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Preface

This work began as an attempt to describe lower vertebrates in a way that would avoid the
usual fragmentation into anatomy, physiology, and behavior as separate domains. It became
increasingly clear that such divisions obscure a deeper continuity. The same principles that
govern the structure of bone also shape the dynamics of circulation, the organization of neural
systems, and the emergence of behavior.

The central claim of this book is that vertebrates are best understood not as collections of
traits, but as realizations within a structured space defined by constraint, material properties,
and dynamic interaction. This perspective does not replace traditional biological description,
but reorganizes it. Instead of asking what structures exist, it asks what configurations are
possible and how those possibilities are realized.

Two themes recur throughout the work. The first is the role of collagen as a continuous
material substrate. It appears in connective tissue, cartilage, bone, and vascular structures,
forming a tensile network that mediates force and stabilizes geometry across scales. The
second is the role of symmetry and its controlled relaxation, particularly in the form of sexual
dimorphism. These themes are not isolated topics, but threads that connect otherwise distinct
systems.

Lower vertebrates provide an ideal domain for this analysis. Their diversity is sufficient to
illustrate the range of possible configurations, yet their organization remains close enough
to fundamental constraints that the underlying structure is visible. By examining these
organisms, it becomes possible to move from description to structure, and from structure to a

more general account of biological form.



Introduction

The study of vertebrates has traditionally proceeded through classification and comparison.
Organisms are grouped by shared traits, and their differences are cataloged in terms of mor-
phology, physiology, and behavior. While this approach has produced a detailed understanding
of biological diversity, it often leaves unaddressed a more fundamental question: why do these
forms exist, and why are others absent?

To answer this question, it is necessary to move beyond description and consider the
space of possible forms. This space is not arbitrary. It is shaped by constraints arising from
physical laws, material properties, developmental processes, and environmental interactions.
Only a subset of configurations within this space are viable, and it is within this subset that
vertebrates are found.

The organisms examined in this work are treated as points within this constrained
space. Their structures and behaviors are coordinated responses to the same underlying
conditions. Circulatory systems must transport fluids efficiently, respiratory systems must
maximize exchange across limited surfaces, and neural systems must integrate information
and coordinate action.

This perspective also alters how variation is understood. Differences between species are
not simply accumulated traits, but shifts within a structured space. Some shifts are small,
producing minor variations in form. Others are more substantial, leading to new regimes of
organization. In all cases, variation is guided by the structure of the space itself.

Throughout this work, particular attention is given to the role of material substrates,
especially collagen. As a pervasive component of vertebrate tissues, collagen provides continuity
across systems, linking microscopic structure to macroscopic form and influencing the geometry
of tissues.

The chapters that follow proceed from foundational definitions to increasingly integrated
analyses. Early chapters establish the vertebrate condition and examine major lineages,
followed by analyses of functional systems and later sections on symmetry, dimorphism, and
extreme cases. The final chapters synthesize these elements into a unified framework.

The goal is not merely to describe lower vertebrates, but to use them as a lens through

which the structure of biological possibility can be understood.
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Chapter 1

Foundations of Vertebrate

Organization

1.1 The Vertebrate Condition

Vertebrates are commonly defined by a set of anatomical features, including a vertebral column,
a dorsal nerve cord, and a segmented body plan. While these features are descriptively useful,
they do not fully capture the underlying organization that unifies vertebrates as a group.

A more structural view begins with the recognition that vertebrates solve a coordinated
set of problems. They must maintain mechanical integrity while allowing movement, transport
fluids across extended distances, exchange gases efficiently, and integrate sensory input with
action. These problems are not independent. The solution to one constrains the solution to
others.

The vertebrate condition can therefore be understood as a configuration within a space of
constraints. The presence of a vertebral column is not merely a defining trait, but part of a
broader solution to the problem of support and flexibility. Similarly, the dorsal nerve cord is
not simply an anatomical feature, but a structural organization that facilitates centralized
coordination.

This perspective shifts attention from the presence of specific structures to the relationships

between them.

1.2 The Axial Framework

At the core of vertebrate organization lies the axial framework. In early forms, this is
represented by the notochord, a flexible rod that provides support while allowing bending. In
later forms, it is supplemented or replaced by vertebrae, which introduce segmentation and

additional mechanical strength.
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The axial structure must balance competing demands. It must be sufficiently rigid to
support the body and transmit forces, yet sufficiently flexible to permit movement. This
balance is achieved through a combination of material properties and geometric arrangement.

Collagen plays a central role in this system, forming the primary tensile framework of
vertebrate tissues and determining mechanical properties such as stiffness, elasticity, and
resistance to deformation (Fratzl, 2008; Shoulders and Raines, 2009). In the notochord, it
contributes to tensile strength and resistance to deformation, while in vertebral structures it
forms part of the matrix that supports mineralization, linking soft and hard components into
a unified whole.

The axial framework is thus not a static structure, but a dynamic system shaped by both

material and functional constraints.

1.3 Segmentation and Modularity

Vertebrate bodies exhibit segmentation along the anterior—posterior axis. This segmentation
is expressed in the arrangement of muscles, vertebrae, and associated structures.

Segmentation introduces a form of modularity. Each segment can contribute to movement
and force generation, allowing complex patterns of motion to emerge from coordinated activity.
At the same time, segmentation imposes constraints on how forces are distributed and how
the body can deform.

The modular structure simplifies control. Neural signals can be distributed across segments,
producing coordinated patterns such as undulatory locomotion. These patterns arise from
the interaction of neural input, muscular activity, and the mechanical properties of tissues.

The presence of segmentation is therefore not merely a developmental artifact, but a

functional solution to the problem of distributed control.

1.4 Integration of Systems

The axial framework and segmentation do not operate in isolation. They are integrated with
other systems, including circulation, respiration, and neural coordination.

Mechanical forces generated by muscles are transmitted through the axial structure,
influencing movement and posture. Circulatory vessels are embedded within this structure,
and their behavior is affected by mechanical constraints. Neural systems coordinate activity
across segments, linking local actions into coherent motion.

This integration requires compatibility across systems. Material properties, geometric
arrangements, and functional demands must align. The organism emerges as a configuration

in which these elements are mutually consistent.
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1.5 Constraint and Stability

The configurations observed in vertebrates are not arbitrary. They represent stable solutions
within a constrained space. Stability, in this context, refers not only to mechanical robustness,
but to the ability of the system to maintain function under varying conditions.

Unstable configurations are eliminated, either through developmental failure or evolutionary
processes. Stable configurations persist, forming the basis for further variation.

This process produces recognizable patterns across vertebrates. Despite differences in

form, common structural principles recur, reflecting the underlying constraints.

1.6 Material Continuity

Across all aspects of vertebrate organization, material continuity is maintained through
connective tissues. Collagen, as a primary component, links different systems into a cohesive
whole.

It is present in the axial framework, in the walls of vessels, in cartilage and bone, and in
the connective matrices that bind tissues together. This continuity allows forces and signals
to propagate across the organism, enabling coordinated function.

Material continuity also constrains variation. Changes in one part of the system must
remain compatible with the properties of the whole. This limits the range of possible

configurations while ensuring coherence.

1.7 Toward Comparative Analysis

With the foundational structure established, it becomes possible to examine specific vertebrate
lineages as variations within this framework. The following chapters will explore these
variations, beginning with jawless vertebrates and proceeding through major evolutionary
transitions.

Each lineage will be treated not as an isolated case, but as a particular realization of the
same underlying constraints. Through comparison, the structure of the space of forms will

become increasingly apparent.



Chapter 2

Agnatha: Vertebrates Without Jaws

2.1 Reconsidering Simplicity

Jawless vertebrates, traditionally grouped under Agnatha, are often described as primitive
forms. This characterization arises from comparison with later vertebrates that possess jaws
and more visibly complex structures. However, such descriptions can obscure the fact that
these organisms represent complete and viable solutions within the vertebrate constraint
space.

Rather than viewing jawless vertebrates as incomplete, it is more accurate to treat them
as occupying a distinct region of the space of forms. Their organization reflects a coherent
resolution of mechanical, respiratory, and sensory constraints without reliance on jaw-based
feeding mechanisms.

This perspective allows their structure to be understood on its own terms.

2.2 The Axial System in Jawless Vertebrates

In jawless vertebrates, the axial system is dominated by the notochord. This structure provides
both support and flexibility, allowing the body to maintain shape while accommodating
movement.

The absence of fully developed vertebrae results in a continuous axial element rather
than a segmented series of rigid components. This continuity enables smooth propagation of
bending waves along the body, which is particularly suited to aquatic locomotion.

Collagen contributes significantly to the mechanical behavior of the notochord. It provides
tensile strength, resisting elongation and maintaining structural integrity under stress. At the
same time, the surrounding tissues allow for controlled deformation, balancing rigidity and
flexibility.
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2.3 From Material to Signal: Mechanotransduction and the

Translation of Force

The preceding chapters have emphasized the role of collagen as a continuous tensile substrate.
However, for this material structure to influence behavior and development, there must exist
a mechanism by which mechanical states are translated into biological signals.

Mechanotransduction provides this link. Cells do not respond solely to chemical gradients;
they also respond to mechanical conditions such as tension, compression, and shear. These
conditions alter cellular behavior, influencing gene expression, growth, and differentiation.

Collagen, by organizing the distribution of mechanical forces, indirectly shapes these
signals. Variations in stiffness or tension are not merely structural; they become informational
inputs to the system.

This establishes a bridge between material and regulatory domains. Mechanical states are
encoded into biochemical signals, which in turn influence development and behavior. The
organism thus operates as a system in which force and signal are continuously interconverted.

In this light, collagen is not simply a passive substrate. It participates in a feedback loop
that links structure to regulation, allowing material conditions to guide biological processes

across scales.



Chapter 3

From Continuous Fields to Discrete

Structures

3.1 Continuity as the Underlying Condition

Biological systems are composed of continuous materials. Fluids, tissues, and molecular
gradients vary smoothly across space and time, forming fields rather than discrete units.
These fields describe distributions of mass, concentration, stress, and activity.

Despite this continuity, organisms are perceived as composed of distinct parts: organs, seg-
ments, and structural elements. Understanding how discrete structures arise from continuous

substrates is essential for connecting physical processes with anatomical form.

3.2 Gradients and Localization

Spatial variation within continuous fields creates gradients. These gradients provide directional
information, guiding processes such as growth, differentiation, and movement.

Regions of high or low concentration, stress, or activity can become sites of localization.
Over time, these localized regions may stabilize, forming structures that appear discrete

despite arising from continuous variation.

3.3 Boundary Formation

Discrete structures are often defined by boundaries, where properties change rapidly over a
short distance. These boundaries can arise from interactions between competing processes,
such as diffusion and reaction, or between growth and mechanical constraint.

Once established, boundaries constrain further development, reinforcing the separation

between regions. This process leads to the formation of compartments and functional units
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within the organism.

3.4 Mechanical Stabilization of Structure

Mechanical forces play a critical role in stabilizing discrete structures. Differences in tension,
pressure, and material properties can reinforce boundaries, preventing them from diffusing
away.

Collagen contributes to this stabilization by providing a framework that supports dif-
ferential loading. Regions with distinct mechanical roles develop corresponding structural

identities.

3.5 Discrete Function from Continuous Dynamics

Although structures appear discrete, their function often depends on continuous dynamics.
Organs and tissues operate through flows of material and energy, maintaining gradients and
responding to changing conditions.

Thus, discreteness is not a departure from continuity, but a structured organization within

it. The organism remains a continuous system, even as it develops identifiable parts.

3.6 Integration Across Scales

The transition from continuous fields to discrete structures occurs across multiple scales.
Molecular gradients influence cellular behavior, which shapes tissue organization, which in
turn defines organ structure.

Each level both constrains and is constrained by the others, producing a hierarchical

organization that remains grounded in continuous processes.

3.7 Implications for Biological Organization

Viewing discrete structures as stabilized features of continuous fields provides a unified
framework for understanding biological form. It eliminates the need to treat anatomy and
physiology as separate domains.
Structures are not imposed onto a passive substrate. They arise from the interaction of
gradients, forces, and material properties, forming stable configurations that support function.
This perspective connects early developmental processes with mature anatomical organi-

zation, linking the formation of structure to the same principles that govern its operation.
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3.8 From Neural Dynamics to Behavior: Embodiment and

Constraint Realization

Neural systems generate patterns of activity that guide movement, yet these patterns do not
directly determine behavior. The translation from neural signal to physical action is mediated
by the body.

This mediation is not trivial. The same neural command can produce different outcomes
depending on the mechanical properties of tissues, the geometry of joints, and the distribution
of mass.

Collagen plays a central role in this translation. By defining tensile limits and elastic
response, it constrains how neural outputs are realized. It shapes the space of admissible
motions, determining which trajectories are physically possible.

Behavior therefore emerges not from neural activity alone, but from the interaction between
neural dynamics and material constraint. The organism does not execute abstract commands;
it enacts patterns that are filtered through its own structure.

This perspective reinforces the continuity between control and embodiment. Neural

systems operate within a material context that both enables and restricts their expression.

3.9 Locomotion and Undulatory Motion

Movement in jawless vertebrates is primarily achieved through undulatory locomotion, in
which waves of muscular contraction travel along the body and interact with the surrounding
fluid to generate propulsion. This mode of movement reflects a close coupling between neural
pattern generation, material structure, and physical constraint.

The efficiency of undulatory motion depends on the interaction between muscular activity
and the mechanical properties of the body. The continuous axial structure allows contractile
waves to propagate without interruption, producing smooth and coordinated movement.
Rather than relying on rigid segmentation or articulated joints, propulsion emerges from the
distributed transmission of forces along a compliant body.

These dynamics are governed by general mechanical principles that constrain how forces
are generated, transmitted, and dissipated in a fluid medium (Alexander, 2003; Vogel, 2003).
The body must balance flexibility with resistance, allowing sufficient deformation to produce
thrust while maintaining structural coherence.

The propagation of these waves is supported by intrinsic neural circuits. Central pattern
generators produce rhythmic activation patterns that travel along the body axis, coordinating
successive muscle contractions. This neural activity provides a stable temporal structure for

movement, while sensory feedback and environmental interaction continuously modulate its
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expression.

Material properties, particularly those associated with collagen-rich tissues, shape how
these neural patterns are realized. The elasticity and tensile strength of the body determine
how phase differences in neural activation translate into curvature and force. As a result,
locomotion is not imposed by neural control alone, but emerges from the interaction between
oscillatory activity, mechanical constraint, and fluid dynamics.

Undulatory motion thus represents a minimal yet effective solution to the problem of
locomotion. It requires no complex articulation, relying instead on the integration of rhythmic
neural activity with a continuous and deformable body. This integration produces movement
that is both efficient and adaptable, illustrating how biological systems exploit constraint

rather than overcome it.

3.10 Feeding Without Jaws

The absence of jaws necessitates alternative feeding strategies. Jawless vertebrates employ
mechanisms such as suction and attachment to obtain nutrients.

These strategies are integrated with the structure of the pharyngeal region, which plays a
central role in both feeding and respiration. The organization of this region reflects a balance
between intake of food and maintenance of flow for gas exchange.

The lack of jaws does not represent a deficiency, but a different solution to the problem
of feeding. It demonstrates that multiple configurations can satisfy the same functional

requirements.

3.11 Respiratory Organization

Respiration in jawless vertebrates is achieved through pharyngeal structures that allow water
to pass over surfaces where gas exchange occurs. The flow of water must be maintained in a
way that supports both feeding and respiration.

This dual function imposes constraints on the organization of the head and pharynx.
Structures must accommodate both the intake of nutrients and the continuous movement of
water.

Collagen contributes to the stability of these structures, ensuring that they maintain their

shape under varying flow conditions while remaining sufficiently flexible to function effectively.

3.12 Sensory Systems and Environmental Interaction

Jawless vertebrates possess sensory systems that allow them to interact with their environment

effectively. Mechanoreception plays a significant role, enabling detection of water movement
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and pressure changes.

These sensory inputs are integrated with motor systems to guide behavior. Even in the
absence of highly developed visual systems, these organisms can navigate and respond to their
surroundings with precision.

The integration of sensory and motor systems reflects the same principles observed in

more complex vertebrates, albeit with different emphasis and organization.

3.13 Constraint-Based Interpretation

When viewed through the lens of constraint, jawless vertebrates illustrate how a coherent
organism can be constructed without certain features that later become prominent. The
absence of jaws and rigid vertebrae does not prevent the organism from satisfying the necessary
conditions for survival.

Instead, it reveals that the space of viable configurations is broader than might be
assumed from a focus on more derived forms. Jawless vertebrates occupy a region of this
space characterized by continuous axial support, undulatory locomotion, and integrated

feeding—respiratory structures.

3.14 Toward the Origin of Jaws

The transition from jawless to jawed vertebrates represents a significant shift within the
constraint space. It involves the reorganization of existing structures into new functional
configurations.

The following chapter will examine this transition, focusing on how modifications of the
pharyngeal arches give rise to jaws and how this transformation reshapes feeding, mechanics,

and sensory integration.



Chapter 4

The Origin of Jaws: Transformation

of the Pharyngeal System

4.1 Reorganization Rather Than Addition

The emergence of jaws in vertebrates is often described as the appearance of a novel structure.
However, a more precise account recognizes that jaws arise through the transformation of pre-
existing elements. Specifically, the anterior pharyngeal arches are reconfigured into articulated
structures capable of grasping and processing food.

This transformation does not introduce entirely new materials or principles. It reorganizes
existing tissues within the constraints already present. The significance of jaws lies not in

their novelty alone, but in how they alter the relationships between systems.

4.2 The Pharyngeal Arches as a Structural Substrate

In jawless vertebrates, the pharyngeal arches support respiration and contribute to feeding
through suction or filtration. These arches form a repeated series, integrated with the flow of
water through the pharynx.

The anterior arches, under specific developmental and functional pressures, become
specialized. Their geometry and articulation change, allowing them to function as levers
rather than static supports.

This shift from support to articulation marks a fundamental change in mechanical or-
ganization. Forces are no longer distributed evenly across a continuous structure but are

concentrated and directed through joints.
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4.3 Mechanical Consequences of Articulation

The introduction of jaws creates a system of levers that can generate and transmit forces with
greater precision. This allows for new feeding strategies, including biting and grasping.
Articulation introduces constraints. Joints must maintain alignment, withstand repeated
stress, and allow controlled motion. The surrounding tissues must accommodate these
demands, balancing flexibility and stability.
Collagen plays a critical role in this context. It provides tensile strength in ligaments and
connective tissues, stabilizing joints while permitting movement. It also contributes to the

matrices of cartilage and bone that form the structural components of the jaw.

