et al. 2022b) and jellyfish (Pauly et al. 2009), of which only a few species are targeted
by fisheries and have been intensively studied. Here, based mainly on the publications just
mentioned, key aspects of the biology of some species representing their respective phyla
are presented and discussed in relation to the GOLT. As we demonstrate in this chapter,
these animals also experience limitations of their oxygen supply and the ‘dimensional
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tension’ between body mass and respiratory surfaces that shape the most important
life-history parameters of bony fishes, Chondrichthyes, crustaceans, molluscs, and other
aquatic ectotherms. We will first focus on Porifera (sponges), then cnidarians, and finally
on chaetognaths. As the examples of these different taxa show, the central tenets of the
GOLT are applicable across different body plans and reveal fundamental features of water-
breathing ectotherms in all metazoan phyla and classes.

Growth, respiration, and reproduction in near-spherical sponges
This section addresses issues related to the growth, reproduction, and respiration of
sponges, emphasizing the sheepswool sponge (Hippospongia lachne), better known as the
‘wool sponge.” Emphasis is given to the relationship between growth and respiration in the
wool and other sponges because this issue is often overlooked in studies of their biology,
even though an appropriate supply of oxygen is as essential to their survival and growth
as is an appropriate amount of food (Pauly 2021a).

The work presented in this section of Chapter 14 is based on the pre-submission version of
Pauly et al. (2022b), which represented the first attempt to fit a sponge to the standard version
of the VBGF. As this equation was derived from first-order physiological principles involving
the interplay of surfaces and volumes leading to asymptotic growth (see Chapters 2 and 3), it
should therefore be enlightening to test whether these principles, first derived for fish, also
apply to sponges, the oldest multicellular animal taxon. This section does not address the
growth of encrusting or tubular sponges that may not suffer from the respiratory constraints
emphasized here because of their laminar bodies. Instead, it focuses on nearly spherical
species such as the wool sponge. The choice of this species as an exemplary case is also
pertinent because it is one of the most valuable and abundant commercially exploited species
(Martinangeli et al. 2022) and, therefore, has been better studied than many other sponge
species (Stevely et al. 1978; Witzell 1998; Butler et al. 2017, 2018, 2021).

Pauly et al. (2022b) fitted the VBGF to the diameters-at-(relative)-age published by Storr
(1964), which were based on wool sponges tagged in the upper Gulf of Mexico; this included
specimens of diameters up to 18 cm, beyond which he inferred their growth indirectly
(Table 14.1). He also noted that “the rate of growth in diameter indicated by [his study]
appears to be valid for the first 5 or 6 years. Beyond this point, the growth rate must be
assumed to be somewhat less [...], the increase in diameter gradually approaching a uniform
rate as the sponge assumes the doughnut shape.”

Table 14.1. Diameter (inches), volume (cubic inches), and age of wool sponges (Hippospongia
lachne) tagged off Florida in the Gulf of Mexico, as read off the graph in figure 7b in Storr (1964). The
last 4 years of data (in parentheses) are as indirectly inferred by Storr (1964).

Age (years) Diameter (in) Volume (in%) Age (years) Diameter (in) Volume (in%)
1 2.6 8.6 7 8.9 388.7
2 4.3 44.2 (8) (9.5) (434.8)
3 5.5 88.8 9) (10.0) (480.8)
4 6.6 181.9 (10) (10.7) (609.8)
5 73 269.4 (11) (11.3) (716.3)
6 8.2 333.3
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The VBGF derived from the 11 age-diameter data pairs in Table 14.1 was
D, =31.5(1 - e©1919) ..(14.1)

where D, is the predicted diameter at age t in centimeters, and D_ is the asymptotic
diameter in cm. The parameter ¢, is not included in this equation because it was set at
zero, forcing the growth curve to start at the origin of the age scale in Figure 14.1. As for
the value of 0.191 year for the parameter K, its 95% CI, estimated by bootstrapping the
data in Table 14.1, is 0.185 — 0.199 year . This confidence interval is likely underestimated
because the age-at-length data in Table 14.1 are means, i.e., they do not account for the
variability of individual growth. Still, the estimate of asymptotic diameter is close to the
maximum reported by Storr (1964), 12 inches (or ~30.5 cm), the approximate size at which
the sponge’s spherical shape is maintained.

Given the conversion between centimeters and inches, the relationship between the
age in years and the volume in cm?® becomes

V, = 1046(1 - e©1910)3 ...(14.2).

Note that in the wool sponge, the dry weight of the skeleton (e.g., as used as a bath
‘sponge’) is about 4% of its wet weight (after draining its internal channels and removing
the commensals and/or parasites? living therein, see Pauly et al. 2022b).

As sponges lack specialized respiratory surfaces, which can grow hyper-allometrically, as do
the gills of fish, surface-to-volume relationships play an even more immediate role. This implies
that the cumulative cross-section of the pores through which water can enter their bodies is
a surface and cannot be increased indefinitely. This (2-D) surface, at least in compact species
such as the wool sponge, cannot keep up with the growth of their (3-D) bodies, and, as they
grow, their interior will become increasingly hypoxic (Hoffmann et al. 2005; Lavy et al. 2016).
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Figure 14.1. Growth of the wool sponge (Hippospongia lachne) in the upper Gulf of Mexico as
indicated by a von Bertalanffy growth curve fitted to diameter-at-age data from Storr (1964), with
the data for the last 4 years (open dots) inferred indirectly (see Table 14.1). The estimates of
asymptotic length (i.e., diameter) and growth coefficient are 31.5 cm and 0.191 year™, respectively.
The horizontal dotted line indicates the asymptotic diameter (D_)

)
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Sponges have evolved a complex symbiotic relationship with microbes to deal with
the geometric constraints imposed on their physiology. The sponge canal system operates
as subdivided units among which pumping rates (i.e., 0xygen acquisition) vary, creating
spatio-temporally variable zones of hypoxia and anoxia that serve to support the respiratory
activity of anaerobic symbionts (Lavy et al. 2016). Nevertheless, in some species, including
the wool sponge, the development of internal hypoxic zones leads to tissue necrosis, as
suggested by Storr (1964), who attributed central tissue “death” in large wool sponges to
lack of food, rather than to lack of oxygen.

Concerning 12 inches being the maximum diameter attained by near-spherical wool
sponges, Storr (1964) wrote the following: “This is confirmed in the observed growth of wool
sponges by the death of the central portion of the sponge when this diameter is reached. The form
of the sponge from then on becomes more and more doughnut in shape. Continued growth beyond
a 12-inch diameter suggests that one other growth factor operates as the sponge approaches the
limit of growth indicated [by Storr’s model, not included here]. Since the sponge is uniform in
structure and the intake of water carrying the food is through the sides, the greatest amount of
food uptake is in the periphery of the sponge. This area, therefore, continues to grow vigorously,
but the rate of food intake is not sufficient, nor is the rate of food transfer through the sponge
efficient enough to support active metabolism in the central portion of the sponge when the
diameter of the sponge is 12 inches or over. The growth formula obtained would probably be
directly applicable to the rate of sponge growth except for this phenomenon of sponge physiology.”

Therefore, the growth trajectory documented in Storr’s study pertains to the phase
where wool sponges remain near-spherical. Beyond this phase, they change shape, resulting
in different ratios between respiratory surfaces and the mass of oxygen-consuming tissues.
This transition could be modeled using a biphasic version of the VBGF (Soriano et al. 1992);
this is not attempted here, mainly because the second-phase growth of this sponge species
is not well-documented and of little interest to the sponge fishing or farming industries.

The respiratory area of the wool sponge is not known. Measurements of the respiratory
area for the European coastal sponge Suberites massa, taken over a century ago, have
been used to estimate the area at 100 cm*g?! (Putter 1914; von Ledebur 1939). Gatti et al.
(2002) used oxygen microprobes to measure oxygen concentrations within the tissue of the
Mediterranean bacteriosponge Suberites domuncula and detected oxygen concentrations of
approximately 50% of the surrounding ambient seawater. Weisz (2006) employed oxygen
microprobes and tetrazolium salts to examine oxygen concentrations and the occurrence
of anoxic zones in 4 species of low-microbial-abundance and high-microbial-abundance
sponges. Oxygen concentrations within the ectoderm and endoderm of low-microbial-
abundance sponges were similar to ambient seawater concentrations, whereas endoderm
tissues in high-microbial-abundance sponges were all hypoxic or anoxic.?*

Measurements of oxygen levels in the interior of a near-spherical sponge, the Barrett’s
horny sponge (Geodia barretti), performed by Hoffmann et al. (2005) were read off their
figure 2 by Pauly et al. (2022bh), re-expressed as fractions of ambient oxygen levels, and fitted
with a logistic curve, which yielded the model:

Fraction of ambient oxygen level = 1/(1 + e0675276-n) ....(14.3)

where r is the radius, measured as the depth within the sponge; 0.675 is the slope of
the logistic curve at 50% of the ambient O, level; and 2.26 is the depth within the sponge
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Figure 14.2. Decline of oxygen content within a near-spherical sponge, the Barrett's horny sponge
(Geodia barretti), based on a specimen sampled between 100 and 200 m on the hard bottom
slope of the Korsfjord, near Bergen, Norway, as read off figure 2 in Hoffmann et al. (2005) and
re-expressed as a fraction of ambient oxygen levels. The relationship between oxygen content

and sponge depth is fitted with a logistic curve, and the gray shaded area represents the 95%
confidence interval (see text).

=37 Florida

£30 | . .

%’25 L Maximum diameter

T20 |

% 15 L Curagao

"g’,10 L g@%ﬁ \\Minimum diamgter

S 5L SR at first maturity

w0 | ] ] ] ] I | ] 1 ] ] ]
01 2 3 4 5 6 7 8 9 10 11 12

No. of months with SST>26.7°C

Figure 14.3. Temperature dependence of size at first maturity (solid line) and maximum size (dotted line)
of wool sponge (Hippospongia lachne) off Florida in the Gulf of Mexico (based on data from Storr 1964)
and in the waters of Curagao (based on data from van Soest 1978). SST = sea surface temperature.

at which O, is 50% of the ambient level. The 95% confidence interval of the slope at the
inflexion point was estimated using bootstrapping (Fieberg et al. 2020) and found to
be 2.52 to 2.98 (Figure 14.2).

The oxygen level decline is most rapid at the 50% inflexion point of 2.76 cm (95% CI:
2.52 — 2.98), where the slope (0.675) has a 95% CI of -0.998 to -0.548. The generality of the
numbers estimated using Equation (14.3) and illustrated in Figure 14.2 cannot be currently
assessed, as they were derived from an experiment on only one species at temperatures
from 6 to 15 °C (Hoffmann et al. 2003). The shape of this relationship is likely realistic and
can be adapted to different species by increasing or decreasing the two parameters of
Equation (14.3). This equation enables the computation of oxygen levels in near-spherical
sponges by adding the dissolved oxygen in successive depth layers and the oxygen level of
each depth layer, as the mean of the oxygen levels at its outer and inner limits.
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Van Soest (1978) concluded that wool sponges reach a size up to 18 cm in diameter in
the waters of Curagao, where the waters are warmer than in the upper Gulf of Mexico,
where wool sponges reach diameters of over 30 cm (Storr 1964). These numbers are
illustrated in Figure 14.3, which shows that the maximum sizes of wool sponges decrease
with increasing temperature. Moreover, this figure also illustrates the inverse relationship
between minimum length at first maturity and water temperature, as has been reported
for other WBE.

The mean ratio of 0.4 for the relationship of L, and L_, shown in Figure 14.3, cannot
be used to test, in wool sponges, whether L, P/L P =1.3 - 1.4, as predicted for most WBE
(see Chapters 7 and 12). The reason is that the data in Storr (1964) do not pertain to the
mean size at which wool sponges mature (i.e., the length at which 50% of a cohort reaches
maturity) but rather indicate the minimum size at which some do.

Sponges, which originated in the Pre-Cambrian, had ample time to evolve sophisticated
defenses in the form of spicules embedded in a tough matrix, which partly protects them
against spongivores (Wulff 2006), a strategy resembling that of thorny plants on land.
Similarly, like plants, sponges cannot evade predators and, as a result, have evolved the
ability to synthesize a dazzling array of complex organic molecules to protect themselves
against potential consumers and pathogens (Pawlik 2011; Loh and Pawlik 2014; Rohde et al.
2015). This array of compounds is the reason they are sought after as a source of potentially
beneficial medical compounds (Blunt et al. 2003).

Although very ancient, sponges did not evolve the many differentiated cells, tissues,
organs, and appendages characteristic of other phyla, such as molluscs, arthropods, and
chordates. Therefore, sponges allow for easier detection of the constraints that have shaped
the transition to multicellularity in the first animals and the emergence of the first body
plans. As Ward (2006) argued, “respiration was perhaps the most important driver of animal
body plans,” a statement that reflects some of the most fundamental assumptions on which
the GOLT is built. Indeed, the appearance of sponges on Earth, predating oxygen-producing
multicellular plants by 300 million years (Brocks et al. 2017), occurred during a period when
a day on Earth was only 21 hours and atmospheric oxygen levels were only about 50% of
what they are today (Klatt et al. 2021). Although global oxygen stores later increased rapidly
with the evolution of multicellular plants, for approximately 500 million years, sponges
evolved in a world depauperate in oxygen. Without tissues or organs specialized for oxygen
acquisition, sponge morphology was strongly constrained by physiological oxygen demand.

That oxygen constrains sponge energetics and morphology contradicts the suggestion in
Storr (1964) that the supply of nutrients (i.e., food) is the limiting factor to the survival and
multiplication of the cells in the interior of a cell mass. In their review of food competition
and limitation for coral-reef-dwelling sponges, Pawlik et al. (2015) found no evidence for
food limitation of sponge growth. The reef sponge community is dominated by sponges with
low microbial abundance and high filtration rates, characterized by large canal volumes,
and they dwell in an oxygen-enriched environment. The opposite is true for shallow-
water-dwelling coastal sponges, for which growth appears to be limited at high densities
of sponges, which may limit available oxygen (Valentine 2019).

The effects of a limited capacity to deliver oxygen to tissues are evidenced across
many animal phyla (Heim et al. 2020). For humans and many other mammals, effects are
manifested in heart insufficiencies and attacks (Weber and Janicki 1979) and in ischemic
strokes (Janardhan and Qureshi 2004). This phenomenon also applies to cancerous tumors
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whose cells shift to glycolytic metabolism when their interior is deprived of oxygen or when
atemperature increase drives their oxygen demand beyond the capacity of the blood supply
that they have commandeered (Warburg 1930; Al Tameemi et al. 2019).

The fundamental reason for the limiting role of oxygen in metazoan metabolism is
that, because of its toxicity, molecular oxygen cannot be stored in living animal tissue
(Lane 2002); the oxygen that is stored in the mesoglea of jellyfish (Thuesen et al. 2005) is
no exception because mesoglea is not living tissue. The only way oxygen can be stored is
through chemical bonding as in blood (Lenfant et al. 1970; Noren et al. 2002), and oxygen
storage requires an internal circulatory system that is absent in many phyla (Heim et al.
2020), including the Porifera.

As a result, the growth of poriferans, and especially those with a spherical shape, is
constrained by the aforementioned dimensional tension (Pauly and Cheung 2017) inherent
in having to supply a growing (3-D) body with oxygen in water whose flow is determined by
the cumulative (2-D) cross-section of the inhalant pores. This constraint remains even if a
sponge’s pumping rate increases with body size. This is why sphere-shaped demosponges,
when fully grown, experience hypoxia and even anoxia in the central part of their bodies,
as is commonly observed. Yet, this oxygen limitation also permits the presence of anaerobic
bacteria and archaea within the commensal community dwelling inside sponges, not too
dissimilar to the microbiome in the human gut (Cénit et al. 2014), and allowing sponges to
turn a liability, at least partially, into an asset.

Not all sponges are near-spherical; their various morphologies are tube-shaped, vase-
shaped, encrusting, and irregularly shaped globular. Their internal structure is equally
variable; some are dense, whereas the extensive canal system of others makes them full
of voids. There are also striking differences in the skeletal structure and composition of
spicules, which largely define sponge families. These characteristics play a role in water
flow through sponges and influence oxygen availability.

The contention, illustrated here with the wool sponge, is that the oxygen supply may limit
the growth of large, near-spherical sponges to their interior, allowing several inferences
about their likely response to ocean warming and deoxygenation. These inferences are
also important for sponge fisheries and aquaculture, as well as the study of sponges within
their ecosystem context.

Moreover, we demonstrated that the GOLT, developed mainly with data for vertebrate,
molluscan, and arthropod WBE, also applies to compact, near-spherical sponges. This
demonstration of new avenues for their study should allow for the formulation of various
hypotheses about their biology, notably on their shape-shifting past specific sizes, that
should be straightforward to test.

The growth of medusoid cnidarians

The constraints relating to oxygen uptake discussed previously can also be illustrated in
another class of animals: cnidarians. Many cnidarians, e.g., the polyps of coral reefs, are
probably too small to experience a dimensional tension that would inhibit their growth
individually. Still, coral reefs, i.e., huge aggregates of individual polyps, can create nightly
hypoxia and then suffer from it, particularly when exposed to high temperatures (Nelson
and Altieri 2019; Perzer et al. 2023). Indeed, we can assume that it is nightly hypoxic events,
which, by lowering the pH in the living tissue of coral colonies, cause the daily rings that
can be used to age coral heads (see Nothdurft and Webb 2007 and references therein). This
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Figure 14.4. Seasonally oscillating growth curve fitted with ELEFAN to diameter (= ‘length’)
frequency data of the medusae of 2 species of jellyfish. A: Aurelia aurita from Tokyo Bay, Japan,

in 1990 - 1992 (Omori et al. 1995), with L =35.5 cm and K = 0.86 year™ for set values of C= 0.5 and
WP =0.1. B: First 3 of the 6-year samples of Catostylus mosaicus from Botany Bay, Australia, sampled
between March 1990 and February 1998 by Pitt and Kingsford (2003), with L_=37.0 cm and

K =10.60 year™ for set values of C=0.5and WP =0.7.

process is analogous to the nychthemeral fluctuations of pH in the endolymph surrounding
the otoliths of fish (Mugiya et al. 1981) or the statolith of squid (Morris 1991; Lipinski 1993),
which also lead to ‘daily rings,” particularly in larvae (Pauly 2019, pp. 113-117).

Another aspect of the biology of cnidarians relevant to the GOLT appears to be
asymptotic growth (Figure 14.4), although their respiration can scale linearly with their
weight (Larson 1987). This is an anomaly in terms of the theory presented here, which
may be resolved by a meta-analysis of respiration in medusoid jellyfish, emphasizing how
different classes respond to experimental stress, and possibly by accounting for their ability
to store oxygen in their mesoglea (Thuesen et al. 2005).

For cnidarian species with suitable data on the frequency distributions of the diameter
of their medusoid stage, Palomares and Pauly (2009) were able to fit the VBGF to all species
so examined (Table 14.2). This was also the case when previous authors, having observed
that medusae sometimes shrink when their food is scarce, claimed that the interpretation
of the growth curves of jellyfish as asymptotic is inadequate. What turned out to be
far more important is that their growth occurs in waters whose temperatures strongly
differed seasonally, which requires the use of a seasonally oscillating variant of the VBGF,
as presented in Chapter 12 and illustrated in Figure 14.4.

The water content of the medusoid stage of cnidarians, at approximately 96% on average
(Larson 1986), compared to 75% in fish (Bykov 1973), makes it difficult to compare their
growth performance to that of fish and other WBE. Figure 14.5 illustrates a comparison
between the growth of fish and jellyfish after the asymptotic weights of the latter were
adjusted to a water content resembling that of fish. As can be seen, when standardized for

204 BREATHING WATER IN A WARMING WORLD



Table 14.2. Von Bertalanffy growth parameters (seasonal or not) of the medusoid stage of 9 species
of jellyfish (Scyphozoa and Hydrozoa), as estimated with ELEFAN (extracted from table 2 in
Palomares and Pauly 2009); the asymptotic size L refers to the diameter of the jellyfish ‘bells’ and
W_is in wet weight, while K, C and WP are parameters of a seasonally oscillating version of the VBGF
(see Chapter 12).

Species Location L (cm) W, (9) K(year-1) C&WP Reference
Namibian Buecher et al. (2001)
Aequorea aequorea Shelf 111 141 0.87 0.5&0.7 and Bierley et af. (2001)
Aurelia aurita Tokyo Bay 355 1161 0.86 0.5&0.1 Omori et al. (1995)
. Botany Bay, Pitt and Kingsford
Catostylus mosaicus sl 37.0 3083 0.60 0.5&0.7 (2000)
. 4 Mile Beach,
Chiropsalmus sp. Australia 14.8 210 1.50 Gordon et al. (n 2004)
Chrysaora hysocella Namibian Shelf 68.8 10991 1.10 0.25&0.7 Buecher et al. (2001)
Chrysaora tuberculata  Ionian Sea, Greece  39.0 6845 0.73 Kikinger (1992)
Cyanea sp. New England, USA  14.2 214 2.30 0.5 & 0.1 Brewer (1989)
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Figure 14.5. Plot of log(K) against log(W, ) in jellyfishes (re-scaled for their different water contents)
on an auximetric background of grey dots representing the growth curves of fish in general (in
addition to two fish species for comparison, Zoarces viviparus, and Gadus morhua, both represented
by black dots). As can be seen, the Aurelia aurita complex (black squares) and Catostylus mosaicus
(black triangles) resemble small fishes in their growth pattern. Still, Phryllorhiza punctata (black
squares) and Chrysaora spp. (black triangles) may grow faster (= higher K for a given W ) than most
fishes. These results are very sensitive to the assumed ratio between the water contents of jellyfish
and fish (Palomares and Pauly 2009).

their water content and positioned on an auximetric plot, medusoid jellyfish lose some of
their alienness, and one can conceive that they might be subjected to the same dimensional
tension that shapes the biology of other WBE.
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Chaetognaths and the GOLT

Another group of invertebrates to which the central principles of the GOLT can be applied
is Chaetognatha, or ‘arrow worms’ (Pauly et al. 2021a), a marine invertebrate phylum
including 132 extant, carnivorous species in 9 families and 2 orders (see Figure 14.6 for a
few species). The chaetognaths are a group about which Darwin (1844) noted the “obscurity
of their affinities,” which are still being debated today (Harzsch et al. 2015). The carnivorous
arrow worms are understudied relative to their importance in the marine zooplankton,
where they rank second in abundance after the herbivorous copepods, their major prey.
Although arrow worms lack gills or other dedicated respiratory organs, we show that the
Gill-Oxygen Limitation Theory (GOLT) can explain how temperature and respiration affect
their growth and related life-history traits.

The maximum recorded body lengths (BL, in mm) for the 132 species of chaetognaths
currently recognized in WoRMS (see www.marinespecies.org) and SeaLifeBase were linked
by Pauly et al. (2021) to the mean latitude of their distribution range (LAT), in degrees north
or south (as a proxy for temperature; Lindsey 1966; Fisher et al. 2010) and their habitat
through the multiple regression

log(BL) = 0.616 + 0.445-10g(LAT) — 0.580-B — 0.354-BP ...(14.49)

where B and BP are dummy variables (B = 1 for benthic and 0 for pelagic and
benthopelagic species; BP = 1 for benthopelagic and 0 for pelagic and benthic species). The
multiple correlation coefficient R = 0.573 implies that this model, with R? = 0.329, explains
almost 1/3 of the variance in length among these 132 species. Additionally, its partial slopes
have the expected signs and are significantly = 0 (p < 0.001).

Equation (14.4) implies that chaetognath species tend to be smaller the closer they
are to the Equator. Also, it allows for the calculation that the 14 benthic species are, on
average, 3.8 times smaller than the 77 pelagic species. Finally, it also allows inferring that
the 41 benthopelagic species (which, along with ‘benthic’ and ‘pelagic’ species, may have
been misclassified) tend to be 2.3 times smaller than the pelagic species, i.e., intermediate,
as may be expected (Figure 14.6).

The temperature-size relationship among chaetognath species presented in
Figure 14.6 likely has the same cause as that within the 3 species in Figure 14.7.

In Figure 14.6, this relationship represents a pattern on an evolutionary scale, while the
correlation between temperature and size in Figure 14.7 occurs on an ontogenetic scale.
The respiratory surfaces of chaetognaths, which grow approximately with length squared,
cannot keep up with the oxygen demand of their tissues, which grow approximately with
length cubed, and, like in other WBE, must increase when temperatures are high. Hence,
the smaller sizes of chaetognaths where and/or when the temperature is high.

In water-breathing ectotherms (WBE) that have hard parts — such as otoliths, other
bones, or scales in fish, or statoliths in squid — the ages at different sizes can be estimated
by counting annual rings in long-lived individuals exposed to marked summer-winter
temperature differences in their habitats, or by counting daily rings in otoliths or statoliths.
(Panella 1971; Daryanani et al. 2021). Unfortunately, arrow worms do not have statoliths
(Bullock 1965). The growth of chaetognaths must be inferred from laboratory specimens
or the analysis of length-frequency (L/F) data sampled in the wild. However, the correct
way to draw inferences about growth from L/F data is often misunderstood; many authors
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Figure 14.6. Relationship between the body lengths of the 132 extant chaetognath species and the
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Figure 14.7. Relationship between the size (body length or W , i.e., asymptotic weight) of 3 species
of chaetognaths and the mean temperature of the water in which they live or were raised. The body
lengths and the curves for Parasagitta elegans in the North Atlantic were redrawn from figure 1 in
McLaren (1966), and the points for Aidanosagitta crassa in the Yellow Sea are from Huo et al. (2010)
with a curve replacing their straight line. The grey data points from Reeve (1970), Reeve and Baker
(1975), and Reeve and Walter (1972) for Ferosagitta hispida in Florida are documented in Table 14.3
(note the logarithmic scale on the right).
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emphasize identifying the peaks of their various L/F samples, assumed to represent cohorts
(see Figure 13.4). On the other hand, they place less emphasis on the criteria they (should)
use for linking the peaks of successive L/F samples; however, it is decisions based on these
criteria which generate the growth increments from which the parameters of growth
curves can be derived (Pauly 1998D).

As a result, the literature on the growth of chaetognaths includes many examples of
growth curves whose author(s) presupposed slow growth. This has resulted in ‘cohorts’
being subjectively created whose growth curves extend to well over a year, sometimes
two (Grigor et al. 2017; Welch et al. 1996) and including long periods of near-zero growth
at minuscule sizes (see, e.g., Zo 1973).

Here, we present a set of published “mass-at-age” data presented by Hirst and Foster
(2013), based on aquarium experiments by various authors. The standard VBGF was fitted
after the data point representing larval growth was removed (Figure 14.8).

For comparisons of growth performance within and between different chaetognath
species and between chaetognaths and other WBE, one can use the index
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Figure 14.8. Weight growth curves of Ferosagitta hispida based on the “mass-at-age” data. The
origins of these data, the corresponding growth parameters, and the pertinent length-weight
relationships are documented in Table 14.3.2%7
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@ =log(K)+ 2-log(L) ..(14.5a)

which is relatively constant within species (and higher taxa with similar shapes),
as assessed by studying and relating hundreds of K-L_ data pairs (see Longhurst and
Pauly 1987; Binohlan and Pauly 2000; Pauly 2019). To allow for comparisons that consider
the different shapes that different clades of WBE can have, we use the index

@’ =1og(K)+ 2/3-1og(W) ...(14.5b)

which assumes a length-weight relationship with slope b = 3, as commonly occurs in WBE.

In captivity, fish and other WBE usually grow rapidly to a smaller size than they would
in nature, resulting in lower asymptotic sizes (length and weight) and higher values of
the parameter K when von Bertalanffy growth curves are fitted to their size-at-age data
(Saikkonen et al. 2011). This also appears to be the case for chaetognaths, whose growth
curves are shown in Figure 14.8 (see also Table 14.3). In any case, these growth curves
provide a realistic alternative to many of the hand-traced growth curves found in the
literature, and some suggest longevity of up to 2-3 years.

Indeed, the growth curves in Figure 14.8 may be realistic, as some of the omitted
points may correspond to the period between hatching and first feeding, characteristic of
chaetognath larvae that can last up to 10 days (Pearre 1991).

Even if preceded by a larval period of slow growth, Figure 14.8 suggests that at least
for Ferosagitta hispida, the emergence and disappearance of a cohort would occur in a
matter of about 2 months, which is possible given the small body length they reach (~ 1 cm)
and the high temperatures to which they were exposed. These results are compatible with
Russell (1932), who suggested 4-5 generations per year near Plymouth, and with Murakami
(1966), who reported 4 generations per year from areas in the U.K. and Japan, all of which
are cooler than the waters of Florida.

Table 14.3. Growth parameters of Ferosagitta hispida raised in aquaria and estimated from “mass-at
age” data of Hirst and Foster (2013), as illustrated and documented in panels A-G of Figure 14.8?
and size-at-age data in figure 2 of Reeve (1970), as illustrated in panel H of Figure 14.8b). All
samples originated from coastal water in Florida, U.S.

Panel Temp (oC) W_(mg) K (year-1) t, (year) Qc) Data sources

A 21 16.7 31.09 0.0045 0.308 Reeve and Baker (1975; figure 1)
B 31 7.5 88.07 0.0024 0.528 Reeve and Baker (1975; figure 1)
C 17 13.1 41.75 0.0072 0.367 Reeve and Walter (1972; figure 3)
D 21 14 43.79 0.0077 0.406 Reeve and Walter (1972; figure 3)
E 235 9.2 72.51 0.0037 0.504 Reeve and Walter (1972; figure 3)
F 26 10.7 83.67 0.0035 0.609 Reeve and Walter (1972; figure 3)
G 31.5 71 97.00 0.0027 0.556 Reeve and Walter (1972; figure 3)
H 21 9.8 53.37 0.0033 0.387 Reeve (1970; figure 2)

a) Converted to wet weight by multiplying by 10 (see table 2 Pauly et al. 2021a); b) Converted from lengths via W =
0.001:L3 ¢) @ (= log K+2/3-log W ) was computed with W_ in g, facilitating comparison with other groups; mean @ = 0.458.
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Table 14.4. Comparison of the growth performance of 6 species of fish, 2 species of chaetognaths
and 1 species of chironomid using @ = log(K) + 2/3log(W).

# and Speciesa) w._(9) K (year-1) (/]

1 - Thunnus albacares 198,940 0.250 2.93
2 - Morone saxatilis 17,543 0.186 2.10
3 - Mugil cephalus 13,800 0.110 1.80
4 - Trigla gurnardus 534 0.312 1.31
5 - Callionymus lyra 53 0.490 0.84
6 - Taurulus bubalis 102 0.230 0.70
7 - Pseudosagitta gazellae® =1 2.87 (0.458)
8 - Ferrosagita hispida ~0.01 55 0.458
9 - Chironomus anthracinus® 0.0125 2.88 -0.81

See Species header for: a) Pauly (1981) for the authors of the W, and K estimates of the 6 fish species; # 7:
b) Assuming the @ as in F. hispida (see Table 14.3 and text) and # 9: ¢) Bsed on weights-at-age in figure 15b of
Jénasson and Kristiansen (1967).

The @-values in Table 14.3 have a mean of @ = 0.458. Given this @-value, the largest
extant chaetognath, Pseudosagitta gazellae, with an asymptotic weight of W_~ 1 g, would
have a Kvalue of 4-5 year (see Table 14.4), which is compatible with having a single cohort
per year, as reported by Pearre (1991), based on David (1955).

As Table 14.4 clearly illustrates, chaetognaths have low growth performance compared
to fish, even when considering only the most sluggish fish species in the table are considered.
These slow growth rates are probably due to chaetognaths’ respiration, which limits their
growth potential compared to animals with elaborate breathing organs — our next topic.

Parry (1944) suggested that the long, flagella-like cilia in the gut of chaetognaths
“maintain a current in the gut lumen. This may be concerned with respiration or with the
removal of dissolved excretory matter liberated by the intestinal cells. Neither circulation
of body fluids nor excretory organs have been described in Spadella, so it may be concluded
that the intake of oxygen and the excretion of katabolites takes place at the surface of the
body. If these processes occur at the surface of the gut, then some means would be necessary
to renew the water in the lumen. The cilia would provide this means.” The last suggestion is
not realistic because it would require either a rapid flow (through the vent?) of ingested
water or nearly constant swallowing and regurgitation of oxygen-depleted water, neither
of which has ever been observed.

This suggests that it is unavoidable to infer that the integument of chaetognaths serves as
their respiratory organ. Indeed, the integument appears to be thinner, and given Equation
(4.3), more efficient for respiratory purposes near the ‘corona,” a group of “cilia arranged
around a depression on the dorsal side of the head and/or neck” (Bleich et al. 2017, citing
Kapp 1991). The corona is where the cilia generate a flow that contributes “2 to 3 times more
to the oxygen transport than diffusion does” (Bleich et al. 2017).

Bleich et al. (2017) conclude that “while the corona [...] may incidentally support
respiration, especially for the oxygen supply of brain, eyes and head muscles, this is most
probably not its main function.” They also note that “the continuous activity of the cilia of
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Figure 14.9. Basic information on the respiration and reproduction of chaetognaths (modified from
Pauly et al. 20213, table S3 and 4, respectively). A: Illustrating the relationships between the body
length of 6 individual chaetognaths representing 6 species and their relative surface area/volume. B:
Maximum lengths (L ) vs. lengths at first maturity (L) of 4 species of chaetognaths (n = 7; see also
Table 14.5), fitted with a linear regression with a zero intercept. The estimated slope is 1.30, with

a 95 % confidence interval (C.1) of 1.19 - 1.41, which overlaps with the slope of L | P vs. L P in fishes
(1.35; C.L.=1.22-1.53).

the corona means a considerable energy investment (Katsu-Kimura 2009). It lets us conclude
that the corona and the generated flow are important to chaetognaths.”

