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Genetic Bases of Biotic Regulation and Life
Stability: Theoretical Consideration
Biotic regulation of the environment is performed on the basis of complex processes
pertaining to huge fluxes and stores of information (Chapter 7). The information
needed to ensure a negative feedback response to environmental perturbations may
only be stored in DNA molecules of species genomes. Mechanisms preventing the
genetic information of species from spontaneous decay are considered in this
chapter.

9.1

ORGANISATION OF GENETIC INFORMATION OF SPECIES

Genetic information of most species of the biosphere is written in polymer doublestrand molecules of DNA, which consist of the two mutually-complementary spirals.
There are four different monomer units composing the double-helix DNA molecule.
They are known as nucleotide pairs or base pairs (bp). In other words, the genetic
text of the species-specific properties is written with the help of the four-letter
alphabet. The complete genetic text of all the properties of the individual is called its
genome. Genomes of higher organisms are very large and consist of separate
chromosomes (separate books, to continue the analogy).
Replication of DNA is performed by unwinding the double helix and building a
complementary daughter strand of nucleotide pairs at each of the single parent
strand, so that two copies of the parent DNA appear. Random errors that arise in
the course of such copying and other cell activities are known as mutations. They
include random change, insertion or deletion of nucleotide pairs (these mutations are
referred to as point mutations) and deletion, insertion or transposition of whole
fragments of DNA (these mutations are known as chromosome mutations or
macromutations) (Ayala and Kiger, 1984; Lewin, 1987).
The probability of random mutation depends on the quantum characteristics
of the polymer molecule and does not correlate with information written into
that molecule (the number of misprints in the book does not depend on the
book's content). That probability is reduced by approximately a millionfold by a
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DNA-synthesis catalytic system such as proofreading and mismatch repair (Loeb
and Kunkel, 1982; Goodman and Fygenson, 1998), which is itself encoded into the
DNA macromolecule. The proofreading and other repairing catalysts operate in one
and the same way upon any section of the DNA molecule, independent of
information written into them. One may reasonably assume that the probability of
random mutation, i/, per nucleotide site per division is a universal value typical for
the whole genome.'
Synthesis of proteins begins with transcription of the genetic information of the
DNA to single-chain polymer molecules of the RNA, which is followed by
translation of the RNA information to proteins, which are polymer molecules
built of 20 aminoacids (protein letters). Genomes of certain viruses are built
directly of RNA molecules. Replication of RNA molecules is not controlled by
the proofreading and mismatch repair systems. Thus the probability of random
mutations in RNA viruses is on average a million times higher than that in
organisms having their genetic information written into the DNA molecules
(Holland et al., 1982; Domingo et al, 1996).
Rates of all processes, including those of mutagenesis and cell division, are
proportional to the metabolic rate of the organism. If we assume that the system
of catalytic reparation is also universal for any DNA genome (Radman and Wagner,
1988), one may expect that the probability of random mutation, v, per base pair (bp)
per division (d) is also a universal value for most DNA-based organisms. Such an
assumption agrees satisfactorily with the experimental data available (Drake, 1969,
1974; Radman and Wagner, 1988;' Orr, 1995), according to which v is of the order of

-'d- 1

(9.1.1)

Deviations from (9.1.1) in either direction, observed in various species, do not
usually exceed an order of magnitude (Drake, 1974).
Genes consist on average of about 103 nucleotide pairs. Thus the probability vg of
a random mutation per gene per division is of the order of
^ ~ Ifr 7 (gene)-'d" 1

(9.1.2)

Probabilities of mutual mutational substitutions between the four nucleotide pairs
differ slightly from pair to pair (Kimura, 1983; Jukes, 1987). The cumulative
probability of various types of macromutations pertaining to a given site does not
exceed the average probability of point mutation, (9.1.1), by more than a factor of
five (Ayala and Kiger, 1984). Thus, recalling that the value of (9.1.1) is found to the
accuracy of an order of magnitude only, we may further use that value as a
representative estimate of the probability of a single random mutation of any type
in a given site.
1
The probability of random mutation in certain small parts of the genome may increase in cases where
special 'rnutator' genes are present, that is, coding enzymes that identify these particular parts of the
genome and increase the probability of mutations in them, for example blocking the system of
proofreading (Ayala and Kiger, 1984). Decay of mutator genes results in the failure of synthesis of the
respective enzymes and in the evening out of the rate of mutations in the genome as a whole.
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A most important characteristic of genome stability is the average number of
mutations per birth of an individual, or, which is essentially the same, per genome
per generation. Below this characteristic is called the genome decay rate, \i,. Let the
size of the genome (that is the total number of nucleotide pairs in the genome) be G.
The number of cell divisions in the germ line is denoted k. Then the dimensionless
value of the rate of genome decay /u is:
H = Gvk

(9.1.3)

Size of the protein-coding region Gg of the genome varies from 100% of the G value
in bacteria to about 10% in mammals and about 1% in certain fishes and
salamanders (see below Table 10.1 in Section 10.3). The decay rate of the coding
region p.g is equal to
Hg = Ggvk,

(9.1.4)

where Gg is measured in nucleotide pairs. If Gg is measured in genes instead of
nucleotide pairs, formula (9.1.4) assumes the form p,g — Ggvgk.
For bacteria we have G = G g ~ 1 0 6 b p , k = 1 division per generation,
4
(Drake, 1991, 1993). For mammals we have G ~ 3 - 1 0 9 b p ,
M = M? = 10Gg ~ 0.1G ~ 3-10 8 bp, k ~ (20^0) divisions per generation,2 /j, ~ 10 and % ~ 1.
When n > 1, one should account for the probability of the appearance of multiple
mutations. If multiple mutations remain completely uncorrelated, the probability
p(n) of the appearance of n mutations is known to be described by the Poisson
distribution:
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chaos and decrease orderliness. Probabilities of the direct and reverse mutations in
any fixed nucleotide site are approximately the same. However, a direct mutation
may occur in any site of the genome, whereas a reverse mutation has to occur in a
particular site (namely where the direct mutation did). If the size of the genome is
G ~ 10 10 bp, and n ~ 1, one mutation appears on average in any individual born.
Meanwhile a particular reverse mutation appears only in one individual in every 1010
individuals. Thus one may always neglect inverse mutations as compared with direct
ones.
Generally speaking, besides the decay (deleterious) mutations lowering the
competitive capacity of individuals, neutral mutations (those not affecting the
competitive capacity of an individual) and progressive ones (those increasing that
capacity) are also possible. By definition, neutral mutations pertain to those parts of
the genome where no meaningful information useful for the species is stored.
Progressive mutations are able to spread quickly over the whole population.
The relative number of progressive as well as neutral mutations is much less than
the total number of decay mutations (see Section 11.3). Thus the value of p (9.1.1)
specifically controls the rate of genome decay. When p, is small (n < 1), it is equal to
the ratio between the number of offspring carrying hereditary mistakes to the
number of offspring free of such mistakes in the genome, as compared with the
parent genome.

9.2 POPULATION IN THE ABSENCE OF STABILISING SELECTION

n
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The Poisson distribution characterises a multiplicity of mutually independent events.
We have for the average number of the observed events n, for variance (n - «) 2 , and
standard deviation

n= (n-n)2 =/z,
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1

(9.1.6

Poisson distribution is characterised by the equality between the variance and the
mean.
Relations (9.1.6) may serve as criteria for testing the independence of multiple
processes and whether we stay within a Poisson distribution or not. When several
individuals are born, the average number of mutations is the same for each of them,
the difference lying in random localisation of those mutations in the genome.
An essential property of mutations is their irreversibility, that is inherent to all
decay processes (see Section 7.1). It means that mutations result in an increase in the
overall number of possible states of the genome. Mutations increase the genetic
2
Calculated as the number of doublings of the zygote needed to obtain from 106 ss 220 to 1012 RJ 240 germ
cells (Raven and Johnson, 1988; Vogel and Rathenberg, 1975; Vogel and Motulsky, 1979, 1982, 1986).

In this section we estimate the characteristic time of genome decay in the absence of
stabilising selection.
Consider a clonal population which at the initial time moment t = 0 consists of
genetically identical individuals. The clone genome may be considered a reference of
genetic information, so that we calculate all the mutations taking place in that
population with respect to that reference. Let us also assume that such a reference
genome is a normal one, i.e. it contains all the information necessary for the survival
and correct actions of individuals aimed at stabilisation of the environment within
the ecological community.
The notion of the normal genome calls for a constructive definition, which would
make it possible to differentiate, using some empirical procedure, the normal genome
from decay ones. That definition, as well as the problem of degeneration of the
normal genome, is discussed in Section 9.5 below. To simplify our treatment, we
consider the normal genome to be a unique one here, and all the deviations from it to
be of a decay (deleterious) nature.
Due to spontaneous decay mutations, new decay individuals featuring deviations
from the normal genome appear in the population with every new generation. Every
mutation results in a nucleotide substitution. We denote the number of decay
substitutions in the genome as n. The number of individuals with a genome
carrying n substitutions is denoted as Nn. Then, assuming that mutations are
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random and follow the Poisson distribution (9.1.5), we obtain the following
equations to describe the change of the number Nn(t) with time t:
NO = (B0 - d0) NO,

N2 = (B2 - d2) N2

Nn = (Bn - dn] Nn

Nn = dNn/dt,

Bn

Population in the Absence of Stabilising Selection
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immediately eliminated from the population. The rest of the genome is capable of
accumulating decay substitutions3 up to the lethal threshold nL. All the observed
phenotypic differences between individuals are due to differences in the nonconservative part of their genomes.
In the absence of competitive interaction within the population (when it is
exponentially expanding or exists under artificial laboratory conditions), both the
birth and death rates of all viable individuals may be assumed equal to each other,
i.e. b0 = bn = b and do = dn = d when n < nL.
Summing up separately the right-hand and the left-hand parts of Eq. (9.2.1) we
arrive at the following relation, which holds true to the accuracy of negligibly small
terms of the order of e~^n"L/«{,!:

Nn(0) = 0 for

(9.2.1)
Here NO is the number of normal individuals (those without deviations from the
reference genome), bn and d,, are the average birth rate (fertility) and death rate
(mortality), respectively.
We have dn = r"1, where rn is the average lifetime of an individual with n decay
changes in its genome. In a stationary state of constant population number T,,
coincides with the lifespan of a single generation.
The coefficient bn (fertility) is equal to the average number of offspring generated
by a single individual per unit time. Bn is the share of these offspring containing no
changes in their genome, as compared to the parent genome.
Eqs. (9.2.1) are organised along the following scheme. Normal individuals may
only be born to normal individuals (we ignore the reverse mutations). Thus, the rate
of change of the number of normal individuals NO depends only on the number of
normal individuals itself. Note that only a certain share of offspring remain
genetically identical to their parents, so that among all offspring born to N0
normal individuals, only N0e~^ are normal (i.e. they carry no deviations from the
normal genome). Individuals with one mutational substitution (N\) may be born to
normal individuals (in such a case one mutation has to occur in the germ line) as well
as to individuals that already have one genetic substitution (in such a case no
additional mutations occur in the germ line). Thus the rate N\ depends on both NO
and N\. Similarly, N2 depends on NO, N\ and N2 and so on. Coefficients governing
that dependence come from the Poisson distribution (9.1.5).
Accumulation of deleterious decay substitutions in the genome results in gradual
erosion of normal genetic information necessary for existence of individuals. We may
thus assume that accumulation of deleterious substitutions goes as far as the lethal
threshold nL:n<nL, At n>nL the number of lethal cases at early stages of
development sharply rises, eliminating individuals with n > nL from the population.
A certain part of the genome of any organism, from 0.01 % to 1 % of the total size
of the genome, remains conservative and does not change from generation to
generation, whatever the external conditions (Lewin, 1987). That means that any
changes in that part of the genome, including any arbitrary point mutation, bring
about a lethal outcome. One may say that individuals with such changes are

