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4.1 Limitations to Expansion and Evolution of Species
As demonstrated in the preceding chapter, stable life is only possible when individuals compete with each other within the population. Formation of populations
and competitive interaction between the individuals within them is a genetically
fixed trait of all living beings. However, when external fluxes of energy and nutrients, fit for inclusion into the feeding cycle, are available and are not used by
existing life, noncompetitive decay individuals, expelled from the population, may
start using them, thus decreasing the average level of organization of life. To prevent such a development, competitive normal individuals should expand, that is
claim all the external fluxes of energy and nutrients regenerating their own copies.
Noncompetitive individuals are then expelled from the available niches (that refers
to both the individuals of the given species and also other species which use the
same fluxes of energy and nutrients, i.e. occupy the same ecological niches).
Expansion may occur both within the boundaries of a given territory, when
the population density of a competitive species continuously builds up to reach
its possible limit, and through expanding into the areas as yet unoccupied by that
population. Evolutionary changes brought about by an increase in competitiveness
also become fixed in the genotype in the course of expansion. During expansion the
competitive interaction weakens, or even ceases. This implies that the competition
capacity might remain unchanged only when expansion took significantly less time
than such an acquired trait would take to deteriorate in the absence of competitive
interaction. Expansion is a most general characteristic of life, observed in every
species; it even covers such advanced forms of claiming new territories as space
ventures by man.
Were the fluxes of free energy limitlessly available to life (i.e. in conditions of
energy abundance), expansion would have been infinite; competitive interaction
would then have been totally absent, so that stabilization and, consequently, life
itself would have become impossible. Therefore, life may only exist on condition
that fluxes of free energy are limited, i.e., there should exist some restriction of
available energy (lack of energy abundance).
Separate biological species may exist stably outside their natural communities
for lifespans of several thousand years, when the effect of evolutionary processes
is not yet noticeable, provided the flux of external energy is limited. A population
of a species with competitive interaction "on", may support stable numbers if the

stationarity of a local environment is artificially supported, that is, if the necessary
nutrients are introduced into that environment and the wastes are evacuated. Such
is the existence of certain urbanized species (cockroaches, sparrows, rats, etc.) and
of all domestic animals and plants.
However, separate biological species, isolated from their communities, appear
to be unstable within lifespans of several millions years, when evolution takes its
full force. Evolutionary processes may only work to increase the competitiveness
of individuals. The increase in such competitiveness is not, generally speaking,
associated with higher adaptation to the environment or with higher stability of
the population.
For example, evolution in the direction of abnormally big antlers in certain
extinct animals (McFarland, 1985), the appearance of exceptionally bright and
excessive feathering in certain bird species (Zahavi, 1975; Manning, 1979; McFarland, 1985; Diamond, 1991), higher level of aggression, accompanied by lower
vitality (Tinbergen, 1968; Lorenz, 1981) do not result in better adaptation to environment and may destroy the organization of life. The principal direction in which
competitive capacities grow is dictated by larger correlation radii of individuals,
that is by larger body size of individuals and by broader spatial sizes of various
social structures. Evolution in that direction should have resulted in an unlimited
growth of both the body size and dimensions of social structures, which would
then expel all the other species from the environment.
Expansion of large individuals should have occurred both extensively, resulting
in a general proliferation of large individuals, and intensively, resulting in a local
expulsion of smaller size individuals from the environment, so that the larger size
individuals would claim all the fluxes of nutrients available. Thus, finally, one or
several groups of the most competitive species of the largest body size or social
structures should have been singled out eventually resulting in a global correlation
of the whole of biota (including both the flora and fauna), consequently stopping
competitive interaction, selection, and life in general.
Tracing from paleontological data the evolutionary changes in certain animal
species, we may satisfy ourselves that the evolution towards larger body sizes indeed takes place (Cope's rule (Stanley, 1973)). The same data show that expansion
of large bodied individuals have indeed taken place, and large animals proliferated throughout the whole of the biosphere and could be encountered everywhere.
However, paleodata fail to provide any conclusions on the population density of
such large individuals, that is on the share of consumed nutrients per large individual. That conclusion may only be drawn by studying the presently existing
biospheric communities. Such an analysis shows that no natural communities (that
is communities not perturbed by anthropogenic impact) feature internal expansion
of the larger individuals. Instead an opposite development is observed: with the
body size of the species increasing the share of nutrients it consumes (the larger
individuals consume in general) from the overall flux of nutrients decreases. The
appearance of large animals in natural communities practically does not change

146

4. Stability of the Biosphere's Organization

the general structure of a community, which corresponds to fine tuning of that
community's functioning.
On the one hand, proliferation of large individuals throughout all the communities of the biosphere means that communities including those individuals are more
stable, hence more competitive, than communities devoid of large individuals. On
the other hand, limitation of the number of such large individuals to a minimum
in every observable community means that those communities in which the large
individuals start to dominate in the share of their consumption of nutrients lose
their stability and competitive capacities.
The only possible explanation for such a limitation of the role of large animals
in the communities might be the necessity to close the cycle of matter, and support the stability of the environment, that is a close equality between the fluxes
of organic synthesis and destruction under a compensating reaction of the biota
to external perturbation. With the individual size (the correlation radius of individuals) growing, the number of noncorrelated functioning individuals falls off.
Thus the law of large numbers is violated, Eq. (2.3.4), and large random fluctuations ensue in both synthesis and destruction, rendering impossible a close enough
balance between the respective fluxes of matter. Under the conditions of limited
availability of chemical components to living individuals (i.e., of nutrients), the
communities disrupting the closed character of matter cycling adversely perturb
the environment, which results in further perturbation of both the synthesis and
destruction of the organic matter. As a result such communities lose their competitive capacity and are expelled by other communities which still keep the matter
cycles closed, i.e., by such communities which predominantly consist of a large
number of small individuals, among which the law of large numbers is still in
force. That phenomenon is treated quantitatively in Sects. 5.5 and 5.6. It is particularly this force which prevents the evolution of the biosphere toward larger
individual body sizes and social structures.
Were the fluxes of free energy or stores of nutrient unlimited, nothing would
stop the evolution toward a global correlation ensuring quick decay of life in
general. Thus stable life is only possible if, beside a limitation upon the flux of
external energy (lack of energy abundance), the store of nutrients is limited as
well, and there is no incessant flux of these nutrients from the outside, so that
material resources remain short (lack of material abundance).

4.2 Closed Matter Cycles in the Biosphere
The following estimates demonstrate the necessarily closed character of matter
cycles during both the biological synthesis and destruction of organic matter. The
present day annual production of the whole biosphere in units of mass of organic
carbon is estimated as 100 Gt C/year. Carbon amounts to only about one tenth
of the overall live organic mass (Odum, 1983; Kendeigh, 1974). Thus the annual
production of live organic matter may be estimated at 103 Gt/year. During the
whole timespan of life on Earth, that is over 3 x 109 years that production should
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have reached 4 x 1012 Gt, that figure practically coinciding with the mass of the
planet, equal to 6 x 1012 Gt (Allen, 1955). However the sphere available to life is
only the biosphere, including the atmosphere, the ocean, and the thin soil layer on
land, its overall mass being of the order of the total mass of oceanic water, which
is 1.4 x 109 Gt (Watts, 1982). The production of biota over its lifespan exceeds
this latter mass by a factor of many thousands.
Hence, atoms of substance must have entered the synthesized organic matter
many thousands of times, and for that process to be possible all the synthesized
organic matter must have been decomposed into its inorganic components again
and again. It also follows from that estimate that at least three decimal digits
in the numerical expressions for the global fluxes of synthesis and destruction
should coincide with each other. If only the orders of magnitude of these fluxes
of synthesis and destruction were to coincide (as is the case in the contemporary
land biota, perturbed by man), all the mass of the planet Earth would have quickly
turned into pure organic matter if the synthesis were to dominate, and inversely,
if destruction were to dominate, all the organic matter, and hence, all the biota
would have ceased to exist long ago.
Since death is inevitable for every living individual, the organic matter contained in all the dead bodies should necessarily be destroyed by other living individuals. The competitive interaction between individuals results in developing
specialization and in separating the individuals into various species following their
different feeding habits. Some species synthesize organic matter, directly consuming the solar energy, others destroy that organic matter, using the energy contained
in it. As a result correlated communities of different species must necessarily be
organized to support life.
The closed character of the biochemical cycles of matter results in life being
possible on the basis of organic substances, their energy available for use when
these substances are destroyed. These limitations, following from the necessity
to keep the cycles of matter closed, and imposed upon the Earth's biota, form
the basis of ecology as a science. Meanwhile the observed distributions of living
individuals and the abundance of species, which are sometimes considered to be
the main study subject of ecology (Begon et al., 1986), only follow from such
limitations. The principal task of ecology should thus be that of finding the causes
of stable existence of life in the environment.
Lack of material abundance in the environment, as one of the necessary conditions of stable life, boils down to limitations imposed upon the external flux of
nutrients entering the biosphere, and upon the stores of those nutrients within the
biosphere.
The biological fluxes of either synthesis or destruction of organic matter should
remain much larger than the external flux of nutrients entering the biosphere. For
example, were that external flux to satisfy half the biological needs (provided a
simultaneous evacuating flux of waste products were to exist so that the environment would remain stationary) no support of stable closed matter cycles would
be possible. In that case half the biota would exist due to external fluxes, and
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the other half would strive to close the cycles of matter. Such a closure needs
energy, and an active biota which would provide it. Thus the biota functioning
through closing the cycle of matter would inevitably lose its competitive capacity,
as compared to its other part, equal in size but functioning in the flux of external
energy. That would result in the second part of the biota ceasing to function and
to exist.
The remaining biota would reduce the biological fluxes of synthesis and destruction down to half their preceding levels, and would completely rely on the
external fluxes of nutrients for feeding, without bothering to close the cycles of
matter or to stabilize the environment. Such a biota could exist in the form of one
or several species, not organizing into any ecological communities. Even with the
external flux of nutrients remaining limited, that is with competitive interaction
switched on (the latter preventing decay of populations) an evolutionary collapse
to global correlation of the biota would inevitably take place in such a biota,
within a time period of about one million years (that is the characteristic time of
the formation of species), after which such a biota would cease to exist.
Besides, an environment not regulated by the biota would continuously change,
deviating more and more from the state optimal for life. A random coincidence
of the fluxes of nutrients and of evacuated wastes, which keeps the state of the
environment stationary, cannot be stable. A random perturbation of such an equilibrium could bring about a destruction of the environment and extinction of the
biota in significantly shorter time periods. Thus the biological flux of synthesis
and destruction of the biota should exceed the external fluxes of synthesis and
destruction to such an extent that the biota, functioning on the basis of communities and closed cycles of matter be, first, capable of compensating any significant
fluctuations in the environment, and, second, appear much more competitive then
the biota existing due to external fluxes of those nutrients. It is only in the latter
case that such a biota may be expelled from the biosphere. It is particularly this
situation that has so far been found in nature (see Fig. 1.3 and Sect. 1.7).
Now consider the problem of the amount of nutrients stored in the environment.
The quantitative limitation on the amount of nutrients supporting the stable state
of life is related to the rate of evolution and of progress. When absolutely no
stores of nutrients are available outside the bodies of the living individuals, stable
life, independent of the rate of evolution, is only possible if matter cycles are
completely closed. Any community violating that closure of matter cycles would
then immediately disintegrate and lose its competitive capacity.
Without external fluxes of nutrients, material abundance would correspond to
such a situation, where the store of nutrients in the environment is much larger
than their expenditure (or production) during the time of evolutionary change (or
progress), or, in other words, when the time of evolution, T, is much less than the
time of biological cycling of nutrients, T. In a realistic situation, when the store
of nutrients is limited as well as their fluxes through the environment, a stable
life requires that the evolution be prohibited to a high degree, and the time T of
evolutionary changes in the structure of communities remain much less than the
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time T of any noticeable change of the store of nutrients in the environment: T ~S>
T, such that it would result in a loss of competitive capacity of the communities.
The communities violating the closure of matter cycles would then be expelled
from the population. In the opposite case, when T <C T, such communities would
spread throughout the whole population, expelling the communities which support
the closure of matter cycle.
By definition, the environment includes stores of both organic and inorganic
matter, which are involved in biochemical cycling. To maintain the fluxes of
synthesis and destruction equal to each other in the biologically active chemical
components (the nutrients), the stores of these components in both their organic
and inorganic forms should not only be limited, but should also coincide in their
order of magnitude. Otherwise either the synthesizing individuals (if inorganic
matter is in excess) or the destroyers of the organic matter (when the organic
matter is overabundant) would find themselves in conditions of relative material
abundance, and the correlation between the synthesis and the destruction would
inevitably be violated. As for the present-day environment (weakly perturbed by
man) the stores of nutrients in their organic and inorganic forms are indeed of the
same order of magnitude (Gorshkov, 1985a, 1986a; Gorshkov and Kondratiev,
1990). The time r cannot exceed the time for biological cycling of nutrients
stored in the environment, i.e., about 10 years (Gorshkov, 1987a). The time T is
determined by the time of change of the community composition in species, which
is of the order of 106 years (Simpson, 1944). Thus the condition T 3> r is met in
the non-perturbed natural biota by a factor of five to six orders of magnitude, and
the appearance of communities destroying the closure of matter cycles is totally
excluded.
Were the sedimented organic matter biologically active, the time for its biologic
cycling would be four orders of magnitude longer than the time of cycling of
environmental nutrients, i.e., would be of the order of 105 years. However, that
time period would still be an order of magnitude shorter than the time of change
of species, T ~ 106 years. Thus even if the sedimented buried organic matters
were included into the biological cycle, conditions of abundance would not ensue
over the time periods typical for the rate of biological evolution. Thus separate
communities which violated the untouchable character of the buried organic matter
and temporarily entered the realm of material abundance, thus destroying the
environment, did not have time enough to propagate throughout the whole of the
biosphere. They eventually lost their competitive capacity, and were ousted by
communities sustaining the closed character of matter cycles.
The external flux of nutrients entering the biosphere is determined by the structure of the Earth's core and that of cosmic space. The Earth's biota is incapable
of changing that flux. The necessary condition of life stabilization is achieved
by the biota, which uses solar energy to develop powerful fluxes of synthesis
and destruction of organic matter, these fluxes significantly exceeding the scale
of external fluxes so that the necessary level of production is prescribed by the
existing scale of external fluxes. The environmental stores of nutrients, entrained
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into biochemical cycles, should be sustained at a level significantly less than the
biological production over the characteristic time of evolution. Despite the possibility of using various emzymatic means to increase the stability of the DNA
molecule during information read-off from it and its replication, e.g. like proofreading and mismatch repair (see Sect. 3.4), evolution may only be prohibited to
a certain limit, characterized by the observed time of evolution. That time is determined by the quantum characteristics of the molecules used in life processes,
which cannot be changed by the biota either. Thus both the biotic production and
the time evolution are determined by external conditions, which cannot be affected
by the biota. Hence, only the stores of nutrients and their concentrations in the
environment may be prescribed by Earth's biota and supported by it at a certain
level. That is only possible if the Le Chatelier principle operates in the biota with
respect to all the external perturbations (Sects. 1.4 and 2.6).
Thus no stable communities functioning in conditions of material abundance
can exist in nature. However, locally, situations may quite often be encountered
in nature, for example, immediately after some natural catastrophes, such as a
volcanic eruption, glaciation, etc., where the biota has not yet had enough time
to accumulate nutrients in the amount sufficient for building up the biomass of
individuals capable of claiming all the available sources of energy. The communities of such a biota should be organized following the strictly closed cycles of
the limiting nutrients, on the basis of strict correlation between the synthesizers
and the destroyers of the organic matter. The cycling time, T, of nutrients in such
communities may be reduced to a few days (instead of the 10 years, typical for
the biosphere as a whole). The drive for expansion in such a community should
be about its typical spatial stratification. It should possibly stratify in a thin layer,
providing for absorption of all the solar energy incident upon that community, and
across a maximum possible surface, so that more such energy be intercepted. Such
communities are indeed known: these are epilithic lichen, appearing at bare rock
surface and organized as symbiotic individual algae and fungi (Farrar, 1976; see
also Morneau and Payette, 1989; Gorshkov and Gorshkov, 1992), and Fig. 4.1.
To close this section, we consider a speculative way to stabilize complex
systems of macroscopic processes without competitive interaction. That technique
is based on centralized control, including a program of regeneration, that is of
reproducing those parts of the system which have suffered decay. Destruction of
the control organs themselves, which would render the whole system inoperative,
may be practically completely excluded via multiple back-up of those organs. Such
a totalitarian, unitary system would need no replication, would be free of the notion
of competition, and would be capable of existing using even quite a small part of
the available store of nutrients and external flux of energy. It would be capable of
controlling its whole environment, compensating all the adverse perturbations and
fluctuations via the Le Chatelier principle programmed into it, on condition that all
the fluxes of information in that system reach some sufficiently high level. Such
a system would lack the expansion drive. It could exist for an unlimited length
of time in conditions of energy and material abundance outside any population

as a single individual. ("The Black Cloud" by Fred Hoyle, and "The Ocean" in
Stanislav Lem's "Solaris" are fictitious examples of such systems).
However, such a system would be foreign to progress, because, due to lack of
competitive interaction, it would miss any preferable direction of change. Every
possible change in the state of such a system would be equally probable. Since the
number of decay states considerably exceeds the number of states corresponding
to either an unchanged or increased degree of organization, change of that system
would result in degradation, accompanied by loss of its ordered character. The
stability of such a system may only be attained in its conservative state. Due to
its high level of organization such a system could not have arisen spontaneously.
It could only evolve via evolution based on competitive interaction.
All individuals include elements of regeneration. In the course of biological
selection the stability of DNA molecules may be increased via the operating program of repair, that is restoration of the destroyed sections of the DNA molecule.
Multiple back-up of the same genes via high polyploidization of the chromosomes
and gene duplication within each chromosome makes it possible, in principle, to
produce individuals with absolutely stable heredity, immune to decay. The program of regeneration of every biochemical perturbation arising in the course of
life of an individual, together with genome polyploidization, makes it possible,
in principle, to achieve an unlimited lifespan. However, either limitation or total
liquidation of the decay DNA mutations also result in either decrease or complete
stoppage of the progressive, non-decay mutations, because the ratio of the former
to the latter, which is of the order of 1025, as demonstrated in Sect. 3.15, may
not depend on the stability with respect to decay mutations. Thus the transition to
such a conditionally immortal, centrally controlled individual, existing outside any
population, deprives such an individual of the possibility of further development,
thus rendering it competitively inefficient, in contrast to the set of still evolving
and competitively interacting, independent individuals.
As a result nature knows no immortal individuals, and no species exist in a
state of correlated interaction among all the individuals of that species.

