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Abstract

Seasonal transitions in biological systems are commonly described as linear metabolic responses to environmental
cues such as temperature and resource availability. However, such approaches struggle to account for cross-species
synchrony, abrupt phenological shifts, and the widespread breakdown of seasonal timing under contemporary
ecological disruption.
Here, we propose a conceptual framework—Seasonal Phase Compression–Jump (SPCJ) dynamics—that recon-
ceptualizes winter not asmetabolic dormancy but as a structured compression phase in which organisms accumu-
late latent internal potential. This compression state is characterized by coordinated physiological reorganizations,
including shifts in gas composition, pHgradients, microbial–mitochondrial energy partitioning, andmodulation
of neural conductivity.
Within this framework, spring emergence arises as a nonlinear transition triggeredwhen accumulated latent phase
potential exceeds a critical threshold, resulting in rapid activation, growth, and synchronization. This mechanism
provides a unifying interpretation of hibernation, delayed implantation, overwintering strategies, and seasonal
desynchronization across diverse taxa.
The SPCJ framework integrates concepts from nonlinear dynamics into seasonal biology and offers a generalized
theoretical basis for biological timing. By formalizing seasonal transitions as phase-driven processes rather than
gradual metabolic recovery, this work establishes a foundation for future empirical investigation and computa-
tional modeling of biological seasonality.
This framework is intended as a conceptual and hypothesis-generating model rather than a direct empirical claim.

Keywords: Seasonal phase compression–jump (SPCJ); Phase compression; Latent phase potential; Nonlinear dynamics;
Biological timing; Seasonal synchronization; Phenological mismatch

1 Introduction

Seasonal transitions in biological systems are often described as linear responses to environmental variables such as tem-
perature, resource availability, or photoperiod. While these factors clearly influence metabolic activity, they do not fully
explain the striking convergence of physiological states—such as reproductive suspension, neural slowing, and reduced
locomotion—observed across taxonomically distant organisms under diverse ecological conditions [1, 2].

Moreover, increasing reports of disrupted seasonal rhythms under relatively stable climatic conditions expose funda-
mental limitations of conventional approaches. Many species now fail to exhibit expected phenological patterns not solely
as a consequence of temperature change, but due to deeper systemic breakdowns that existing models struggle to capture.

Here we propose that such patterns reflect a resonance-driven form of seasonal organization. Rather than functioning
as isolated metabolic units, organisms are embedded within broader environmental phase fields shaped by atmospheric
density, gas composition, pH gradients, and microbial dynamics. These coupled environmental constraints modulate
internal electrochemical and physiological states, producing a seasonally compressed energetic configuration that precedes
spring emergence [3, 4].

During this phase compression, multiple coordinated physiological reorganizations occur. Mitochondrial through-
put is reduced, microbial metabolism assumes a dominant regulatory role, neural conductivity is modulated, and shifts
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in gas composition alter pH gradients and membrane potentials [5]. Together, these changes may enable organisms to
accumulate what we define as latent phase potential—an internally structured energetic configuration that supports rapid,
coordinated transitions once stability boundaries are crossed.

Such nonlinear phase transitions challenge the gradualist interpretation of seasonal biological change. Across taxa,
abrupt emergence phenomena—ranging from insect eclosion and amphibian metamorphosis to mammalian birthing
cycles—suggest the operation of threshold-based internal mechanisms activated by accumulated potential rather than
continuous metabolic scaling.

Contemporary ecological disturbances further reinforce this interpretation. In several mammalian species, hiberna-
tion failure correlates not with warmer winters per se, but with the breakdown of conditions required for effective phase
compression, including nutritional sufficiency, microbial stability, and environmental coherence. When organisms fail to
enter a compressed energetic state, insufficient latent phase potential may accumulate, resulting in mistimed emergence,
impaired synchronization, and reduced survival.