(9.2.2)

N=(b-d)N,
«=o

Eq. (9.2.2) demonstrates that coefficients b and d have a meaning of birth rate and
death rate of individuals independent of the number of decay genome substitutions
that they contain.
As follows from (9.2.2), at b = d the population number N remains constant,
while the number of normal individuals continuously decreases due to spontaneous
decay process. The number of individuals with n decay substitutions in their genomes
is equal to zero at the initial moment, increases with time up to a certain maximum
and then falls off again. Evidently, with an increasing number of decay substitutions
n the time when the maximum is reached, increases as well.
The exact solution of Eqs. (9.2.1) has the form:
N0 = N0(0) e~(d'B)<
\T — \T tft\

B = be

a~(d-B)t

(9.2.3)
Here A'o(O) is the total population number at the initial moment of time t = 0, when
it coincides with the number of normal individuals. We do not write out in full the
constant coefficients CM, that are obtained when sequentially integrating Eqs.
(9.2.1). When the total population number N remains constant, i.e. when b = d
and TV = 7Vo(0), the expressions following N0(Q) in the right-hand part of (9.2.3)
are in fact population frequencies pn = Nn/N of individuals with n decay substitutions.
Braces in (9.2.3) comprise a series of powers of (Bt), beginning from the «-th and
down to the zero power for each variable Nn. At Bt » 1 the first term (Bt)" makes
' Mutation is a process which results in a (mutational) substitution.
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the most significant contribution into the sum in braces. When the number of normal
individuals remains constant, i.e. when B = d and A^ = No(0), an approximate
solution of (9.2.1) assumes the form Nn = N0(/j,Bt)"/n\, if in (9.2.3) we neglect all the
power terms except (Bf)n. Using this relation,4 when summing up all individuals in
the population we arrive at the following expression for the total population number
N:
N = N0exp(/j,Bt)

(9.2.4)

Note that the condition of stationarity of the number of normal individuals, B = d,
corresponds to a e^-fold increase in fertility as compared with the condition of
stationary total population number N, b = Be'1 = d.
For the population frequency pn of individuals with n decay substitutions we have
from (9.2.4):
*M

V"/

/

—\

= AF^ exp( - M)

n=

nL

(9.2.5)

Here IJL is the rate of genome decay (9.1.3) and Bt = dt is the number of generations
changed in the population during the time t. As is clear from (9.2.5), the frequency/),,
of occurrence of decay individuals with n decay substitutions has the form of a
Poisson distribution, its multiplicity n = \iBt growing linearly with time.
We have seen, therefore, that in the absence of stabilising selection any
information encoded into the species genome inevitably decays. Normal individuals
that contain genetic information necessary for correct actions on stabilisation of the
environment, disappear from the population. Their place is occupied by decay
individuals with substantially degraded genetic information. Such individuals are
unable to perform any meaningful work on stabilisation of the environment, but
remain viable and fertile. Decay individuals differ from normal ones in their
morphological and behavioural properties. Some of these differences may prove to
be useful to people. Decay individuals of natural biological species often form the
basis for new breeds of domesticated animals and sorts of plants.
Relations (9.2.5) hold until the Poisson multiplicity n does not approach the lethal
threshold nL. When n comes close to nL, the Poisson peak shrinks to a vertical line at
nL and all individuals in the population acquire a number of decay substitutions
approximately equal to nL. As a result, the population becomes inviable.
The condition of inviability of the population may be approximately written as
the equality of the average Poisson multiplicity n = [idt and nL. This condition
determines the number dt of generations and the absolute time / during which the
Note that summing introduces additional inaccuracy into the obtained result. When Bt is sufficiently
large, we are able to neglect all terms (Bt)1 with power / less than n for each Nn in (9.2.3), because it is (Bt)"
that makes the largest contribution to Nn. When we then sum all Nn to get the total population number N,
linear terms (Bt) omitted in all the expressions for Nn with n>\, appear important for N} and change the
constant multiplier of the latter. Similarly, terms (Bt)2 omitted in all Nn with n > 2, change the constant
multiplier of N2 in the resulting sum, and so on. However, such inaccuracy does not significantly change
the results obtained.
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population becomes extinct in the absence of competitive interaction of its
individuals:
n

i

n = ndt = nL,

(9.2.6)

where r = d~{ is the average lifetime of the individual. Obviously, the lethal number
of decay substitutions nL cannot exceed the total genome size G. Recalling that
H — vkG (9.1.3) we may thus obtain an upper estimate of the time t using G instead
of nL in (9.2.6):
n,
vk

k

(9.2.7)

For bacteria the average lifetime r is about 10 3 years, k = 1 and, consequently,
t < 107 years. For most mammals r ~ 1 year, k (the number of divisions in the germ
line) is about 30, and / < 3-10 8 . In both cases the time of complete decay of the
genetic information of a species exceeds significantly the average time of species
existence, which is of the order of several million years for most species of the
biosphere (Chapter 11).
The real value of nL is obviously less than G, making the time of population
extinction t shorter than the obtained upper estimate (9.2.7). The lower limit for the
time t may be obtained using the observed values of genetic polymorphism in
populations of different biological species. For example, if genomes of two humans
are compared, on average one comparison in every 500 nucleotide sites will discover
different nucleotide pairs (Hofker et al, 1986). Thus, the number of genetic
substitutions tolerated by the genome without the individual's viability being
affected is about 0.002G. The number of genetic substitutions causing death of the
individual should be substantially larger than that. Assuming that nL is of the order
of 0.01G we obtain from (9.2.7) that the time of population extinction t for mammals
is of the order of t ~ 3 • 106, which is again not less than the average time of a species
existence (Avise et al., 1998).
Thus we come to the conclusion that even in a situation of complete absence of
stabilising selection, genetic information of species decays very slowly. It means that
species may exist for a long period of time under distorted environmental conditions
outside their natural ecological niche, i.e. in a situation when the competitive
capacity of normal individuals is reduced and competitive interaction weakened.
In such a situation, genetic information of species undergoes continuous decay, the
viability of individuals not being threatened, however. When the normal environment is restored, individuals with the least number of deviations from the normal
genome regain their maximum competitiveness (see Section 9.8).
The slow mode of genome decay is ultimately due to the high fidelity of the
process of replication of DNA molecules, i.e. the small probability of mutations per
site per cell division v, see (9.2.7). Slow rate of decay of genome organisation
guarantees for persistence of biological species under any natural fluctuations of
environment. This can be easily explained in the framework of the biotic regulation
concept. Each species within the community performs certain unique work on
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environmental stabilisation, so that genetic decay and ultimate extinction of
any species would adversely affect the wellbeing of the community. Thus the
most competitive communities are those where all species have the maximum
possible fidelity of the DNA copying process. As a result, the high-fidelity system
of DNA copying is used by the overwhelming majority of living beings in the
biosphere.
If there were no biotic regulation and species were continuously adapting to
changing environment instead of stabilising it, species with low fidelity of DNA
copying would be more advantageous, because low-fidelity replication produces
more genetic variants, which form the basis for genetic adaptation. In such a case the
pronounced large-scale evolutionary tendency towards increasing fidelity of DNA
synthesis would be difficult to explain.

Stabilisation of Genetic Information of Species

Sec. 9.3]

Here b0 and d0 are the birth rate and death rate of normal individuals, respectively.
As follows from the first equation in (9.2.1), the stationary number of normal
individuals, N0 = 0, N0 = const, is determined by the condition

According to the available paleodata, morphological properties of most species are
conserved during the whole period of species existence (Gould and Eldridge, 1993).
Correlation between the morphological and genetic constancy of the existing species
enables one to assert that the genetic information of species is also conserved during
the majority of the period of species existence (Jackson, 1990).
It means that the existing species are not in the process of continuous decay of
their genetic programme. There should be a stabilising mechanism present in the
population that would limit accumulation of decay substitutions in the genome well
before the lethal threshold «/. is reached. Such a mechanism would prevent erosion of
the genetic information that is necessary for correct actions of individuals on
stabilisation of the environment, but not indispensable for their viability. The fact
that such information does exist, is demonstrated by domesticated animals and
plants appearing as the result of artificial selection and gene engineering. Being
perfectly viable and fertile, these organisms are unable to persist sustainably in
natural ecological communities. In the course of artificial genetic modifications their
genome has lost the information necessary for correct interaction with other species
of the community.
Let us now consider possible ways of genetic stabilisation of a population in terms
of Eqs. (9.2.1). The most efficient functioning of a population of individuals within a
community is ensured when normal individuals comprise the overwhelming majority
in the population. As is clear from Eqs. (9.2.1), numbers Nn of individuals with n
deviations from the normal genome is stationary when either the birth rate b,, is
decreased, or the death rate dn is increased for decay individuals, i.e. for those with
« > 1. Such an effect may be reached when competitive interaction of individuals is
switched on in the population and the normal genome is associated with the
maximum competitive capacity.
For convenience we introduce relative coefficients of birth and death rate for
decay individuals:
A, = Bn/B0 = bn/b0,

Sn = dn/d0

(9.3.1)

(9.3.2)

b0 =

B0 =

To obtain a stationary state for the number of decay individuals, Nn = Q,Nn = const
(«> 1), all the terms Bn-dn in Eqs. (9.2.1) should be negative, so that the
appearance of decay offspring from parents of a lower level of decay could be
compensated. Hence, for individuals with n > 1 the death rate 6n should always
remain higher than the birth rate /?„. One may assume, for simplicity and practically
not losing generality, that
(9.3.3)

«> 1

A,
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By doing so we consider those cases when the death rate of decay individuals is
significantly higher than the birth rate. Under this assumption the stationary solution
of Eqs. (9.2.1) assumes the following simple form
JVn

t—

Nn = const.