No function is more critical for a small organism, which must acquire all the oxygen
it needs by diffusion from the boundary layer of water adjacent to its integument, than
to induce a flow that would renew the water surrounding it.?* Indeed, this is necessary
if a high oxygen gradient is to be maintained between the surrounding water and its
integument.

Despite the extreme differences between the body plans of bony fishes and arrow worms,
the underlying constraints arising from aquatic respiration central to the GOLT reveal a
surprising parallel between the life-histories of these different phyla. As demonstrated in
Chapter 7, mean length at first maturity in bony fishes (L,, i.e., the length at which 50 % of
the individuals are mature) occurs at L, ”/L P ~ 1.35, with D = 3(1-d). Here, we also tested
whether chaetognaths reach maturity and spawn at a fraction of their maximum length
(L), similar to fishes. Since post-larval chaetognaths maintain their basic shape as they
grow, their integument (i.e., their respiratory surface) should grow proportionately to 2/3 of
their weight, i.e., d ~ 0.67 (Figure 14.9A). This means that for chaetognaths, D = 1, and hence
here, L, "/L P=L, /L. .
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Table 14.5. Approximate length at fist maturity (L) and maximum length (L ) of chaetognaths;
P = Pseudosagitta, F = Ferosagitta, and E = Eukrohnig; all length in mm.

Species Location/time (if indicated) L, L .. References

P. elegans Bedford Basin, May-June ‘68 21 31 Zo (1973; figure 2)

P. elegans Plymouth, September 1930 10 15 Russell (1932, plate I)

P. elegans Plymouth, May 1930; 1931 14 21 Russell (1932, plate I)

F. hispida Laboratory, at ~ 30 °C 8.4 10 Reeves and Walters (1972; figures 3 and 4A)

F. hispida Laboratory, at ~17 °C 1.5 14

E. bathypelagica Lazarev Sea, Antarctica 22 26 Kruse (2010; fig. 1, p. 55)

E. bathyantarctica Lazarev Sea, Antarctica 25 30 Kruse (2010; fig. 2, p. 56)

Figure 14.9B, based on Table 14.5, shows that in chaetognaths, L, when plotted vs. L ,
in aregression with zero intercept, leads to a slope 0f 1.30 (C.I. = + 0.11), which is close to the
estimate of 1.35 for bony fishes, and well within their 95% confidence interval 0of 1.22-1.53
(see Chapter 11). This suggests that maturity in chaetognaths is triggered by a decrease in
oxygen supply to their tissues as they grow, and their surface area to volume ratio declines
to a level near 1.35 times their maintenance metabolism, as also occurs in bony fish.

Chaetognaths have long posed challenges regarding their identity and biology, primarily
due to their bizarre anatomy, which is distinct from that of other invertebrate phyla. We
hope to have shown that they behave like other, better-studied WBE regarding some of their
physiological traits. We could demonstrate that chaetognaths behave as hypothesized, i.e.,

species occurring in colder waters are generally larger than those in warmer waters;
individual chaetognaths reach larger sizes in colder rather than warmer waters;

the VBGF can describe the growth of chaetognaths;

they lack a dedicated respiratory organ and exhibit low growth performances; and

e Wb

they mature at a fraction of their maximum size which is similar to that occurring in
bony fishes.

Therefore, we conclude that the chaetognaths conform to the Gill-Oxygen Limitations
Theory (GOLT) despite lacking gills.

While numerous studies have been conducted on the metabolic rate (i.e., O, consumption)
of chaetognaths (see references in Pauly et al. 2021a), very little thought has been devoted to
how they breathe, i.e., how they transfer oxygen dissolved in the water surrounding them
into their bodies. For example, there is no mention of breathing, respiration, or oxygen in
the otherwise wonderfully detailed 12 chapters in the book “The Biology of Chaetognaths”
(Bone et al. 1991).

Finally, we should also mention that the particular ‘dart-and-sink’ mode of locomotion
exhibited by chaetognaths described a “swimming pattern [which] consists of repetitive
head-upwards darting motions, each followed by a period of passive descent” (Sweatt and
Forward 1985; see also Bone and Duvert 1991) may be linked to their lack of an efficient
respiratory organ. Here, we propose the testable hypothesis that the oxygen in their muscle
tissue is exhausted at the end of a ‘darting’ event, with a high oxygen level recovered at the
end of the subsequent ‘sinking’ event.
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The GOLT and breathing water without gills

The GOLT is built around the assumption that animals that must extract the oxygen they
require from the water surrounding them will have increasing difficulties breathing as
their size increases because the volume of their bodies grows in three dimensions, i.e., faster
than the surface through which the required O, enters the body. Here, in the three groups
we documented — near-spherical sponges, medusoid cnidarians, and arrow worms - the
respiratory surfaces differed from gill lamellae as we find them in fish.

A ‘dimensional tension’ involving their oxygen supply occurs in 2 of the 3 groups of
metazoans examined here (near-spherical sponges and chaetognaths). This tension not
only affects their growth but also causes their maximum size to be strongly dependent on
temperature, limiting the O, content of water and increasing their O, requirements (Pauly
and Cheung 2017; see also Chapter 4). As for medusoid cnidarians, their growth does appear
to be asymptotic, but the oxygen supply to their watery bodies may not be the factor that
ultimately causes their growth to slow down and eventually stop. This is an anomaly that
needs to be resolved.

Demonstrating the limiting effect of size on growth and the association of higher
temperatures with lower maximum sizes in WBE are both tests of the GOLT’s generality.
The near-spherical sponges and the chaetognaths passed these tests, which suggests that
the GOLT applies to these WBE. Questions remain regarding the medusoid cnidarians,
which will require their respiratory physiology to be examined in detail. This may also
be true for another gelatinous phylum, the Ctenophora or comb jellies (see Salihoglu et al.
2011 and references therein).
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15

Limits of Adaptation

“So if you see that a creature possesses a certain advantage,
Put the question at once: What is the fault that afflicts it
Elsewhere?—and seek to discover the defect, always inquiring;
Then at once you will find the key to the world of formation.”
JW. Goethe, The Metamorphosis of Animals (1798) 40-43; 50-53.

Synopsis: This chapter situates the GOLT within the framework of evolutionary theory and
engages with critics who argue that the theory neglects the adaptive potential of biological
organisms to overcome physical and physiological constraints. It discusses the role of
organisms’ Bauplan (body plan) in determining the extent to which adaptation can overcome
physiological limitations and how biological constraints shape evolutionary trajectories. We
then address the tension between teleological perspectives - viewing evolution as goal-
directed - and the reality of adaptation as an immediate, often suboptimal response to
environmental pressures. This introduces the concept of ‘lazy’ adaptation, where natural
selection favours energetically efficient but seemingly ‘imperfect’ solutions. By integrating
these themes, the chapter highlights how the constraints on oxygen supply to metabolism
and growth do not contradict evolutionary principles but rather shape the evolutionary
trajectories of aquatic organisms.

Adaptation and the Bauplan of biological organisms

Because “nothing in biology makes sense except in the light of evolution,” every biological
theory claiming scientific status must explain its central mechanisms in relation to
evolutionary processes (Dobzhansky 1973). The mechanism we present in this book to
explain the asymptotic growth in fishes and other water-breathing ectotherms — surface-
limited oxygen supply — may at first appear counterintuitive in the light of evolutionary
history, which is largely driven by adaptive processes. The idea that physiological functions
are constrained by innate geometrical and morphological traits that cannot be overcome by
natural selection may even suggest that the GOLT is a theory of mal-adaptation. This seems
to be the understanding of colleagues who are troubled by the idea of “an intrinsic inability
to develop mechanisms for adequate oxygen supply,” which may appear unconvincing
“from an evolutionary perspective” (Audzijonyte et al. 2019). As some physiologists put it,
“oxygen demand determines the size of their respiratory surface area, not the other way
around.” (Lefevre et al. 2017), and others echo the same views. This seems to be based on
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the underlying assumption that supply always meets demand and that adaptive processes
can overcome every constraint that hinders an organism from achieving what would
be advantageous regarding survival, growth, or reproduction. The apotheosis of this
understanding of evolutionary adaptation is the idea that “the invocation of constraints
is unnecessary to explain the ontogenetic trajectories of metabolism and growth” and
that adaptive optimization is sufficient to explain every feature of an organism (White
etal. 2022).

In this chapter, we discuss the central tenets of the GOLT in relation to evolutionary
and adaptive processes, and we argue that its central explanatory mechanism does not
constitute a maladaptation but can be explained as a result of adaptive processes. Many
geometrical factors and physiological trade-offs constrain these adaptive processes. As
summarized above, the opposing views reflect assumptions about evolution, of which some
seem hardly compatible with Darwinian theory in its historical and current state. While
many contemporary physiologists have difficulties in accepting the idea that adaptation
does not always lead to outcomes that entirely overcome intrinsic constraints, this form
of adaptationism has philosophical foundations whose implicit intellectual baggage is
seldom reflected upon, and pays little attention to debates on the relationships between
phylogenetic constraints and their optimization concerning specific physiological traits
(see, e.g., Godfrey-Smith 2001; Orzack and Forber 2010).

If we set contemporary notions of adaptationism - some less radical than sketched
above -in a historical context, they appear as idiosyncratic interpretations of evolutionary
theory. The initial reactions to Darwin’s original outline of an evolutionary theory based on
variation and selection often reflect bewilderment that not all evolved life forms develop
their full functional potential. As Darwin retrospectively writes in the first edition of On the
Origin of Species, “[...] a distinguished German naturalist has asserted that the weakest part of
my theory is, that I consider all organic beings as imperfect: what I have really said is, that all
are not as perfect as they might have been in relation to their conditions” (Darwin 1859).2%’ The
lack of assumed perfection in nature puzzled Darwin’s contemporaries. While evolutionary
explanations were later invoked to explain unconstrained optimization, this was not the
case when early proposals of evolutionary theories were first presented.

An awareness of this problem can be traced back to the earliest morphological
studies, which describe homologies between organisms sharing the same Bauplan. Early
morphological theorists like Etienne Geoffroy St. Hilaire (1772-1844) or Johann Wolfgang
von Goethe already realized that if the homology of organs in the vertebrate Bauplan was
explained historically, i.e., as a consequence of phylogeny and descending from a common
ancestor, it was impossible to say that forelimbs in vertebrates evolved for walking, flying,
or swimming since they could attain all these functions (Richards 2017; Le Guyader 2004).
Since none of these functions was original, their ‘perfection’ could not be explained further
than their ancestral morphological construction allowed.

The idea that not every trait was originally ‘designed’ for its current function in an
organism challenged notions about the assumed perfection of life on Earth. If functions and
traits were not ‘made’ for each other, this opened the gate for the possibility of imperfections
and deficiencies in what was earlier believed to be a perfect Divine creation.?* For Darwin,
this was no immediate problem: optimization did not mean perfection in an absolute sense,
but it could only be understood in relative terms: “Natural selection tends only to make
each organic being as perfect as, or slightly more perfect than, the other inhabitants of the
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same country with which it comes into competition. And we see that this is the standard of
perfection attained under nature. The endemic productions of New Zealand, for instance, are
perfect one compared with another; but they are now rapidly yielding before the advancing
legions of plants and animals introduced from Europe. Natural selection will not produce
absolute perfection, nor do we always meet, as far as we can judge, with this high standard
under nature.” (Darwin 1872, p. 163)

Consequently, the notion of the “survival of the fittest,” inspired by Spencer and adopted
by Darwin in later editions of the “Origin of Species” only makes sense when understood
in relative terms: the “fittest” trait is never an absolute, universal optimum or the best of
all imaginable designs but only the ‘fitter’ within in variety of less fit traits, whose range
is limited by the ancestral Bauplan that is available and that preconditions the range of
possibilities from which natural selection can favor certain traits over others.

Hence, optimization can only occur within the constraints of the given Bauplan in which
the traits emerged and further evolved. The structures of this plan are not the only constraints
that determine the functional ranges of a biological trait or organ. Gills evolved several
times (even though they only emerged once in vertebrates; see Gillis and Tidswell 2017),
and their evolution can be understood as the result of convergent evolutionary processes.
Gills and their highly efficient system of countercurrent gas exchange are an impressive
example of physiological optimization. As we have seen in Chapter 3, the very ‘paradox of
optimization’ sets a constraint on expanding the length of their lamellae. Once the water
has moved along its highly vascularized surface, it is quickly exhausted of oxygen, and a
further extension would be pointless.

Despite their different ancestral body plans, vertebrate and invertebrate gills share
another feature that constrains their maximum size: they have multiple functions. Their
surface is relative to the animal’s body size, a tradeoff between the need to take up sufficient
oxygen and the risk of ionic or osmotic imbalances, which can result in organ failure. As
Rombough (2007) puts it, the functional design of fish gills is not “rational,” adding “that
evolution does not act rationally in the human sense” since “neither freshwater nor marine
fish are in ionic equilibrium with their environments and a large surface area compounds the
problems of trying to maintain ionic homeostasis under such circumstances.” Such notions
of “rationality” in evolution (pace Rombough, whose argument illustrates this) assume the
possibility of constraint-free design in which features can be arranged such that tradeoffs
with other processes do not impair the effectiveness of a given organ or trait.

This is not how evolutionary processes optimize traits, and the GOLT’s model of the
relationship between gills and the metabolic performance and growth of the organisms
they supply with oxygen can be described as a model of optimization. In the introduction,
we distinguished between constraints and limitations. As the previous sections and chapters
argued, adaptation and optimization can only be defined within the constraints that limit
the range of the phenotypical options that can be realized. But what about the limitations
that prevent an individual animal from reaching a specific size, for example, under
conditions under which the final sizes typical for the species or the population in question
cannot be realized? As critics of the GOLT suggest, a mechanism that reduces growth as a
result of surface-limited oxygen supply would be implausible in the context of adaptive
optimization, which implies that water-breathing animals would be able to increase their
gill surface infinitely if the circumstances (e.g., hypoxia or higher temperatures) were to
require it (Lefevre et al. 2017). While gill remodeling is indeed a well-described response

LIMITS OF ADAPTATION 217



to hypoxic and thermal stress in a vast number of species (see Chapter 3), this resource is
not endless, and its effects are far less effective than often assumed (see, e.g., Rutjes 2006;
Bowden et al. 2014). The inability to overcome the limitations is not a maladaptation. Rather,
temperature-induced growth reductions can also be understood as a form of phenotypical
plasticity that results from a limitation and the outcome of an adaptive strategy that protects
animals from reaching sizes at which they risk asphyxiation at higher temperatures or
hypoxia. This illustrates what has been described as the “physiological benefits of being
small in a changing world” (Clark et al. 2012).

Teleological aporias vs. life in the here and now

The idea that a water-breathing organism could ‘evolve out of’ the limitation of oxygen
uptake through its two-dimensional gills to supply its three-dimensional body seems to
be based on an inherently teleological understanding of evolution, according to which
supply is always shaped by demand. The teleological problem underlying this argument
is not superficial but inherent in the logic of symmorphosist theories of evolution. This
understanding of evolutionary processes centers on the idea that biological units always
develop to produce optimal (potentially unlimited) output. This optimization of biological
functions is also considered economical: “the formation of structural elements is regulated to
satisfy but not exceed the requirements of the functional system” (Taylor and Weibel 1981). As
we have seen, the relationship between the growth of gill surface areas and body volume has
evolved to allow a given population to reach a given size within a given temperature range.
The limiting factor — two-dimensional gill surface areas in relation to three-dimensional
body volume - does not push the organism to a constant limit where metabolic need and
oxygen supply intersect at a critical point. Instead, it leads to a redistribution of energy (or
oxygen) allocation to other processes. In contrast, the relationship between gill surface area
and body volume in young organisms allows for enough resources to be devoted to growth;
these resources are unavailable in older individuals. The resulting proportionality between
gill surface area and metabolic rates may then appear as a harmonious balance between
supply and demand, but only at the cost of available resources for growth. This apparent
harmony leads physiologists to assume a perfect balance between available resources and
a growing organism’s energetic demand. As one recent paper symptomatically puts it: “as
whole-animal metabolic rate increases with size, the oxygen supply capacity increases to
match it” (Seibel and Deutsch 2020).

This sentence is correct but does not support the argument it is meant to, as it overlooks
the crucial point that larger (older) WBE have to allocate their energetic budgets differently
from smaller (younger) WBE. The statement above is only valid if we subtract the cost of
growth from the energy budgets of larger, non-growing adults. Suppose we imagine that
adult growth would continue at the same rate as in juveniles; it becomes clear that no gill
shape could exist (within the constraints of fish anatomy) to support a growing body infinitely.

What is less obvious is why temperature-induced ‘shrinking’ cannot easily be overcome
through evolutionary mechanisms. If we look at global biogeographical patterns and
paleontological data, body sizes almost universally follow thermal and climatic trends.?
Why do surfaces not keep up with higher metabolism and resist reduced body size trends?
The assumed ‘perfect harmony’ between energetic supply and metabolic demand is a fragile
and highly contingent balancing act that always requires tradeoffs and compromises.
Assuming a ‘balanced harmony’ between supply and demand requires a symmorphosist
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understanding of evolution in which life is expected to solve whatever problem it has been
‘assigned’ and where it will develop proper or even perfect solutions. This view has been
refuted in earlier critiques of symmorphosis and does not need to be repeated here (but
see, e.g., Garland 1998; Dudley and Gans 1991).

When such views on adaptive optimization are applied to evolutionary adaptation
to quickly changing environmental conditions, such as rising temperatures, it becomes
clear that adaptation is severely constrained by the short timescales available to adjust
physiological and morphological features to the new situation. As Niles Eldredge has
reminded us in a review paper on the contribution of Theodosius Dobzhansky to modern
evolutionary thought, it is an obvious fact that “evolution has no ‘eyes’ for the future. And
life is about living, not evolving” (Eldredge 2008).24 First and foremost, life — understood as
the interplay of physiological functions that allow for an organism’s survival, growth, and
reproduction - is always about the “here and now” and shaped by the selective pressures
that exist in the moment, and hence selection will typically result in short-term ‘solutions.’
To expect that it could somehow anticipate future situations and challenges would involve
notions of design or teleology. Species or populations subjected to quickly changing
environmental circumstances can develop traits that allow for some degree of adaptive
flexibility or plasticity (or they will disappear, which is always the most likely outcome from
a long-term perspective). Sudden, unique, and critical change requires different responses
for organisms and populations to survive and adjust.

Adaptive responses in the face of sudden change may be characterized as lazy; in the
sense that they always take the path of least resistance. In the face of the current climate
crisis, the limitations of assumptions about the adaptability of animals to new circumstances
become increasingly clear. The expectations that fish and other water animals would come
up with ‘adaptive solutions’ are problematic insofar as they fail to distinguish between the
actual challenge and the adaptation and, as a result, fail to explain the mechanisms that
lie underneath the current trends of ‘shrinking’ fish.

The global and widely acknowledged trend that water-breathing animals reach smaller
sizes in warming water begs the question of how adaptive mechanisms can become effective
in situations of sudden change. Some of these primary responses to sudden change are
generally agreed upon, and it is in their nature that they inhibit selection mechanisms that
might provide a long-term solution to a particular adaptive challenge. The first response
to a sudden rise in temperatures involves new forms of energy allocation on the level of
individual organisms, which means that evolution cannot yet play a role. This new strategy
of allocating energy to different functions within the organism is why fish spend fewer
resources on growth. This means that individuals do not grow as previously and can be
colloquially described as ‘shrinking.” The reason is apparent: since metabolic rates are
elevated due to higher temperatures, more energy is invested into maintenance metabolism
and activity, and less energy is available for growth.

This response does not involve evolution yet, since energy allocation works on the level
of ontogeny. As studies on long-term size developments with fish taxa have shown, size
reductions also correlate with higher temperatures at a phylogenetic level (Troyer et al.
2022). The transition from ontogenetic growth patterns to phylogenetic levels is discussed
in Chapter 10 with respect to increasing sizes, but similar mechanisms should also inform
opposite trends. In the case of increasing temperatures, the push towards smaller sizes is
fast and will quickly put larger animals at a disadvantage. Since fish reach sexual maturity
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earlier and are smaller in warmer water (see Chapter 7), this response will favor the
reproduction of smaller individuals that are also better adapted to the new temperatures.
A transformation of sexual selection mechanisms is, therefore, a result that will, in the long
term, shape growth patterns. Smaller sizes are not the constraint itself, but the resulting
accommodation strategy. This implies that there is no further need to replace this simple
and low-cost adaptation with a new, more complex one. This mechanism can be described
as lazy evolution, a form of adaptation that does not favor ‘perfect,” complex, and costly
adaptive strategies, but rather easy, inexpensive, and imperfect ones that often emerge as
assimilation and accommodation on an ontogenetic level.

‘Lazy’ adaptation in nature

As long as feeding strategies, predation schemes, or other size-dependent features of a
population are not critically pressured through selection for smaller sizes, shrinking is
the least costly and, thereby, most immediate accommodative response of organisms that
experience this specific constraint (Passow et al. 2015). The potential negative consequences
of size reduction, such as lower fecundity and productivity, are not immediately felt by the
population whose individuals phenotypically adjust to the changing situation, but rather
only after multiple generations. Accommodation through size reduction does not have
to ‘wait’ for specific mutations that will accidentally appear at some unforeseeable point
and then enter the gene pool. Still, since growth constraints are an immediate response to
a physiological imbalance, they already become effective in ontogeny. That means it can
become effective before genetically adaptive and evolutionary mechanisms come into play.

As the growing body of literature on the role of phenotypic plasticity in evolution
suggests, ontogenetic adjustments to changing situations may also have consequences for
adaptive processes (Levis and Pfennig 2016, 2020). While smaller final sizes in response to
higher temperatures are primarily an ontogenetic response that can be explained as a result
of alimitation, the ability to cope with this problem through adjusted reproduction patterns
can then be acted upon by selection. Selection for phenotypes that exhibit fast growth, small
final size, and early reproduction can then occur and dominate in subsequent generations.
At the same time, greater final size and later reproduction would be suppressed due to the
pressure exerted on ontogenetic development. The range of future adaptations is shaped
by the immediate — plastic — ontogenetic responses to the new situation. The outcome might
not be the selection of the most ideal phenotypes in the long term, but a mode of adaptation
that reflects the ad hoc adjustments to critical and threatening changes.

Simply put, our concept of lazy adaptation implies that selective pressure typically
favors the least costly and, thereby, the least ‘perfect’ option. Since the respiratory systems
of fish are involved in multiple trade-offs, such as the ‘osmorespiratory compromise,” and do
not have safety margins that would allow them to slowly adapt to changing environments
by developing more complex and efficient breathing organs, they must adapt through
size reduction. Shrinking can therefore be understood as an accommodation through lazy
adaptation. This perspective on evolutionary processes provides an important insight: if
it is true that adaptation to critical situations is typically lazy and sloppy - like putting a
bucket under a leaking sink instead of fixing the pipe - it will eliminate the urgency for
more perfect solutions (or the urgency will occur once no further adaptation is possible).

This is not to say that features that have not (yet) acquired a specific function will be
eliminated (lazy is not the same as ascetic — one could even argue that it is the opposite).
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Useless features can remain and even develop certain levels of complexity without
acquiring certain functions - as long as they are not too disadvantageous.?! Neutral traits
may later become functional, but this would be just a secondary effect, and they can be
inherited over generations without any beneficial function. It is indeed possible that they
will reach considerable degrees of ‘perfection’ later, but they can also remain stuck in the
form of a bricolage that still performs some functions. This phenomenon has sometimes
been addressed in the context of a similar concept: “tinkering evolution” (Jacob 1977).
“Tinkering” implies that life will present imperfect solutions by developing half-baked or
rudimentary mechanisms without a clear prior function. The idea of “tinkering” is largely
compatible with the theory presented in this book, but it does not go far enough.

The heuristic value of lazy adaptation lies in its ability to explain why adaptation is
often sloppy and why perfection is avoided: lazy forms of coping work on a pre-adaptive
and pre-evolutionary level. That means that organisms and populations do not have to
‘wait’ for random mutations when they can adjust during ontogeny. Once this assimilative
mechanism becomes adaptive and is then transferred to phylogeny (and becomes
evolutionary in a proper sense), it becomes increasingly unlikely that other alternatives
will still have a chance to intervene. Despite its apparent inertia (or actually because of it),
lazy adaptation is a force that tends to block other evolutionary mechanisms that might
provide ‘better,” more elaborate, and more ‘perfect’ solutions — terms that are problematic
in the language of evolution but may indicate evolutionary developments that increase the
long-term viability of certain traits.

D N

i if
A

} Trait n+1

Trait n Phenotype

Figure 15.1. Schematic representation of phenotypical accommodation and selective adaptation.
In the case of temperature-induced size reduction in water-breathing animals, the lower
accommodative peaks in A, B or C, which can all be climbed from the starting point, will, once they
are reached, hinder the possibility of populations from climbing the highest adaptive peak (D),
because they would have to reduce their fitness initially. Any adaptation will involve more than the
two traits illustrated here, but the principle remains the same if multiple traits are considered.
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If we express this in the metaphor of a fitness landscape where the vertical axis
represents fitness and the two horizontal axes represent the combination of specific
phenotypic traits, the different responses to environmental change, in our case, higher
temperatures, can be marked as different hills in the landscape. Assumptions of a ‘perfect’
solution would presuppose the quick modification of respiratory surfaces, which would
then allow for larger final sizes — and more offspring, which is often a correlate of greater
size — constituting the highest hill in the landscape. A more realistic scenario would be the
selection for earlier maturation and faster juvenile growth, with reductions in final size
and, ultimately, fewer offspring (Figure 15.1). This strategy has costs and can be considered
a tradeoff at best, but it constitutes an adaptive solution that allows a population to survive
in scenarios of rapid change.

As discussed above, constraints limit the degrees of freedom of an organism while
simultaneously creating certain opportunities. The limitations from these constraints
structure the life-histories so that their most important traits - metabolic performance,
growth, maturation, and reproduction — become predictable. Drastic reductions in
the degrees of freedom can limit the available phase space of possibilities, such that
adaptation is only possible within very close ranges. The current climatic transition we
are experiencing may be at such a moment, and the physiological limitations it represents
for water-breathing should not be underestimated.

‘Lazy adaptation’ in the laboratory

Recent research on the multigenerational impact of increased temperatures has produced
results that illustrate how such forms of “lazy adaptation” concretely manifest themselves
in the context of temperature-induced size reduction in fish. In an exciting contribution to
the present debate on temperature-size effects in ectotherms, Wootton et al. (2022) explored
the adaptive effects of higher temperatures on six different generations of zebrafish
(Danio rerio) and the impact of these conditions on growth and final size. As expected,
elevated temperature correlated with size reduction, and the experiment confirmed typical
temperature-size patterns as described elsewhere in the literature.

Wootton et al. (2022) explicitly tested two hypotheses that are commonly used to explain
the phenomenon of reduced growth in fish (and other water-breathing animals) under
elevated temperatures: (i) the role of resource limitation because of elevated metabolic
rates, and (ii) the idea that elevated temperatures result in a trade-off between growth and
reproduction. The authors studied six generations of zebrafish that were gradually adapted
to warmer water (from 26°C to 30°C), then presented two general conclusions:

1. Standard metabolic rates (SMR) in warm-adapted fish (of the F6 generation) were lower
in warmer water than in the previous generations, but all generations showed the same
temperature-induced growth reduction;

2. Elevated maximum metabolic rates (MMR) remained the same in all generations:
the F6 generation could not reduce them, even though they seemed fully adapted to
warmer water.

Wootton et al. (2022) do not present an explicit answer to the question of adult size

reduction. Still, they conclude that “smaller adult fish size in warmer water is not explained
by elevated metabolism.” The findings of this study are a perfect example of lazy adaptation.
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The fact that maximum metabolic rates (MMR) remained high among all six generations
(while standard metabolic rates were lowered in later generations) is important here, and
it reveals the different mechanisms that are at play here: while the measurements of SMR
included overhead costs of growth (as the authors acknowledge; but see also Rosenfeld
et al. 2015), MMR mainly reflects the costs of activity. As the experiment shows, adaptation
to higher temperatures does not imply that energetic expenditures become ‘cheaper’ —
activity comes at the same price for adapted and non-adapted individuals. What changes
are growth and reproduction, and a reduction of SMR must come at the cost of one of those
two. The data generated in the experiment indicate that adaptation comes at the expense
of growth —indeed, the experiment’s results strongly support the limitation hypothesis that
it sought to challenge.?*?

This experiment corroborates the differential prioritization of physiological processes
in changing environments. From a teleological perspective, it may have been beneficial
not to reduce metabolic rates and instead invest more energy in growth. As the findings
show, the organism’s response is an economization on its total energy budget. The fact that
adult sizes are reduced among warm-adapted and non-adapted generations is therefore
not surprising: the adaptation to increasing temperatures does not consist of complex
mechanisms to increase oxygen uptake but to a reduction of its growth budget, a form
of lazy adaptation that may be typical for responses to quickly changing environmental
conditions everywhere in the biosphere.
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Inferring causality in
metabolic scaling

Synopsis: To a large extent, the current debate around the GOLT revolves around the
question of whether it is reduced demand or supply that shapes the metabolic and growth
patterns in water-breathing organisms. In this chapter, we discuss how causal inferences
can be drawn to determine whether limited supply or reduced demand dictates metabolic
scaling and the decreasing growth rates with age and size. Building on literature priorities
in energy allocation, we argue that such inferences are possible if we consider different
degrees of plasticity in both resource supply and demand.

Why does metabolic rate scale with body size?

The negative allometry between respiratory surfaces and body volume in water-breathing
ectotherms — the central morphological pattern described in this book and the proposed
mechanism for asymptotic growth — is not limited to water-breathers. In aquatic and
terrestrial animals, both respiratory surfaces and metabolic rates increase in proportion
to each other. While earlier theoretical accounts postulated more or less fixed scaling
exponents of either 2/3 (Sarrus and Rameaux 1839; Piitter 1920) or 3/4 (Kleiber 1932), the
GOLT offers an adaptive explanation for the diversity of values, which typically range
from 0.6 to 0.9.2%

If negative allometric scaling of metabolic rate with body mass is a universal pattern
in both terrestrial and aquatic animals, the question arises whether surface or transport
limitation can indeed be invoked as a valid explanation for declining growth rates at
greater body size: intuitively, observed scaling patterns might also suggest that metabolic
scaling may not be a result of diminishing supply, but rather a consequence of a shift
in required consumption, i.e., a declining demand. Indeed, this hypothesis has inspired
several theoretical models focusing on metabolic demand rather than supply to explain
metabolic scaling trends (e.g., Wels 1925; Kleiber 1961; Harrison 2017).2# While the data
that inform the current debates around metabolic scaling are typically not disputed, the
central problem revolves around inferring causality.?*® This chapter sets this debate in
perspective and evaluates the arguments invoked by proponents of supply- and demand-
based theories. A central problem in this debate seems to be the ambiguous definition of
‘demand’ in physiological and ecological terms. To enrich this term with content and make it
biologically relevant, we present a simple model that relates supply and demand in relation
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to the different physiological functions. Since organisms are never in stasis, demand cannot
be objectively defined unless it is related to specific functions and expenditures, some of
which can only be performed as parts of energetic tradeoffs.

The idea that ontogenetic metabolic scaling results from declining maintenance
demand is at the heart of many criticisms of the GOLT (see, e.g., Lefevre et al. 2017; 2021;
Scheuffele et al. 2021). As these critiques argue, the maintenance costs of larger animals are
lower on a per-unit-of-body-weight basis. To support this assumption, Lefevre et al. (2017)
refer to a study on nine species of mammals and conclude that “cells from small animals
have higher rates of oxygen uptake than those from large ones.” The study that suggests
this did not evaluate the differing energy consumption of growing animals at different
life stages, but only examined interspecific differences in cellular oxygen consumption
among mice, rats, ferrets, horses, and other large species (Porter and Brand 1995). However,
comparing the relative metabolic rates of animals across four orders of magnitude pertains
to a very different problem and is unrelated to intraspecific metabolic scaling. As outlined
in Chapter 10, the evolution of large body sizes coincides with a lowering of maintenance
costs - to illustrate this with the example chosen by Lefevre et al. (2017): if a horse had
the same energy metabolism as a mouse, it would immediately overheat and collapse,
aside from the fact that horse-size animals could not find (and metabolize) enough food to
support their extraordinary (mouse-like) demand.

As this example illustrates, the debate surrounding supply and demand in metabolic
scaling often neglects the fundamental differences between inter- and intraspecific
scaling mechanisms. As should have become apparent (see, e.g., Chapters 2 and 10), these
differences are crucial. While interspecific scaling patterns can be explained by evolutionary
optimization, intraspecific scaling is mainly a consequence of reduced growth, i.e., a result
of reducing the energetic costs of protein synthesis and related processes. Extrapolating
interspecific scaling patterns to ontogenetic growth trajectories leads to the problematic
assumption “that the scaling exponents of total metabolic rate and maintenance metabolic
rate [...] are identical,” as postulated by White and Marshall (2023a), and that the fraction
of energy devoted to growth and reproduction remains constant and is “independent of
size.” This claim lacks empirical evidence, and the only source cited as support for this
assumption is a study on juvenile brown trout, which used modeled estimates of standard
and maintenance metabolic rates rather than measured oxygen uptake (Elliot 1976).%6 For
demand-based explanations to hold, it would be necessary to demonstrate that maintenance
costs themselves - i.e., excluding costs of growth — would be diminishing with size on an
intra-species level. The lack of evidence for this notion suggests that the proposed shift from
supply- to demand-based models is a step that obscures the mechanisms behind scaling
patterns, both in evolutionary and ontogenetic terms.