This paper introduces the Seasonal Phase Compression–Jump (SPCJ) framework, a theoretical approach describing
how internal energetic states are seasonally compressed and subsequently released through nonlinear transitions. By ar-
ticulating this mechanism across species, the SPCJ framework links biological timing, microbial–mitochondrial energy
partitioning, and environmental phase dynamics within a unified perspective on seasonal regulation. Rather than treat-
ing seasonal change as gradual metabolic adjustment, this framework emphasizes threshold-driven phase transitions as
a fundamental organizing principle of biological seasonality, offering new insight into both classical phenology and its
disruption under anthropogenic change. In the sections that follow, we present the components, mechanisms, and impli-
cations of the SPCJ framework, and outline its potential for integration with empirical and computational models.

2 Theoretical Framework and Model Construction

2.1 Conceptual Construction of the Resonant Phase Field

This section outlines the conceptual construction of the SPCJ framework as a theoretical modeling approach. In the Sea-
sonal Phase Compression–Jump (SPCJ) framework, atmospheric and environmental variables are not modeled as direct
drivers of biological activity. Instead, they are treated as slowly varying boundary conditions that shape the stability land-
scape of a coupled biological–environmental phase field. Seasonal transitions are conceptualized as emergent responses to
the interaction between these boundary conditions and internally accumulated phase potential, which collectively deter-
mine whether the systemmaintains a compression state or undergoes a rapid phase jump.

Unlike traditional thermodynamic ormetabolic interpretations, the SPCJ framework describes seasonal transitions as
state reorganizations within a resonance structure. This structure consists of three dynamically interacting subsystems: (i)
internal gas composition, (ii) microbial micro-metabolic activity, and (iii) neural electrical conductivity. These are treated
as components of a unified phase field responsive to external boundary modulation.

2.2 Gas Composition and pHModulation

One key pathway contributing to latent phase potential involves gas exchange dynamics and intracellular pHmodulation.
The SPCJ framework conceptualizes the winter “compression state” as a condition in which changes in atmospheric den-
sity, temperature, and humidity alter the diffusion of gases—primarily O2, CO2, and N2—across biological membranes.
These changes are interpreted as phase-shaping forces that influence intracellular acid-base equilibrium and electrochemi-
cal gradients.

Specifically, altered gas ratios affect intracellular pH and, in turn, modulatemembrane potentials and ion diffusion be-
havior. This electrochemical restructuring is proposed to stabilize the organism in a low-activity yet energetically charged
state, forming a biochemical substrate for latent phase accumulation that sets the stage for later phase transitions.

2.3 Microbial–Mitochondrial Energetic Partitioning

In parallel, winter-phase organisms may exhibit a functional reallocation of energy pathways between microbial and mi-
tochondrial systems. Microbial fermentation processes are hypothesized to play a dominant role in maintaining localized
metabolic continuity under energetically constrained conditions. Simultaneously, mitochondrial activity is proposed to
operate in a low-flux regime while maintaining elevated membrane potential (∆Vm).

This dual architecture enables a metabolically conservative but electrochemically charged internal environment. To-
gether with gas-driven pHmodulation, these features contribute to the accumulation of what we term latent phase poten-
tial, formalized in the next section asΦlatent.
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2.4 Neural Electrical Delay and Phase Synchronization Dynamics

Beyond metabolic processes, the SPCJ framework incorporates neural conductivity as a phase-dependent property. En-
vironmental variables such as temperature and pressure can influence ion mobility and synaptic transmission velocity,
thereby modulating action-potential propagation and synchronization within neural circuits.

Within this framework, reducedneural conduction velocity is interpreted not as dysfunctionbut as a functional desyn-
chronization state—a preparatory phase enabling later re-alignment with the spring resonance field. This transient delay
in neural signaling may underlie observed behavioral suppression and reduced locomotion during winter, and it further
contributes to the system’s phase-compressed configuration.

