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It iswell known that closed systems tend to attain a
stable state with the minimum degree of orderliness
(maximum entropy, which is the measure of the disor-
der or randomness of the system). According to the sec-
ond law of thermodynamics, entropy increases during a
spontaneous irreversible process. Therefore, the pro-
cesses of spontaneous ordering (entropy decrease) are
prohibited in closed systems. In contrast to closed sys-
tems, open systems exposed to flows of external energy
are able to increase their orderliness. These processes
are called physical self-organization.

The nonequilibrium states of physical systems with
stored potential energy are capable of generating
intense avalanche-like ordered processes, which are
induced by the systems’ tendency toward an equilib-
rium state. In addition to true avalanches (i.e., landslide
movement of large mass of rock debris or snow)
formed as a result of accumulation of gravitational
energy in mountains, these processes also include
cyclones, tornadoes, earthquakes, etc. The power of
cyclones and tornadoes is determined by the condensa-
tion energy of water vapors accumulated in the preced-
ing processes of long-term evaporation of water. Earth-
quakes are caused by the sudden release of the defor-
mation strain energy stored within some limited region
of the rocks of the Earth. The nonequilibrium states of
some physical systems with stored potential energy are
collectively known as states with self-organized criti-
cality [1, 2].

Strict coordination of the newly formed level of
orderliness with the magnitude and pattern of the exter-
nal flow of energy is atypical feature of the state of
physical self-organization. If a system with physical
self-organization is exposed to external flows of energy,
this gives rise to a rigorously defined distribution over
the possible states of physical self-organization. For
example, the number and size of vortices (whirlpools)
in rivers with turbulent water flow are determined by
the power of the water flow. Moreover, the character,
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probability of implementation, and specific features of
the ordered states generated as a result of decay of an
initial physical state with self-organized criticality are
entirely determined by the character and specific fea-
tures of the potential energy of theinitial state.

All newly appearing ordered physical statesin self-
organized physical systems undergo continuous decay,
with the energy of their orderliness being dissipated. To
conserve the ordered physical statesin agiven external
energy flow, new ordered structures should be continu-
ously generated in place of the decayed ones. Once the
energy supply has been ceased (or the accumulated
potential energy has been dissipated), the self-orga
nized states decay. As a result, the system gradually
turns into the state with the maximum disorder. In this
case, the term “self-organization” is inadequate to the
processesin the physical systems. Indeed, the organiza-
tion of these systemsis determined by the character and
magnitude of external flows of energy, rather than by
the processes of self-organization.

The processes of physical self-organization and
decay of states with self-organized criticality are
described by nonlinear equations of physical kinetics
[2, 3]. Many researchers believe that similar approach
can be applied to the mathematical description of bio-
logical evolution and many characteristics of ecologi-
cal and biological systems[4-6]. The goal of thiswork
was to determine whether there are features of funda-
mental difference between organization of physical
systems and biological (ecological) systems.

The degree of orderliness of all physical systemsin
natural external flows of energy is characterized by
macroscopic degrees of freedom (e.g., the number of
vorticesinaturbulent flow of liquid or air). Each degree
of freedom is described by a discrete measurable
parameter (e.g., the size of turbulent vortex, the speed
of rotation, etc.). Given that the resolving power of any
measurement is finite, the number of all possible values
of any degree of freedom is limited.

The degree of orderliness (information content) of a
system is proportional to the number of the degrees of
freedom of the system, the measurable characteristics
of the degrees of freedom being determined uniquely.
Thus, the maximum possible degree of orderliness
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(information) with alogarithmic accuracy can be deter-
mined by the number of the degrees of freedom of the
system (number of information memory cells) [7]. It
should be noted that the total number of the possible
states of asystem with N degrees of freedom and k pos-
sible values of the measurable characteristics of each

degree of freedom can be calculated as kN = 2N
Therefore, the information content of the system in
which the measurable characteristics are known for
each degree of freedom is calculated as Nlog,k if all

values of the measurable characteristic are equiproba-
k

bleand as —N z w;log.w, provided that the probabili-

ties w, of the k vaI ues are different.