(9.3.4)

(6n ~ A,)

Let us now consider possible ways of ensuring the numerical superiority of normal
individuals in the population, i.e. N0 3> Nn, n>\.
As is clear from (9.3.4), when the rate of genome decay is less than unity, /z < 1,
there are two possible ways to meet the condition NO > Nn. Firstly, decay
individuals may feature the same death rate as normal individuals, 6n ~ 1, whereas
their birth rate is significantly lower than that of normal individuals, (3n -C 1. Such a
situation may be referred to as regulation of birth rate of decay individuals. In such a
situation each normal individual gives birth to doe1* offspring per unit time. All the
offspring are allowed to live in the population until their morphological properties
permit (i.e. no physical elimination of decay individuals occurs), but decay
individuals are prevented from reproduction.
Secondly, decay individuals may be born at the same rate as normal individuals,
A, ~ 1, whereas their death rate significantly exceeds that of normal individuals,
6n » 1. Such a situation may be called regulation of death rate of decay individuals
and presumes physical elimination of decay individuals from the population at early
stages of their development (i.e. high juvenile mortality).
When the rate of genome decay is equal to or exceeds unity, p, > 1, the only
possible way to meet the condition NO » Nn is the regulation of death rate of decay
individuals, i.e. when 6n > 1, /3n ~ 1 and (<*>„ - Ai)~' < 1- As may be seen from
(9.3.4), regulation of the birth rate of decay individuals in this case (6n ~ 1, A, ^ 1
and ( 6 n - A i ) ~ 1 ~ l ) leads to the opposite situation, i.e. the number of decay
individuals Nn exceeds the number of normal individuals N0, NO <C Nn. Taking
into account that the stationary total population number N is approximately equal
to N « N0e11 (9.3.2), the frequency p0 = N0/N of normal individuals in the population becomes as low as e~!1.
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The difference /}„ — Sn may be called relative competitiveness. In a stationary state
normal individuals are characterised by the maximum competitiveness which is equal
to zero, while competitiveness of decay individuals is negative. It seems more natural
to consider a value of the opposite sign:
7 = 6n — /3n = noncompetitiveness = — competitiveness

(9.3.5)

which should then be called noncompetitiveness. As we have seen, noncompetitiveness of decay individuals for both types of regulation of their numbers remains larger
than unity, Sn - f3n > 1. Hence, when we proceed from normal to decay individuals,
their noncompetitiveness suffers a jump from zero (60 - fio = 0) to a value exceeding
unity (6n — /?„ > 1). Noncompetitiveness of decay individuals cannot be much lower
than unity, which corresponds to Eq. (9.3.4) remaining distant from the pole
appearing at 6n - fin = 0 and provides for the condition NO S> Nn.
Conventional variables of fitness and coefficient of selection that are widely used
in population genetics differ from noncompetitiveness. The absolute fitness, W, is
defined as W = b — d, i.e. it represents the net difference between rates of birth and
death, neglecting the genetic status of offspring with respect to the number of decay
substitutions «. Note that in a stationary state, as follows from (9.3.2), absolute
fitness IVo of normal individuals appears to be positive, WQ = Wmax > 0. Further, by
definition, absolute fitness of normal individuals (i.e. the net increment of their
number per unit of time) can be written as Wmiix = (dN0^/dt)/N0, where jV0^ is the
total number of offspring, including both normal and decay ones, produced by
normal parents. The share of normal offspring is e~^ and the share of decay offspring
is 1 -<r".
Relative fitness w is denned as w = W/Wmax (or W/W), wmax = 1, 1 > w > 0.
Coefficient of selection s is defined as s = wmax — w = 1 — w. For stabilising selection
1 > s > 0. It is usually assumed that the value of s is small, e.g. s = 0.01 (Fisher.
1930; Haldane, 1957; Ohta, 1987). The coefficient of selection against individuals
with n decay substitutions, sn, and their relative fitness, wn, are related to the relative
birth rate /3n and the noncompetitiveness, 7«, as follows:

= 1 - wn = 1 - /?„

-1

(9.3.6)

In the situation of the death rate regulation (i.e. when j3n ~ 1) values of sn and 7,,
differ from each other by the factor e^ - 1, which is equal to unity at /j, = In 2 « 0.69.
Use of the notion of relative competitiveness /?„ - 6n = (bn - dn)/B0 is stimulated
by the fact that it transparently describes the whole pattern of appearance of decay
individuals in the population, which is not accounted for by the traditional definition
of fitness. Relative competitiveness reaches maximum (zero) for normal individuals
and is negative for decay individuals. When the rate of generation of offspring by all
the decay individuals is zero (bn = 0, n > 1), the numbers of decay individuals in the
population may in any case remain stationary. The rate at which decay individuals
die may be compensated by the rate at which they are born to normal parents. The
latter produce decay individuals due to newly-arising decay mutations. In such a
case, fitness of the decay individuals appears to be negative and equal to
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Wn = bn — dn = -dn < 0, which cannot be explained in the traditional interpretation
of fitness. For example, even if all people with hereditary diseases decided to refrain
from reproduction, the corresponding genetic deviations would anyway be present in
the human population as a result of reproduction of normal individuals whose germ
cells underwent corresponding mutations.
To regulate birth and death rates of decay individuals, a possibility should be
provided of identifying such decay individuals and of differentiating them from the
normal ones. That task is solved by joining all the individuals into a population and
switching on competitive interaction between them. The difference between the
normal and the decay individuals is only controlled by their competitiveness. Under
natural conditions the number of decay individuals in a population is suppressed in
the course of their competitive interaction with normal individuals.
Superimposing conditions of stationarity, Eq. (9.3.3), which provide for the
maximum competitiveness of normal individuals and for the maximum noncompetitiveness of decay individuals, actually corresponds to introduction of complex nonlinear relations between normal and decay individuals into Eqs. (9.2.1). These
relations may be presented in the form of complex functional dependencies Bn(No,
Nk) and dn(No, Nk), which describe the differences between normal and decay
individuals and which are equivalent to introducing competitive interaction
between them. However, such nonlinearities may be substituted by an analogue of
the boundary conditions realised in (9.3.3).
The necessity to join into a population, to switch on competitive interaction and
to assign the maximum possible competitiveness to normal individuals should be
genetically encoded into the normal genome. That basic programme of supporting
the species stability should be safely insured against decay mutations (e.g. by
multiple back-up of genetic information). Consequently, the genetic information
of species should only decay in the extreme case when the number of decay
substitutions approaches the lethal threshold. As a result, all individuals, independent of the number of decay substitutions their genomes contain, still enjoy the
capacity to join into a population and to interact competitively. Competitive
interaction between the individuals in a population always occurs with maximum
intensity under conditions of the natural ecological niche of a species, and does not
depend on the availability of resources (see Section 2.2).
When breeding is sexual, the genetic material in the offspring presents a random
mix of parental genetic material. Decay substitutions in the genomes of the offspring
individuals then happen to be distributed after Poisson (Maynard Smith, 1978;
Kondrashov, 1982; 1988). Since newly-arising mutations also follow a Poisson
distribution, the distribution of Eq. (9.2.5) does not change when sexual breeding
is switched on. The stationary state described by (9.3.3) and all the conclusions
related to it also hold when sexual breeding is switched on. Besides, Eqs. (9.2.1) may
be envisaged not as equations written for numbers of individuals bearing « decay
substitutions in their genomes, but as equations for numbers of genes with n decay
substitutions in the whole population, independent of separate individuals bearing
those genes. In such a case it becomes especially clear that the advent of sexual
breeding changes nothing in either results or conclusions made in this Section.
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9.4 SENSITIVITY OF COMPETITIVE INTERACTION
Determining competitiveness of individuals in the course of competitive interaction
in a population is actually a process of measurement. Like any other process of
measurement, competitive interaction is characterised by limited resolution (sensitivity). It means that if the number n of decay substitutions contained in the genome
of a decay individual is less than the sensitivity threshold nc of competitive
interaction, n < nc, such an individual cannot be told apart from a normal
individual with a genome totally free of decay substitutions (see also Section 3.4
about the biotic sensitivity).
Note that a certain limit of sensitivity is inherent to any process of measurement.
For example, it is impossible to weigh small loads (e.g. milligrams) using scales that
are calibrated in kilograms. If each nucleotide substitution is compared to a small
load weighing 1 mg, about 106 loads need to be put on the scales before the pointer
begins to move and show non-zero weight, which corresponds to the beginning of
selection process, i.e. identification of individuals with too large numbers of decay
substitutions. The sensitivity of a process of measurement is determined by the
properties of the applied instrument and the process itself. Similarly, sensitivity of
competitive interaction is a fundamental property of life organisation and cannot be
quantified a priori.
The competitive interaction is effectively switched on and active within the margin
nc < n < «£,. Here n^ is lethal number of decay substitutions. Due to the random
nature of mutations, the number nc of decay substitutions should be relatively
evenly distributed along the genome, rather than concentrated in a certain part of it.
Note that the limit of sensitivity of competitive interaction nc does not depend on
the total number N of individuals in the population in that sense, i.e. it has a finite
non-zero value at N —» oo. In larger populations individuals are given the opportunity to have more contacts with other individuals, so that the effective number of
'measurements' of their competitiveness increases. However, continuing the analogy
with the scales, however many times you weigh a load on scales calibrated in
kilograms, you will never be able to determine its weigh to the accuracy of
milligrams, the ultimate limit to accuracy being set by the scales' calibration
rather than by the number of measurements. A large number of measurements
will allow you only to determine the precise number of kilograms in the load.
Thus, the sensitivity of competitive interaction can be represented in the form
(9.4.1)
where nCoo stands for the true sensitivity of competitive interaction determined by
inherent properties of individuals (it corresponds to the scales' calibration unit),
whereas A«c describes the inaccuracy of a single process of measurement. The
inaccuracy of the process of weighing a load is usually higher than the scales'
calibration. For example, the person who makes the measurements may be thinking
of something else when writing down the results. Also, they may inadvertently touch
the scales during the process of measurement, so that the result is biased. Similarly,
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interactions of individuals in a population are not always characterised by the same
intensity. The accuracy of determining competitiveness may depend on a number of
randomly-fluctuating factors such as, for example, weather, peculiarities of the
territory occupied at the moment by the population, etc. This inaccuracy, A«c,
may be done away with by increasing the number of contacts between individuals,
i.e. increasing the population number TV. The multiplier (l/\/TV) describes the fact
that with the increasing number of measurements this inaccuracy indeed decreases
in accordance with the law of great numbers. Meanwhile the inherent inaccuracy,
ncoc, of the process itself (i.e. how many decay substitutions can be discerned by the
process of competitive interaction under the most favourable conditions) cannot be
in principle be affected by the increasing the number of measurements N.
Under the reasonable assumption that A«c cannot be significantly larger than
MCOC (i-e. it can hardly be the case that the person weighing the load on the scales
calibrated in kilograms would make a mistake in the number of tens of kilograms in
the load), we come to the conclusion that the value of nc ceases to depend on N in
populations containing as few as a hundred of individuals (so that the input of the
TV-dependent term in (9.4.1) becomes about an order of magnitude smaller than the
first constant term).
Another argument against the influence of the population number TV on the limit
of sensitivity of competitive interaction nc is as follows. A single act of competitive
interaction of two individuals takes a certain period of time (e.g. a fight between two
bulls is necessarily followed by a long period of relaxation). Let us denote it /ComPThe period of the most intensive competitive activity of individuals is also limited.
We denote it as Tcomp. In many mammals this period falls during breeding seasons.
Thus, during the period of the most intensive competitive activity, any individual has
only time to interact with 7Vcomp = Tmmp/tmmp individuals. An increase of the total
population number beyond TVcomp will not have any effect on the accuracy of
competitive interaction, not even in the mild form of the relation (9.4.1). One may
say that TVcomp represents the valence of individuals with respect to competitive
interaction. As soon as it is saturated, i.e. when TV > TVCOmp, further increase in N
does not produce any effect.
An increased accuracy of competitive interaction may be due to an increased
length of a single act of competitive interaction /comp. In other words, competitive
interaction may be more efficient when few individuals compete with each other for a
long time (as is the case in territorial birds) than when a large number of individuals
interact competitively many times during a short time period. In such a case, even a
small population may be sufficient for an acceptably accurate determination of decay
individuals.
9.5 NORMAL GENOTYPES AND THE NORMAL GENOME
Genomes containing decay mutations in numbers less than nc possess the genetic
programme that ensures viability of individuals and their correct functioning within
the community aimed at stabilisation of the environment. In this sense all such
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genomes are equivalent to each other and enjoy equal competitiveness which reaches
its maximum in the conditions of the natural ecological niche of the species. In what
is to follow, we call various genomes falling within the range n < nc for normal
genotypes,5 while those with n > nc will be referred to as decay genotypes.
Individuals with normal and decay genotypes will be called normal and decay
individuals, respectively. For simplicity we assume that nc represents a sharp border
between normal and decay genotypes. However, all the conclusions made below hold
also for those cases when normal and decay genotypes are delimited by a diffusive
probabilistic area. In such a case nc may be denned, for example, as the probability
that after competitive interaction with other individuals an individual with «c
substitutions will be given a status of decay individual with a probability of 0.5
(i.e. with such a probability the individual will be forced out from population,
ignored by sex partners during the breeding season, or in any other way rendered low
status).
Differences in localisation of decay substitutions in normal genotypes cause the
observed morphological and behavioural differences between normal individuals.
Obviously, only slightly deleterious substitutions, i.e. those that do not seriously
affect the genetic programme of individuals, may persist in the population in
relatively large numbers for a long time, remaining unnoticed by selection.
Possible localisation of such substitutions is determined by the genome structure.
Substitutions with a pronounced deleterious effect are immediately discovered in the
course of competitive interactions of individuals, though they do not necessarily
cause inviability of infertility of individuals. A single, strongly deleterious substitution may cause apparent defects in morphology or behaviour of the individual. In
that sense a single, strongly deleterious substitution is equivalent to a large number
of slightly deleterious mutations and may drive the genotype beyond the threshold
«c- As a result, individuals with strongly deleterious mutations are eliminated from
the population in one way or another, so that the majority of strongly deleterious
substitutions are not heritable. However, such substitutions are in any case present in
the organism due to mutations in somatic cells of multicellular organisms. Most
newly-arising mutations have a pronounced deleterious effect.
Apparently, competitiveness of individuals has no absolute value and may only be
described by some relative variable. When comparing competitiveness of any two
individuals, one faces only two possibilities. First, this competitiveness may remain
unresolved within the resolution of competitive interaction. In such a case, neither
individual is capable of forcing the other from the population. Second, the
competitiveness of one may exceed that of the other. The genotype of the first
individual will then inevitably force that of the second from the population,
independent of the numerical difference between the competitivenesses of the two.
Thus the relative competitiveness appears to have a stepped nature. This is most vividly
displayed during sexual selection. The female or the male may either accept or reject