2.5 Cross-Species Conceptual Phase Mapping

To explore generalizability, the SPCJ model employs a conceptual phase mapping approach that abstracts common sea-
sonal dynamics across taxa without reliance on species-specific datasets. Insects, amphibians, reptiles, birds, andmammals
are each positioned within a shared phase diagram defined by three core states: compression, charging, and jump.

The recurrence of this sequence across phylogenetically distant organisms suggests that seasonal transitions are not
merely responses to energy limitations or temperature gradients. Instead, they may reflect a conserved resonance-driven
mechanism governing biological timing across species.

2.6 Latent Phase-Potential Formalization

We formalize the seasonal buildup of internal energetic structure as a latent phase potential,Φlatent(t), which accumulates
over time during winter compression. This accumulation arises from the coupled reorganization of electrochemical and
metabolic parameters:

dΦlatent

dt
= α1 ·∆pH(t) + α2 ·∆Vm(t) + α3 ·∆Dion(t) + α4 ·∆Gmicrobial(t)

Here,∆pH(t) reflects intracellular pHmodulation via gas exchange andmetabolic buffering;∆Vm(t) denotes mito-
chondrial membrane potential accumulation;∆Dion(t) captures seasonally modulated ion mobility; and∆Gmicrobial(t)
quantifies microbial energetic input during the compression state. The weighting coefficients αi represent the relative
influence of each component on the total phase potential.

A critical thresholdΦc defines the system’s phase-transition boundary. WhenΦlatent(t) exceeds this threshold:

Φlatent(t) ≥ Φc ⇒ Phase jump and systemic activation

The result is a nonlinear transition: compressed energetic structure is abruptly released, initiating rapid growth, repro-
ductive activation, and synchronized emergence. If the threshold is notmet, the system remains in a stable, high-potential,
low-flux compression regime.

This formulation frames seasonal transitions as threshold-driven instabilitieswithin an internally governedphase space,
highlighting how biological timing emerges from accumulated latent structure—not merely from continuous environ-
mental cues.

3 Model Implications and Predicted Seasonal Dynamics

3.1 Phase-Field Structure Across Seasonal Boundaries

The Seasonal Phase Compression–Jump (SPCJ) model interprets seasonal transitions not as linear metabolic responses
but as reorganizationswithin a coupled biological–environmental phase field. This field emerges from interactions among
gas composition, microbial micro-metabolism, and neural electrical conduction, each modulated by slowly varying atmo-
spheric conditions.

Rather than a continuous metabolic scaling process, the model predicts three recurrent energetic regimes—
compression, charging, and jump—that define a nonlinear seasonal resonance cycle. In the winter compression phase,
increased atmospheric density, humidity, and ion distribution shift the system’s boundary conditions, constraining the
energetic landscape. This state is characterized by electrical delay, behavioral suppression, and restructured pH gradients.

As shown in Figure 1, seasonal boundaries are thus reframed as discrete phase transitions, not gradual thermodynamic
responses. Latent phase potential accumulates during winter compression and is nonlinearly released in spring, triggering
synchronized activation across physiological systems.
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Compression Phase
Atmospheric density ↑

Neural delay ↑
∆ pH shifts,∆Vm ↑

Charging Phase
High-potential, low-flux

Microbial–mitochondrial dual partitioning

Jump Phase
Nonlinear release

Growth / emergence
Reproductive activation

Latent Phase Potential (Φlatent)
accumulates during winter

Figure 1: Seasonal Phase Compression–Jump (SPCJ) cycle. The model predicts a progression from compression to charging and nonlinear jump.
Winter compression reorganizes pH, gas ratios,mitochondrialmembranepotential, andneural conduction to accumulate latent phase potential (Φlatent),
which is released during spring emergence.

3.2 Gas–pH–Voltage Coupling and Compression-State Formation

Within this framework, winter atmospheric conditions are hypothesized to induce systematic shifts in internal gas
dynamics—including reductions in O2 diffusion, altered CO2 buffering, and N2 redistribution. These gas changes are
modeled as initiating pH modulation, leading to a cascade of downstream effects on membrane potentials and electro-
chemical gradients.