4.3 Biological Cycles
We now introduce quantitative characteristics of closed and non-closed matter
cycles. The biologically active chemical elements are absorbed with certain ratios
during the synthesis of organic matter. Thus knowing the masses and fluxes of
certain nutrients other masses of nutrients may be retrieved from those ratios. In
what is to follow we write all the quantitative ratios for carbon. We denote the
respective masses of carbon stored per unit surface area in the biologically active
reservoirs i (i = a — atmosphere, i = s — ocean, i = I — land) in the organic and
inorganic forms as Mz+ and M~; the fluxes of carbon during synthesis (production)
and destruction of the organic matters in the ith reservoir will then be P? and P~;
net fluxes of the organic matter evacuated from the reservoir i as Ff, and that of
inorganic matter imported into the reservoir i as F~. Note that all the net fluxes
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Ff are equal to differences between the overall input (F^) and output (F0^t)
fluxes. The law of matter conservation for any spatial domain is expressed by the
equation:
where M+ and M~ denote the rates of change in the mass of organic and inorganic
carbon, respectively, and the indices i are omitted from all the values entering that
equation. The masses M+ and M~ characterize the state of the environment. The
equalities M+ = M~ = 0 mean that the environment remains unchanged.
The degree of closure of the matter cycle is determined by the level to which the
fluxes of synthesis P+ and destruction P~ coincide with each other. The relative
degree of closure of such cycles may be conveniently described quantitatively by
their breach:
K

=

p+

•

(4.3.2)
+

The relative fluxes F (or Fin) and P describe how open the reservoir v is with
respect to external forcing. The ratios v and v\n:
p+ '

in

p+

\JT.J.JJ

may be called the net (v) and the gross (z/in) opennesses. When v <C 1 and v-m^> 1,
external fluxes remain small with respect to synthesis P+. The reservoir may be
considered closed then and biological processes play a decisive role in it then.
When v <C 1 and v\n > 1, external fluxes are of the same order as, or are larger
than, those of synthesis, but are carried through the reservoir without residing in it.
The biological processes in a reservoir would still be decisive in such a reservoir.
When v > 1 and vm > 1, the reservoir is completely open, and the biological
processes are insignificant in it. Since v is small for the biosphere of the planet
Earth as a whole, it presents a closed reservoir.
The times T+ and T~:
M±
(4.3.4)

K -

are the times of complete extinction (if M < 0) or of doubling (if M > 0)
of the stores of nutrients in a reservoir, i.e. of a complete restructuring of the
environment, and r± are the times of biogenic cycling or residence times.
In a non-stationary case, when \K » v we find from (4.3.1X4.3..4) that
T = T/\K . In other words, if |K| ~ 1, the reservoirs are destroyed in the time
period of about T years, and when |K| ~ 10~', in about lOr years, while K| ~ 102
yields the same time about lOOr years, etc. If the state is stationary (M = 0) we
find from (4.3.1X4.3.4) that:
K — KQ = v

=

(F+ =

(4.3.5)

For the Earth as a planet, summing up over all the reservoirs the value of F+ in
(4.3.1) yields the organic carbon buried in sedimentary rocks, and F~ that of the
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difference between the emissions and sediments of inorganic carbon. According
to paleodata, the observed ratios F±/P+ are close to 10~ 4 . The time of biogenic
cycling r ± = Af ± /P + is within 10-30 years (Gorshkov, 1987a). The time of
geological cycling M±/F± is about 105 years (Budyko et al., 1987). The amount
of organic carbon buried in sedimentary rocks is approximately four orders of
magnitude larger that the amount of both the organic and inorganic carbon in the
biologically active reservoirs. Thus, independent of the possible changes of both
M*" and M~ by a factor of several units, one may state that the average fluxes
F+ and F' coincide with each other to the relative accuracy of about 104 (see
Eq. (4.3.5)).
Thus, for Earth as a whole, Eqs. (4.3.5) hold, and the value of stationary breach
is positive, being of the order of 10~4, supported by the biota at the relative
accuracy of 10~4 too, see Fig. 1.1:
Z

= V

= KQ K +2 X

\v' - v

10

-4

(4.3.6)

The conditions in (4.3.6) mean that the biota is capable of supporting or holding
the breach at a very low positive level, which provides for the burial of all the
volcanic emissions in sediments, and for the strictly stationary concentrations of
all the biologically active chemical substances in the environment.
The value of average perturbation of the environment F~ is defined by the
structure of Earth's depths and cannot be regulated by the biota. The low value
of v~ = F~/P + is determined by the necessary value of P+ developed by the
biota for the purpose of quick compensation of all the arising sharp fluctuations
against the average perturbation of the environment. A breach of KO = v~, that is
the equality of fluxes of synthesis and destruction to the accuracy of four decimal
positions, is needed to keep the environment stationary in the absence of sharp
fluctuations. Finally, the low relative difference between v+ and v" points to a
high level of average stationarity of the environment.
Thus, during long time periods of the order of several hundred million years
the global biota has been, on average, controlling up to eight decimal positions in
the values of production and destruction of organic matter. The coincidence of P+
and P~, to the relative accuracy of the average breach, results from low random
fluctuations of the values P+ and P~. That result follows from a certain structure
of communities, as discussed in Sects. 5.4-6. The value of breach may only be
kept at the necessary level, Eq. (4.3.6), via the action of the Le Chatelier principle
which is directed to compensate for any external perturbations of the environment.
Thus the fact that fossil sources satisfy relations (4.3.6) (see Ronov, 1976; Budyko
et al., 1987) serves as proof of the action of the Le Chatelier principle in the global
biota throughout all of the Phanerozoi, because a random coincidence of v+ and
v~ to the accuracy of the four digits is improbable.
When treating the land, I, and ocean, s, separately, one should account for
the transport of organic carbon by the rivers. In a stationary state that process
should work to increase the level of positive breach on land, «j, and should lead
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to negative breach KS in the ocean. Equations (4.3.5) and (4.3.6) may then be
presented in the form:
or

(4.3.7)
The difference Pt+ - Pl = Ffg which is equal to the run-off of organic carbon
from the land, is compensated in the ocean Ffs = -(-Ps+ - P~) so that as a result
a stationary state of the environment is sustained in both reservoirs. According
to modern estimates, the organic run-off is about 0.7 % of the land production,
vi = FiJPi w 0.007 (Watts, 1982; Schlesinger, 1990), which is 30 times as
high as the estimated global average breach, Eq. (4.3.6). That effect is largely a
result of anthropogenic eutrophication of rivers, along which most of the global
human population resides. Thus the given value is only the ceiling of the stationary
breach of land. The lowest estimate of that value may be obtained from the annual
rate of carbon storage in the soils of the formerly glaciated ecosystems. That
value reaches 0.07% of land production (Schlesinger, 1990), thus approaching the
estimated value of KO, Eq. (4.3.6). It may also be concluded from those data that
the relative fluctuations of the annual average values of KQ do not exceed that of
K0, Eq. (4.3.6).

4.4 The Le Chatelier Principle in Natural Biota
We shall traditionally call the chemical element X either organic or inorganic
nutrient, according to whether it enters an organic or an inorganic substance (e.g.,
the organic carbon enters the organic molecules within a living cell). We denote
the fluxes of synthesis (the net primary productivity) and of destructivity of the
organic nutrient X as P^ ar>d P\ > respectively. The dimension of these values
is kg X m~ 2 year"'. We denote the environmental density of mass of organic
and inorganic nutrient X per unit land surface as M£ and M^, respectively (their
dimension is then kg X m~ 2 ).
The Le Chatelier principle in natural biota, which keeps the environment in
homeostasis, means that any change AM% in the environment will be accompanied by the appearance of a breach in matter cycles, that is of the difference
(Px — P\) directed to compensate for that change. The correlation between any
two variables of differing dimensions may not be provided via any fundamental
physical or chemical constant, a transitional dimensionality (see Sect. 2.6). Due
to the extreme complexity of the interaction between the individuals in a natural
community, the biota "forgets" the values of such constants. Thus the only possible correlation between those variables is a scale-invariant proportionality between
the dimensionless ratios of the increments of these two variables to their initial
values (see (2.6.4) and (2.6.7)):

(4.4.1)
xo>
M.xo
where M^, M^0 and P£, P^o are tne perturbed and the nonperturbed values of
the mass of nutrient X in the environment, and of the net primary production of
the biota, respectively. Below the "X" indices are omitted in both formulae for
simplicity's sake.
Due to the law of matter conservation (4.3.1), the natural physical fluxes F±
in any reservoir remain, on average, much less than P±, vf -C 1. Thus when
considering significant fluctuations and external perturbations of the environment,
these values may be neglected in (4.3.1). Then, taking into account that M~ = m~
one may rewrite (4.4.1) and (4.3.1) in the form:

m = -km

,

m+ + m =0,

._M0-

(4.4.2)

where T is the time of biological cycling or residence time of inorganic nutrient
in the environment.
The condition for operation of the Le Chatelier principle and for biological
stability of the environment has the form (see Sect. 2.7):
0>Q,

k>Q.

(4-4.3)

The construction of a mathematical model capable of describing the whole information fluxes in natural biota is impossible, see Sect. 2.8. But such a mathematical
model is not needed if we apply the Le Chatelier principle. The particular validity
of the Le Chatelier principle is that its quantitative presentation needs no intimate
understanding of the structure of the system. Due to the extreme complexity of
all the entangled interactions between the species in any community, the values /?
and k may only be obtained empirically. The values of k and (3 are, together with
P0+, P0~ and M*, the principal characteristics of nonperturbed systems. They remain constant, and the relations (4.4.1) and (4.4.2) are linear at low perturbations,
m~, provided all the other characteristics of the biota and the environment remain
weakly perturbed as well. The solution of (4.4.2) for constant k has the form:

m — = mQ— e— kt ,
i.e. fc"1 = r//3 presents the characteristic time of system relaxation back to the
normal state of the environment. Note that, after perturbation ceases, the environment returns to its former, that is initial (instead of a new) stable state. For
example, after excessive CO2 enters the atmosphere from external sources, the natural nonperturbed biota should transfer it into organic forms of low activity (such
as soil humus, peat, and the dissolved organic matter in the ocean), thus retrieving
the former concentration of CC"2, optimal for the biota in the atmosphere.
When the organic matter of living individuals is synthesized, certain ratios
should be followed between the fluxes of production (and destruction) of the
organic nutrients P£, which correspond to the ratios between those same nutrients
in living cells. For example, phytoplankton cells are synthesized and oxygen is
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released by them in the ocean following the generalized Redfield molar ratio
(Redfield, 1958; Redfield et al., 1967; Broecker, 1982; Takahashi et al., 1985):
P C / P N / P P / "po2 = 130/16/1/175,

(4.4.4)

where C denotes carbon, N denotes nitrogen, P denotes phosphorus, C>2 denotes
oxygen, and the productivities P£ have the dimensions of X m ~ 2 year" . A significant proportion of single-cell algae also have CaCO3 shells, which increases the
share of carbon in (4.4.4) by approximately 20% over the world ocean (Broecker,
1982; Neshyba, 1987). Random perturbations of the environment may occur independently in each nutrient. Thus for biological control of the environment the
natural biota (more precisely the repeating species, see Sect. 5.15) should be capable of producing the differences P£ - P% in arbitrary ratios between the nutrients
(Peng et al., 1987). That effect is achieved via synthesis of extracellular excretions
of the organic matter (Khailov, 1971; Platt and Rao, 1975; Fogg, 1975; Gorshkov,
1982c) and of the metabolically inactive parts of plants (such as wood trunks or
shells of marine organisms), in which the ratios between the nutrients are different
from those in living cells, and also via selective destruction of the dead organic
matter.
Equations (4.4.2) with constant coefficients k and f3 are hold if a separate
component of the environment X is independently perturbed in each reservoir.
Formally, Eqs. (4.4.1) may be written for various mutually related reservoirs and
interrelated nutrients Xj. Then the values f3x and k\ in (4.4.1) and (4.4.2) may,
as a general case, be presented as complex functions of all the variables characterizing the concentrations of nutrients Xj in each reservoir. When each such
nutrient suffers a low perturbation, these functions may be expanded into a Taylor
series, from which we then exclude the nonlinear terms. As a result one arrives
at a system of linear equations, relating the temporal derivatives m Xl and the increments m X j of nutrients X in reservoir i to increments myj of nutrients Y in
reservoirs j. The matrix of the resulting system of equations may be diagonalized
via a linear transformation (a linear substitution of the variables), and then finding
the eigenvalues (Lotka, 1925) the system may then be presented in the form of
noncohesive set of equations of the type of (4.4.2). In that case all the statements
set forth above hold for each equation. Below, the relations between the reservoirs
is demonstrated for the example of the global cycle of carbon (see Sect. 4.12).
All the surrounding species in the community may be treated as components
of the environment for each given natural species of the biota. Perturbation of
the community structure may then be described by the same equations, (4.4.1)
and (4.4.2), treating the values m~ as the relative changes in the measurable
characteristics of the community. One may consider the number of individuals of a
separate species as such a variable, or the fluxes of matter and energy, consumed by
that species, which are uniquely related to the former. The synthesis and destruction
of organic matter, that is the consumption of energy and matter may be treated
as part of the useful work performed by the given species within the community,
which is aimed at stabilizing both the biota and the environment. A characteristic
universal for all natural communities is the distribution of the consumed fluxes
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of matter and energy versus individual body sizes of the consumers, independent
of their taxonomic properties, Fig. 1.3, which is often called the size spectrum
(Sheldon et al., 1972). The deviations from that distribution within each interval
of the histogram of Fig. 1.3 may be regarded as perturbation of the community
and be described by (4.4.1) and (4.4.2).
It is apparent that compensation of both the biotic perturbations and perturbations in the environment may only be pursued up to a certain threshold level, that
is the Le Chatelier principle may only be sustained that far. For example, after the
natural biota is annihilated or is substituted by artificial communities, the biological regulation of the environment stops. The values of (3 should be at maximum
for natural biota not yet perturbed. With that perturbation growing in magnitude,
the value of /3 ceases to be constant, and starts to decrease, that is Eqs. (4.4.1) and
(4.4.2) become nonlinear over the perturbation. The value of perturbation at which
13 becomes zero, may be considered the threshold beyond which the stability of
the system of biota plus its environment is destroyed (Sect. 2.7).
The threshold values of the admissible perturbations are the most important
characteristics of the natural biota together with the optimal concentrations of
substances in the environment, M0, the relaxation times, fc^1 = r//?0, and the
fluxes of production, PQ and destruction, P0~. Finding those thresholds becomes
especially important because of the growing anthropogenic forcing of the biota
and its environment.
As follows from the distribution in Fig. 1.3, the principal work in stabilizing
the environment is carried out by microscopic individuals in the community. After
averaging over the periodic seasonal oscillations, that part of the distribution in
all the communities apparently suffers only quite small fluctuations (Gorshkov,
1981; Kamenir and Khailov, 1987; Kamenir, 1991). No more than 1 % of the total
flux of energy and matter in the community is due to consumption by the larger
individuals of the community, the mammals, despite the fact that the biomass
of the mammals may constitute a significant part of the total biomass of all the
animals of the community. Hence, mammals under natural conditions only form
the superfine structure of the community. Mammals, like dinosaurs in the past, have
and had never been the lords of the biosphere, as they are sometimes considered
(Alwarez and Asaro, 1990; Courtillot, 1990). Extinction of the dinosaurs at the
C-T border 65 million years ago had not driven the biosphere outside its stability
threshold, and had not practically affected its capability to compensate for adverse
fluctuations of the environment (Raup and Sepkoski, 1982).
If a threshold of stability is exceeded locally, local perturbations of the biota
ensue and pollutants begin to accumulate in the environment. Diffusion fluxes of
these pollutants into the neighboring regions appear. The size of the perturbed area
is defined by the active distance over which the concentrations of pollutants fall
to the stability threshold of the nonperturbed biota. If the level of perturbation is
fixed, a stationary state sets in with a maximum perturbation of the environment
in the center of that local pollution. The concentration of the pollutants may be
lowered in that local center either proceeding to a partially closed technological
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cycle (a local perturbation of the biota then remains present), or increasing the
diffusion or evacuation of the perturbing substances outside the local area. The
usually prescribed level of the maximum admissible concentration is determined as
the threshold effect upon human health, which has nothing to do with the stability
threshold of the biota. Within that area of perturbation the biota ceases to execute
its stabilizing functions and may be substituted by any artificial communities or
be totally annihilated.
With the perturbation strengthening the affected area expands. A stationary
global state of the environment may only be sustained so far as the remaining
nonperturbed part of the natural biota is still capable of compensating for all the
anthropogenic perturbations, i.e., so long as the stability threshold is not exceeded
globally. The past glaciations were not global catastrophic events. The ice cover
area to total land area ratio was 20 % in the last glacial period and is 13 % now
(Schlesinger, 1990). Thus only 7% of total land area was additionally covered by
ice during the last glaciation. The fact that conditions fit for life were sustained
during the periods of glaciation, triggered by astronomical factors alone, proves
that such perturbations had not exceeded the global stability threshold. During
each geological period the biota and the environment retained their stationary
stable state over thousands of years (Oeschger and Stauffer, 1986; Hansen and
Lacis, 1990; Lorius et al., 1990). The presently observed global perturbations of
the environment (Hansen and Lacis, 1990; Lorius et al., 1990) occurring over the
period of a few decades, unequivocally point to the natural biota on a global scale
exceeding the stability threshold.