5
The term 'normal' is close in its meaning to the term 'wild-type' often used in the literature. Yet the
former is more clearly denned.
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the mating partner. There are no intermediate possibilities. That feature comprises the
main difference between the notions of competitiveness and fitness.
On this basis, if the difference in competitiveness of two genotypes exceeds the
sensitivity (resolution) of competitive interaction, one may assume, to a good
approximation, that the genotype of higher competitiveness has a relative fitness
of unity, so that it produces the most numerous offspring in the population
Wn</i c

=

1;

s

n<nc

=

">

Pn<nc

1)

Tn<«c

==

">

while the genotype of lower competitiveness has a relative fitness close to zero, that is
does not produce any offspring
Pn>nc =

—

Assume that we managed to form a clonal population of the normal genome with
n = 0 at zero time t = 0. In accordance with Eq. (9.2.1) that clone will keep on
decaying and accumulating decay substitutions up to n = nc, since, according to the
definition of nc, for all n < nc all the differences Bn — dn coincide with each other
and are equal to zero when BQ = do. Similar to the considered case of decay down to
the very lethal threshold n^ (which occurs when competitive interaction is totally
absent), the population appears to be pressed to the value of nc during the time
period / ~ nc/dn, see (9.2.6). Further increase of the number of decay substitutions
is then stopped by competitive interaction, which begins to notice the decay
substitutions when their number exceeds nc. Thus, one may assume that in a
stationary case all genotypes present in the population are characterised by
approximately the same number of decay substitutions, namely nc, i.e. Nn K 0 for
all n±nc and TV,,,. « N, where N is the total population number (see Figure 9.1).
Process of genetic decay produces genetic diversity of individuals in a population.
The total number 77 of different genotypes with nc decay deviations (substitutions)
from the initial clone is equal to
(9.5.1)
= (4G/n )" f
77 = 4"
c

where G is the total number of nucleotide pairs in the genome, C"Q is the number of
combinations from G by nc, 4 is the number of different nucleotides (genetic letters).
Even when nc = 2 the number of various genotypes reaches 1020 which by far
exceeds the number of individuals in any multicellular species born during the whole
lifespan of that species. Thus no two individuals in any population may happen
randomly to be genetically identical to each other.
In small populations there takes place a random drift of genes in which decay
mutations have occurred. A stable final state of the process of genetic drift is either
loss or fixation of a given decay substitution in all the individuals of the population
(Wright, 1932, 1988; Kimura, 1983; Ayala and Kiger, 1984; Altukhov, 1991). In
place of the lost decay substitutions new decay substitutions appear in the process of
mutagenesis, so that the total number of decay substitutions remains close to «cGenetic drift results in a reduction of genetic polymorphism due to fixation of some
part of decay substitutions in all the individuals in the population. But it does not
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Figure 9.1. Normal polymorphism of genotypes in a population under natural conditions of the
ecological niche of the species, n is the number of decay substitutions in the genotype of an individual:
nc is the number of decay substitutions characterising the sensitivity of competitive interaction and
stabilising selection, which represents the limit to accumulation of decay substitutions in the genotype:
nL is the maximum number of decay substitutions compatible with viability of the individual, a - noncompetitiveness of individuals related to the number n of decay substitutions in their genotypes, see (9.3.5).
b - relative population frequency of genotypes with n decay substitutions. The area nc < n < nL
unoccupied by natural species is used by humans for cultivation of domestic animals and agricultural
plants.

change the statement that the average number of decay substitutions in individuals is
less than nc.
Localisation of decay substitutions in various populations originating from one
and the same clone of normal individuals should be different owing to the random
nature of the processes of decay and genetic drift. The value of nc being high, genetic
differences may result in the observed phenotypic (morphological, behavioural, etc.)
differences between individuals from isolated populations, which are traced through
many generations. Depending on the scope of these differences, they may be
perceived as either national, racial or subspecific. However, nationalities, races
and subspecies thus originating remain genetically equivalent: various genotypes
with n < HC of individuals from whatever races are normal, and all retain the
complete genetic programme of the species. Normal individuals from different races
have equal competitiveness, which is higher than the competitiveness of any decay
individuals from any race, the latter featuring different decay genotypes with n > «c
(Figure 9.2). (Note that when two individuals from distantly-related races interbreed,
the number of decay substitutions in the appearing offspring may reach 2nc due to

nib

noncompetitiveness
Figure 9.2. Genetic differences between different populations and subspecies of a single species. Let
population A be the reference population. The species genome G is divided in a mosaic fashion into
two equal parts GI and G2 in such a manner that all nc decay substitutions encountered in population
A are located in the part Gt, whereas the part G2 is free from decay substitutions. As discussed in the text,
all populations and subspecies are characterised by the same sensitivity of competitive interaction, so that
the average number of decay substitutions in individuals of all populations is close to HC (see Figure 9.1).
However, localisation of decay substitutions in different isolated populations is different. Let nt and n2 be
the number of substitutions in the G! and G2 parts of the genome, respectively. While in population A all n
substitutions are located in the part G t of the species genome, n = n\ = nc, in other populations some
decay substitutions («i) are located in the GI part, while others («2) in the G2 part of the species genome,
n = n} + «2 = nc. Finally, there may be a population B where all the nc decay substitutions are located in
the part G 2 , n — n2 — nc. Hence, all populations and subspecies are described by a straight line AB, each
point of which corresponds to some particular localisation of decay substitutions in the genome. The
genetic equivalence of all populations and subspecies is manifested by the fact that they are all equally
close to the normal genome, the measure of distance being nc. The line parallel to AB corresponds to the
lethal threshold nL. Hybridisation of individuals from two isolated populations a and b (point a x b) drives
the number of decay substitutions in the offspring beyond the border AB (n > nc). Such offspring are
viable but noncompetitive compared with normal individuals of both subspecies. Hybridisation of distant
subspecies A and B (point A x B) yields inviable offspring. The difference between isolated populations
and subspecies is purely quantitative.