4.4 Integration with Muscular Systems

The effectiveness of jaws depends on their integration with muscular systems. Muscles must
be arranged to produce force in specific directions, coordinating with the geometry of the jaw
to achieve efficient motion.

This integration requires alignment between muscle attachment points, skeletal elements,
and connective tissues. Changes in one component necessitate adjustments in others to
maintain functional coherence.

The result is a tightly coupled system in which mechanical, material, and functional factors

are interdependent.

4.5 Implications for Feeding Strategies

With the emergence of jaws, vertebrates gain access to new feeding strategies. They can
actively capture, manipulate, and process food, expanding the range of available ecological
niches.

These strategies are not determined solely by the presence of jaws, but by how the jaw
system is integrated with other aspects of the organism. Variations in shape, size, and
articulation produce different functional outcomes.

The diversification of feeding mechanisms reflects movement within the constraint space,

enabled by the new structural possibilities introduced by jaws.

4.6 Effects on Sensory and Neural Systems

The reorganization of the pharyngeal region also affects sensory and neural systems. The
positioning of sensory organs relative to the mouth changes, influencing how information is

gathered and used during feeding.
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Neural control must adapt to the new mechanical system. Coordinated activation of
muscles and precise timing become more important as feeding becomes an active process.
These changes illustrate how modifications in one domain propagate through others,

reinforcing the interconnected nature of vertebrate organization.

4.7 From Environment to Internal Field: Perception as Struc-

tured Sampling

The environment presents the organism with a complex distribution of signals. These signals
are not accessed directly in their full spatial extent. Instead, they are sampled locally and
integrated over time.

Perception can therefore be understood as the construction of an internal field from partial
observations. This field does not reproduce the environment exactly. It represents a filtered
and structured approximation, shaped by sensory modalities and neural processing.

The apparent smoothness of environmental gradients arises in part from physical processes
such as diffusion and flow, which produce continuous distributions. The organism exploits
this structure, using local sampling to infer direction and magnitude of change.

This process links external fields to internal representations. It provides the basis for
directed behavior without requiring complete knowledge of the environment.

Perception is thus not a passive recording, but an active reconstruction constrained by

both sensory capacity and environmental structure.

4.8 Material Continuity Through Transformation

Despite the structural changes associated with the emergence of jaws, material continuity is
preserved. Collagen remains a central component, linking soft tissues, cartilage, and bone.
This continuity ensures that the new structures remain compatible with existing systems.
It also constrains the range of possible transformations, as new configurations must remain
consistent with the properties of the material substrate.
The evolution of jaws thus exemplifies how significant functional shifts can occur within a

stable material framework.

4.9 Toward Diversification

The origin of jaws marks a transition to a region of the constraint space with greater potential
for diversification. Different lineages explore this region in distinct ways, producing a wide

range of forms and functions.
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The following chapters will examine these lineages, beginning with cartilaginous fishes and
continuing through bony fishes and their descendants. FEach represents a particular realization

of the possibilities opened by this transformation.



Chapter 5

Chondrichthyes: Cartilaginous

Solutions

5.1 A Distinct Structural Regime

Cartilaginous fishes, including sharks and rays, represent a coherent realization of vertebrate
organization in which cartilage remains the dominant structural material. This is not an
intermediate state between softness and rigidity, but a stable regime in its own right.

The absence of extensive ossification does not imply weakness. Instead, it reflects a
different balance between flexibility, strength, and metabolic cost. The skeleton remains
sufficiently robust to support movement and resist deformation, while retaining a degree of
compliance that influences locomotion and behavior.

This regime illustrates that multiple material configurations can satisfy the same functional

constraints.

5.2 Cartilage as a Composite Material

Cartilage is a composite tissue consisting of a collagen-rich matrix combined with hydrated
components that resist compression. The collagen network provides tensile strength, while
the surrounding matrix distributes loads and maintains shape.
This combination allows cartilage to absorb and dissipate forces without fracturing. It
behaves differently from mineralized bone, which is optimized for rigidity and load-bearing.
In cartilaginous fishes, this material is organized into structures that provide support while
accommodating continuous motion. The skeleton functions as a flexible framework rather

than a rigid scaffold.
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5.3 Locomotion and Mechanical Integration

Locomotion in cartilaginous fishes reflects the properties of their skeletal system. The body
often exhibits pronounced flexibility, allowing efficient propagation of undulatory waves.
The transmission of muscular force through the body depends on the interaction between
muscle, cartilage, and connective tissue. Collagen links these components, ensuring that forces
are distributed effectively.
The resulting motion is smooth and continuous, with energy conserved through elastic

recoil and coordinated deformation.

5.4 Buoyancy and Hydrodynamic Considerations

Unlike many bony fishes, cartilaginous fishes lack a swim bladder. Instead, buoyancy is
achieved through a combination of body composition and hydrodynamic lift.
The distribution of tissues, including lipid-rich components, contributes to overall buoyancy.
Movement through water generates lift, requiring continuous motion to maintain position.
This dependence on motion influences behavior and physiology. The organism must balance

energy expenditure with the need to remain within a favorable region of the environment.

5.5 Feeding and Jaw Mechanics

The jaw systems of cartilaginous fishes are well developed and highly functional. Their
articulation and muscular integration allow for a range of feeding strategies, from grasping to
cutting.

Cartilage provides a resilient framework for these structures, capable of withstanding
repeated stress. Collagen within the connective tissues stabilizes joints and maintains alignment
during motion.

The effectiveness of these systems demonstrates that high performance does not require

mineralized bone, but can be achieved through alternative material configurations.

5.6 Sensory Systems and Environmental Interaction

Cartilaginous fishes possess advanced sensory systems adapted to their environments. In
addition to mechanoreception and vision, many species exhibit electroreception, enabling the
detection of electrical fields generated by other organisms.

These sensory modalities provide information that guides movement and feeding. The
integration of these inputs with motor systems reflects the same principles observed in other

vertebrates, though expressed in a different context.
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The organism interacts with its environment through a combination of sensing and motion,

shaped by both neural processing and material constraints.

5.7 Constraint-Based Interpretation

Within the space of vertebrate forms, cartilaginous fishes occupy a region characterized by
flexibility, distributed support, and reliance on continuous motion. Their organization satisfies
the same fundamental constraints as other vertebrates, but through different material and
geometric solutions.

This demonstrates that the constraint space admits multiple stable configurations. Bone

is not a necessary condition for vertebrate success, but one of several possible realizations.

5.8 Transition to Ossified Systems

The emergence of bony fishes represents a shift to a different material regime. Mineralization
introduces new possibilities for structure and function, altering the balance between rigidity
and flexibility.

The following chapter will examine this transition, focusing on how the introduction of

bone reshapes vertebrate organization and expands the range of viable configurations.



Chapter 6

Osteichthyes: Ossified Expansion

6.1 The Emergence of Bone

The transition from cartilaginous to bony vertebrates introduces a new structural regime in
which mineralized tissue plays a central role. Bone, unlike cartilage, incorporates inorganic
components into a collagen-based matrix, producing a material that is both strong and rigid.
This transition does not replace collagen, but reorganizes it. The collagen scaffold remains
essential, providing the framework upon which mineralization occurs. The result is a composite
material in which tensile and compressive properties are integrated.
The emergence of bone expands the range of possible configurations within the vertebrate

constraint space. It enables new forms of support, protection, and force transmission.

6.2 Mechanical Consequences of Ossification

Bone alters the mechanical behavior of the skeleton. Its rigidity allows for more precise
transmission of forces and supports greater loads without deformation.

This increased rigidity introduces new constraints. Movement must now occur at joints
rather than through continuous bending of the entire structure. Articulation becomes more
pronounced, and the geometry of joints becomes critical.

Collagen continues to play a central role in this system. It contributes to the toughness of
bone, preventing brittle failure, and forms the connective tissues that stabilize joints and link
skeletal elements.

The skeleton becomes a system of rigid components connected by flexible interfaces, each

contributing to overall function.
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6.3 Buoyancy and Internal Regulation

Many bony fishes possess a swim bladder, an internal organ that allows regulation of buoyancy.
This structure reduces the need for continuous motion to maintain position in the water
column.
The presence of a swim bladder alters the relationship between movement and stability.
The organism can remain relatively stationary without expending energy to generate lift.
This shift influences behavior, ecology, and the organization of other systems. It demon-

strates how a single structural innovation can propagate through multiple domains.

6.4 Diversification of Form

The introduction of bone supports a wide diversification of body forms. Rigid skeletal elements
can be arranged in numerous configurations, enabling specialization for different modes of life.
Variations in skull structure, fin arrangement, and body shape reflect movement within
the expanded constraint space. Each configuration represents a solution to a specific set of
functional requirements.
Despite this diversity, underlying principles remain consistent. Structures must balance

strength, flexibility, and efficiency, and must integrate with other systems.

6.5 Integration with Muscular and Connective Systems

The effectiveness of the bony skeleton depends on its integration with muscles and connective
tissues. Muscles generate force, while tendons and ligaments transmit and modulate that
force.

Collagen is central to these connective structures. It provides the tensile strength necessary
for force transmission and stabilizes the interfaces between rigid elements.

This integration ensures that the skeleton functions not as an isolated framework, but as

part of a coordinated system.

6.6 Sensory and Neural Implications

Changes in skeletal structure influence sensory and neural systems. The arrangement of
bones in the skull affects the positioning of sensory organs and the pathways through which
information is transmitted.

Neural control must adapt to the increased complexity of articulated movement. Coordi-

nation of multiple joints requires precise timing and integration of sensory feedback.
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These changes illustrate how modifications in one domain lead to adjustments across

others, maintaining overall coherence.

6.7 Constraint-Based Interpretation

The transition to ossified structures represents a movement into a region of the constraint
space characterized by increased rigidity and structural precision. This region supports a wide
range of configurations, enabling the diversification observed in bony fishes.

At the same time, it introduces new constraints that must be managed. The organism
must balance the advantages of rigidity with the need for flexibility and responsiveness.

The persistence of collagen as a structural substrate ensures continuity across this transition,

linking different material regimes within a unified framework.

6.8 Toward Specialized Control Systems

The diversification of bony fishes includes the development of refined control structures,
particularly in the fins. These structures allow precise manipulation of movement and
interaction with the environment.

The following chapter will examine ray-finned fishes in detail, focusing on how distributed

control surfaces and flexible elements contribute to maneuverability and stability.



Chapter 7

Actinopterygii: Distributed Control

and Fin-Based Dynamics

7.1 From Support to Control

In ray-finned fishes, the skeletal system extends beyond support into the domain of fine control.
Fins, composed of thin, flexible rays, act as distributed control surfaces that allow precise
modulation of movement.

Unlike the axial skeleton, which primarily transmits force along the body, fins operate
as interfaces between the organism and the surrounding fluid. They generate lift, adjust
orientation, and stabilize motion.

This shift from support to control represents a refinement of vertebrate organization.
Movement is no longer governed solely by large-scale body deformation, but by coordinated

action across multiple localized structures.

7.2 Structure of Fin Rays

Fin rays consist of segmented elements supported by a collagen-rich matrix. These elements
are flexible yet capable of maintaining structural coherence under load.

The segmentation of fin rays allows for controlled deformation. Each segment can bend
slightly relative to its neighbors, producing smooth curvature across the fin.

Collagen provides tensile integrity, preventing excessive deformation while allowing the
fin to respond dynamically to fluid forces. This balance between flexibility and strength is

essential for effective control.
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7.3 Hydrodynamic Interaction

The effectiveness of fins depends on their interaction with the surrounding fluid. As water
flows over and around the fin, forces are generated that can be used to propel, steer, or
stabilize the organism.

By adjusting the shape and orientation of fins, the organism can influence these forces.
Small changes in curvature or angle can produce significant differences in motion.

This interaction is continuous and dynamic. The organism must respond to changing

conditions, integrating sensory input with motor output to maintain control.

7.4 Distributed Control Systems

Control in ray-finned fishes is distributed across multiple fins, including dorsal, pectoral,
pelvic, and caudal fins. Each contributes to overall movement in a specific way.

The coordination of these fins allows for complex behaviors, such as precise maneuvering
in confined spaces or rapid changes in direction.

This distributed system reduces reliance on any single structure. Instead, control emerges

from the interaction of multiple elements, each operating within its local constraints.

7.5 Integration with Axial Motion

While fins provide localized control, axial motion remains an important component of locomo-
tion. Undulatory waves along the body generate propulsion, while fins refine and direct this
movement.

The integration of axial and fin-based systems requires coordination across scales. Large-
scale body motion must align with fine adjustments at the level of individual fins.

Collagen contributes to this integration by linking structures and transmitting forces

across the organism. It ensures that local adjustments are consistent with global motion.

7.6 Sensory Feedback and Control

Effective control depends on continuous sensory feedback. Mechanoreceptors detect water
movement and pressure, providing information about the interaction between the body and
the environment.

This information is integrated with neural systems, allowing the organism to adjust its
movement in real time. Feedback loops connect sensing, processing, and action, producing

adaptive behavior.
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The precision of these systems reflects the importance of control in the ecological context

of ray-finned fishes.

7.7 Constraint-Based Interpretation

Ray-finned fishes occupy a region of the constraint space characterized by distributed control
and fine-scale modulation of movement. Their organization reflects a balance between flexibility
and precision.

The structure of fin rays, the integration of multiple control surfaces, and the coupling of
sensory and motor systems all contribute to this balance.

This configuration demonstrates how additional layers of control can be built upon existing

frameworks, expanding the range of possible behaviors without altering fundamental principles.

7.8 Toward Structural Transition

While ray-finned fishes emphasize distributed control through flexible elements, other lineages
develop more robust, limb-like structures capable of supporting weight and transmitting force
to substrates.

The following chapter will examine lobe-finned fishes, in which these structural changes

begin to emerge, providing a bridge to later vertebrate forms.



Chapter 8

Sarcopterygii: Structural Precursors

to Limb-Based Systems

8.1 A Shift in Structural Emphasis

Lobe-finned fishes represent a distinct configuration within the vertebrate constraint space,
characterized by a shift from distributed control surfaces toward more centralized, load-
bearing appendages. While they remain aquatic, their structural organization anticipates the
requirements of interaction with solid substrates.

This shift does not replace earlier mechanisms of locomotion, but rebalances them. Axial
motion and fin-based control remain present, yet the appendages acquire increased structural
significance.

The resulting configuration provides insight into how vertebrate systems adapt to new

mechanical regimes.

8.2 Internal Structure of Lobed Fins

Unlike the thin, ray-supported fins of actinopterygians, the fins of sarcopterygians contain a
robust internal skeleton. This skeleton includes elements homologous to those found in later
tetrapod limbs.

These elements are embedded within a mass of muscle and connective tissue, forming a
cohesive unit capable of transmitting force. The internal arrangement allows for controlled
movement and support, rather than purely passive interaction with the surrounding fluid.

Collagen is central to this organization, linking skeletal elements to muscle and maintaining

the integrity of the appendage under load.
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8.3 Force Transmission and Substrate Interaction

The structural properties of lobed fins enable interaction with solid surfaces. Forces generated
by muscles can be transmitted through the appendage to the environment, producing movement
that is not solely dependent on fluid dynamics.
This capability introduces new constraints. The appendage must withstand compressive
and shear forces, maintain alignment under load, and coordinate with the rest of the body.
The presence of a collagen-based connective framework ensures that these forces are

distributed effectively, preventing localized failure and maintaining overall stability.

8.4 Integration with Axial Systems

As appendages become more structurally significant, their integration with the axial system
becomes increasingly important. Forces transmitted through the fins must be coordinated
with those generated by the body.

This integration requires alignment between skeletal elements, connective tissues, and
muscular systems. The organism functions as a unified mechanical system, with forces
distributed across multiple pathways.

Collagen again provides continuity, linking appendages to the axial framework and ensuring

that local actions contribute to global motion.

8.5 Implications for Locomotion

The presence of robust appendages expands the range of possible locomotor strategies.
Movement can involve both interaction with the substrate and propulsion through the
surrounding medium.

This dual capability reflects a transitional configuration. The organism is not specialized
for terrestrial locomotion, but possesses the structural elements necessary to explore such
modes of movement.

The diversity of behaviors observed in sarcopterygians illustrates the flexibility of this

configuration within the constraint space.

8.6 Constraint-Based Interpretation

Sarcopterygii occupy a region of the constraint space that bridges fluid-dominated and
substrate-interactive regimes. Their organization demonstrates how structural modifications

can open new possibilities while remaining consistent with existing constraints.
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The development of load-bearing appendages does not require a complete reorganization
of the organism. It emerges from modifications of existing structures, guided by material
properties and functional demands.

This continuity underscores the importance of viewing evolutionary transitions as move-

ments within a structured space rather than abrupt changes.

8.7 Constraint Closure and the Completion of Form

A recurring theme throughout this work is that biological systems operate within a constrained
space of possibilities. It is therefore natural to ask when a configuration can be considered
complete.

Completion does not correspond to maximal elaboration or aesthetic refinement. It
corresponds to the closure of constraints. A system is complete when the remaining degrees
of freedom no longer produce functionally distinct outcomes.

Formally, if €2 denotes the set of admissible configurations under a given constraint system,
completion occurs when the effective set of distinguishable configurations collapses to a single
equivalence class.

At this point, additional variation does not alter the structure in a meaningful way. The
system has reached a state of minimal residual entropy with respect to its defining constraints.

This notion of constraint closure provides a criterion for understanding both development
and evolution. Structures persist not because they are finished in an aesthetic sense, but
because they have resolved the constraints that define their domain.

Completion is thus not an endpoint imposed from outside, but a property that emerges

from within the system itself.

8.8 Toward Terrestrial Systems

The structural features observed in lobe-finned fishes provide the foundation for later develop-
ments in vertebrate evolution. The transition to terrestrial environments will further modify
these systems, introducing new constraints and opportunities.

The following chapters will shift focus from lineage-based analysis to functional systems,
examining how circulation, respiration, and neural coordination operate within and across

these structural configurations.
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8.9 Central Pattern Generators and Hierarchical Oscillatory
Control

8.10 Central Pattern Generators and Rhythmic Coordination

Rhythmic movement in vertebrates is not generated solely by continuous external feedback,
but arises from intrinsic neural circuits capable of producing patterned activity. Central
pattern generators (CPGs) are neural circuits whose internal dynamics give rise to oscillatory
output, forming the basis of locomotor patterns across vertebrates (Brown, 1911; Grillner,
2006; Marder and Calabrese, 2001).

These circuits consist of networks of neurons whose interactions produce stable rhythmic
signals that can drive repeated muscular contractions even in the absence of ongoing sensory
input. In natural conditions, however, this intrinsic activity is not isolated. Sensory feedback
continuously modulates the oscillatory patterns, adjusting phase, amplitude, and timing in
response to environmental and bodily conditions.