4.5 Biospheric Communities
High levels of closure of matter cycles and biological sustaining of the state of
the environment optimal for life via controlling the level of breach, all result in
the need for having spatially limited internally correlated communities of various
species, capable of both synthesizing and destroying organic matter. Within the
spatial domain of such a community the concentration of biologically accumulated
substance differs from such concentrations outside that community. Thus together
with the environmental domains that they change, the communities form local
ecosystems of finite sizes.
The correlation among the individuals of the community is provided by the
exchange of matter and energy fluxes, which fade at larger distances between
those individuals. The highest degree of such correlation is possible for local
ecosystems of minimal size. According to proxy estimates the size (that is the
maximum radius of correlation) of the local ecosystems apparently varies from
100/^m to 10m, not exceeding the overall size of higher plants (see Sects. 5.4-6).
Another characteristic of the size of the community is also the distance at which
the number of species consuming the principal part of the fluxes of energy in the
community (Sect. 5.6) is saturated. One should stress that the usually employed
saturation distance of the number of species, which is independent of the fraction of
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energy fluxes they consume (see, e.g., Ciller, 1984) yields a highly overestimated
radius for the community.
The community is an internally correlated system, much more complex than
any individual from any species entering it. The structure of the community is
determined by and combined from the gene pools of populations of a strictly
prescribed combination of species entering that community. That structure cannot
be changed, nor the principles along which the community functions, without a
cardinal restructuring of all the genomes of all the species in it, and that may only
happen in the course of long evolution.
The appearance of any additional form of correlation means a higher level of
order. Random (fluctuational) rise in a physically stable correlation is less probable,
the higher the level of order associated with it. As demonstrated in Sect. 3.1, the
adaptation of the individual to its environment and a stable correlation within
any individual of any species (i.e., the adaptation genetic program), may only
result from biological selection within the population of individuals of the given
species. Correlation of any level among the individuals may only result from and be
supported by the biological selection within the population, that is selection among
the competitively interacting hyperindividuals of the respective level (such as a
set of social structures, or communities). Correlation among the local ecosystems,
which supports a high degree of closure of matter cycles and regulates the level
of breach, so as to compensate for external perturbations of the environment (that
is how the Le Chatelier principle acts, i.e., the stabilization genetic program) may
only be supported via competitive interaction between the communities populating
the local ecosystems (these are the hyperindividuals), all taking place within a
respective population of the local ecosystems (that is a hyperpopulation). Such
a population of local ecosystems usually occupies a large area homogeneously
vegetated, which is usually simply called an ecosystem (Whittaker, 1975; Odum,
1983).
The neighboring local ecosystems are not correlated to each other. Thus with
the size of the local ecosystems diminishing, the spatial distribution of the biota
becomes the more chaotic. That chaos is a typical observed trait of virgin nature.
The decay community may be expelled from the ecosystem, i.e., hyperpopulation of communities via excessive destruction, so that decay biota exceeds
synthesis within the perturbed local ecosystem, and the erroneously functioning
biota (both flora and fauna) are then destroyed. After that the normally functioning biota from the surrounding normal local ecosystems may enter the perturbed
area, resurrecting the perturbed environmental zone, and combining into a new
competitively capable community.
Thus only those species are retained in the community which have written
in their genome, beside the program of adaptation to the environment (that environment includes all the other species in the community too), another program,
which is actually much more important, and that is the program for stabilizing
the environment at a state optimal for life, i.e., "the stabilization program", see
Sect. 3.2. Both programs are written into the normal genomes of all the species of
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the community. The stabilization program includes information on feeding habits,
on general behavior, the density of population of the species, etc., such that together they provide a most efficient and quick compensation for all the adverse
external perturbations of the environment. The normal densities of population of
the majority of species having such a stabilization program and functioning within
the boundaries of a natural community, are not prescribed by the available limit of
nutrients compatible with the given energetics of the individuals of such a species,
but always remain far below those limits (cf. Chap. 5). Supporting the normal
population number of a species is the responsibility of the genetic stabilization
program, either carried by that species itself, or run by the other species, which
control the population number of that first species within the community. The stabilization program is evidently much more complex than the adaptation program,
and that is why the stabilization program is the one which suffers decay first.
The existence of such a stabilization program imposes certain limitations upon
the adaptation program too. Thus species devoid of such a stabilization program
(that is the situation occurring when foreign species are introduced into alien communities, or when that program somehow decays in native species), may happen
to be better adapted to the local environment than the species containing such
a program in their genomes. Then proliferation of such species takes place up
to the very limit prescribed by the availability of nutrients (Parker and Maynard
Smith, 1990), and then these species oust the native local ones and the community
is destroyed. The environment deteriorates then, the whole community loses its
competitiveness and is ousted, in its turn, by the normal communities in which
all species feature stabilization programs. By way of example one may mention
the phenomenon of algae cluttering the rivers of the Old Continent, when certain
hybrid individuals of the New Continent algae are introduced into them (Barrett,
1989).
Numerous species that are quite well adapted to prescribed conditions of the
environment may exist. However only those of them which carry stabilization
programs may exist for long enough time periods. One may thus state that the
sole meaning of life consists in producing the work necessary to stabilize the
environment within the respective community. The normal community cannot
include "gold-brick" species, which perform no such work; moreover gangster
species, which interfere with the work of the others, and which break up the inner
correlation within the community, are also impossible. Communities, randomly
picking up such species, lose their competitive capacity and are ousted by normal
communities.
Direct experimental proof of the existence of a hyperpopulation of communities would need laborious and costly measurements of the boundaries of local
ecosystems, within which the matter cycles are closed at a minimal breach. That
may be achieved by actually measuring the circulation of radioactive markers of
non-volatile elements, introduced into a local ecosystem without perturbing its natural structure. However, the boundaries of such local ecosystems may be visually
found in the simplest local ecosystems of epilithic lichen, see Fig. 4.1. They are
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found to remain identical in both Fig. 4.la, where the lichen of a definite species
does not merge into a continuous cover, so that the circulation of its nutrients takes
place within each autonomous patch, and Fig.4.1b, where those patches merge to
produce a continuous cover, and the resulting picture reminds one of the political
map with borders of the neighboring independent states shown. The borders may
then be envisaged as the areas of competitive interaction between the adjacent
local ecosystems. However, as long as we still lack tests of closed circulation
of nutrients, which would be available using those radioactive markers, such an
interpretation of Fig. 4.1a,b remains nothing but a plausible hypothesis.
Establishing and maintaining a correlation of a higher level is stimulated by the
higher competitive capacity associated with such a correlation. Such correlations
cannot spring up randomly, due, for example, to physical decay of the preceding
life forms. Correlated systems of the type "Predator-Prey" or "Parasite-Host", as
well as all the diverse forms of symbiosis between the various species, may only
appear and be supported via generation of the internally correlated communities
and their populations, which include such systems. There is no competitive interaction between either predator and its prey, or parasite and host, or any species
entering a symbiosis arrangement, just as there is no such competition between
the various organs in a single individual. Supporting the newly originated type
of correlation may only be the task of competitive interaction between various
non-correlated communities, including such correlated systems.
Any "selfish" (Dawkins, 1976, 1982; Cavalier-Smith, 1980; Doolittle and
Sapienza, 1980; Orgel and Crick, 1980; Reid, 1980) or "neutral" (Kimura, 1983)
individuals, not entering any type of correlation between other individuals as an
intrinsic component (similar to organs in a separate body), which do not combine
into a natural population and do not take part in competitive interaction among
themselves, should quickly decay, and, thus, cannot exist under natural conditions.
To clarify that point we consider certain examples at length.
Certain plasmids are present in the cells of some bacteria, which are ringshaped extrachromosomal DNA molecules, capable of autonomous replication and
of free transition from one cell to another (Lewin, 1983; Ayala and Kiger, 1984;
Hesin, 1984; Modi and Adams, 1991). If we stick to the principle formulated
above, the level of order in those plasmids may at first only be supported via
competitive interaction between the cells containing them. Cells with decayed
plasmids, that have lost certain characteristics of their functional activity should
lose competitive capacity and be ousted by cells with normal plasmids. In that case
the plasmid functioning is correlated to functioning of the cell as a whole. Such a
correlation (a symbiosis) is no different from correlation between the body and one
of its organs, in that its loss does not bring about immediate death of the individual.
Second, plasmids may play a significant role in supporting some pan-cellular level
of correlation of the type of the community of cells of various forms. Then the
communities containing cells of that type with their plasmids decayed will lose
their competitive capacity and be ousted by the communities containing cells with
normal plasmids. Finally, the third possibility is that there exists a population
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Fig.4.1a,b. Spatial distribution of the epilithic lichens in White Sea islands: (a) local lichen
communities (fungi + algae) of different species (Lecidea spp. and Rhizocarpon spp.) are
divided by boundary lines; (b) different local lichen communities of the same species
(Lecidea spp.) are divided by the same visible boundary lines.
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of competitively interacting plasmids of the same cell. In that case the plasmids
would use their cell as their environment, in which the existence of the population
of plasmids is supported. The existence of separate selfish neutral plasmids, not
correlated to either separate cells or their communities, and not organized into an
internal community is impossible, since such plasmids should decay quickly and
lose some vital trait, such as, for example their capacity for replication. The same
conclusions are related to any DNA apparently selfish whose existence within the
cell, its nucleus or cytoplasm may so far appear parasitic and functionally obscure.
Experimental testing of every one of the above alternatives appears possible, and
would also serve to test the basic biological principle (see Sect. 3.2).
One may similarly treat the presence of parasites in the bodies of higher organisms. Naturally, the malfunctioning individual containing parasites in its body
features lower competitive capacity as compared to the healthy one. Thus decay
of the organization in parasites, and decrease of their functional activity should
have led to higher competitive capacity of their hosts and, hence, to their higher
numbers. However, that is not actually the case, and no complete degradation
and extinction of parasites is observed. Even when losing some of their inner
organization, parasites only do so in the direction of increasing the efficiency of
their functioning in the host body. The loss of their own respiration and distribution systems by some of the parasites which had formerly possessed these, only
works to increase their competitive capacity within the host body, as compared to
those species that have retained such morphological features. One may ask how
is the most efficient organization supported, and how is the decay of organization
prevented in parasites residing in their host's body?
If a whole population of competitively interacting parasites exists either within
the host body or on its surface, their functional organization may be supported via
biological selection among them, taking place within the limits of each separate
host. However, the loss of competitive capacity of a host affected by parasites
should result in decreasing the number of such deficient individuals and in their
further exclusion from the population together with their parasites. In the opposite
case, when the body of a single host is not large enough for a population of
parasites to live in, the process of expulsion of the host affected by parasites
from its own population might only be retarded via the decay of the organization
of parasites, that is via the extinction of the phenomenon of parasitism itself.
Thus in every conceivable case one appears unable to explain the stability of the
phenomenon of parasitism by considering only the correlation between a separate
host and its parasites.
The only possible way to explain the phenomenon of parasitism is by envisaging the community of the species, which includes the host species of the parasites.
The complex nature of correlation between the species in the community results
the community, in which a sufficient number of individuals from a given species
contain such parasites, appearing to be more competitive than communities in
which the individuals from the same species host no such parasites. Competitive
interaction between communities in a population of communities results in se-
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lection and support of those communities which include parasites. The cause for
higher competitive capacity of such communities may be related (Sects. 1.7, 5.5
and 5.6) to resulting limitations upon and control of the number of individuals
of large body size in these communities. Otherwise the uncontrolled growth of
that number could disrupt the closed matter cycles. Higher degree of correlation
between the host and its parasites should also work to improve the competitive
capacity of a community. That may be the reason for complex successive change
of host during the life cycle of most parasites (Dogel, 1975; Raven and Johnson,
1988).
For our last example we shall consider the correlated interaction between the
predator and its prey. That type of correlation has been repeatedly treated using
various mathematical models (Lotka, 1925; Maynard Smith, 1974). If one considers the interaction between the predator and its prey alone, to the exclusion of
all the other interactions, it appears extremely difficult to reach even a dynamic
stability of the system, and remains impossible to explain the sustained genetic
stability of correlation of such kind. Thus it may be assumed plausible that predators are supported, similar to parasites, via competitive interaction between the
various communities. The presence of predators in a community increases the efficiency with which that community functions, as well as its competitive capacity,
the overall task of the community remaining to keep the matter cycles closed.
Periodic oscillations in the population numbers of predators and their prey should
be controlled by the characteristic time for the community as a whole, instead of
the times describing the physiology of both the predator and prey. That effect is
indeed observed for interaction between the lynx and the hare (Keith, 1963) and
between pests (insects) and plants (Kendeigh, 1974; Holing, 1978; Isaev et al.,
1984). The oscillation periods appear to be of the same order of magnitude then,
and they all differ quite strongly from the typical lifespans of either the lynx, the
hare, or the insects, the latter differing by several orders of magnitude from each
other. Apparently, the observed oscillation periods in predator activity are defined
by the characteristic times describing the cycles of plant-edificators functioning
and dominating in these communities (see also Sect. 4.10).
If decay individuals are accumulated in the population of prey, the correlated
character of interaction between the prey and their parasites (predators) may be
disrupted. That would, in its turn, lead to lower ratio of the number of parasites
(predators) to that of prey. However, such a decay polymorphism, advantageous
for prey, would result in perturbation of the program of community stabilization
and to deterioration of the environment. Thus high polymorphism in the prey
species, sustained via sexual breeding (the so-called "Red Queen Hypothesis",
Rosenzweig, 1973; Williams, 1975; Maynard Smith, 1978; Bell, 1982; Lively et
al., 1990; Hamilton et al, 1990; Moller, 1990; Hoffman, 1991) destroys the level
of correlation in the community, and thus may not serve as the reason explaining
the widespread sexual mode of breeding, see Sect. 3.11.
Selection among the communities, which stabilizes correlated interaction between the seemingly selfish DNA and the cell, between the parasites and their
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hosts, the predators and their prey, also works to drive the parallel evolution of
such correlated components of the community. Random coincidence in evolution
rates of these separate components, their correlation simultaneously sustained at
every step, seems to be absolutely improbable.
Under the conditions of anthropogenic perturbation of the environment, when
the closed character of matter cycles appears to be destroyed, such communities,
working to close the cycles of matter, seem not to be necessary any more. The
"predator-prey" system loses its stability. One may mention the populations of
sparrows, urban blue rock pigeons, and anthropogenic mallard ducks, their stable
existence not accompanied by any stable existence of predators, which would
feed off them. There are practically no anthropogenic predators, except for cats
and dogs, directly supported by man, which is a well-known empirical fact. (At the
same time the uncontrolled activity of cats and dogs in urbanized areas may result
in practically total extinction of their prey species.) In principle the anthropogenic
species, not included in any natural communities, should evolve toward complete
freedom from parasites. However, the time elapsed from the start of their isolation
from the natural communities is still insufficient to experimentally observe such a
tendency.
Artificial combination of several species originating from different communities would be devoid of any intrinsic coordinated program of stabilization, so
that combination would fail to merge into a community capable of sustaining the
environment in a state fit for life for long enough time periods. It would be quite
similar to taking various organs from different species trying to combine them
into a single individual capable of life. Moreover, such a program of stabilization
should inevitably decay with time in any isolated local ecosystem, initially including all the necessary species from a natural community and a properly functioning
stabilization program. Eventually gangster species would appear in such a system,
so that the community would then decay, and both that community and its environment would be destroyed. It is only when surrounded by hyperpopulation of
identical communities, that such a decay community might be ousted and substituted by the new community still retaining its stabilization program. Thus, first,
no isolated local ecosystem, either natural, or artificially organized, may sustain
closed matter cycles for any unlimited length of time; and, second, the artificially
constructed sets of local ecosystems, arranged from the arbitrarily chosen species,
cannot combine into self-sustained "populations" of competitively interacting local
ecosystems, which would be capable of closing matter cycles over unlimited time
periods.
It has become fashionable lately to construct artificial communities of plants
and heterotrophic individuals, welded into glass balloons of several liters in volume. These communities have stores of nutrients sufficient to keep the plants
functioning together with heterotrophs for several years, with the synthesis and
destruction of the organic matter within such communities remaining completely
uncorrelated. Random partial closure of matter cycles at the level of breach of 0.1
bring such communities into the range of several dozen years. However, the in-
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evitable processes of aging and decay must eventually destroy that random closure
of matter cycles within the community, terminating its existence.
It is of undoubted interest to stage an experiment similarly isolating a set (a
population) of competitively interacting natural communities, such as, for example,
lichens. The number of such correlated communities in such a population being
sufficiently high, the lifespan of that population may appear to be practically
unlimited, despite the limited lifespans of separate communities in it. Such an
experiment would obviously produce certain information on the correlation radius
(size) of separate communities.
Repeated attempts were also undertaken to construct a closed system including
both higher plants and man (Lisovskii, 1979; Allen and Nelson, 1989). The concentration of oxygen in such systems was kept at a level acceptable for man and
his need for water was also satisfied. These experiments failed in stabilizing the
mass of organic matter. To keep the concentration of carbon dioxide constant, the
cellulose stored before the start of the experiment had to be burned, and instead
straw was accumulated from higher plants, etc. According to the estimates by the
present author, who followed the published data on that experiment (Lisovskii,
1979) the breach of such a system was K K 0.5, that was at a level not less than
that of the modern agricultural systems.
Various sets of local ecosystems exist under various environmental conditions
(such as shelf, pelagic waters, mountains and plateaux on land): forests, steppes,
reefs, open ocean communities, which combine into the Earth's biosphere. Thus
the biosphere is a major set of noncorrelated local ecosystems, not exceeding
several tens of meters in size, devoid of any centralized control.