non-coinciding localisation of decay substitutions in different races. As a result, these
offspring may prove to be noncompetitive and forced out from either of the two
parental populations.)
A typical example of this situation is provided by Arctic gulls (Lams species).
These birds form a set of populations which live around the Arctic Ocean (Mayr,
1963; Green et a/., 1989). In Western Europe the lesser black-backed gull (L.fuscus)
is a familiar species whose range extends east into the Russian Arctic, through
populations that are interbreeding but which can be arranged into several subspecies,
each slightly different. The easternmost subspecies is so far east that it ranges into
Western Europe as the herring gull, where it exists alongside the lesser black-backed
gull. But the herring gull does not interbreed with the lesser black-backed gull in
Western Europe and is called Larus argentatus.
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The observed pattern can be explained as follows. All populations of Larus are
predominantly composed of normal individuals with n < nc, which occupy the same
ecological niche. However, the localisation of the decay substitutions in genome
gradually changes from one subspecies to another. When the herring gull meets the
lesser black-backed gull in Europe, localisation of decay substitutions in genotypes
of these two subspecies do not presumably overlap at all. Therefore the number of
decay substitutions of their possible offspring would appear in the decay interval
n ~ 2«c > nc, cf. cross a x b in Figure 9.2. As a result, individuals of these
subspecies produce offspring that cannot stand competition with normal individuals
of any of the two subspecies which, naturally, limits interbreeding between the two
subspecies (Tinbergen, 1953; Ryttman et al., 1979). Due to this, the subspecies that
differs most from the eastern European subspecies of Larus argentatus is given a
status of species and called Larus fuscus.
Within the area where the two distantly-related subspecies of gulls coexist, they
still occupy the same ecological niche, i.e. individuals belonging to both subspecies
interact competitively with one another. This is manifested in the observed large
fluctuations in the ratio of population numbers of birds Larus fuscus/Laws
argentatus. Contrary to that, different species belonging to the same type of
ecological community should be characterised by a strictly specified ratio of
population numbers determined by the condition of the most efficient functioning
of the community as a whole (see below, Section 9.8).
In most cases, taxonomists are able to unambiguously tell apart any two closelyrelated species from two subspecies of the same species. If that were not the case,
there would be no use in applying the notion of species altogether, because
differences between subspecies are usually of a gradual nature. It would be natural
to define subspecies as two genetically distant populations with non-overlapping regions
of the decay polymorphism «c- Two subspecies can be in principle reversibly
transformed into each other by means of a succession of decay and reverse
mutations taking place in the regions of localisation of decay substitutions of the
two subspecies. (Note that speciation is an irreversible process. Two different species
cannot be transformed into one another by any succession of decay and reverse
mutations.) According to such a definition, Larus argentatus and Larus fuscus would
be classified as two genetically distant subspecies of a single species. In fact, in spite
of different taxonomic names, these populations of Larus are often referred to as a
single ring species.
Morphological and behavioural geographical differences between individuals
inhabiting distant regions of the species range are observed for most biological
species. The uniqueness of the example of the gulls Larus argentatus and Larus fuscus
lies in the fact that the two opposite ends of their range prove to be adjacent to each
other. Were it possible to do the same with ranges of other species, the integrity of
which is not doubted by the taxonomists, the pattern would be essentially the
same.
Among substitutions appearing during the decay of a clone of a normal genome,
both deleterious and neutral decay substitutions may appear (Kimura, 1989). These
substitutions may be experimentally differentiated from each other in the following
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way. A given deleterious substitution in a given site of the genome can change the
phenotype but does not change the individual's competitiveness if the total number n
of substitutions remains within the margin n < nc, while the same substitution
lowers that individual's competitiveness if it happens to a normal individual with
n = nc or to a decay one with n > nc- A neutral substitution never changes the
competitiveness of an individual. There is no threshold for accumulation of neutral
substitutions in a genome. Those sites of the genome in which such neutral
substitutions may appear (if they exist at all) do not bear any information. Thus
the sequence of nucleotide pairs in a normal genome may only be defined to the
accuracy of such neutral sites. On the other hand, certain substitutions may appear
effectively neutral due to degeneration (i.e. existence of several meaningful variants)
of certain parts of the genome. The total number of neutral sites devoid of
information content is apparently much lower than the overall number of information-bearing sites of the genome.
The limit of sensitivity of competitive interaction nc for a particular species may
be estimated as the average number of nucleotide differences between genotypes of
two individuals taken from two isolated natural populations of the species. The
number of nucleotide differences between genotypes of two individuals from one and
the same population should remain lower than nc, since a certain portion of
deleterious decay substitutions may be randomly fixed in the population.
However, random fixation of one and the same decay substitution in different
non-interacting populations is quite an improbable event. Therefore, if coinciding
genotype sequences are found in different populations, one may safely assume that
these are fragments of the normal genome of the species.
Hence, if several isolated natural populations of one and the same species are
present, an experimental procedure may be suggested, capable of yielding, at least in
principle, the nucleotide sequence of the normal genome to an accuracy exceeding
the sensitivity of competitive interaction. Normal genome can be then determined as
the genome sequence where each site is represented by a nucleotide which has the
highest frequency in the whole species (i.e. when all the populations are combined).
If the overall number of analysed isolated populations is large enough, that
procedure may in principle identify the whole nucleotide sequence of the normal
genome to the accuracy of the number of degenerative (neutral) sites present in the
genome.
Localisation of neutral sites containing no information may be identified
comparing homologous sequences in various individuals both within a single
population and from population to population. In such sites all the four nucleotides
should be discovered with equal probability, which corresponds to the state of
thermodynamic equilibrium (that of maximum chaos and minimum information).
Even if the initial conditions are definitely prescribed, the state of thermodynamic
equilibrium in these sites will inevitably set in with time.
Neutral sites are usually related to the observed degeneration of the genetic code
(when several triplet-codons of nucleotide pairs correspond to one and the same
aminoacid in the protein), to the presence of non-transcribed sequences in the
genome (those not coding for proteins, such as introns within genes, spacers between
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them, tandem repeat sequences, etc.) (Ayala and Kiger, 1984; Lewin, 1987), to the
presence of functionally inactive parts in proteins.
However, ample evidence has been accumulated that suggests that these presumably neutral parts of the genome in fact play an important role in the organism's
functioning, though it may remain obscure to the researchers. For example,
degeneration of the genetic code is neutralised when different triplets of nucleotides
correspond to different molecules of tRNA (Grosjean et al., 1982; Kimura, 1983;
Buckingham and Grosjean, 1986). Molecules of tRNA (transport RNA) are
indispensable in the process of protein synthesis. Namely these molecules help to
relate a particular aminoacid to the corresponding triplet of nucleotides. Different
tRNA may be present in the cell in different abundances. Thus, if a triplet that is
served by an abundant tRNA mutates to a triplet which codes for the same
aminoacid but is served by a rare tRNA, the process of synthesis of the corresponding protein may slow down, leading to the shortage of the protein in the cell and to
corresponding adverse changes in the competitive capacity of the organism.
Also, the number of neutral sites is by far lower than the number of noncoding
sequences in the genome. For example, the telomeres, the noncoding end sequences
of chromosomes in the higher species, provide for stability of chromosomes during
their division. As a manifestation of such an important function, the genome
sequence of telomeres remains strictly conserved from generation to generation
(Moses and Chua, 1988) implying that any mutations in the telomere region have an
adverse effect on the organism. There is also evidence that non-transcribed sequences
probably play an important role in the process of development of a multicellular
individual on early stages of embryogenesis (Maksimowski, 1988).
Differences in the effect of seemingly neutral sites on the individual's wellbeing
may be detected within the resolution of competitive interaction of individuals under
natural conditions and remain undetectable during laboratory experiments. Thus
laboratory observations of neutral mutations and neutral sites do not necessarily
mean that these correspond to equally competitive phenotypes in natural populations. The resolution of competitive interaction may be several orders of magnitude
higher than that achieved in the laboratory, where only a few morphological or
behavioural properties of the individual are monitored within a framework of a
single experiment. The problem of the existence of genome degeneration is actually
the problem of limited sensitivity of the process of competitive interaction. Neutral
substitutions cannot be told apart from deleterious ones within the range of n < nc-

9.6 NORMAL, DECAY AND ADAPTIVE POLYMORPHISM
IN A POPULATION
Limited sensitivity of competitive interaction results in genetic diversity of normal
individuals which may have different phenotypes but feature equal competitiveness
under the conditions natural for the given species. Such a polymorphism may be
called normal, despite the fact that it is determined by deleterious decay substitutions, provided the number of those substitutions n satisfies the condition n < nc- As
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demonstrated above, the level of normal polymorphism in most species is very large,
so that individuals with identical genotypes cannot be randomly found in practically
any population (Paune and Westneat, 1988). Even when neutral substitutions are
totally absent from the genome, random genetic drift taking place within the range
n < nc, where the deleterious character of mutations is not manifested, may result in
random fixation of a limited number of deleterious substitutions in small populations.
'True' neutral polymorphism not related to decay mutations is also sometimes
found in natural populations. A typical example of such polymorphism is the rightto-left asymmetry in the bodies of individuals. For example, the river flatfish
(Pleuronectes flesus) is found in two forms: one with both of its eyes on the right
side of its body, the other being leftsided (Andrijanov, 1954; Bisazza et al., 1998).
Asymmetric shape of the fish represents an adaption (Section 1.7) to sea- and
riverbed life. It is reached by a correlated change in the position of the internal
organs of the fish. Under natural conditions neither the rightsided nor leftsided form
may have any advantage, because the environment where the fish lives is not
characterised by right-to-left asymmetry.
Molecular stereoisomers in the cell are known to have identical symmetry in all
living beings and are the same for the right and the left forms of the flatfish. Thus the
process of formation and frequency of occurrence of the right and the left flatfish
forms cannot be prescribed by two different normal genomes, independently formed
in the course of evolution. Rather, they should be programmed in one and the same
normal genome. The actual configuration (the right or the left form) cannot be
hereditary. The only hereditary characteristic is the frequency of occurrence of the
left form with respect to the right one. This frequency is apparently a neutral genetic
characteristic and, as any other neutral characteristic, is subject to random genetic
drift with possible fixation in an alternative position. Due to random genetic drift the
frequency of occurrence of right and left forms may assume different values in
different isolated populations of one and the same species (Andrijanov, 1954). In
many species of the flatfish family such a drift has resulted in fixation of either the
right (Hippoglossus vulgaris) or the left (Rhombus maximus) form.
Due to the continuous process of decay of normal genotypes, a certain number of
decay individuals with lowered competitiveness is always present in the population,
their genotypes having n > nc. Genetic diversity of decay individuals results in the
appearance of decay polymorphism in the population. In conditions of a natural
ecological niche, the number of decay individuals should be kept at a low level
compared with the number of normal individuals. Thus under natural conditions the
decay polymorphism is much lower than the normal polymorphism and it may be
safely neglected as compared with the latter.
Due to the extreme complexity of the genetic programmes of biological species,
the random genetic adaptation to environmental changes appears to be improbable,
be the initiating genetic change due to either a point mutation or a macromutation
affecting the existing genetic program. In other words, appearance of a new,
functionally-sensible genetic programme in the process of decay of an old one is
highly improbable. (Such a situation is quite similar to that when some classic
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musical masterpiece by a genius of composition is written onto a magnetic tape. One
cannot really expect, then, that the process of random erasure of the tape would
result in the appearance of a new masterpiece by another genius on that tape.) The
absence of random genetic adaptation agrees with the observed stability and the
discrete nature of biological species and provides for the possibility of biotic
regulation and maintenance of environmental stability (see Chapters 5 and 6).
Absence of random genetic adaptation does not contradict the observed evolution
of species, as is discussed in detail in Chapter 11.
In species with different genetic specialisation of individuals, adaptive genetic
polymorphism is also present along with normal and decay polymorphism. The most
common example of adaptive polymorphism is the genetically-encoded division of a
population into females and males that is observed in a large number of species.
Note that the word 'adaptive' here corresponds to the state of adaption of a species to
the optimal environment maintained by the corresponding ecological community to
which the species belongs, but not to the process of adaptation to changing
environment (see also Section 1.7). Increase of adaptive polymorphism enhances
stability of the species organisation. Contrary to that, increase in decay polymorphism represents erosion of genetic information of a species and results in shrinking of
the species range, as soon as decay individuals are unable to exist sustainably within
the ecological community.
All the observed adaptive polymorphism may be attributed to one and the same
normal genome of the species. For example, the human genome comprises both X
and Y chromosomes, though the latter is only present in male genotypes. On the
other hand, adaptive polymorphism may be envisaged as a co-existence of several
normal genomes (e.g. those of males and females).
Individuals with several different normal genomes may be present in the population only when they are correlated with each other, i.e. they cannot exist without
each other for long periods of time and there is no competitive interaction between
them. Examples of such co-existence are abundant. Several normal genomes,
replicating independently of each other, are present in the nucleus of eukaryotic
cells of higher organisms: one in the form of a set of nuclear chromosomes, and
another as independently replicating chromosomes of mitochondria and chloroplasts
(in plants) found in cytoplasm (Sager, 1972; Ayala and Kiger, 1984). Nuclear and
cytoplasmatic genes cannot function independently of each other. Prokaryotic
bacterial cells devoid of nuclei contain, beside their principal chromosome, autonomous ring-shaped genomes of plasmides, which replicate independently (Ayala and
Kiger, 1984). Plasmids can transmit from one bacterial cell to another. Some
plasmids determine resistance to antimicrobial drags and toxic metal ions in
bacteria (Foster, 1983; Newbold, 1990). As already noted, many bisexual species
have two normal genomes in their populations, the female and the male ones. Two
different normal genomes may be present in associations of independently breeding
individuals which are in a symbiotic relation to each other, as is the case for the algae
and the fungus in a population of lichen. Finally, numerous normal genomes of
different species are mutually correlated in the ecological community, providing for
the biotic regulation of the environment.
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One may speak therefore about the collective normal genome of all species
correlated in the community in exactly the same way as one speaks about the
genome consisting of several non-homologous chromosomes in the cell (which also
cannot exist independently of each other), or about the combined genome consisting
of a nuclear and a mitochondrial DNA, or about the combined genome of males and
females in a population of a bisexual species.
The collective normal genome of a population of ecological communities remains
unique for the given type of community. Rigid correlation between species in the
community is often inadequately called adaptation of species to the external
environment, comprising a set of physical as well as biological characteristics (e.g.
other species in the community) which, as we mentioned above, should be in fact
referred to as adaption, i.e. a state instead of a process. Following this way of
reasoning one could speak about mutual adaption of different nuclear chromosomes
in a cell.
Only a set of rigidly-correlated species combining to form an ecological
community may feature the necessary wide range of reactions to changes in their
environment and ensure a wide range of negative feedback responses. Such a
community is characterised by a single collective normal genome comprising all
the genetic information of all species belonging to the community. It is as
unthinkable to compose a stable, self-sustainable, artificial community of arbitrarily
picked species as to compose a viable cell on the basis of a genome combined of
arbitrarily chosen genes picked from individuals of different species.
Any deviations from the normal species composition or from the normal
population densities of each species in the community are decay phenomena,
which are cut away in the process of competitive interaction of communities in a
population of communities (Section 2.5). Relative frequency of occurrence of decay
communities is controlled by the resolution of the process of competitive interaction
between various communities. It may be described by equations of the type of Eqs.
(9.2.1), (9.3.3) and (9.3.4).