What does ‘demand’ represent for whole organisms?

The GOLT’s assumption that the scaling of metabolic rate and gill surface area is essentially
the same is confirmed by the theory’s critics (Scheuffele et al. 2021; Lonthair et al. 2024a). It
follows that the gill area does not exceed metabolic demand and that the entire available
respiratory surface is utilized for either activity + growth or activity alone. As outlined in
Chapter 3, surfaces that would exceed organismic demand would needlessly increase the
risk of parasitic infestation and ion loss. It is challenging to define ‘demand’ in physiological
terms since organisms use consumed resources — here: oxygen — for various functions, most
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importantly maintenance, growth, and reproduction. Demand can only be meaningfully
conceptualized when defined as demand for a given function. Physiologists typically define
demand as the amount of uptake required for the optimal function of a given organ (Weber
and Janicki 1979).

While this definition is helpful and viable at the cellular and organ level, it is unclear
what ‘optimal’ function represents at the level of whole organisms. At this organizational
scale, ‘optimality’ requires a physiological and ecological definition since maintenance,
growth, and reproduction are always related to specific environments and life-history
strategies. As demonstrated by a wide array of studies, energy budgets must be allocated
among different functions, which often compete with one another (Priede 1985; Korsmeyer
et al. 1996; Zhang et al. 2010). The balance between supply and demand can be explained
as a result of selection processes, but only in specific ecological and life-historical contexts.
Demand can then be defined as the energy needed to reach a size that allows sustainable
reproduction in a specific environment. This demand can drastically change under different
thermal circumstances or conditions, requiring higher activity levels for survival.

As we have seen in Chapter 10, selection for greater body size correlates with and is
often dependent on lower maintenance costs. If we pose the question of supply-demand
balance at the level of ontogeny, a different relationship between metabolic supply and
demand emerges. Demand cannot be understood as a constant that takes fixed and
predictable values; it is, in fact, a highly variable parameter. The problem of how to
conceptualize metabolic demand may be solved if we consider a general principle that
should be assumed to underlie physiological and ecological processes: to infer causation in
supply-demand relationships, it seems reasonable to assume that the factor with the lesser
degree of plasticity is the cause of the observed balance between supply and demand. A
review of the degrees of plasticity of supply and demand reveals substantial differences
between the two factors (Table 16.1): the supply side is far less plastic than the demand
side. Gill surface areas (supply) show a certain degree of plasticity in some species (e.g.,
through gill remodeling in some cyprinids, killifish, and eels —see Nilsson et al. 2012), while
ventilation rate is more plastic. Ventilation is energetically costly, and high ventilation rates
are unlikely to offset the overhead costs of growth or reproduction. In contrast, energetic
demand is extremely plastic above the level of maintenance metabolism. At the same time,
growth and reproduction cannot be understood as presenting an intrinsically fixed demand
but as a feature that adjusts itself to the available supply of resources.

This suggests that demand-based models fail to explain the proportional scaling of
respiratory surface growth and metabolic rate during ontogeny. As the supply components
of metabolism have a lower plasticity, the demand side is adjusted to the available resource
supply.?¥’ Conversely, adjustments to supply are far more limited, and aside from increases
in ventilation rate and an inherently limited enlargement of gill surface area, an increase
in supply capacity occurs mainly through evolutionary adaptation, and at an interspecific
level. More importantly, it is impossible to identify a limitation on a demand level from
an ontogenetic perspective. Since the different components of metabolic demand typically
compete with each other (Priede 1985; Whitledge et al. 2002), the regulation of each
component occurs on the supply side (see Figure 2.1). Oxygen must be partitioned between
various functions since an organism cannot simultaneously invest maximal energy into
activity, growth, and reproduction.
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Table 16.1. Components of metabolic supply and demand and their respective degree of plasticity.

Supply

Demand

Gill surface area:

Low degree of plasticity, despite documented remodeling
in several freshwater species (several cyprinids, killifish,
and eels; see Nilsson et al. 2012)

Ventilation rate:

Short-term plasticity, but limited due to high energetic
costs of increased ventilation rates (see, e.g., Xiong et al.
2020)

Cardiovascular transport:
Some degree of plasticity via the regulation of heart rate,
vasoconstriction, and related mechanisms

Cell size:
Low degree of (developmental) plasticity.

Metabolic demand of maintenance:

Low degree of plasticity as fish are dependent on a
steady O, supply to support vital functions. They can
delay feeding, but (with some exceptions), but not
breathing.

Metabolic demand of growth expenditures:
High degree of plasticity; growth ceases if the energetic
supply is cut off.

Metabolic demand of reproduction:
High degree of plasticity; reproduction stops if the
energetic supply is cut off.

Metabolic demand of activity:
High degree of plasticity; fish will typically become

sluggish if energy supply declines.

Optimizing the partition of energy represents a balance in dividing resources rather
than overcoming the supply constraints. While organisms can regulate demand so that
energy partitioning allows them to survive, grow, and reproduce, the mechanisms that
shape these partition strategies are ecological and evolutionary. The question of which
energetic investment is prioritized at a given time is a question of evolutionary fitness,
thereby determining the level of trait selection and optimization. At the level of intra-
specific ontogenies, it would be implausible to explain metabolic scaling in terms of reduced
demand, even if mechanisms behind reduced maintenance demand at greater sizes could
be identified.*®

Hierarchies and priorities in energy allocation

As outlined in Chapter 2, evolutionary accounts of phenotype optimization are only
convincing if they successfully define the boundary conditions and the constraints within
which traits can be optimized. Since, in nature, all organisms are vulnerable to predators
or parasites and limited in their reproduction and scope of activity, optimization is always
relative to constraints and limitations (Maynard Smith 1978). The options are, therefore,
not endless, and virtually every form of optimization is, to some degree, a tradeoff.

To increase their fitness, organisms have evolved different forms of metabolic
prioritization that enable them to function in optimal, suboptimal, and critical circumstances
(Jourdan-Pineau et al. 2010; Duskey 2023). The metabolic priorities directly align with
the different components of metabolic demand in Table 16.1, whose degree of plasticity
negatively correlates with their expected metabolic prioritization.?*® While maintenance
metabolism is critical for survival and must always be prioritized over other expenditures,
the prioritization of growth, activity, and reproduction depends on the respective life stage,
ecology, and environmental stressors (Koztowski et al. 2020).25°

Considering the different degrees of metabolic priorities can be helpful in extrapolating
causal patterns in metabolic scaling on an intraspecific level. Even though supply capacities
and basic demands can be optimized through adaptive processes, every individual
organism can function within the (evolved) constraints of its respective phenotype. This
makes it even more surprising that demand- or optimization-based models of metabolic
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scaling often coincide with the assumption of a ‘reproductive drain’ as an explanation for
reduced growth at larger sizes (e.g., White et al. 2022, 2023). If metabolic scaling “can be
explained without the need to invoke any of the assumed constraints traditionally imposed
by metabolic theories” (White et al. 2022) and declining oxygen consumption results from
reduced maintenance demand, it is unclear why growth and reproduction would have to
compete with each other. According to this argument, the competition between growth and
reproduction should not occur if geometrical or physiological constraints do not limit supply.
A crucial problem with demand-based theories is that they must incorporate diminishing
maintenance as an artificial factor into their model to relate their explanation to real-world
data.’* While the reduction of maintenance costs can be seen as an evolutionary pathway
to larger body sizes (as we argue in Chapters 10 and 15), it is not a mechanism that explains
ontogenetic scaling. The confusion between inter- and intraspecific scaling appears to be
a central problem in the current theory formation on this topic (e.g., Lefevre et al. 2017;
Harrison 2017).252 If we separate the two levels of observed scaling patterns, it becomes
clear that different mechanisms are at play, and demand-based explanations cannot explain
ontogenetic scaling.

Gills and the whole organism

As the introduction outlines, the GOLT is a theory of whole organisms, which relies on
causal mechanisms to explain why young and growing organisms consume (relatively)
more energy than fully grown adults. Therefore, for a coherent explanation of ontogenetic
metabolic scaling, it is essential to look for answers at the level of whole organisms. As
argued in this chapter, explanations must be sought at the energetic (i.e., oxygen) supply
level, and neither speculative accounts of lower maintenance demand at greater size nor
investment in reproductive activities can provide solutions here. While supply limitations
can occur throughout an organism and at different levels of organization, the GOLT’s focus
on gills is not arbitrary. As Bigman et al. (2023 argued, “oxygen acquisition at the gills is
the first of many steps in the ‘oxygen cascade’ as oxygen is removed from the environment
and transported through the body to the cells where it is ultimately utilized.” This is correct,
but it does not adequately address the challenges involved in the oxygen cascade’s initial
steps and the three-dimensional organic tissue’s capacity to absorb oxygen from a liquid
medium such as water. Since the surface-volume ratio of these gas exchanges is the greatest
at the boundaries between the organism and the environment (see also our analogy of
‘Russian dolls’ in Chapter 3), it is the first step in the oxygen cascade that is the most limiting
one. As Priede (1985) put it concisely: “gill (fish-water interface) area may be the ultimate
limitation, but the whole of the respiratory transport chain from diffusion across the gill
epithelium through the circulatory system, cardiac performance and mechanisms of tissue
gas exchange must be matched to this gas-exchange capacity.” While biological organisms
are highly complex systems that rely on many fine-tuned functions and processes as well
as reciprocal networks of causality, causal mechanisms in whole-organism metabolic
processes are directional. They can be inferred by detecting the differential degrees of
plasticity at the demand and supply levels.?*
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17

Epilog - Size and shape in
a three-dimensional universe

Synopsis: The final chapter serves as an epilog, exploring unresolved questions and future
research directions - some of which are still in their early stages and may even be currently
rather speculative. We examine the relevance of the GOLT to fundamental biological
processes, such as egg hatching in aquatic environments, as well as broader ecological
phenomena like viviparity, parental care, and hermaphroditism in fish. The chapter concludes
with a call for further research, emphasizing the vast potential for future discoveries in
aquatic life and the need for a deeper understanding of how the GOLT can enhance our
understanding of organismic adaptations and evolutionary constraints.

What it takes to become big

The vast majority of life on our planet is small.?>* Growing from a single-cell scale requires
multiple morphological and physiological modifications that allow organisms to take up
and metabolize energy to satisfy the needs of a larger body. While a common correlate of
larger body size (in interspecies comparisons) is a lower metabolic intensity, this alone is
not enough to enable life at greater body size. In addition to this, larger organisms rely on
modifications of the scaling relationships between their surfaces and volumes to allow for
food uptake, gas exchange, and thermoregulation. The challenges associated with these
modifications are easier to overcome in terrestrial organisms since gases are far more
diffusible in air than in water.?® The previous chapter of this book described the specific
metabolic constraints that WBEs face and explained the morphological adaptations that
allow the evolution of body sizes beyond the smallest size scales. As we have shown, the
hyper-allometric growth of gills relative to body volume facilitates the evolution of water-
breathing animals into megafauna-scale organisms.

Pathways to larger sizes must navigate not only in phylogenies but also in the ontogenies
of individuals. Since all organisms start small, ontogenetic growth trajectories towards
greater size must involve morphological changes that enable the exchange of resources and
nutrients between the organism and the environment. The ontogenies of WBE illustrate
this fact impressively, and to reach the respective next developmental stage, they need to
rearrange their morphologies drastically.
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The transition from egg to larva

At very young life-stages, all water-breathing animals obey simple surface-volume laws,
and the only interface between the organism and its environment is the outward body
surface. This is sufficient only at very small sizes: while the surface of spherical eggs is only
four times their squared radius times 7, the only species that can afford larger egg sizes
are fishes and crustaceans that perform elaborate strategies of parental care to oxygenate
their eggs effectively (Kranenbarg et al. 2000; Sargent et al. 1987) and/or deposit their eggs
in cold, well-oxygenated water. Even under optimal oxygenation conditions, the spherical
shape of the egg presents an insurmountable constraint.

This constraint manifests itself in two different ways. The first is that the incubation time
in the spherical fish eggs of bony fishes is a function of their size and ambient temperature.
Based on data from 27 sources, Pauly and Pullin (1988) estimated the parameters of the
multiple regression

log(Inc) = 7.1 + 0.608-10g(®) + 4.09-10g(T+26) ..(17.1)

where Inc is the incubation time in days, @ the egg diameter in mm, and T the ambient
temperature in °C, which explained 82.3 % of the variance in a data set consisting of 84 marine
species representing 35 families of marine fishes, with @ ranging from 0.6 to 3.4 mm, T
ranging from 2.8 to 29 °C and Inc ranging from 9 hours to 12 days. The addition of 26 °C to
the rightmost term was a purely empirical device to improve the fit of Equation (17.1). Here,
anew relationship was re-estimated from the same dataset, which has a more appropriate
temperature term:

log(nc) =-11.5 + 0.597-10g(@) + 3477-(1/K) ..(17.2)

where K is Kelvin, i.e., °C + 293, which explains 85.5% of the variance in the dataset.
Equation (17.2) has a better fit because it corresponds to an Arrhenius plot (Regier et al.
1990).2¢ Note that Equations (17.1) and (17.2) do not apply to the eggs of polar fish, i.e.,
markedly lower than 4 °C, for reasons outlined in Chapter 4.

The other way that the spherical shape of the egg manifests itself as a constraint is the
fact that the embryos inside hatch when their respiratory surface (which they can deploy
only upon hatching) is ~ 1.5 times that of the egg itself (Teletchea and Pauly 2024).%5 Or, put
differently, the response to the question ‘Why do fish larvae hatch when they do?’ is that they
hatch when the surface of the eggs within which they are confined becomes unable to satisfy
their growing oxygen requirements. They must be able to start relying on their own, larger
respiratory surfaces or asphyxiate.?® Note here that the 1.5 ratio between the egg surface
area and the respiratory surface area of newly hatched larvae appears to be independent
of egg size and temperature, as ascertained using eggs from 34 species of marine and
freshwater fishes, ranging from 0.63 to 5.7 mm in diameter, with the corresponding larvae
ranging from 1.13 to 22 mm in length and 3.5 to 432 mm? in respiratory area (i.e., the area
of their bodies, as newly hatched larvae do not have functional gills).

As previously known, the eggs of fish, and possibly of other aquatic ectotherms,
hatch earlier under hypoxic conditions (Oppen-Berntsen et al. 1990; Warkentin 2007;
Polymeropoulos et al. 2016). While hypoxia-induced hatching is a well-described
phenomenon, oxygen limitation inside the egg is likely to be the mechanism behind
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Figure 17.1: Different life stages of amphibians (upper series) and fish (lower series) as represented
in Romanes (1892), based on Ernst Haeckel's Anthropogenie (1874).2%°

hatching even under normoxic conditions, as the geometrical constraints of their spherical
shape will ultimately result in internal hypoxia (Kranenbarg et al. 2000).

Breaking free of the oxygen constraints of an egg’s spherical shape offers new scope
for growth for the larvae at the post-hatching stages. Their bodies are now more elongated
and show different surface-volume ratios, which enable them to take in oxygen more
effectively through their skin than before.?>® This next life stage only guarantees sufficient
oxygen uptake capacity up to a certain size. Once this size is reached, the organism’s oxygen
demand for maintenance and growth exceeds the cutaneous oxygen supply. Developing a
respiratory system with higher surface-volume ratios becomes necessary (see Figure 17.1).

Except for slow-growing and sluggish aquatic species, such as the Lake Titicaca frog
(Telmatobius culeus), which has draped, loose skin that allows for substantial cutaneous
oxygen uptake, all larger water-breathers must develop filamentous structures like gills
to survive, grow, and reproduce underwater. Overcoming the larval oxygen constraint by
developing gills with surface areas beyond the surface-cube or surface-sphere laws does
not mean that surface limitation ceases to constrain energy uptake, growth, and size. As
we demonstrate in this book, water-breathing animals from all phyla can be assumed to
be subjected to this constraint?® and, therefore, after a short larval and early juvenile
phase, when the food they ingest is the main factor affecting their (exponential) growth,
they grow asymptotically.

Alien oceans and the GOLT

The aforementioned patterns should apply everywhere in the universe where gas exchange
occurs in fluid media and where Fick’s law holds (Denny 1993). They should also apply to
the oceans that appear to exist on several of the moons around Jupiter (Europa, Ganymede,
Callisto) and Saturn (Enceladus, Mimas), not to mention on other possible oceans within
the Solar system (Hand 2010; Lainey et al. 2024) and obviously on some exoplanets and
their moons (Cooper 2015).

In the oceans covered by ice, such as those on Europa or Enceladus, water remains
liquid due to the heat generated by tidal forces caused by the gravity of nearby Jupiter
and Saturn, respectively. If these oceans harbor life, it may depend on other sources of
energy than that provided by processes requiring oxygen (see, e.g., Oro et al. 1992; Irwin
and Schulze-Makuch 2003). Such processes do not need to be imagined: they exist on Earth,
or rather in the depths of our oceans. They are based on sulfur and hydrogen compounds
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metabolized by chemoautotrophic or chemolithotrophic bacteria, which form the basis of
the ecosystems along the flanks of hydrothermal vents (Hand 2010).26

Whatever the chemical basis of life in alien oceans, the argument can be made that
physical and dimensional constraints such as those explored in this book would not only
‘work’ in extraterrestrial systems but generate anatomical and physiological convergences
(Conway Morris 2003) — as would Darwin’s natural selection. We suggest that the GOLT may
help focus research on the mechanisms that structure the lives of animals we may (or will?)
discover in these alien oceans.

Ecological implications of the GOLT

Back on Earth, the mechanisms described in this book have important ecological
implications, not only in quickly changing environments (as described in Chapter 5) but
also in the long-term evolution of ecosystems and trophic networks. Oxygen availability
and evolved oxygen uptake capacity shape how species coexist, interact, form symbiotic
or parasitic relationships, or prey on each other. While evolutionary accounts of body size
evolution have described mechanisms such as ‘Cope’s Rule’ or an evolutionary selection
for larger body sizes (Chapter 10), not everyone benefits from getting bigger. Growing to a
larger size also increases maintenance costs and increases the risk of higher vulnerability
to hypoxia and/or thermal stress (Rubalcaba et al. 2020; Miiller et al. 2023). On the other
hand, this disadvantage of larger species and individuals creates opportunities for smaller
organisms to occupy niches inaccessible to larger predators or competitors.

Larger organisms have an advantage in aquatic environments due to reduced frictional
drag. This advantage favors predators, who can swim faster and more efficiently than their
prey. Despite this advantage, predators cannot continually follow prey schools due to the
risk of oxygen depletion. Large predators face an energetic constraint, which can become
dangerous if their oxygen reserves are squandered. While larger sizes offer hydrodynamic
benefits, size-dependent constraints on oxygen uptake give smaller species and individuals

an advantage, and prevent predators from
Table 17.1. Biomass distribution of life on
earth in gigatons of carbon, adapted from Bar-
On etal. (2018).

maintaining continuous, direct contact with
their prey (Bakun 2019, 2022; see also Robb
and Abrahams 2003).

Predators must adapt their feeding

Taxa Biomass
behaviors to balance energy expenditure with
All plants 450 X . X
prey availability and oxygen conservation.
All animal 2 .
animas Most large predatory fish employ preying
CIGIREIOEE ! strategies that minimize energy expenditures
Fish 0.7 with maximum efficiency. Large individuals
Molluscs 02 of freshwater species, such as perch and
Annelids 0.2 pike, and marine fish such as groupers and
Cnidarians 0.1 pollack, become ambush predators that lurk
Livestock 01 sluggishly behind plants or rocks. In marine
Humans 0.06 environments, predator groups developed
cooperative prey-herding behavior to
Nematodes 0.02
counteract the oxygen advantage of smaller
Wild mammals 0.007 e 1 .
prey. By encircling prey schools and launching
wild birds 0.002

occasional attacks, predators induce oxygen-
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consuming evasive behaviors, rendering prey immobile and facilitating consumption with
minimal oxygen expenditure. When prey abundance is too low for effective cooperation,
the prey species may regain an advantage, making cooperative predator activity less
efficient (Bakun 2019, 2022). Another solution is to become a passive filter feeder, as do
whale and basking sharks.

The differential dynamics of oxygen demand play a crucial role in preserving both
prey and predator populations and maintaining the structure and function of marine and
freshwater ecosystems. Oxygen availability may play a vital role in preventing the collapse
of these ecosystems and ensuring the continuation of diverse biological structures.??
Without the constraints imposed by oxygen demand, the evolution of the diversity of the
planet’s aquatic ecosystems and their inhabitants might not have been possible. The oxygen
constraint on the growth and metabolism of water-breathing ectotherms may even have
ecological implications above the level oflocal ecosystems and might be relevant on a global
level. In contrast to plant biomass, of which 99% occurs on land, 75% of animal biomass
is aquatic (Bar-On et al. 2018), and ectotherm:s like fish, aquatic arthropods, and molluscs
constitute the largest share of all carbon stored in animals (see Table 17.1).

Recent studies have suggested that dredging up this “blue carbon” may impact the global
carbon cycle (Mariani et al. 2020). While carbon stored in marine animals would normally
sink to the bottom of the sea in the form of excrement or corpses and feed other marine
organisms, fisheries incorporate this carbon into terrestrial cycles. The aquatic lifestyles
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Figure 17.2. Inspired by Crete’s enigmatic Phaistos Disk, the GOLT-disk is an attempt to summarize
the content of this book via a summary statement of what the GOLT explains. At the center are

its two basic components, i.e., that d < 1 in adult fish and other WBE (Chapter 3), and that all

living organisms are affected by spontaneous denaturation of proteins (SDP; Chapter 4). The first
concentric ring features asymptotic growth as a consequence of the centers’ contents (Chapter 2),
and other consequences are outlined in Chapters 4, 7 and 9. The two outer rings refer to further
items explicitly covered in various parts of this book, with space left open for ‘More?' Further rings
may be added, as new applications of the GOLT are identified, for example dealing with hypoxia-
induced pain in fish (see below).
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and respiratory modes of fishes and WBE may be relevant for the global carbon cycle in
yet another way: respiratory constraints only allow for metabolic levels that are very slow
compared to the metabolic level of endotherms. Carbon is stored much longer in WBE
and excreted slower than in marine mammals or seabirds, implying yet another way that
relative metabolic inertia of WBE may affect the global carbon cycle.

In this book, except for brief visits to putative extraterrestrial oceans, we have limited
ourselves overwhelmingly to mechanisms and implications of GOLT that can be supported
by existing literature or published data on various organisms (Figure 17.2). Still, we are
convinced that the theory presented here will have more and wider implications for the
physiology and ecology of water-breathing animals,?*® and we encourage others to test our
hypotheses and extend them beyond the themes we have discussed here, and beyond the
taxa that we have used to illustrate these themes (Clark et al. 2023).24 To conclude this book,
we outline 5 research topics — viviparity, hermaphroditism, hypoxia-induced pain, parental
care, and bioenergetics - that readers may explore in the future in addition to the various
untested hypotheses presented in earlier chapters.

The GOLT and viviparity in fish

One subject area where we believe that applications of the GOLT can lead to novel insights
is the reproductive biology and ecology of fishes and other water-breathing ectotherms.
Reproductive investment is among the most highly prioritized energetic expenditures and
comes at great costs, especially in the context of the oxygen-constrained energy budgets
of water-breathing taxa. While most oviparous fishes and crustaceans ‘outsource’ the
oxygenation of their embryos by storing their eggs outside their bodies (often by broadcast
spawning without any further parental care), viviparous and ovoviviparous taxa pay the
full price of internal oxygenation. The resulting differences are substantial, with oxygen
demand increasing from 27% to 117% relative to males or non-gestating females (Skov
et al. 2010; Timmerman and Chapman 2003; Webb and Brett 1972; Boehlert et al. 1991;
Hopkins et al. 1995).

Such drastic increases in oxygen demand force pregnant fish to seek cooler areas or
develop other strategies to cope with oxygen limitation. As Banet et al. (2016) have shown,
gestating guppies in flowing waters move to quieter areas where they can save energy,
and pregnant rockfish retreat to cooler spots to lower their metabolism (Boehlert et al.
1991). Auer et al. (2021) showed that gestation lowered the thermal tolerance of poeciliid
females. Energetic costs increase strongly with body size: in gestating Korean rockfish
(Sebastes schlegeli), the oxygen consumption of gestating females of 30 cm standard
length increases by only 35%, whereas individuals of 50 cm consumed 117% more oxygen
(Boehlert et al. 1991).

This raises the question of how oxygen constraints shaped the biogeography and the
occupation of ecological niches of live-bearing fishes. As Goodwin et al. (2005) pointed
out, live-bearers are relatively uncommon at the lowest latitudes (most species inhabit
subtropical climates). The two smallest live-bearing families, ovoviviparous poeciliids
and viviparous goodeids, both exhibit one remarkable exception: one poeciliid species
(Tomeurus gracilis), and the entire goodeid subfamily Empetrichthyinae, are egg-layers.
An interesting parallel emerges if we look at the biogeographies of the Poeciliidae and
Goodeidae. While the thermal niches of goodeids are rather narrow, and most species
inhabit the cool Mexican highlands, the Empetrichthyinae subfamily only occurs in hot
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Figure 17.3. Biogeographical map of poeciliid fishes (modified from Hrbek et al. 2007). Black
squares = live-bearing species; black dots = egg-laying species. As in goodeids, the egg-laying
species inhabit the warmest climates.

springs in Nevada. The only extant species of this subfamily, Crenichthys baileyi, is the
only fish that can enter the hottest part of these water bodies and has been recorded at
temperatures of up to 37.8 °C (Baugh and Brown 1980). It remains unclear if the reproductive
mode of Empetrichthyinae represents the ancestral state of the Goodeidae and if viviparity
is a later development. Still, no live-bearing fish tolerates such extreme values, especially
not during gestation.

Similar to the notable exception in goodeids, the only egg-laying poeciliid, Tomeurus
gracilis, is also a geographical outlier. While live-bearing poeciliids are concentrated in
the Caribbean and the south of Brazil, Uruguay, and Argentina, Tomeurus is one of the few
(non-invasive) members of this family in the Guyanas and northern Brazil (see Figure 17.3).

Both the assumption of facultative viviparity and the idea that egg-laying re-evolved
in Tomeurus gracilis (see Reznick et al. 2007) remain hypothetical, but it would be in line
with the hypothesis that live-bearing is constrained by thermal tolerance. Under higher
temperatures, the energetic costs of viviparity might be so high that the organism must be
either very small or switch (back) to egg-laying. Even though maintenance metabolism in
poecilids is lower than in related species (Nordlie 2014), their thermal tolerance has limits
beyond which viviparity is no longer advantageous or sustainable.
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According to Wourms’s (1991) “temperature hypothesis,” the distribution range
of the entire genus Sebastes may be shaped by temperature and oxygen. This genus is
present in both hemispheres but only in the respective temperate and subtropical regions
(Wourms 1991), thus, the distribution ranges of the Sebastes species are effectively
separated by the equator. Future research on distributions of this sort should benefit from
GOLT-derived hypotheses.

The GOLT and parental care

Another pattern that the GOLT may explain is the distribution of parental care in fishes
and other aquatic ectotherms. Compared to terrestrial vertebrates, especially birds and
mammals, fishes with parental care show an exceptional pattern: in contrast to most other
animal groups with parental care, the caring parent in fish is primarily the father.?®> While
mammals exhibit strong bonds between offspring and their mother, birds are typically
biparental caregivers; reptiles and amphibians show a more diverse array of care, but
paternal care is rare except for some anurans. About 30% of fish families show some form
of protection of eggs or larvae, which is often combined with the provision of oxygen and
sometimes food, and the vast majority of these taxa show paternal care (Balshine and
Sloman 2011). While about 6% of known bony fish families have species where both parents
provide care, monoparental maternal care is rare.

This pattern requires an explanation. Older studies often focused on the differences
between internal and external fertilization that might predict the investment of male
parents in the offspring of their female partners. In species with external fertilization,
it was either assumed that males would show more paternal involvement because their
chance of fatherhood would be higher (Ridley 1978; Perrone and Zaret 1979; Blumer 1979)
or that external fertilization would increase the likelihood that females would desert
their eggs (and partners) because the male gametes were only released later (Dawkins
and Carlisle 1976). Both hypotheses were abandoned later because empirical support for
higher chances of fatherhood in species with external fertilization could not be found, and
because eggs and sperm are often released simultaneously (Gross and Shine 1981; Balshine
and Sloman 2011).

A different explanation for the prevalence of paternal care was sought in the energetic
asymmetries in reproductive investment between the sexes and the degree of ‘association’
between the eggs and the respective parent. Proponents of this hypothesis argued that
the energetic cost of parental care would be lower for the parent already associated with
the eggs or to which the eggs are attached at the moment of fertilization. This hypothesis
may explain why maternal care is more common in species with internal fertilization
(because the female already holds the eggs while the male might no longer be around);
however, its explanatory power for paternal care remains limited. Even in cases where
the male is the last parent present at the fertilized egg site, it is unclear why this should
decrease the energetic cost of care. In short, none of these hypotheses explain the striking
overrepresentation of piscine paternal care compared to other vertebrates.

If we accept the fact that the ripe gonads of females can make up a quarter or a third
of their total body weight and that they lose most of this weight during spawning (see
Chapter 9), then energetic factors become far more plausible as an explanation for the
prevalence of paternal care in fish. As females invest more energy in the production
of gonadal material, this energy needs to be compensated for after spawning. Large
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amounts of energy are needed to support post-spawning growth, but acquiring this
energy requires time. Providing care limits the ability to feed, and in extreme cases, for
example, in mouthbrooding labyrinth fishes, the caring parent must fast for two weeks
or even longer after spawning. Recent research shows that mouthbrooding species in this
family are paternal brooders, and reports of maternal care are likely based on incorrect
observations (Zworykin et al. 2024). Fasting would dramatically increase the energetic cost
of reproduction for females that have already lost 25-30% of their weight and now depend
on quick growth for the next spawning event or season.

This hypothesis is supported by experiments on species with plastic parental care
systems in which both parents can be mouthbrooders. In the Galilee St. Peter’s fish,
Sarotherodon galilaeus, the energetic costs differ significantly between the mouthbrooding
sexes. As Balshine-Earn (1995) showed, mouthbrooding females lost more weight than
males, and maternal care also increased the intervals between spawning events. Males, by
contrast, were able to spawn more than 10 days earlier after mouthbrooding than females.
Finally, caring and non-caring females showed strong differences in brood weight, which
illustrates the high cost of producing gonadal materials in combination with providing care.
While this study did not measure the number of eggs in the spawning events that followed
mouthbrooding, a reduction in hatch sizes should be an inevitable outcome. This suggests
that the differential energetic costs of parental care in fishes favor male care. Since females
typically feed heavily after spawning and invest a lot of energy (i.e., food and oxygen)
into post-spawning growth spurts (which allows them to produce more offspring in the
following breeding season), the job of caregiving is outsourced to the males. More research
is needed in this area, but the GOLT’s model seems well-suited to solve this problem.

The GOLT and hermaphroditism

An issue not explained in this book is the growth of hermaphroditic fish, a phenomenon for
which the GOLT might have the potential to shed new light on an unresolved question. As
many authors who report on the growth of protogynous hermaphroditic fishes suggest, the
individuals who have become males seem to grow “better” than the females or their growth
is “accelerated” (see, e.g., Figure 17.4A, adapted from Garratt et al. 1993), which would come
handy in species that engage in some form of male-to-male contests (Parker 1992). Looking
at Figure 17.4B, one quickly realizes that something is profoundly wrong with interpreting
length-at-age data, such that females (i.e., individuals who did not change sex) are supposed
to shrink. What occurs is, as is always the case, that there is much variability in the growth
of a cohort of fish, even if it initially consists only of one sex (here: females), as shown by the
high variance of length-at-age data. Also, this sex change appears to occur at some fraction
of the maximum length they can reach, i.e., after reaching a threshold that may be similar
to that which triggers first maturity in dioecious species (see Chapter 7).

Once a fast-growing female turns into a male, it is subtracted from the still-female
members of her cohort, which ‘reduces’ their mean lengths. This process is repeated until
all females capable of reaching the threshold in question have done so, leaving only the
slow-growing females to be identified as such. This gives the impression that the males
grow “better,” while what happens is that only the better-growing females become males.
While the GOLT has not yet examined this phenomenon, the hypothesis could be tested that
sex change occurs at a point that could be determined with a similar regularity as the first
moment of maturation or spawning (see Chapters 7 and 8). A possible explanation could be
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Figure 17.4. Two conceptions of protogynous hermaphroditism in fish. A: ‘Standard’ version, which
sees (and models) females turning into males, and then (therefore?) experiencing an acceleration of
their growth (adapted from figure 3 in Garratt et al. 1993). B: Empirical age-at-length data on slinger
seabream Chrysoblephus puniceus along the southeast coast of Africa, (inadvertently) suggesting
that females who do not change sex ultimately ‘shrink’ (adapted from figure 2 in Garratt et al. 1993).
C: Alternative explanation, proposing that it is only the fast-growing females that change sex (e.g.,

at the size suggested by the dots), which explains both why the resulting males seem to ‘grow
faster’ and why the mean lengths of slower-growing females (which fail to change sex) appear to
‘shrink.’ The dotted lines near the origin suggest the actual length trajectories of the larvae and early
juveniles, whose growth is usually not well represented by the VBGF.

that the observed regularities are connected to social hierarchies within the group, i.e., that
the subdominant individuals (still ‘females’) experience more stress, which is induced by
the dominant males (see also Todd et al. 2016). Once a recently transformed individual has
the chance to pass the threshold, its maintenance costs decrease, and it can grow further. If
this hypothesis can be confirmed, oxygen is expected to mediate this further growth, even
though it should also not be neglected that social dominance also results in advantages in
food competition.
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Without more evidence, this is not the place to elaborate on this issue; however, the
conceptual confusion that seems to underlie the work cited above and several related
studies suggests the need for clarification.

