The Symmetry-Breaking Index (SBI)

Abstract: The Symmetry-Breaking Index (SBI) is proposed as a compact conceptual diagnostic for ecological
resilience in open, non-equilibrium systems. Rather than treating resilience as mere resistance to disturbance,
the framework defines resilience as the capacity of a system to sustain bounded internal variability, distributed
structural pathways, and active mechanisms of stress dissipation without crossing into catastrophic phase
transition. The index combines internal variance, configurational entropy, internal fluctuation capacity,
external forcing, and entropy-buffer margin into a single bounded expression intended to estimate structural
proximity to collapse. The central claim is that ecosystems can become less resilient not only through
intensifying external pressure, but also through the suppression of their own adaptive variability. A system that
appears orderly may therefore be approaching failure if its internal fluctuations, configurational richness, and

dissipation pathways have been artificially narrowed.

Introduction

Ecological resilience is commonly described as the ability of a system to absorb disturbance and recover
while retaining its basic structure and function. That definition is useful, but it remains incomplete unless
the internal structure of resilience is also specified. Many ecological systems do not persist by eliminating
change; they persist by permitting controlled forms of change to occur continuously and locally within

viable bounds.

Seasonal temperature shifts, patchy disturbance, mobile grazing patterns, hydrological variation, and
species redistribution are not necessarily signs of instability. In many cases they are part of the system's
adaptive mechanism, helping to distribute stress, preserve heterogeneity, and prevent local pressures from
concentrating into system-wide failure. On this view, resilience is not the absence of fluctuation but the

maintenance of fluctuation within a regime that remains structurally viable.

The Symmetry-Breaking Index (SBI) is intended to formalise that intuition. It provides a structural measure
of how close an ecosystem may be to a phase transition in which its present macro-state ceases to be viable.
The term symmetry-breaking is used here in a dynamical sense: a system loses its organising balance
between continuity and variability, persistence and adaptation, and is pushed into a qualitatively different

regime.

Framework

The ecosystem is modelled as an open thermodynamic system maintained far from equilibrium. It

preserves structural integrity by processing and exporting entropy while continuously redistributing



external inputs through internal degrees of freedom. Resilience therefore depends not only on the scale of
external forcing, but also on the system's capacity to metabolise disturbance through variability, diversity,

and active internal work.

The Symmetry-Breaking Index is defined by
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In this expression, o denotes internal variance, Heonfig configurational entropy, @;y, internal fluctuation
capacity, [y external forcing, ASy,pgin the remaining entropy-buffer margin, and € > 0 a regularising
constant preventing singular behaviour when forcing is small. The intended interpretation is qualitative
rather than absolute: lower SBI values correspond to dynamically resilient regimes in which distributed
variability and dissipation remain active, while higher SBI values correspond to brittle regimes in which

adaptive capacity has contracted and the system is approaching structural failure.

Core variables

Internal variance

Internal variance measures the bounded operational fluctuation of the system over time. It may be

represented by
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where X(t) is a system state variable and 7 is an observation window. In ecological terms, this variance
represents ordinary micro-fluctuations such as seasonal thermal oscillation, patchy disturbance, shifting
species occupancy, or small hydrological deviations that remain within viable bounds. High internal
variance in this sense should not be confused with disorder; it can instead indicate adaptive flexibility. By
contrast, variance driven artificially toward zero may indicate suppressed fluctuation, rigid management,

or monocultural stagnation.

Configurational entropy

Configurational entropy measures the diversity and distribution of active structural states or pathways. It

may be expressed in Shannon form as
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where P(x;) denotes the distribution over domain-specific configuration states. Those states may refer to
thermal classes, trophic pathways, vegetation mosaics, habitat occupancy, or another structured
configuration space. High configurational entropy indicates distributed structural richness, while low

configurational entropy indicates homogenisation and narrowing of response pathways.

Internal fluctuation capacity

The term &, captures the capacity of internal structures and agents to convert disturbance into functional
dissipation. Examples include animal movement that disrupts insulating crusts, root systems that fracture
compacted soils, or landscape heterogeneity that prevents local heat or moisture accumulation. A system
with high ®&;,; remains dynamically active; a system with low @®,,, becomes increasingly passive under

stress.

