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Mathematical model of punctuated equilibrium evolution
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Abstract — Fossil record of Earth describing the last 500
million years is characterized by evolution discontinuity as
well as recurring global extinctions of some species and their
replacement by new types, the causes of which are still not
clear. We developed a model of evolution of Earth’s biota
based on the universal laws of living systems functioning —
self-reproduction, dependence of reproduction efficiency and
mortality on biota density, mutational variability in the
process of self-reproduction and selection of the most
adapted individuals. We have shown that oscillatory
dynamic of biota density is generated due to only these four
factors in populations with sexual type reproduction. The
same factors can explain such aspects of punctuated
evolution observed in the fossil record as extinction
catastrophes, rapid growth phases and stasis phases of
species diversity. Therefore, both cyclic and intermittent
dynamics of changes in the diversity of organisms with
sexual reproduction that make up the Earth’s global
ecosystem observed in the last 500 million years may well be
explained solely by internal laws of self-development with no
impact of external factors.
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Introduction

The theory of punctuated equilibrium proposed by
Stephen Jay Gould and Niles Eldredge in 1972 does not
belong to strict theories [1, 2]. It is based on some
«empirical generalizations» of a number of facts long
noticed by paleontologists, which indicate that, in the
course of evolution, long periods of stability when the
main features of species remain unchanged alternate with
short intervals of rapid qualitative changes, which are
characterized by «sudden» disappearance of species
followed by their replacement by new types. Authors of
this theory [1, 2] and other researchers [3-6] have found
quite vivid examples in the fossil record confirming the
existence of this pattern. At present, it can be considered
proven that the «discontinuity» of evolution at the
paleontological level is reflected at the molecular level [7-
9]. However, there is still no understanding of the causes
of discontinuity and uneven pace of evolution [10].

We suggested that «sudden» extinctions of species in
different periods of the Earth’s history and their
replacement by new types, known as global extinctions,
are a reflection of the phenomenon of punctuated evolution
at a planetary level. The analysis of the causes of global
extinctions in the life history on Earth showed that
abiogenic factors are recognized as prevailing, and the
various sets of which explain most of the extinctions
described in the Earth fossil record [11]. However, they
cannot explain the periodicity of extinctions observed in
paleontological level [12-15] and the uneven pace of
evolution observed in phylogenetic studies [7-9]. We
suggested that there are internal biotic causes determining
the dynamics of the evolutionary process. Earlier, using a
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minimal logistic model of the global ecosystem, we
managed to interpret the periodicity of global extinctions
seen in the Earth fossil record during the last 500 million
years [16]. Discontinuity and uneven pace of evolution
have not been investigated.

Model

We developed a frame model of the evolutionary self-
development of a large ecosystem. In general, this model is
represented by two equations:
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First equation describes self-development of a large
ecosystem over time, where the variable x(f) is the density
of biota consisting of n species, which is regulated by the
by the most common laws of self-reproduction W and the
«mortality» Y of individuals. Second equation describes
the evolution of ecosystem parameters in general. Here, p,
is the rate constants for mutation-associated change in the
values of the evolving parameter # and F ) is the “fitness”
functional that is part of the evolution equation in the form
of its total time derivative dFq) /dt, which differs this
equation from similar ones used in models of population
evolution.

We describe the self-reproduction rate of the biota by
the classical logistic model, which assumes a simple
positive feedback between diversity and its growth rate
(more parents — more descendants), and negative feedback
based on the limited ecological space available for
reproduction:
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where, ks and ks, are the rate constants for asexual and
sexual reproduction, parameter C has the meaning of the
maximum possible biota density.

The specific rate of «mortality» of the biota we
describe by the following function:

Y=k, +D-H

where, k; denotes the specific rate of «mortality»,
which is determined by environmental conditions. The
second addendum (D H) sets the specific rate of
«mortality», which is determined by the internal laws of
the ecosystem’s functioning. Here D is the rate constant of
«mortality» and function A determines the mechanism of
the influence of biota density on the «mortality» of biota
individuals. Assume that H is a bounded monotonically
increasing function of the biota density. This assumption is
implemented through the function:
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Here 7 = e** denotes the coefficient of aggression, Kp
and Ky — parameters.

Model (1) allows to design ecosystems with an
arbitrary number of species and form of interactions.
However, to analyze the problem of evolutionary
discontinuity, we consider an ideal ecosystem consisting of
only one species at any moment (n=1). Let us designate it
as “transient population”. It is also accepted that in the
model of evolution of a “transient population” (1) two
parameters, reproduction parameter C and «mortality»
parameter D, are evolving. Two new parameters appear, pc
and pp, which are the rate constants for mutation-
associated change in the values of the evolving parameter
C and D. The “fitness functional” F=W, as shown earlier
[16].

Results

Numerical calculations was shown that only stationary
dynamics x(7) is observed in model (1) at ks=0 (no sexual
type of reproduction). At the same time, at ku,s—=0 (no
asexual type of reproduction) in model (1) for certain
values of the parameters pc and pp undamped oscillatory
dynamics of x(f) variation was observed. Thus, the
oscillatory dynamic is generated due to only four factors:
1) presence of sexual reproduction; 2) negative impact of
population density on the rates of reproduction and
mortality of biota individuals; 3) genetic variation caused
by mutations that occur during replication; 4) evolutionary
selection directed towards increasing the adaptability of the
individuals to habitat conditions. Namely, the same factors
can explain such aspects of punctuated evolution observed
in the fossil record as extinction catastrophes, rapid growth
phases and stasis phases of species diversity.

Consider a full cycle presents a typical scenario of the
evolutionary turn of ecosystem development, in the sense
that qualitative properties observed over a given time
interval are reproduced in the course of evolution. Four
phases of the parameter x(f) evolution derived from the
model (1) calculation are shown in Fig 1. fl phase is
characterized by a fast decrease in x(f) to almost zero and
qualitatively corresponds to the degree of mass extinctions
observed on Earth at least three times: 65, 250, 370 million
years ago (see Fig. 1c in [13]). 2 phase is characterized by
the low x(#) value and qualitatively corresponds to the
stages of life development that follow mass extinctions. 3
phase is characterized by a fast increase in x(f) and
qualitatively corresponds to the stages of explosive growth
in the terrestrial biodiversity. f4 phase is characterized by a
high x(¢) value, which continues to increase slowly and
qualitatively corresponds to those stages of life
development on Earth, in which a great variety of life
forms and a relatively low growth rate are observed.
Usually such stages of evolution are described as stasis. In
the model, losses and gains in species diversity inevitably
repeat an unlimited number of times with approximately
equal time intervals. Therefore, both cyclic and
intermittent dynamics of changes in the diversity of
organisms with sexual reproduction that make up the
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Earth’s global ecosystem observed in the last 500 million
years may well be explained solely by internal laws of self-
development with no impact of external factors.
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Fig. 1. Phases of x(f) parameter evolution demonstrated on the
example of one full cycle of oscillation of its values. Red vertical
lines indicate the boundaries of the cycle, green vertical lines
indicate the boundaries of the phases within the cycle.
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