9.7 STABILITY OF BIOLOGICAL SPECIES UNDER
NATURAL CONDITIONS
Under natural conditions the resolution of the process of competitive interaction
reaches its maximum, which corresponds to the minimum possible value of the
sensitivity threshold nc, which is much lower than the lethal threshold nL (see
Section 10.10), nc < nL. The fact that under natural conditions normal genotypes
(i.e. those containing the programme of stabilisation of the environment) provide for
the maximum competitiveness of their carriers is a non-trivial condition that ensures
stability of the species, of the community, and of the environment (see Section 2.11).
In other words, maximum competitiveness and actions of individuals on stabilisation
of the environment are not always coupled. In a broad sense, competitiveness
essentially means the ability of one individual to win over another individual,
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forcing the latter out from the population, preventing it from reproduction,
depriving it of food resources or in any other way.
As noted in Section 9.3, competitiveness (9.3.5), measured for individuals within a
natural community, does not coincide with fitness measured for individuals isolated
from the community and hence from the population. Competitiveness drops sharply
under natural conditions, while noncompetitiveness 7,,, (9.3.5), grows quickly from
zero to unity with the number n of decay substitutions in the genotype entering the
range n > nc (Figure 9.la). Meanwhile relative fitness wn (9.3.6) measured outside
the population may remain practically unchanged in the range n > nc up to the
lethal threshold n fa nL. Such a situation is due to the fact that decay individuals
within a population are prevented from leaving offspring, not because of their
physical inability to do it but because of a pressure imposed on them by normal
individuals in the process of competitive interaction. Meanwhile, outside the
population decay individuals with n < n^ may remain perfectly viable and fertile.
Such a pattern provides for the stability of the species as a whole. On the one hand,
only the best individuals in the population are allowed to leave offspring. On the
other hand, if the best individuals die due to certain sharp environmental fluctuations, fertile decay individuals may take part in reproduction as well, so that the
persistence of the species as a whole is not threatened.
When environmental conditions deviate from the natural optimum, the resolution
of competitive interaction decreases, and the value of nc increases. In other words,
competitive interaction leaves more decay substitutions unnoticed, so that competitivenesses of normal and decay individuals evens out. This can be explained as
follows. Under natural conditions, the maximum competitive capacity is associated
with those individuals that are able to perform strictly specified complex work on
stabilisation of the environment in tight cooperation with individuals of other species
of the community. Under strongly perturbed conditions no environmental regulation
is possible and the regulatory abilities of normal individuals no longer impart to
them competitive advantage. Similarly, some specific skills of people (e.g. knowledge
of foreign languages or the ability to play the piano) that may be vitally important in
some situations, remain unnoticed until only basic physical characteristics are
monitored (e.g. the ability to walk, eat, reproduce, etc.). In other words, under
natural conditions a huge variety of individual properties are subject to thorough
control of stabilising selection, while under distorted conditions only few of them
affect individual competitiveness. Hence, the huge, highly-specialised genetic information on environmental regulation is useless under strongly perturbed conditions
and undergoes decay.
When environmental conditions strongly deviate from the natural ones, the
genetic information of normal genotypes completely loses its meaning, and the
value of nc grows up to the lethal threshold nL. In such a case all individuals with
n < «£ on average enjoy equal competitiveness (as is the case for fitness of all
individuals measured outside the population). As a result, competitive interaction
fails to perform its stabilising function. Decay of normal genotypes proceeds
unimpeded and the decay polymorphism of the population increases. A quantitative
measure of polymorphism is given by the expression (4G/n)" (9.5.1), which is equal
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to the number of different possible genotypes. Evidently, when n > nc, decay
polymorphism exceeds the normal one by many orders of magnitude and starts to
dominate in the population.
Let us call the totality of decay genotypes with nc < n < nL and corresponding
decay individuals for the decay tail of the species.
Individuals from the decay tail of certain natural species may feature some
phenotypic defects that decrease their competitiveness under natural conditions,
but prove to be useful for humans. Such species served as the material for artificial
selection and gave rise to all artificial plants and breeds of animals used by man.
However, the overwhelming majority of species do not contain such properties in
their decay tail. Artificial selection of such species proves to be useless.
Build-up of the relative number of decay individuals in a population represents
erosion of the genetic stabilising programme of the species, which is otherwise
responsible for correlated interaction between the species in their natural community
and controls the mode of their behaviour, i.e. the necessary work of species aimed at
maintaining stability of both the community and its environment.
Similarly, individuals of a given species may appear effectively deprived of the
stabilising programme when placed into an alien community. Such individuals may
act as 'gangsters', quickly increasing in number and destroying the correlated
interaction and stability of the alien community and its environment. Among such
gangsters there may be both normal and decay individuals. Reproduction of decay
individuals is suppressed under natural conditions in their home community, while in
the alien community they may be allowed to increase in numbers. Formally, such a
situation corresponds to an increase in fitness of the corresponding decay individuals. However, it can be interpreted only mistakenly as genetic adaptation to
altered environmental conditions. After the alien community is destroyed and the
environmental conditions deteriorate, propagation of the 'gangsters' is also terminated, possibly ending in a complete extinction of their population. Thus, a burst of
reproduction of a species in an alien environment has nothing to do with its longterm persistence in the aboriginal environment and cannot be interpreted as process
of adaptation.
Insensitivity of individuals to diseases, toxins and other harmful factors not
encountered under natural conditions may also appear due to decay of certain parts
of the genome. This is often interpreted as the origin of meaningful information in
the course of random changes of the genome. It is presumed that the same pattern
may be realised in the course of evolution. In fact, however, only loss of the genetic
information occurs in such cases. The corresponding parts of the genome that appear
to be responsible for sensitivity to unnatural harmful factors, otherwise encode
fragments playing an important role in the individual's life under natural conditions.
Decay of these parts of the genome—which may be inflicted in many different ways,
as any other decay—may accidentally result in higher survival of such decay
individuals in the presence of unnatural toxins or infections. (Similarly, a car with
a burst tyre regains some of its stability if the other three tyres are punctured as
well - it 'adapts'.) In the overwhelming majority of cases the decay tail of a species
contains no genotypes with such random adaptation to a prescribed change in the
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external conditions. However, due to the overall lack of evidence in favour of genetic
adaptation, the few misinterpreted examples of the above kind are widely cited by
the adherents of the genetic adaptation concept. For example, newly-acquired
resistance of different organisms to artificially synthesised toxins (pesticides, antibiotics, etc.) that are absent in nature is often rendered as evolutionarily important
(Sheppard, 1975; see also below).
Generally speaking, the normal genotype could be degenerated in the sense that a
single normal phenotype could be encoded by a few normal genotypes. In such a
case, certain (but by no means all) decay mutations could be compensated by the socalled suppressor mutations, i.e. mutations that cause the same effect as the reverse
mutation (i.e. they restore the normal phenotype), being at the same time different
from it. Suppressor mutations correspond to transitions from one normal genotype
to another, the phenotype remaining unchanged. Degeneration of the normal
genome actually means an effective increase in the number of reverse mutations in
the sense that both the reverse and suppressor mutations restore the initial normal
phenotype. Degeneration of the normal genome is neutralised by an increased
accuracy of the process of competitive interaction. Suppressor mutations that
under laboratory conditions seem to completely restore the normal phenotype,
appear to be of decay nature under natural conditions of the maximum efficiency
of competitive interaction. The resolution of competitive interaction being sufficiently high, all possible mutations (except for the reverse one) would lead to a decay
genotype and decreased competitiveness of the individual.

9.8

STABILITY OF BIOLOGICAL SPECIES UNDER
UNNATURAL CONDITIONS

When natural environmental conditions are restored, the maximum competitiveness
of the normal genotypes is restored as well, so that normal individuals force all the
decay individuals from the population at an exponential rate. The rate of such
exponential forcing out is defined by the maximum biologically available difference
between the birth and death rate of normal individuals, B0 - d0 (9.2.1), which may
be called the biotic potential of the normal individuals. The time t of colonisation of.
the total population by descendants of a single normal individual is equal to the time
during which the number of these descendants becomes equal to the total population
number N, i.e. t = \nN/(B0 - d0). At N ~ 106 and B0 - d0 ~ 1 year, this time is
equal to t ~ 14 years.
When external conditions have remained perturbed for a sufficiently long time,
the processes of decay embrace all individuals in the population, so that not a single
individual with a normal genotype is left and all individuals feature n> nc.In that
extreme case the population may return to its initial state after the perturbation
ceases and the natural environmental conditions are restored, if competitiveness of
decay individuals under the natural conditions monotonously increases with the
number of decay substitutions n decreasing down to « = nc. At any moment the
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maximum competitiveness is associated with those individuals that have the
minimum number of decay substitutions, though it may still exceed nc, «min > nc.
Such individuals are able to force all the other decay individuals with n > «min from
the population at an exponential rate. In that case we have for the noncompetitiveness (9.3.5):