External forcing and entropy-buffer margin

External forcing, represented by [y, denotes the stress load imposed by anomalous heat, drought, altered
precipitation, nutrient loading, hydrological disruption, or similar large-scale pressures. The entropy-buffer
margin is defined by
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where S.;;; is the maximum internal entropy production consistent with maintaining the present regime
and dS;/dt is the current internal entropy production rate. This term measures how close the system is to

exhausting its stress-processing capacity.

Why variability matters

The central claim of the framework is that resilience requires controlled internal variability. A system
survives shock by spreading it through multiple degrees of freedom; when those degrees of freedom are
suppressed, stress becomes concentrated rather than dissipated. As a result, the entropy-buffer margin

contracts and transition risk rises.

This principle helps distinguish adaptive order from brittle order. A tidy, heavily managed landscape may
appear stable while in fact becoming less capable of absorbing perturbation. Policies that eliminate grazing
heterogeneity, fire mosaics, mobility, microclimatic variation, or structural diversity may therefore reduce

resilience even while increasing visible regularity. The SBI is designed to register this hidden loss.



Limiting behaviour

The framework's most important limiting case occurs when internal variance collapses. Consider the limit

o - 0% while the entropy-buffer margin remains positive. Then
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and therefore SBI — 1. This expresses the core mathematical intuition of the framework: as operational
variance is driven toward zero, the resilience contribution of the multiplicative term disappears, and the
system approaches its brittle extreme. The interpretation is not that every low-variance system is
unhealthy, but that artificially suppressing necessary fluctuation in systems that depend on it compresses

the remaining margin against collapse.

A similar argument applies if configurational entropy or internal fluctuation capacity become very small. In
each case, the resilience term contracts and the SBI rises toward a warning or brittle regime. Conversely,
higher internal variance, richer configuration space, and stronger internal fluctuation capacity enlarge the
system's room for adaptation, provided they remain within viable ecological bounds implied by the present

regime.

Phase interpretation
The index can be read as distinguishing three broad dynamical regimes.
e Adaptive regime: internal variance is present within viable bounds, configurational richness remains
high enough to reroute stress, and fluctuation capacity remains active.

e Managed-rigidity regime: visible disorder is reduced, but only by suppressing the system's internal

flexibility and narrowing its entropy-buffer margin.

e Symmetry-breaking regime: the remaining structural buffer is too thin to absorb further forcing, and

disturbances that were once metabolised now trigger macro-scale reorganisation.

These regimes are heuristic rather than universal thresholds. Their purpose is to support structural

interpretation across domains rather than to impose a single calibration on all ecosystems.

Application to permafrost systems

A stylised Arctic permafrost example illustrates the logic of the framework. In a suppressed-disturbance
plot, fencing or rigid management may reduce large-herbivore movement and produce uniform snow

accumulation. Surface conditions may appear orderly, yet microthermal variance, heterogeneity, and



dissipation pathways all decline. Under such conditions, the SBI rises because the system's capacity to

distribute anomalous heat has narrowed.

By contrast, a controlled dynamic-disturbance plot permits grazing, trampling, and local snow disruption
within viable limits. This produces more visible irregularity, but it also maintains micro-variation, open
dissipation pathways, and a larger entropy buffer. The system remains better able to absorb external heat
anomalies without crossing into abrupt thaw or thermokarst transition. The broader implication is that

preservation can become counterproductive if it hardens a system into brittle order.

Conclusion

The Symmetry-Breaking Index reframes ecological resilience as a structural property of open systems that
remain viable by sustaining controlled variability, configurational diversity, and active internal dissipation.
It highlights a counterintuitive risk: systems may become more vulnerable not only because external stress
intensifies, but also because internal adaptive variation is suppressed. On this view, collapse is not always
preceded by visible disorder; it may instead be preceded by excessive order, narrowing pathways, and the

silent loss of fluctuation capacity. The SBI provides a compact way of formalising that danger.
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