Oxygen, hypoxia and pain in fish

To our knowledge, Bakun (2010, 2011, 2019) was the first colleague who noted the close
relationship between the oxygen limitation emphasized by the GOLT and pain in fish. As he
wrote under the subheading “Oxygen Deficit is a Pain” in Bakun (2011): “Evidently, falling
into a state of oxygen deficit in a medium where replenishment is a slow, activity-restricting
process presents a distinct set of problems and could even constitute a grave danger to the
survival of a fish. Thus, it would seem important to evolutionary fitness that a state of oxygen
deficit would continually be strongly avoided. It might be expected that, as in all animals, a
fish’s nervous system would generate an urgent sensory signal (i.e., physical pain) that would
have turned, over evolutionary time, a voluntary aversion into a compelling involuntary
response. Accordingly, lower limits of acceptable dissolved oxygen levels as often measured
by laboratory fish physiologists (e.g., concentration levels at which a fish may begin to exhibit
active distress symptoms or behaviors) may not be the relevant ones in provoking evident
responses. Rather, a fish endowed by evolution with a pain-like aversion to depleting its oxygen
reserves may be very hesitant to engage in vigorous physical exertion, even in situations where
there would be entirely sufficient oxygen available in the water to support respiration and
replenishment while a fish is in a resting, or cruising, state.”

This line of argument makes sense, but it would have been good for supporting evidence
to be cited, especially given that there are authors who argue that fish don’t feel pain
(some of whom funded by the ‘sport’ fishing industry, and need not be cited here, as it
is biologically implausible for fish to have evolved nociceptors if they were incapable of
experiencing pain).

In the meantime, however, an important contribution has appeared (Schuck-Paim et al.
2025) which summarizes numerous quantitative neurochemical studies of pain in fish,
all showing that internal hypoxia, which leads to hypercapnia and acidosis, induces pain
ranging from ‘annoying’ to ‘excruciating’.26

We lack the expertise to follow up up on this relationship, which may also apply to
other WBE, and which seems important in an age when animal welfare has become an
issue of increased concern.

A final plea

Many of the ideas in this chapter and other parts of this book could be followed up by
ourselves and/or through our students, and perhaps at least some of them will be. Still,
there are two issues with the GOLT that we would not know how to tackle, if only because
we do not master the required, mostly mathematical tools.

One is the reformulation of the GOLT as a “causal network,” as defined by Pearl and
MacKenzie (2018). This book attempts to explore causal linkages by proposing mechanisms,
drawing on a hefty dose of science, history, and philosophy. However, we are aware that
formal logico-mathematical methods exist to identify the causal links within a web of
complex interactions (see Pearl and MacKenzie 2018). This could settle the issue of whether
gill surface areas not keeping up with the mass of the bodies to which they supply oxygen
is the cause of the ultimate cessation of the growth of WBE, as stated by the GOLT.
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The other issue is the GOLT’s relationship to the body of literature dealing with what
is often called ‘bioenergetics,” i.e., how animals allocate the energy they acquire through
food to their various organs to support the processes that sustain their different activities.?¢’
The GOLT is incomplete as a theory for two reasons: (i) because it is largely qualitative,
i.e., its shows the likely direction of changes, but not their magnitude and (ii) because its
formulation is based on a simplification: most of its hypotheses and mechanisms assume
that the WBE in question have constant access to all the food they need. This is not likely
to be the case in the real world. However, this is the flip side of studies in ‘bioenergetics,’
which focus on the fate of ingested proteins and fats in agonizing detail but assume that
the oxygen required to produce ATP will magically appear where and when needed.? A
quantitative version of the GOLT, integrated into a version of bioenergetics (or vice versa),
is needed; however, we are currently unable to deliver it. We believe it would be valuable
and rewarding to follow up on this.
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Endnotes

Chapter 1

1.

One example of a thoroughly theoretical - albeit brief - engagement with the biological consequences of the physical
properties of air and water as different media was presented by Denny (1993). Historically, one of the few biologists
who highlighted the need to understand the physical properties of different respiratory media and their impact on
animal physiology was Etienne Geoffroy Saint-Hilaire (1772 - 1844), who put particular emphasis on the differences
between air- and water-breathing as two fundamentally different respiratory modes. According to E.S. Russell
(1921), Saint-Hilaire’s interest in the physical properties of different respiratory media and “the stress which Geoffroy
lays upon respiration and the respiratory milieu” informed his pre-Darwinian notions of evolution to the point that
it became a “constant obsession.”

Despite the seriousness of this topic and the need to find societal and political solutions for the problems discussed,
we are committed to avoiding alarmist tropes and using a tone of urgency only as far as strictly necessary. This,
however, is admittedly a rather low bar at a time when it has become clear that even the most half-hearted global
climate goals will not be met.

We would like to add here that genuine “paradigm shifts,” as defined by Kuhn (1962), are rather rare, and the
concept of such shifts is nowadays trivialized. Even in cases of major scientific advances, instances of epistemic
incommensurability are quite rare, and science keeps building on (and transforming) the body of knowledge
established earlier. While earlier findings and insights require continuous reinterpretation, they usually remain
relevant.

The term ‘climate crisis’ seems inadequate since ‘crisis’ implies a notion of reversibility, i.e., to imply the possibility
of returning to a state of ‘normalcy;’ we are skeptical about this notion.

When Charles Darwin joined the Beagle voyage in late December 1831, Captain Fitzroy gave him a copy of the
first volume of Lyell’s Principle of Geology (1830), which enabled him to conceive his (Darwin’s) theory of coral
reef formation before he had really studied coral reefs and later provided him with the deep time that his nascent
theory of slow evolution through natural selection required (Pauly 2004).

Various authors have referred to the theory presented here as the “Gill-Oxygen Limitation Hypothesis” (see, e.g.,
Audzijonyte et al. 2019; Scheuffele et al. 2021). We use the term ‘theory’ rather than ‘hypothesis’ not because of
grandiosity, but because the GOLT is not based on a single idea (or hypothesis) but presents a larger explanatory
framework that incorporates several mutually compatible, testable hypotheses articulated within a mechanistic
framework that allows for their interpretation.

Incorporating relevant forms of traditional and practical knowledge and expertise from communities outside
science can be understood as a question of “epistemic justice,” as defined by Michela Massimi, who stresses
the importance of applied “craftmanship” for scientific findings (Massimi 2022). Another powerful example of
the interconnection between scientific (and theoretical) knowledge and the applied expertise of non-academic
communities is presented in the first chapter of The Origin of Species, where Darwin reflects on his experience with
pigeon breeding and his connections with pigeon fanciers (see also Secord 1981). As we have argued elsewhere

(Miiller et al. 2023), the practical expertise of fieldworkers in freshwater fisheries management is of great value

ENDNOTES 315



10.

11.

12.

13.

14.

15.
16.

17.

18.
19.

20.

21.

316

for understanding the physiological effects on fish in heatwaves or hypoxic zones. Indeed, such expertise may be
more valuable than one based on the result of short-term experiments conducted under laboratory conditions that
do not reflect real-life circumstances.

Ross (2023) describes 3 kinds of constraints: “Law-based, mathematical, and causal,” all of which are discussed in
this book.

The knowledge and awareness of surface-volume relationships appear to have first emerged in the context of
architectural practices. One of the many examples of a pre-modern solution to surface-volume constraints was an
early Egyptian public works project (the ‘Bent Pyramid’ at Dashur), which started with an acute (55°) angle (implying
that a huge mass of stone would have to be supported by a relatively small cross-section), which but was completed
with a top built at an obtuse (43°) angle to prevent a collapse. While such measures may have been taken ad hoc,
ancient Egypt (like China and India) did develop highly theorized knowledge of surface-mass problems (Bardi 2017).
The authors also refer to organisms as ‘Kantian wholes,” based on Kant (1790), who explored the internal
organization of living and mechanical systems in his critique of teleology in art and nature.

Charles Darwin also used this argument to explain why more complex brain functions depended on homeothermy
and, therefore, on air-breathing (Darwin 1872). He used this observation in different contexts and for different
purposes. We will return to this in Chapter 11.

The great ichthyologist Georges Cuvier also wrote on this; we translated his remarks from French and commented
on his views in Pauly and Miiller (2022); see also Fitting (2005).

Hesse also stressed the possibility of simplifying and reducing complicated morphological structures after the
transition from water- to air-breathing. This applies for example in gastropods, which maintain filamentous and
vulnerable gill structures with large surface areas in water, but whose terrestrial species rely on comparably small
respiratory surfaces.

The exception is the phylum Onychophora, or velvet worms, which evolved in water, but now occur only in
terrestrial ecosystems.

‘We thank our colleague Mark Butler (pers. comm. to D.P.) for this apt comparison.

Schuman and Piiper (1966) reported an estimate of 1/3 for the tench Tinca tinca. This high value, noted by Pauly
(1979), strongly influenced the GOLT’s development.

In this respect, our theory differs from other theories on growth and metabolic scaling, e.g., Ontogenetic Growth
Model or the Metabolic Theory of Ecology developed by West, Brown, and Enquist (1997). While these authors claim
that internal fractal network structures are a constraining factor for aquatic animals, we argue that the growth of
WBE will first be constrained by other factors (see also our discussion of the Metabolic Theory of Ecology further
below in the text, in the section on Constraints and Optimizations.

This is due to their diminutive sizes; see Chapters 3 for the guppies and Chapter 12 for the brine shrimp (Artemia).
The reason is that if the dimensions of gills were the same as that of a volume (i.e., d; = 1), water could not flow
through them. This is difficult enough for tuna, which, by forcing water across their gills through ‘ram ventilation’
over extremely thin lamellae, can reach d; = 0.9. However, the distance between their gill lamellae is so small, and
the lamellae are so thin that their gills accommodate up to 160 lamellae per mm (Muir and Hughes 1969). This is one
reason why tuna do not tolerate silty or turbid water, as the owner(s) of a tuna-farming operation in Port Lincoln,
Australia, discovered when, in 1996, a storm lifted sediment from the sea floor and asphyxiated 2/3 of the southern
bluefin tuna (Thunnus maccoyii) in their pens, worth an estimated 14 million Australian dollars (Dawes 1998).
This work, which involved numerous studies that included very small (young) specimens of larger species, i.e.,
stages at which d values are still transiting from the high values (d >> 1) in larvae toward the values of d <1 in late
juveniles and adults (see Figure 6.2 for an example) was bound to over-estimate the ‘average’ d value in fish, and
it does. Note, however, that the precise value of such ‘average’ will depend on the mix of species considered. If
many species of guppies and/or tiny gobies are thrown into the mix, the average will be lower than that of a sample
consisting mainly of large, well-studied commercial fish species (see Pauly 1981, and Chapter 7).

These slopes, which are indeed proportional to surface-volume relationships in spherical objects, may be typical

for small endotherms with high metabolic demands, which is in line with Bergmann’s argument Bergmann (1847).
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The scaling factor d is usually estimated as the slope of a (double-logarithmic) linear regression, for which the letter
b is normally used. However, given its importance in this book, this slope is here labelled differently, i.e., d in all
cases where gill surface area (S or GSA) or absolute respiratory rate (R) and body mass or weight (W) are related,
as in GSA o« WX, or R « WX, The choice of the letter ‘@ was inspired by Ursin (1967), who used it for “[t]he power of
weight with which the rate of oxygen consumption is proportional, disregarding the feeding condition of the fish.” Note
also that, when this difference matters, we use d,, for the metabolism-related power and d, for the power linking
gill surface area and weight.

The same is true for plants; see Glazier (2010).

Strangely, this observation has been used as an argument against the GOLT by Scheuffele et al. (2021), who assume
that the GOLT requires lower scaling exponents for gill surface area than for metabolic rate. However, the GOLT is
built on the fact, established by De Jager and Dekkers (1975) and other authors, that these two exponents take the
same or similar values when properly estimated (see also Pauly and Miiller 2025).

The debate around the evolvability of morphological novelties within given geometrical constraints between George
McGhee, Wim Hordijk, Stuart Kauffman, and others (see Hordijk 2016) is illustrative in this respect, and we will
return to this topic in Chapter 15.

See De Silva (1974) for gill development in larval plaice and herring, and Oikawa and Itazawa (1985) for the
same in common carp (Cyprinus carpio; Figure 6.2). However, these larvae at first rely exclusively on cutaneous
respiration, which is magnified by their primordial fin. Also, Post and Lee (1996) report that early juveniles have
weight-proportional metabolic rates, i.e., their d = 1.

Here, ‘gill surface area’ could be replaced by ‘respiratory surface area,” as many WBE lack gills (see Chapter 12).
However, in this book, we will generally skip over this fact for simplicity’s sake.

Few authors make explicit that oxygen demand is distinct from oxygen supply. One of them is Brett (1972), who
noted that various “technical advances made it possible to establish the power-performance relation for the gill-
respiring aquatic vertebrate, and to determine the likely demand for oxygen associated with activities which exceeded
the capacity to supply oxygen, resulting in fatigue.”

Von Bertalanffy’s theory of growth will play a central role in this book, as we will see in the next chapter. However,
his conceptual approach to organisms as open systems is also relevant in the context of constraints as traits that
enable operative functions. While organisms function as thermodynamically open systems, which allows them to
exchange energy and resources with their environment, they also rely on closure, and on constraints to maintain
their functional identity.

Epigenetics, where species can turn on and off different genes to help their survival in different environmental
conditions may be mentioned here, although we can’t elaborate (but see Ward 2018).

As Gould (1989) has argued, “positive” meanings of the term “constraint” were gradually outweighed by the negative
ones. “Constraints” had a far more positive meaning in the King James Version of the Old Testament and used it
in the sense of ‘urge,” ‘compel’ or ‘make,” indicating its constitutive role in decision making or similar processes:
“Constraint also has a set of positive meanings, well and long established in our language. The King James Bible, for
example, uses the word 10 times, nine in the positive sense of directing or forcing an action in a particular way. The
most famous passage illustrates the confusion that results when only negative definitions are entertained. When Elihu
the Buzite gives his unsolicited advice to Job, he justifies his decision to speak, despite his youth (Job 32:18-19): “For
I am full of matter; the spirit within me constraineth me. Behold my belly is as wine which hath no vent; it is ready
to burst.” I used to interpret “constraineth” negatively, and the passage made no sense. Why should Elihu be full to
bursting yet still holding it all in. Of course, he means quite the opposite — that the spirit within is compelling him to
belch forth his thoughts.”

Many of these limitations may not even be experienced. As Raja and Anderson (2020) put it in the context of
constraint-based models of scientific explanation: “Humans cannot fly. This is a little bit disappointing but we have
largely made our peace with it (recurring dream motif notwithstanding) and have invented planes. Planes allow us to
fly, albeit within several mechanical, temporal, and legal restrictions.” Not even planes function without limitations,

even though they enable the very activity that would otherwise be inaccessible to humans.
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This practice is strangely common among colleagues studying snappers, Family Lutjanidae (see, e.g., Jurado-Molina
et al. 2018; Moncrief et al. 2018), but can also be found among researchers studying cephalopods (see Chapter 13).
The term “constrained generality” has also been used in other contexts, for example, by Butler (2002), who employs
it to develop a generalizing definition of “critique.” Our use of the term is slightly different as it allows us to bridge
different models of explanation. Some authors have suggested separating mechanistic and constraint-based accounts
of explanations from each other (see, e.g., Green and Jones 2016). Such seemingly different explanatory models can
be connected if we acknowledge that mechanisms are necessarily constrained and also act as constraints on other
processes. An interesting and potentially fruitful model in this context is Wouters’ (2007) “design explanation,” which
proposes to determine the “constraints on what can be alive” and base its explanatory model on these constraining
factors. This approach is compatible with the GOLT, but leaves open questions about which specific options (within
the range of possibilities) are realized.

This point may be conceived simply as a call for ‘Occam’s Razor,’ named after a medieval monk, William of Ockham,
who suggested that “entities should not be multiplied beyond necessity” (Pauly 1994b). However, this point is also
relevant within the context of the so-called “bottoming out-problem” (Felline 2016; Glennan 1996), which refers to
the level of causality at which mechanistic explanations should operate. Since it lies in the nature of mechanistic
explanations that causation must be assumed at several levels, valid explanations do not necessarily need to delve
into the deepest possible of causation. “Bottoming out” the various levels of causation too deeply may also lead to
constant revision: if one specific link in the explanatory chain is later found inviable, the theory, as a whole, will
need reformulation. More importantly, if causation always takes place at multiple levels, the most fundamental
levels of causality are often less consequential and immediate for the actual phenomena that are eventually
described. Choosing a higher (or more ‘superficial’) level can add to the explanatory power and, simultaneously, be a
simplification because deeper levels of causations can be neglected (i.e., infinite regress is avoided; Pauly 2019, p. 4).
For example, Bergmann’s model explains why, e.g., in cold climates, homeotherms benefit from being large (which
reduces their surface area relative to the mass of their body, and potential heat loss; Bergmann 1847). However,
there is no need to explain why heat loss of a body is proportional to its surface (though it was once a legitimate
research question; Boltzmann 1884), or going even deeper, why heat flows from warm bodies to cold ones, etc.
These books, and particularly the more recent one, still contain a large amount of evidence for the GOLT that is
aligned with the new material in this present volume, but which was not incorporated into it.

Both FishBase and SeaLifeBase coordinate their taxonomy with the World Register of Marine Species (WoRMS;
www.marinespecies.org), which covers all marine (and many non-marine) species, and provides the taxonomic
nomenclature to SeaLifeBase.

Indeed, asymptotic growth may also have occurred in Ediacaran biota such as Parvancorina minchami (Ivantsov
et al. 2025). The Ediacaran, by the way, was the period before predation was invented. Ediacaran organisms had
no appendages to grab or mouths to eat each other. Later, in the Cambrian, metazoans learned not to make their
newly acquired appendages easily available to newly evolved predators, which could see them through their newly
acquired eyes (Parker 2003). Leafy plants, which evolved much later, don’t mind being ‘out there’ with their leaves;
that’s why herbivores have such great time. However, the GOLT doesn’t care about appendages, mouths, or eyes;
all that is needed for it to apply is to have a solid body that must be supplied via a surface with a gas extracted
from a liquid.

There is ample evidence of octopuses’ intelligence, as illustrated by the film “My Octopus Teacher.” One aspect of
this, pertinent to the theme of this book, is the observation reported by Learn (2024) that a scientist at the Marine
Biological Station in Naples, Piero Amodio, said “that he has seen fights between octopuses where one will fill the gill
hole other the other with an arm, asphyxiating its foe.”

A second edition (Pauly 2024) of this work is available. In addition to its original content (in better layout), it has

several footnotes with updates and reflections.
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Cited from Ibn Al-Nafis (1968). Other translations read “a continuous state of dissolution and nourishment” (see also
Fernie and Pichersky 2015).

Two-dimensional worlds may be conceived. Dewdney (1984) proposed and illustrated one, to which Pauly (1989)
added considerations relative to fishing and ‘fish’ respiration - obviously!

Itis likely that this form of growth represents the ancestral state of biological organisms (see Hariharan et al. 2016).

The paradoxical nature of fish growth ceasing (at W,

max

) despite being surrounded by potential prey in the wild or
being given food ad libitum in captivity is not appreciated as such by colleagues who reject the GOLT’s explanation
of why growth ceases. In fact, they double down and, in the absence of the ‘internal’ limit to growth and size that
is presented in this book, they evoke either unknown mechanisms (i.e., “more research is needed”) or postulate
the existence of specific and, by necessity, different prey limitations for each population of each species in each
ecosystem, with some additional ad hoc assertions thrown in for captive fish.

Note that the term “intussusception” did not yet have its contemporary meaning of an intestinal defect.

In another publication, Kassowitz (1905) used the example of cell plasma disintegration and repair to solve one of
the major philosophical problems in biology at the time. He argued against the teleological notions of contemporary
vitalism and the idea that underlying aims and purposes caused physiological processes.

The Gompertz growth function (Gompertz 1825) and the logistic growth function developed by Pierre-Francois
Verhulst (1804 — 1849) were already being used in biology in the nineteenth century, but primarily to model
population growth and not the organic growth curves of individual organisms.

Both authors of this book speak German fluently, which was a definite advantage, given that most of the foundational
work considered here was initially published in that language. A small fraction of this work also exists in English
translations, of which some are inaccurate.

See Kearney (2021) and Miiller and Koster (2024) for the dissemination and reception of Piitter’s growth model in
twentieth-century physiology.

This theory was dismissed by many researchers at the time, notably by August Krogh, but continues to be a topic
of investigation today. Max Verworn, Piitter’s mentor, was one of the few colleagues who supported his idea about
dissolved organic matter as an important food source for aquatic animals (Verworn 1909).

Verworn defined “assimilation” in a very broad sense, and as “the entirety of processes that constitute the formation
of new living substances” with the synthesis of proteins as its “climax” (Verworn 1901, p. 517). “Dissimilation” was
then understood as the opposite, i.e., the breakdown of cellular materials. In adult organisms, a state of “metabolic
equilibrium” was reached in which new building materials were only acquired at a rate enabling assimilation to
equal dissimilation.

While Spencer wrote extensively on “anabolism” and “catabolism” in various contexts, his definition of
“expenditures” remained open and included all the energetic costs that organisms had to carry. Most attention
was devoted to the energetic costs of large terrestrial animals, whose growth was thought to be limited by the high
costs of simply having a heavy body.

Geddes and Thomson (1889) further elaborate on this as follows: “The early growth of the cell, the increasing bulk
of contained protoplasm, the accumulation of nutritive material, correspond to a predominance of protoplasmic
processes which are constructive or anabolic. The growing disproportion between mass and surface must however
imply a relative decrease of anabolism. Yet the life, or general metabolism, continues, and this entails a gradually
increasing preponderance of destructive processes, or katabolism. As long as growth continues, the algebraic sum of
the protoplasmic processes must of course be plus on the side of anabolism, and growth may be now more precisely
defined as the outcome of the preponderance of an anabolic tendency, rhythm, or bias. [...] What is true for the cell, is
true for cell-aggregates. Organisms in their entirety have very definite limits of growth.”

Note, however, that d is always smaller than 1, except in larvae and other very young individuals; we will return
to this point repeatedly.

See, e.g., von Bertalanffy (1934): “Piitter (1920) deserves the credit for first providing dynamic and physiologically

based ideas to have developed growth. Of course, his work is subject to some points of justified criticism.”
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Von Bertalanffy’s growth “type 2” mainly applied to insects, whose respiration involved tracheae that occur
throughout their body. Hence, he assumed that their respiration would be weight-proportional. However, this
is wrong because the sum of their tracheal openings is a surface (as is also the case for the pores of sponges).
Therefore, insects are oxygen limited, as indirectly demonstrated by the huge dragonflies of the Jurassic, when
atmospheric O, were much higher than today (Atkinson 2005; Ward 2006), and by the fact that compact insects
cannot grow beyond the 17 cm of Titanus giganteus, the largest beetle (Kaiser et al. 2007). Von Bertalanffy growth
“Type 3” was limited to water pulmonates, i.e., lung-breathing snails, whose growth curve resembled the logistic
growth function (see von Bertalanffy 1951).

Here, for simplicity’s sake, Plitter’s symbols, and L were replaced by their equivalents, L, and L, respectively.
Also note that this equation assumes that W o« L3, as is also the case for the integration of the standard VBGF (see
further in main text).

The value of t, should always be negative because the different versions of the von Bertalanffy equations all
underestimate the growth of larvae and very young WBE, which are too small to be limited by their oxygen supply.
In addition to his growth equation, Piitter stated that final size (L)) could be expressed as the division of the
coefficients of buildup and breakdown metabolism, i.e., as L, = k/k’. In addition, he proposed that the time in which
L was reached could be written as k - k’ = ¢/L (where c is the growth coefficient). As von Bertalanffy pointed out,
this assumption was based on a different interpretation of the growth coefficients ¢ and K). One should add that it
also implies a different concept of L , as it is never ‘reached’ in the VBGF.

See Pauly (2024) for the details of two ways to integrate the general VBGF: the longer original version, kindly
adapted from Pauly (1979) by Cui ‘Elsa’ Liang, and a shorter, more elegant version provided by the mathematician
Ivar Ekeland (see Wikipedia).

The special VBGF fitted to the age-at-length data of Sella (1929) produces estimates of K = 0.043 year® and L_ =

505 cm (FL), which is >> L (330 cm FL; Tiews 1963). The generalized VBGE, with D = 0.3 (corresponding to d = 0.9),

‘max

produces an estimate of K = 0.41 year' and L_ = 332 cm (FL), with L _~ L . (Pauly 1981, 2021a).

max
This was also the argument of von Bertalanffy (1951), who lamented that the increased focus on statistics blurred
actual “analysis,” and precluded scientific explanation. We share the view that despite the indispensability of
statistical models, they cannot replace actual mechanistic explanations of biological phenomena.

Asvon Bertalanffy (1951, p. 279) further argued, smaller deviations from a direct mass proportionality of breakdown
metabolism were possible but did not make a more than negligible difference for growth calculations.

Note that in German scientific discourse, the term “Katabolismus” was not used in the modern sense before the
second half of the 20" century.

Many physiologists, however, do so, for example Hochachka (1969); see his definition of ‘catabolism’ in Chapter 4.
‘Catabolic term’ is what we shall use throughout this book when referring to the ‘breakdown’ of Piitter and von
Bertalanffy.

See also Beverton and Holt (1957, p. 32) and Ricker (1958, p. 196), whose interpretation of von Bertalanffy confused
generations of fisheries scientists.

Piitter was among the first to estimate the surface area of the lamellae of fish gills, for example, in Hippocampus
sp. (Piitter 1911, p. 315).

Ricker’s critique of the hypothesis that gut surface limitation could play role in food assimilation remains valid
nonetheless: “This could seem reasonable if food were always available in excess, so that absorptive surface could
actually be a factor limiting growth; and in the guppy experiments which are quoted in support of this relationship,
food was actually provided in excess. In nature, fish are usually less fortunate; this is shown by the small average
volume of food commonly found in their stomachs, and also by the great variability of their observed growth rates,
both when we compare individual fish in the same environment and when we compare populations from different (but
physically similar) waters.” (Ricker 1958).

See, e.g., the introduction to Vol. 1 of von Bertalanffy’s Theoretical Biology: “It may be a commonly accepted view that
biology in its current form finds itself in a state of crisis. Until roughly the turn of the century, it was widely believed
that Darwinism possessed the solution to all biological puzzles.” According to von Bertalanffy, Darwinism lacked

real explanatory potential, since explanatory accounts based on natural selection did not provide answers for the
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morphological and physical features and traits that could be selected. His critique was not uncommon at the time
and reflected a wider discontent with the state of evolutionary theory before the Modern Synthesis. As Drack (2015)
puts it: “Bertalanffy’s early critique on the theory of evolution, Darwinism in the early 20th century as it were, is in line
with the dominant critique at the time. At that point, Darwinism as a theory was no longer to be taken seriously. Only
later, when mutations were investigated in more detail, did Darwin become important again.”

Karpouzi and Pauly (2008) found that the fit of the VBGF (for weight) to the growth of seabirds was not particularly
tight (Gompertz curves would probably have done a better job). Their VBGF’s growth parameters were retained
only because they enabled comparisons (in SeaLifeBase) with other groups, notably with WBE, for which the VBGF
generally provides a good fit.

The special VBGF has also been used to model the growth of cancerous tumors, which represents a kind of growth
which is not controlled by an anatomical body plan but only by the balance between supply and demand (see,
e.g., Kiithleitner et al. 2019). In this case, the VBGF may be better suited to describe growth than when applied to
air-breathing vertebrates, whose growth patterns are shaped by different factors.

A surface limitation to the acquisition of oxygen occurs in fish eggs (and, by extension, in the eggs of other WBE),
however (Teletchea and Pauly 2024; see also Chapter 17).

The proportionality between the metabolic rate and gill surface area is one of the key assumptions of the GOLT’s
growth model. Surprisingly, the empirical confirmation of this assumption has sometimes led colleagues to criticize
the theory. Scheuffele et al. (2021) suggest that the GOLT depends on the assumption that the slope of the gill surface
is lower than the slope of the metabolic rate. This would contradict Fick’s Law (Pauly and Miiller 2025) and, as
well, result in the paradoxical situation that organisms would consume energy which is, in fact, unavailable (or
would have been produced anaerobically, which is only possible during short periods). The error here is the notion
that measurements of metabolic rates in fish below W and L_, (or W_and L) do not include costs associated
with growth. This is a misunderstanding of the methodologies on which such measurements are based (see, e.g.,
Parry 1983; Rosenfeld et al. 2015); see also Chapter 6.

This is also the reason why Prinzing et al. (2023), in their eagerness to demonstrate the invalidity of the GOLT, broke
aregression showing that log(GSA) vs. log(W) in 19 horn shark had a slope of d = 0.877 (i.e., d <1, as expected) into
two parts, one with 3 data points for small individuals, yielding ‘d’ = 0.564, the other, with 16 large individuals,
producing a ‘d’ value of 1.012. This questionable procedure is examined in more detail in Chapter 6.

Besides the 3 primary criteria for the GOLT validity, the following predictions of the GOLT for WBE can also be seen

as additional criteria for its applicability:

1.  Growth is exponential in larvae and very early juveniles, for which d < 1;

2. Within the tolerated range of temperature, increasing temperatures should result in smaller maximum and
asymptotic size (except for very cold environments where cold denaturation can cause maximum sizes to
remain low);

3. Growth and attained size should decline under sub-lethal hypoxia;

4. Inpopulations where maximum size is low, size at first maturity must be low as well;

5. Food conversion efficiency declines with size, and approaches zero near the maximum sizes reached in a
population;

6. Ifataxon includes both water- and obligate air-breathing species, as do crabs or bony fishes, the air-breathers
should be larger and/or be more active, and/or tolerant of higher temperatures than their closest water-
breathing relatives;

7. Larger-size individuals should be more sensitive to hypoxic or high temperature, and in hypoxic conditions,

the larger individuals should die first.

The various chapters of this book deal, mostly tacitly, with these various criteria, and also with seeming exceptions,

e.g., the asymptotic growth of chironomid larvae.
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Hence the title of Gandhi, the founder of modern India was the (Sanskrit) word ‘mahatma,’ consisting of ‘maha’
(= great) and ‘atman’ (soul), the latter root being, in several Indo-European languages, related to vapour or air, and
thus to breathing. See, e.g., Greek ‘atpdg’ = vapour (Beekes 2010), or German: ‘Atmung’ = respiration (https://www.
dwds.de/wb/atmen; consulted August 28, 2024).

Note that respiration in terrestrial animals can indeed have this (additional and secondary) function, especially in
species that use their tongue and the inner wall of their mouth to cool themselves. This is why the San people of
Namibia can run after antelopes until they overheat and have to stop running (Liebenberg 2006).

An exception is the treatise De Spiritu, which was long ascribed to Aristotle but is now considered Pseudo-
Aristotelian. According to the author of this text, fish do not respire because water contains no air; see Bos and
Ferwerda (2008).

Itis unclear how Malpighi conceived of the role of respiration in the transformation and digestion of food. However,
his writings suggest that he assumed that respiration was essential in these processes. See also Nordenski6ld (1946,
p. 162), and Pauly (2019, p. 19).

It was only later established that plants consumed oxygen, too. The botanists Julius Sachs (1823 - 1897) and
Wilhelm Pfeffer (1845 — 1920) demonstrated that plants could only release oxygen when exposed to light, a crucial
observation that laid the basis for our modern understanding of photosynthesis.

Itis astonishing that nearly 2% centuries later, 28 physiologists would author a paper in which oxygen is described
as “only a permissive factor compared with other constraints (e.g., food availability)” (Jutfelt et al. 2018), and to which
we shall return in Chapter 6. The paper by Jutfelt et al. (2018) is also a powerful illustration of the point made by
Franks (2002) that “the common practice of uncritically equating ‘recent literature’ with ‘progress’ is of dubious value.”
It also highlights the pertinence of the advice that any newcomer to a field “should consider whether a recently
published article actually constitutes and advance of our understanding, or whether, at best, it rehashes earlier work
or, at worst, actually obscures older insights into complex problems.”

There is, high up in the Bolivian Andes, a species of amphibians, the Lake Titicaca water frog (Telmatobius culeus),
which reaches up to 1 kg, and whose adults (and not only their tadpoles) breathe water, and no air. They live at
depths between 10 and 120 m in Lake Titicaca and water bodies in the surrounding basin, which is possible not only
because these water bodies are very cold, but mainly because their cutaneous respiration occurs through a hugely
distended skin which hangs in folds from their bodies, with their ‘bagginess’ increasing with size (Robischon 2017).
An additional reason why cutaneous respiration in adult fish is rare is that it is precluded by the mineralization
of their skin (i.e., their coverage by scales), which protects them from mechanical damage by some predators and
parasites (see Rombough 2007).

Early methods for studying the gill surface areas of fish and other WBE were refined and further developed by
George M. Hughes (1925 - 2011). The following quotes may give an idea of his approach and the considerable
work involved: “The most important features to be analysed are the area and thickness of the respiratory surfaces.
Gill areas have been measured by a number of authors [...] All such measurements depend on sampling, particularly
with respect to the area of the ultimate exchange unit, the secondary lamella. Measurements of filament length and
frequency of secondary lamellae are fairly certain, but the errors involved in obtaining a representative figure for the
area of a single secondary lamella may be quite considerable. The use of weighted averages (Muir and Hughes, 1969)
greatly reduces the errors.” (Hughes 1972).