The resulting system combines internally generated structure with externally driven
correction. Oscillations provide a stable backbone for movement, while feedback ensures
adaptability. This interaction allows vertebrates to maintain coordinated locomotion across a
range of contexts without requiring continuous high-level control.

In this sense, CPGs do not simply generate motion; they establish a dynamical framework
within which movement can be shaped. The organism’s behavior emerges from the coupling
of these intrinsic rhythms with sensory input and mechanical constraint, producing patterns
that are both robust and flexible.

In segmented organisms, central pattern generators are often arranged in chains distributed
along the body axis. Each unit in the chain can be understood as a local oscillator, capable
of generating rhythmic activity with its own characteristic frequency and phase. When these
oscillators are coupled, they produce coordinated waves of activation that propagate along
the body.

The key to this coordination lies in the presence of slight differences between neighboring
oscillators. If all oscillators were identical and perfectly synchronized, the result would be
uniform contraction rather than propagation. Instead, small variations in intrinsic frequency
or coupling strength introduce phase offsets. These offsets produce traveling waves, as activity
in one segment leads or lags slightly behind its neighbors.

This mechanism underlies undulatory locomotion. A wave of contraction moves along the
body, interacting with the surrounding medium to generate propulsion. The direction, speed,
and wavelength of this motion depend on the properties of the oscillator chain, including the

degree of coupling and the distribution of phase differences.



CHAPTER 8. SARCOPTERYGII: STRUCTURAL PRECURSORS TO LIMB-BASED SYSTEMS28

A similar principle governs peristaltic motion in internal systems, where waves of con-
traction move along tubular structures such as the digestive tract, transporting material
through the body. The same underlying architecture—coupled oscillators with controlled
phase relationships—can produce functionally distinct outcomes depending on context. Neural
systems operate through coupled dynamical processes spanning multiple scales, from cellular
activity to distributed network behavior (Kandel et al., 2021; Dayan and Abbott, 2001),
allowing the coordination of these oscillatory patterns across different physiological domains.

These systems can be understood as hierarchical. At a local level, individual oscillators
generate rhythmic activity. At an intermediate level, coupling between oscillators produces
coordinated waves. At a higher level, global control systems modulate the parameters of the
network, adjusting frequency, amplitude, and phase relationships in response to internal state
and external conditions.

This hierarchical organization allows a single underlying mechanism to produce a wide range
of behaviors. By adjusting coupling strength, introducing gradients in oscillator frequency, or
modulating phase relationships, the organism can shift between different modes of movement.
Undulatory swimming, slow crawling, and internal peristalsis all emerge from variations on
the same structural theme.

Material properties play a critical role in shaping the expression of these patterns. The
transmission of force from muscle to body depends on connective tissues, particularly collagen.
The stiffness and elasticity of these tissues influence how oscillatory neural signals are translated
into physical motion. A given neural pattern may produce different outcomes depending on
the mechanical properties of the body.

From a constraint-based perspective, central pattern generators provide a mechanism
for generating structured motion within the limits imposed by material and environmental
conditions. They do not specify movement in detail, but define a space of possible patterns
that can be explored and modulated.

This view reinforces a recurring theme of the work. Complex behavior does not require
complex control at every level. Instead, it emerges from the interaction of relatively simple
components—oscillators, couplings, and material constraints—organized in a hierarchical
manner. The organism moves not by calculating each action independently, but by shaping

the dynamics of systems that generate coherent patterns over time.

8.11 Phase Gradients, Mode Switching, and Field Modulation

The oscillatory chains described above can be extended by introducing spatial gradients in

their parameters. Let each oscillator in the chain be indexed by position ¢ along the body,
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with intrinsic frequency w; and phase 6;(t). The evolution of each oscillator may be written as

do; .
% = w; + ZJ:KU sm(Gj - (91) + Iz(t)a

where Kj; represents coupling strength between oscillators and I;(t) encodes modulatory
input.

A uniform distribution of w; and symmetric coupling K;; produces synchronized oscillation.
However, if w; varies smoothly along the axis, a phase gradient emerges. This gradient induces
a traveling wave, with the direction and velocity of propagation determined by the sign and
magnitude of Ow/0i and the structure of Kj;.

Such phase gradients provide a mechanism for directional control. Reversing the gradient
reverses the direction of wave propagation. Adjusting its steepness alters wavelength and
speed. These changes can be achieved through global modulation rather than local rewiring,
allowing rapid transitions between movement modes.

Mode switching arises when the system transitions between distinct attractors in its
dynamical space. For example, a strongly coupled regime with small phase differences may
produce coordinated, low-amplitude motion, while a weakly coupled regime with larger phase
offsets may produce pronounced undulatory waves. Transitions between these regimes can be

triggered by changes in modulatory input I;(t).



Chapter 9

Sensorimotor Loops and

Closed-Loop Control

9.1 The Organism as a Closed System

Behavior arises from continuous interaction between sensing and action. Organisms do not
passively receive information; they actively generate the conditions under which information
is obtained.

This forms a closed-loop system in which movement alters sensory input, and sensory

input guides movement.

9.2 Coupling of Sensation and Motion

Sensory systems detect changes in the environment, including gradients of chemical concentra-
tion, pressure, and temperature. These signals are integrated with motor systems to produce
coordinated responses.

Central pattern generators provide the underlying rhythmic structure, while sensory input

modulates their activity, adjusting movement in real time.

9.3 Stability and Adaptation

Closed-loop systems must balance stability and responsiveness. Excessive sensitivity can lead
to instability, while insufficient sensitivity reduces adaptability.
Biological systems achieve this balance through modulation of gain and feedback strength,

allowing them to operate effectively across a range of conditions.
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9.4 Embodiment of Control

Control is not localized solely in the nervous system. The mechanical properties of the body
contribute to regulation, filtering and shaping movement.
This distributed control reduces the computational burden on neural systems and increases

robustness.

9.5 Integration Across Scales

Sensorimotor loops operate across multiple scales, from cellular processes to whole-body
dynamics. These interactions produce coordinated behavior that reflects both internal state
and external structure.

The organism thus functions as an integrated dynamical system, rather than a collection

of independent components.

9.6 The SEEKING System and Gradient-Guided Behavior

The SEEKING system, as described in affective neuroscience (Panksepp, 1998), provides
a global modulatory signal that promotes exploration and engagement with environmental
structure. Rather than encoding specific goals, it regulates the organism’s sensitivity to
potential relevance, increasing responsiveness to structured variation in the environment.

This modulation operates by altering the overall excitability of neural systems. In the
context of oscillatory control, it effectively shifts the parameters of coupled neural circuits,
including central pattern generators. In high activation states, oscillatory activity may exhibit
increased amplitude and coherence, supporting sustained and directed locomotion. In low
activation states, activity may become intermittent or suppressed, reducing exploratory
behavior.

The behavioral consequences of this modulation are most evident in how organisms interact
with environmental gradients. Navigation does not generally require a complete internal
map. Instead, organisms sample local variations and adjust their movement accordingly,
following gradients of chemical, thermal, or mechanical cues. This principle is well illustrated
in chemotaxis, where direction is determined by changes in concentration over time rather
than by global representation (Berg, 2004).

The SEEKING system enhances this process by increasing the gain applied to such
gradients. When activation is high, small differences in environmental structure are sufficient
to guide behavior. When activation is low, the same gradients may fail to produce directed

movement.
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In this way, exploration emerges from the interaction between environmental structure
and internal modulation. The organism does not simply react to stimuli, nor does it act
independently of them. Instead, it operates within a coupled system in which sensitivity and
structure jointly determine behavior.

These neural dynamics interact with environmental and internal fields. Let ®(x,t) represent
an external relevance field and S(z,t) an uncertainty field, as previously defined. The

modulatory input can then be expressed as a function of these fields:

linking oscillator dynamics to sensory gradients.

The resulting system couples oscillatory control to field-guided behavior. Movement
patterns generated by the oscillator chain are shaped by the organism’s position within ® and
S, producing trajectories that reflect both internal dynamics and external structure.

Material constraints again play a decisive role. The translation of phase patterns into
motion depends on the mechanical properties of the body. Collagen-mediated stiffness and
elasticity determine how phase differences are expressed as curvature and force. A given phase
gradient may produce a smooth traveling wave in a compliant body or a more segmented
motion in a stiffer structure.

This interaction can be formalized by introducing a mapping from phase space to physical

deformation. Let ¢(z,t) denote the configuration of the body, with
q(z,t) = M(0(z,1); A),

where M encodes the transformation from neural phase to mechanical state, and A represents
the admissible set determined by material properties.

In this formulation, behavior emerges from the composition of three elements: oscillator
dynamics, field modulation, and material transformation. Each element constrains the others,
producing a coherent system in which motion is both structured and adaptable.

The hierarchical organization of these components allows a wide range of behaviors to be
generated from a relatively compact set of mechanisms. By modulating parameters at higher
levels, the organism can reconfigure lower-level dynamics without altering their fundamental
structure.

This reinforces the broader interpretation advanced throughout the work. Biological
systems achieve flexibility not by increasing complexity at every level, but by organizing
simple components into coupled, multi-scale systems capable of producing rich dynamics

under constraint.
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9.7 Anhedonia, Stress, and Habituation in Motivational Sys-

tems

States of reduced motivation and diminished responsiveness to reward are often described
under the term anhedonia. While commonly associated with pathology, similar states arise
under sustained stress in otherwise intact organisms. From a systems perspective, these states
can be understood as consequences of adaptation within motivational and sensory circuits
rather than as isolated deficits.

Repeated or prolonged exposure to stressors produces changes in neural responsiveness.
Circuits that would normally respond strongly to novel or rewarding stimuli exhibit reduced
activation. This reduction can be interpreted as a form of habituation, in which repeated
input leads to decreased output. The organism becomes less responsive not because the
capacity for response is lost, but because the system has adjusted its sensitivity.

Habituation serves a functional role. In environments characterized by persistent or
overwhelming stimulation, maintaining high responsiveness to all inputs would be energetically
costly and potentially destabilizing. By reducing sensitivity, the organism filters out signals
that are no longer informative, conserving resources and maintaining stability.

Within the framework developed in this work, this process can be described in terms of
modulation of the effective field ®(x,t) and the gain parameters that govern response to its
gradient. Let «(t) denote the responsiveness of the organism to V®. Under sustained stress,

a(t) decreases, reducing the influence of gradients on behavior:

%f — a(t) VO, ) + (1), alt) 4.

As a(t) decreases, the organism’s movement becomes less directed by gradients associated
with reward or relevance. Behavior appears blunted, and previously motivating stimuli fail to
elicit strong responses.

At the same time, the entropy-like field S(z,¢) may increase, reflecting greater uncertainty
or noise in sensory processing. The combined effect is a shift toward reduced exploration and
diminished engagement with the environment.

This interpretation situates anhedonia within the same framework as other adaptive
processes. It is not necessarily a failure of the system, but a state in which parameters
have shifted in response to sustained conditions. The SEEKING system, which modulates
responsiveness and exploratory behavior, operates at a lower effective gain, reducing the drive
to pursue gradients.

Material and physiological factors contribute to this state. Changes in metabolic conditions,
hormonal signaling, and tissue properties can influence neural dynamics and responsiveness.

While these factors do not determine behavior directly, they shape the conditions under which
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neural systems operate.

Importantly, habituation-based reduction in responsiveness is reversible. Changes in
environmental conditions, internal state, or modulatory input can restore sensitivity. The
system retains the capacity for engagement, even if it is temporarily suppressed.

From a broader perspective, anhedonia under stress illustrates how motivational systems
are regulated within a constrained space. Responsiveness is not fixed, but adjusted according
to conditions. The organism modulates its engagement with the environment, balancing
exploration with stability.

This view aligns with the general framework of the work. Behavioral states emerge from
the interaction of fields, neural dynamics, and material constraints. Changes in any of these
components can shift the system into different regimes, each of which represents a coherent, if

sometimes maladaptive, configuration.

9.8 Habituation as Adaptive Filtering and Its Limits

Habituation, understood as a progressive reduction in responsiveness to repeated or sustained
input, functions as a filtering mechanism within the organism. It selectively attenuates signals
that are stable, predictable, or uninformative, allowing limited processing resources to be
allocated elsewhere.

In the context of stress, this filtering mechanism becomes more pronounced. Persistent
exposure to high-intensity or unpredictable stimuli leads to a broad reduction in sensitivity,
extending beyond the original source of stress. Signals that would normally be interpreted as
rewarding or relevant are attenuated alongside those that are neutral or aversive.

This generalization arises because the system does not classify inputs in isolation. Instead,
it adjusts global parameters that affect responsiveness across multiple domains. The gain
reduction described earlier applies not only to specific gradients, but to the organism’s overall
engagement with its environment.

From a functional standpoint, this can be interpreted as a protective response. By reducing
sensitivity, the organism limits the impact of overwhelming or destabilizing inputs. However,
this protection comes at a cost. The same mechanism that suppresses stress-related signals

also diminishes responsiveness to beneficial stimuli.

9.9 Temporal Dynamics of Recovery

The reversibility of habituation depends on the dynamics of the system. When stressors
are removed or reduced, responsiveness can gradually return as the system readjusts its

parameters.
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This process is not instantaneous. It reflects the time required for neural circuits, modula-
tory systems, and associated physiological processes to return to baseline conditions. The
rate of recovery depends on both the duration and intensity of prior stress, as well as the
availability of stabilizing inputs.

During recovery, the organism may exhibit heightened sensitivity to certain stimuli,
reflecting a transient imbalance in the recalibration process. Over time, this sensitivity

stabilizes, restoring a balanced state of responsiveness.

9.10 Interaction with Environmental Structure

The effects of habituation are influenced by the structure of the environment. In environments
that provide clear, stable gradients of relevance, even reduced responsiveness may be sufficient
to guide behavior effectively.

In contrast, environments characterized by weak, noisy, or rapidly changing gradients may
exacerbate the effects of reduced gain. The organism may fail to detect or respond to signals
that would otherwise guide movement and decision-making.

This interaction highlights the importance of external structure in shaping behavior.
The same internal state can produce different outcomes depending on the properties of the

environment.

9.11 Material and Physiological Mediation

Changes in responsiveness are not confined to neural circuits. They are accompanied by
alterations in physiological and material conditions, including hormonal signaling, metabolic
state, and tissue properties.

These factors influence the overall behavior of the system. For example, changes in energy
availability can affect the capacity for sustained movement, while alterations in connective
tissue properties can influence how movement is executed.

Collagen, as a structural component, does not directly encode motivational state, but it
participates in the expression of that state by shaping the mechanical context of behavior.
Reduced activity may lead to changes in tissue properties over time, which in turn influence

future behavior.

9.12 Reintegration into the Constraint Framework

Anhedonia under stress, interpreted as habituation, exemplifies the broader principle that

biological systems operate through parameter adjustment within a constrained space.
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The organism does not switch between discrete modes of function. Instead, it shifts
continuously within a range of possible states, each defined by the interaction of neural,
material, and environmental factors.

Reduced responsiveness represents one such state. It is coherent within the system, even
if it appears maladaptive in certain contexts. Understanding this state requires examining

the conditions that produce it and the constraints that sustain it.

9.13 Continuity with Other Systems

The same principles that govern habituation in motivational systems appear in other domains.
Sensory adaptation reduces responsiveness to constant stimuli. Mechanical systems adjust to
repeated loading. Developmental processes stabilize structures through feedback.

These parallels reinforce the unity of the framework developed in this work. Across systems
and scales, biological organization is characterized by adaptation to persistent conditions,
mediated by material properties and constrained by functional requirements.

Anhedonia, in this context, is not an isolated phenomenon, but part of a broader pattern

of adjustment that enables organisms to maintain stability in changing environments.

9.14 Bridging Scales: From Local Interaction to Global Form

The organism operates across multiple scales, from molecular interactions to whole-body
behavior. A central challenge is to understand how local processes produce global structure.

At each level, components interact with their immediate neighbors. Cells respond to local
gradients. Neurons interact with nearby circuits. Tissues transmit forces through continuous
material networks.

Global form emerges from the accumulation of these local interactions. No single component
encodes the entire structure. Instead, coherence arises from the consistency of interactions
across the system.

Collagen plays a key role in this bridging. As a continuous substrate, it links local
mechanical interactions into a global field. It allows forces to propagate and stabilize patterns
that would otherwise remain localized.

This bridging across scales is essential for understanding biological organization. It
explains how complex structures can arise without centralized control, and how stability can

be maintained in systems composed of many interacting parts.
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9.15 Embodied Relegation

It is tempting to treat biological form as the downstream consequence of intention, adaptation,
or even narrative. Yet beneath these layers lies a quieter substrate: the material organization
of the body itself.

Collagen, as the primary tensile element of vertebrate tissue, does not determine outcomes
in isolation. It does, however, delimit the space within which outcomes can occur. It sets the
curvature of skin, the compliance of vessels, the transmission of force across joints. In doing
so, it shapes the field of possible actions long before any action is taken.

This does not negate higher-level processes. Rather, it relegates them to operation
within a constrained domain. Behavior, perception, and even social interaction are not free
variables; they are expressed through structures whose properties are fixed at deeper levels of
organization.

In extreme cases, such as the sexual dimorphism of deep-sea anglerfish, the consequences of
these constraints become visible in stark form. The fusion of male and female bodies, mediated
through connective tissues, reveals how material integration can redefine individuality itself.

The organism is therefore neither purely material nor purely intentional. It is a coupled
system in which structure and process co-determine one another, with collagen forming one of

the most pervasive and least visible substrates of that coupling.



Chapter 10

Collagen and the Mechanics of Form

10.1 A Material Substrate

Across the diversity of vertebrate forms, from jawless fishes to complex bony organisms, one
material recurs with remarkable persistence: collagen. It is not the most visible component of
the organism, nor the most discussed in high-level descriptions of behavior or evolution. Yet
it constitutes the primary tensile element through which biological form is stabilized.

Collagen does not define the organism in isolation. It does not encode behavior, nor does
it determine developmental trajectories. Its role is more fundamental and more constrained:
it provides the mechanical substrate within which those trajectories are realized.

In this sense, collagen operates as a delimiting structure. It defines how tissues resist
deformation, how forces are transmitted, and how shapes can be maintained over time. It is

not an agent but a medium, one that constrains the space of viable biological configurations.

10.2 Hierarchical Organization

The mechanical effectiveness of collagen arises from its hierarchical organization. At the
molecular level, collagen consists of triple-helical protein chains. These assemble into fibrils,
which in turn aggregate into fibers, which are then organized into larger tissue structures.

Each level of this hierarchy contributes to the overall mechanical behavior. Molecular
interactions determine basic tensile properties. Fibril alignment governs directional strength.
Fiber bundling introduces anisotropy, allowing tissues to resist forces differently along different
axes.

