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Our work addresses a central challenge in )
evolutionary biology: how populations adapt 10°
when catastrophic events disrupt the ecological
and genetic environment. Under stable
conditions, natural selection preserves fitness-
enhancing variation, and evolution proceeds
through rare but beneficial mutations that
sustain niche diversity and long-term . ‘
resilience. When catastrophe hits, however, 107 10 107" 10° 10° 10 102
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much of this niche and genetic diversity l.s Figure 1: (a) Scaling of biological traits. Trait density observed in
erased. Catastrophe erases much of this

y - - > experimental datasets (symbols, [1-2]) follow a predicted power-
diversity, forcing adaptation to rely on the Jaw scaling (dashed line), where the exponent represents the
remaining standing variation. number of phenotypes. (b) Universal fitness recovery. Post-
catastrophic mean fitness across different landscapes aligns with

0
S
o

—_
(=]
=]

O Otto 9-gene
O Papkou

_.
<

—(r(1))

Empirical CDF of Q(p)
Inferred r,.

o
&

We uncover a simple and universal law
governing the recovery: mean fitness relaxes a) :
inversely with time, meaning recovery is rapid °'°' SE,%E::"N;
shortly  after catastrophe, but slows
progressively as populations approach stability.
Although fitness depends on many traits,
recovery is affected by only a subset; the more
traits affected, the harder recovery becomes, an
effect that matches experimental measurements ' :i ' S
of bacterial fitness under antibiotic and  Figure 2: Optimization trajectory. (a) Stochastic simulations yield
metabolic stress (Figure 1). Adaptation in this  the Levenberg-Marquardt trajectory in the large-population-size
regime does not follow the classical picture of limit. (b) Tl.le Levenberg-Marqgardt trajectory 'interpolates
stochastic gradient ascent, in which evolution f)etwe'en gradient ascent .at short tlmes: z';md Newton's method at
. ong times as the population nears stability.
proceeds as a slow climb up the fitness
landscape. Instead, recovery behaves like a Levenberg-Marquardt optimization, a sophisticated mathematical
strategy that automatically balances speed and precision (Figure 2). This mechanism combines large,
gradient-driven corrections when fitness is far from optimal, with increasingly precise, curvature-aware
adjustments near recovery. As a result, adaptation is fast immediately after catastrophe, but becomes slower
and more refined over time, which explains the inverse-time relaxation of fitness.
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Our framework offers a systematic way to quantify the functional complexity of the evolutionary landscape,
without mapping them explicitly. By using acute environmental perturbations as experimental probes, we
can measure how quickly fitness recovers and the shape of the relaxation curve, allowing us to infer how
many traits are involved, how strongly they interact, and how constrained adaptation is. Viewed this way,
catastrophe becomes not only a disruption, but a diagnostic tool, with broad relevance to complex biological
and non-biological systems that evolve and reorganize in the wake of catastrophe.
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