It should aso be noted that appearance of macro-
scopic degrees of freedom in flows of external energy
givesrise to two possible effects. First, the system may
be subjected to temporary stochastization against the
background of arelatively equiprobable distribution of
the general state of the system over al possible physical
states in each newly emerging degree of freedom. Sec-
ond, the system undergoes organization, if the distribu-
tion over certain degrees of freedom is the most proba-
ble. Once the flow of external energy has been ceased,
the macroscopic memory cells of the physical system
disappear, together with the opportunities of stochasti-
zation and organization of the system. Similarly, ther-
modynamic entropy tends to zero as temperature
approaches absolute zero. The physical system in this
case changes into the ground state, which contains the
sole memory cell and the only physical state of the cell.
Therefore, theinformation content of the systemiszero
[7].

In the presence of maximum flows of externa
energy, the degrees of freedom of the self-organized
physical state are macroscopic and their density per
unit macroscopic volume is limited.

This can be illustrated by arelatively simple exam-
ple of a system with a turbulent flow of liquid or gas
remote from the solid walls of the system. The number
of degrees of freedom (memory cells) of the system is
determined by the number of vortices, in which the
energy of matter rotation is dissipated [8, 9]. The
dependence of the density of the number of the degrees
of freedom (n) on the energy power density () per air
mass unit can be derived from the Kholmogorov—
Obukhov law [8] as

n _3 ¢
InnO 4Ingcr, )
where n, = 1 m3; g, = 103 W/kg is the critical energy
density corresponding to the appearance of flow turbu-
lence (figure).

It was assumed that turbulence was absent at air
flow rates below 1 m/s (in aboundary atmosphere layer
| ~ 1 km, this corresponds to the Reynolds number
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Re< 10* [8]). Movement of natural bulk air, like any
other ordered processin natural environment, ischarac-
terized by lower rates. Therefore, the number of the
degrees of freedom in these systemsis several orders of
magnitude smaller.

In contrast to physical ordered systems, ordering of
biological systemsis characterized by molecular rather
than macroscopic degrees of freedom (memory cells).
The number of molecular degrees of freedom is deter-
mined by the number of nucleotide pairs (np) in the
DNA molecules encoding theliving-cell functions. The
density of the molecular degrees of freedom is higher
than 10**/m?, because the average value of np in the
DNA molecules of one procaryotic or eucaryotic cell is
10% or 10°-10"", respectively [10], whereas the number
of cellsper 1 m?* of metabolically active biomass of pro-
caryotic or eucaryotic organismsis 10'® or 10", respec-
tively [11]. Therefore, there is an enormous gap
between the quantitative characteristics of organization
of physical and biological (ecological) systems (fig-
ure). Quantitatively, this gap islarger than 10%°. There-
fore, none of environmental factors or changesin phys-
ical flowsis able to increase the existent degree of bio-
logical and ecologica ordering.

It has been known since the Pasteur time that spon-
taneous generation, i.e., the hypothetical process by
which living organisms devel op from nonliving matter
(abiogenesis) is impossible under any conditions.
Experimental studies on spontaneous generation have
been given up at about the same time as the attemptsto
invent a perpetual motion machine have been com-
pletely abandoned. The orderliness of an organism of
any species is maintained throughout the entire period
of its existence (millions of years). This orderlinessis
supported at the expense of internal processes of com-
petitive interaction between individual speciesin popu-
lation and elimination of noncompetitive specimensin
the course of natural selection. The progeny of the
specimens with high orderliness (competitive speci-
mens) fills the resulting popul ation vacancies.