This hierarchical structure enables a combination of strength and flexibility that is difficult
to achieve through homogeneous materials. It allows tissues to deform under load while

maintaining integrity, a property essential for living systems.
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10.3 Collagen as a Tensile Field

Rather than treating collagen as a collection of discrete fibers, it is more useful to understand
it as forming a continuous tensile field within the organism. This field spans skin, connective
tissue, tendons, and even the matrices of cartilage and bone.

Within this field, forces are distributed rather than localized. A load applied at one point
propagates through interconnected networks, influencing distant regions. This distributed
behavior contrasts with rigid structures, where forces are often concentrated at joints or
interfaces.

The concept of a tensile field provides a way to unify diverse structures. The skin, the
lining of blood vessels, and the connective tissue surrounding muscles are not independent

components; they are different manifestations of the same underlying material system.

10.4 Developmental Integration

During development, collagen is not simply deposited into pre-existing forms. It participates
actively in shaping those forms. As tissues grow, differentiate, and move, collagen is produced,
reorganized, and remodeled in response to both genetic signals and mechanical forces.

This process creates a feedback loop between form and material. Cellular activity generates
forces that influence collagen organization, while the resulting collagen structure constrains
further cellular behavior. Over time, this interaction stabilizes into the mature morphology of
the organism.

Small differences in developmental conditions—whether genetic, hormonal, or environ-
mental—can lead to differences in collagen distribution and organization. Because collagen

mediates mechanical stability, these differences can accumulate into visible variations in form.

10.5 Material Mediation of Morphology

The visible geometry of an organism is not a direct expression of genetic information. It is the
result of genetic and developmental processes acting through material constraints. Collagen
plays a central role in this mediation.

For example, the contour of a face, the tension of skin, and the articulation of joints are all
influenced by collagen properties. Variations in collagen density, cross-linking, and orientation
can alter how tissues settle and stabilize.

These variations need not be large to produce noticeable effects. Because development
involves cumulative processes, small differences can be amplified over time. Collagen thus acts
as a geometric integrator, translating subtle differences in underlying processes into persistent

structural outcomes.
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10.6 Collagen in Cartilage and Bone

Collagen does not exist in isolation within connective tissues. It forms the structural basis
of both cartilage and bone, interacting with other components to produce distinct material
properties.

In cartilage, collagen fibers are embedded within a hydrated matrix, creating a flexible yet
resilient material. This allows for deformation under load while maintaining shape, as seen in
the skeletal structures of cartilaginous fishes.

In bone, collagen provides a scaffold upon which mineralization occurs. The addition of
mineral components increases stiffness and compressive strength, while the collagen framework
preserves resistance to tension and fracture.

These two systems represent different regimes of the same underlying material. The
transition from cartilage to bone is not a replacement of collagen but a modification of its

context and function.

10.7 Constraint Propagation Across Systems

Because collagen is present throughout the organism, changes in its properties propagate
across multiple systems. Alterations in connective tissue stiffness can influence locomotion,
circulation, and even sensory perception.

For instance, the elasticity of blood vessel walls affects blood flow dynamics. The stiffness
of tendons influences how forces are transmitted from muscles to bones. The compliance of
skin affects how external forces are sensed and distributed.

These interactions illustrate that collagen is not confined to a single domain. It is a

cross-cutting constraint that links otherwise distinct systems into a coherent whole.

10.8 Variation and Amplification

Variation in collagen-related processes provides a mechanism for both subtle and extreme
differences in biological form. In many organisms, small changes in collagen organization
contribute to variations in morphology that are continuous and graded.

In other cases, particularly under strong selective pressures, these differences can become
pronounced. The range of possible forms expands as the constraint system is pushed toward
its limits.

This principle is evident in the diversity of vertebrate structures. It is also visible within
species, where differences in connective tissue properties contribute to individual variation.

Collagen does not determine which variations occur, but it determines how those variations

manifest physically.
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10.9 Toward Asymmetry and Dimorphism

The framework developed in this chapter prepares the ground for a deeper examination of
asymmetry in biological systems. If collagen defines a continuous tensile field, then symmetry
corresponds to a balanced distribution within that field.

Sexual dimorphism, in this context, can be understood as a systematic deviation from that
balance. Differences in developmental signaling lead to differences in collagen organization,
which in turn produce differences in form.

In most vertebrates, these differences are moderate. However, in certain lineages, they
become extreme, reshaping not only appearance but the very structure of the organism.

The following chapters will explore these deviations, culminating in cases where the

organism itself becomes a composite system, challenging the boundaries between individuals.



Chapter 11

Anisotropy and Directional

Structure

11.1 Directional Organization in Biological Tissues

Biological tissues are not mechanically uniform in all directions. Instead, they exhibit
anisotropy, meaning that their properties vary depending on orientation. This directional
dependence is a fundamental feature of living structure, arising from the organized arrangement
of fibers, cells, and extracellular components.

Such organization allows tissues to resist forces along preferred directions while remaining
flexible in others. The result is not uniform rigidity, but structured compliance tailored to

functional demands.

11.2 Collagen as a Directional Framework

Collagen is the primary mediator of anisotropy in vertebrate tissues. Its fibers are not
randomly distributed but are aligned along lines of tension, forming a directional network
that reflects the mechanical environment of the organism.

This alignment determines how forces are transmitted through the body. Tension applied
along the orientation of collagen fibers is resisted effectively, while forces applied across fibers
produce different patterns of deformation. In this way, collagen defines a directional metric

for mechanical response.

11.3 Interaction with Growth and Remodeling

The orientation of collagen fibers is not fixed. It is continuously modified through growth

and remodeling processes that respond to mechanical stress. Regions experiencing consistent
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tension reinforce alignment, while regions under variable or reduced load may reorganize.
This feedback between force and structure ensures that anisotropy reflects functional
demand. Tissue organization is therefore both a record of past forces and a constraint on

future behavior.

11.4 Anisotropy in Movement and Support

Directional structure plays a central role in locomotion and support. In undulatory systems,
anisotropic tissues guide the propagation of waves, allowing efficient transmission of force
along the body while preventing unwanted deformation.

Similarly, in skeletal and vascular systems, anisotropy ensures that structures can withstand
directional loads without unnecessary material investment. Strength is concentrated where it

is needed, rather than distributed uniformly.

11.5 Implications for Form and Variation

Anisotropy contributes to the diversity of biological form. Differences in fiber orientation, even

with similar material composition, can produce distinct shapes and mechanical behaviors.
This provides a mechanism by which small changes in developmental conditions can lead

to large differences in structure. Directional organization amplifies variation, linking local

processes to global form.

11.6 From Isotropy to Structured Form

Early developmental stages may approximate isotropic conditions, with relatively uniform
properties. As growth proceeds, directional forces break this symmetry, leading to the
establishment of anisotropic structure.

The transition from isotropy to anisotropy marks a critical stage in the formation of
functional systems. It defines how tissues will respond to force, how movement will be
generated, and how stability will be maintained.

In this sense, anisotropy is not a secondary feature, but a primary determinant of biological

organization, connecting material composition, mechanical constraint, and functional form.



Chapter 12

Developmental Timing and

Heterochrony

12.1 Development as a Temporal Process

Biological form is not specified instantaneously but unfolds over time. Development consists
of coordinated processes of growth, differentiation, and organization, each operating on its
own temporal scale.

These processes must be synchronized to produce coherent structure. Disruptions in

timing can lead to disproportionate growth or altered morphology.

12.2 Heterochrony and Morphological Variation

Heterochrony refers to changes in the timing or rate of developmental processes. Small shifts

in timing can produce large differences in form, affecting size, proportion, and structure.
These variations provide a mechanism for both evolutionary divergence and sexual dimor-

phism. Differences need not arise from new structures, but from altered timing of existing

processes.

12.3 Interaction with Material Constraints

Development does not occur in an unconstrained space. Growing tissues are subject to
mechanical forces, which influence cell behavior and structural organization.

Collagen plays a central role in this interaction, providing the framework within which
growth occurs. As tissues expand, the distribution of tension shapes further development,

linking temporal progression with material constraint.
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12.4 Phase Relationships in Growth

Development can be understood in terms of phase relationships between processes. Growth in
different regions may be coordinated or offset, producing symmetry or asymmetry depending
on their alignment.

This perspective aligns with oscillatory models of neural control, suggesting that timing is

a fundamental organizing principle across biological systems.

12.5 From Timing to Form

The final structure of an organism reflects the integration of these temporal and material
processes. Form is therefore not imposed, but arises from the coordination of growth under

constraint, producing stable configurations that can be maintained and reproduced.



Chapter 13

Symmetry as a Biological Default

13.1 The Stability of Bilateral Form

Among vertebrates, bilateral symmetry is not merely common; it is the default configuration.
The organism is organized around a central axis, with structures mirrored across a sagittal
plane. This arrangement is so pervasive that it often disappears from analysis, treated as a
background assumption rather than a structural achievement.

Yet symmetry is not trivial. It represents a stable solution to multiple interacting
constraints. Locomotion, for instance, benefits from balanced force generation on either side
of the body. Sensory systems are distributed in a way that allows comparison across directions.
Neural organization exploits symmetry to simplify coordination and control.

The persistence of bilateral symmetry suggests that it occupies a large and stable region
within the space of viable biological forms. Deviations from this symmetry are possible, but

they must overcome the stabilizing influence of multiple coupled systems.

13.2 Symmetry and the Collagen Field

Within the framework established in the previous chapter, symmetry can be understood as a
balanced configuration of the collagen-mediated tensile field. Collagen fibers are distributed
in patterns that support equal resistance to forces across the left and right sides of the body.

This balance is not perfect in a literal sense. Minor asymmetries exist in all organisms.
However, the overall organization tends toward equilibrium, minimizing torsion and uneven
stress distribution.

During development, this balance emerges through coordinated growth and remodeling.
Cells respond to both genetic signals and mechanical feedback, aligning collagen fibers in
ways that stabilize the evolving form. The result is a structure in which opposing forces are

held in dynamic equilibrium.
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13.3 Developmental Enforcement of Symmetry

The establishment of bilateral symmetry begins early in development, with the formation of
axes that define the organization of the body. Molecular gradients and signaling pathways
specify anterior-posterior and dorsal-ventral orientations, while additional mechanisms regulate
left-right differentiation.

Importantly, symmetry is not imposed in a purely top-down manner. It is maintained
through ongoing interactions between cellular processes and material constraints. As tissues
grow, deviations from symmetry generate mechanical imbalances that influence subsequent
development.

This feedback between form and force acts as a corrective mechanism. Regions experiencing
uneven stress may undergo differential growth or remodeling, restoring balance. Collagen, as
the primary mediator of tensile forces, plays a central role in this process.

Biological form can be understood as the result of interacting gradients and constraints,
a perspective that traces back to early work on morphogenesis and growth (Turing, 1952;
Thompson, 1917; Gilbert, 2013).

13.4 Functional Advantages of Symmetry

The functional benefits of bilateral symmetry extend across multiple domains. In locomotion,
symmetrical structures allow for efficient forward movement, with forces generated on one
side mirrored on the other. This reduces energy expenditure and simplifies control.

In sensory systems, symmetry enables comparison between inputs from different directions.
Paired organs, such as eyes and ears, provide spatial information through differences in signal
timing and intensity.

Neural systems also exploit symmetry. Many control circuits are organized in mirrored
patterns, reducing the complexity required to coordinate movement and behavior.

These advantages reinforce the stability of symmetry, making it a robust solution under a

wide range of conditions.

13.5 Permissible Deviations

Despite its stability, symmetry is not absolute. Small deviations are not only tolerated
but ubiquitous. These deviations can arise from stochastic processes during development,
environmental influences, or localized differences in growth.

Such variations are typically constrained within narrow bounds. The organism maintains
overall coherence even as minor asymmetries accumulate. In many cases, these asymmetries

have little functional consequence, existing as subtle variations in form.
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However, under certain conditions, asymmetry can be amplified. When deviations align
with functional or reproductive advantages, they may be stabilized and enhanced over

evolutionary time.

13.6 Asymmetry as Constraint Relaxation

From a constraint-based perspective, symmetry represents a tightly constrained region of form
space. Asymmetry corresponds to a relaxation of these constraints, allowing the organism to
explore new configurations.

This relaxation is not arbitrary. It occurs along specific dimensions that remain compatible
with overall viability. For example, differences in size or shape between corresponding
structures may be permitted if they do not disrupt essential functions.

The introduction of asymmetry often involves trade-offs. Gains in one domain may be
balanced by losses in another. The organism must maintain coherence while accommodating

these changes.

13.7 Toward Systematic Asymmetry

When asymmetry becomes consistent and patterned across individuals within a species, it
transitions from variation to structure. This systematic asymmetry is most prominently
expressed in sexual dimorphism.

Sexual dimorphism represents a controlled divergence from symmetry, where two forms of
the same species exhibit distinct morphological and behavioral characteristics. These differ-
ences are not random; they are regulated through developmental and hormonal mechanisms.

The emergence of dimorphism marks a shift in the constraint system. The organism is no
longer described by a single symmetric configuration but by a pair of related configurations,

each occupying its own region within constraint space.

13.8 Preview of Dimorphic Systems

The following chapter will examine sexual dimorphism in detail, treating it as a structured
departure from symmetry rather than a collection of isolated traits. The analysis will focus on
how differences in developmental signaling translate into differences in material organization,
particularly within the collagen-mediated tensile field.

In most vertebrates, dimorphism manifests as differences in size, coloration, or ornamen-
tation. In certain cases, however, it extends much further, reshaping the organism at a

fundamental level.
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These extreme cases will provide a lens through which the interplay between symmetry,
material constraints, and evolutionary pressure can be understood in its most pronounced

form.



Chapter 14

Sexual Dimorphism as Structured

Asymmetry

14.1 From Variation to Structure

Sexual dimorphism represents a transition from incidental asymmetry to organized divergence.
Whereas minor deviations from symmetry arise naturally within developmental processes,
dimorphism establishes two distinct and stable configurations within a single species.

These configurations are not arbitrary variants. They are systematically produced, regu-
lated by genetic and endocrine mechanisms that guide development along divergent trajectories.
The organism is thus no longer described by a single morphological template, but by a pair of
related templates, each internally coherent and externally differentiated.

From a constraint perspective, dimorphism expands the admissible space of forms while

maintaining compatibility within a shared developmental framework.

14.2 Developmental Bifurcation

The emergence of dimorphism depends on a bifurcation in developmental pathways. Early in
development, organisms share a common structural program. At specific points, regulatory
signals—often hormonal—redirect growth, differentiation, and tissue organization.

These signals do not create entirely new structures. Rather, they modulate existing
processes, altering rates of growth, patterns of tissue deposition, and the organization of
material substrates. Collagen, as a pervasive component of connective tissue, participates
directly in this modulation.

Differences in collagen production, cross-linking, and remodeling can lead to differences in
tissue stiffness, elasticity, and shape. Over developmental time, these differences accumulate,

producing distinct morphological outcomes.
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14.3 Material Expression of Dimorphism

The visible features of dimorphism—differences in size, contour, and structural emphasis—are
mediated through material properties. Collagen provides a primary pathway through which
these differences become physically manifest.

For example, variations in connective tissue organization can influence the distribution of
mass, the tension of skin, and the articulation of joints. These changes affect not only appear-
ance but also function, shaping movement, posture, and interaction with the environment.

Importantly, these material differences are not independent of other systems. They
interact with musculature, skeletal structures, and neural control, forming an integrated whole.
Dimorphism is thus expressed across multiple layers of organization, with collagen acting as a

unifying substrate.

14.4 Scaling and Disproportion

One of the most common features of sexual dimorphism is difference in scale. In many species,
one sex is consistently larger or smaller than the other, and these differences are rarely uniform.
Instead, they often involve disproportionate growth of specific structures, producing distinct
morphologies that reflect differential developmental trajectories.

Scaling introduces additional constraints on biological organization. Larger bodies must
support greater mass, requiring corresponding adjustments in skeletal strength, connective
tissue organization, and circulatory capacity. Smaller bodies, by contrast, may prioritize
efficiency, reduced resource demands, and rapid responsiveness. As body size increases,
circulatory and metabolic systems must adapt to maintain efficient transport across larger
distances, reflecting general scaling constraints observed across biological systems (West,
Brown, and Enquist, 1997).

These constraints interact with material properties, particularly those associated with
collagen, which governs tensile strength and structural coherence across scales. Dispropor-
tionate growth therefore reflects not only genetic or hormonal differences, but the interaction
between developmental regulation and the physical limits imposed by size and structure. The
resulting forms are shaped by the need to maintain functional integrity while accommodating
divergence in scale.

Collagen plays a role in accommodating these changes. Its distribution and organization
must adjust to maintain structural integrity under different loading conditions. The result is
not simply a scaled version of the same organism, but a rebalanced system adapted to a new

set of constraints.
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14.5 Functional Divergence

Dimorphism is often associated with differences in behavior and ecological role. These
functional distinctions feed back into morphology, reinforcing structural differences between
the sexes.

For example, differences in locomotion, feeding strategies, or reproductive roles may favor
specific configurations of muscle, bone, and connective tissue. Collagen, as the medium
through which forces are transmitted, adapts accordingly.

This feedback between function and form creates a stable divergence. Each configuration
becomes optimized for its role, and the system as a whole maintains coherence despite internal

asymmetry.

14.6 Continuity and Extremes

Across vertebrates, sexual dimorphism spans a wide range of intensities. In many cases,
differences are modest, involving coloration or minor variations in size. In others, the
divergence is more pronounced, affecting major aspects of morphology.

Despite this range, the underlying principles remain consistent. Dimorphism arises through
regulated developmental divergence, expressed through material and structural changes, and
stabilized by functional integration.

The most extreme cases push these principles to their limits. They reveal how far the

constraint system can be extended while remaining viable.

14.7 Toward Composite Organisms

In certain lineages, dimorphism leads to configurations that challenge conventional notions of
individuality. When one sex becomes physically dependent on or integrated with the other,
the boundary between organisms becomes less clear.

Such cases require a rethinking of what constitutes an individual. The organism may
no longer be a single, autonomous entity, but a composite system composed of multiple,
interdependent components.

These configurations are rare but highly informative. They expose the flexibility of devel-
opmental and material systems, demonstrating that even fundamental biological categories

can be reconfigured under appropriate constraints.
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14.8 Preview of Extreme Dimorphism

The following chapter will examine one of the most striking examples of extreme sexual
dimorphism: deep-sea anglerfish. In these organisms, the divergence between sexes reaches a
point where the male becomes physically integrated into the body of the female.

This integration is not merely behavioral or ecological. It is structural, involving the fusion
of tissues and the sharing of physiological systems. Collagen-mediated connective structures
play a crucial role in stabilizing this integration.