In one of the following publications, Hughes and Morgan (1973) further refined their approach: “Estimates of
total surface area are made from basic measurements of the length of the gill filaments, their total number, the surface
area of individual secondary lamellae and their spacing along the filaments. The relationship between these various
parameters and the total gill area in fish (Hughes, 1966) is: total area of all secondary lamellae = [2(L/d’)] bl, where
L is the total length (mm) of all gill filaments, I/d’ is the number of secondary lamellae/mm on one side of a filament,
and bl is the surface area of both sides of an average secondary lamella. The very large number of secondary lamellae
obviously precludes measurement of all of them in a given fish and it is therefore necessary to select samples for actual
measurement from which the total gill area can then be estimated. Fixed material is usually used for comparison with

fresh gills and in most cases the two show only slight differences.”
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In fish larvae, the surface of the body is magnified by a primordial fin (which extends on top from the head to the
tail and down forward to the edge of the yolk sack), and which also functions as a respiratory organ (Pauly 2019,
162-163).

There are some small inconsistencies in table 1 of Kunwar and Munshi (1988), but they do not affect the stark
difference of relative gill surface area between the 17 g and the 17 kg specimens of C. catla that are shown in
Figure 3.4.

This logic — demand generating supply - is actually taught in Economics classes at UBC, in Vancouver, though the
students then have problems understanding why their demand for cheap housing is not met by an increasing supply.
This very question puzzled Somero and Childress (1980), as can be inferred from the title of their contribution.
They suggested that the solution to this puzzle would be found in “surface-volume relationships,” which is precisely
what we argue is the case.

The entire structure of Wouters’ “design explanation” for the existence of fish that breathe through their gills is
as follows:

“(1a) They take their oxygen from water. (1b) They are moderately active and their size is within certain limits. (1c)
They use oxygen as an electron acceptor to generate organic energy. (2) If the respiratory medium is water and the
fishes’ level of activity and size are as mentioned in 1b, the biological role of respiration is better performed with gills
than with lungs. (3a) Given the activity and size mentioned in 1b the organism needs a certain supply of oxygen (laws
of physics and the way that aerobic organisms get their energy). (3b) Due to water’s low oxygen content and very small
diffusion coefficient, the organism must ventilate huge amounts of water in order to get enough oxygen (arithmetic +
Fick’s law). (3c) Due to water’s density and viscosity, much power is needed to move this amount of water (physics).
(3d) Because of their smaller respiratory area, their larger distance between the medium and the blood, the dead air
in their alveoli and the tidal character of their air flow, lungs are less efficient than gills (Fick’s law). This means that
if fishes were to use lungs to take up oxygen from water, they would need even more power than they do now. The
lungs’ ventilation mechanism is less powerful than that of gills (the way lungs and gills are built) and does not have
enough power to move the required amount of water. (3e) Due to their large respiratory area, their small distance
between the medium and the blood, and their continuous, unidirectional flow over the respiratory surface, gills are
more efficient than lungs (Fick’s law). In addition, they have much more power (the way lungs and gills are built). As a
result, they are able to provide the required amount of oxygen at the required rate.” (Wouters 2007; see also Fick 1855).
A pelagic fish must have a fusiform body with a smooth pointed head to swim in an energy-efficient manner,
especially if it uses ram ventilation. However, sleek ram-ventilator, such as the grey reef shark (Carcharhinus
amblyrhynchos) can exhibit “resting behavior,” and use buccal pumping to meet a reduced O, demand (Bullock
et al. 2023). Weird departures from fusiform shapes, such as in seadragons (Syngnathidae) or the red handfish
(Thymichthys politus), are possible. However, these fishes live on or near the sea floor, and metabolic and growth
performance are much reduced (Pauly et al. 2022c, 2024b).

In fact, ablation of gill arches was previously an accepted method of demonstrating the importance of a large gill
surface area for fish (see Duthie and Hughes 1982).

The complex tradeoff between iono- and osmoregulation and gas exchange in gills in the context of evolutionary
optimization has puzzled many biologists — Rombough (2007) even calls the functional adaptation of fish gills
“irrational”: “A large surface area is necessary for efficient gas exchange. However, neither freshwater nor marine
fish are in ionic equilibrium with their environments and a large surface area compounds the problems of trying to
maintain ionic homeostasis under such circumstances (e.g., Gonzalez and McDonald, 1992). In terms of development,
the “rational” approach (recognizing that evolution does not act rationally in the human sense) would be to have
the ionoregulatory capacity to compensate for increased rates of passive ion flux in place before lamellar expansion
occurs.”

On the final point, see also Schaack and Chapman (2004). Note also that the largest fishes, the whale shark (Rhincodon
typus), the basking shark (Cetorhinus maximus), and the (now extinct) giant bony fish Leedsichthys problematicus
are (or were) plankton feeders, which ‘solved’ the conflict between feeding and breathing by evolving gill structures

which combine both.
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A more general point relevant here is that maximization of oxygen uptake capacity is not always an optimization,
especially in air-breathing organisms for which oxygen is available in concentrations that can be toxic. Oxygen
limitation through regulating uptake can also be an adaptive feature. Many organisms require a mechanism that
protects them from lethal overdoses, such as insects, many of which breathe discontinuously to avoid oxygen
toxicity (Hetz and Bradley 2005; Schloss 2002). A limitation can also be a safety mechanism that later became
stabilized in the Bauplan of the organism (Kutschera and Niklas 2013). Limitations also could result in phenotypical
features that might not initially be beneficial but, at the same time, protect animals from entering a phenotypical
trap in the form of gigantism that would bring the organism into a situation where changes in temperature result
in dangerous states of oxygen limitation (Kaiser et al. 2007; Verberk and Bilton 2011; Verberk et al. 2016, 2021; see
also Chapter 10).

Von Bertalanffy’s ambiguity regarding the question of which exact surface limited metabolic processes, and hence
growth, was possibly inspired by his quest to develop explanatory models with a maximum degree of general
applicability, as is evident from his seminal text (von Bertalanffy 1951). Some of his biological work on growth and
metabolism already foreshadowed his later systems theory, which claimed to be applicable across many disciplines
and even across the natural and social sciences. Such a theory depended on a maximal degree of generality —- which
could have easily been undermined by too many details that only applied to a limited number of taxa. Having said
this, we note however, that he wrote on p. 246 of his text that “the respiratory surface will be not be, in general, the
outer surface of the body, but rather any surface within the body, which obviously implies that one must think first of
the respiratory surfaces,” while similar statements may be found on p. 251, among others.

In fact, there seems to be an inverse relationship between cell size and fish swimming performance (Cavalier-
Smith 1991; Pauly et al. 2000).

We return to this theme in Chapter 16.

Ultsch (1976) makes a similar point: “it is the oxygen transport capacity of [salamanders breathing water] that at least
partially regulates the standard rate of O, consumption rather than all such control being exerted at the cellular level.”
The extent to which gill remodeling is important to tropical marine species is disputed. As Bowden et al. (2014)
suggest, the gills of many tropical marine fish already operate at their physiological and morphological limit, and
further remodeling is difficult. An exception in this study was the clownfish Pomacentrus moluccensis, which can
apparently undergo extensive morphological modifications in response to increased temperature (Bowden et al.
2014). However, the orange clownfish Amphiprion percula has been reported to shrink during a heatwave by authors
who considered the GOLT as a possible explanation (see Versteeg et al. 2025).

Rutjes (2006) investigated the increase in gill surface in hypoxia-raised cichlids and concluded the following:
“Measurements on the third gill arch of [Haplochromis] pyrrhocephalus showed that the cross-sectional area of
individual respiratory channels was increased in [hypoxia-raised] fish as well as their number and secondary lamellae
were longer. However, a ~26.9% increase of the number of respiratory channels, a 9.2% increase of the height of the
channels and a 37.7% increase of the length of the channels, increases the retention time of water in the gills by less
than a factor 2. Thus, at an eightfold increased water flow, the retention time of water in the gills was more than 4 times
shorter, resulting in lower efficiency. Additionally, an 80% increase in gill surface does not compensate for the eight-
fold decrease in O, flux caused by the lower partial gas pressure under 10% [air saturation].” However, even major
morphological modifications cannot fully overcome the geometrical constraints on effective oxygen uptake, and
gill remodeling is only effective up to a specific limit (aside from the osmoregulatory problems that would result
from an ever-larger gill surface area).

Hypoxia can induce plastic responses in cell structures elsewhere in the body; however, this does not typically alter
the cells’ surface-volume ratio but rather their biochemical composition (Farhat et al. 2019).

In a related issue, Holeton (1976) write that “[t]he heart of [Chaenocephalus] aceratus is 2 — 3 times larger than that
of the other fish examined. Its spleen and many other parts of its body are comparatively large and it is suggested that
this may be a consequence of reduced axial musculature.” A better explanation may be that high viscosity of very

cold water puts a higher demand on the circulatory system (Verberk and Atlinson 2013).
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This does not mean that thermoregulation in ectotherms has no implications for body size. Large reptiles, for
example, occur mostly in the tropics, but only in habitats where either water, or shade are available where they
can cool their bodies down when required (see, e.g., Seebacher et al. 1999).

This pattern had a major influence on the development of what became the GOLT, particularly because it is
very well documented for Atlantic menhaden (Brevoortia tyrannus), whose stocks range along the East coast of
the United States from the cold waters of Maine in the North, where individuals can reach 8-10 years and an
maximum weight around 800 g, to the warmer waters of the Carolinas, where they reach only 4-5 years and a
weight around 200 g (Henry 1971). Also, Brevoortia tyrannus is replaced in Florida and the North Gulf of Mexico by
Gulf menhaden (B. patronus), which an even shorter lifespan and smaller maximum weight (see FishBase). This
exemplary demonstration of the TSR was at the time disputed by various colleagues, who suggested that it was
the result of more intense fishing in the south of the distribution of B. tyrannus, while in fact, its exploitation was
strong throughout its range.

And still, given that Atlantic menhaden have mostly recovered from overfishing, and their TSR patterns, now
intensified by ocean warming, are even more pronounced, there are colleagues who contest the conclusion of an
analysis of 65 years of size records for Atlantic and Gulf menhaden, that the “most plausible explanation for these
size changes is that they are a consequence of recent coastal and oceanic warming” (Turner 2017). This is the reason
why, in this book, we emphasize the mechanisms of ‘temperature’-induced changes, which in reality, are changes
in the balance between the O, supply and demand of WBE.

A major impulse for the awareness of this pattern was the German ‘Plankton-Expedition’ of 1889 which stimulated
continued research on Arctic plankton species and renewed surveys in polar waters (see, e.g., Nyhart 2012). The
growing interest in ‘polar gigantism’ was probably the main factor for the discovery of correlations between
temperature and final size in ectotherms. Many nineteenth-century textbooks still mention not only faster growth,
but also larger sizes at higher temperatures in fish and other ectotherms (see, e.g., Jager 1884).

At the highest Arctic and Antarctic latitudes, the size-latitude pattern reverses itself due to ‘cold denaturation.’
However, this was discovered only well after the Second World War (see further down in Chapter 4).

An example of a recent publication on planktonic species being larger at higher latitudes is Wang et al. (2020), who
reported on the size of tintinnids (Phylum Ciliophora) being smallest in the tropical South China Sea, larger in the
Bering Sea and largest in the Arctic Ocean (see their figure 7).

Note that this ‘explanation’ for large sizes proposed a ‘reason’ — delayed maturation — which itself requires an
explanation. Such non-explanation is what motivates us and other researchers to only accept explanations that
include (or describe) a mechanism.

An early attempt to explain differences in the maximum sizes reached by the individuals of various populations
within species may be found in Prince (1904), who listed the following factors as affecting the maximum size of
fish: “heredity, food, physical environment or physical surroundings, age, congenital variation or inherent strength
or weakness, adaptability, and security from pernicious influences” and documented each with multiple anecdotes.
Temperature is mentioned in a few of them, but the only general statement about its role is that “a low temperature
appears to be favourable to the welfare of the most valuable food fishes and it is in the colder waters of the northern
hemisphere that these prized economic fishes reach their largest dimensions.”

As it turns out, when temperatures decline below 4 °C, ‘cold denaturation’ causes an increase in metabolic rate, due
to the need to re-synthesize ‘cold-denatured’ body proteins - see further down in the main text.

The ‘explanation’ for the larger size reached by nematodes at lower temperatures provided by Van Voorhies (1996),
who published the data for this figure, is that this “may simply be a consequence of developmental processes that cause
cells to grow larger at lower temperature. This would provide a general explanation for the increases size of ectotherms
at lower temperatures independent of species-specific ecology.” Actually, what this illustrates is the expression ‘kicking
the can down the street’ because the question now becomes why “developmental processes” cause cells to grow
larger at lower temperature. It should be noted that this author didn’t cite any paper demonstrating that nematodes

have larger cells at lower temperatures. Also note that the VBGF fits size-at-age data of at least one species of
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nematodes reasonably well, despite their growth proceeding via successive moults (generally 4; Bird 1971). This is
similar in crustaceans (see Chapter 12).

This implies, conversely, that shell formation based on precipitating calcium carbonate is easier in warmer water, a
trend that has its apogee in the (tropical) giant clams of the genus Tridacna, e.g., in T. gigas, which get an additional
boost of oxygen during daytime from their symbiotic zooxanthellae (Klumpp et al. 1992; see also Chapter 13).
This point explains that, for example “with warming conditions, cold-adapted species (Lake Whitefish) decreased
in adult body size, while cool and warm-adapted species (Walleye and Smallmouth Bass) increased in adult body
size” (Warne et al. 2024), which is in line with Piitter’s argument as the observed mean sizes can be much larger
in “warm” populations where animals grow faster and reach adulthood earlier while their “colder” counterparts
remain small for much longer, but eventually grow bigger (Piitter 1920). In addition, sudden growth spurts of
warm-adapted species at higher temperatures can easily be explained by Piitter’s model which predicts an initially
sharper increase of the anabolic term at higher temperature. However, this factor is not always incorporated in
studies on temperature-induced size changes. An example is the article of Audzijonyte et al. (2020), which has a title
thatis easy to misunderstand, i.e., “Fish body sizes change with temperature but not all species shrink with warming”
and is therefore now widely cited as implying that elevated temperature may or may not reduce the maximum
sizes that fish can reach, although it dealt with their mean sizes. This last point becomes clear only when carefully
reading the article in question, which unfortunately, if often not done.

A similar view is echoed in some more recent publications, where metabolic scaling is explained as a result of
decreasing maintenance costs at larger size (instead of declining growth rates). See, e.g., White and Marshall (2023b)
whose “model assumes that the scaling exponents of total metabolic rate and maintenance metabolic rate [...] are
identical, such that f is independent of size.” In this model it is “the fraction of energy expenditure that is allocated
to the metabolic work of production (growth + reproduction).” We will discuss the problems with this view in more
detail in Chapter 6.

Costello et al. (2023) make a strong case that most life processes on Earth are optimized at temperatures around 20
°C. This could be tested, in the context of the GOLT, by checking if the rate of spontaneous denaturation of (many or
most?) enzymes involved in protein synthesis (e.g., alkaline phosphatase) has a minimum near 20 °C. This would
neatly fit with the GOLT, because alkaline phosphatase, which works only in a O,-rich, high pH environment, is
ubiquitous in small (young) fish, but absent in large (old) ones (see, e.g., Shul’man 1974, p. 188-194, and Somero
and Childress. 1980).

These amino-acid pools are labelled I and II, respectively in Figure 2.1.

Note that the kinetic energy of Brownian motion was used by Einstein (1905) to demonstrate the existence of
molecules, via the ability of aggregates of water molecules to move larger particles around (Renn 2005). Here, this
kinetic energy explains why larger particles, such as proteins, can be denatured as a result of shocks with similar
aggregates of water molecules. Note also that it is the kinetic energy increase with temperature, which provides the
mechanism for increased denaturation at higher temperature (see further in the main text for more on this point).
Correcting an error in Pauly and Lam (2022), where this species was called Anarhichas ‘lupus.’

Note that Brownian motion does not occur in desiccated substances, such as the resting eggs (‘Dauereier’) of Artemia
spp. and some fish. As a result, they can last without respiring which nicely illustrates the intrinsic connection
between metabolism and Brownian motion.

In our experience with journalists and other non-biologists (but also, alas, with some biologists), we noted that fact
that warmer water contains less oxygen is rather well known, while the fact that fish and other WBE also require
more oxygen at higher temperatures, and that the latter effect is much stronger than the former, regularly comes
as a surprise. On the other hand, anglers and aquarists tend to be aware of the second point, as well (see Chapter 5).
Using FishBase data, Lin and Costello (2024) found (among other patterns predicted by the GOLT), a strong pattern
of maximum size reduction in Antarctic fish with decreasing temperature (below 4-5 °C) which they attributed to
food scarcity (as occurs in very deep water). We think, however, that the observed size reduction is consistent with
what one would expect from cold denaturation. This suggests that their findings do not only support the GOLT but
also reinforce the theory precisely in a context that initially seemed anomalous but is, in fact, a predicted outcome

(and Mark Costello agrees; pers. comm. to DP, July 2024).
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As Lindmark et al. (2022) in the first instance state, Plitter’s equation would predict the temperature-size effects,
but then they dismiss this idea because “the assumptions underlying the VBGE were recently questioned because of
the lack of empirical basis for the scaling exponents and the effects of those on the predicted effects of temperature
on asymptotic size [...]. Specifically, the allometric exponent of energy gains (a) is assumed to be smaller than that of
energetic costs (b). This is based on the assumption that anabolism scales with the same power as surfaces to volumes,
and catabolism, or maintenance metabolism, is proportional to body mass (a = 2/3). In contrast, maintenance costs are
commonly thought to instead be proportional to standard metabolic rate, which in turn often is proportional to intake
rates at the interspecific level [...]. This leads to a ~ b, resulting in unrealistic growth trajectories and temperature
dependencies of growth dynamics in Piitter models.”

This self-induced conundrum can easily be solved if we confront the erroneous assumptions that (i) that the
anabolic term in Piitter’s equation universally scale with an exponents of 2/3 (see also Chapters 1 and 3), and (ii)
that maintenance metabolism (i.e., excluding costs of growth) is proportional to standard metabolic rate. As a
reference for these assumptions, the authors cite Lefevre et al. (2018) and Marshall and White (2019), whose work
we discuss in more detail in the following chapter (Chapter 6). However, as already mentioned, it is one of the central
tenets of the GOLT that the scaling exponents of anabolism are not the same in all species of WBE but are always
<1 in their adults. Furthermore, the idea that maintenance metabolism is proportional to standard metabolic rate
relies on the assumption that respirometry measurements on growing WBE allow for establishing realistic values
of maintenance costs excluding growth (which they don’t; see Rosenfeld et al. 2015). Since intraspecific metabolic
scaling is mainly a result of declining energetic investment in growth, we believe that the rejection of Piitter’s
equation and its mechanistic foundations by Lindmark et al. (2022) is based on faulty premises.

The obvious relationship documented by Heincke (1913) was part of the introductory fisheries science course at the
Institute of Marine Science in Kiel, Germany, where the first author studied. The version of this relationship in a bay
in the Philippines (see Figure 5.4) and another version in a textbook on the ecology of tropical fishes (Longhurst
and Pauly 1987, p. 280, here modified as Figure 5.2).

Indeed, the fact that the studied species — now Eubleekeria splendens — and the ecosystem in which it was abundant
at the time were then unexploited, jointly with the size-depth trend of that species, allowed the estimation of natural
mortality in this species (Pauly 1980b).

In addition to Figure 5.6, this is loss of thermal habitat and the possible responses by fish are nicely illustrated
by the following extract from the abstract in Humphries et al. (2024), which states that “yellowfin tuna respond to
low [dissolved oxygen] at depth by spending more time in shallower, more oxygenated waters [..while] bigeye tuna
increased the frequency of brief upward vertical excursions they performed by four times when [dissolved oxygen]
at depth was lower, but with no concomitant significant difference in temperature, suggesting that this behaviour is
driven in part by the need to re-oxygenate following time spent in hypoxic waters. These findings suggest that increasing
[oxygen minimum zones] will impact the behaviour of these commercially important species, and it is therefore likely
that other water-breathing predators with higher metabolic rates will face similar pressures.”

Another such response to the spread of hypoxic waters is highlighted in Bianucci et al. (2016); it pertains to
the (demersal) Atlantic wolffish (Anarhichas lupus) of the Scotian Shelf in Canada, whose population is predicted
to experience a “contraction.”

‘Thermal niche’ should be understood here as the temperature prevailing in the region that a population inhabits
within a given habitat. This definition is compatible with GvoZdik (2018), even though this author uses the term
for slightly different purposes. For ours, it is sufficient to distinguish between habitat and niche as the latter also
refers to the specific space and time zone within a given physical locality, e.g., daytime in a deep cool pool vs.
nighttime at the water’s surface.

Interestingly, it is in such challenging habitats that the only fishes (except 3 species of marine seadragon, Family
Syngnathidae) to have evolved to attach their maturing eggs to their bodies, are the 5 species of ‘pelvic brooders’
in the Family Adrianichthyidae (see also Chapter 14, mainly devoted to crustaceans). What unites the fish of the
families Syngnathidae and Adrianichthyidae with the Crustacea is that they all have gills with small surface areas

and/or inefficient gills, at least when compared with pelagic fishes.
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The point here is that large freshwater fish species are all riverine, because flowing water has — other things being
equal - a higher O, concentration than the water of stagnant pools or lakes. Potamodromous species ascend rivers
not because they provide abundant food, but rather because they provide an oxygen-rich environment.

A similar mechanism was described by Amitai et al. (2024) who linked hypoxia and heat-induced fish kills to biblical
descriptions of miraculous catches in the Sea of Galilee. It may require a leap of faith to project modern observations
of fish kills into a Bible story, but the occurrence of such hypoxic events is well-documented.

For more examples in fish kill manuals, see Miiller et al. (2023).

Indeed, Norwegian-style intensive salmon aquaculture is experiencing increasing problems with temperature-induced
mass-mortalities even in Norway (Singh et al. 2023), which is not surprising given that Salmo salar is a psychrophilic
species whose members, additionally, are exposed to horrendous conditions in their underwater cages.

This is similar to the tail-flipping escape behaviour in small (young) vs large (old) lobsters and the lactate-limited
fighting among hermit crabs mentioned near the end of Chapter 14.

Similarly, after fighting back when hooked on a line, yellowfin tuna, quickly go anaerobic, with the pH of their tissue
dropping precipitously so that their muscle cells go into apoptosis and lysis. The result is that their flesh, “which
seems paler and softer than normal is characterized [...] as being ‘burnt.” Burnt tuna, because of its poor texture, color
and slightly sour taste, while edible, is undesirable for raw consumption (as sashimi)” (Cramer et al. 1981).

Marine heatwaves, which are becoming increasingly frequent, are not analogous to heatwaves on land, however
challenging the latter may be for many terrestrial animals. Instead, marine heatwaves are analogous to forest fires,
which not only kill the most sensitive or exposed members of various species (including older adults and infants)
but kill (via respiratory stress) most members of most species in an affected ecosystem (Pauly 2023).

AquaMaps 2.0 is a next-generation marine species distribution modeling framework that builds upon the
foundational AquaMaps approach by integrating cutting-edge data sources, machine learning techniques, and
ecological theory, and which currently covers over 30,000 marine species of WBE. Designed to address the
limitations of earlier models —such as coarse resolution, simplified habitat representations, and limited validation -
AquaMaps 2.0 employs an ensemble of ten algorithms, high-resolution (5 km) environmental predictors from
Bio-Oracle v. 3.0, and expert-informed biogeographical constraints to produce accurate and ecologically realistic
habitat suitability projections. It standardizes taxonomy via the World Register of Marine Species (WoRMS), cleans
and validates occurrence data from AquaMaps, OBIS, and GBIF, and incorporates species-specific ecological profiles
through the novel Distance-3 Ocean System (D30S). AquaMaps 2.0 enables climate change scenario forecasting
(SSP1-2.6 to SSP5-8.5) for both mid- and end-century timeframes, providing fine-scale, maps of current and
projected future distributions (Reygondeau et al. 2025).

This discussion does not cover the sea - to — freshwater or freshwater — to — sea of diadromous fish, which are not
driven by temperature. However, they can be strongly affected by it. One example is the spawning migration of
several ‘runs’ of sockeye salmon (Oncorhynchus nerka) in British Columbia, Canada, which requires them to enter
the Fraser River. However, as sockeye salmon now try to return weeks earlier to their native stream (which is itself
likely to be a temperature and/or oxygen effect; see Welch et al. 1998), the fall temperatures of the Fraser River
are still too high for the aerobic scope of sockeye salmon, which end up (i) milling around in its estuary until the
temperature drops, while falling prey to marine mammals and parasites, or (ii) initiating a river ascent that many
of them won’t be able to complete (Martins et al. 2011).

This is also the case for the second-largest Recent fish, the basking shark Cetorhinus maximus, which spends its
summers in food-rich temperate and boreal surface waters and its winter in deep mesopelagic waters at tropical
latitudes (Skomal et al. 2009).

Lake Peipsi (in Estonian) is famous because of the ‘Battle on the Ice’ during which the ragtag army of Alexander Nevsky,
Prince of Novgorod, inflicted a crushing defeat on the Teutonic Knights. The army’s disastrous plunge through the ice
is portrayed in the 1938 classic movie by Sergei Eisenstein. When I (D.P.) read about shifts in the fish communities of
this lake, I could not resist and contacted the Estonian colleagues who had written about these shifts and told them
about the MTC as a way to interpret them; the paper (Kangur et al. 2021) then nearly wrote itself.

This hockey-stick pattern justified, in this case, the use of a segmented regression, in contrast to the abuse of this

method described in Chapter 6.
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See Pauly (2024) for a 2" edition of this thesis, which has its original content but with new footnotes providing
corrections and/or extensions of this content. It includes, in a new appendix, a much shorter and elegant integration
of the generalized VBGF (by Ivar Ekeland, a kind professor of mathematics) than initially presented.

The abstract of the contribution by Pértner (2010), which summarizes his ‘Oxygen- and Capacity-limited Thermal
Tolerance theory (OCLTT), reads, in part, as follows: “The concept of oxygen- and capacity-dependent thermal tolerance
in aquatic ectotherms has successfully explained climate-induced effects of rising temperatures on species abundance
in the field. Oxygen supply to tissues and the resulting aerobic performance characters thus form a primary link
between organismal fitness and its role and functioning at the ecosystem level. The thermal window of performance
in water breathers matches their window of aerobic scope. Loss of performance reflects the earliest level of thermal
stress, caused by hypoxemia and the progressive mismatch of oxygen supply and demand at the borders of the thermal
envelope. Oxygen deficiency elicits the transition to passive tolerance and associated systemic and cellular stress
signals like hormonal responses or oxidative stress as well as the use of protection mechanisms like heat shock
proteins at thermal extremes. Thermal acclimatization between seasons or adaptation to a climate regime involves
shifting thermal windows and adjusting window widths. [...] The conceptual analysis suggests that the relationships
between energy turnover, the capacities of activity and other functions and the width of thermal windows may lead to
an integrative understanding of specialization on climate and, as a thermal matrix, of sensitivity to climate change and
the factors involved. Such functional relationships might also relate to climate-induced changes in species interactions
and, thus, community responses at the ecosystem level.”

As such, the OCLTT may be more ambitious than the GOLT; however, these two theories have in common
that (i) they both focus on the disparity between the oxygen that is available through the respiratory organs of
water-breathers and the oxygen demand of their cells — mainly at extreme temperature in the OCLTT, and mainly
in large (old) WBE in the GOLT - and (ii) the OLCTT is rejected by the group of physiologists who also diss the GOLT
(see Jutfelt et al. 2018), and of which some are mentioned in this chapter.

It is evident from Jutfelt et al. (2018) that its 28 authors are unable or unwilling to distinguish between the
oxygen supply a fish receives through its gills and the oxygen requirements or demand of its tissues, which is the
reason these physiologists attacked one of their own, Hans-Otto Portner, who dared to report that fish exposed
to excessive temperatures suffer from internal hypoxia, clearly the result of oxygen supply not meeting demand
(Portner et al. 2001; Portner and Knust 2007; Portner 2010).

However, all 28 authors found it “hard to imagine why animals would allow tissue hypoxia to become severe
enough to inflict performance decline at moderate levels of activity when possessing the functional capacity to
significantly increase oxygen delivery to tissue.” This is a classical argument from ignorance: as if the inability of a
group of people to imagine a given process was evidence against the existence of that process! The funny thing is
that it is straightforward to imagine why the respiration of fish cannot correspond to peak performance all the time:
such performance has high costs in terms of fitness (Priede 1985; Pauly and Cheung 2017). Yes, Usain Bolt can run
very fast, but when he runs, he can’t eat, socialize, reproduce, etc. In other words, the peak respiratory performance
that physiologists force laboratory fish to exhibit in their respirometers does not translate into a performance that
fish usually perform in nature. Peak performance is costly and is used only under extreme circumstances, such
as to escape predators.

Finally, the title of the 28-author paper, “Oxygen- and capacity-limited thermal tolerance: blurring ecology and
physiology,” implies that inferences from one specialized discipline to another should be avoided. But it is usually
consilience, i.e., cross-linkages between different disciplines, that provide the evidence that ‘clinches’ advances in
science, be it evolution through natural selection or plate tectonics (Pauly 2002b). That physiology should be the
sole avenue to insights about fish is as preposterous as claiming that theology is.

Powerful examples of the explanatory potential of seemingly contradictory phenomena to the formulation of
biological theories are provided in the 6™ edition (1872) of Charles Darwin’s Origin of Species; see Chapter 6,
“Difficulties on Theory,” p. 133-167, and Chapter 7, “Miscellaneous Objections to the Theory of Natural Selection,”
p. 168-204. Darwin’s examples show how a fruitful theory can benefit from addressing challenges, which can

eventually broaden its explanatory scope.
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The contribution by Pauly (2021a) and its expended version (Pauly 2021c) dealt mainly with critiques published
before those reviewed in this chapter. These earlier critiques do not need to be dealt with again here, as they were
inconsequential and had been refuted earlier, notably by Pauly and Cheung (2017). Incidentally, the reviews of our
initial submission of the latter article and the responses we provided are available online (as Pauly 2018b), which
allows for assessing the changes that were demanded; see also Pauly (2018a, 2020) and Pauly and Cheung 2018).
It took us some time to understand how anyone could interpret the GOLT as implying that gills behave like a sphere,
but we believe we have now grasped the reasoning — see the main text below.

Scheuffele et al. (2021) state that the GOLT “proposes that there is a mismatch between the body mass scaling
exponents of gill surface area (GSA) and aerobic metabolic rate (MR), as the former is considered to be a 2D surface
and the latter is considered to be a product of (3D) body volume.” However, the GOLT proposes nothing of the sort.
Rather, it explicitly states that both gill surface area and metabolic rate act as surfaces (because the former is one,
and the latter is proportional to one - due to Fick’s Law). What is proportional to body volume (i.e., its mass or
weight) is the oxygen requirement for maintenance and growth, with the former being met even in large (old)
individuals. The requirements for additional growth are no longer met.

Lefevre et al. (2021) argue in this context that aerobic scope (AS) “does not decline with mass.” However, the GOLT’s
point is not that growing fish lose their aerobic scope when they get bigger but that they invest less energy (i.e.,
oxygen) in growth. Curiously, the latter view seems to be expressed in the very same paper (Lefevre et al. 2020),
when they state that “if AS is lower at high temperatures, fishes may limit some oxygen-demanding activities, like
foraging and growth, if these would constrain their ability to face transient demanding conditions such as disease,
episodes of hypoxia or predator attack.” This sentence captures the essence of the GOLT, and we wonder if the entire
controversy is not based on some simple misunderstanding.

This also seems to be the case with the paper by Johansen et al. (2024), who compared the maximum size of
coral reef fish in the Persian Gulf (with temperatures above 35 °C) with conspecifics in cooler areas outside the
Gulf. They found, as expected, that the fish in the Persian Gulf were smaller. Nevertheless, they suggested that their
“findings challenge traditional oxygen-limitation theories as the primary driver of size reductions. Our data support
a modified resource-acquisition theory to explain how ocean warming leads to species-specific size reductions and
why smaller individuals are evolutionarily favored under elevated temperatures.” We suggest they found nothing of
the sort and misinterpreted their data. All they have done is clutter the literature with yet another set of ad hoc,
species-specific hypotheses (notably that the Gulf fish eat less because they are in hot environments... as if this
were not precisely what fish do — and need to do — when they are oxygen limited...). We hope that this book will
help declutter things.

Another version of the P-diagram is figure 9.14 in Longhurst and Pauly (1987) where the height of the ‘maintenance
box’ declines smoothly from left to right, to reflect the reduction of maintenance metabolism due to larger
individuals living in deeper, cooler waters. This differs from the one-step decline illustrated in Figure 6.1B (see
also Chapter 10), and implies a complication that may have to be considered in future elaborations of the GOLT.
McKenzie (2023), in what was supposed to be a review of Pauly (2019), asserted that “the ‘maintenance’ variable is
never properly defined,” while on p. 159 of the book in question, which this ‘reviewer’ manifestly did not read, it was
proposed that “it would have been appropriate, throughout this book, to replace the term ‘maintenance metabolism’
by the awkward term ‘backward projected terminal metabolic rate’ because that would be the correct definition. Thus,
by maintenance metabolism, I mean the metabolic rate that maintains the weight of fishes that have stopped growing
(in the wild or in captivity), hence the word ‘terminal.”

The belief that standard metabolic rates (SMR), as commonly measured, reflect only maintenance costs appears
to be the central problem of McKenzie’s (2023) interpretation of the GOLT. The main difference between SMR and
maintenance metabolism, as represented in a P-diagram (Figure 6.1A), is that maintenance metabolism (when
growth is indeterminate, as in fish) is a primarily theoretical value that can only be estimated retroactively from
the metabolic rate of individuals that have stopped growing.