4.6 Biological Regulation of Matter Cycles
The notion of a local ecosystem implies that a difference exists between the
concentration of nutrient X inside, [Xj n ], and outside, [Xout], the local ecosystem: /l[X]=[XiI1]-[Xout]- That difference in concentrations should exceed the sensitivity threshold of the biota, z}[Xmin]: the change of concentration remaining below zi[Xmin] does not alter the functional state of the biota. The value
e m j n = /}[Xmjn]/[X] is to be called the resolution of the biota with respect to
nutrient X: the biota may only react to the relative change in the concentration X
such that £ = Z\[X]/[X]> £ m j n . The value of e m j n should clearly be of the order
of or less than the breach KQ. The sensitivity limit of the biota is obviously higher
than the natural fluctuations in the same nutrient:
2
f
=—l
2 '/
£min<{([X]-[X]) }

.

The existence of such a difference in concentrations results in the appearance
of diffusion fluxes F, which tend to equalize the concentrations. Such a difference may only be supported if the diffusion fluxes are compensated by biological
transport of nutrients (the fluxes of synthesis, P+, and of the ensuring destruction,
P~, of the organic matter).

167

The borders of local ecosystems are prescribed by those surfaces at which both
the gradients of concentration and the diffusion fluxes, averaged over fluctuations
and over their diurnal and annual changes, go to zero to the accuracy of about e m j n .
The principal biochemical transport of nutrients in land biota is by higher plants.
Thus the size of the local ecosystem should be of the order of the largest plants
in the community (to be more exact, of the order of maximal distance between
the correlated parts of such higher plants). Within the areas occupied by separate
higher plants, autonomic local ecosystems of smaller size may be found (e.g.,
lichen).
The environment is described by the concentrations of nutrients within the
local ecosystems, that is within the life domain. The external environment is characterized by concentrations of nutrients outside the local ecosystems.
Due to natural selection among local communities, the neighboring local
ecosystems in uniform localities should feature identical characteristics (to within
the sensitivity of the biota). Thus the differences in concentrations and the diffusion
fluxes in the horizontal, y, directions should be much less than in the vertical, z,
direction, as well as biochemical fluxes compensating them: Z\[X] m j n < /^[X] <C
Z\ Z [X]. The diffusion fluxes in the vertical direction within the neighboring local ecosystems are equal to each other and are the same in the total ecosystem
(i.e., in the hyperpopulation of the local ecosystems). They are proportional to the
concentration gradient and are expressed as:
= JF-in — •*Fout

He

A[X]

=

[X,n]

Re
[Xin] - [Xout],

[Xout]
-Foul -

(4.6.1)

where He is the vertical size of the local ecosystem; D is the coefficient of
either the molecular or the eddy diffusion of the nutrient; Fjn and Fout are the
nutrient fluxes of export outside and import into the local ecosystem; Re is the
external resistance of diffusion transport. Conductivities or exchange coefficients
fce = (HsRe)~l may be used instead of the resistances Re.
While the external environment remains intact, the concentrations of nutrients
inside the local ecosystem do not change, and the net fluxes of nutrients into
the system becomes zero. If these external conditions change, the concentrations
of nutrients inside the local ecosystem may start to be directionally changed by
the biota (the same is also true for the external environment), altering the fluxes
of both the synthesis and destruction of the organic matter. Stationary average
environmental conditions fit for life may only be supported on condition that the
changes in processes taking place in the biota affected by external perturbations
are directed to compensate such perturbations and to return the system to its
unperturbed condition. Using the language of control, that would correspond to the
presence of negative feedback in the biota. As already noted above, the processes
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that arise to compensate for external perturbations of a stable system is called the
Le Chatelier principle (Lotka, 1925; Landau and Lifshitz, 1964).
Within the local ecosystem the concentrations of biologically active substances
may be either supported by or changed by the biota on condition that the fluxes
of synthesis and destruction of organic matter exceed the net fluxes of physical
transport, that is when:
F<P+

or

v = —<\.

(4.6.2)

Introducing the internal resistance to synthesis
(4.6.3)
on the grounds of convenience, we obtain the following relationship between the
net and gross openness (see Eq.(4.3.3)):
_A[\]
V = V-m £,

Z/in =

(4.6.4)

[X]

The resistances R\ and Re are defined by (4.6.1) and (4.6.3) and may be directly
measured similar to e, Eq. (4.6.4). Three distinctly different situations are possible:
1. The physical fluxes of export and import of nutrient out of and into the
ecosystem are less than, or are of the order of, the biological fluxes of synthesis
and destruction of the organic matter. In that case the difference between the
concentrations inside and outside the local ecosystem may be of the order of
the very concentration of the nutrient inside the ecosystem, that is enrichment is
possible of the local ecosystem by that nutrient, its concentration in the external
environment remaining arbitrary. Qualitatively such a situation is expressed by:
m

< 1

fjn£

1)-

(4.6.5)

Such nutrients may be called biologically locally accumulated. Practically all the
biologically active substances in land soil enter that group (Gorshkov, 1986a). The
ratio between the mass of such a nutrient in its organic form M£, taken over all the
local ecosystems, and that of its organic form M^ in the external environment may
be then arbitrary: Mx < M^~, MX ~ M^, or Mx > M^. The biota is capable
of regulating the concentrations of biologically locally accumulated nutrients in
local ecosystems, i.e., in the environment of the biota, at arbitrary concentrations
of those nutrients in the external environment.
Certain communities in the biosphere appear to be constantly and directionally
(instead of fluctuationally) affected by the external flux of either organic or inorganic nutrients (F^). Among such are the communities of many lakes with high
import of nutrients by the rivers flowing into those lakes, or those of the marine
estuaries, as well as certain seas of the world ocean. For example, such fluxes
of nutrients and of heat enter the Barents Sea with the Gulf Stream. To keep the
environmental conditions stationary there, such communities should compensate
for these external forcings, and the way to do so is to function at a significant
breach of their matter cycles. Perturbations that such communities may suffer are
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deviations of those directional fluxes from their average values. Environmental
conditions in the local ecosystems of such communities may only be conserved if
the conditions in (4.6.2) are met, that is when the production P+ or destruction P~
exceeds the difference between the import and export of nutrients F± = F^ -F^M
found in the environment external with respect to those communities.
2. Physical fluxes of import to and export from a local ecosystem are much
larger than the biological fluxes of synthesis and destruction of organic matter.
The difference between the concentrations of nutrient inside and outside the local
ecosystem is then much less than its concentration inside the local ecosystem,
the latter practically coinciding with its concentration in the external environment.
However, the relative difference between the concentrations (s) then exceeds the
biological sensitivity threshold (£min). In such a case the biota is capable of changing concentrations of inorganic nutrient in local ecosystems and in the external
environment by redistributing the stores of that nutrient in its states Mx and M^,
provided the mass of the organic nutrient Mx remains of the order of the mass
of biologically active inorganic substances containing that nutrient in the external
environment, M^~, having taken over all the local ecosystem of the biosphere:
MX~MX.
If the concentration of inorganic nutrient in the external environment decreases
below the optimal level, i.e. the level providing the highest competitive capacity
of that community within the local ecosystem, the biota speeds up destruction of
organic matter, raising it above the level of synthesis, and increases the concentration of inorganic nutrient in the local ecosystems. The difference of concentrations
is then produced in that nutrient between the immediate environment of the biota
and the external environment, so that a diffusion flux of that nutrient into the
external environment appears. That process must inevitably take place in all the
natural (nonperturbed) local ecosystems of equal competitive capacity. Those local ecosystems which lack such a feature lose their competitive capacity and are
ousted by the other local ecosystems. As a result the store of organic nutrient Mx
in local ecosystems is diminished, and the store of that nutrient in the external
environment is increased. The process stops when the concentration of inorganic
nutrient in the external environment reaches its optimal level. That optimal level
is determined by the characteristics of the existing biota.
Inversely, when the concentration of the nutrient in the immediate environment
of the biota is above the optimal level, the biota works to reduce that concentration
as compared to that in the external environment, via higher synthesis, which then
begins to dominate. We also see that the flux of nutrient then reverses and enters
local ecosystems from the external environment, so that the mass M^ decreases,
and the mass Mx increases.
If the mass of nutrient in the external environment, M^", significantly exceeds
that in the ecosystems, Mx : M^~ » Mx, the biota seems to be incapable of
changing the concentration of that nutrient in either environment or, respectively,
its immediate environment. An inverse ratio: M% -^ Mx is impossible; the organic
matter may only be accumulated via functioning of the biota itself, and that process
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stops when the optimal concentrations of both organic and inorganic nutrient are
reached in the environment. The excess mass MJ, not needed for regulation of
M X , will be inevitably withdrawn from the biotic cycle via storage in the biotically
inactive reservoirs, for example in sedimentary rocks.
Those nutrients that are biotically regulated in the external environment may
be called biologically globally accumulated. They are quantitatively described by:
£niin^in < 1,

MX, ~ MX ,

(vm » ! , ! / < ! , £ min < £ « ! ) .

(4.6.6)

Among such nutrients are the atmospheric carbon dioxide and the water-dissolved
oxygen (Gorshkov, 1986a, 1987b), as well as fresh continental water (the notation
MH,O should then be understood as free water in the bodies of living beings,
and in the soil, and M^o as atmospheric water). Biological regulation of CO2 is
observed in internal atmospheres of vegetation cover.
3. Finally, if the physical fluxes of nutrient are so large that the biota is incapable of producing any concentration differences in excess of its own sensitivity
against the background, the concentrations of such nutrients clearly cannot be regulated by the biota. Such nutrients may be called biologically non-accumulated.
They obey the equations:
tmin^in > 1 Or Mx

» MX,

(£ < £ m in at I/ < 1,

V > 1 at £ = £ min ). (4.6.7)

Among the biologically non-accumulated nutrients are free oxygen and free nitrogen in the atmosphere. The biota functioning in an air environment is evidently
incapable of regulating the concentrations of C>2 and N2 in the atmosphere. Among
the non-accumulated nutrients are also the nutrients in flowing waters and in the
upper oceanic layer, where eddy diffusion at average sea roughness is extremely
high. Nutrients become biologically accumulated in these environments in local
ecosystems only, these ecosystems formed of particles not exceeding 100 [im in
size (Sieburth and Davis, 1982), since eddy diffusion is substituted by molecular
diffusion there. At the oceanic surface layer, the nutrients become biologically
accumulated in the absence of currents and in still weather (Gorshkov, 1986a).