The model identifies a central coupling pathway:

∆pH → ∆Vm → ∆Dion,

in which seasonal gas ratios first alter pH balance, then restructure mitochondrial membrane potential (∆Vm), and ulti-
mately constrain ion mobility and neural conduction velocity (∆Dion).

This cascade does not implymetabolic suppression per se, but rather a transition into a high-potential, low-flux state—
a structured energetic configuration that preserves internal stability and enables latent phase potential to accumulate in
preparation for a rapid spring transition.
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A. Gas Modulation in Winter
Reduced O2 diffusion
CO2 buffering shift

N2 partitioning changes

B. pHModulation
Seasonal gas ratios induce

∆ pH→ gradient reorganization

C. Electrical Reorganization
∆Vm accumulation

Ion mobility ↓, conduction delay ↑

D. Integrated Compression Phase
Gas–pH–voltage coupling creates
high-potential, low-flux winter state

Figure 2: Gas–pH–electrical couplingunderlying compression-state formation. TheSPCJmodel predicts that atmospheric gasmodulation induces
pH shifts, reorganizes electrochemical gradients, and generates electrical delay, together producing a unified compression-phase field.

3.3 Microbial–Mitochondrial Duality as a Split Energetic Mode

The SPCJ model proposes that winter compression induces a split energetic configuration in which microbial and mito-
chondrial processes assume complementary metabolic roles. Under constrained energy throughput, microbial fermenta-
tion pathways are hypothesized to maintain localized metabolic activity, while mitochondrial electron transport operates
in a low-flux regime.

Despite this reduction in throughput, mitochondrial systems accumulate elevated membrane potential (∆Vm), es-
tablishing a high-energy, low-output state. This dual architecture is not interpreted as energetic failure but as a stabilized
configuration that enables the storage of latent phase potential. It supports continuity during environmental compression
while preserving the capacity for rapid activation upon spring transition.

3.4 Neural Electrical Delay and Phase Re-Synchronization

Atmospheric modulation of temperature, pressure, and ion composition is predicted to influence ion mobility, synaptic
transmission, and neural tissue conductivity. These effects, within the SPCJ framework, give rise to a seasonally induced
electrical delay state marked by slowed action potential propagation and partial desynchronization of neural oscillations.

Importantly, this delay is not treated as dysfunction but as a transiently adaptive intermediate. It facilitates eventual
re-synchronization with the external resonance field as conditions shift. This mechanism provides a basis for reduced
locomotor activity and behavioral suppression during winter, while enabling coherent phase-jump dynamics upon spring
emergence.

3.5 Cross-Taxa Consistency in Compression–Jump Dynamics

The SPCJ framework is designed tomodel seasonal phase behavior at a systems level across phylogenetically diverse organ-
isms. Rather than drawing from species-specific datasets, the model applies a conceptual mapping of recurring energetic
states—compression, charging, and jump—across taxa.
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Figure 3 illustrates this mapping. Insects are associated with diapause-linked gas and ion modulation; amphibians
with seasonal slowing of neural conduction; mammals with hibernation and reproductive alignment; and humans with
circannual physiological fluctuations. While mechanisms vary in detail, the overarching structure is conserved.

This consistency supports the view that seasonal life cycles are governedby resonance-basedphasedynamics rather than
by species-specific thermoregulatory responses. The SPCJ model thus offers a generalized explanation for synchronized
emergence and its disruption under shifting environmental constraints.

A. Insects
Ion modulation O2 diffusion ↓
pH shift Lowmobility

B. Amphibians
Electrical delay Ion mobility ↓

C. Mammals
Energetic partitioning
Nonlinear transition patterns

D. Humans
Neural delay pH shifts
Seasonal affective modulation

Compression

Charging

Jump

Figure 3: Cross-species seasonal phase map illustrating conserved SPCJ dynamics. The SPCJ framework predicts a conserved resonance-driven
progression across insects, amphibians, mammals, and humans, characterized by compression, charging, and nonlinear phase-jump dynamics.