>1
Further process of relaxation back to the normal state of the population occurs due
to reverse mutations and genetic recombination in the course of sexual breeding,
which decrease the number of deleterious decay substitutions in the genotype
(Section 10.1). Appearing individuals with «m;n - 1 decay substitutions in their
genotype acquire the highest competitiveness and force individuals with «min decay
substitutions out of the population. We then have

and so forth until the minimum number of decay substitutions nmin falls down to the
accuracy of the competitive interaction nc (Figure 9.3) and the normal genetic
information of the species is completely restored.
When all the fragments of the normal genome are present in the population, even
though distributed over different decay individuals, genetic recombination makes it
possible to reduce the minimum number of decay substitutions «min by large steps
from generation to generation, compared with the gradual decrease of «min due to
rare reverse mutations. Thus with genetic recombination operating in the population, the condition of strictly monotonous increase in competitiveness following a
reduced number of decay substitutions may be relaxed.
The described pattern of relaxation of the population to the normal state does not
necessarily follow a period of prolonged perturbation of the environment. The
situation when the majority of the population is represented by decay individuals
may occur accidentally as a result of a sharp reduction in the population number in
the course of some ecological catastrophe followed by restoration of the population
number owing to reproduction of the decay individuals that accidentally survived the
catastrophe. Such sharp reduction in the population number is often referred to as
the bottleneck effect (Nei, 1975).
Bottleneck events may result in a considerable reduction of genetic polymorphism
in the population. If before the bottleneck the population consisted of normal
individuals with n < nc, after the bottleneck normal individuals will still dominate in
the population, even if all the n decay substitutions are the same in all individuals,
which corresponds to zero polymorphism. Thus, reduction of normal polymorphism
cannot have any adverse effect on the population.
If, at the moment of the bottleneck, the population existed in perturbed environmental conditions, so that most part of polymorphism was determined by decay
individuals with n < nc, then after the bottleneck normal genotypes may appear to
be absent from the population altogether. In such a case, the process of relaxation of
the population to the normal state after restoration of the natural environment will
take a longer time and will follow the above described pattern (Figure 9.3).
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Figure 9.3. Decay polymorphism of genotypes in a population outside the natural conditions of the
ecological niche of the species. nc is the number of decay substitutions characterising the sensitivity of
competitive interaction and stabilising selection, which represents the limit to accumulation of decay
substitutions in the genotype; nL is the maximum number of decay substitutions compatible with
viability of the individual; « min is the least number of decay substitutions encountered in genotypes at
the current moment, a - noncompetitiveness of individuals related to the number n of decay substitutions
in their genotypes, see (9.3.5). b - relative population frequency of genotypes with n decay substitutions.
Under unnatural conditions competitive interaction and stabilising selection are switched off. Competitiveness of normal individuals decreases (and noncompetitiveness increases) down to the competitiveness
of decay individuals with n > nc. Decay substitutions accumulate in genotypes of individuals up to the
lethal threshold nL. When natural environment is restored, competitiveness increases with decreasing n
until the limit of sensitivity of competitive interaction nc. At n > nc individuals with the minimum number
"min of decay substitutions in their genotypes regain the maximum competitiveness (minimum noncompe-,
titiveness). Relative population frequency relaxes to its normal state (see Figure 9.1).

In the absence of normal genotypes in the population, genetic relaxation to the
normal genotype may follow different ways, determined by different successions of
reverse mutations and acts of recombination. The process of relaxation should also
depend on the pathway via which natural environmental conditions are restored for
the given species, because competitiveness of individuals is a function of both their
genotype and their environment (see Section 2.11). When comparing decay
populations at various stages of their relaxation, it may appear that each population
is best fitted to those perturbed conditions under which it exists. When transferring
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the decay population into different perturbed conditions it may happen to be less
fitted to them than the aboriginal decay population. That phenomenon is observed
in most domesticated animal and plant species which differ strongly from their
natural predecessors (Begon et a/., 1986). Under extreme unfavourable conditions
not all the individuals die simultaneously. There is always an individual (and,
consequently, a genotype) that dies last. Under different unfavourable conditions, a
different genotype will be the last to perish. Evidently, such a situation cannot be
interpreted as a process of adaptation of the two different genotypes to different
unfavourable conditions (see also Section 1.4), because neither of them is actually
able to persist.
There are two very clear illustrations of the above described processes of decay
and following relaxation of the genome. These are sickle cell anemia and industrial
melanism, which are often cited as the textbook examples of genetic adaptation to
changing environment.
Sickle cell anemia is an inherited red blood cell disorder in humans. It is caused
by a single nucleotide substitution in the DNA encoding the /3-globin gene. In a
homozygous state (i.e. when both copies of the human genome contain the
substitution) sickle cell anemia leads to death of the patient if no serious
medical treatment is involved. In a heterozygous state (i.e. when only one of the
two genome copies carries the decay substitution, the other retaining the normal
gene) the symptoms of the disease are not so severe, though heterozygote patients
may encounter problems under stress or conditions of lower oxygen abundance.
It was noticed that people who had the sickle cell mutation in the heterozygous
state appeared to be more resistant to malaria than normal individuals. A certain
proportion of the offspring of two heterozygous individuals always gets the sickle cell
gene in a homozygous state, which under natural conditions leads to the death of
such individuals and, consequently, elimination of the decay gene from the population. Thus, under natural conditions with the malaria infection absent, the
population frequency of the sickle cell genes is kept at a negligibly low level.
Meanwhile, under conditions of malaria epidemics, the sickle cell gene frequency
increases owing to the better survival of sickle cell heterozygotes which compensates
for the death of homozygotes. This is interpreted as an increase in fitness of sickle cell
heterozygotes as compared to normal individuals. However, under the unnatural
conditions of malaria epidemics, fertility and, consequently, fitness of all the individuals
(including sickle cell heterozygotes) in the population is reduced. This is in principle
equivalent to the above hypothetical situation when all individuals die under
unnatural conditions irrespective of their genotypes, and there is one particular
genotype that is the last to vanish. In very much the same manner as one cannot
speak about adaptation of this particular genotype to the unnatural environment,
one cannot speak about increased fitness of sickle-cell heterozygotes. The fact that
sickle cell genes are lethal when homozygous unambiguously suggests that the
natural ecological niche of humans is characterised by complete absence or
extremely low rate of occasions of malaria infection. The observed high frequency
of malaria cases that has led to an increase in frequency of sickle cell genes is most
probably caused by the unnaturally high population density of the corresponding
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human settlements compared with the population density characterising the natural
ecological niche of humans (see also Section 11.5).
Industrial melanism is observed in the peppered moth, Biston betularia, as well as
in a number of other insect species. Under natural conditions the species is almost
entirely composed of light grey moths. Appearance of coal-black 'melanic' forms was
registered more than a hundred years ago in several industrial areas of England. In a
hundred years black forms significantly increased in numbers and, in some areas,
made up more than 90% of the total number of moths. It was hypothesised that,
since predatory birds are more likely to eat the most conspicuous moths, melanic
forms would increase as a result of industrial pollution of the environment, which
leads to appearance of black polluted surfaces (e.g. tree-trunks) where melanic forms
would remain unnoticed by predators (Kettlewell, 1973). It was also noted that when
anti-pollution measures were taken, the number of melanic forms began to decline
(Bishop and Cook, 1975).
In spite of the fact that industrial melanism has been referred to as 'evolution in
action' and become the textbook example of natural selection, the observed pattern
can be readily interpreted without any evolutionary implications involved. Under
natural conditions the melanic form, as well as the sickle cell genes in humans, is
present at a low, if any, frequency. That means that under natural conditions decay
genes responsible for industrial melanism significantly deteriorate normal genetic
programme of the species. In urban areas natural ecological communities are
significantly disturbed by anthropogenic activities, so that the normal genetic
programme of the species does not give any advantage to its carriers. Under
unnatural conditions any decay individuals (including melanic ones) may
randomly increase their numbers. When the natural conditions are restored, the
normal individuals regain their maximum competitiveness and the normal
phenotype of the population is restored. Such a process may not have any pertinence
to evolution, which is known to be irreversible.
It would be also a mistake to say that while the light moths are better adapted to
natural conditions, the melanic forms are better adapted to industrial conditions.
Normal light moths carry a genetic programme of correct interaction with all the
other species in the community aimed at long-term maintenance of both the
community and its environment in a stable state. In this sense light moths are selfsustainable within their community provided that external disturbances do not go
beyond a certain limit of the community's resilience. Meanwhile melanic moths are
apparently deprived of the stabilising genetic programme, as soon as they appear
non-competitive under natural conditions. Melanic moths are just able to exist under
an unnatural industrial environment which is in itself unstable and is continuously
degrading on a global scale under the growing pressure of anthropogenic activities.
In other words, light moths are able to live in an environment which is characterised
by a long-term stability, to which they also contribute. Melanic moths are able to
exist in an environment which is inherently unstable. Thus, there is a principal
difference between the two forms, the latter being but a decay state of the former,
with no new meaningful genetic information gained, which is contrary to the
situation taking place in the course of evolutionary process.
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Environmental conditions of the natural ecological niche ascribe the maximum
competitiveness to the normal genome. The relative number of decay individuals is
then defined in the process of their competitive interaction with normal individuals,
which takes place independently of the availability of resources (see Section 2.2 and
5.7). Population density of normal individuals is prescribed by the information
contained in the normal genome and may be sustained at a level much lower than
that permitted by the available resources of the ecological niche. Particularly, such a
situation is realised for most large animals (see Chapter 4). That makes it possible to
support stable existence not only of the species itself, but also of its environment,
including all the other species in the ecological community.
Within the picture described in this section, within the natural ecological niche any
biological species is unambiguously determined by its normal genome. When environmental conditions fluctuate, random oscillations occur around that normal genome
without any directional changes taking place. Biological species cannot continually
crawl away from the normal genome, adapting to changing environmental conditions.
Only such genetically stable species and their communities are capable of stabilising the
optimal state of the environment.
Accumulation of decay individuals in populations accompanying environmental
perturbations should not disrupt the stabilising programme of the whole community.
If a certain species completely loses its stabilising programme owing to excessive
accumulation of decay individuals, such a decay species may be envisaged as an
additional perturbation with respect to the other species in the community. The
other species should retain their stabilising programme ensuring the community's
capacity to compensate environmental perturbations (both biotic and abiotic) within
some short time period. In such a case the decay species also returns to its normal
state after natural conditions are restored due to the compensating reaction of the
community as a whole. In the opposite case, the environment may go outside the
scope of control, so that the whole community will be doomed to perish.
Thus the additional perturbation caused by incorrect functioning of the decay
species is much more dangerous than complete extinction of any species in the
community. Extinction of any species weakens the stabilising potential of the
community, while the perturbation it has to cope with remains the same.
Meanwhile incorrect functioning of a species not only impairs the stabilising
potential of the community, but adds to the external perturbation. Accordingly,
artificial, arbitrarily-composed communities of fields, pastures and other cultivated
biological systems present much more danger to environmental stability than
complete absence of biota on those territories.
It is therefore very important to ensure dominance of normal genotypes in
populations of the principal species of the community, i.e. those consuming the
major part of energy fluxes in the community (i.e. plants, bacteria and fungi, Section
3.7). That should be guaranteed irrespective of current perturbations of the environment. Hence, prolonged deviations from the natural environmental conditions
should be prohibited for small populations, where decay individuals may quickly
propagate over the whole population. Small populations may only exist under very
stable environmental conditions characterised by only minor fluctuations.
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This limitation allows the explanation of some observed regularities of species
diversity in different ecosystems. When the biomass of the whole community is fixed,
an increase in species diversity of the community naturally results in a reduction of
population numbers of species. Thus communities of high species diversity may only
exist under quite stable external conditions (cf. Section 3.6).
The highest species diversity is found in tropical forests on land, and in the coral
reefs at sea. Communities of tropical forests and coral reefs indeed exist under
extremely stable environmental conditions. In the absence of any sharp perturbations of abiotic nature which otherwise are uncommon for these ecosystems, these
communities maintain their environment in a stable state, quickly compensating all
spontaneous fluctuations of the environment in accordance with the biotic Le
Chatelier principle (Section 5.5). Communities of rainforests feature the highest
productivity and greatly provide for stabilisation of the environment for the whole
of the biosphere on the global scale. At the same time, these communities appear
'unprepared' for sharp anthropogenic perturbations. Such large-scale perturbations
are not encountered in their natural environment. Hence, the normal genome of
such communities cannot contain a programme of compensation for such largescale disturbances. These communities rapidly degrade when exposed to anthropogenic influence. As a result, the global environment also appears to be
destabilised.
Communities of the moderate and polar areas exist under strongly fluctuating
environmental conditions. Contemporary terrestrial biota is apparently incapable of
suppressing these fluctuations, stabilising the environmental conditions in these
zones to such an extent that communities with high species diversity, low numbers
and low stability of each separate population would become possible. Communities
in those zones feature low species diversity, high population numbers and.
respectively, high stability of the genomes of all the species. These communities
may suffer stronger perturbations, anthropogenic included, without losing their
stability. However, their role in stabilising the overall environment for the biosphere
is significantly smaller than that of the tropical and subtropical communities, since
their production contributes less to the overall production of the biosphere
(Whittaker and Likens, 1975).