Competitive interaction, stabilizing selection, and
reproduction of normal specimens are energy-consum-
ing processes. Therefore, living systems take up energy
from the environment. However, the energy uptake by
living systems differs fundamentally from the energy
uptake by ordered physical systems. Ordering of phys-
ical self-organized systems is determined by the char-
acteristics of dissipated energy flows. This orderliness
is generated and supported only if energy issupplied to
the system. Once the energy supply is ceased, the sys-
tem immediately becomes disordered. In contrast to
physical orderliness, genetic orderliness of organisms
of any species decays in the absence of competitive
interaction and stabilizing selection even if the energy
supply (food flow) is avail able and specimens continue
to reproduce. Besides, in contrast to stabilization of
self-organized physical states, the processes of compet-
itive interaction, selection, and reproduction of speci-
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Dependence of organization of physical and living systems
onthe density of energy absorbed by the system. Ordinateis
the common logarithm of density of memory cells (degrees
of freedom) per unit volume (M) of physical systems
(1) and unit of metabolically active volume (m?) of biolog-
ical (ecological) systems (1). Abscissais the common loga-
rithm of the external energy power € consumed by the unit
mass of the system (W/kg = m?/s°). Areas corresponding to
physica (I1) and biological (I) organized systems are
hatched. €,,;, isthe observed minimum of metabolic power;
€max IS the observed maximum of metabolic power.

mens in biological populations are independent on the
characteristics of externa energy flows (food). The
level of organization of living systemsthemselves deter-
mines these processes. For example, the range of meta-
bolic power of energy consumption is about the samein
al living systems (from 5 x 107 to 7 x 10°* W/kg [12])
regardless of the amount of genetic information
(genome size) (figure). Therefore, the level of genetic
orderliness of organisms does not depend on the food
consumption by the organisms.

The danting linein the figure shows the dependence
of the density of the number of turbulent degrees of
freedom (turbulent vortices) of bulk air on the energy
power density per unit air mass € (Eg. (1)). According
to our estimates, characteristics of other natural physi-
cal self-organized processesin natural environment fall
within the hatched triangle shown in the figure. Noted
that, if we continue the slanting line of physical self-
organization to the right, it will reach the orderliness
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valuestypical of living systemsonly at the energy den-
sities larger than 10°2 W/Kkg. It is obvious that none of
molecular structures required for the origin of life is
able to withstand such alarge energy density.

The processes of evolution are based on genetic
mutations and natural selection of specimens in popu-
lations of biological and ecological systems. These are
true processes of self-organization, which do not
depend on external flows of energy. Therefore, the non-
linear equations of physical self-organization consid-
ered above fail to describe true biological self-organi-
zation (i.e., evolution). These equations also fail to
describe the existing organization of biological and
ecological systems (i.e.,, the organization that has
emerged during biological evolution). These state-
ments are true for any level of organization of living
objects (from cells to multicellular organisms and eco-
logical communities).

The changesin the state of physical systems associ-
ated with changes in the probability of distribution
between the finite physically ordered states are fully
determined by the characteristics of the effects induced
inthe system by external energy. In contrast, changesin
biological orderliness are induced by spontaneous
mutations. Therefore, these changes are random and
independent on changes in flows of food. Decay of
states of the physical self-organized criticality gives
rise to the processes smilar to those observed as a
result of degeneration (pathology) of states of biologi-
cal self-organization. However, the degeneration pro-
cesses are unrelated to the increase in the level of orga-
nization of biological systems.

The life on Earth is exposed to an external flow of
solar energy and consumes this energy. Although this
energy supports metabolism of all living organisms, the
level of orderliness of life isindependent of the amount
or the character of the consumed energy. The level of
organization (information content) of living systemsis
more than 20 orders of magnitude higher than the level
of organization of all possible ordered physical states
generated in the environment by solar energy or any
other source of external energy.

Inthiscontext, all individual self-reproducing living
organisms outside their populations behave like closed
physical system. Beyond the population control (i.e., in
the absence of competitive interaction and selection),
both individual specimens and their progeny may loose
their level of orderliness. Therefore, the properties of
the biological systems are described by the law very
similar to the second law of thermodynamicsfor closed
physical systems.
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