By analyzing this case in detail, it becomes possible to see how the principles developed in
earlier chapters—constraint systems, material mediation, and structured asymmetry—operate

at their limits.



Chapter 15

Anglerfish: Extreme Dimorphism

and Composite Form

15.1 An Unusual Configuration

Among vertebrates, deep-sea anglerfish present one of the most striking departures from
conventional biological organization. While most species exhibit some degree of sexual dimor-
phism, the divergence observed in certain anglerfish lineages transforms not only morphology
but the very structure of individuality.

Females are typically large, mobile, and equipped with specialized feeding and sensory
adaptations suited to the deep ocean. Males, by contrast, are drastically reduced in size and
function. In some species, the male exists primarily as a reproductive appendage, permanently
attached to the female.

This configuration is not an anomaly in the sense of error or instability. It is a consistent
and reproducible outcome within a specific ecological and developmental context. As such, it

must be understood as a valid solution within the broader space of vertebrate possibilities.

15.2 Ecological Constraints of the Deep Sea

The deep-sea environment imposes severe constraints on organismal interaction. Light is
absent, population density is low, and encounters between individuals are rare. Under these
conditions, the probability of successful reproduction becomes a limiting factor.

For species that rely on finding a mate in open water, the cost of failure is high. The
system must therefore evolve mechanisms that increase the likelihood of reproductive success,
even at the expense of other functions.

In anglerfish, this pressure leads to a radical reconfiguration. The male, once having located

a female, ceases to function as an independent organism. Instead, it becomes permanently
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associated with the female, ensuring continuous reproductive availability.

15.3 Developmental Pathway of Fusion

The transition from independent organism to integrated component occurs through a sequence
of developmental and physiological processes. Upon encountering a female, the male attaches
to her body using specialized structures in the mouth.

Following attachment, tissues at the interface begin to merge. The skin of the male and
female breaks down locally, allowing for direct contact between underlying tissues. Over time,
vascular systems connect, enabling the exchange of nutrients and signaling molecules.

This process transforms the male from a separate entity into a dependent structure within
the female’s body. The integration is not superficial; it involves the incorporation of the male

into the female’s circulatory and metabolic systems.

15.4 Material Integration and Connective Tissue

The stability of this fusion depends critically on connective tissue. Collagen, as the primary
tensile component, provides the structural continuity required to maintain attachment under
varying mechanical conditions.

At the site of fusion, collagen networks reorganize to form continuous  structures between
the two bodies. These structures must accommodate differences in movement, pressure, and
growth while preserving integrity.

The integration of collagen across formerly separate organisms illustrates its role as a
unifying substrate. It enables the physical merging of tissues in a way that maintains coherence

and functionality.

15.5 Immune Tolerance and System Compatibility

One of the most remarkable aspects of anglerfish fusion is the apparent absence of immune
rejection. In most vertebrates, the introduction of foreign tissue triggers an immune response
aimed at eliminating the intruder.

In these anglerfish, however, such responses are suppressed or modified. The male is not
treated as foreign but is incorporated into the female’s system. This suggests a reconfiguration
of immune constraints, allowing for stable long-term integration.

The compatibility required for this integration extends beyond immune tolerance. Phys-
iological systems must align, ensuring that metabolic processes, signaling pathways, and

material properties remain coherent.
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15.6 Redefining Individuality

The fused anglerfish challenges conventional definitions of the individual organism. The female
retains primary control over movement and feeding, while the male contributes primarily to
reproduction.

Yet the two are not entirely separate. The male depends on the female for sustenance,
and the female incorporates the male’s tissues into her own structure. The resulting system is
neither fully singular nor fully composite.

This configuration suggests that individuality in biological systems is not fixed but context-
dependent. Under certain constraints, the boundary between organisms can shift, producing

new forms of organization.

15.7 Dimorphism at Its Limit

The anglerfish represents an extreme point within the spectrum of sexual dimorphism. The
divergence between sexes extends beyond size and form to include function and autonomy.
This extreme highlights the flexibility of the underlying constraint system. While most
vertebrates maintain moderate differences between sexes, the same principles can be extended
to produce far more radical outcomes when ecological pressures demand it.
Collagen-mediated integration, developmental plasticity, and regulatory control all con-
tribute to this outcome. None alone is sufficient; together, they enable a configuration that

would otherwise be impossible.

15.8 Constraint Synthesis of Composite Form

From a constraint-based perspective, the anglerfish can be understood as occupying a region
of form space in which individuality is partially relaxed. The system maintains coherence not
at the level of a single autonomous organism, but at the level of a coupled pair.

The fusion of male and female bodies redistributes functional roles while preserving overall
viability. The female provides locomotion, feeding, and environmental interaction. The male
provides reproductive capability.

This division of function is stabilized through material and physiological integration. Col-
lagen networks, vascular connections, and regulatory compatibility ensure that the composite

system operates as a coherent whole.
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15.9 Implications for Vertebrate Organization

The existence of such configurations expands the range of what must be considered possible
within vertebrate biology. It demonstrates that even fundamental assumptions—such as the
independence of individuals—can be modified under appropriate constraints.

At the same time, the anglerfish does not invalidate the general patterns observed in other
vertebrates. Rather, it reveals the boundaries of those patterns, showing how they can be
extended and transformed.

In doing so, it provides a powerful example of how constraint systems govern biological
form. The principles that produce symmetry, dimorphism, and structural integration operate

across all vertebrates, but their outcomes vary depending on context.



Chapter 16

Failure Modes and Constraint

Breakdown

16.1 Limits of Stability

Biological systems operate within constrained ranges of stability. Outside these ranges, normal
function cannot be maintained.
Failure occurs when constraints are exceeded or when regulatory mechanisms are unable

to restore balance.

16.2 Mechanical Failure

Structural components can fail under excessive load. Tissues may rupture, collapse, or deform
beyond recovery, disrupting function.
Collagen integrity is critical in preventing such failures, providing resistance to deformation

and maintaining structural coherence.

16.3 Control Failure

Neural coordination can break down, leading to loss of rhythmic stability or synchronization.
This may result in uncoordinated movement or cessation of function.

Such failures highlight the importance of properly coupled oscillatory systems.

16.4 Behavioral Failure

Failure can also occur at the level of behavior. Reduced sensitivity to environmental gradients,

as seen in states of anhedonia or stress, can impair the ability to engage with the environment.
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This reflects a breakdown in the coupling between internal modulation and external

structure.

16.5 Boundaries of Viability

These failure modes define the limits of viable biological organization. Within these boundaries,
systems maintain coherence and function. Beyond them, structure and behavior degrade.

Understanding these limits clarifies the constraints that shape biological form and function.

16.6 Transition to Systemic Synthesis

Having examined both typical and extreme manifestations of dimorphism, it becomes possible
to step back and consider the broader structure of vertebrate organization.

The following chapters will synthesize these observations, comparing major systems across
lineages and integrating material, developmental, and functional perspectives into a unified
framework.

In this synthesis, collagen, symmetry, and dimorphism will be treated not as isolated

topics, but as interconnected aspects of a single, coherent system.



Chapter 17

Circulatory Systems: Flow,

Constraint, and Scaling

17.1 Circulation as a Transport Problem

All vertebrates must solve a common problem: the transport of oxygen, nutrients, and
signaling molecules across a body of finite size. Diffusion alone is insufficient beyond small
spatial scales. Circulatory systems emerge as structured solutions to this limitation.

At its core, circulation is a problem of flow under constraint. Fluids must be moved
through branching networks, overcoming resistance while maintaining sufficient pressure and
minimizing energy expenditure. The geometry and material properties of these networks
determine how effectively this transport can occur.

Thus, circulatory systems are not arbitrary anatomical features; they are constrained by

physical principles governing fluid dynamics and material behavior.

17.2 Closed Systems and Pressure Regulation

Vertebrates are characterized by closed circulatory systems, in which blood is confined within
vessels. This confinement allows for the maintenance of pressure gradients, enabling directed
flow.

The heart functions as a pump, generating pressure that drives blood through the system.
The structure of the heart varies across lineages, from simpler configurations in early fishes to
more complex arrangements in later vertebrates.

Pressure must be carefully regulated. Excessive pressure can damage vessels, while
insufficient pressure limits transport efficiency. The system therefore balances force generation

with material constraints, ensuring stability across a range of conditions.

60



CHAPTER 17. CIRCULATORY SYSTEMS: FLOW, CONSTRAINT, AND SCALING 61

17.3 Vessel Architecture and Hierarchical Branching

Blood vessels form hierarchical networks, branching from large arteries into smaller arterioles
and ultimately into capillaries. This branching reduces flow velocity and increases surface
area, facilitating exchange between blood and tissues.

The geometry of this network is not random. It follows patterns that optimize flow
and minimize resistance. Branching angles, vessel diameters, and network density are all
constrained by the need to balance efficient transport with minimal expenditure.

At each level of the hierarchy, the properties of the vessel walls play a crucial role. These
walls must withstand internal pressure while remaining flexible enough to accommodate

ations in flow.

17.4 Collagen in Vascular Structure

Collagen is a primary component of vessel walls, particularly in larger vessels where tensile
strength is essential. It provides resistance to stretching, preventing excessive dilation under
pressure.

In combination with elastic fibers and smooth muscle, collagen contributes to the mechan-
ical behavior of vessels. Elastic components allow for reversible deformation, while collagen
limits extreme expansion, maintaining structural integrity.

The distribution and organization of collagen within vessel walls influence how pressure
waves propagate through the system. This affects not only circulation but also the interaction

between the heart and the vascular network.

17.5 Scaling Constraints

As body size increases, circulatory systems must adapt to greater distances and volumes. This
introduces scaling constraints that affect heart size, vessel diameter, and flow rates.

Larger organisms require more powerful pumps and more extensive vascular networks.
However, increasing size also increases resistance and energy cost. The system must therefore
optimize its structure to maintain efficiency.

These scaling relationships are reflected in consistent patterns across vertebrates. While
specific configurations vary, the underlying constraints produce recognizable regularities in

circulatory design.
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17.6 Integration with Respiration

Circulatory and respiratory systems are tightly coupled. Oxygen acquired through gills or
lungs must be transported efficiently to tissues, while carbon dioxide must be removed.

In fishes, blood flows through gills where gas exchange occurs, then continues to the rest
of the body. This arrangement imposes constraints on pressure and flow, as the system must
function effectively across both respiratory and systemic circuits.

The efficiency of this integration depends on both fluid dynamics and material properties.
Collagen, by maintaining vessel integrity, ensures that pressure gradients can be sustained

without structural failure.

17.7 Variation Across Lineages

Different vertebrate lineages exhibit variations in circulatory structure that reflect their specific
constraints. In many fishes, the heart consists of a sequence of chambers that generate a
unidirectional flow through the gills and body.

These configurations are adapted to aquatic environments and the associated demands of
respiration and locomotion. While simpler than those found in terrestrial vertebrates, they
are well-suited to the conditions under which they operate.

The diversity of circulatory systems illustrates how a common problem can be solved

through multiple configurations, each consistent with the broader constraint system.

17.8 Flow as a Unifying Principle

Despite this diversity, the underlying principles of circulation remain consistent. Fluid must
be moved efficiently, pressures must be regulated, and structures must withstand mechanical
stress.

Collagen contributes to each of these requirements by providing tensile strength and
stability. It enables vessels to function under while maintaining flexibility.

By viewing circulation through the lens of constraint and material mediation, it becomes
possible to unify the analysis of different systems. What varies is not the fundamental problem,

but the specific configuration through which it is solved.

17.9 Toward Comparative Systems

The circulatory system is only one aspect of a broader network of interacting systems.
Respiration, neural control, and locomotion are all linked through shared constraints and

material substrates.
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The following chapters will extend this analysis, comparing these systems across vertebrate
lineages. In doing so, the structure of biological organization will become increasingly apparent

as a coordinated response to a common set of underlying constraints.



Chapter 18

Respiration: Exchange, Flow, and

Surface

18.1 The Problem of Gas Exchange

All vertebrates must exchange gases with their environment, acquiring oxygen and releasing
carbon dioxide. This process is governed by diffusion, which operates effectively only across
short distances and requires sufficient surface area.

Respiratory systems arise as structured solutions to this constraint. They increase the
available surface for exchange, maintain gradients that drive diffusion, and coordinate with
circulatory systems to transport gases to and from tissues.

The fundamental challenge is to maximize exchange efficiency while minimizing energetic

cost and structural instability.

18.2 Surface Area and Structural Limits

Gas exchange requires a large surface area relative to volume. However, increasing surface
area introduces structural challenges. Thin membranes are efficient for diffusion but are
mechanically weak, requiring support to prevent collapse or damage.

This balance between permeability and stability is central to respiratory design. Structures
must be sufficiently thin to allow rapid diffusion, yet sufficiently supported to maintain
integrity under varying pressures and flows.

Collagen contributes to this balance by providing a supporting framework. It reinforces
respiratory surfaces without excessively increasing thickness, allowing the system to maintain

both strength and efficiency.
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18.3 Gills as Flow-Exchange Systems

In aquatic vertebrates, respiration is typically achieved through gills. These structures expose
large surface areas to water, allowing dissolved oxygen to diffuse into the bloodstream.

Gills are organized into filaments and lamellae, greatly increasing surface area. Water
flows across these surfaces, while blood flows within them, creating conditions for efficient
exchange.

The arrangement of flow paths is critical. Countercurrent exchange, in which water and
blood flow in opposite directions, maintains a gradient across the entire surface, maximizing
oxygen uptake.

This system is highly effective but depends on continuous water flow and stable structural

support.

18.4 Flow Regulation and Mechanical Support

Maintaining water flow across gills requires coordinated movement of the body and associated
structures. Some fishes rely on forward movement, while others actively pump water using
the mouth and operculum.
These mechanisms impose mechanical stresses on respiratory structures. Gills must
withstand fluid forces without collapsing or deforming in ways that would reduce efficiency.
Collagen plays a role in stabilizing these structures, providing tensile support that preserves
geometry under flow. It allows gill elements to maintain their shape while remaining flexible

enough to accommodate movement.

18.5 Coupling with Circulation

Respiration does not occur in isolation. The efficiency of gas exchange depends on the ability
of the circulatory system to transport gases to and from respiratory surfaces.

Blood flow must be matched to water flow to maintain effective gradients. If flow rates
are mismatched, exchange efficiency decreases.

This coupling requires coordination across systems. Structural properties, including those
mediated by collagen, influence both respiratory surfaces and vascular networks, linking their

behavior.

18.6 Variation in Respiratory Strategies

While gills are the dominant respiratory structure in aquatic vertebrates, variations exist.

Some species supplement gill respiration with cutaneous exchange, using the skin as an
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additional surface.

Others develop modifications that allow limited air breathing, particularly in environments
where dissolved oxygen is low. These adaptations illustrate the flexibility of the respiratory
constraint system.

In each case, the underlying principles remain the same: maximize surface area, maintain

gradients, and ensure structural stability.

18.7 Toward Air Breathing

The transition to air breathing represents a significant shift in respiratory constraints. Air

contains more oxygen than water, but the mechanical and structural conditions are different.
Respiratory surfaces must now function in a medium with different density and flow

properties. Support structures must prevent collapse in the absence of buoyant support.
Collagen continues to play a role, providing the structural framework necessary to maintain

respiratory surfaces under new conditions.

18.8 Constraint Integration

Respiratory systems exemplify the integration of multiple constraints. Diffusion, flow, material
properties, and energy expenditure all interact to shape structure.

Collagen, as a material substrate, contributes to this integration by stabilizing surfaces
and linking mechanical behavior across scales.

By analyzing respiration in this way, it becomes possible to see how diverse structures

arise from a common set of requirements.



Chapter 19

Metabolism and Energetic

Constraint

19.1 Energy as a Limiting Quantity

All biological processes operate under energetic constraint. Movement, growth, maintenance,
and repair require continuous energy input, and the availability of this energy limits the range
of viable structures and behaviors.

Metabolism defines the rate at which energy is acquired, transformed, and dissipated.
This rate must be matched to the demands imposed by the organism’s size, structure, and

environment. Systems that exceed their energetic capacity cannot be sustained.

19.2 Coupling of Transport and Demand

Circulatory and respiratory systems provide the means by which energy substrates and oxygen
are delivered to tissues. These systems must scale with metabolic demand, ensuring that
energy can be supplied at the rate it is consumed.

As body size increases, transport distances grow, and the cost of maintaining flow rises.
This introduces constraints on maximum size, activity level, and structural complexity.

Efficient transport is therefore not optional but required for viability.

19.3 Energetic Cost of Movement

Locomotion is a major energetic expense. The cost of movement depends on both mechanical
efficiency and the properties of the surrounding medium. Undulatory motion, for example,

minimizes energetic cost by distributing force along the body.
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Mechanical inefficiencies increase energy demand, placing additional stress on transport
systems. Thus, locomotor patterns are shaped not only by mechanics but by the need to

minimize energetic expenditure.

19.4 Tissue Maintenance and Turnover

Biological tissues are not static. Collagen, muscle, and other structural components undergo

continuous turnover, requiring ongoing metabolic investment. Mechanical stress influences

this process, with loaded tissues maintained or strengthened and unused tissues degraded.
This coupling between energy and structure ensures that biological form reflects functional

demand. Structures that are not energetically justified are not maintained.

19.5 Scaling of Metabolic Rate

Metabolic rate does not increase linearly with body size. Instead, it follows scaling laws
that reflect constraints on transport networks and surface area. Larger organisms exhibit
lower mass-specific metabolic rates, reflecting the increasing difficulty of distributing energy
efficiently.

These scaling relationships link energy, structure, and function into a unified framework.
Biological systems are therefore shaped not only by what is mechanically possible, but by

what is energetically sustainable.

19.6 Transition to Neural Coordination

Efficient respiration depends not only on structure but also on control. The timing and
coordination of movements that drive flow are regulated by neural systems.

The following chapter will examine neural organization and sensory integration, completing
the analysis of major vertebrate systems and further revealing the interconnected nature of

biological constraints.



Chapter 20

Neural and Sensory Systems:

Coordination and Integration

20.1 The Problem of Coordination

All vertebrates must coordinate internal processes with external conditions. Movement,
feeding, respiration, and circulation must be aligned with environmental inputs. This requires
a system capable of receiving signals, processing them, and generating appropriate responses.

The nervous system provides this coordination. It integrates sensory information with
motor output, linking perception and action within a unified framework. Unlike purely
mechanical systems, neural organization introduces the capacity for rapid adaptation and
complex behavior.

From a constraint perspective, the nervous system operates as an integrative layer, coupling

otherwise distinct subsystems into a coherent whole.

20.2 Centralization and the Vertebrate Plan

A defining feature of vertebrates is the centralization of neural processing. The dorsal
nerve cord, derived from the chordate body plan, develops into a centralized structure with
specialized regions.