4.7 Biological Stability and Limiting Nutrients
The concentrations of biologically non-accumulated nutrients in the external environment do not coincide with those optimal for functioning of the biota. However,
concentrations of biologically non-accumulated nutrients may be regulated by the
biota when the reservoirs of these biologically non-accumulated nutrients are in
either chemical or physical equilibrium with those of the biologically accumulated
nutrients. Consider oxygen by way of an example.
The biologically non-accumulated concentration of oxygen in the atmosphere
is in physical equilibrium with the oxygen dissolved in soil water and the ocean.
The equilibrium concentration of water-dissolved oxygen is 40 times less than that
in air. Furthermore, the coefficient of diffusion of that gas in water is four orders of
magnitude less than in air. Thus physical fluxes of oxygen in water are six orders
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of magnitude less than the physical fluxes of C>2 in air. The dissolved oxygen
appears to be locally biologically accumulated and its concentration is subject to
regulation by the biota. Due to physical equilibrium between the concentrations
of oxygen in the atmosphere and that dissolved in water, the former also appears
to be subject to regulation by water biota although the resulting concentration of
oxygen in the air may appear not to be optimal for land biota. Since the store
of biologically active organic matter is three orders of magnitude lower than the
store of Oa in the atmosphere, the concentration of the latter cannot be biotically
reduced by more than several hundredths of a per cent (Ryther, 1970). However,
biota is capable of compensating the depletion of atmospheric oxygen (taking
place via oxidation of products of volcanic eruptions) by synthesizing additional
organic matter, which is accompanied by the emission of additional CC>2, and by
subsequent deposition of organic carbon in sedimentary rocks.
The biological processes in natural communities may only be limited by the
biologically non-accumulated nutrients. The concentrations of all the biologically
accumulated nutrients must be supported at a level close to optimal by the aboriginal biota, so these cannot take part in limiting the functioning of the biota.
In the absence of biologically non-accumulated nutrients, the biotic productivity
may only be limited by the attainable rates of chemical reactions and by the solar radiant power. In natural communities the productivity of many plants actually
reaches those limits. That is a testimony in favor of lack of limitations upon the biotic productivity from non-accumulated nutrients. Hence, if such non-accumulated
nutrients exist, their concentrations should remain within those optimal limits, to
which the biochemistry of contemporary biota is actually tuned.
It is, however, easy to see that the last statement is improbable. The concentrations of biologically non-accumulated nutrients are not regulated by the biota. Biochemical transformations of such non-accumulated nutrients cannot follow closed
cycles, since the communities with closed cycles of non-accumulated nutrients
are in no way advantaged, as compared to those with their cycles open. (The
closed character of cycles of non-accumulated nutrients may be associated with
the closed character of such in accumulated nutrients, if certain stoichiometric relations between the former and the latter hold. However such stoichiometric relations
may change in the process of evolution.) As a result, the concentrations of nonaccumulated nutrients appear to be unstable and cannot remain within the limits
optimal for functioning of the biota. During long time intervals such concentrations
should drift, finally getting outside the margin fit for life. Thus concentrations of
all the chemical substances used in life cycles must clearly be subject to biotic
regulation. The limiting nutrients (cf. the so-called Liebig principle, Lotka, 1925;
Odum, 1983) may only be found in strongly perturbed or artificial communities.
The fluxes of nutrients accompanying the process of synthesis of organic matter
should agree with the stoichiometric relations characterizing the relative content
of those nutrients in organic matter and the amount of oxygen necessary to destroy
the given amount of organic matter:
'org

(4.7.1)
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The ratio of nutrient concentrations in the organic matter, (Xj) org , to those in the
environment, [Xj], are related via internal resistance Ri, Eq.(4.6.3), to consumption of nutrients from the environment:
. . .) (X,/X X . . -)org.

(4.7.2)

The ratios of nutrient concentrations in the organic matter and in the environment
may only coincide with each other when all the internal resistances are equal to
each other: RlXk = RiFor compensation of all the external perturbations of the environment to be
quickest, the productivity developed by the biota should be at its maximum (cf.
Sect. 4.2). That would correspond to minimal internal resistance, depending exclusively on the internal structure of the living bodies. Hence, the ratios of concentrations of nutrients are prescribed by the righthand parts of (4.7.2) 'for the
environment. Now, what is the controlling factor for the absolute values of nutrient concentrations in that environment? Apparently, there exist certain minimal
concentrations [X]mjn for each nutrient X, below which life becomes impossible.
The maximum concentration [X]max of that nutrient may be related to the maximum productivity of the biota at a prescribed incoming flux of external energy,
which is the solar radiant energy: [X]max = Ri\Px max- The maximum concentrations of nutrients may not, however, necessarily correspond to the optimal values
of other characteristics of the environment, such as its temperature, pressure, etc.
The biotic regulation of the environment means that concentrations of all the
nutrients accumulated in the environment are supported by the biota at levels intermediate between those maxima and minima. Thus, if one assumes the concept
of biological regulation from the start, the notion of limiting nutrients becomes
void for natural conditions. No environmental nutrient may be consumed by the
biota at the level of saturation, when both the productivity and destructivity of the
biota become independent of changes in concentrations of the consumed nutrient,
while the resistance Ri changes in proportion to that concentration. It is only in
this case that the natural biota appears capable of reacting to external perturbations
of any nutrient in accordance with the Le Chatelier principle, compensating those
perturbations. Its internal resistance Ri should then change non-linearly, following
(4.4.1); see also (2.6.4), (2.6.7) and (4.12.4). In the particular case /Jx = 1 (see
(4.4.1)) these internal resistances should remain constant.
However, when any species is introduced into the unnatural environment the
ratios (4.7.2) may noticeably deviate from the respective ratios typical for the
natural conditions of existence of that species. In that case the nutrients with the
lowest concentrations may appear to play the limiting role (the Liebig principle,
Lotka, 1925; Odum, 1983). The concentration of limiting nutrient prescribes the
productivity of the biota. Changes of other concentrations do not affect that productivity, and the respective internal resistances change in proportion to those
concentrations. All the cultivated agricultural species exist in such conditions.
Thus the principal condition for biological regulation of the environment is the
capability of the biota to react to external perturbations of the environment. That
means that such perturbations should enter the sensitivity margin of the biota. In
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other words, the components of the environment subject to biotic regulation should
be biologically accumulated. Concentrations of nutrients (that is of the components
of the environment regulated by the biota) are kept at levels intermediate between
the maximum and the minimum possible. The information on such intermediate
concentrations, which are optimal for biota, is written into the normal genomes
of all the species combining into natural communities. Such information (that is
the stabilizing program) may suffer decay, similar to any other genetic program
(such as the program of adaptation). This program of stabilization (and, hence,
the program for keeping environmental conditions in a state fit for life) is supported by competitive interaction between the communities combining into the
hyperpopulation (into the ecosystem). Communities with their decayed programs
of stabilization (decay communities) work to deteriorate their enviromental conditions, lose their competitive capacity, and are ousted by the normal communities,
which are capable of supporting, and do support, the locally optimal environmental
conditions.
It is the existence of the hyperpopulation of competitively interacting internally
correlated communities that is the basis for supporting life itself. Competitive interaction and natural selection among the internally correlated communities is
similar to selection among any internally correlated living structures (single-cell,
multicellular, etc.), and does not correspond to the repeatedly discussed group selection of populations and species (see Sect. 3.3). Competitive interaction among
the separate communities does not go in the direction of the quickest assimilation
of nutrients (resources from the environment) by the "normal" communities, thus
depriving the less operative "decay" ones of their resources of existence. Such
a strategy of competitive interaction would have led to quick degradation of the
environment and to extinction of the whole hyperpopulation (i.e. the ecosystem).
The normal communities are those which are capable of balanced consumption
and use of environmental resources, so that the optimal life conditions are preserved. Conversely, communities capable of the maximally quick degradation of
environmental resources are the decay ones, featuring lower competitiveness. The
principles of extremes do not provide a true understanding of the way in which a
natural community functions.
Preservation of the stabilization program for each species in the community
only occurs due to internal competitive interaction within the species. To preserve
that stabilization program within the species it is necessary that normal individuals
featuring such a program have a maximum competitiveness. Only such species
are capable of providing the highest competitiveness of the community in general.
Thus, generally speaking, competition is not for the limiting nutrient, or for energy
resources, or for the maximum population, but for keeping the relative number of
normal individuals (those carrying in their genomes the program for sustaining an
optimum population number density of the given species) at maximum.
Competition for the limiting nutrients and energy resources springs up among
the individuals within species introduced into communities unnatural for those
species. The stabilizing program in such species loses its meaning. Decay in-
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dividuals, devoid of the stabilization program but capable of using the limiting
environmental resources and at a high rate and of reaching the highest possible
population density, happen to be the most competitive ones. Extremum principles
may correctly describe the ecology of populations of such individuals extracted
from their natural communities (Parker and Maynard Smith, 1990).

4.8 Productivity and Immigration in the Community
The principal condition for the existence of an internally correlated community of
finite size is the relative constancy of the individual composition of those species
which control the principal part of both energy and matter fluxes, that is of those
species which account for the major part of the productivity P+ and of the destructivity P~ in the community. The community may efficiently eliminate its decay
individuals and reproduce its normal individuals only when both immigration and
emigration of individuals of these main species in the community are small, as
compared to reproduction within the community itself. For the community to function adequately, in agreement with its prescribed stabilizing and adaptive genetic
programs of each of its species, the relative number of decay individuals with
distorted programs should be low in all the species. To satisfy that condition the
immigration of decay individuals into the community and emigration of the normal
individuals from it should remain less than both their elimination and reproduction
within the community itself. Since immigration may occur from the neighboring
decay communities, which contain decay individuals in large numbers, the only
way to support the level of organization of any species in the community via
internal competitive interaction within the species, is to keep immigration small,
as compared to reproduction of these individuals within the community itself.
The productivity (birth rate), P*, and destructivity (death rate), P~, the immigration, F+ in , and emigration, F+ out , of individuals of the species a are related
to change of their total biomass via equations of the type (4.3.1):
+
+
+
M
F+
(48 H
"a =LPa - JP~
a +*Fa -in - ^ctouf
\^r-"'V
+
+
The biomass, M , productivity, P and destructivity, P~, are equal to the population density number, birth rate and death rate, respectively, if the mean individual's
body mass and surface area are equal to unity (see Sect. 2.6). The condition that
immigration remains low as compared to reproduction (which is equivalent to the
condition of "enhanced local accumulation", see (4.6.5), of normal individuals
within the community), has the form (the stationary case M+a = 0):
J

^in^^^l-

(4-8.2)

We denote the volume number density of individuals of the species a as [a].
Then the biomass (or the number of individuals, which is proportional to it) of the
individuals of the species a in the community is Ma = [a]Ha, where Ha is the
vertical dimension occupied by the species a in the community. The productivity
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P^ is P£ = [a]Ha/ra, where ra is the characteristic reproduction period (that is
the time lapse between the two generations in a stationary population). Immigration is characterized by a horizontal flux and may be defined via the horizontal
diffusivity Da in the form F+-m = Da[a]/L, where L is the horizontal size of the
community. Then (4.8.2) takes the form:
(4.8.3)
LHa
The diffusivity Da may be determined by eddy diffusion for those planktonic,
free-floating, both motile and immotile species which cannot keep pace with water
movement, that diffusion being typical for the environment of the local ecosystem. As for the motile nektonic animals, their Da is determined by their random
wanderings. We have in the latter case Da ~ uaLa, where ua is the speed of
movement, and La is the linear size of the feeding ground (home range) of the
motile animal (Gorshkov, 1982a, see Sect. 5.10).
The conditions in (4.8.2) and (4.8.3) should be met for the principal species
in the community. These species (called "general edificators") are charged with
elimination of the decay individuals from the community in both their own and
some subordinate species. They perform that function via interspecies competitive interaction. The competitive interaction within subordinate species may be
slackened or even completely switched off. In that case the principal species in
the community conduct "artificial" selection among the subordinate species, leaving the normal individuals in them (that is individuals commanding the necessary
adaptive and stabilizing programs) and eliminating the decay ones (those devoid
of such programs). Such subordinate controlled species are clearly incapable of
existing outside the given community. Their genetic program may be free of information on the necessity of competitive interaction, that is the individuals of those
species may be incapable of discriminating between the normal and the decay
individuals. The information on such differences may only be contained in the
normal genomes of the dominating controlling species, which are charged with
conducting such "artificial selection" among the subordinate controlled species.
(Such interactions are similar to interaction between the nuclear and cytoplasma
genomes in eukaryotic cells.)
Certain environmental conditions make the existence of subordinate controlled
species inescapable. For example, photosynthesis is only possible in the upper
euphotic oceanic layer, penetrated by the solar light. Even the most transparent oceanic waters completely absorb that light at depths in excess of 100m, so
that photosynthesis becomes impossible there. The most active photosynthesis is
restricted to the first 25 m of oceanic depth, where up to 90 % of solar light is absorbed (Neshyba, 1987). Destruction of organic matter does not need the presence
of solar light and may go on at arbitrary oceanic depths. The aerobic decomposition may only occur at those depths to which oxygen may penetrate. An anaerobic
decomposition may occur independent of the availability of oxygen.
What could be the possible structure of the communities, closing the matter
cycles and supporting conditions fit for life? Keeping their buoyancy positive, it is
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physically possible to hold all the living beings close enough to the oceanic surface.
Multicellular algae contain special organs with air bubbles in them, which keep
their buoyancy positive. One might imagine a community, consisting of individuals
with positive buoyancy in all their excretions, even after their individuals' deaths.
In that case all the decomposition of synthesized organic matter could also be
concentrated within the euphotic layer, limiting sinking of the organic matters to
a minimum of breach of matter cycles, given by the value KO, Eq. (4.3.6). Life
would be absent below the euphotic layer in such a hypothetical ocean.
However, due to extremely strong wind mixing of the euphotic oceanic layer,
all the components of the environment of the community appear to be biologically non-accumulated locally. The eddy diffusion coefficient in the surface
layer approximately 100m deep averages D ~ 106m2/year, reaching as high as
10" m 2 /year during storms (Ivanoff, 1972, 1975). The reproduction time constant
for phytoplankton is ra > 10~2 year (see Table 5.1). Assuming L ~ Ha < 100m
we find that v*a in > 1. Hence, immigration of the individuals of phytoplankton
algae exceeds their production in the surface layer, and no community can be
formed there with a constant composition of its individuals.
This, however, becomes possible at depths below 100 m, where the eddy diffusion coefficient drops by three orders of magnitude to 10 3 m 2 /year (Broecker
et al., 1985b; Lewis et al., 1986). However photosynthesis is impossible at those
depths and a only community of heterotrophs may be organized there (that is
bacteria and animals feeding off the organic matter). Those heterotrophs should
perform the function of the controlling species via the necessary "artificial selection" of algae, predominantly eating away the decay individuals among them.
The heterotrophs should also be capable of eating out live decay algae, which is
apparently realized via cyclic vertical displacement of the heterotrophs into the
euphotic zone and back (Ehrhardt and Seguin, 1978). Hence, a considerable part
of matter cycles must necessarily be closed within the euphotic layer, particularly
via eating away of live, instead of dead individuals and their excretions. According
to observational data, the share of primary production in the ocean actually consumed by the microconsumers (which eat live cells of phytoplankton) amounts to
about 10%, while that share does not exceed 1 % on land (Whittaker and Likens,
1975) (see Table 5.1). However, that does not violate the distribution (Fig. 1.3)
in the ocean, since the major part of the oceanic heterotrophs is composed of the
smallest invertebrate individuals (Neshyba, 1987; Kamenir, 1991).
The major part (about 90%) of all the primary product of the ocean is absorbed however in the detritic channel as dead particles and dissolved organic
matter (Khailov, 1971; Toggweiler, 1990). Hence, to support the existing hereditary organization (the genetic information) in the phytoplankton, the decay level of
its genome (that is the relative number of individuals in the following generation
containing new deleterious decay substitutions, absent in the preceding generation) should remain below 0.1 (that is with respect to the number of individuals
in algae, eaten alive by heterotrophs). That situation is provided for via the small
size of the algae genome, see Sect. 3.4. The single cell algae have a genome which
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is significantly smaller than that of the multicellular algae (Lewis et al., 1986). It
follows then that oceanic phytoplankton should consist mainly of single cell algae,
which agrees with observations. In those few areas of oceanic pelagial where the
algae consist mainly of multicellular individuals (e.g., in the Sargasso Sea) and
feature a larger genome and, hence, higher decay levels, the share of algae eaten
alive by the small size heterotrophs should be significantly larger (see Fig. 1.3).
The condition in (4.8.3) is satisfied for heterotrophs by their vertical migrations,
because their reproduction time is increased an order of magnitude, as compared to
algae (Whittaker and Likens, 1975), because they spend little time at the surface,
and also because they may rise to the surface in calm weather, when the surface
eddy diffusivity decreases.
Advantages related to the predominant eating out of the decay individuals
in algae may only be manifested when it results in an improvement of state of
the environment (within the sensitivity, or resolution of the biota) in the range
occupied by the given community. That improvement should refer to organic
food of heterotrophs, to inorganic fodder of algae, to chemical composition of the
environment, etc. Quite similar to the situation with both inorganic and organic
nutrients, this requires the condition of global accumulation (4.6.6) to be satisfied.
At large values of i/£ in zooplankton cannot change the population number density
of either decay or normal individuals of phytoplankton to such an extent that it
would differ by a factor of several units within and outside the local ecosystem.
However, if it is capable of lowering the density of the decay individuals, and,
hence, to increase the density of the normal individuals by the relative value of
ea = A [ a ] / [ a ] , such that the environment is improved by a value exceeding the
threshold sensitivity of the biota, ea min, that would effect a net flux outside the
local ecosystem consisting of normal individuals (that is the difference F+ in -Faout)- That condition may be written, similar to (4.6.6):
v

a in^-a min S l i ^am -^ ' > ^ct min < &a — ~i T~•

(4.8.4)

[a]
To organize a community of a horizontal size L ~ 10m, a vertical size H ~
100m, at a value of j/+ i n ~ 10 in the open ocean, it is enough to satisfy the
condition sa min < 10~'. That means that a decrease in the number of decay
individuals by 10% should bring about a noticeable improvement in the local
environment. Actually the sensitivity of the biota is apparently much higher, and
we have ea mjn ~ 10~4 (Sect. 4.6). Therefore a value z/£ min < 104 is enough
to satisfy the condition (4.8.4). Thus the condition of global accumulation of
phytoplankton is satisfied in the ocean to a good safety margin (up to mean surface
diffusivity D ~ 109m2/year).
Thus the individuals of algae phytoplankton do not belong to any definite
community and are not contained in any given domain occupied by any given
local ecosystem during their lifespan by all appearances. Intraspecies' competitive
interaction and stabilizing biological selection are completely switched off within
each species of phytoplankton. Only rigid physical selection is left, accompanied
by elimination of lethal mutations, incapable of supporting correlation relations
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with other species, that is of supporting both stabilization of the environment and
of the community. Correlated interaction between the zooplankton belonging to a
given local ecosystem and the phytoplankton results in purifying the physical flux
of algae passing through the local ecosystem of the decay individuals. As a result
each local ecosystem is a source of normal individuals of phytoplankton, which
is the factor supporting the level of organization of the global population of algae
in the ocean. The decay communities of zooplankton, incapable of eliminating the
decay individuals from phytoplankton, locally perturb the environment, lose their
competitive interaction and are ousted by the normal communities.
The mechanisms of stabilization of the organization of life, of the type of
"artificial selection", are encountered during interactions of the "predator-prey"
type, and the controlling species may then be both the predator and the prey
(see Sect. 4.5). (The well known Lotka-Volterra model of self-regulation predatorprey population numbers (Lotka, 1925; Maynard Smith, 1974) do not contain
the controlling species and apparently have no connection with the real natural
community.) Besides, the support of the stabilization program, which is responsible
for preservation of the environment, lies with the controlling species for all the
major animals. These consume the major portion of energy and matter fluxes in
the community. Among such controlling species are the edifier plants, bacteria,
fungi, and minor invertebrates (cf. Sects. 5.5 and 5.6, and Fig. 5.3). Major animals
have feeding grounds (home ranges) exceeding by far the size of local ecosystems.
Thus a large animal cannot belong to any one single community. The organization
of large animals (Chap. 5) is supported along the same principles which govern
the concentration of the globally accumulated nutrients, and the organization of
phytoplankton in the open ocean.