4 Discussion

Seasonal biological transitions, as formalized in the SPCJ framework, emerge not from continuousmetabolic modulation
but from discrete reorganizations within a resonance-driven phase field. These transitions are governed by the accumula-
tion and threshold-based release of latent phase potential, rather thanby linear scalingwith environmental temperature. In
contrast to existing seasonalmodels, SPCJ provides amechanism-level explanation for why seasonal transitions are abrupt,
synchronized, and particularly vulnerable to failure under modern environmental disruption.

From a broader theoretical perspective, seasonal transitions described by SPCJ belong to the class of nonlinear critical
phenomena observed in complex systems, while remaining grounded in biologically specific processes rather than generic
stability-loss dynamics [6]. In this sense, SPCJ canbe interpreted as consistentwith broader theoretical perspectives on self-
organization, in which ordered system-level behavior emerges from internally structured states rather than direct external
control [7].

At the same time, the SPCJ framework aligns conceptually with the theory of anticipatory systems, wherein inter-
nal state variables accumulate in preparation for future transitions—a perspective originally formalized [8]. Within this
view, latent phase potential functions as a biologically grounded anticipatory variable, linking organismal physiology to
predictive, threshold-driven transitions across seasonal boundaries.
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4.1 Seasonal biology is phase-driven, not temperature-driven

Traditional models interpret seasonal rhythms as thermally driven metabolic responses. However, evidence synthesized
here suggests that temperature functions primarily as a boundarymodulator rather than a direct causal driver. Seasonal or-
ganization instead arises from internal reconfiguration of electrochemical states—driven by atmospheric gas ratios, micro-
bial dynamics, and pH–voltage coupling—within a biologically embedded phase field. This perspective reframes seasonal
biology as a resonance-governed process fundamentally distinct from classical thermodynamic constraint models.

4.2 Winter represents energy accumulation, not metabolic depression

Rather than a period of energetic decline, winter emerges as a structured compression regime that enables internal stabiliza-
tion and energy storage. Within this state, microbial fermentation assumes metabolic primacy, mitochondrial membrane
potential (∆Vm) accumulates despite reduced throughput, and neural conduction delays contribute to low-flux conser-
vation. These patterns challenge prevailing assumptions that cold environments necessarily induce energetic weakening,
suggesting instead that winter functions as a preparatory state for high-energy transitions.

4.3 Spring emergence as a nonlinear phase jump

Abrupt spring phenomena—such as reproductive activation, synchronized emergence, and rapid growth—are not ade-
quately explained by gradualist models. Within SPCJ, these behaviors result from critical threshold-crossing events: non-
linear phase jumps triggered when latent phase potential (Φlatent) exceeds stability boundaries. This mechanism accounts
for the sharpness and coherence of seasonal reactivation and aligns with known behaviors in nonlinear systems where
accumulated internal structure is abruptly released [9].

4.4 Evolution proceeds through cumulative nonlinear transitions

By extending the SPCJ model beyond individual life cycles, it is possible to reinterpret evolutionary adaptation as a se-
quence of repeated phase reorganizations. Across generations, phase compression and jump dynamics may restructure
internal energetic architectures, facilitating novel developmental trajectories and ecological strategies. Evolution, in this
view, is shaped not solely by continuous selection gradients but also by discrete transitions that punctuate stable regimes—
conceptually analogous to morphological bifurcations [10], yet grounded here in seasonal phase-field dynamics.