At the anterior end, the brain becomes differentiated into major divisions, including the
forebrain, midbrain, and hindbrain. These regions support different aspects of processing,
from sensory integration to motor coordination.

This centralization reduces the complexity of coordination. Rather than relying on
distributed control alone, the organism can process information in a unified manner, enabling

more precise and flexible responses.
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20.3 Paired Organization and Symmetry

The nervous system reflects the bilateral symmetry of the body. Many neural structures are
paired, with corresponding elements on the left and right sides.

This pairing supports comparison across inputs. For example, differences in signals received
by paired sensory organs can be used to determine direction and distance. This is particularly
important for vision and audition.

The symmetry of neural organization also simplifies control. Motor outputs can be

coordinated across both sides of the body, maintaining balanced movement.

20.4 Sensory Modalities

Vertebrates employ multiple sensory modalities to interact with their environment. These
include vision, olfaction, mechanoreception, and, in some cases, electroreception.

Vision relies on the detection of light and the formation of images. It provides spatial
information and supports navigation and prey detection.

Olfaction detects chemical signals, often over long distances. It plays a role in feeding,
reproduction, and orientation.

Mechanoreception includes the detection of pressure and movement. In aquatic vertebrates,
the lateral line system provides information about fluid motion, allowing the organism to
perceive nearby disturbances.

Electroreception, present in certain lineages, enables the detection of electrical fields. This
modality is particularly useful in environments where visibility is limited.

Each modality imposes specific constraints on structure and processing. Together, they

form a composite representation of the environment.

20.5 Integration of Sensory Inputs

Sensory inputs do not operate independently. The nervous system integrates signals from
different modalities, combining them into a coherent representation.

This integration allows the organism to resolve ambiguities and respond appropriately to
complex conditions. For example, visual and mechanosensory inputs may be combined to
guide movement through a dynamic environment.

The integration process depends on both neural architecture and timing. Signals must be

aligned and processed in a way that preserves relevant relationships.
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20.6 Motor Coordination

The output of the nervous system is expressed through movement. Motor neurons transmit
signals to muscles, generating forces that produce motion.

Coordination is essential. Movements must be timed and scaled appropriately, ensuring
that different parts of the body act in concert. This is particularly important in locomotion,
where imbalances can lead to inefficiency or instability.

Motor patterns are often organized into sequences, with rhythmic elements that support
sustained movement. These patterns are adjusted in response to sensory feedback, creating a

continuous loop between perception and action.

20.7 Material Mediation of Neural Output

While neural signals initiate movement, the resulting behavior depends on the material
properties of the body. Muscles generate force, but connective tissues, including collagen,
determine how that force is transmitted.
The stiffness and elasticity of these tissues influence movement efficiency and precision.
Neural control must therefore operate within the constraints imposed by material structure.
This interaction highlights the layered nature of biological systems. Neural processes do

not act on an abstract body, but on a material substrate with specific properties.

20.8 Variation Across Lineages

Different vertebrate lineages exhibit variations in neural and sensory systems that reflect
their environments and modes of life. Aquatic species often emphasize mechanoreception and
electroreception, while others rely more heavily on vision or olfaction.

Despite these differences, the underlying organization remains consistent. Centralization,
paired structures, and integration of inputs are common features across vertebrates.

This consistency suggests that the vertebrate nervous system occupies a stable region

within the space of possible configurations.

20.9 Toward Systemic Synthesis

With the analysis of circulatory, respiratory, and neural systems, the major functional domains
of vertebrate organization have been examined. Each system solves a specific problem, yet all

are linked through shared constraints and material substrates.
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The following chapter will synthesize these systems, drawing together the themes of
material mediation, constraint structure, and functional integration into a unified account of

vertebrate form.



Chapter 21

Organisms as Material-Constraint

Systems

21.1 From Parts to Systems

The preceding chapters have examined vertebrate organization through distinct domains:
skeletal structure, circulation, respiration, and neural coordination. Each domain addresses a
specific functional requirement, yet none operates in isolation.

An organism is not a collection of independent parts, but a system in which each component
is coupled to others through shared constraints. Structural elements influence flow, flow
influences metabolism, metabolism influences development, and development feeds back into
structure.

To understand vertebrates as a whole, it is necessary to move from a part-based description

to a system-based framework.

21.2 Constraint as a Unifying Principle

Across all levels of organization, constraints define the space of possible forms and behaviors.
Physical laws limit how forces can be transmitted. Material properties determine how tissues
respond to stress. Developmental processes regulate how structures emerge and change.

These constraints do not merely restrict possibilities; they shape them. Certain configura-
tions become stable because they satisfy multiple constraints simultaneously, while others are
excluded because they fail to maintain coherence.

The diversity of vertebrate forms can therefore be understood as the exploration of a
constrained space, in which each lineage occupies a region defined by the balance of these

factors.
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21.3 Collagen as a Continuous Substrate

Collagen provides a continuous material framework that links multiple systems. It is present
in connective tissue, vessel walls, cartilage, and bone matrices, forming a pervasive network
throughout the organism.

This network mediates the transmission of forces, stabilizes structures, and influences the
geometry of tissues. Because it spans multiple domains, changes in collagen organization can
affect locomotion, circulation, and even aspects of sensory interaction.

Collagen does not determine the overall form of the organism, but it defines how that form

can be physically realized. It acts as a substrate through which other processes are expressed.

21.4 Coupling of Systems

The systems discussed in earlier chapters are tightly coupled. Circulatory flow depends on
respiratory exchange, which depends on structural support, which in turn depends on material
properties.

Neural systems coordinate these processes, but they do so within the limits imposed by
the body’s structure. Signals can initiate movement, but the outcome of that movement is
shaped by the mechanical properties of tissues.

This coupling creates a network of dependencies. Changes in one system propagate through

others, requiring adjustments to maintain overall coherence.

21.5 Symmetry and Its Relaxation

Symmetry provides a stable baseline for this system. Balanced distributions of structure and
force simplify coordination and enhance efficiency. However, symmetry is not absolute.
Through processes such as sexual dimorphism, symmetry can be relaxed, allowing the
system to explore new configurations. These deviations must remain compatible with the
underlying constraints, ensuring that the organism continues to function as a coherent whole.
Extreme cases, such as those observed in anglerfish, demonstrate that even fundamental

aspects of organization can be reconfigured when constraints are sufficiently altered.

21.6 Scaling and Transformation

As organisms vary in size and environment, their constraint systems shift. Larger bodies
require different strategies for circulation and support. Changes in habitat alter the relative

importance of different sensory modalities.
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These transformations do not create entirely new systems. Rather, they modify existing
ones, adjusting parameters and relationships to accommodate new conditions.
Scaling thus provides a pathway through which diversity arises, linking different regions of

the constraint space.

21.7 Material and Process

A complete account of vertebrate organization must integrate both material and process. Mate-
rial properties define what is physically possible, while processes—developmental, physiological,
and behavioral—determine how those possibilities are explored.

Neither level is sufficient on its own. Material without process is static, while process
without material lacks realization. The organism emerges from their interaction.

Collagen, as a material substrate, and regulatory systems, as processes, together define

the structure and behavior of the organism.

21.8 Toward a Unified View

By bringing together these elements, it becomes possible to view vertebrates as coherent
systems operating within a structured space of possibilities. Each lineage represents a particular
solution, shaped by constraints and stabilized through integration.
This perspective does not replace traditional descriptions of anatomy or evolution. Rather,
it provides a framework within which those descriptions can be understood more deeply.
The final chapter will extend this view, considering the broader implications of this

framework for understanding biological form and diversity.



Chapter 22

The Structure of Biological
Possibility

22.1 From Description to Structure

The study of vertebrates is often presented as a descriptive enterprise: a catalog of forms,
functions, and evolutionary relationships. While such descriptions are necessary, they do not
fully capture the underlying structure that gives rise to these forms.

Throughout this work, an alternative perspective has been developed. Vertebrates have
been treated not merely as collections of traits, but as realizations within a constrained space
of possibilities. Each organism occupies a position defined by the interaction of material
properties, developmental processes, and environmental conditions.

This shift from description to structure allows for a more unified understanding of biological

diversity.

22.2 The Space of Forms

The concept of a space of forms provides a way to organize the diversity of vertebrates. In this
space, each point corresponds to a configuration of anatomical, physiological, and behavioral
variables.

Not all points in this space are viable. Constraints carve out a subset of admissible
configurations, within which organisms can exist. These constraints arise from multiple
sources, including physical laws, material limitations, and developmental processes.

The distribution of vertebrate forms within this space is not uniform. Certain regions are
densely populated, corresponding to stable and efficient configurations. Others are sparsely
occupied or entirely empty, representing combinations that are unstable or incompatible with
life.
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22.3 Constraint Surfaces

Constraints can be understood as surfaces within the space of forms that define the boundaries
of viability. Crossing these surfaces leads to configurations that cannot be sustained.

Some constraints are rigid, such as those imposed by fundamental physical laws. Others are
more flexible, allowing for variation within certain limits. The interaction of these constraints
shapes the topology of the space, creating regions of stability and pathways of transition.

Evolution can be viewed as movement within this constrained space. Lineages explore
different regions, guided by selection and variation, but always within the bounds imposed by

constraint surfaces.

22.4 Material Mediation

Material properties play a central role in shaping the space of forms. Collagen, as a continuous
tensile substrate, influences how structures can be organized and how forces can be transmitted.
The presence of collagen across multiple systems links different domains of organization.
Changes in its properties can alter the geometry of tissues, the behavior of vessels, and the
stability of joints.
Material mediation ensures that abstract possibilities are translated into physically realiz-

able forms. It grounds the space of forms in the realities of matter and mechanics.

22.5 Symmetry, Dimorphism, and Variation

Symmetry defines a large and stable region within the space of forms. It provides a baseline
configuration that satisfies multiple constraints simultaneously.

Dimorphism introduces structured variation within this region, creating paired configura-
tions that diverge along specific dimensions. These configurations remain connected, sharing
a common developmental framework while occupying distinct positions in the space.

Variation, whether minor or extreme, represents movement within this space. It reflects the

capacity of biological systems to explore different configurations while maintaining coherence.

22.6 Extremes and Boundaries

Certain organisms, such as deep-sea anglerfish, occupy regions near the boundaries of the
space of forms. Their configurations challenge conventional assumptions, revealing the extent

to which constraints can be relaxed or reconfigured.
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These extremes are not anomalies but informative cases. They highlight the flexibility
of biological systems and the ways in which constraints can be negotiated under specific
conditions.

By examining such cases, it becomes possible to map the limits of biological possibility

more clearly.

22.7 Evolution as Navigation

Evolution can be understood as a process of navigation through the space of forms. Variation
introduces new configurations, while selection stabilizes those that satisfy constraints effectively.
This process is not random in a uniform sense. It is guided by the structure of the space
itself. Certain directions are more accessible, corresponding to gradual changes that maintain
viability. Others are blocked by constraint surfaces.
The history of vertebrates reflects this navigation, tracing pathways through regions of

stability and transition.

22.8 Integration Across Scales

The structure of biological possibility operates across multiple scales, from molecular interac-
tions to whole-organism behavior. Collagen, gene regulation, organ systems, and ecological
interactions all contribute to the shape of the space.

These scales are interconnected. Changes at one level propagate to others, influencing
the overall configuration. A complete understanding requires integrating these levels into a
coherent framework.

This integration reveals that biological form is not determined by a single factor, but

emerges from the interaction of many.

22.9 Conclusion

The vertebrates examined in this work illustrate the richness of biological possibility. From
the simplicity of jawless fishes to the complexity of dimorphic systems, each represents a
distinct solution within a constrained space.

By focusing on constraint, material mediation, and system integration, it becomes possible
to see beyond individual cases to the structure that underlies them.

The study of lower vertebrates thus provides more than an account of specific organisms.

It offers insight into the principles that govern biological form itself.



Chapter 23

Seeking, (Gradient Navigation, and

Directed Behavior

23.1 The Problem of Directed Search

All organisms must locate resources: food, mates, and suitable environments. These targets
are rarely presented directly. Instead, they are indicated indirectly through gradients—spatial
variations in chemical concentration, temperature, or other signals.

The organism is therefore faced with a problem of navigation under partial information.
It does not perceive the global structure of the environment. It samples local conditions and
must infer direction from change.

Directed behavior emerges as a solution to this constraint. The organism moves not toward

a known target, but along a gradient defined by its sensory inputs.

23.2 Minimal Systems: Gradient Following in Nematodes

At the simplest level, this problem is solved by organisms such as nematodes. These organisms
lack complex centralized representations of space, yet they reliably locate food sources.

Their behavior can be understood as a form of gradient ascent. The organism samples its
environment through chemical and thermal sensors. Differences in concentration across space
are not measured directly as a field, but inferred through temporal change.

Movement proceeds as a sequence of adjustments. When conditions improve, motion
continues in the current direction. When conditions deteriorate, the organism alters its
trajectory.

This process produces a biased random walk. The path is not straight, but it is statistically

directed toward higher concentrations of relevant signals.
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23.3 Sensing as Local Approximation

The gradients available to the organism are effectively smoothed by diffusion. Chemical signals
spread through the environment, forming continuous fields with gradual variation.

From the perspective of the organism, this field can be approximated as a blurred
distribution. Local measurements provide only partial information, analogous to sampling a
Gaussian-smoothed landscape.

The organism does not reconstruct the full field. Instead, it estimates the local gradient
through successive samples. This estimation is sufficient to guide movement, even in the
absence of global knowledge.

Thus, navigation emerges from local approximation rather than explicit representation.

23.4 From Mechanism to Principle

The behavior observed in nematodes illustrates a general principle: directed movement can
arise from simple rules applied to local information.

No internal map is required. No global optimization is performed. Instead, the organism
continuously updates its direction based on immediate sensory feedback.

This principle scales across biological systems. More complex organisms do not abandon

gradient-based navigation; they extend and refine it through additional layers of processing.

23.5 The SEEKING System in Vertebrates

In vertebrates, directed behavior is mediated by neural systems that integrate sensory input
with motivational state. One such system, described by Panksepp, is the SEEKING system.

The SEEKING system does not encode specific goals in a detailed sense. Rather, it
generates a generalized state of exploratory engagement. It biases the organism toward
movement, investigation, and interaction with the environment.

This system operates as an amplifier of gradient-following behavior. Sensory inputs define
possible directions, while the SEEKING system provides the drive to pursue them.

The result is a coupling between perception and action: the organism is not passively

sampling gradients, but actively moving through them.

23.6 Coupling Motivation and Gradient

The integration of gradient sensing and motivational systems produces more flexible behavior.
The organism can prioritize certain gradients over others, adjust its responsiveness, and persist

in exploration even when signals are weak.
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This coupling allows for navigation in complex environments where signals may be noisy
or intermittent. The organism does not simply follow the strongest gradient; it modulates its
behavior based on internal state.

In this way, the SEEKING system extends the basic principle observed in simpler organisms,

embedding it within a broader framework of regulation and control.

23.7 Material Constraints on Behavior

Directed behavior is not purely a neural phenomenon. It is mediated by the physical properties
of the organism’s body.

Movement depends on the transmission of forces through muscles and connective tissues.
Collagen, as a primary tensile component, influences how effectively these forces are translated
into motion.

The responsiveness of the organism to neural signals is therefore shaped by its material
structure. Stiffness, elasticity, and damping all affect how movement unfolds.

Thus, even behavior must be understood as operating within a material constraint system.

23.8 Scaling from Simplicity to Complexity

The transition from nematode navigation to vertebrate SEEKING does not replace one
mechanism with another. It adds layers of complexity while preserving the underlying
principle.

At the base level, movement is guided by local gradients. At higher levels, these gradients
are integrated with memory, prediction, and motivation.

The organism becomes capable of more sophisticated behavior, but the fundamental

constraint remains: action must be guided by information that is locally available.

23.9 Toward Integrated Behavior

Directed search connects sensory systems, neural processing, and material structure. It
illustrates how multiple layers of organization interact to produce coherent behavior.

By examining both minimal and complex systems, it becomes possible to see how a single
principle—gradient-based navigation—can be expressed across different scales.

This perspective reinforces the broader framework of the book. Biological systems do
not operate through isolated mechanisms, but through the integration of constraints across

domains.
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23.10 A Formal Perspective on Gradient-Guided Behavior

Directed behavior can be expressed in terms of motion on a scalar field. Let ®(x,t) repre-
sent a field defined over the organism’s environment, encoding quantities such as chemical
concentration, temperature, or composite sensory relevance.

The organism does not have direct access to ® globally. Instead, it samples ® along its
trajectory x(t) and estimates local variation.

A minimal model of movement can be written as

dz
0 — () VL, 1) ()
where a(t) is a gain parameter and 7(t) represents stochastic perturbation.
In simple organisms, «/(t) is approximately constant and 7(¢) dominates when gradients are
weak, producing a biased random walk. In more complex organisms, «(t) becomes dynamically

regulated.

23.11 Temporal Sampling and Gradient Estimation

In many cases, the organism does not measure spatial gradients directly. Instead, it infers

them through temporal changes:

d dz  0d
2o —ve. L2
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By correlating changes in sensed intensity with recent movement, the organism constructs
an estimate of gradient direction. This mechanism explains how even simple nervous systems
can produce effective navigation without spatial mapping.

The apparent “Gaussian blur” of the environment arises from diffusion and signal dispersion,

which smooth ® and ensure that local estimates remain informative.

23.12 The SEEKING System as Gain Modulation

Within vertebrates, the SEEKING system can be interpreted as regulating the gain term a(t).

Rather than specifying a direction, it modulates the organism’s responsiveness to gradients.
High gain states correspond to exploratory engagement, in which small gradients produce

sustained movement. Low gain states suppress motion, even in the presence of signals.
Thus, the SEEKING system does not encode goals directly. It controls the intensity with

which gradient information is acted upon.
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23.13 Constraint of Admissible Trajectories

The equation for dx/dt does not fully determine behavior. The set of admissible trajectories
is constrained by the organism’s physical structure.
Let A denote the set of trajectories compatible with the organism’s mechanics. Then

actual motion satisfies

% € A(.CE, t),

where A encodes limits imposed by musculature, joint geometry, and connective tissue
properties.

Collagen contributes to these constraints by defining tensile limits and elastic response.
It determines how forces generated by neural signals are transmitted and transformed into

motion.

23.14 Behavior as Constrained Descent

Combining these elements, directed behavior can be understood as constrained motion on a
field: J
d—f = T4 (a(t) V® + (1)),
where 11 4 denotes projection onto admissible motions.
This formulation unifies simple and complex organisms. Nematode navigation, vertebrate
exploration, and higher-order behavior differ in their regulation of a(t) and in the structure

of A, but share the same underlying form.