4.9 The Biological Pump of Atmospheric Carbon
As demonstrated in Sect. 4.8, the support of genetically stable life in the ocean is
based on absorption by heterotrophs, i.e. by zooplankton and nekton (that is by
locomotive individuals) inhabiting the oceanic depths, of a considerable portion of
dead organic matter synthesized in the euphotic layer. As a result, the two domains
- of synthesis of the organic matter, and of its destruction - are spatially separated
in the vertical, which results in typical profiles of all the nutrients in the ocean.
To keep the matter cycles closed and concentration profiles stable in both organic
and inorganic matter, the flux of organic matter precipitating into oceanic depths
should be compensated by a back flux of inorganic matter brought up into the
euphotic zone. That is why that part of primary production, which originates from
consumption of nutrients entering the euphotic zone from below, is called "new
production" (Dugdale and Goering, 1967). The rate of total ("gross") photosynthesis, less phytoplankton respiration, is called the net production. The ratio of new
production to total (gross) production is called the /-ratio. Recycled nitrogen in
the euphotic layer exists as ammonia (NH^), whereas the "new" nitrogen exists in
the form of nitrate (NO^~), so the /-ratio is traditionally measured as the relative
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Fig. 4.2. The observed change in oceanic concentrations of dissolved inorganic phosphorus and oxygen with depth. Observational data averaged over the world ocean are given
(Takahashi et al., 1981; Levitus, 1982; Bolin et al., 1982, 1983; Sarmiento et al., 1988).

phytoplankton uptake rates of the 15N-labelled nitrate and ammonia (Dugdale and
Goering, 1967). Prediction of the /-ratio following either first principles or empirical observations is still elusive (Eppley and Peterson, 1979; Platt et al., 1989;
Sarmiento et al., 1989).
The upflux of inorganic nutrients into the euphotic zone is mainly supported
via eddy diffusion, i.e., via the emergent gradients in concentrations of all the
nutrients, see Fig. 4.2. The concentrations of the N and P nutrients upwelling into
the euphotic zone from below increase downward. In contrast, the concentration
of oxygen, penetrating the zone of oxidation from the above, drops off with depth,
Fig. 4.2.
In the absence of life, the nutrients would have been evenly distributed within
the whole oceanic depth, and their surface and deep concentrations would have
eventually evened out. Hence life operates as a biological pump, which brings
inorganic nutrients into the oceanic depths from the surface. The term "biological
pump" is associated with the name of Roger Revelle (see, for example, McElroy,
1986). However, no specific reference is usually given. The action of that pump
is related to "new" production. Were the whole community to stratify within the
well mixed euphotic zone, the action of that biological pump would have stopped.
As demonstrated below, the latter presumption is actually impossible, due to the
inevitable decay of the community, of life, and of the environment as a whole.
Nonvolatile dissolved inorganic nutrients in the form of NO3~ and
are
redistributed by the biota within the ocean only. Meanwhile the inorganic carbon
dissolved in the oceanic surface layer is at physico-chemical equilibrium with atmospheric CO2. Following Henry's Law, the depletion of CO2 dissolved in surface
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water results in a depletion of the concentration of atmospheric CC>2. Operation
of the biological pump depletes its atmospheric concentration, as compared to
that which would have formed in the atmosphere with a lifeless ocean (Gorshkov,
1979, 1983a).
The absorption of the principal biogenic (nutrient) elements (C, N, and P) and
the release of C>2 during photosynthesis, as well as the reverse processes taking
place during the destruction of organics in the ocean, all follow the Redfield ratio
(4.4.3). The N/P ratio in marine water coincides with (4.4.3). The store of inorganic
matter dissolved in the ocean is such that the C/P ratio in marine water exceeds
the Redfield ratio (4.4.3) by about an order of magnitude. The concentration of
bound nitrogen absorbed by phytoplankton may be changed by the biota (bacteria)
via fixation of free nitrogen and via denitrification of bound nitrogen. Thus one
may assume that bound nitrogen is a biologically accumulated nutrient and that its
concentration is biotically regulated. Biotic capabilities with respect to regulating
the total phosphorus in the ocean are unknown as yet. Thus it is assumed that
it is phosphorus in particular, which is the biologically non-accumulated limiting
factor. The total nitrogen in the ocean is accumulated by the biota following the
Redfield ratio (4.4.3), while the total dissolved inorganic carbon is in excess and
hence cannot be regulated by the biota either.
If this is the case, the net primary production should be proportional to the concentration of phosphorus in the euphotic layer. The principal step in concentration
of phosphorus is observed at depths within 500m (Neshyba, 1987). Thus uniform
mixing of the ocean would not have resulted in any significant difference of concentration of phosphorus from its present concentration at depths. Were the new
production absent (/ = 0) and were all the nutrients there homogeneously mixed,
the net primary production in the ocean would have settled at a level controlled by
the concentration of phosphorus at depths, which is an order of magnitude higher
than the observed surface one. The net oceanic production would then also become
an order of magnitude higher than is observed, and would have reached the level
compatible with the maximum observed photosynthesis efficiency (see Chap. 5).
Hence, the store of phosphorus in the ocean is such that the limiting factor in the
absence of new production is light instead of phosphorus. The very fact that there
is just as much phosphorus as the biota needs, instead of an order of magnitude
more or less, testifies that the store of phosphorus in the ocean has apparently been
formed by the biota and is still controlled by it, although the exact mechanism of
that control is not presently known. Thus there are no grounds for assuming that
phosphorus is a limiting factor, or that the maximum production by the biota is
limited by the store of phosphorus. On the contrary, it is natural to assume that,
being limited by the availability of solar light alone, it settles at a level, optimal
and different for each specific environment (such as land, the open ocean, the
shelf, the zones of upwelling, etc.), which yields the most efficient biotic control
of environmental conditions liable to such control at all. The concentrations of all
the nutrients are biologically accumulated then and are kept at levels that the biota
prescribes itself.
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The new production and the biological pump are switched on by the biota
owing to the need to support the biological stability of the genetic structure of
communities of the open ocean, which control the state of the environment. Switching on the biological pump lowers the surface concentration of phosphorus and
the net primary production. There is no ground for assuming that the level of
that new production reaches its maximum everywhere, compatible to that minimal
concentration of phosphorus in the euphotic layer, at which the oceanic biota is
still capable of functioning. Most probably the relative value of new production
(that is, the /-ratio) may be changed by the biota within rather a wide margin
(Eppley and Peterson, 1979), within which an efficient stabilization is provided of
both the genetic structure of the communities and of the optimal environmental
conditions.
We are going to demonstrate, in what is to follow, that the store of dissolved
inorganic carbon in the ocean is also not excessive for the existing biota, but
is supported by it at a certain level, which apparently provides for an optimal
functioning of the oceanic biota, including such parameters as the atmospheric
concentration of COa, and, hence, the temperature of the surface euphotic layer.
The inorganic carbon dissolved in the ocean mainly enters it as bicarbonate
and carbonate (COj~) ions. The surface concentration of the dissolved
carbon dioxide (or the partial pressure of COa molecules, which is proportional to
the former) reaches only half of one per cent of the total concentration of inorganic
carbon, denoted as SCO2 (Ivanoff, 1972, 1975; Keeling, 1973):

2.0

[HC03-J
1.8

0.2

+[C02]
0.01 molC/m 3 .

(4.9.1)

Typical values of the respective concentrations are shown here for the surface
oceanic layer, see Fig. 4.3. All the compounds of the dissolved organic carbon are
in a state of chemical equilibrium and suffer certain changes when the concentration [CO2] changes, the latter being in a steady state and in physical equilibrium
with the atmospheric concentration of that gas, [CX^laThe relation between the relative changes of [I7CO2] and [CO2] is of the
scaling character (see (2.6.4) and (2.6.7)) in which the proportionality coefficient
C is called the buffer factor (or the Revelle factor, see Keeling, 1973):
Z\[C02] =

[co2]

A[£C02]

' [rco2]

(4.9.2)

The buffer factor £ may be calculated from the conditions of chemical equilibrium
and of electric neutrality of a macroscopic volume of sea water. It may also be
measured directly. According to these measurements the buffer factor £ varies
from about 9 to 15 in various regions of the world ocean, dependent on water
temperature, deviating by no more than 30% from its average of C = 10 (Broecker
et al., 1979).
Thus, a 10% change in [CO2] entails a 1 % change in [rCO2] only. Such an
inertia of change in [CO2] is explained by the fact that electrical neutrality of sea
water is supported by a certain concentration of positive ions A+ (by alkalinity),
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Fig. 4.3. The observed profile of the dissolved inorganic carbon
See legend to Fig. 4.2.

i] in the world ocean.

which does not change with changing CO2 concentration in water. The carbonate
alkalinity A£:
A£ = HC0 3 -+2CO?-

= 2 HCO3 .

of CO2 builds up, individual shells consisting of CaCO3 are dissolved, which
shifts reaction (4.9.4) to the right, depleting the concentration of CO2 and raising
alkalinity A+. That process describes the biological alkalinity pump. It works to
decrease alkalinity at the surface and to increase it at depth. Simultaneously it
operates against the biological pump of carbon: it decreases the concentration of
CO2 at depth and builds it up at the surface. However, its contribution to the total
consumption of carbon remains below 20 % of the total consumption of carbon
during the synthesis of new production. Thus the relative change of alkalinity during biological reactions is approximately five times as low as the relative change
of £CO2 (see, for instance, Sarmiento et al., 1988).
The whole chemistry of carbon in the ocean is characterized by two independent variables, the total (titrated) alkalinity, A+, and £CO2 usually being selected.
The concentration of CO2 is thus a unique function of SCO2 and A+. If A+ remains constant, £CO2 appears to be a unique function of CO2 only, and hence of
atmospheric CO2 (Degens et al., 1984).
The change in concentration of CO2 may be calculated either from its known
functional dependence on LCO2 and A"1", or via the buffer factor (4.9.2). To the
accuracy of terms of the order of 20%, the dependence of buffer factor £ on SCO2
and A+ may be expressed via expansion into the inverse ratio [HCO^]/[COj~"],
see (4.9.1) (Gorshkov, 1979, 1986b):
(4.9.5)

(4.9.3)

amounts to more than 70 % of the total (titrated) alkalinity A+ in the ocean.
The concentration of hydrogen ions H+ is five orders of magnitude lower
than A+ (Keeling, 1973). Thus the change in SCO2 may principally occur due
to redistribution of concentrations of HC(X and COl~, with the total negative
charge of molecules remaining intact. For example, following the addition of a
given number of molecules of CO2, an equal number of COj~ ions may vanish,
with a doubled number of HCO^ ions appearing in their place according to the
reaction:
H2O + CO2
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(4.9.4)

Due to the low value of the [COl~]/[UCO^] ratio the concentration of
[HCOj~] increases but only quite weakly, and that illustrates the fact that the
buffer factor C is indeed quite large.
Redistribution of all the other ions (among which the borate present in sea
water plays the most important role) does not contribute more than 20% to all
the measurable values (Maier-Reimer and Hasselmann, 1987). According to the
Le Chatelier principle, extracting the ions of COj~ from the surface water shifts
the reaction to the left and the concentration of CC>2 in water increases. The ions
of CO?" vanish via formation of CaCO3, which is used by the biota to form
shells (Neshyba, 1987). That process results in lower alkalinity, A+. (A significantly weaker change of alkalinity accompanies fixation of the NOj" and PO^"
ions by phytoplankton.) Inversely, at those large depths where the concentration

The observed concentration of SCO2 at large depth is 15 % higher than in the
surface oceanic layer. In the approximation of constant buffer factor £ we have:
/[£C0 2 ]\ C _
(4.9.6)
[C02]0
\[EC02]0J
where A[£CO2] = [SCO2] - [Z'CO2]0, and concentrations in the surface oceanic
layer are indexed with "0". Hence, with the increase of [SCO2] by 15% the
concentration of [CO2] increases by a factor of 2.5. The dependence of the buffer
factor on CO2 concentration somewhat increases the last figure. Thus the deep
layer concentration of the dissolved carbon dioxide is several times higher than
the surface one. At the same time the surface concentration of CO2 is at equilibrium
with the atmospheric value. If life in the ocean ceased, all the concentrations in
both the surface and deep layers would even out. Then the concentration of CO2 in
both the surface oceanic layer and the atmosphere would increase severalfold! That
could well bring about a catastrophic change in the level of greenhouse effect and
in climate within the mixing time of that oceanic layer, in which such gradients
of nutrients are observed, see Fig. 4.3. This mixing time is of the order of several
hundreds of years (Degens et al., 1984). Hence, the oceanic biota keeps both the
atmospheric concentration of CO2 and the surface temperature at a level fit for
life.
The store of inorganic carbon dissolved in the ocean in the form of bicarbonate
and carbonate ions, residing at chemical equilibrium with the dissolved CO2, is

[co2]
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60 times as large as its store in the preindustrial atmosphere, see (4.9.1). Thus
terminating oceanic life, while at the same time keeping the total carbon in both
the atmosphere and ocean intact, and tripling the atmospheric concentration of
carbon would result in only a 3 % decrease in the average concentration of CO2
in the ocean.
The store of dissolved organic carbon in the ocean coincides with the store of
atmospheric carbon (Toggweiler, 1990, Sect. 4.11), and hence is 60 times lower
than the store of JCCO2. At first glance that violates the condition in (4.6.6) for
biologically regulated nutrients. However the considered chemistry of the ocean
indicates that the store of inorganic carbon available for biotic use appears to
be significantly less than the total store of SCO2, and is of the same order of
magnitude as the store of organic carbon, so that the relation in (4.6.6) still appears
to be satisfied. If a given mass (m+) of the dissolved organic carbon goes through
decay, the emerging inorganic carbon is distributed between the atmosphere (m~)
and ocean (m~).
The ratio of change in concentration of the atmospheric CO2 to SCO2 in the
ocean is equal, in agreement with (4.9.2):
[C02]a0
20'

1
200'

(4.9.7)

which accounts for the fact that the average solubility (that is the ratio between
the equilibrium CO2 concentrations in air and water) b = [CO2]/[CO2]a is close
to unity (Broecker and Peng, 1974). The volume of atmosphere scaled to surface
average air pressure (Va = 4.2 x 1018 m3) is three times as large as that of the ocean
(V, = 1 .4 x 1018 m3). Thus after an equilibrium settles between the ocean and the
atmosphere, the distribution of either excess or deficit of carbon will hold at a
ratio of 1/6 (Oeschger et al., 1975; Siegenthaler and Oeschger, 1978; Gorshkov,
1982c):

1

ms

-,
6'

ma = V;

ms =

(4.9.8)

The absorption of inorganic carbon from the atmosphere into the ocean follows
the same ratio when the store of the dissolved organic carbon is built up via its
excess biological production.
Thus the oceanic biota affects the atmospheric concentration of CO2 in two
different ways. The first is related to change in the intensity of the biological
pump at a constant ratio between the masses of organic and inorganic carbon
in the environment. The second is related to possibility of the partial transfer of
organic carbon to inorganic and back. Both are apparently used by oceanic biota
to support environmental conditions at a level optimal for life.
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Increase in atmospheric CO2, entailed by the depletion of new production, may be
quantitatively estimated from the data on the gradient of J7CO2 and from the value
of the buffer factor, C- The possible depletion of atmospheric CO2 accompanying
increased new production is related to observed concentrations of phosphorus and
nitrogen via the Redfield ratio (Gorshkov, 1982c, 1984a).
One may average the studied oceanic region over seasonal variations and over
large enough area of water, such that the horizontal transport of nutrients becomes
small compared to the total vertical transport. Then all the variables entering our
relations will depend on depth Z alone. We denote net fluxes of both organic and
inorganic nutrient X (either C, N, or P) through a unit horizontal plane at depth
Z as Fx(Z) and F^(Z), respectively. Depth Z increases from the surface down.
The downward flux of organics goes along the positive Z coordinate, and the
upward flux of inorganic matter goes against that coordinate. An equality should
be satisfied for the case of constant annual average masses of organic and inorganic
carbon within arbitrary oceanic volumes at every depth Z (cf. (4.3.1)):
F£(Z) + Fx(Z) = 0.