This definition, whose very existence was denied by McKenzie (2023), implies — and this should have been
stated explicitly - that maintenance metabolism in the wild includes the cost of food acquisition and digestion, of

escaping predators, and even of reproduction (via the mechanism presented in Chapter 9), i.e., all the things that
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large (old) fish do except growing. While a parameter that can be empirically measured at a given size would be
preferable, how data on metabolic rates are fitted into models immediately shows the parameterization problem. If
we follow McKenzie’s suggestion to use SMR instead of maintenance metabolism to think about growth, everything
depends on the way in which the parameters of the SMR are estimated.

That aerobic scope can be maintained at the cost of growth is neatly illustrated by the study of Grans et al. (2024),
in which juvenile halibut (Hippoglossus hippoglossus) grew much less when kept at 16-18 °Cthan at 10-14 °C, which
was supposed to document that the tension between oxygen supply and demand does not impact growth, but failed
to do so. Figure 3 in Gréans et al. (2024), which also shows that juvenile halibut grow more slowly in low temperature
(4-6 °C), doesn’t change that, and neither does the obvious finding that growth is impacted by low pH. The point
here is that the aerobic scope concept is far less useful than its frequent uncritical use suggests.

The logic here is structurally similar to a claim that vitamin C is not effective against scurvy (which it is if your
diet doesn’t include fruits and/or other sources of vitamin C) because people who consume 100 pills of vitamin C
per day do not fare better than people who take 1 such pill per day. Skeeles and Clarke (2023) then piled on their
flawed argument that oxygen is not a limiting factor to growth the claim that energy allocation to reproduction is
the limiting factor for fish growth (i.e., the ‘Reproductive Drain Hypothesis’). This, however, is a zombie hypothesis
(see Chapter 7), refuted by every lone goldfish in its fishbowl which never reproduced but ceased to grow despite
ample food being provided. Yes, we mention this lone goldfish several times in this book, but it is because the
argument holds that the growth of fish that never reproduced (a lone goldfish or sterile triploid fish) also gradually
slows down and then stops. A reasonable theory of growth must be able to deal with this fact.

The choice of the species used for the experiment by Skeeles and Clarke (2023), the inanga (Galaxia maculatus), is
also bizarre given that this species is known to be an oxyconformer, which is rare among bony fishes. Even more
curiously, they mention none of the recent papers that reported on the lack of a capacity for oxyregulation in G.
maculatus (see, e.g., Urbina et al. 2012; Urbina and Glover 2013, and the many other studies of these authors on
inanga). Instead of trying to refute the GOLT using exceptional species, Skeeles and Clarke (2023) could have used
it to identify its limits of applicability, which still have to be defined.

Similar results were presented in a study on the tadpoles of the cane toad (Rhinella marina), whose growth was
reduced under hypoxic conditions (Schofield and White 2025). The same study also found that hypoxia led to an
increase of the size of external gills (via developmental plasticity), which allowed the tadpoles which grew under
hypoxia to ultimately reach the same size as those that grew in normoxia.

The irony is that these lower values of d for large (old) shark and ray species were originally published by no other
than Wegner (2015), one of the co-authors of the Prinzing et al. (2023) paper and who, therefore, should have
known better.

Lonthair et al. (2024b) cited 2 single-species studies in support of their contention that there are “robust datasets
in the literature showing the GSA can scale close 2 or even above [d] = 1.” One is Prinzing et al. (2023), and the other
is Holeton (1976) which pertained to young individuals still in the transition from the high values of d observed in
larvae and early juveniles (see Figure 6.2). ‘Robust’ evidence for d <1 in adult fish (and breathing only water, not
air), which would have to come from a serious review or meta-analysis, would indeed challenge the GOLT. However,
the fact that Lonthair et al. (2024b) had to rely on the shady data of Prinzing et al. (2023) for 50 % of their “robust”
evidence is indicative of the depth of the hole they have dug themselves in.

It is difficult to believe this was due to a good-faith error, as a vast literature on fish and bivalve gill surface area
and respiration documents that they both scale with weight raised to a power <1.

Scheuffele et al. (2020) state that the GOLT’s “model also disregards universal allometric scaling of basal metabolic rate
with mass in animals.” This, again, is a fundamental misunderstanding of intraspecific (not interspecific) metabolic
scaling since the decline in metabolic rates that occurs during individual growth trajectories is mainly a result of
less energy being invested in growth.

The ‘cooling dives’ of whale sharks are described in Meekan et al. (2015); however, these authors consider these
dives to be ‘feeding dives,’ with the sharks’ returns to the surface being necessary to re-acquire the high temperature
that they supposedly prefer. This is the inverse of what we think occurs, and it contradicts multiple observations of

whale sharks feeding predominantly in surface waters. The note below elaborates on this theme.
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This last point brings us to the question of how a comprehensive theory such as the GOLT may be tested in practice,
an issue it shares with other generalizations (see Williamson et al. 2021; Cheung et al. 2013a). One approach would
be to continue with the present approach, which argues that “It may work for the 1,399 species you mention, but
species X doesn’t fit the pattern, and therefore the GOLT is wrong.” To make their argument against the GOLT,
Lefevre et al. (2017) made whale shark (Rhincodon typus) their species X, because occurs in the tropics and is the
world’s biggest fish. However, when the GOLT predicts that fish remain smaller at a higher temperature, it is meant
to apply within, not between species (see main text above).

In any case, it seems that a more fruitful procedure would have been to look at what makes R. typus the
exception that it seemingly is. They would have quickly found it: R. typus swims in yo-yo fashion, with near-surface
feeding periods followed by ‘cooling dives,’ which may reach 1000 m and beyond (Brunnschweiler et al. 2009). And,
to top it up, large adult R. typus (10 — 14 m) whose juveniles (< 8 m) are abundant in the Red Sea (Cochran et al. 2019)
and the Persian Gulf (Robinson et al. 2016) do not occur in these two water bodies, as the deeper waters of the Red
Sea are warm, and the Persian Gulf is too shallow.

Pauly (2019, p. 84-89) devoted an entire section to this theme (“An apparent anomaly: very big fish in warm
water”), where R. typus and other large ‘tropical’ fish are shown to (i) spend much if not most of their time in deep,
cold water (to the extent that some of them evolved a heating system for their eyes and brain, as in billfishes), or
(ii) undertake regular cooling dives, or (iii) they were not very big.

For example, ‘big’ Mola mola consists of up to 65% fatty jelly, which is inert and does not require oxygen for
its maintenance. Also, M. mola, which reach greater weights than Mola alexandrini, prefer cooler temperatures in
Japanese waters, i.e., 11.5 - 25.6 °C, average 17.7 °C vs 16.8 — 25.6 °C, average 19.9 °C for M. alexandrini (Sawai et al.
2018). Indeed, while Pope et al. (2010) describe the distribution of Mola mola as “tropical,” their distribution map
shows that this fish is reported from subtropic temperate locations far more than from the Tropics.

Clearly, such a whac-a-mole approach gets us and the field nowhere. Further below in the main text, we

propose an alternative, potentially more fruitful approach.
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This statement applies only to iteroparous bony fishes whose maximum length exceeds 10 cm, for reasons explained
further in this chapter. A possible origin for the semelparity of Pacific salmon species is presented at the end of
Chapter 10, while the semelparity of cephalopods is a topic in Chapter 13.

The Reproductive Drain Hypothesis is also contradicted by the fact that, despite their higher reproductive
investment, the females of most bony fishes or elasmobranch species such as sharks tend to reach larger sizes
than the males (Pauly 2018a, 2020).

The observation that reproducing and non-reproducing fishes do not differ in final size is also informative in
the context of the debate around the concept of ‘equifinality’ which describes equal outcomes under different
circumstances. The concept of equifinality was used by vitalists like Hans Driesch to argue for a teleological
principle that shaped the growth trajectories of organisms. As von Bertalanffy argued from a systems-oriented
perspective, vitalist principles were unnecessary to explain equal outcomes under different growth conditions (von
Bertalanffy 1950). As von Bertalanffy argued, it was the capacity of a biological system to take up energy that set
the limit to growth and size rather than an inherent ‘program.” While growth under unfavorable conditions could
indeed be slower, animals and plants could later ‘catch up’ in growth with their conspecifics and reach identical
final sizes (see Jobling 2010 for the concept of ‘catch-up’ growth).

The research by Yokouchi et al. (2018) is particularly enlightening, as it underscores the close relationship between
the initiation of maturity and the subsequent migration in the eel Anguilla anguilla, which is closely linked to their
somatic growth rate.

However, some authors view maturation and spawning as processes so separate from growth that they publish
lengths at first maturity (L, ) without the corresponding values of L, _or L_(see, e.g., Duponchelle and Panfili 1998).
That the internal hypoxia in fish may be the reason for the higher protein content in the otoliths of small (young)
individuals compared to large (old) ones (Morales-Nin 1986a, 1986b) is another surprising corollary of the GOLT.
As Seibel and Deutsch (2020) argue, “as whole-animal metabolic rate increases with size, the oxygen supply capacity

increases to match it.” As we outline in Chapter 6, this is correct for maintenance (including activity) but only at the
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cost of growth. Animals do not grow into asphyxiation (which seems to be how these authors interpret the GOLT)
but preserve their aerobic scope by investing less in growth.
The 56 ‘cases’ are due, in the 1984 study and the subsequent ones, to L, D and L D data pairs being available for

several populations of the same species and/or separate L, D and L _D data pairs being available for females and

max
male fish.

We chose ‘A’ because it signifies a ‘beginning’ or ‘start’ in German (‘Anfang’), as the letters of the English alphabet
are exhausted.

The extension of the conceptualization presented here would require further elaboration to account for fall
spawning in temperate fish (Warlen and Burke 1990), monsoonal spawning in fishes of the Indo-Pacific (Longhurst
and Pauly 1987), flood-related spawning in fish of floodplains (Pauly 1994a), etc.

As pointed out in Chapter 1, mechanistic explanations are possible (and often more powerful) without involving
all levels of causations that play a role in various processes. Indeed, as Felline (2016) outlined, it is not always the
deepest layer of causation that may be invoked in explanations since “mechanistic causality” is typically not located
at the most fundamental level of causation.

The reason why zooplankton are reported not to have switched their phenology may be because the dynamics
of their populations are closely tied to that of their food, i.e., phytoplankton, and that the phenology of the latter
(outside of the tropics) is tied to seasonal variation of sunlight, which are not affected by climate change.

The reason for this limitation of the model is because the arcos(X) function of Equation (7.15) is only defined for X
values ranging from -1 to 1. Therefore, —2B/Amp must satisfy the constraint —1 < (—2B/Amp) < 1. This does not
apply to low amplitudes of the seasonal temperature oscillations (Amp) and increasing mean annual temperature
differences (B), which results in the triangular ‘no solution’ space on the right of Figure 7.7B.

Internal hypoxia, in fish, triggers pain (Schuck-Paim et al. 2015) and having to supply oxygen to a growing mass of
gametes can be conceived as causing a state of (slight) hypoxia in the other organs of maturing fish. Spawning, which
leads to a sudden increase of the oxygen available for the organ systems other than the gonads (see Chapter 9) may
be experienced by fish as relief from (dull?) pain (see the section on ‘pain’ in Chapter 17).

Dusk s also the time when larger predators, at least in freshwater, where hypoxia is more frequent, may experience
oxygen limitation and are more likely to be sluggish, which does, of course offer additional advantages to dusk-

spawners. In this sense, the predator avoidance hypothesis might also be related to oxygen limitation.

Chapter 8

175.

176.

The information assembled for this is presented in the appendices of the MSc thesis upon which this chapter is
based. It is and will remain available via https://open.library.ubc.ca/collections/ubctheses/24/items/1.0431066.

The basic information for each species was complemented by other life-history characteristics, including differences
in length with sex, average number of pups per litter, and reproductive mode. Comprehensive compendia for sharks
and rays, Sharks of the World (Ebert et al. 2021) and Rays of the World (Last et al. 2016), respectively, were used as a
baseline source of data for marine species and Rayas de agua dulce (Potamotrygonidae) de Suramérica Parte I and
Parte II (Lasso et al. 2013, 2016) were used for freshwater rays. Stenohaline freshwater rays, which have lost the
ability to retain urea, are represented mainly by a single family, Potamotrygonidae, confined to South America.
Several species belonging to the Dasyatidae are also confined to freshwater environments in Asia (Last et al. 2016),
and were also considered stenohaline freshwater species. No single compendium exists for the life-history of
chimaeras, and they were covered by assembling information from scattered references.

All euryhaline rays belonged to species that are known to reside in brackish or freshwater environments,
typically estuaries and river mouths, either temporarily or for extended periods of time (Constance et al. 2023). This
criterion was chosen because even temporary habitation of brackish environments reduces urea retention (Wright
and Wood 2016). A species was determined euryhaline based on information from Last et al. (2016) or individual
TUCN assessments under ‘habitat and ecology’ (www.iucnredlist.org).

Contrary to the Batoidea, which include marine, euryhaline, and freshwater rays, all species of Holocephali
(chimaeras) are stenohaline marine, never entering brackish or freshwater environments (Ballantyne and
Fraser 2012). Also, while some shark species, such as the bull shark Carcharhinus leucas and ‘river sharks’ (Glyphis

spp.), are known to occur frequently in brackish and freshwater environments, these species still retain high levels
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of urea in their tissues, as do stenohaline marine species (Cramp et al. 2015; Dwyer et al. 2020). In bull shark, this
is achieved through a rectal grand (Pillans and Franklin 2004) which “can adjust the amount of internal solutes by
releasing a compound called urea to balance with the solutes of the water outside” as stated on p. 99 in the neat book
by Graham (2024). Therefore, they are considered ‘marine’ species.

Indeed, it would have been better if Equation (8.1) were based on Chondrichthyes. However, this equation produces
estimates of d similar to available empirical estimates in sharks; also, the plots presented in this chapter would
lead to similar conclusions, had, for example, an average value of d = 0.85 been used for all Chondrichthyes species.
Some colleagues have suggested that forcing the intercept of plots of L, D and L, D through zero forces a correlation
to appear between L D and L, _D when none may occur. However, these colleagues overlook the fact that the
purpose of plots of L, D vs. L _D is not to assess if a correlation exists between these variables but to estimate
the mean ratio between them and the standard error of this ratio (see also Pauly and Miiller (2025). A normal
linear regression would not be appropriate for these purposes because some of the variance in this ratio would
be ‘explained’ by its (non-zero) intercept, which, moreover, would have no biological interpretation. If more
sophisticated analyses are required, we suggest that they should be performed with the residuals of a plotof L, D

vs LD with a zero intercept. For example, it can be hypothesized that since the L, D/L D ratio can be described as

max

a heuristic threshold that individual fish use to decide when to mature and spawn, the residuals should be larger

in species or populations occurring in highly variable habitats.
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Note that, with Jobling (2010), we distinguish ‘compensatory growth’ from ‘catch-up growth.’

Strangely, the reason why FCE declines with body weight (Equations 9.1 and 9.2) does not have a clear explanation—
outside of the explanatory context provided by the GOLT. Gerking (1952, 1971) presented the following list of
hypotheses:

(1) The reduction of growth efficiency may result from ‘aging.’ Gerking (1952) considered this a pseudo-explanation,
which it is;

(2) Stomach and gut surface may increase proportionally to a power of weight lower than unity (this is dealt with
in Chapter 2);

(3) The digestive enzymes may not supply the same amount of nutrient material per unit of body weight in fishes
of different sizes;

(4) The decreased protein utilization is associated with a change in metabolism or with some bodily process that
controls metabolism;

(5) The thyroid hormones may directly influence the conversion of nutrient protein to body substance;

(6) The differential rate of protein synthesis may explain the decrease in protein conversion efficiency.

Pauly (2019, p. 69-70) discusses these and other hypotheses (some quite fanciful) proposed by other authors. He
also singled out Gerking’s hypothesis # 4 as likely correct but too vague to be of much use. Reformulated in terms
of the GOLT, this hypothesis states that metabolic rate “is associated with a change in metabolism” because d < 1.
As fish grow, their gills supply them with less O, per unit body weight, which results in less O, being available to
convert food into growth. As W_is approached, all the O, available is used for maintenance (in the broadest sense,
i.e., to support various activities (see Chapters 2, 4, and 7), with no oxygen available for growth (thus, FCE — 0).

Itshouldn’t be necessary to mention that for FCE estimates to be reasonable, they must be based on growth increments
and food intake pairs expressed in comparable units, eg., g wet weight a animal tissue. Yet, the Norwegian-style
salmon aquaculture industry claims thermodynamically impossible ‘food conversion efficiencies’ near (or even
‘better than) 1/1, based on the salmon weight gains expressed as wet weight divided by food consumption (consisting
of a large fraction of fishmeal) expressed as dry weight (Majluf et al. 2024). Unfortunately, it is possible that this
tomfoolery misleads some people as to the role of an industry which consumes approximately 4 kg of perfectly edible
fish such as sardine, anchovies or mackerel, much imported from food-deficient countries (Cashion et al. 2017) to
produce 1 kg of salmon, then feed them coloring agents so their flesh turns from grey to pink (Steine et al. 2005).

Equation (9.2) was proposed as a replacement for the conventional relationship between food conversion efficiency

(FCE) and body weight (W) of the form FCE = a-W?! (see, e.g., Jones 1976) because, as briefly mentioned in the main
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text, it has two major deficiencies. One is that, once fitted to a data set, it predicts FCE >1 for very small fish (e.g.,
larvae). However, even if the FCE of fish larvae can be very high when they ‘feed’ on their yolk sac, e.g., 0.93 in
rainbow trout Oncorhynchus mykiss (From and Rasmussen 1984) or 0.85 in the sole Solea solea (Fliichter and
Pandian 1968), it cannot be >1. The other deficiency of traditional models is that they predict FCE never to reach
zero, even if it must be zero at W, per definition. The new equation resolved both of these deficiencies.

Note that Edward et al. (1972) also estimated oxygen consumption (R) in cod, which is related to weight according
to R o WP#2, This implies, with S as the gill surface area, that S « W?#2; 0.82 is a good estimate of dQ for cod (see De
Jager and Dekkers 1974).

The increase of FCE occurs because spawning does not affect gill surface area. A sudden weight decrease (due to
eggs or sperm being shed) will immediately increase the gill surface area/body weight ratio, i.e., in the body being
suddenly suffused with higher levels of oxygen, resulting in a higher FCE.

Pauly et al. (2023, table 4) cite, in addition to Trippel et al. (2014), seven references stating that post-spawning cod
feed at elevated rates, while citing (in their table 5) 11 references in which the same was reported from other species
of fish, ranging from China to the North Atlantic, including the Mediterranean and Black Seas.

Note that nest ‘guarding’ (and importantly aerating the eggs therein), when it occurs, is performed by male fish in
the majority of fish species, while the females may get themselves back to being able to produce a new batch of
eggs within the same spawning season by continuing to feed (see, e.g., Blumer 1986). The sex-specific differences
in parental care may be even stronger in mouthbrooding species (see, e.g., Balshine-Earn 1995).

The seasonal dynamic of fat, which is metabolically inert explains how storing energy in the form of fat allows fish,
in cold temperate latitudes, to feed and gain weight during the warm season (see Pauly 2019, p. 79 - 81).

This is line with the seminal contribution by Ginther et al. (2024), who demonstrated that female fish spend far less
energy for reproduction than other vertebrates.

This point about the seasonal variations of GSI being small in low latitude fish species is also made by Lépez et al.
(2025), who distinguish between ‘income breeders’ and ‘capital breeders.” The former live (in marine waters) in
the tropics, where conditions tends to be more even throughout the year, thus enabling smaller and spread-out
spawning events. The latter live in temperate and cold temperate regions, where intensive feeding during the warm
season leads to an accumulation of ‘energy’ during the warm season (in the form of fat stored, e.g., in the liver),
which is used several months later for the gonad production. Indeed, the example of this dynamics in Patagonian
grouper (Acanthistius patachonicus) in Lopez et al. (2025) corresponds precisely to the sequence of events presented

in this chapter.
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This chapter is based on the pre-submission version of a paper (Pauly et al. 2024) which was selected to be featured
“Between the JFB Covers” by the editors of the Journal of Fish Biology (see Perry 2024).

This observation applies to fish (e.g., whale sharks), but not necessarily to cephalopods (see Chapter 13).

Still, large bony fish appear to have been rare, which contrasts to the abundant fossil record of large sharks. A
tentative GOLT-related hypothesis to explain this difference may be that, in the ancestors of Chondrichthyes, bones
were replaced by cartilage to reduce maintenance costs, which then contributed to some sharks becoming really
big and outcompeting big bony fish (see also Freedman and Noakes 2002 who mention the energetic costs of bone
resorption as a potentially limiting factor on the size of bony fish).

Planktivory was probably also the reason why the Cambrian radiodont, Aegirocassis benmoulai, was able to attain
the (then) huge length of 2.1 m (see Chapter 12).

This notion is thoroughly refuted in Chapters 7 and 9.

The following account of this extraordinary fish was published by a Senegalese scientist knowledgeable on the
biology of sardinella species (see Samb 1988; Samb and Pauly 2000), and it reads as follows: “On 15 May 1990 at
Mbour, in Senegal, a canoe equipped with a purse seine caught an extremely large Sardinella maderensis, with the
following characteristics: Fork length = 37.3 cm; Total length = 45.5 cm; Total weight = 927 g. Sex determination
indicated that it was a male. This fish was brought to the Centre de Recherches Océanographiques de Dakar-Thiaroye
by Mr. Mor Sylla” (Samb 1990). This account implies a length increase of only 16% over the reported maximum

length of 32.1 cm FL, and an increase of weight of 57% from 591 to 927 g, as can be calculated assuming b = 3. Yet,
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such cases are rare, which may be explained by the fact that the reduction of metabolic demand is more difficult

to accomplish for species where d is low, and where Q, needs to be much lower than Q,

maint2 maint1®

The term ‘Cope’s rule’ was first coined by the German biologist Bernhard Rensch (1948), in honor of the US-American
zoologist Edward Drinker Cope (1840-1897). Aside from the debates on the empirical support for this ‘rule,’ we do not
consider it unlikely that its name will be changed in the near future. The journal Copeia, published by the American
Society of Ichthyologists and Herpetologists (ASIH) has recently changed its name to Ichthyology & Herpetology (see
Smith 2021), the reason for this being the racist and sexist views of Cope, which were extreme even for his time
and social milieu. We welcome this name change but refer to the term ‘Cope’s rule’ pending a more suitable name,
which we hope will become available for future editions of this book (which we also hope for...).

One of these ‘boundary conditions’ is that the ecosystems in which the species of interest are reasonably stable
over long periods, which is not necessarily the case in lakes (Kolding and van Zwieten 2012; Gownaris et al. 2018),
which may be the reason why the largest fish and other WBE are marine.

As outlined in the introduction to this book (Chapter 1), the GOLT is a theory built on mechanisms rather than
general ‘rules’ or laws.’ While we do not deny that biological rules exist, we argue that their statistical existence
does not yet constitute a biological explanation. For rules to be incorporated in a general theory, it is necessary
to formulate (and test) hypotheses on their underlying mechanisms. We agree with Glennan (2017), that “a great
variety of scientific generalizations, some of which we call laws, are in fact explained by mechanisms” (p. 45).

This is different for larval and early juvenile fish, whose gill surface area grows with d; > 1 (see Chapter 3). For
these young forms, however, slower growth due to food scarcity results in higher mortality, which has the effect
that the relationship between food availability and growth is (at least partly) masked (Fiksen and Jgrgensen 2011;

Le Pape and Bonhommeau 2015).
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This point, which is valid for fish, does not apply to marine mammals, which are highly active compared to fish,
obviously due to their breathing air. It is therefore surprising to read in the 3" edition of ‘On the Origin of Species’
(Darwin 1861) that “physiologists believe that the brain must be bathed by warm blood to be highly active, and this
requires aérial respiration; so that warm-blooded mammals when inhabiting the water live under some disadvantages
compared with fishes.” Darwin’s perception of this putative disadvantage was “that warm-blooded mammals when
inhabiting the water lie under a disadvantage in having to come continually to the surface to breathe,” as stated in
the 6™ and last edition of ‘Origin’ (Darwin 1972).

Another manner of adapting to tropical heat is to remain covered in moist leaf mold, which appears to be the main
‘trick’ of terrestrial amphipod of the Family Talitridae, another group of crustaceans which managed the transition
to air breathing (Hurley 2015).

The increasing popularity of air-breathing fish, and the increase of their production, in aquaculture may, in part,
be due to the lean nature of their flesh, which may be explained by their respiratory behavior. Many air-breathing
fishes that are commercially important, such as Channa spp., Clarias spp., Heteropneustes fossilis, or Pangasius
and Pangasianodon spp., are known for the lower fat content of their tissues (Graham 1997; Sokamte et al. 2020).
Studies on Channa striata and other Channa species show that fat percentage remains low regardless of their diet
(Phan et al. 2021). This is not the case in all air-breathers: the lungfishes (Lepidosiren paradoxa and Protopterus
spp.) may be exceptions. However, data on most other air-breathing species underlines the importance of oxygen
in converting food into body tissues. An example of food conversion efficiency declining linearly with (log) body
weight in Channa striata is given in Pandian (1967; see also Pauly 2019, p. 71).

Fishes with large fat reserves are typically temperate species, notably freshwater inhabitants with large
seasonal temperature fluctuations, such as carp or other cyprinids. The explanation for their high fat percentage
is that it serves as a buffer to mitigate the effect of large seasonal temperature fluctuations in their habitat. During
the warm seasons, they can gain weight quickly, but experience reduced oxygen levels while the oxygen demand is
high. They convert their food energy into metabolically inert weight, i.e., fat, and not “oxygen-hungry proteins;” later,
when temperatures decline, they can convert the fat into gonad tissue without encountering excessive maintenance
cost (Pauly 2019). Similar processes seem to play a role when fish are well-fed but face other sub-optimal conditions,

for example, in overstocked and poorly aerated ponds where carp and other fishes build up large fat reserves that
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do not have any metabolic costs (Shul’'man 1974). Air-breathing species with the ability to minimize branchial
oxygen loss and fully exploit their capacity of aerial respiration can process energy into metabolically effective
body mass without running the risk of creating unaffordable maintenance costs, which results in high protein, but
lower fat content of their tissue.

As Lefevre et al. (2013) argue (based on unpublished data), hypoxia reduced growth in Pangasianodon hypophthalmus
even though it is difficult to measure the exact impact of other factors that coincided with poor aeration (increase
in ammonia, nitrate, or nitrite levels).

Some studies report even higher growth rates of air-breathing fish in small containers, even though this effect is
more typical for larval stages, when the air-breathing organs are not fully developed; in this case, it may be due to
easier access to food, which can there be reached without crossing larger distances (Santana et al. 2020). Either way,
this observation suggests a reduced impact of water-dissolved oxygen on the growth of air-beathing fish growth
in small and heavily stocked containers.

See https://secure.petaasia.com/page/51327/action/1?locale=en-US; accessed 29 February 2024.

Lorenzen et al. (2006) did not specify the length type used. There are 92 mentions of the word ‘length’ (or ‘lengths’)
in their report, but only one of ‘total length’ (TL). Given this single mention, and because assuming that fork
length (FL) or standard length (SL) was used in the 91 remaining instances would generate unrealistically high
maximum weights in conjunction with their length-weight relationship, we assume that Lorenzen et al. (2006)
used TL throughout.

Air-breathing in fishes was first described by Erman (1808), who examined the gut as an accessory breathing organ
in weatherfish (Cobitis fossilis). Later research on other air-breathing organs showed that bi-modal respiration
in fishes could take highly complex forms, even though a better understanding of the physiological mechanisms
remained highly fragmentary until the early twentieth century (see, e.g., Miiller 2021).

According to Randall et al. (1981), Amia calva suffers ca. 7% of branchial oxygen loss in hypoxia.

Recall that the scaling factor d is estimated as the slope of a regression of (log) gill surface area (GSA) against (log)
body weight (W). This regression also yields an intercept (‘a’); if this is low, the GSA will be low even if the estimate
of d is high, as long as W remains small. This explains why, e.g., in mudskippers, GSA grows with values of d >1,
while they will drown (i.e., asphyxiate) when kept underwater. This, and other issues must be considered when
considering the statement by Palzenberger and Pohla (1992) that in fish, “[t]he scaling exponent of gill area ranges
from 0.36 to 1.13” (Pauly 2019, p. 157-158).

Note that arapaima surfacing rates decrease with greater lengths which could imply lower oxygen demand but
also be a result of hyper-allometric scaling of the growth of their air-breathing organ which can grow with a slope
of >1 relative to body mass (Stokes et al. 2021). A similar conclusion is drawn in a study on Hoplosternum littorale
by Sloman et al. (2009) who suggest that bigger individuals might be more efficient air-breathers, perhaps due to

an increased storage capacity of their air-breathing organ.
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However, we will mention here that the abundance of oxygen in the air, as opposed to water, that probably enabled
the insect to develop a strong but light exoskeleton. Asano et al. (2023) write that a “potential advantage of [the
formation of their cuticle] is the utilization of molecular oxygen abundant in the atmosphere, which is different from
the case in crustaceans (close relatives of insects) that utilize calcium ions. Accumulation of calcium ions leads to an
increase in weight, but the lightweight cuticle without calcification might have been a critical factor enabling insects to
evolve flight first in the history of Metazoa. Our theory also provides a simple explanation to a long-standing question
of why insects are so rare in marine environments.”

Jénasson and Kristiansen (1967) show that the larvae of Chironomus anthracinus, which spent nearly two years at
the bottom of a lake in Denmark grew well (and asymptotically; see Table 14.4) when both their food (sedimented
phytoplankton) and oxygen were abundant, but did not grow (and even shrunk) when either food or O, were scarce,
particularly when temperature was high. The GOLT applies to them.

Here the term ‘crustaceans’ is used in the traditional sense, i.e., excluding insects, although they have recently been

included in a group called ‘Pancrustacea.’
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In Chapter 11, which deals with air-breathing fish, some passing references are made to air-breathing crustaceans.
We leave it to specialized colleagues to follow up on the implications of their physiology for the GOLT.

Hughes (1983) presented data on the gill surface area obtained “using the method of logarithmic transformation with
data for 16 species of North American crabs and seven species of British decapod crustaceans. It has been shown that
a wide range of relationships exist each of which is typical for a given species. The slope b of the log/log regression
lines varied from 0.5 to 1.0, the lower values being most commonly found in the Macrura. For the North American
species, the average slope is about 0.8 whereas for the British brachyurans, the relationship is closer to a linear one (b =
about 0.97).” Given that the latter average (0.97) is based on a mix of water- and air-breathing brachyuran species, we
believe we can maintain that in water-breathing crabs, d < 1 (see Chapter 11 on the gills of air-breathing fishes, e.g.,
mudskippers, for which d is also very high). Also, Zeuthen (1953) demonstrated that in the large (old) crustaceans,
d,,is lower than in small (young) ones, a likely case of ontogenetic change in scaling, or OCS (see also Figure 3.8).
For more than 2000 amphipod species, Chapelle and Peck (2004) demonstrated a strong relationship between the
maximum sizes that they reach and ambient oxygen concentrations.

In tropical ecosystems with strong seasonal variations of water properties and levels (e.g., in the Amazon), the
‘Winter Point’ occurs (or should be set) at the time when the environmental conditions are most inimical to the
growth of fish and other WBE.

See figure 8 in Pauly et al. (2022).

As well, Gutiérrez-Marco et al. (2009) wrote about the trilobite fossils they studied that their “giant” size in “a region
at high southern latitudes on the margin of Gondwana, close to the Ordovician south pole (Fortey and Cocks, 2003),
may be a cold-water adaptation, as suggested for some Ibero-Armorican trilobites in the Middle Ordovician (Henry,
1989).” This is also in line with the GOLT.

Interestingly, it has been recently proposed that such side flaps, which may have supported gills, may also be
associated with the eventual development of insects’ wings (Prokop et al. 2023).

Sekiguchi et al. (1998) write that “several Limulus juveniles were grown to the fourteen-instar stage in the sixth year.
They lived for another year or two without molting and then died.” Also, they wrote that “T. tridentatus grows much
slower than L. polyphemus, as shown in Figure [12.11A]; further, T. tridentatus is very slow in feeding action.” In
other words, the horseshoe crabs in these experiments did not feed and grow well and died prematurely, as most
animals do when kept under stressful conditions.

0Oddly, the fact that a ‘Deus ex Machina’ - here an additional physiological process — needs to be evoked to stop (at
some point) the growth of horseshoe crabs as described by Shuster and Sekiguch (2003), is similar to issues raised
by the growth concept of Scheuffele et al. (2021; see Figure 6.4), which also requires an external agent to stop the
growth of fishes. Asymptotic growth does not have this problem.

Radical changes in the feeding habits of horseshoe crabs, such that would suddenly reduce their cost of food
acquisition (as in the case of fish transiting from zooplankton to feeding on other fish, as discussed in Chapter 10)
and accelerate their growth, have never been demonstrated, despite multiple studies on the feeding habits of
horseshoe crabs (see, e.g., Botton 1984; Botton and Shuster 2003; Chatterji et al. 1992). It is, therefore, more
parsimonious to assume that the grafting of the growth patterns of late juvenile adult horseshoe crabs onto the
earlier growth patterns of individuals held in captivity misled the authors, who had no theoretical conception of
growth to constrain their assumptions.

As may also be expected, the level of spontaneous activity in crustaceans is reduced when the ambient pH level is

low (see, e.g., Jarrett et al. 2024).
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This probably also applies to abalones (Haliotis spp.), as the growth of their juveniles has been shown to depend
on ambient oxygen levels (Harris 1999).