23.15 Integration with the Broader Framework

This perspective connects directly to the themes developed throughout the book. Gradient
fields correspond to environmental structure. Neural systems estimate and respond to these
fields. Material substrates constrain how responses are realized.

Directed behavior is therefore not a separate domain, but an extension of the same
principles that govern form and function.

Organisms move through their environments in the same way they exist within them: by

operating within a structured space defined by constraint, material, and flow.

23.16 Behavior in a Scalar—Vector—Entropy Field

The environment in which an organism moves can be represented as a structured field.

Let ®(xz,t) denote a scalar field encoding environmental relevance, integrating chemical
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concentration, thermal gradients, and other signals into a single effective quantity.

In addition to @, introduce a vector field v(x,t) representing directional biases imposed
by external flows, substrate structure, or internally generated motion tendencies. Let S(z,t)
denote an entropy-like field capturing uncertainty, variability, or noise in the organism’s
perception of its environment.

The organism does not access these fields directly. It samples them locally and acts based

on estimates derived from these samples.

23.17 Local Dynamics of Movement

The trajectory of the organism, x(t), evolves according to the combined influence of these

fields:
dx

E:

where «(t), 5(t), and ~y(t) are gain parameters, and n(t) represents stochastic variation.

a(t)VO(x,t) + () v(x,t) —~(t) VS(x,t) + n(t),

The term V& drives movement toward increasing environmental relevance. The vector field
v captures directional tendencies that are not purely gradient-based, such as flow alignment
or internally generated patterns. The term VS introduces a bias toward reducing uncertainty,
favoring regions where sensory information is more stable or informative.

In simple organisms, v and S may be negligible, reducing the dynamics to gradient ascent

with noise. In more complex systems, all three components interact.

23.18 Nematode Navigation as a Limiting Case

In nematodes, behavior is well approximated by a simplified form:

dx
— )]
7 aVo +n,

with a approximately constant and n dominating when gradients are weak.

Temporal sampling allows the organism to estimate V& indirectly. The effective field @ is
already smoothed by diffusion, producing the appearance of a blurred landscape. Navigation
proceeds as a biased random walk on this smoothed field.

This represents the minimal realization of directed behavior within the framework.

23.19 The SEEKING System as Field Modulation

In vertebrates, the SEEKING system can be interpreted as modulating the gain parameters
a(t) and ~(t).
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An elevated SEEKING state increases sensitivity to V®, amplifying exploratory movement.
It may also increase responsiveness to V.S, promoting movement toward regions where
uncertainty can be reduced.

Crucially, the SEEKING system does not define ® itself. It regulates how strongly the
organism responds to the field.

This interpretation situates motivation within the same formal structure as perception

and action.

23.20 Material Constraints and Admissible Motion

The evolution equation for x(¢) must be restricted to motions that are physically realizable.
Let A(z,t) denote the set of admissible velocities determined by the organism’s morphology
and mechanics.

Then the actual dynamics satisfy

dx
o= 4 (aV® + fv — VS + 1),
where 114 projects the unconstrained motion onto the set of allowable movements.
Collagen plays a central role in defining A. Its tensile properties determine how forces are
transmitted through the body, constraining curvature, extension, and response time.
Thus, even when the driving fields are identical, differences in material structure lead to

different trajectories.

23.21 Coupling of Fields and Organism

The organism does not merely respond to fields; it also modifies them. Movement alters the
local environment, redistributes chemical signals, and changes sensory input.

This introduces a feedback loop:
® — z(t) — environment — &.

Similarly, internal state influences perception, effectively reshaping ® and S as experienced
by the organism.
Behavior is therefore not a passive process of following a fixed field, but an active

participation in a coupled system.
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23.22 Integration with Morphology and Evolution

The same fields that guide behavior also influence development and evolution. Gradients of
chemical signals shape tissue formation. Mechanical stresses influence growth patterns.
Collagen, as a structural substrate, mediates these processes across scales. It links molecular
interactions, tissue mechanics, and whole-organism movement.
From this perspective, behavior, morphology, and development are different expressions of

the same underlying field dynamics.

23.23 Unified Interpretation

By expressing behavior in terms of ®, v, and S, it becomes possible to integrate navigation,
motivation, and material constraint into a single framework.

Nematode chemotaxis, vertebrate exploration, and complex adaptive behavior differ in
detail, but share a common structure: motion guided by fields, modulated by internal state,
and constrained by material realization.

This unification reinforces the central thesis of the work. Biological systems, across all
levels, operate within structured spaces defined by interacting fields and constraints.

The organism is not separate from these fields. It is a dynamic configuration within them.

23.24 Environmental Accumulation and Indirect Retrieval

Directed behavior need not rely on explicit memory of specific locations. In many cases,
organisms exploit regularities in the environment that arise from physical processes.

Consider the accumulation of organic material such as seeds, leaves, and debris. Wind,
water flow, and terrain geometry produce spatial patterns in which such materials are more
likely to collect. These patterns define an effective field over the environment, even in the
absence of any single agent’s intentional organization.

An organism interacting with this environment can use these regularities to guide behavior.
Rather than recalling exact positions, it moves toward regions where accumulation is more

probable.

23.25 Example: Foraging Without Explicit Spatial Maps

Small mammals that cache food provide an instructive example. While they are capable of

spatial memory, their behavior also reflects sensitivity to environmental structure.
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When searching for food, movement is often directed toward locations where materials
tend to gather: along edges, in depressions, near obstacles that interrupt flow, or in regions
shaped by wind and water transport.

These locations correspond to maxima of an effective field ®(x) defined not by a single
sensory modality, but by the combined influence of environmental processes.

In this sense, retrieval does not require a detailed internal map. It can be achieved through

gradient-following behavior on a field shaped by the environment itself.

23.26 Shared Structure Across Systems

This example illustrates a broader principle. The organism does not need to store a complete
representation of the world if the world itself encodes useful structure.

In nematodes, this structure is provided by diffused chemical gradients. In vertebrates, it
is enriched by multiple sensory modalities. In terrestrial environments, it may be shaped by
physical accumulation processes such as flow and deposition.

Across all cases, behavior can be understood as movement on a structured field, estimated

locally and acted upon under constraint.

23.27 Interaction with Motivational Systems

The SEEKING system operates within this framework by regulating engagement with these
environmental fields. It does not specify where to go, but increases the likelihood that the
organism will explore regions where gradients are informative.

In the absence of strong signals, exploratory behavior increases sampling. When gradients
are detected, movement becomes more directed.

Thus, even seemingly complex behaviors can arise from the interaction of simple principles:

local sensing, gradient estimation, and modulation of response.

23.28 Implications for Memory and Representation

This perspective suggests that memory need not be the sole basis for directed behavior.
External structure can substitute for internal representation.

The environment acts as a partial store of information, shaped by physical processes that
persist over time. Organisms exploit this structure, reducing the need for precise internal
encoding.

This does not eliminate the role of memory, but places it within a broader system in which

internal and external information are coupled.
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23.29 Return to the General Framework

The squirrel, the nematode, and the vertebrate predator all operate within the same for-
mal structure. Each moves through a field shaped by environmental and internal factors,
constrained by material properties and guided by local information.

The differences between them lie in the complexity of their sensing, the modulation of
their response, and the structure of their admissible motions.

The underlying principle remains constant: directed behavior emerges from interaction

with structured gradients, not from complete knowledge of the environment.

23.30 External Fields as Informational Substrates

The preceding examples suggest that information relevant to behavior is not confined to the
organism. It is distributed across the organism and its environment.

Let ®(x,t) be decomposed into two components:
©($7t) = (I)ext(l',t) + (pint(ﬂj,t),

where @ is determined by environmental structure and ®;,; arises from the organism’s
internal state.
The organism samples the sum of these fields but need not distinguish between them

explicitly. Behavior is guided by the combined gradient:
V<I> == V(I)ext + V(I)jnt.

In this formulation, the environment contributes directly to the informational structure

guiding motion.

23.31 Environmental Encoding Through Physical Processes

Physical processes such as diffusion, flow, and accumulation encode persistent structure in
the environment.

Chemical signals diffuse, producing smooth gradients. Fluid motion transports particles,
generating regions of accumulation. Terrain geometry shapes the distribution of materials
over time.

These processes effectively write information into the environment. The resulting patterns
are stable on timescales relevant to behavior, allowing organisms to exploit them.

The environment thus functions as a distributed memory system, maintained by physical

dynamics rather than neural storage.
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23.32 Reduction of Internal Complexity

If the environment encodes reliable structure, the organism can reduce the complexity of its
internal representations.

Rather than constructing and maintaining a detailed map, it can rely on local sampling of
Deyt. The burden of computation is partially offloaded to the environment.

This reduction is not absolute. Internal processes remain necessary for integrating signals
and regulating behavior. However, the division of labor shifts: the environment provides

structure, while the organism provides responsiveness.

23.33 Coupled Dynamics of Organism and Environment

The organism does not passively read from the environment. Its actions modify @y, altering
the very field it later samples.

Movement redistributes materials. Feeding changes local concentrations. Even small
perturbations can propagate through environmental processes, reshaping gradients over time.

This leads to a coupled system:
(Pext, Pint, z(t)) evolve together.

Behavior is therefore embedded in a feedback loop in which organism and environment

co-define the informational field.

23.34 Material Mediation of Coupling

The interaction between organism and environment is mediated by material properties.
Collagen, as a structural substrate, determines how forces generated by the organism are
transmitted to the environment.

It influences how the organism moves through space, how it interacts with substrates, and
how effectively it can modify local conditions.

Thus, collagen participates indirectly in the informational coupling, shaping both the

admissible trajectories and the impact of those trajectories on Peyt.

23.35 Scale Invariance of the Principle

The distribution of information across organism and environment is not limited to simple

systems. It appears across scales.
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In nematodes, gradients are chemical and directly sensed. In vertebrates, they are
multimodal and integrated. In terrestrial mammals, they include patterns produced by
large-scale physical processes.

Despite differences in complexity, the same principle applies: behavior is guided by fields

that extend beyond the organism.

23.36 Implications for Biological Organization

This perspective alters how biological systems are understood. The boundary between
organism and environment becomes less rigid in functional terms.

The organism is not an isolated processor acting on external data. It is part of a larger
system in which information is distributed and continuously updated.

Understanding behavior therefore requires analyzing not only internal mechanisms, but

also the structure and dynamics of the surrounding environment.

23.37 Return to Unified Constraint Framework

The integration of external and internal fields reinforces the central thesis of the work.
Biological systems operate within structured spaces defined by interacting constraints.
Fields, material properties, and dynamic processes together determine what behaviors are
possible and how they unfold.
The organism is one component of this system, shaped by and contributing to the fields

within which it exists.

23.38 Development as Field-Guided Morphogenesis

The same principles that govern behavior can be extended to development. During growth,
tissues do not assemble arbitrarily. They follow gradients of chemical signals, mechanical
stress, and cellular interaction.

Let ®gey(x,t) denote a developmental field encoding positional and regulatory information.

Cells respond to this field through movement, division, and differentiation:

dx d
o~ V®gov, %(sta‘ue) ~ F(Pgey).

As in behavioral systems, the organism does not construct a global representation of ®gey .
Each cell responds locally, yet coherent structure emerges at the level of the whole organism.
Collagen participates in this process by shaping the mechanical environment. It constrains

deformation, transmits forces, and influences how cells interpret their local conditions. In this
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way, it links chemical and mechanical aspects of development.

23.39 Mechanical Feedback and Structural Stabilization

Developmental fields are not purely chemical. Mechanical forces feed back into the system,
altering the effective field experienced by cells.

Tension, compression, and shear modify cellular behavior, influencing growth and organi-
zation. Collagen, as a tensile network, plays a central role in this feedback.

The developing organism can therefore be understood as a coupled system:
D 4oy <> structure <> mechanics.

Structure emerges from this interaction and, once formed, stabilizes itself by constraining

further change.

23.40 Dimorphism as Bifurcation in Developmental Fields

Sexual dimorphism can be interpreted as a bifurcation within the developmental field.

A shared initial configuration diverges into distinct trajectories under the influence of
regulatory signals. These signals modify ®gey, altering gradients and response patterns.

The result is not a complete reorganization, but a structured divergence. Both forms
remain within the same constraint system, sharing underlying architecture while differing
along specific dimensions.

Collagen mediates this divergence by enabling differential growth and mechanical response.

Subtle variations in its distribution or properties can lead to significant differences in form.

23.41 Extreme Divergence: Anglerfish as Boundary Case

In certain lineages, such as anglerfish, this bifurcation becomes extreme. The developmental
trajectories of males and females diverge to the point where they occupy markedly different
regions of the space of forms.

Despite this divergence, both forms remain viable. This indicates that the constraint
system admits a wider range of configurations than might be expected from more typical
cases.

Such boundary cases reveal the flexibility of developmental fields and the role of material

substrates in enabling or limiting divergence.
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23.42 Evolution as Field Transformation

Over longer timescales, evolution can be understood as a transformation of the fields that
guide development and behavior.
Genetic variation modifies the parameters governing ®qev, Poxt, and their coupling. These
modifications alter the space of admissible forms, enabling new configurations to emerge.
Selection operates not on isolated traits, but on the coherence of the resulting system.
Configurations that satisfy multiple constraints persist, while others are eliminated.

Thus, evolution navigates the space of forms by reshaping the fields that define it.

23.43 Continuity Across Scales

Behavior, development, and evolution differ in timescale but share a common structure. Each

involves motion within a field, guided by gradients and constrained by material properties.
At short timescales, this motion is expressed as behavior. At intermediate timescales, it

produces growth and form. At long timescales, it generates diversity across lineages.
Collagen provides continuity across these scales, acting as a material substrate that

mediates forces, stabilizes structures, and influences how fields are realized.

23.44 Unified Interpretation

The organism can now be understood as a dynamic configuration within a hierarchy of fields.
Its behavior follows gradients in the environment. Its form emerges from developmental fields.
Its lineage evolves through transformations of these fields.

At each level, the same principles apply: local interaction, constraint, and material
mediation.

This unification does not eliminate the distinctions between behavior, development, and
evolution. Rather, it reveals their underlying connection, placing them within a single coherent

framework.

23.45 Return to the Broader Thesis

The analysis of lower vertebrates has provided a concrete domain in which these principles
can be observed and compared.

From the mechanics of collagen to the extremes of dimorphism, from gradient-following
behavior to systemic integration, each example contributes to a broader understanding of

biological organization.
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The organism is not merely a collection of parts, nor a passive product of its environment.
It is an active participant in a structured system, shaped by and shaping the fields within

which it exists.



Chapter 24

Organisms as Integrated Dynamical

Systems

24.1 From Mechanisms to Dynamics

The preceding chapters have examined individual domains of vertebrate organization, including
skeletal structure, circulation, respiration, neural coordination, and behavior. Each domain
has been treated in terms of its own constraints and material basis. The next step is to
consider how these domains interact as components of a single dynamical system.

An organism is not adequately described as a collection of mechanisms operating indepen-
dently. Its behavior emerges from the interaction of multiple subsystems, each influencing
and constraining the others. These interactions unfold over time, producing patterns that
cannot be reduced to any single component.

A dynamical perspective emphasizes processes rather than parts. It focuses on how states

evolve, how feedback operates, and how stability is maintained under changing conditions.

24.2 Coupling Across Domains

The systems considered thus far are tightly coupled. Circulatory flow supports metabolic
processes that sustain neural activity. Neural systems coordinate muscular contraction,
which generates movement. Movement alters the organism’s interaction with its environment,
influencing the sensory inputs that drive further neural activity.

This coupling forms a network of dependencies. A change in one domain propagates
through others, requiring adjustments to maintain coherence. The organism functions as a
whole, with each subsystem contributing to a shared set of constraints.

Collagen plays a unifying role in this network. As a continuous structural substrate, it

links mechanical systems across scales. It mediates the transmission of forces, influences the
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behavior of tissues, and contributes to the stability of the organism’s configuration.

24.3 Feedback and Stability

Feedback is central to the maintenance of stability in biological systems. Sensory inputs inform
neural control, which adjusts motor output. Physiological processes respond to changes in
internal and external conditions, regulating variables such as pressure, flow, and concentration.
These feedback loops operate across multiple timescales. Rapid adjustments occur in
response to immediate changes, while slower processes govern development and long-term
adaptation.
Stability does not imply rigidity. The organism remains stable by continuously adjusting

its state, maintaining function despite variability in its environment.

24.4 Hierarchy of Timescales

Biological systems operate across a hierarchy of timescales. Neural activity and muscular
contraction occur on short timescales, producing immediate behavior. Physiological processes
such as circulation and respiration operate on intermediate timescales. Development and
evolution unfold over longer periods.

Despite these differences, the same principles apply at each level. States evolve in response
to gradients and constraints, and feedback mechanisms regulate these dynamics.

The hierarchy of timescales allows the organism to integrate processes that would otherwise
be incompatible. Fast dynamics enable responsiveness, while slow dynamics provide stability

and continuity.

24.5 Material Constraints on Dynamics

The dynamics of the organism are constrained by its material properties. The stiffness and
elasticity of tissues influence how forces are transmitted and how motion is produced.
Collagen, as a primary structural component, defines many of these properties. Its
distribution and organization determine how the body responds to stress and how energy is
stored and released during movement.
Material constraints limit the range of possible dynamics, but also provide structure.
They ensure that motion is coherent and that forces are distributed in a way that maintains

integrity.



CHAPTER 24. ORGANISMS AS INTEGRATED DYNAMICAL SYSTEMS 96

24.6 Integration with Environmental Fields

The organism does not operate in isolation. It interacts continuously with its environment,
which can be described in terms of fields that encode relevant information.

Gradients of chemical concentration, temperature, and other variables guide behavior.
The organism samples these gradients and adjusts its state accordingly.

This interaction forms a coupled system in which organism and environment co-evolve.

The organism’s actions modify the environment, which in turn influences future behavior.

24.7 Unified Interpretation

When viewed as an integrated dynamical system, the organism appears as a coherent whole
rather than a collection of parts. Its structure, behavior, and development are expressions of
the same underlying principles.
Collagen provides material continuity. Neural systems provide coordination. Physiological
processes maintain internal conditions. Environmental interactions guide behavior.
Together, these elements define a system that operates within a constrained space, adapting

continuously to maintain function.

24.8 Toward the Structure of Biological Possibility

The analysis of integrated systems sets the stage for a broader interpretation of biological
organization. The diversity of vertebrate forms can be understood as variation within a
structured space defined by constraints and interactions.

The following chapter will examine this space more directly, considering how constraints
shape the distribution of possible forms and how organisms navigate this space over evolu-

tionary time.



Chapter 25

The Structure of Biological
Possibility

25.1 From Organism to Space of Forms

The analysis of vertebrate systems suggests that individual organisms are best understood
as realizations within a broader space of possible configurations. This space is not merely
an abstract construct, but a structured domain defined by constraints arising from physics,
material properties, development, and environment.