(4.10.1)

The flux of inorganic nutrient is mainly of diffusive nature and is controlled by
its concentration gradient:

where D(Z) is eddy diffusivity, averaged over the surface and over seasonal
oscillations; it may be assumed identical for every dissolved substance.
Assuming that all the synthesis of the organic matter is concentrated at the
surface at Z = L+ = 0 (note that the actual distribution of photosynthetic activity
with depth is accounted for in studies by Gorshkov (1982c, 1984a) and Lewis et
al.(1986), which does not affect the treatment to follow), we find that the change
of F^(Z) following the passage through a layer of unit thickness is equal to the
density of destruction of the organic matter in that layer b(Z):
-^-F-(Z) = b(Z)=^-F+(Z).
(4.10.3)
aZ
oZ
The new production of the ocean per unit area of water, P£, and the flux of the
newly generated "new" inorganic carbon, P~, equal to the former (see (4.11.5)),
is described by:
fH
+
r
r
(4.10.4)
P~
b(Z')dZ' =
n = rPn = JiP*
g = I
Jo
where H is that depth at which these concentration gradients become zero, Pg is
the gross (total) primary production of the ocean. Measuring b(Z) and F~(Z) at
various depths, eddy diffusivity D(Z) may be found (Oeschger et al., 1975), and
the values of new production P* and of the /-ratio may be estimated.
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The average depth at which new production is destroyed is given by:
L- = TP / Z'b(Z')dZ'.

(4.10.5)

"n JO

We assume that the destruction of new production is completely localized at depth

b(Z) = P~6(Z - L~\

F~(Z) =

- Z),

(4.10.6)

where 8(Z) = -^Td(Z) is the Dirac delta-function, t?(Z) is the step function:
i?(Z) = 1 for Z > 0, and ti(Z) = 0 for Z < 0.
That approximation corresponds to constant flux of inorganic nutrients in the
ocean (that is a flux independent of Z), such that the observed change in the
gradient of nutrient X is compensated by a respective change of eddy diffusivity:
P+, L- > Z > 0
0,
Z < L~.

Integrating (4.10.7) we find:
AX
P n + x = —, A[X] = [X]dRe

-r

Re =

Jo

dZ
D(Z)

- Ls
De

a;

L

[X], =

(4.10.7)

, [X]d = [X(L_>], (4.10.8)

L3 - L+
D'

(4.10.9)

Le = L~ - Ls

200-500m, Ls ~ 75m, Da » De, De K 6 x
103m2/year, R ~ 30m/year, where L3 is the depth of the well mixed surface
layer, De and Ds are eddy diffusivities in deep and surface layers, respectively
(Ivanoff, 1972, 1975; Oeschger et al., 1975; Broecker et al., 1985b; Neshyba,
1987), [X] is the concentration of nutrient X at depths, Le is the effective depth
above which the gradient of nutrient concentration is observed (Neshyba, 1987).
The gross P+x and new P+x primary productions may, as a general case, be
written as (cf. (4.6.3)):
Rn

= Jf

(4.10.10)

where (4.10.10) is a definition of the internal resistances RgX, and RnX which
may be a function of concentration [X]a. When the concentration [X]s is far
from saturation, the value of RgX is constant. In saturation mode RgX is proportional to concentration [X], so that production does not depend on concentration
(Hochachka and Somero, 1973).
Equating P+x in (4.10.10) and (4.10.8) we have:
(4.10.11)

Concentrations of inorganic nutrients in oceanic depths, [X]d, are defined by
the total store of nitrogen and phosphorus at those depths. The biota is incapable
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of changing concentration [X]d via changing the intensity of the biological pump
(working at constant mass of the dissolved organic matter). If one assumes a constant internal resistance RgX, independent of surface concentration [X]s (Lewis et
al., 1986), the biota appears to be capable of changing [X]s via changing the average depth at which the heterotrophs reside, Le, hence changing external resistance
Re (see (4.10.11)). With Le increasing at constant eddy diffusivity, the external resistance increases, and the diffusional flux of nutrients, the new production,
and the intensity of the biological pump all decrease. The surface concentration
falls too. The /-ratio being constant, the gross production is also bound to drop.
The latter refers to phosphorus as well. If one assumes that new production of
nitrogen is controlled by the absorption of NO^~, while the gross production is
controlled by cumulative absorption of NHj and NO^~ at different internal resistances .R5NH* and Rg^o-. men> at lower surface concentration of NOJ" and
decreasing new production, the gross production may only insignificantly change
at a constant concentration of NH£. The /-ratio should then decrease in proportion
to the concentration of NO^~ (Lewis et al., 1986). The surface concentration of
nutrient [X]S) that is the level of water oligotrophicity is regulated by heterotrophs
residing at depth. Hence, water oligotrophicity at constant deep water diffusivity
is controlled by the biota, instead of abiotic conditions at the oceanic surface, such
as temperature, solar radiation, etc.
Biotic regulation of surface concentration [X]s is also possible via transfer to
a saturation regime, controlled by the phytoplankton, when resistance to nutrient
consumption RgX varies in proportion to its concentration. If RgX <C Re and /
is constant, such a situation should result in both new and gross production by
phytoplankton remaining constant. The depth at which heterotrophs reside, and
the intensity of the biological pump, should then also remain without changes.
Thus in every case both the oligotrophicity of oceanic surface waters and the
surface concentrations [X]s of nutrients are completely controlled by oceanic biota.
New production of nitrogen and phosphorus has the form (4.10.8), (4.10.10),
or (4.10.11), since phytoplankton in the surface layer consumes the same compounds, which are transported within the oceanic depths by eddy diffusion. However, £CO2 is also transported in the ocean by eddy diffusion but, similar to land
biota, phytoplankton consumes molecules of CO2 (Degens et al., 1968; Gorshkov,
1987a). That conclusion follows from the fact that atmospheric and oceanic dissolved CO2 have identical 13C/12C ratios. In oceanic and land biota that ratio
is 18% lower, and in SCO2 it is 9% higher than in the atmosphere. Were the
oceanic vegetation to use £CO2 for photosynthesis, the 13C/12C ratio in it would
have to be 9 % higher than in land biota, which is not the case (Gorshkov, 1987a).
Shells of marine animals (e.g., mollusk shells, lime coral skeletons, etc.) are built
without the process of photosynthesis, directly from SCO2, and thus their 13C/12C
ratio is higher than in organic matter (Druffel and Benavides, 1986).
Thus one should set X = CO2 in (4.10.10) and X = CO2 in (4.10.8):
+

_ [rco2]0 - [SC02], _ [co2]d Re

>.

[rco2]s

(4.10.8a)
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[C02]s
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(4.10.13)

(4.10.10a)
gX

Equating (4.10.8a) and (4.10.10a) we find:
„+ _

[C02]d

(4.10.11 a)

^1—= tl^JP^CR^O

b X

a^P,

(4.10.14)

The maximum scope of changes in [CO2]a is:
For X = N and X = P, the concentrations at depth are about ten times as high as
at the surface. That means that the external resistance to diffusion Re is about ten
times as high as the internal one, R^x- The coincidence of surface concentrations
of N and P means that their internal resistances coincide with each other: Rn^ =
RnP- The observed ratio C/N/P is 40/16/1. Hence, the concentration of CO2 is
approximately three times as low as that necessary to satisfy the Redfield ratio
(4.4.4). That means, in turn, that the internal resistance to CO2 consumption is
the lowest, i.e. RgC « (l/3)(RgX), (X = N, P), so that sensitivity of the biota
to changes in CO2 concentration is the highest. The effective external resistance
to "penetration" of CO2 is decreased by a factor of ££ w 1/20, as compared
to external resistance to penetration of SCO2, N, and P, and becomes of the
same order of magnitude as internal resistance RnC in (4.10.11 a). Under natural
conditions all the internal resistances RgX should be close to constant, while the
difference between productivities and destructivities should alter following the law
given by (4.4.1), the dimensionless constants 0x being of the order of 1. At /3X = 1
resistances Rgx are strictly constant. Specific values of /3X depend on the biota
and on particularities of the natural environment. No nutrient may be considered
limiting in that case: concentrations of all the nutrients are then supported by
the biota at a level optimal for its functioning. It is only under environmental
conditions drastically differing from the natural ones that particular nutrients may
become limiting.
Under natural conditions the surface, and hence the atmospheric, concentration
of CO2 is uniquely related to surface and deep concentrations of N and P because
the Redfield ratio is satisfied. Using (4.10.10), (4.10.11), and (4.10.1 la) we have
(see Gorshkov, 1982c; Gorshkov and Kondratiev, 1990):

[X]s =
[C02]a = T U

R.

Re + RnX

X -_ Nxr, PD.,

D
—
RnX

[X]d
9X
*-

RnX

(4.10.12)

•gX

where b = [CO2]s/[CO2]a is the solubility of CO2, and the ratio C/X corresponds to
(4.4.4). With concentrations of both nitrogen and phosphorus at depth (they practically coincide with average concentrations of these elements in the ocean), and
external resistance (which is controlled by eddy diffusivity) all remaining fixed,
the concentration of atmospheric CO2 is controlled by the /-ratio and by the internal resistance RgC to absorption of CO2. At / —> 0 we have [CO2]a = [CO2]max,
while at / -» 1 we have [CO2]a = [CO2]min:

[C02]a nmx _ Re + RgX _ Re_
[C02]amin

Rgx

RgX

x }

„J

(4.10.15)

Rg

With eddy diffusion growing, Re falls and [CO2]a increases respectively. If both
the /-ratio and Re remain fixed the change in [CO2]a may only take place due
to the change in inner resistances. The decrease in Rgx entails lower surface
concentrations [X]s, X = N, P. However bringing those values down to zero can
only lower [CO2]a by 10% maximum, since the observed ratio is [X]s/[X]d =
finX/fle~0.1.

If one assumes the surface concentration [X]s fixed, [CO2]a appears independent of Re and /:
[C02]a = ~ ( ~

(4.10.16)

Instead it is controlled exclusively by internal resistances, that is by gross primary
production. In reality, surface concentrations do not vary at low latitudes, where
most of the ocean surface is found. The concentration [CO2]a at low latitudes may
only be increased (via lowering of the /-ratio).
Thermohaline overturning results in submergence of large masses of cold water
to depth in high latitudes of the Antarctic circumpolar ocean (~ 1015 nWyear,
which is about 30 Sverdrups, 1 Sverdrup = 106 m3/s, Stuiver and Quay, 1983;
Neshyba, 1987), these masses then being distributed and upwelled to the surface
over the whole world ocean surface area. The average rate of such upwelling is of
the order of 2 m/year over the whole world ocean surface area, which is much less
than the inverse external resistance: R~l ~ 30 m/year, see (4.10.9). Thus transport
of nutrients due to water upwelling is low compared to diffusional transport and
may be neglected in (4.10.2). Surface concentrations of N and P in cold waters
are almost five times as high as those in warm waters. Quick submergence of
cold surface waters results in higher /-ratio in these waters (Eppley and Peterson,
1979).
Assuming the relative surface of cold waters to be equal to 10% of the total
surface of the world ocean we find that a fivefold lowering of the surface concentration of nutrients in cold waters would result in the average surface concentration
of nutrients globally lowering by a factor of 1.5. That would result in a respective
increase of oceanic gross production at fixed internal resistances, and, in accordance with (4.10.16), would bring about a lowering of [CO2]a. If one assumes the
concentration of nutrients at depth to be constant, the surface concentrations of
nutrients in warm and cold waters may only differ due to differences in internal
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resistances. In that case [CO2]a may decrease due to lowering of internal resistances, Rgx, to increasing of /-ratio, and also to lowering of eddy diffusivity in
cold waters, see (4.10.9) and (4.10.12).
Gorshkov (1979, 1982c) (see also Chen and Drake (1986)) commented on the
possibility of stronger action of the biological pump for atmospheric CO2, and
hence of lowering of the concentration of atmospheric CO2, due to decreases of
the average surface concentrations of N and P in the ocean. The possible effect of
higher oceanic productivity in subpolar ocean working to lower the concentration
of atmospheric CO2 was later noted by three separate study groups (Knox and
McElroy, 1984; Sarmiento and Toggweiler, 1984; Siegenthaler and Wenk, 1984;
see also McElroy, 1986; Sarmiento et al., 1988). They related the 30% decrease in
atmospheric CO2, as compared to its preindustrial level during the last ice age, to
that particular process. Inversely, the drop in productivity of the polar ocean should
have led to an increase in atmospheric CO2 up to its observed preindustrial level. If
one assumes that productivity increases with solar radiation, that would correspond
to satisfying the Le Chatelier principle for oceanic biota: stronger solar radiation
brings higher temperatures, and the increased production of the polar ocean lowers
the concentration of atmospheric CO2, so that temperature growth is compensated
for.

