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Scale invariance in marine population dynamics
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A special property of the open sea that has not been ex-
ploited yet from a theoretical point of view in the context
of population dynamics is its approximate physical scale
invariance. The open sea looks similar at a wide range
of scales. Over many orders of magnitude there are no
physical features and no strong physical principles that
would single out a particular intermediate scale. This
kind of scale invariance is not present in terrestrial en-
vironments, where not only the geographical constraints
set up a scale, but in addition the effects of gravity quick-
ly become important for larger organisms.

As for the marine ecosystem, the main observation-
al evidence for approximate scale invariance is that the
equilibrium size distribution of organisms in the open
ocean is approximately given by a power law, valid over
almost ten orders of magnitude. Several theoretical mod-
els have been proposed in the past to derive this steady-
state size spectrum.1–3 In this contribution we interpret
the observed size spectrum as a consequence of the scale
invariance of the underlying population dynamics. Hence
we use this symmetry in the construction and solution
of a size-structured dynamical population model. Start-
ing from a Markov model encoding the basic process-
es of predation, reproduction, maintenance (respiration),
and intrinsic mortality (see FIG.1), we derive a partial
integro-differential equation describing the dependence of
abundance on weight and time. Our model represents an
extension of earlier models based on the McKendrick-von
Foerster equation.3 The model is scale-invariant provided
the rate functions of the elementary stochastic process-
es fulfill precise scaling properties. We determine the
steady-state power-law solution, whose exponent is de-
termined by the relative scaling between the rates of the
density-dependent processes predation and the rates of
the density-independent processes reproduction, mainte-
nance, and mortality.

While the population dynamics leads to a power-law
steady-state solution, its dynamical stability is not nec-
essarily ensured. The conditions under which this steady
state is an attractor are much less well understood. This
is an important issue, because the knowledge of what
makes marine ecosystems resilient or susceptible to ex-
ternal pressure has become extremely relevant at a time
of overexploitation of marine resources. We study the
stability of the steady state against small perturbations
and find that inclusion of maintenance respiration and
reproduction in the model has a strong stabilizing ef-
fect (FIG.2). Furthermore, the steady state is unstable
against a change in the overall population density unless
the reproduction rate exceeds a certain threshold.4
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(a) Predation (b) Reproduction

(c) Maintenance respiration (d) Intrinsic mortality
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Figura 1. Individual stochastic processes involved in the
model that affect the number of organisms in different weight
brackets. Arrows indicate the movement of individuals be-
tween weight brackets as a consequence of each process.
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Figura 2. Perturbations of the steady state can be stud-
ied using standard Fourier analysis. The inclusion of repro-
duction and maintenance processes stabilizes the steady state
over the whole set of wavenumbers.
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1 J. Camacho and R. V. Solé, Europhys. Lett. 55, 774 (2001).
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