Note that large adults are typically more vulnerable to external hypoxia despite their superior capacity to generate
ATP through anaerobic metabolism. While their higher tolerance to the waste products of anaerobic metabolism
gives them an advantage during short-term hypoxia, this resource is not endless. Once it is exhausted, their higher
maintenance costs make them more vulnerable (see Chapter 4 and Miiller et al. 2023). Another study, on the bivalve

Aequipecten opercularis, suggested that larger individuals might have lower anaerobic capacities (Schmidt et al.
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2008). However, as the authors showed, the larger individuals opened their shells for longer periods than smaller
conspecifics after being stressed, which reflects longer regeneration time.

These asymptotic shell lengths of Limacina helicina correspond to 20 and 30 mg (wet weight; WW), respectively,
based on the length-weight relationship DW = 0.257-L?*! and (dry weight) DW = WW-0.28 in Bednarsek et al. (2012);
see Figure 13.3.

Lavin et al. (2022) confirmed that this pattern (TSR) occurs not only for Wellington squid along a South-North
gradient around New Zealand, but for the 4 fish and 1 crustacean species that also they studied.

The largest (i.e., longest) invertebrate is the giant squid (Architeuthis dux), whose females grow to 13 m; however,
most of this length consists of tentacles, while the mantle contributes only 2.25 m; the males are smaller (see
Wikipedia).

The heaviest invertebrate appears to be the colossal squid (Mesonychoteuthis hamiltoni), which reaches 500 kg (Rosa
et al. 2017) and may even reach 600-700 kg (see Wikipedia).

Still, in the 21t century, one can read that, in giant squid, the “age estimation remains controversial with many
estimates of maximum age ranging from 1 to 14 years” (Perales-Raya et al. 2020). However, the 5 untenable tenets,
which have been applied to squid and, to a somewhat lesser extent, to octopuses, do not seem to have been applied
to cuttlefish, whose length-frequency data are routinely studied with ELEFAN, an approach and software which
assume asymptotic growth (Pauly and David 1981; Gayanilo et al. 2005). One result is that numerous estimates of
cuttlefish VBGF parameters are available for several species from multiple locations, as can be ascertained with
the search term ‘sepia+bertalanffy’ in Google Scholar (see also Pauly et al. 2024b). At least in Sepia spp., asymptotic
growth and longevities of 3 to 4 years are non-controversial.

See Pauly (1998c) and Pauly (2019, p. 113-117) for the mechanism that links hypoxia and large sizes to the non-
formation of the ‘daily’ markings on squid statoliths and fish otoliths.

Hypoxic waters, common in the Eastern Pacific between 200 and 1000 m, are where myctophids and other
mesopelagic fishes ‘hide’ during the day and where D. gigas often feed on them. At dusk, these fishes migrate
toward the sea surface, where they feed and where tuna can feed on them. Then, at dawn, they migrate back to

their hypoxic refuge (Pauly et al. 2021b).
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Amphipods (such as Leucothoe spinicarpa) occurring in sponges may be seen as parasitic: while they do not consume
parts of their host, they do consume bacteria and detritus which their sponge host would assimilate.

Note that sponges, over their long evolutionary history, have turned anoxia from a liability into an asset (Hentschel
et al. 2006).

Seven of the 8 datasets in this this graph were presented by Hirst and Forster (2013) in their paper titled “When
Growth Models Are Not Universal: Evidence from Marine Invertebrates.” These authors do not identify why “some
growth models” fail. Also, contrary to what they stated, the VBGF did not fail in the 7 cases of chaetognaths that they
presented. Finally, it can be expected that many of their other cases were based on subjective analysis of length-
frequency data as illustrated in Figure 13.5. The point here is that while the VBGF is not universal, it has a wide
range of applicability which should not be ignored because some people don’t know how to use objective methods

to fit growth curves to length-frequency data.
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We note here that there are numerous studies on metabolic rate (i.e., 0, consumption) of chaetognaths (see Pauly
etal. 2021), very little thought has been devoted to how they breathe, i.e., how they transfer oxygen dissolved in the
water surrounding them into their bodies. For example, there is no mention of breathing, respiration, or oxygen
in the otherwise wonderfully detailed 12 chapters in the book ‘The Biology of Chaetognaths’ (Bone et al. 1991).

Critiques of simplistic views on adaptationism are now often associated with Gould and Lewontin’s 1979 paper on
“the Spandrels of San Marco and the Panglossian Paradigm,” named after the optimistic Leibnitzian doctor Pangloss
in Voltaire’s Candide. According to Dr. Pangloss, “everything is made for the best purpose,” and every trait or feature
of an organism has a function that is perfectly and optimally capable of fulfilling it (Gould and Lewontin 1979). This

view, as Gould and Lewontin asserted, was still very much alive in the world of Anglophone evolutionary biologists,
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who tried to interpret every feature of an organism as an adaptation selected for in the course of evolutionary
processes. Using several examples, from adaptationist explanations of alleged Aztec cannibalism to physiognomic
speculations about the form of human faces in different climates, Gould and Lewontin’s argument centered around
an architectural metaphor: the spandrels between the pillars of medieval cathedrals whose inlay was highly
decorated with ornamental figures depicting the Christian history of salvation. Adaptationists like the successors
of the pedantic Dr. Pangloss, they asserted, could not help but see a deeper purpose, meaning, or adaptive advantage
in these decorated spandrels, while their existence is explained far more prosaically: where there are pillars, there
must also be space between the pillars (since pillars without space in between would be nothing but a wall). The
spandrels were not an adaptation in themselves but rather a necessary by-product of the construction of pillars.
While this critique of adaptationism was undoubtedly important, the problem of assuming infinite optimization
is more fundamental. None of the morphological features of fish gills can be considered genuine “spandrels,” and
constraints to their development do not arise as mere “by-products” of their evolution but are indistinguishable
from their functional optimization. In the context of Darwinian theory, it is not necessary to distinguish between
optimized features and their non-optimal by-products; their optimization can constrain their functionality.
Similar ideas and observations entered anthropological debates in the late eighteenth and early nineteenth century,
where human opportunities were also explained as consequences of “deficiencies.” The characterization of humans
as “deficient beings” (“Mdngelwesen;” Herder 1772) is still pre-Darwinian, but it intriguingly describes how Homo
sapiens have never fully adapted to specific ecological niches: compared to other species, humans perform very
poorly as swimmers, climbers, runners, etc. It would be more apt to state that the human body has evolved from all
previous niches, and its crucial physical deficiencies might be the only legitimate foundation for any ideas of human
exceptionalism. In short, because of these deficiencies or limitations, humans do what they do - build computers,
write books, play music, or study fish.

For global biogeographical patterns, see Chapter 5 and Blanchet et al. (2010); for paleontological data that show
correlates between temperature and body size in fishes, see, e.g., Troyer et al. (2022), Shimada et al. (2023), and
Adhikari (2015).

An earlier formulation of this idea was “Evolution is like a game, but the only payoff is to stay in the game”
(Slobotkin 1964)

Many manifestations may be better understood regarding negative selections, i.e., the selection of non-viable traits
from the gene pool. As Holly Dunsworth put it, evolutionary adaptation is mostly not about the “survival of the
fittest” but rather the “survival of that which does not suck too badly” (Holly Dunsworth, pers. comm. to J.M.,
29 December 2021). Mark Costello (pers. comm. June 2025) commented on this “I note that all molluscs suck, because
they cannot get large items of solid food through their throat because if the ganglia encircling it. Another odd feature is

their waste excreta discharge near the gills. Every adaptation has a cost and limitation, as do evolutionary constraints.”
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Wootton et al. (2022) also measured gonadal weight and concluded that investment in reproductive activities
might be responsible for reduced growth, implying a mechanism similar to the ‘Reproductive Drain Hypothesis’
as discussed in several chapters. However, the results of the experiment fail to support this hypothesis. Two points
are important here:

As their figure 3 clearly shows, gonad weights in mature F6 females are significantly lower in warmer than in
colder temperatures. This allocation of energy to reproduction (i.e., gonad weight) implies that energy is available
at lower temperatures that would be needed for other purposes at higher temperatures (e.g., replacing proteins
denatured by the higher temperature; see Chapter 4). This observation supports the limitation hypothesis: when
this limitation is reduced, more energy (i.e., oxygen) is available for other purposes.

The data presentation leaves two points unclear: the scaling of SMR and juvenile growth. Both parameters
are extensively discussed in the text and the supplementary document, but only for mature and post-spawn adults.
In a short and evasive remark, the authors claim that “juvenile SMR remained similar between temperatures yet
by the sixth-generation juveniles were ~30% larger (in weight). However, it is unclear how this statement relates
to their figure 2a and 2b. These figures suggest a direct correlation between (temporarily) increasing SMR and

juvenile growth in the F6 generation. Why are the data on juveniles not included in the supplementary document?
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As long as this point remains unclear, it would be reasonable to conclude that the short early growth spurt that is
needed to reach (earlier) maturation is ‘paid for’ by the short spike in SMR (note that juvenile SMR is higher in the
F6-generation than in F1, which seems to contradict the paper’s argument). The organism can only lower its SMR
at a stage where the organism has virtually stopped growing.

The data on gonad weight (1) and juvenile growth (2) support the limitation hypothesis. The only way to
challenge this view would be to present more comprehensive data on juvenile growth, and it is not clear why they
are lacking. If figures 2a and 2b are correct, the answer should be clear: fish adapt to elevated temperatures by
reducing their SMR, but this reduction comes at the cost of growth. The limitation hypothesis is also supported by
the fact that MMR remains high and adaptation to lower rates is not possible over six generations: this implies that
some energetic costs within the SMR ‘budget’ need to be reduced. This is also incompatible with the idea that higher
temperatures would redistribute costs of growth reproduction — where would that energy come from if it is invisible
in the (lower) SMR measurements? What is new and important about the paper is the insight that adaptation to
higher temperatures occurs via the reduction of both growth and SMR. However, this generates even more support
for a hypothesis the paper seeks to refute. The title might be turned around: it is not a higher but (adaptation to)
lower standard metabolic rates that explains growth reduction.

In a recent review of different metabolic scaling theories, Glazier (2022) proposed a shift from nomothetic
“Newtonian to Darwinian approaches” to scaling in living systems. According to him, earlier theories focused too
much on universally valid patterns by proposing power laws of either 2/3 or 3/4. Such theories ignored the fact
that natural selection acted upon scaling relationships in optimizing ways and allowed adaptation to specific
environments or lifestyles. Glazier argues that a “paradigm shift” was needed to overcome outdated “Newtonian”
models and acknowledges the importance of context-dependent adaptive processes. While this criticism may apply
indeed to some theories of scaling, for example, to the models proposed by Piitter (1920), Kleiber (1934), or von
Bertalanffy (1951), the GOLT shows that such a “paradigm shift” is not needed and that this conundrum can be
overcome by applying a mechanistic model that explains the factors upon which natural selection can act. In its
earliest versions (Pauly 1979, 1981), the GOLT provided a clearly defined mechanism for the respective metabolic
slopes in different water-breathing animal species. Depending on the lifestyle and environment of an animal,
selection favors specific metabolic slopes, and it can clearly act towards optimization, both on the sides of demand
and supply.

Note that these authors focused on interspecific scaling patterns for which reductions in maintenance demand as
a strategy to enable allometric scaling are far more plausible than changes in ontogenetic scaling.

Strangely enough, the focus on causal relationships is recent in various scientific disciplines. Throughout much
of the 20" century, papers presenting only correlative associations were happily accepted. Fortunately, this has
changed, and there is now much more emphasis on mechanistic explanations (see Pearl and MacKenzie 2018). A
foundational text on causal inferences in biology is Mayr (1961).

In addition, it may be relevant to note that the cited study by Elliot (1976) states that fishes kept on maintenance
rations “met their requirements for maintenance metabolism and if these requirements were not fulfilled by the daily
energy intake, then the extra energy was obtained from body tissues.” The conclusion of White and Marshall (2023b)
that maintenance metabolism (understood as excluding the costs of growth and reproduction) declined with size
is therefore premature in relation to this study. If larger animals received smaller food rations, the study suggests
that they compensated for the lack of food by consuming energy stored in their body tissues. The capacity to obtain
energy for maintenance from body reserves usually depends on body mass and is greater in larger animals.

In this respect, our argument is similar to and partly compatible with Banavar et al. (2002). While these authors focus
on fractal-shaped transportation networks in the vein of the Metabolic Theory of Ecology (with scaling exponents
of 3/4), their model relies on adjusting demand to supply. Banavar et al. (2002) did not detail “the physiological
mechanisms that result in the maintenance of approximate equality of the scaling exponents of r, and r, [i.e., supply
and demand)” and state that “the actual mechanisms may differ among different types of organisms,” we believe that
we were able to define the most critical mechanisms (for at least aquatic ectotherms) on the right side of Table 16.1.
It is telling that demand-based models do not present mechanisms for diminishing maintenance metabolic rate

at larger body size (White and Marshall 2023b; Koztowski et al. 2020; see also Harrison 2017, who, however, only
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discusses interspecific scaling patterns). The only hypothesis that would justify such a model would be changes
in tissue composition and a lower percentage of tissues with a high maintenance demand (an assumption that
seems to underlie the reasoning of Lefevre et al. 2017). While this may indeed be the case in many animals, and
perhaps more so in long-lived species, it is unclear how important these reductions are for maintenance energy
consumption. Also, it is unclear if they genuinely represent a decline in demand or rather illustrate that supply
capacities only allow for the addition of such economic tissues.

Plasticity itself has a cost, because “everything in life has a cost, so expanding gills in real time to cope with hypoxia,
which is questionable unless it is a very slow depletion, if even possible, will have other costs to the individual (energetic,
osmotic, etc.)” (Mark J. Costello, pers. comm. June 2025).

Although Kozlowski’s model of metabolic scaling seems to fundamentally differ from the basic assumptions of the
GOLT, we agree with his account of evolutionary optimization regarding scaling patterns on an interspecific level. In
addition, we believe that his argument that “cells never sleep” aligns with the GOLT’s interpretation of the catabolic
term of Piitter’s equation. Rather than representing this term as an oxygen-consuming process that produces energy
for maintenance, we interpret it as the breakdown of cellular material that needs to be either repaired or renewed.
For example, the model of Scheufele et al. (2021; see Figure 6.3) requires external factors to stop the growth of fish
at some point, presumably a different one for each population, which would require identifying and quantifying
before any prediction, e.g., of the effect of warming on maximum size (and William of Ockham turns in his grave).

In this respect, we agree with Kozlowski et al. (2020).
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While similar accounts of causality have been developed for neural control mechanisms (see, e.g., Bechtel 2017),
they are also applicable to metabolic supply and demand questions, even though more theoretical engagements
with this issue would be useful.

This is mainly true in terms of biodiversity and species richness. Regarding total biomass, plants dominate, but are
followed by bacteria (Bar-On et al. 2018). Animals comprise 2 gigatons of carbon (out of 546 gigatons of the entire
biosphere), half of which consists of arthropods.

Onland, the challenges are gravity (see Chapter 1) and others (desiccation, heat, etc.) that we don’t need to address
here.

The article by Regier et al. (1990) contains numerous bivariate graphs documenting that numerous temperature-
related biological phenomena, and not only fish egg development time, can be represented by ‘Arrhenius plots,’
which are (jointly with the underlying equations) related to various aspects of the GOLT. This theme is not followed
up on here, but it would probably open a fruitful line of research.

More precisely, the estimated mean ratio was 1:1.52, with a 95% confidence interval of 1.39 to 1.63. Also note that
an earlier account suggested that oxygen availability provided “a signal for hatching” (Latham and Just 1989).
Despite what the title of their article promises, Gajbhiye et al. (2024) did not present the mechanism that “controls”
(i.e., causes) hatching in fish. They assume that “[t]he decision to hatch is often carefully timed to coincide with
favorable conditions that will improve survival though through early life stages” which is certainly not the case. If it
were, it wouldn’t be possible to predict precisely egg incubation times only from their diameter and the temperature
to which they are exposed using, e.g., Equation (17.2).

What these authors did, rather, is identify “how the relevant cues are relayed to trigger hatching,” which turned
out to be thyrotropin-releasing hormone (TRH). But they missed out on the real “relevant cues,” which we show are
sent by growing embryos running out of oxygen.

In this respect, salamanders are an interesting exception, as many species hatch with fully developed gills or even
possess gills while still inside the egg. Whether this morphological trait represents an adaptation to high predatory
pressure and for quick growth (which would be enabled by an adequate oxygen uptake capacity) is a hypothesis
that could be tested by comparing the development times of amphibians with and without gills at the immediate
post-hatching stage. For more information on oxygen as a size-limiting factor in larval amphibians; see Rollinson
and Rowe (2018a, 2018b).

While Haeckel’s recapitulation theory (see Haeckel 1877) can no longer be regarded as valid, the notion that

“phylogeny recapitulates ontogeny” may hold at least metaphorically when it comes to the evolution of body sizes
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since individual organisms (and entire taxa) need to find ways to overcome surface constraints if they are to grow
beyond larval size.

Unfortunately, we couldn’t cover all metazoan phyla in this book. Still, a cursory examination of the literature on
the growth and respiration of species in groups such as the nematodes (Bird 1971; see also Figure 4.2), flatworms
(Whitney 1942), annelids (Davies et al. 1992; Forbes and Lopez 1990), echinoderms (Ebert 1975; Nauen 1978),
cephalochordates (Pauly and Chu 2021) and others suggest that we could have straightforwardly written accounts
documenting that the GOLT applies to them, similar to those included here on arthropods (Chapter 12), molluscs
(Chapter 13) and sponges, cnidarians and chaetognaths (Chapter 14).

... although all the animals depending on these bacteria still need O, from the water. On the other hand, a newly
discovered (but still-controversial) process involving seafloor nodules that produces ‘dark oxygen’ without
photosynthesis (Sweetman et al. 2024), may also occur in the oceans of alien moons.

The regulative role of oxygen constraints for maintaining functioning ecosystems is also illustrated by the invasive
potential of species that can overcome these constraints, such as air-breathing fishes that quickly take over new
habitats. The massive invasion of Asian snakeheads (Channa spp.) and South American loricariid catfishes in the
United States and elsewhere are illustrative examples (for more examples, see Knight 2010; Méakinen et al. 2013;
Hossain et al. 2018).

It even seems that the GOLT, at least in part, applies to kelp, which also ‘breathe’ water. Robert Steneck, proposed
a ‘KOLT; and the following argument:

“Anatomical limitations constrain an organism’s ability to obtain oxygen. This holds both for oxygen consumers
such as fishes and crustaceans (GOLT) and for oxygen producers such as kelp (KOLT). Warming oceans lead to
oxygen limitation for fish and water-breathing invertebrates. For kelp, warming creates internal hypoxia by affecting
respiration relative to photosynthesis.

Kelp are the world’s largest algae. These large brown algae evolved convergently in two orders (Laminariales
and Fucales) during the Cretaceous (Bringloe et al. 2020), but they only evolved large size after the poles cooled in the
last 15 million years. Kelp uniquely has the lowest ratio of photosynthetic area to biomass and this cause a nighttime
reduction of O, in the thick ‘tissues’ of kelp. This effect leads to two overarching patterns of the KOLT: (i) kelp can only
live in cold-water settings; as water temperatures warm, kelp biomass declines and fronds becomes smaller and more
dissected, which leads to higher surface area to volume ratios (Gonzdlez et al. 2012), and (ii) with warmer temperatures,
photosynthesis first increases, but eventually levels off and declines whereas respiration keeps increasing (Davison
et al. 1991; Staehr and Wernberg 2009).

Item (i) was effectively tested in the natural experiments provided by marine heatwaves, whose . acute warming
results in kelp loss (Steneck et al. 2002; Smale et al. 2019). Item (i) has also been documented in cases of gradually
increasing sea temperatures (Suskiewicz et al. 2024). Usually there is a threshold temperature between 15 and 20 oC
where kelp become pale and scarce at depth due to low light and reduced primary productivity relative to respiration
(e.g., Smith et al. 2022).

The phenomenon described here is rather simple. The low photosynthetic surface area to volume ratio of kelp
requires lower rates of respiration than the increasingly warmer at high latitudes can sustain. As a result, former kelp
forests are being replaced by diminutive filamentous ‘turf’ algae that have an large high surface area to volume ratio
(Filbee-Dexter and Wernberg 2018). It it can be argued that both GOLT and KOLT link reduced sizes with increasing
ocean temperatures.” (R.S. Steneck, University of Maine, pers. comm. March 10, 2025).

The applicability of the GOLT to the echinoderms, annelids such as the polychaetes, the ribbon worms (Nemertea)
and other taxa with hydrostatic skeleton has not been demonstrated. But Bahtiar et al. (2024), who cited positively
several GOLT-related articles, demonstrated that in the peanut worm (Siphonosoma australe-australe), a sipunculid
consumed in various Asian and Pacific countries, the size at first maturity increases with the observed maximum size.
This does not apply to the tilapia (Cichlidae), notably Nile tilapia (Oreochromis niloticus) which is extremely
important in aquaculture, and where it is the females that care for their young by keeping them in their mouths.
Here, it is male mouth-brooding, as in backchin tilapia (Sarotherodon melanotheron; Pauly 1976) that is the exception.
These levels of pain were assessed by various objective methods, the most important being the quantification of

chemicals being produced (e.g., when a fish is pulled out of the water) that directly impact on the fish’ nociceptors.
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‘We should also note, for ‘sport’ fishers who do not know the origin of the work ‘excruciating’ that it refers to the
intensity of pain one experiences when crucified. Happy angling!

Some of the papers and books on the bioenergetics of WBE (and predominately fish) are Brody (1945), Hartman
and Brandt (1995), Hansen et al. (1993), Jobling (1993), Niimi and Beamish (1974), van Poorten and Walters (2016),
Walters et al. (2012), Wu and Or (2005). Several of these references contradict each other or propose solutions
(i.e., models) with so many parameters that they can only describe things but can’t make interesting predictions.
Still, it should still be possible to identify some basic principles that are common to several of these models and
compatible with the GOLT.

Several dozen of recent articles on bioenergetics could be cited here but they do not even mention oxygen. There
are also books that review ‘all’ aspects of the biology of various WBE, except they fail to mention that they respire,
as well.

This index omits the names of broad grouping such as ‘metazoans,’ ‘animals,” ‘vertebrates’ or ‘fish,” and most
cognates and plural forms of the names that are included. The currently valid scientific (and English common)
names of freshwater and marine fish were checked against FishBase (Froese and Pauly 2024, http://www.fishbase.
org); while those of marine invertebrates were checked against SeaLifeBase (Palomares and Pauly 2024, http://www.
sealifebase.org); therefore, they may differ from those used in the references cited here.

Since the focus of this is on the commonalities that are shared between different water-breathing taxa and not so
much on the particularities of individual species or local ecosystems or regions, the subject does not geographical

entries.
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Taxonomic index

Abalones (Haliotis spp.), 267, 338

Abramis brama (freshwater bream), 128

Acanthistius patachonicus (Patagonian grouper), 280, 335

Acipenser fulvescens (lake sturgeon), 115, 140, 244, 280, 282

Acipenser schrenckii (Amur sturgeon), 128, 312

Acipenser transmontanus (white sturgeon), 115, 151-152, 258, 295, 300

Adrianichthyidae (ricefishes), 184, 263, 327

Aegirocassis benmoulai (giant radiodont), 182, 335

Aequorea aequorea (many-ribbed jellyfish), 205, 251

Aidanosagitta crassa (Japanese arrow worm), 207, 270, 284

Albatrossia pectoralis (giant grenadier), 115

Alicella gigantea (supergiant amphipod), 148

Alopias superciliosus (bigeye thresher shark), 63

Alopias pelagicus (pelagic thresher shark), 63

Alopias vulpinus (thintail thresher shark), 62-63, 109

Amberjack, yellowtail (Seriola lalandi), 62

Ambystoma mexicanum (Mexican axolotl), 57

Amia calva (bowfin), 169, 294, 337

Amphibians, 44, 46, 57, 151, 233, 238, 322, 342

Amphipods, 148, 253, 270, 307, 311, 336, 338-339

Amplectobelua symbrachiata (radiodont), 182, 185

Anabas testudineus (climbing perch), 63, 159, 293

Anarhichas lupus (Atlantic wolffish), 79, 248, 326-327

Anarhichas minor (spotted wolffish), 78-79

Anchovies, 111, 118, 151, 310, 334

Angelfish (Holacanthus bermudensis), 142, 283

Anguilla anguilla (eel), 21, 227-228, 251, 257, 332

Annelids, 234, 343

Ants, 17

Arapaima (Arapaima gigas), 87, 111, 159-160, 162-165, 168-171, 243-244, 250, 252, 257, 287,
292, 294, 302, 311, 337

Arapaima gigas (arapaima), 87, 111, 159-160, 162-165, 168-171, 243-244, 250, 252, 257, 287,
292, 294, 302, 311, 337
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Archaea or archaeans, 203

Architeuthis dux (Atlantic giant squid), 339

Arctic charr (Salvelinus alpinus), 154, 262, 269, 276

Argopecten irradians (Atlantic bay scallop), 188, 274

Arrow worms (Chaetognatha), 21, 33, 185, 206, 211, 213, 248, 251, 267, 290, 295
Artemia salina (brine shrimp), 23, 39, 74, 174, 316, 326

Arthropods, 31, 160-161, 173-174, 181-185, 202-203, 234-235, 244, 248, 307, 342-343
Asterias rubens (common starfish), 103, 250, 284, 306

Atlantic halibut (Hippoglossus hippoglossus), 265, 331

Aulacomya ater (Chilean ribbed mussel), 188, 265

Aurelia aurita (moon jelly), 204-205, 286

Axolotl, Mexican (Ambystoma mexicanum), 57

Bacteria, 17, 23, 203, 234, 299, 339, 342-343

Balanus crenatus (crenate barnacle), 177, 246

Barnacle, crenate (Balanus crenatus), 177, 246

Barnacle, Northern rock (Semibalanus balanoides), 177

Barnacle, stalked (Pollicipes pollicipes), 179

Barnacles,177-180

Bass, largemouth black (Micropterus salmoides), 21, 264, 274 285

Bass, striped (Morone saxatilis), 86-87, 89, 91, 210, 255, 285

Batoidea (rays), 31, 53, 129-137, 153, 245, 255, 277, 292, 295, 304, 331, 333
Bathynomus spp. (giant isopods), 148

Betta cf. splendens (Siamese fighting fish), 164

Birds, 11, 19, 22-23, 35, 46, 87, 102, 116, 124, 234, 236, 238, 243, 250, 272, 308, 321
Birgus latro (coconut crab), 160, 258

Bivalves 110, 187-189, 272, 294, 299, 306, 331, 338

Blackfish, Alaska (Dallia pectoralis), 161

Blenniidae (blennies), 161

Blennies (Blenniidae), 161

Bluefish (Pomatomus saltatrix), 95

Boreogadus saida (Polar cod), 79

Brachyurans, 271, 338

Bream, freshwater (Abramis brama), 128

Brevoortia tyrannus (Atlantic menhaden), 305, 325

Brevoortia patronus (Gulf menhaden), 305, 325

Brosme brosme (cusk), 79

Caenorhabditis elegans (nematode), 69-70, 234, 248, 325-326, 343
Callionymus lyra (dragonet), 210

Capelin (Mallotus villosus), 79

Carassius auratus (goldfish), 46, 163, 260, 269, 284, 331, 349
Carcharhinus amblyrhynchos (grey reef shark), 251, 323, 354
Carcharhinus leucas (bull shark), 292, 333-334, 354

Cardium edule (common edible cockle), 188

Carp, common (Cyprinus carpio), 104-105, 111, 118, 286, 317, 336, 348
Cat (Felis catus), 17

Catfish, giant Mekong (Pangasianodon gigas), 90, 159-160, 162-168, 260, 268, 284, 292
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Catfish, North African (Clarias gariepinus), 162

Catfish, stinging (Heteropneustes fossilis), 336

Catfish, striped (Pangasianodon hypophthalmus), 163, 167, 337

Catfish, yellow (Tachysurus fulvidraco), 128, 312

Catla (Labeo catla), 54, 56

Catostylus mosaicus (mosaic sea jelly), 204-205, 292

Cephalochordates (‘amphioxus’), 290, 343

Cephalopods 33, 187, 192-194, 196, 255, 259, 261, 271, 281, 286, 296-297-300, 318, 332, 335

Cestodes (tapeworms), 149, 267

Cetorhinus maximus (basking shark), 182, 235, 288, 302, 323, 328

Chaenocephalus aceratus (blackfin icefish), 324

Chaetognatha (arrow worms), 21, 33, 185, 206, 211, 213, 248, 251, 267, 290, 295

Channa argus (northern snakehead), 161

Channa spp. (snakeheads), 143, 161-164, 170, 244, 292, 336, 343

Channa striata (striped snakehead), 143, 163-164, 292, 336

Channy, daubed (Leptoclinus maculatus), 79

Charr, Arctic (Salvelinus alpinus), 154, 262, 269, 276

Chimaera (Holocephali), 129, 132-136, 333

Chironomids (lake-flies), 173, 208, 321

Chironomus anthracinus (a Palearctic lake fly), 210, 271, 337

Chiropsalmus sp. (box jellyfish), 205, 265

Chlamys islandica (Iceland scallop), 188, 306

Chlamys opercularis (Queen scallop), 188, 282

Chondrichthyes(-ans), 31, 129-133, 135-137, 198, 259, 308, 334-335

Chrysaora hysoscella (compass jellyfish), 205, 251

Chrysoblephus puniceus (slinger seabream), 240, 263

Cichlidae, 63, 121, 244, 291, 297, 324, 343

Ciliophora (tintinnids), 325

Cirolana harfordi (scavenging isopod), 185, 263

Clam, Atlantic awning (Solemya velum), 110, 299

Clams, giant (Tridacna gigas), 253, 274, 326

Clarias gariepinus (North African catfish), 162

Clupea harengus (Atlantic herring), 62, 74, 140-141

Cnidaria, 33, 197-198, 203-204, 213, 234, 251, 274, 286, 343

Cobitis fossilis (weatherfish), 260, 337

Cod, Atlantic (Gadus morhua), 21, 31, 114, 121, 128, 139, 140-143, 205, 254, 259, 283, 304

Cod, Polar (Boreogadus saida), 79

Coelacanth (Latimeria chalumnae), 131, 135-136, 262, 265, 292

Copepods, 179, 184, 206

Coral (polyps or reefs), 118, 121, 154, 160, 202-203, 250, 252, 254, 258, 263, 266, 271, 279, 283,
285, 291-292, 297-298, 300, 305, 309, 315, 330

Coregonus albula (vendace), 21

Coregonus lavaretus (European whitefish), 140, 297

Coregonus pollan (Irish pollan), 21

Corydoras spp. (corydora catfishes), 170, 275, 292

Crab, Caribbean king (Maguimithrax spinosissimus), 61, 271
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Crab, coconut (Birgus latro), 160, 258

Crab, portly spider (Libinia emarginata), 175

Crab, red king (Paralithodes camtschaticus), 176-177, 310

Crab, stone (Menippe mercenaria),. 175, 271

Crenichthys baileyi (White River springfish), 237

Crustaceans 14, 16, 24, 44, 61-62, 73, 129, 133, 159-161, 173-175, 177, 179-185, 197-198,
232, 236, 247, 250, 253, 261, 269-271, 277, 281, 289, 300, 303, 307, 310, 312, 326-327,
336-339, 343

Ctenophora (comb jellies), 213, 295, 298

Cusk (Brosme brosme), 79

Cutlassfish, Japanese (Trichiurus japonicus), 114, 300

Cuttlefish, 29, 187, 196, 266, 282, 294, 298, 311, 339, 354

Cuttlefish, African (Sepia bertheloti), 29, 266, 298

Cyanea sp. (Lion’s mane jellyfish), 205, 251

Cyprinid(-idae), 54, 56, 63, 90, 128, 161, 227-228, 250, 279, 299, 336

Cyprinus carpio (common carp), 104-105, 111, 118, 286, 317, 336

Dab, common (Limanda limanda), 140-141, 143, 287

Dallia pectoralis (Alaska blackfish), 161

Damsel, lemon (Pomacentrus moluccensis), 324

Danio rerio (zebrafish), 128, 222, 268, 306

Daphnia magna, 176-177, 281

Dasyatidae (stingrays), 90, 111, 136, 333

Dog (Canis lupus), 17, 22

Dogfish, picked (Squalus acanthias), 136

Dolabella auricularia (‘shoulderblade sea cat’), 190, 289

Doryteuthis pealeii (longfin inshore squid), 190, 192-193

Doryteuthis roperi (island inshore squid), 190

Dosidicus gigas (jumbo flying squid), 191, 194-195, 259, 339

Doves, 23

Dragonflies, 278, 320

Dwarfgobies (Eviota spp.), 154

Echinoderms, 103, 343

Eel (Anguilla anguilla), 21, 227-228, 251, 257, 332

Elasmobranchs, 57, 131-132, 137, 245-246, 257, 259, 262-263, 266, 288, 309, 311, 332

Elephants, 17, 111, 283

Empetrichthyinae, 236-237

Epinephelus aeneus (white grouper), 95

Epinephelus guttatus (red hind), 143, 283

Epinephelus marginatus (dusky grouper), 115

Esox lucius (pike), 92, 21, 234

Eubleekeria splendens (splendid ponyfish), 327

Eukrohnia bathyantarctica (arrow worm), 21, 185, 197, 206, 211-213, 290

Eulachon (Thaleichthys pacificus), 151, 354

Euphausia superba (Antarctic krill), 176-177

Eviota (dwarfgoby), 154

Farfantepenaeus duorarum (pink shrimp), 177-178
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Ferosagitta hispida (Caribbean arrow worm), 207-210, 212
Ferret (Mustela furo), 226