9.9 BIOLOGICAL SPECIES: DEFINITION
To give a clear and non-contradictory definition of species has been one of the
challenges in biological science. Biologists describe species on the basis of differences
in morphology and behaviour. The number of characteristics involved may be so
high and the differences themselves so exotic that taxonomy may sometimes be
compared to an art. However, it is taxonomy that is traditionally considered as the
highest instance in doubtful cases.
The attempts to give a formal unifying definition of a species as an array
of populations within which sexual reproduction takes place and which are
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reproductively isolated from populations of any other species, encounter many
contradictions. Many apparently different species may produce viable and fertile
offspring. Impossibility of interspecific breeding between congeneric species is an
exception rather than a rule (Raven and Johnson, 1988). This fact is often used by
humans in conservation programmes. For example, the present-day population of
Przewalski horses (Equus przewalskii) has been restored via breeding of the
remaining few Przewalski horses with domestic horse Equus caballus (Bowling and
Ryder, 1987). The same pattern was followed in restoration of some of the presentday populations of European bisons (Bison bonasus) that were bred with American
bisons (Bison bison).
On the other hand, in some cases crosses between individuals from different
populations apparently belonging to the same species may produce inviable offspring
or remain infertile altogether, as is the case with the so-called ring species,
which represent an array of slightly different populations where each two adjacent
populations freely interbreed, while 'the ends' of the species range appear to
be so genetically distant from each other that they do not interbreed (see Section
9.5).
Finally, many species in the biosphere are asexual. Though such species are not
very numerous compared with sexual ones, some of them (e.g. bacteria) play a
principal role in the overwhelming majority of ecosystems being responsible for
decomposition of more than 90% of the primary production (see Section 3.7). The
fact that these organisms are completely ignored in the above formal definition of
species points to sufficient flaws in the latter.
At present it is not possible to give a quantitative genetic definition of species
either, in spite of a great number of well-documented differences in DNA of different
species. In some close species the number of identifiable genetic differences does not
exceed the intraspecific genetic diversity. For example, the average number of
randomly differing proteins between two individuals belonging to the same
Drosophila species is of the order of 12% (Nevo et al, 1984), while the number of
fixed protein differences between some Drosophila species may be less than one
percent (Coyne and Orr, 1989). Thus, the interspecific genetic difference may not be
taken for the basis of definition of species.
Most difficulties are encountered when it is necessary to delimit species and the socalled subspecies, which approximately correspond to human races. On the basis of
the biotic regulation concept, we propose a constructive definition of biological
species that makes it possible to differentiate between subspecies of a single species
and different species.
We have noted repeatedly that any biological species is determined by the
information contained in the normal genome. The normal genome only remains
functionally sensible under conditions of the natural ecological niche of the species
and within the ecological community to which the species belongs. Level of
intrapopulational genetic variability is determined by the sensitivity of the process
of competitive interaction. Individuals with genotypes containing a number of
deviations from the normal genetic programme less than the critical threshold
value feature equal competitiveness. All populations of the species are characterised
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by the same genetic programme encoded in the normal genome. Genetic differences
between populations are due to different localisation of decay deviations from the
normal genetic program caused by random nature of the processes of genome
decay and genetic drift. Thus, all functionally sensible fragments of the normal genome
('genetic signal') are the same in all populations of the species. Decay deviations from
the normal genome ('genetic noise') are different in isolated populations.
On this basis one may formulate a criterion which allows us to discriminate
between two different species and two subspecies of a single species coexisting on a
given territory. This criterion does not depend on the mode of reproduction of the
species and may be used for asexual organisms as well.
Consider two populations coexisting on the same territory. If the population density
of individuals from both populations may be characterised by a relatively constant timeindependent value, the two populations belong to different species and occupy different
ecological niches in the same community. If the population densities strongly fluctuate
with time and cannot be characterised by a certain definite value, individuals from the
two populations belong to one and the same biological species and interact competitively with each other.6
Each species performs a strictly specified amount of unique work on stabilisation
of the environment, so that the population density of its individuals is of immediate
importance to the community. In fact population density of each species is an
important environmental characteristic for all the species of the community, as well
as such abiotic characteristics as temperature, humidity, air pressure, etc. Due to this
fact population densities of different species should retain their optimal values
corresponding to the most efficient functioning of the community as a whole.
Under natural conditions they may not undergo random changes; in particular,
one species cannot expand at the expense of the other. Such a situation could be
compared to substitution of certain parts of a working mechanism by some other
parts of the same mechanism, which are also important when in appropriate
numbers. For example, a car works well when it has four wheels and one motor,
while one wheel and four motors make quite a different situation.
Meanwhile two different subspecies carry essentially the same meaningful genetic
programme the difference lying only in the localisation of decay substitutions. Thus,
changes in the ratio of population numbers of different subspecies make no
difference for the community. As a result, population densities of co-existing
subspecies may fluctuate quite arbitrarily provided that the cumulative number of
individuals of that species remains approximately the same. Random fluctuations in
population numbers of different subspecies is caused by competitive interaction of
their individuals.
This is particularly well illustrated by the situation with human races. World
history may be envisaged as a number of large-scale fluctuations of population
numbers of people belonging to different races, which are caused by competitive
6
If gradual morphological and behavioural changes are observed along the species range, all populations
(both sympatric and allopatric) inhabiting that range should be classified as a single species. This follows
from the observed discreteness demonstrated by the majority of extinct as well as extant species.
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interaction between different races and nations. The very fact of existence of such
fluctuations and of competitive interaction between people belonging to different
races and nations points unambiguously to the genetic equivalence of all races and
nations and proves that they all belong to a single species.
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10
Genetic Bases of Biotic Regulation and Life
Stability: Analysis of Empirical Evidence
All the known features of the genome structure, the characteristics of life cycle, the
morphology and behavioural traits of individuals work to enhance the genetic
stability of species and to speed up the process of relaxation back to the normal
genome after external perturbations of natural environmental conditions. The
available quantitative data are consistent with the statement that under natural
conditions intraspecific genetic variation is allowed to accumulate up to a certain
limit prescribed by the sensitivity of competitive interaction and stabilising selection.

10.1

GENETIC RECOMBINATION

As noted in the previous chapter, competitive interaction of conspecific individuals
prevents genetic information of the species from decay. Efficiency of competitive
interaction is at its maximum under conditions of the natural ecological niche of the
species. In a perturbed environment competitive interaction becomes weaker and
deviations from the normal genetic programme may accumulate in genotypes of
individuals. Restoration of the normal environment switches on competitive
interaction which ensures relaxation of the genotypes to the normal genome (see
Section 9.7 and Figure 9.3).
Relaxation to the normal genome may occur as a result of reverse mutations that
lower the number of decay substitutions in the genotype, which results in a stepwise
growth in competitiveness of the corresponding individuals and following exponentially quick capture of the whole population by individuals with the lowest number
of decay substitutions. However, reverse mutations occur very rarely. For example,
to observe a single reverse mutation in a particular genome site in a population of
mammals, (z/fc)~'~ 109 individuals should be accumulated, i.e. 104 generations
should pass in a population of 105 individuals. Here v is the rate of mutations per
site per cell division, k is the number of divisions in the germ line (see Section 9.1).

Figure 10.1. Genetic recombination—exchange of genetic material between chromosomes. Crosses
indicate deleterious substitutions in the two chromosomes. After recombination one of the new
chromosomes contains two decay substitutions, while the other does not contain them at all. If the cut
(dashed line) happens to the one side of both decay substitutions, recombination does not change the
number of decay substitutions in the chromosomes. Genetic recombination significantly accelerates the
process of relaxation of a population to the normal genome.

Genetic recombination (crossover) may drastically accelerate the rate of genetic
relaxation of the population to the normal state. Basically, recombination represents
exchange of portions of genetic material between homologous chromosomes when
the latter are engaged in the production of gametes.
Assume that there are two homologous chromosomes, each containing one decay
substitution. The probability of random coincidence in localisation of these
substitutions is negligibly small. Let us cut both chromosomes at some arbitrary
but identical point and connect the right-hand part of one to the left-hand of another
and vice versa (see Figure 10.1). The obtained two new chromosomes get the head of
one parent chromosome combined with the tail of the other. If the cut (the chiasma)
passes between the decay substitutions, one of the two new chromosomes will
contain no decay substitutions, that is, it will be normal, while the second one will
contain two decay substitutions. If both decay substitutions lie to one and the same
side of the chiasma, the recombination changes nothing.
In the course of gamete production a number of chiasmata occur in the process of
each act of recombination (Cano and Santos, 1990; Burt et al, 1991). Contact
(syngamy) of two chromosomes belonging to different genomes is always needed for
genetic recombination to occur, which is attained in the course of sexual breeding of
individuals. Note also that in the course of the individual's life cycle there should be
a period of diploid phase in which the haploid genomes (or haploid parts of the
genomes as is the case with bacterial recombination) of two different individuals
combine into one. Different species allocate the most part of their life cycle to either
diploid or haploid phase (see Section 10.3, Maynard Smith, 1978; Kondrashov, 1988;
Michod and Lewin, 1988).
In a general case genetic recombination between homologous chromosomes
results in the appearance of genomes with both higher and lower numbers of
decay substitutions, as compared with the parent genomes. Recombination is a
random process which brings about a Poisson distribution of the number of decay
substitutions in the recombinant genomes of the offspring (Maynard Smith, 1978).
The Poisson multiplicity, Eq. (9.1.6), i.e. the average number of mutations in the
recombinant genomes should, apparently, coincide with the average number of
decay substitutions in the genomes of the parent population, as soon as genetic
recombination does not change the total number of decay substitutions in the
population. If decay substitutions already followed a Poisson distribution in the