Each organism occupies a point within this space, characterized by its anatomy, physiology,
and behavior. The diversity of vertebrate life corresponds to the distribution of these points,
shaped by the boundaries and internal structure of the space.

Understanding biological organization therefore requires examining not only individual

forms, but the structure of the space in which they reside.

25.2 Constraint Surfaces and Admissible Regions

Not all configurations within the space of forms are viable. Constraints define surfaces that
separate admissible regions from those that cannot support coherent organisms.

These constraints arise from multiple sources. Physical laws impose limits on force
transmission and energy use. Material properties restrict how tissues can be organized.
Developmental processes constrain how structures can form. Environmental conditions
influence which configurations are sustainable.

The interaction of these constraints produces a complex topology. Admissible regions may

be connected or separated, and the density of viable configurations varies across the space.
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25.3 Density and Stability of Configurations

Within the admissible regions, some configurations are more stable than others. Stability, in
this context, refers to the ability of an organism to maintain function under perturbation.
Regions of high stability correspond to configurations that satisfy multiple constraints
efficiently. These regions tend to be densely populated, as they are more likely to persist over
evolutionary time.
Regions of lower stability are less densely occupied. Configurations in these areas may
exist temporarily but are more susceptible to failure or transition.

This distribution explains why certain forms are common while others are rare or absent.

25.4 Paths Through the Space

Evolution can be understood as movement through the space of forms. Variations introduce
changes in configuration, and selection favors those that remain within admissible regions and
exhibit sufficient stability.

Paths through this space are not arbitrary. They are constrained by the structure of the
space itself. Transitions must proceed through sequences of viable configurations, limiting the
directions in which evolution can proceed.

This constraint produces continuity in evolutionary trajectories, even when the resulting

forms differ significantly.

25.5 Material Mediation of Possibility

Material properties play a central role in shaping the space of forms. Collagen, as a continuous
structural substrate, influences which configurations are physically realizable.

Its presence across multiple systems links different aspects of organization. Changes in
collagen structure or distribution can alter the geometry of tissues, the behavior of mechanical
systems, and the integration of components.

Material mediation ensures that the space of forms is grounded in the properties of matter,

rather than existing as an abstract set of possibilities.

25.6 Symmetry and Its Variations

Symmetry defines a large and stable region within the space of forms. Bilateral symmetry, in

particular, provides a configuration that balances forces and simplifies coordination.
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Variations from symmetry represent movements within the space. Some variations are
minor, producing small differences between individuals. Others are more pronounced, leading
to distinct forms within a species.

These variations must remain consistent with underlying constraints, ensuring that the

organism remains functional.

25.7 Extremes and Boundary Cases

Certain organisms occupy regions near the boundaries of the space of forms. These boundary
cases reveal the limits of viability and the flexibility of constraint systems.

Extreme dimorphism, as observed in some species, demonstrates how far configurations
can diverge while remaining coherent. Such cases provide insight into the structure of the
space, highlighting regions that are accessible but rarely occupied.

By studying these extremes, it becomes possible to map the edges of biological possibility

more clearly.

25.8 Integration Across Scales

The space of forms operates across multiple scales. Molecular interactions influence tissue
properties, which in turn affect organ systems and whole-organism behavior.

These scales are interconnected. Changes at one level propagate to others, shaping the
overall configuration. A complete understanding requires integrating these levels into a unified
framework.

This integration reinforces the idea that biological organization cannot be reduced to a
single level of analysis.

The vertebrates examined in this work illustrate the richness and structure of biological
possibility. Each organism represents a solution within a constrained space, shaped by material
properties, functional requirements, and environmental interactions.

By focusing on the structure of this space, it becomes possible to move beyond description
and toward a deeper understanding of biological form. The diversity of life is not arbitrary,
but reflects the underlying organization of the space in which it exists.

This perspective provides a foundation for further study, extending beyond vertebrates to

encompass biological systems more broadly.



Chapter 26

Synthesis: Constraint, Structure,

and Behavior

26.1 Constraint as the Organizing Principle

The preceding chapters have examined biological systems across multiple domains, including
structure, movement, circulation, development, and behavior. Across these domains, a
consistent principle emerges: biological organization is governed by constraint.

Constraints arise from material properties, energetic limits, mechanical forces, and envi-
ronmental conditions. These constraints do not merely restrict possibilities; they define the
space within which viable configurations can exist. Biological systems are therefore shaped by

what is permitted, rather than by arbitrary design.

26.2 Structure as Stabilized Configuration

Biological form reflects stable configurations within this constrained space. Continuous fields
of material and activity give rise to localized structures through processes of differentiation,
boundary formation, and mechanical stabilization.

Collagen plays a central role in this process by defining the tensile framework of tissues. Its
directional organization establishes how forces are distributed and resisted, linking microscopic
structure to macroscopic form.

Anatomical features such as organs and skeletal elements are not independent entities,
but stabilized patterns within a continuous system. Their persistence depends on the ongoing

maintenance of the constraints that produced them.

100



CHAPTER 26. SYNTHESIS: CONSTRAINT, STRUCTURE, AND BEHAVIOR 101

26.3 Time and Coordination

Temporal processes are integral to biological organization. Development unfolds through
coordinated sequences of growth and differentiation, while behavior arises from the interaction
of oscillatory neural systems and environmental feedback.

Central pattern generators provide rhythmic structure, organizing movement through
phase relationships. These temporal patterns are modulated by sensory input and internal
state, producing behavior that is both stable and adaptable.

Differences in timing, even when small, can lead to significant variation in form and

function. Temporal coordination therefore acts as a critical dimension of biological constraint.

26.4 Energy and Sustainability

All biological processes operate under energetic limitation. Metabolic systems must supply
sufficient energy to sustain movement, growth, and maintenance, while minimizing unnecessary
expenditure.

Scaling relationships reflect the increasing difficulty of distributing energy across larger
systems. These relationships constrain size, activity, and structural complexity, ensuring that
biological forms remain energetically viable.

Energy is thus not an external input, but a governing condition that shapes the range of

possible configurations.

26.5 Behavior as Coupled Dynamics

Behavior arises from the coupling of internal dynamics with external structure. Organisms
interact with their environment through closed-loop systems in which sensing and action are
continuously linked.

Gradient-based navigation illustrates this principle. Movement is guided not by global
representation, but by local variation in environmental fields. The SEEKING system modulates
sensitivity to these gradients, influencing the degree to which they guide behavior.

The organism does not operate independently of its environment. Instead, behavior reflects

the interaction between internal state and external structure.

26.6 Limits and Failure

The boundaries of biological organization are defined by failure modes. Mechanical breakdown,
loss of coordination, and reduced sensitivity to environmental structure all represent departures

from viable configurations.
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These limits clarify the role of constraint. Within certain ranges, systems maintain
coherence and function. Beyond these ranges, structure and behavior degrade.
Understanding these limits provides insight into both normal function and pathological

states.

26.7 A Unified Perspective

Biological systems can be understood as continuous, constrained, and dynamically coordinated
entities. Structure, function, and behavior are not separate domains, but different aspects of
the same underlying processes.

Material properties define how forces act, neural systems define temporal organization,
and environmental gradients provide direction. Together, these elements produce stable yet
adaptable configurations that constitute living systems.

This perspective replaces the view of organisms as assemblies of parts with a view of
organisms as integrated systems. Form is not imposed, behavior is not arbitrary, and function
is not independent of structure.

Instead, each reflects the same underlying principle: the organization of matter and activity

within a constrained space.

26.8 Closing Remarks

The study of lower vertebrates reveals these principles in relatively simple and accessible
forms. By examining these systems, it becomes possible to identify the fundamental processes
that underlie more complex organisms.

The continuity of these principles across scales suggests that biological organization is not
defined by complexity alone, but by the consistent application of constraint, coordination,
and interaction.

In this sense, the diversity of life can be understood as variation within a shared framework,

rather than as a collection of unrelated forms.
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Appendices

.1 Continuous Fields and State Representation

Biological systems are modeled as continuous fields defined over a spatial domain  C R? and

time interval [0, 7. The state of the system at time ¢ is given by a collection of fields

where p denotes mass density, v velocity, S a scalar representing internal state (e.g. metabolic
or neural activity), and C concentration fields (e.g. chemical gradients).
The evolution of these fields is governed by partial differential equations of the general
form ox
— = F(X,VX),
T ( )
where F encodes transport, diffusion, and interaction terms.
Mass conservation provides the constraint
dp

E—FV-(,OU):O.

This formulation treats the organism as a continuous dynamical system rather than a

collection of discrete parts.

.2 Coupled Oscillators and Phase Dynamics

Central pattern generators can be modeled as chains of coupled oscillators. Let 6;(t) denote

the phase of the i-th oscillator. A general model is given by

db; .
= = w; + ZJ:KU Sln(ﬂj —0; — Qbij)a

where w; is the intrinsic frequency, Kj;; coupling strength, and ¢;; preferred phase lag.

Traveling waves arise when phase differences are constant:
01'_;,_1 — 0, = A6.

This produces a wave of activation propagating along the chain, corresponding to undula-

tory motion.
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Modulation by sensory input can be modeled as perturbations:

db;
ditl :wi+--~+li(t),
where I;(t) represents feedback.

Different phase relationships produce different functional outcomes. Small phase lags

produce peristaltic transport, while larger lags produce propulsion.

.3 Gradient-Based Navigation

Let ¢(z,t) denote a scalar field representing chemical concentration. An organism moving

with velocity v can adjust its direction based on temporal changes in concentration:

d
%c(a:(t),t) =Vec- .
A simple control law is
d
d—: =aVc — po,

where « controls sensitivity and S damping.

In practice, organisms often estimate gradients through temporal sampling;:
Acrc(t) —c(t — 7).

This produces biased random motion toward increasing concentration without requiring a
global map.

The effectiveness of this process depends on signal-to-noise ratio and sampling frequency.

.4 Mechanical Stress and Anisotropic Materials

Let o denote the stress tensor and e the strain tensor. In anisotropic materials, the constitutive
relation is

o=C:eg,

where C is a fourth-order stiffness tensor.
For collagen-dominated tissues, C depends on fiber orientation. If n is a preferred direction,

the stiffness is greater along n:

ocx (n@n)(n®n) e
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Mechanical equilibrium requires
V.o=0.

Remodeling can be modeled as alignment of fibers with principal stress directions:

dn
— o on.

dt

This captures how structure adapts to loading conditions.

.5 Allometric Scaling

Let M denote body mass and B metabolic rate. Empirically,
B o M3/4,
Transport constraints imply that flow rate @ scales with vessel radius r as
Q o<1,

from Poiseuille’s law.
Balancing transport and metabolic demand leads to network scaling relationships that
constrain organism size and structure.

Characteristic time scales also scale with size:
T o M4,

These relationships link geometry, transport, and energy into a unified framework.

.6 Stability and Breakdown

Let X* be a steady state of the system. Stability is determined by the linearization

df% = DF(X*)6X.

If eigenvalues of DF(X™) have negative real parts, the system is stable.

Instability arises when perturbations grow:
16X ()] — oo.

Failure can be interpreted as crossing a threshold where restoring forces are insufficient.
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In mechanical systems, this corresponds to
0 > Ocrit;

leading to rupture or collapse.

In neural systems, it may correspond to loss of phase coherence among oscillators.

.7 A Unified Variational and Dynamical Framework

The preceding appendices introduced the principal components of the formal system separately:
continuous fields, coupled oscillators, gradient-guided motion, anisotropic mechanics, scaling
relations, and stability conditions. These can be gathered into a single framework by treating
the organism as a constrained dynamical system whose state evolves so as to balance energetic
cost, structural coherence, and environmental responsiveness.

Let the total state of the organism be denoted by

X(t) = (p(x,t), v(z,1), S(w,t), C(x,1), ql=,1), 6:(1)),

where p is mass density, v is velocity field, S is an internal scalar state, C' denotes sensory or
chemical concentration fields, ¢ is the mechanical configuration of the body, and 6; are the
phases of oscillator units such as central pattern generators.

The evolution of this state may be derived from an action functional of the form

T
A[X] = / (Lmech + Lgeld + Losc + Lint) dt,
0

subject to a collection of constraints expressing conservation, admissibility, and constitutive
structure.

The mechanical term is taken to be

1
Lmech :/ <2P|U|2 - W(67n)> dl‘,
Q

where W (e,n) is the stored elastic energy density depending on strain e and local fiber
orientation n. This term captures the material properties of collagen-dominated tissues and
their anisotropic response.

The field term is

D D
Lfielq = /Q <_20‘V02 — %‘VS‘Q — V(C, S)) dx,

where D¢ and Dg are diffusion coefficients and V(C, S) is a potential encoding interactions
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among concentration and internal state fields.

The oscillatory term is
1 .
Losc = Z <2Ii9i2 — UZ(91)> + Z Kij COS(GJ' — 91' — ¢ij)7
1 “J

where I; is an effective inertial parameter, U; a local potential, and the coupling term governs
phase relations along the body axis.

The interaction term couples fields, oscillators, and body mechanics:
L = S T4(C,8) 0; + / Mg, C, S) da,
p Q

where T';(C, S) captures the modulation of oscillatory activity by sensory and internal fields,
and A(q,C,S) encodes how body configuration and environmental gradients interact.

The dynamics are constrained by conservation of mass,

dp
Livy. =0
5 TV (pv) =0,
mechanical admissibility,
g€ A,
and constitutive relations for stress,
ow
o=—.
Oe

Variation of the action with respect to the state variables yields a coupled system of

equations. Variation with respect to ¢ gives mechanical balance,

Dv
PE:V'U‘Ffint,
where fins collects field- and oscillator-induced forces. Variation with respect to C' gives

reaction-diffusion-advection dynamics,

oC avV  OA

Variation with respect to .S produces a corresponding internal-state evolution equation,

oS oV 0A
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Variation with respect to 6; yields phase dynamics of the general form
.U _
1;0; + 6791 = z]: Kij Sln(gj —0; — qsz) + FZ(C, S)

In the overdamped limit, which is more appropriate for many biological oscillators, this
reduces to
0; =wi+ Y Kisin(0; — 0; — ¢5) + Ts(C, S).
J
Behavioral motion can then be extracted as an effective reduced equation on admissible

trajectories:

‘C% =TI4(aV® + v — VS +1),
where @ is an effective environmental relevance field derived from C, v represents directional
biases, and II 4 projects motion onto mechanically realizable directions.

This reduced equation should be understood not as independent of the variational system,
but as its behavioral projection. The full dynamics determine the admissible body states and
oscillatory structure from which the effective trajectory follows.

A useful scalar quantity for the coherence of the organism is the functional

Clx] = / (M[V - 02 + Al VS + AW (€,m)) d + M 3 (1= cos(d — 6,),
@ ij
where the \; are weighting constants. This functional measures the degree to which mo-
tion, internal state, material stress, and oscillator phase remain coherent. Stable biological
organization corresponds to trajectories that keep C bounded.

Failure occurs when the system crosses critical thresholds, for example when
O > Ocrit, ’0] - 02’ > 90rit7 IVS’ > Scritn

so that mechanical, oscillatory, or informational coherence can no longer be maintained.
This framework unifies the central themes of the work. Material structure enters through
anisotropic mechanics. Neural coordination enters through coupled oscillators. Environmental
guidance enters through scalar and vector fields. Development and behavior differ not in
formal kind, but in timescale and parameter regime. The organism is therefore modeled not
as a collection of independent subsystems, but as a single constrained dynamical entity whose

structure, function, and behavior are all aspects of the same underlying formal organization.
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.8 Dimensionless Parameters and Regime Transitions

The unified framework described in the preceding appendix contains multiple interacting
processes, including transport, diffusion, oscillation, and mechanical response. The relative
importance of these processes is not determined by absolute values alone, but by dimensionless
ratios that characterize the system’s operating regime.

These parameters provide a compact way to distinguish between qualitatively different

behaviors and to identify transitions between modes of organization.

.8.1 Advection and Diffusion

The relative importance of transport by motion versus diffusion is captured by the Péclet

number

where L is a characteristic length scale, V' a characteristic velocity, and D a diffusion coefficient.
When Pe « 1, diffusion dominates and gradients are smoothed rapidly. When Pe > 1,
advection dominates and gradients can be maintained or sharpened. Biological systems often

operate near intermediate regimes, allowing both stability and responsiveness.

.8.2 Oescillation and Damping
The behavior of oscillatory systems depends on the balance between intrinsic dynamics and
damping. A dimensionless parameter can be defined as

Q=

Y

w
Y
where w is a characteristic frequency and v a damping coefficient.

High Q systems exhibit sustained oscillations with strong coherence, while low @ systems

exhibit damped or transient activity. Transitions between these regimes affect locomotion,

peristalsis, and coordination.

.8.3 Mechanical Compliance and Stiffness

The response of tissues to force depends on the ratio of applied stress to material stiffness. A

dimensionless strain parameter may be written as

where o is stress and E an effective modulus.
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Small values correspond to elastic behavior with limited deformation, while larger values
approach the limits of structural integrity. Collagen organization directly influences this

parameter by determining directional stiffness.

.8.4 Reaction and Diffusion Balance

For systems involving chemical signaling and pattern formation, the relative rates of reaction

and diffusion can be expressed as
Da = k—LQ
D
where k is a reaction rate constant.
Low Da systems are diffusion-dominated and remain spatially uniform, while high Da

systems can sustain localized structure and pattern formation.

.8.5 Scaling and Transport Efficiency

Scaling introduces constraints that can be captured through ratios relating size to transport

capacity. One such parameter is
L

R=———
ftransport
where {iransport 1S @ characteristic transport length scale.
As R increases, transport becomes less efficient, requiring structural adaptation such as

branching networks or increased pumping capacity.

.8.6 Regime Transitions

Biological systems often operate near boundaries between regimes rather than within extremes.
Small changes in parameters can produce qualitative shifts in behavior, such as transitions
from stable to unstable motion, from uniform to patterned structure, or from coordinated to
incoherent activity.

These transitions are not anomalies but central features of biological organization. They

allow systems to remain flexible and responsive while maintaining overall coherence.

.8.7 Implications for Biological Organization

Dimensionless parameters provide a unifying perspective on the diversity of biological systems.
Different organisms and tissues can be understood as occupying different regions of parameter
space, defined by their size, material properties, and environmental conditions.

This perspective complements the variational framework by identifying the regimes in
which particular terms dominate. It clarifies how changes in scale, environment, or internal

state can shift the balance of processes and produce new forms of behavior.
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In this sense, biological organization is not fixed, but contingent on the position of the
system within a multidimensional space of constraints. The structure and function of organisms
reflect stable configurations within this space, bounded by transitions beyond which coherence

cannot be maintained.
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