Fighting fish, Siamese (Betta cf. splendens), 164
Flatworms (Platyhelminthes), 343

Flounder, European (Platichthys flesus), 140-141, 243

Fly (Musca domestica), 183

Foraminifera, 71, 295

Frog, Lake Titicaca (Telmatobius culeus), 233, 322

Fucales (kelp), 12, 261, 301-303, 343

Gadus chalcogrammus (Alaska pollock), 128

Gadus morhua (Atlantic cod), 21, 31, 114, 121, 128, 139, 140-143, 205, 254, 259, 283, 304

Galaxia maculatus (inanga), 180, 112, 305, 331

Gars, North American (Lepisosteidae), 161
Gasterosteus aculeatus (three-spined stickleback), 21, 148-149, 246
Gastropod(-a), 149, 189-190, 289, 316

Geodia barretti (Barrett’s horny sponge), 200-201, 268
Glyphis spp. (river sharks), 259, 333

Goby(-ies), 153-154, 174, 288, 316

Golden redfish (Sebastes norvegicus), 79

Goldfish (Carassius auratus), 46, 163, 260, 269, 284, 331
Goodeid(-idea), 236-237

Gouramis (Parosphromenus, Sphaerichthys), 90, 160-161, 170, 312
Gouramis, giant (Osphronemus spp.), 161

Grasshopper, 17

Greenland halibut (Reinhardtius hippoglossoides), 79
Greenland shark (Somniosus microcephalus), 136, 252
Grenadier, giant (Albatrossia pectoralis), 115

Grouper, dusky (Epinephelus marginatus), 115
Grouper, Hawaiian (Hyporthodus quernus), 86
Grouper, Patagonian (Acanthistius patachonicus), 280, 335
Grouper, white (Epinephelus aeneus), 95

Guinea pig (Cavia porcellus), 50

Guppy (Poecilia reticulata), 74, 111, 246, 320

Haliotis spp. (abalones), 267, 338

Handfish, red (Thymichthys politus), 291, 323
Harpagifer antarcticus (Antarctic spiny plunderfish), 77
Hermit crab (Pagurus bernhardus), 184, 258, 328
Herring, Atlantic (Clupea harengus), 62, 74, 140-141
Herrings, 62, 74, 118, 140, 151, 257, 278, 286, 310, 317
Heterobranchus longifilis (sampa), 162

Heterodontus francisci (horn shark), 109, 293

Hind, red (Epinephelus guttatus), 143, 283
Hippocampus (seahorse), 184, 320

Hippoglossus hippoglossus (Atlantic halibut), 265, 331
Holacanthus bermudensis (angelfish), 142, 283
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Homo sapiens (humans), 9, 11, 15-16, 29, 44, 49, 124, 202-203, 217, 234, 247, 255, 264, 276,
309, 313, 317, 323, 340

Hoplosternum littorale (atipa), 292, 301, 337

Hoplostethus atlanticus (orange roughy), 115, 244, 258

Horse (Equus ferus caballus), 17-18, 226

Horse mackerel, Atlantic (Trachurus trachurus), 114, 268

Horseshoe crab, Atlantic (Limulus polyphemus), 182-183, 249, 300, 338

Horseshoe crab, Chinese (Tachypleus tridentatus), 182-183, 338

Horseshoe crabs (Xyposura), 173, 182-185, 249, 253, 300, 338

Humans (Homo sapiens), 9, 11, 15-16, 29, 44, 49, 124, 202-203, 217, 234, 247, 255, 264, 276,
309, 313, 317, 323, 340

Humboldt squid (Dosidicus gigas), 191, 194-195, 259, 339

Huso dauricus (kaluga), 115, 275

Hyporthodus quernus (Hawaiian grouper), 86

Icefish, blackfin (Chaenocephalus aceratus), 324

Illex illecebrosus (Northern shortfin squid), 191, 249, 297

Inanga (Galaxia maculatus), 180, 112, 305, 331

Insects, 50, 88, 170, 173, 183, 244, 268, 272, 278, 294, 307, 320, 324, 337-338

Isopod, giant (Bathynomus spp.), 148

Isopods, 148, 185, 263

Jasus edwardsii (red rock lobster), 176-177, 256, 282

Jellyfish, 33, 185, 197, 203, 204-205, 248, 286, 289, 292

Katsuwonus pelamis (skipjack), 146, 165, 302

Kelp (Laminariales and Fucales), 12, 261, 301-303, 343

Killifish, 63, 170, 227, 228, 267

Knifefish (Brachyhypopomus spp.), 163, 282

Kondakovia longimana (oceanic squid), 194, 271

Krill, Antarctic (Euphausia superba), 176-177

Labeo catla (catla), 54, 56

Lagocephalus sceleratus (silver-cheeked toadfish), 104, 305

Laminariales (kelp), 264, 302, 343

Lates niloticus (Nile perch), 152, 280

Latimeria chalumnae (coelacanth), 131, 135-136, 262, 265, 292

Leedsichthys problematicus, 148, 182, 279, 232

Leiopotherapon unicolor (spangled perch), 110, 263

Lepidosiren paradoxa (South American lungfish), 246, 336

Lepisosteidae (North American gars), 161

Leptoclinus maculatus (daubed channy), 79

Leucothoe spinicarpa (an amphipod), 339

Libinia emarginata (portly spider crab), 175

Limacina helicina (helicid pteropod), 191-192, 308, 339

Limanda limanda (common dab), 140-141, 143, 287

Limpets, 77

Limulus polyphemus (Atlantic horseshoe crab), 182-183, 249, 300, 338

Loaches (Cobitoidea), 90, 170

Lobster, Caribbean spiny (Panulirus argus), 250, 271, 307
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Lobster, clawed, 184

Lobster, red rock (Jasus edwardsii), 176-177, 256, 282

Lobster, West Australian rock (Palinurus cygnus), 178-179, 252, 283

Lobsters, spiny (Panulirus spp.), 181, 250, 252, 261, 271, 283, 307

Lutjanidae (snappers), 283, 318

Mackerel, Atlantic (Scomber scombrus), 94, 128, 290

Mackerels, 94, 114, 166, 268, 271, 290, 334

Macrura, 338

Maguimithrax spinosissimus (Caribbean king crab), 61, 271

Mallotus villosus (capelin), 79

Mammals, 11, 19, 23, 35, 37, 40, 46, 64-65, 102, 116, 124, 156, 167, 202, 226, 234, 236, 238,
250-252, 260, 303, 309, 328, 336

Manta ray (Mobula japanica), 53, 304

Megalops atlanticus (tarpon), 160

Megalops cyprinoides (Indo-Pacific tarpon), 160, 287

Menhaden, Atlantic (Brevoortia tyrannus), 305, 325

Menhaden, Gulf Atlantic (Brevoortia patronus), 305, 325

Menippe mercenaria (stone crab), 175, 271

Mesonychoteuthis hamiltoni (colossal squid), 297, 339

Micropterus salmoides (largemouth black bass), 21, 264, 274 285

Minnows, 111

Mistichthys luzonensis (sinarapan), 153-154, 288, 303

Mobula japanica (manta ray), 53, 304

Modiolus demissus (Atlantic ribbed mussel), 188

Mola alexandrini (bumphead sunfish), 299, 332

Mola mola (ocean sunfish), 293, 299, 332

Molluscs 16, 31, 185, 187-189, 197-198, 202-203, 234-235, 294, 296, 300, 340, 343

Morone saxatilis (striped bass), 86-87, 89, 91, 210, 255, 285

Mouse or mice 50, 111, 226, 283

Mudskippers (Periophthalmidae), 160, 170, 305, 337-338

Mugil cephalus (flathead grey mullet), 210

Mushrooms, 17

Mya arenaria (softshell clam), 188

Myctophidae (lanternfishes), 339

Mytilidae (mussels), 189

Mpytilus edulis (blue mussel), 188, 261, 272, 294

Nautilus spp. 53-54, 194, 255, 276, 291, 298, 308

Nematodes 69-70, 234, 248, 325-326, 343

Nototodarus sloanii (Wellington flying squid), 191-192, 339

Notothenioid or nototheniid(-idea), 77, 81, 280

Oak (Quercus sp.), 17

Octopus, 187, 193-194, 256, 318

Olenellus armatus, 181

Olenellus hamoculus, 181

Olenellus intermedius, 181

Olenellus lapworthi, 181
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Olenellus reticulatus, 181

Olenellus spp. (trilobites), 181, 185, 266-267, 282

Oncorhynchus mykiss (rainbow trout), 142, 157, 252-253, 260, 262, 272, 274, 282, 299, 335
Oncorhynchus nerka (sockeye salmon), 250, 260, 278, 281, 309, 328
Oncorhynchus tshawytscha (Chinook salmon), 65, 254, 296
Onychophora (velvet worms), 316

Orectolobus ornatus (ornate wobbegong), 136

Oreochromis niloticus (Nile tilapia), 63, 248, 258, 273-274, 304, 343
Osphronemus spp. (giant gouramis), 161

Osteoglossid(-idae), 111, 244

Pagurus bernhardus (hermit crab), 184, 258, 328

Palinurid(-idae), 180

Palinurus cygnus (West Australian rock lobster), 178-179, 252, 283
Pangasianodon gigas (giant Mekong catfish), 90, 159-160, 162-168, 260, 268, 284, 292
Pangasianodon hypophthalmus (striped catfish), 163, 167, 337
Pangasiid(-dae), 161-162, 268, 296

Pangasius bocourti (basa catfish), 163-164, 271

Panulirus argus (Caribbean spiny lobster), 250, 271, 307

Panulirus spp. (spiny lobsters), 181, 250, 252, 261, 271, 283, 307
Paralithodes camtschaticus (red king crab), 176-177, 310

Parasagitta elegans (Northern arrow worm), 207, 212, 266, 282, 297, 309, 312
Parosphromenus spp. (gouramis), 90, 160-161, 170

Parvancorina minchami 270, 318

Penaeid(-idae), (penaeid shrimps), 177-179, 290

Penaeus spp., 270

Perca fluviatilis (European perch), 140, 152, 244, 277

Percebes (Pollicipes pollicipes), 179

Perch, European (Perca fluviatilis), 140, 152, 244, 277

Perch, Nile (Lates niloticus), 152, 280

Perch, spangled (Leiopotherapon unicolor), 110, 263

Perna spp., 189

Phyllorhiza punctata (Australian spotted jellyfish), 205

Pigeon (Columba livia domestica), 23, 299, 315

Pike (Esox lucius), 92, 21, 234

Pipefish (Syngnathinae), 184

Plaice, European (Pleuronectes platessa), 62, 74, 85, 123, 140-141, 296
Plants, 17-18, 23, 50, 128, 202, 217, 234-235, 243, 250, 260, 264, 276, 299, 317-318, 322, 332, 342
Platichthys flesus (European flounder), 140-141, 243

Pleuronectes platessa (European plaice), 62, 74, 85, 123, 140-141, 296
Plunderfish, Antarctic spiny (Harpagifer antarcticus), 77

Poecilia reticulata (guppy), 74, 111, 246, 320

Poeciliidae, 236, 295

Pollan, Irish (Coregonus pollan), 21

Pollicipes pollicipes (stalked barnacle), 179

Pollock, Alaska (Gadus chalcogrammus), 128

Pomacentrus moluccensis (lemon damsel), 324
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Pomatomus saltatrix (bluefish), 95

Porifera (sponges), 33, 197-203, 252, 268, 277, 279, 291, 305-306, 310, 339
Potamotrygonidae (river stingrays), 276-277, 333

Procypris rabaudi (rock carp), 114, 308

Protists, 23

Protopterus spp. (African lungfishes), 169, 336,

Protopterus annectens (West African lungfish), 169

Pseudocaranx dentex (white trevally), 86

Pseudosagitta gazellae (Antarctic arrow worm), 210, 257

Pteropod, helicid (Limacina helicina), 191-192, 308, 339

Pulmonates (snails), 278, 320

Pungitius pungitius (ninespine stickleback), 149, 251, 283

Pycnogonida (sea spiders), 148

Radiodont(-a), 182, 335

Rats, 226

Ray, manta (Mobula japanica), 53, 304

Rays (Batoidea), 31, 53, 129-137, 153, 245, 255, 277, 292, 295, 304, 331, 333
Redfish, beaked (Sebastes mentella), 79

Redfish, Norway (Sebastes viviparus), 79

Reinhardtius hippoglossoides (Greenland halibut), 79

Rhincodon typus (whale shark), 111, 148, 182, 251, 255, 288, 296, 323, 331-332, 335
Rhinella marina (cane toad), 299, 331

Roach (Rutilus rutilus), 128, 149, 264, 281

Rockfish (Sebastes spp.), 79, 236, 238, 249, 269, 311

Rockfish, Korean (Sebastes schlegeli), 236, 249

Rock carp (Procypris rabaudi), 114, 308

Rodents, 23

Roughy, orange (Hoplostethus atlanticus), 115, 244, 258

Round sardinella (Sardinella aurita), 95, 204-205, 249

Rutilus rutilus (roach), 128, 149, 264, 281

Salamanders 57, 305, 324, 342

Salmo gairdneri (see Oncorhynchus mykiss), 142,157, 252-253, 260, 262, 272, 274, 282, 299, 335
Salmo salar (Atlantic salmon), 144-145, 246, 250, 256, 286, 296, 300, 304, 328
Salmo trutta (brown trout), 154, 260, 265, 270, 276, 281, 296

Salmon, Atlantic (Salmo salar), 144-145, 246, 250, 256, 286, 296, 300, 304, 328
Salmon, chinook (Oncorhynchus tshawytscha), 65, 254, 296

Salmon, sockeye (Oncorhynchus nerka), 250, 260, 278, 281, 309, 328
Salmonids(-idae), 65, 102, 120-121, 154, 157, 250, 256, 265, 297, 304
Salvelinus alpinus (Arctic charr), 154, 262, 269, 276

Sardinella aurita (round sardinella), 95, 204-205, 249

Sardinella maderensis (Madeiran sardinella), 154, 249, 298, 335
Sardinella, Madeiran (Sardinella maderensis), 154, 249, 298, 335
Sardinella, round (Sardinella aurita), 95, 204-205, 249

Sarotherodon galilaeus (mango tilapia), 239, 246

Sarotherodon melanotheron (blackchin tilapia), 143, 291, 343
Schistocephalus solidus (tapeworm), 149, 246, 267
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Scomber scombrus (Atlantic mackerel), 94, 128, 290

Scombridae, 166

Scophthalmus maximus (turbot), 140-141, 270, 281, 288, 323

Scrobicularia plana (Peppery furrow), 188, 270

Sea spiders (Pycnogonida), 148

Seabirds, 11, 236, 321

Seabream, slinger (Chrysoblephus puniceus), 240, 263

Seadragons, 173, 184, 290, 323, 327

Seahorses, 184, 320

Sebastes mentella (beaked redfish), 79

Sebastes norvegicus (golden redfish), 79

Sebastes schlegeli (Korean rockfish), 236, 249

Sebastes spp. (rockfishes), 79, 236, 238, 249, 269, 311

Sebastes viviparus (Norway redfish), 79

Semibalanus balanoides (Northern rock barnacle), 177

Sepia aculeata (needle cuttlefish), 195

Sepia bertheloti (African cuttlefish), 29, 266, 298

Sepia dollfusi (Red Sea cuttlefish), 195, 282

Sepia hierredda (giant African cuttlefish), 29, 195, 298

Sepia officinalis (common cuttlefish), 195, 311

Sepia pharaonis (Pharao cuttlefish), 194

Sepia savignyi (broadback cuttlefish), 194

Sepiidae (cuttlefish), 29, 187, 196, 266, 282, 294, 298, 311, 339

Seriola lalandi (yellowtail amberjack), 62

Shark, basking (Cetorhinus maximus), 182, 235, 288, 302, 323, 328

Shark, bull (Carcharhinus leucas), 292, 333-334

Shark, horn (Heterodontus francisci), 109, 293

Shark, grey reef (Carcharhinus amblyrhynchos), 251, 323

Shark, whale (Rhincodon typus), 111, 148, 182, 251, 255, 288, 296, 323, 331-332, 335

Sharks 19, 31, 54, 63-63, 109, 111, 129, 131-137, 148, 182, 235, 245, 248, 251-252, 255-256, 259,
265, 288, 292-293, 296, 300, 302, 304, 311, 321, 323, 328, 331-335, 345-347

Sheepwool sponge (Hippospongia lachne), 197-199, 201, 291

Shrimp, brine (Artemia salina), 23, 39, 74, 174, 316, 326

Shrimp, pink (Farfantepenaeus duorarum), 177-178

Sinarapan (Mistichthys luzonensis), 153-154, 288, 303

Siphonosoma australe-australe (peanut worm), 245, 343

Sipunculida (peanut worms), 245, 343

Skipjack (Katsuwonus pelamis), 146, 165, 302

Smallmouth bass (Micropterus dolomieu), 310, 326

Smelt (Thaleichthys pacificus), 151, 348

Snails (pulmonates), 320

Snakehead, Northern (Channa argus), 161

Snakehead, striped (Channa striata), 143, 163-164, 292, 336

Snakeheads (Channa spp.), 143, 161-164, 170, 244, 292, 336, 343

Snappers (Lutjanidae), 283, 318

Sole, common (Solea solea), 128, 261, 278, 335
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Solea solea (common sole), 128, 261, 278, 335

Solemya velum (Atlantic awning clam), 110, 299

Somniosus microcephalus (Greenland shark), 136, 252

Sphaerichthys spp. (gouramis), 161, 312

Sponge, Barrett’s horny (Geodia barretti), 200-201, 268

Sponge, European coastal (Suberites massa), 200

Sponges 33, 197-203, 252, 268, 277, 279, 291, 305-306, 310, 339

Squalus acanthias (picked dogfish), 136

Squid, Atlantic giant (Architeuthis dux), 339

Squid, colossal (Mesonychoteuthis hamiltoni), 297, 339

Squid, oceanic (Kondakovia longimana), 194, 271

Squids, 11, 14, 30, 187-188, 190-196, 204, 206, 244-245, 248, 259, 261, 268-269, 271, 276-277,
282, 284, 286, 288-289, 292, 297, 339

Starfish, common (Asterias rubens), 103, 250, 284, 306

Stickleback, ninespine (Pungitius pungitius), 149, 251, 283

Stickleback, three-spined (Gasterosteus aculeatus), 21, 148-149, 246

Stingray, giant freshwater (Urogymnus polylepis), 90, 111

Sturgeon, lake (Acipenser fulvescens), 115, 140, 244, 280, 282

Sturgeon, white (Acipenser transmontanus), 115, 151-152, 258, 295, 300

Sturgeons, 121, 151-152, 244, 254, 258, 280, 282, 294-295, 300, 303, 312

Suberites domuncula (sea-orange), 200

Suberites massa (European coastal sponge), 200

Syngnathidae, 184, 290, 323, 327

Tachysurus fulvidraco (yellow catfish), 128, 312

Tarpon (Megalops atlanticus), 160

Tarpon, Indo-Pacific (Megalops cyprinoides), 160, 287

Taurulus bubalis (longspined bullhead), 210

Telmatobius culeus (Lake Titicaca frog), 233, 322

Tench (Tinca tinca), 63, 299, 316

Thunnus albacares (yellowfin tuna), 146, 151-152, 164, 210, 270, 281, 302, 327-328

Thunnus orientalis (Pacific bluefin tuna), 62, 254

Thunnus maccoyii (Southern bluefin tuna), 316

Thunnus thynnus (Atlantic bluefin tuna), 41, 54, 118, 146, 162-163, 166-167, 267, 283, 300, 304

Thymichthys politus (red handfish), 291, 323

Thresher shark, bigeye (Alopias superciliosus), 63

Thresher shark, pelagic (Alopias pelagicus), 63

Thresher shark, thintail (Alopias vulpinus), 62-63, 109

Tilapia, blackchin (Sarotherodon melanotheron), 143, 291, 343

Tilapia, Nile (Oreochromis niloticus), 63, 248, 258, 273-274, 304, 343

Tinca tinca (tench), 63, 299, 316

Tintinnids (Ciliophora), 325

Titanus giganteus (Titan beetle), 320

Toad, cane (Rhinella marina), 299, 331

Toadfish, silver-cheeked (Lagocephalus sceleratus), 104, 305

Tomeurus gracilis (bottle toothcarp), 236-237

Trevally, white (Pseudocaranx dentex), 86
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Triarthrus eatoni (trilobite), 181, 185, 266-267, 282, 290, 338

Trichiurus japonicus (Japanese cutlassfish), 114, 300

Tridacna gigas (giant clams), 253, 274, 326

Trigla gurnardus (grey gurnard), 210

Trilobite, 181, 185, 266-267, 282, 290, 338

Trout, brown (Salmo trutta), 154, 260, 265, 270, 276, 281, 296

Trout, rainbow (Oncorhynchus mykiss), 142, 157, 252-253, 260, 262, 272, 274, 282, 299, 335

Tuna, 19, 32, 41, 54, 111, 118, 130, 146, 151-152, 159, 162-168, 173, 254, 256, 267, 270, 275,
281, 283, 302, 304, 316, 327-328, 339

Tuna, Atlantic bluefin (Thunnus thynnus), 41, 54, 118, 146, 162-163, 166-167, 267, 283, 300, 304

Tuna, Pacific bluefin (Thunnus orientalis), 62, 254

Tuna, bigeye (Thunnus obesus), 270, 327

Tuna, southern bluefin (Thunnus maccoyii), 316

Tuna, yellowfin (Thunnus albacares), 146, 151-152, 164, 210, 270, 281, 302, 327-328

Turbot (Scophthalmus maximus), 140-141, 270, 281, 288, 323

Urogymnus polylepis (giant freshwater stingray), 90, 111

Vendace (Coregonus albula), 21

Venerupis pullastra (corrugated venus), 188, 261

Venus mercenaria (Northern quahog), 188

Walleye (Sander vitreus), 326

Weatherfish (Cobitis fossilis), 260, 337

Whale, blue (Balaenoptera musculus), 17, 23

Whale shark (Rhincodon typus), 111, 148, 182, 251, 255, 288, 296, 323, 331-332, 335

Whitefish, European (Coregonus lavaretus), 140, 297

Wobbegong, ornate (Orectolobus ornatus), 136

Wolffish, Atlantic (Anarhichas lupus), 79, 248, 326-327

Wolffish, spotted (Anarhichas minor), 78-79

Wool sponge (Hippospongia lachne), 197-199, 201, 291

Worm, peanut (Siphonosoma australe-australe), 245, 343

Worms, velvet (Onychophora), 316

Zebrafish (Danio rerio), 128, 222, 268, 306

Zoarces viviparus (eelpout), 205, 301
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Subject index

Active metabolic rate, 99-101, 161, 184, 200 (see also Metabolic rate)
Aerobic scope, 64, 84, 88, 92-94, 100, 106, 161, 184, 228-331, 333
limitation at higher temperatures, 92-94
size dependence of, 91-92
Adaptation
cold, 78-79, 81
evolutionary, 130-131, 160-162,170, 215-222,
gradual, 156-66,
lazy, 218-22
morphological, 18, 25, 39, 60, 63-64, 219, 231, 316, 321, 342
non-optimal, 215-16
physiological, 20-21, 26, 33, 157, 168-69, 231
Adaptationism (-ist), 216-217, 339-340
Air-breathing, 31, 51, 159-71
Allen’s rule, 67-68,
Allometry, 16-19, 25, 53-56, 60, 73-74, 99-100, 108-110, 225-226, 231, 327, 331, 337, 341
negative, 25, 73, 99, 225
positive, 19, 53-56, 60, 73-74, 100
surface, 16-19, 53-56, 60, 73-74, 108-10, 225-226
of gill surface area, 108-110
Allometric scaling, 21-26, 33-41, 59, 85, 99, 113, 225-229, 316, 327, 331, 337, 341 (see also
metabolic scaling)
Anabolism, 32, 43-44, 47-48, 103, 117, 150, 226, 319, 325-326
Anadromy, 145
Anaerobic metabolism, 91-93, 187-188, 200, 203, 321, 328, 338
Aquaculture, 15, 87-88, 92, 115, 162-164, 197, 203, 328, 334, 346, 343
Aristotle (ca. 384 — 322 BCE), 49, 332
Asymptotic growth, 32, 35-36, 46-48, 74, 80, 99, 159, 162, 175-178, 182-183, 188-190, 192-194,
198-199, 204, 213, 215, 225, 233, 235, 318, 321, 338-339
Asymptotic length, 32, 40, 93, 117-19, 122, 143, 165-167, 175-177, 182, 189, 195, 205
Asymptotic weight, 32,41, 104-105, 107, 117-119, 121, 142-143, 152, 165-166, 179, 189-190, 205
Bauplan, 27, 33, 57-170, 215-217, 324
Bergmann, Carl (1814 - 1865), 22, 67, 316, 318
Bergmann’s rule, 16, 22, 67-69, 316, 318
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Bertalanffy, Ludwig von (1901 -1972), 12, 23, 35, 37, 39-41, 43, 45-47, 51, 54, 74, 144, 319-320,
324, 332, 341 (see also VBGF)
Brobdingnagian(s), 147-148, 154-157
gigantism, 31, 68, 147-157, 324-325
Boyle, Robert (1627 - 1691), 50
Brody, Samuel (1890 — 1956), 22-23, 344
Broussonet, Auguste (1761 — 1807), 51
Catabolism, 35, 39, 42-43, 74-75, 80, 192, 319-20, 327
Cell(s), 16, 19, 26, 36, 39, 42-43, 44-45, 59-61, 63-64, 67, 75, 79, 94, 150, 202-03, 205, 226-27,
228-29, 317, 342
blood, 61
muscle, 212, 328
oxygen demand of, 44, 226,
plasma, 61, 317
repair activity, 36, 39, 42-44, 69-70, 72, 84, 317
size, 59-60, 228,
structure, 36
surface, 59-61
Climate, 11, 13-16, 19, 63, 83-84, 93-94. 97, 112, 116, 124-125, 139, 156-157, 219, 315,
328-329, 333
change, 11, 13-16, 19, 63, 83-84, 93, 97, 112, 116, 124-125, 139, 156, 328-329, 333
warming, 11, 13-16, 19, 63, 83-84, 93, 97, 112, 116, 124-125, 139, 156, 328-329, 333
subtropical, 14, 68, 236, 238
baseline, 124-126
crisis, 13, 219, 315, 320
model(s), 93
-induced shift of distribution, 93-96
Compensatory growth, 139-40, 144-145, 334
Constraints, 11-12, 16-19, 21-30, 33, 35, 46, 52-59, 72, 91, 110, 147, 156, 159-161, 171, 180,
183-185, 187, 196, 198, 200, 202-203, 215-218, 220, 222, 228-229, 231-236, 316-318, 322,
324, 328, 430, 343
dimensional, 16-17, 196, 228, 316-317
evolved, 26-27, 157, 217-218, 228-229
geometrical, 19, 23-25, 52-57, 131, 156, 198, 316-318, 322, 324, 340
life-history, 180
mechanical, 18
metabolic, 28, 171, 222
oxygen, 21, 33, 159-161, 171, 183-184, 198, 203, 215, 228-229, 341
phylogenetic, 27, 131, 216,
physical, 23-24, 26, 147, 187, 196, 215
physiological, 28, 33, 35, 147, 159-161, 171, 183-184, 198, 203, 215, 222, 228-229, 341
respiratory, 21, 33, 159-161, 171, 183-184, 198, 203, 215, 228-229
Cope’s rule, 155-157, 335
Criteria, 30, 48, 321
necessary, 30, 48, 321
sufficient, 321
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Critics(-ques) of the GOLT, 54-56, 97-112, 167-168, 215-217, 226, 229, 327, 330, 332, 327, 342
Darwin, Charles (1809 - 1882), 12, 15, 206, 216-217, 234, 315, 315, 320-321, 329, 336, 340
Deductive-nomological model, 28-29, 341
‘Deeper water — bigger fish’-rule, 85-88
Demand-based model(s), 24, 226-227, 229, 341-342
Denaturation of proteins, 47, 67, 72-81, 84, 117, 235, 321, 325, 326 (see also Protein
denaturation)
spontaneous, 47, 67, 72-75, 77, 79-80, 235, 326
Deoxygenation, 11, 16, 81, 89, 91, 137, 203
Diadromy, 158, 328
Diffusion, 12, 13, 20, 32, 51, 61-63, 65, 70-71, 73, 99, 109, 130, 135-136, 210-211, 236, 323
distance, 32, 61-63, 73
Dimensional tension, 16-18, 27, 28, 55, 91, 103, 183, 188, 203, 205, 213
Doll(s), Russian, 59-61, 229
Dynamic Energy Budget, 42, 140,
Ectotherms, 19-24, 25, 29, 31-33, 40, 46-49, 67-81, 103-06, 116-118, 184, 213, 218, 231, 235,
238, 241-242, 325
Eggs, 123,124, 127-128, 139, 144, 173, 184-185, 190, 231-233, 237-239, 321, 326, 327, 335, 342
size, 232, 233, 342
Endotherm(-s; -ic), 23, 35, 65, 67-68, 72, 102, 236, 316
Enzyme(s), 75, 78-79, 95, 111, 119, 326, 334
digestive, 334
glycolitic, 119
oxidative, 119
stability, 75, 326
Epigenetics, 317
Equilibrium, 38, 43, 70-71, 77, 217, 319, 323
dynamic, 43, 77
ionic, 217, 323
metabolic, 38, 319
state of, 38, 43, 70, 77, 319
Erman, Paul (1764 - 1851), 51, 337
Evolution, 9-10, 12, 13, 15, 18, 24, 26, 33, 58, 84, 95, 111, 130, 147-148, 155-156, 161, 168, 181,
185,193, 202, 215-223, 226, 231, 234-235, 241, 315, 321, 323, 329, 340, 342
and the GOLT, 9-10, 12, 15, 24, 26, 33, 84, 111, 147-148, 155-156, 185, 193, 202, 215-223,
226, 231, 234-235, 241, 321, 323, 329
Explanation(s), 14-16, 21-24, 28-30, 33, 46, 56, 71, 79, 84, 97-98, 149, 155, 216, 226-229, 318,
320, 325, 333, 340, 341
mechanistic, 21-24, 28-30, 36-37, 43-46, 68-69, 71, 81, 84, 97-98, 112, 127, 135, 234-235,
315, 318, 320, 333, 341
Fasting (-ed), 97, 101-103, 106, 108, 239
FCE (food conversion efficiency), 14, 16, 32, 48, 108, 123,139-146, 321, 334-336
Fick’s law(s), 73-74, 99-100, 106, 150, 233, 321, 323, 330
FishBase, 90, 93, 110, 117-119, 132, 143, 152, 157, 163-166, 318, 325, 326, 344
Fish eggs, 123, 124, 127-128, 139, 144, 173, 184-185, 190, 231-233, 237-239, 321, 326,
327, 335, 342
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Generalized VBGEF, 41, 117-118, 142, 320, 329
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Geometry(-ies), 15-19, 22-26, 28, 38, 46, 48,49-57, 60-65, 110, 200, 215-216, 229, 232-233, 317,324,
Giant(s), 17-18, 111, 147-158, 164-168, 323, 326, 338
Gigantism, 31, 68, 147-158, 324, 325
Gill(s), 11, 13, 17, 21, 24-25, 31-33, 42, 45, 47-48, 49, 52-65, 73-74, 91-92, 97-100, 103-106,
108-111, 117-119, 123, 125, 129-132, 137, 139, 141, 144-146, 150, 157, 159-160, 162,
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117-119, 123,125, 129-132, 144-146, 150, 157, 160, 173-175, 188-190, 192, 226-229,
241, 317, 321-324, 335-338
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lamellae, 52-55, 61, 63, 110, 213, 217, 316, 320, 322, 324
morphometrics, 110, 322
plasticity, 60, 63-64, 108, 217-218, 227-228, 324
remodeling, 63-64, 108, 217-218, 227-228, 324
ventilation, 20-21, 57-58, 227-228, 316, 323
Gill-Oxygen Limitation Hypothesis Theory (GOLT),
conception of growth, 35, 38-48, 319-321
objections to, 54-56, 97-112, 167-168, 215-217, 226, 229, 327, 330, 332, 327, 342
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360 BREATHING WATER IN A WARMING WORLD



Goliath, 148
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Growth, 12,13-17, 19, 21-29, 32, 35-48, 51, 54, 56-59, 67-74, 79-81, 83-84, 89-90, 99-108, 117-121,
129-130, 139, 159-167, 174-179, 188-191, 194-196, 197-205, 316-327, 330-335, 339-341
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asymptotic, 29, 31-33, 35-36, 40, 46-48,73-74, 80, 99, 104, 107, 159, 174-177, 182-183,
188-189, 192-193, 196, 204-205, 213, 215, 225, 235, 318, 321, 327, 338-339
exponential, 47, 54, 71, 173, 183, 193-194, 233, 321
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models, 28, 35-42, 45-48, 69, 72, 83, 99, 103, 141, 316, 319, 321, 339
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seasonal, 126, 145-146, 154, 173, 176-178, 189-196, 204-205
somatic, 24, 68, 108, 113-119, 129-130, 139-146, 149, 332
Guericke, Otto von (1602 — 1686), 50
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Haldane, J.B.S. (1892 - 1964), 12, 17, 24-25, 52
Hatching, 125, 192, 209, 231, 232-233, 239, 342 (see also Eggs)
Heart(s), 26-27, 33, 64-65, 150, 169-170, 202, 228, 324
rate, 64-65, 150, 228
Heatwave(s), 11, 83-84, 91-93, 315-316, 324, 328, 343
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