4.5 Modern ecological collapse disrupts phase synchrony

Contemporary environmental disruption undermines the conditions necessary for effective phase compression. Habi-
tat degradation, altered gas composition, nutritional insufficiency, and climatic instability interfere with the buildup of
latent phase potential. The result is desynchronization: insects fail to complete diapause, amphibians show disordered
emergence timing, and mammals—including hibernating species—display impaired reproductive cycles. These patterns
reflect a breakdown in resonance alignment rather than isolated physiological failure.

The SPCJ framework thus provides a cohesive explanation linking environmental destabilization to systemic biolog-
ical dysregulation. Importantly, it also yields testable predictions regarding gas composition, pH dynamics, and neural
conduction timing across seasonal boundaries, offering a foundation for future empirical studies.

5 Conclusion

This study introduces the Seasonal Phase Compression–Jump (SPCJ) framework as a unifying model of seasonal biolog-
ical organization. Rather than viewing winter as a period of metabolic depression, the SPCJ model conceptualizes it as a
structured phase-compression state in which organisms accumulate latent internal potential. This reorganization is medi-
ated by gas–pH–voltage coupling, microbial–mitochondrial energy partitioning, and neural conduction delay, together
forming a coupled resonance field.

Spring emergence is explained not as a gradual metabolic reactivation, but as a nonlinear transition: a phase jump
triggered when latent phase potential surpasses a critical threshold. This mechanism accounts for the abruptness and
synchrony of biological activation across taxa and provides a general model for phase-governed transitions in physiology
and behavior.

Beyond annual cycles, the SPCJmodel suggests that evolution itselfmayproceed through repeated compression–jump
sequences, enabling internal energetic reconfigurations that drive discontinuous change. This challenges purely gradualist
views of adaptation by incorporating nonlinear reorganization into evolutionary trajectories.
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Finally, the framework sheds new light on widespread biological disruptions under modern environmental change.
Habitat loss, nutritional imbalance, and atmospheric instability interfere with organisms’ ability to maintain phase com-
pression, leading to failed diapause, disrupted hibernation, and reproductive desynchronization. These are interpreted
not as isolated breakdowns, but as system-wide failures of seasonal phase alignment.

Together, the SPCJmodel reframes seasonal biology as a resonance-driven phenomenon grounded in phase dynamics.
It offers a conceptual and mechanistic basis for future work in physiology, chronobiology, microbial ecology, and evolu-
tionary theory—linking nonlinear transitions to the energetic architecture of life cycles. The model also yields testable
predictions regarding seasonal changes in gas exchange, pH modulation, and neural conductivity, providing a roadmap
for empirical validation.

Significance Statement

Seasonal biology has traditionally been understood through temperature-driven metabolic models. However, such mod-
els fail to explain the striking synchrony, abrupt transitions, and growing ecological disruptions observed across taxa.
This study presents the Seasonal Phase Compression–Jump (SPCJ) framework, a resonance-based model in which or-
ganisms accumulate latent phase potential during winter compression through gas–pH–voltage coupling, microbial–
mitochondrial energetic partitioning, and neural electrical delay.

Spring emergence then occurs as a nonlinear phase jump, rather than gradual reactivation, offering a unified expla-
nation for diverse biological patterns and their sensitivity to environmental disturbance. The SPCJ model resolves long-
standing inconsistencies in physiology and phenology and provides a testable foundation for understanding how phase
misalignment contributes to ecological collapse. It positions seasonal timing within a broader theory of nonlinear biolog-
ical transitions.

Seasonal boundary coherence

Latent phase potentialΦlatent

Φc

Compression / Charging

Phase jump

Activated state

Figure 4: Theoretical phase diagram illustrating the Seasonal Phase Compression–Jump (SPCJ) mechanism. Latent phase potential (Φlatent)
accumulates during seasonal compression as environmental boundary coherence increases. When this accumulated potential exceeds a critical threshold
(Φc), the system undergoes a nonlinear phase jump into an activated state. The diagram represents a conceptual phase-space trajectory predicted by the
SPCJ model and serves as a theoretical guide for future empirical exploration.
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