4.11 Changing Production of Dissolved Organic Matter
in the Ocean
The new production by oceanic biota keeps both the atmospheric and oceanic
environment of living beings in a state which is strongly offset from its equilibrium, both physically and chemically. New production may vary, following the Le
Chatelier principle, in response to variations in the solar activity (Berger, 1988).
If matter cycles are closed, the balance between the synthesis and destruction of
organic matter remains unchanged: change in new production is compensated by
a respective change in its destruction, so that the mass of organic matter in the
ocean remains unchanged. If one assumes that production in the ocean is limited
by concentrations of nitrogen and phosphorus in the surface layer, and possibly
by solar radiation in the subpolar oceanic surface area, while consumption of CO2
occurs at saturation, then one concludes that oceanic biota is incapable of reacting
to the observed increase of atmospheric CO2. That popular opinion resulted in
excluding oceanic biota from the possible candidates for the sink of atmospheric
CO2 (Degens et al., 1984; Prentice and Fung, 1990; Tans et al., 1990; Schlesinger,
1990; Falkowski and Wilson, 1992).
Discarding the concept of limiting nutrients and considering concentrations of
all the nutrients as both formed and supported by the biota at levels optimal for
it, call for a revision of that opinion. As demonstrated in the preceding section,
the sensitivity of the biota to changes in concentration of CO2 in the surface
water is higher than its sensitivity to changes of concentrations of nitrogen and
phosphorus, which are believed to be the limiting ones. It may thus be expected that
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the biota should react more efficiently to a relative perturbation of the atmospheric
CO2 at constant concentrations of nitrogen and phosphorus, than to equal relative
perturbations of nitrogen and phosphorus at a constant concentration of CO2. Here
one should understand perturbation as external forcing, similar to anthropogenic
distortion of the environment, instead of seasonal and geographic variations to
which the natural biota should be adapted.
An enormous mass of dissolved organic carbon (DOC) is present in the ocean,
which is one thousand times higher than the cumulative mass of all the living
beings of the open ocean (Table 5.1) and which approximately (by order of magnitude) coincides with the mass of atmospheric carbon (Toggweiler, 1990; Druffel
and Williams, 1990). While the state remains stationary, the dissolved organic carbon is very slowly destroyed to inorganic components and is as slowly produced.
Its preindustrial production did not exceed 1 % of the net primary production of
the ocean (Gorshkov, 1991b). So far the functional role of DOC in the ocean
remains unclear. It is natural, however, to suggest that DOC is a reservoir controlled by oceanic biota, using which that biota is capable of sustaining optimal
concentrations of inorganic nutrients in the environment.
The present-day mass of total oceanic DOC is about 2 TtC, here the prefix tera
T = 1012 (Sugimura and Suzuki, 1988; Druffel et al., 1989; Ogawa and Ogura,
1992; Martin and Fitzwater, 1992). The total DOC store ties up about 30% of
inorganic stores of phosphorus (~ 20GtP, see Fig. 4.2) and nitrogen (~ 700 GtN,
see (4.4.4)) in the world ocean and less than 5 % of the dissolved inorganic carbon
(DIG or SCO2 ~ 40 TtC). It follows then that the biota of the ocean is capable, in
principle, of increasing DOC by almost three times, at the same time keeping the
ratios in (4.4.4) intact. The store of DIC should then decrease by about 20%. In
accordance with the buffer relation, (4.9.12), that would lead to a multiple decrease
of atmospheric CO2. Inversely, shrinking DOC the biota is capable of increasing
the atmospheric concentration of CO2 by more than 100%.
All the gross primary production by phytoplankton may take part in changing
production of DOC. Thus the reaction of oceanic biota to change in production of
DOC appears to be amplified by the factor of /"', as compared to the reaction of
the ocean to change of the new production described in the preceding section. It
all gives one grounds for assuming that the change in both production and mass
of the DOC gives the biota a chance to control the state of the environment most
efficiently (Gorshkov, 1979, 1982c, 1984a).
The oceanic measurements (Williams and Druffel, 1987; Druffel et al., 1989;
Druffel and Williams, 1990) have made available vertical profiles of changes in
radiocarbon in dissolved organic (DOC) and inorganic (DIC) carbon, see Fig. 4.4.
Such data offer the possibility of finding the ratio between the preindustrial and
present-day production of DOC in the ocean.
During the preindustrial era (and into the industrial era up to the start of nuclear tests) radiocarbon in both the organic and inorganic molecules had remained
in stationary equilibrium. Its decay in the ocean was compensated by its inflow
from the atmosphere. Carbon enters the ocean with molecules of 14CO2 and 12CO2
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Fig. 4.4. The present-day and the preindustrial profiles of oceanic A 14C. The solid line
shows the dissolved inorganic carbon (—), the dashed line dissolved organic carbon (+).
Symbol "s" indicates the present-day surface values, symbol "d" the values at depth. Symbol "a" stands for the atmospheric value, and "so" and "ao" are the respective preindustrial
values for carbon (Druffel and Williams, 1990; Gorshkov, 1991b, 1993a,b), see Appendix A.

across the air/sea interface about 50 p,m thick by way of molecular diffusion (Degens et al., 1984). The CO2 molecules flowing through the surface oceanic layer
separate into two channels which are parallel to each other: in one the DIG is
generated via various chemical transformations, while in the other DOC is biologically synthesized. The dissolved radiocarbon then penetrates into deep layers by
eddy diffusion. The range of that diffusion is characterized by a certain gradient
in radiocarbon. In deep waters radiocarbon is mixed at a rate quicker than that of
its decay, and its concentration remains practically constant.
Note that DIC is in local chemical equilibrium with the dissolved CO2 but
DOC is not. This is the reason for the observed discontinuity of the Z\ I4 C profile
for DOC.
The concentration of radiocarbon in the atmosphere doubled after nuclear tests
began. The difference between the radiocarbon concentrations in the atmospheric
and surface layer oceanic CO2 had increased by almost an order of magnitude, as
compared to the preindustrial era, bringing a respectively higher influx of radiocarbon into the ocean, see Fig. 4.4. However, concentration of the surface dissolved
inorganic radiocarbon in the ocean increased by 13 %, on average. Were the production of DOC to remain at its preindustrial level, the gradient of concentration
of dissolved organic radiocarbon should have increased by some similar margin.
Actually, though, the gradient of organic radiocarbon concentration, and hence
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its diffusional flux into the oceanic depths has increased by almost an order of
magnitude, Fig; 4.4. The present day rate of accumulation of organic radiocarbon
in the surface waters exceeds its diffusional flux into deep water. That is why
the concentration gradient has been quickly increasing with time. It is thus apparent that the production of DOC must have increased by more than an order of
magnitude compared to its preindustrial level.
Such an increase could only have resulted from the reaction of oceanic biota to
the observed build up of atmospheric CO2, which in itself resulted from deforestation and from combustion of fossil fuels. The net primary production by oceanic
biota and the nutrient ratio (4.4.3) in all the synthesized organic matter apparently
remain at their preindustrial levels. What has actually increased is the share of the
produced "long-lived" dead organic matter, while the share of production and the
biomass of the "short-lived" live cells decreased at every trophic level, including
fish. That was equivalent to an effective decrease in the rate of decay of organic
matter, which resulted in a growth of the mass of organic matter in the ocean,
provided total primary production remained constant. As a result one observes
biological pumping of the excess atmospheric CO2 into refractory dead organic
matter in the ocean.
Appendix A treats that phenomenon quantitatively, starting from data published by Druffel and Williams, (1990) (see Gorshkov, 1991b). The preindustrial
was:
production of DOC by the world ocean, P0+DOC, equal to destruction, P0~
,+DOC _
~ p-DOC _

= 0.24GtC/year.

(4.11.1)

The present-day DOC production by the world ocean, averaged over the years
1955 to 1986 (elapsed since the beginning of nuclear tests and up to the start of
measurements) increased by a factor of 20 and constituted, see Appendix A:
3+DOC =
_

4.2GtC/year.

(4.11.2)

The net primary production by the world ocean is estimated at the level of 42
Gt C/year (Fogg, 1975; Platt and Rao, 1975; Whittaker and Likens, 1975; De
Voogs, 1979; Vinogradov and Shushkina, 1988; Platt et al., 1989, see Table 5.1).
Hence, preindustrial production of DOC (4.11.1) was approximately 0.2% of the
net primary production, and its present value has increased to 8 % of that value.
The change of concentration of atmospheric CO2 during the industrial era only
affected the state of the surface oceanic layer, in which photosynthesis of organic
matter took place. The total store of DOC (~ 2000 Gt C, see Appendix A), was
mainly concentrated in oceanic depths. During the last 200 years, the mass of
DOC store should have increased by less than 20%, see Appendix A. Besides, the
rate of decay of DOC should be controlled mainly by the concentration of oxygen,
and its distribution has not changed during the industrial era (Gorshkov, 1984a).
Thus the present-day rate of decay of DOC should coincide with its preindustrial
value. As a result we have for the rate of increase of DOC, rh000, taking the
average for 1955-1986, see Appendix A:
ooc
(4.11.3)
; 4 Gt C/year.
m,+DOC == p+ooc _
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There are two ways for excess atmospheric CO2 to be absorbed by oceanic
biota at permanent concentrations of nitrogen and phosphorus. First, the gross
oceanic primary production may increase via extracellular excretion of the hydrocarbon-type organic matter, containing no nitrogen and phosphorus (Khailov, 1971;
Fogg, 1975; Platt and Rao, 1975). These are the particular substances produced as
primary photosynthetic products. If nitrogen and phosphorus are lacking, no new
cells may be built from that organic matter, -so that such products must be excreted
to the external environment from the cell, thus adding to the store of oceanic DOC
(Gorshkov, 1982c, Chen and Drake, 1986). The store of DOC in the ocean during
the industrial era should have been complemented by organic matter devoid of
nitrogen and phosphorus, so that the C/P ratio in DOC should have increased by
about 10%. In particular, that ratio in DOC should significantly differ between
the new surface and the old deep waters, which is apparently not observed.
Second, the production by oceanic biota may be treated as a sum of cellular
production and production of DOC. During the preindustrial era these two forms
of production amounted to 99.4% and 0.6% of the total production, respectively,
and were compensated by an equal rate of decay. With net primary production and
the chlorophyll concentration remaining unchanged (Falkowski and Wilson, 1992)
the biota may, in reaction to the increased atmospheric CO2, increase the share
of DOC produced, reducing, accordingly, the share of cellular production. Since
the rate of destruction, which depends on concentrations of organic matter and
of oxygen, remains practically the same for DOC, while decreasing in proportion
to production by cells, such a possibility corresponds to an effective reduction of
destruction. As a result the store of DOC in the ocean should start to increase.
The C/P ratio in DOC may then remain unchanged. Apparently, it is this second
possibility which is actually realized in nature: the biota increases the production
of DOC in response to CO2 build-up in the atmosphere, and, conversely, reduces
such production when the atmospheric concentration of CO2 drops. In the latter
case the organic carbon is transformed into its inorganic atmospheric and oceanic
forms (Gorshkov, 1991b), provided the rate of destruction of DOC remains the
same.
Thus the dynamics of change in production and total store of DOC in the
ocean during both the industrial era and the postglacial period agrees with the
Le Chatelier principle, as applied to oceanic biota. It works to keep the concentration of CO2 in the atmosphere constant by compensating (damping) adverse
perturbations.

4.12 Changes in the Global Cycle of Carbon
According to measurements taken from 1958 onwards by many observatories both
on land and at sea, see Fig. 1.2, the concentration of atmospheric CO2 keeps
growing. The analysis of gas composition of air bubbles from Antarctic ice cores
(Friedli et al., 1986, Staffelbach et al., 1991; Leuenberger et al., 1992; Raynaud
et al., 1993) yields information on the atmospheric concentration of CO2 from
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the very start of perturbation at the end of the eighteenth century, see Fig. 1.2. It
also follows from ice core data that, to within the error margin, the "preindustrial"
concentration of atmospheric CO2 had approximately been equal to 280ppmv
(Siegenthaler and Oeschger, 1987) and had remained constant for the last few
thousand years (Oeschger and Stauffer, 1986). At the end of the last glaciation
15000 years ago it had lowered to ISOppmv (Barnola et al., 1991). Today the
atmospheric concentration of CO2 has reached 350ppmv (Trivett, 1989; Starke,
1987, 1990), which is 25% higher than the preindustrial level.
The observed global change of the carbon cycle is mainly due to anthropogenic
perturbation of the natural land biota which exceeded its stability threshold by the
middle of the eighteenth century. Perturbations of land biota are superimposed by
direct anthropogenic perturbations of the environment, principally due to combustion of fossil fuel. The oceanic biota remains stable and keeps on compensating
perturbations of the environment. However that oceanic biota already fails to cope
with global anthropogenic perturbations, so that the end result is global change of
the environment in both the atmosphere and the ocean.
As repeatedly noted elsewhere, it is the enormous power of the production
and destruction of organic matter developed by the natural biota which is implicitly dangerous and may precipitate a quick disintegration of the environment,
should the closed matter cycles be disrupted beyond the Le Chatelier principle
(see Sect. 4.4). Present direct measurements of both biotic production and destruction are only conducted with large errors, which exceed several tens of a per cent.
Thus, due to the extremely high level of natural closure of matter cycles it remains
practically impossible to detect any breach of these cycles.
By analyzing the practices of land use one obtains data on the ecological state
of the areas used: arable lands, pastures, intensely exploited forests, etc., on which
one may find clear cut statistical data (Houghton et al., 1983, 1987; Houghton,
1989). However the ecological state of other areas cannot be estimated using that
technique. The parts of those areas still totally outside man's activities (most of
the open area of the world ocean and a small part of the remaining virginal land
surface) should react to the global increase of CO2 concentration in the atmosphere,
absorbing, in accordance with the Le Chatelier principle, excessive CO2 from the
atmosphere. However, perturbed biota with its altered composition in species,
covering areas not accounted for in land use analysis, may by itself violate the Le
Chatelier principle and emit additional CO2 into the atmosphere.
The principal change in CO2 content occurs in four media only: the atmosphere, the fossil fuel, the ocean, and the land surface part of the biosphere. As
noted above, the atmospheric concentration of carbon has been directly measured
from 1958 on, and is also available from ice core data. Emissions from fossil
fuel are well estimated from the very start of the industrial era. Now such emissions of carbon from fossil fuel occur at the rate of 5.8GtC/year (Watt, 1982;
Marland et al., 1988; Starke, 1987, 1990). Of that amount 3.5GtC/year is accumulated in the atmosphere (Trivett, 1989). Land use results in additional emissions
of up to 2.5GtC/year (Houghton, 1989). Thus the known sum of carbon emis-
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sions into the atmosphere from areas of active industrial activities is 8.3 GtC/year.
Of that amount 3.5GtC/year is accumulated in the atmosphere. The remaining
4.8GtC/year (Trivett, 1989) may be absorbed by either the ocean or that part
of the land surface biota which remains outside the scope of industrial activity
(Sundquist, 1993). If the ocean absorbs more than 5 GtC/year, that means that the
remaining land surface biota also emits CC"2 into the atmosphere, that is violates
the Le Chatelier principle and is beyond the threshold of admissible perturbations.
The carbon-storage potential of soils of strongly perturbed biota in perturbed environment is unknown. The analysis of the carbon-storage potential of natural soils
in natural environment indicates that soils are incapable of accumulating carbon
quickly, so that when such accumulation of carbon by land biota takes place, it
may only result from changes in the distribution and in the biomass of terrestrial
vegetation (Schlesinger, 1990). At the same time destruction of soil organic matter may occur at an arbitrary rate. Mean loss of soil carbon following agricultural
conversion reaches about 30% in various ecosystems. In certain tropical forest
areas that value may reach a maximum of 70 % (Schlesinger, 1986; Bouwman,
1989).
To envisage the difficulties of detecting carbon emissions by land biota, one
may compare the figures cited above with primary production by the biota (that is
with the rate of synthesis of organic carbon). The net primary production on land
is estimated at 60GtC/year (Ajtay et al., 1979), and that in the ocean at about
40GtC/year (Mopper and Degens, 1979; Platt et al., 1989; Falkowski and Wilson,
1992; Falkowski and Woodhead, 1992; Holligan and Boois, 1993). The error in
both these estimates may well exceed 30% (Whittaker and Likens, 1975). An
independent estimate of the rate of destruction of the organic matter is burdened
with an even larger error (Gorshkov and Sherman, 1986). Meanwhile if the rate
of destruction exceeds the rate of synthesis by only 10%, that means an annual
reduction of biomass of the land surface biota of 6 Gt C/year. Carbon emissions
due to soil use are directly estimated from the rate at which biomass is reduced in
these areas, although lack of accurate data on production and destruction results
in large errors of those estimates.
Carbon mainly penetrates into the ocean via diffusion through the air-sea
interface. The net flux of carbon either into or out of the ocean is proportional
to the difference between the atmospheric and oceanic partial pressures of carbon
dioxide (pressure is taken in a limited air mass in equilibrium with the surface
water layer, to be more exact). That difference between the two partial pressures
varies strongly across the world ocean, even changing its sign in going from high
to low latitudes, and displays absolute maxima which exceed the total increment
of atmospheric COa over the industrial era, see Fig. 4.5. Thus attempts to estimate
the global net air-to-sea flux of carbon via averaging the local data (Broecker et
al., 1986; Tans et al., 1990; Etcheto et al., 1991; Watson et al., 1991) are associated
with large errors and cannot even claim a correct order of magnitude of that flux
(Broecker et al., 1986; Gorshkov, 1986b, 1992a; Robertson and Watson, 1992;
Gorshkov, 1993a,b). Studying penetration of carbon through that interface one

Fig. 4.5. The observed latitudinal variations of CO2 concentration in the atmosphere and
the ocean, "a" are changes in the atmosphere; "s" are changes in the ocean. Within the
scale of changes in the ocean (the lower curve) the observed changes in the atmosphere
(upper curve) degrade into a horizontal line (Broecker et al., 1979, 1985b).

may only estimate the top limit for the net flux of carbon into the ocean, assuming
that the ocean is kept in its non-perturbed state by sea biota, and that the average
annual increment of CO2 concentration in the surface waters is equal to zero.
That maximum flux amounts to 20 GtC/year, that is exceeds the rate of emission of fossil carbon by a factor of three (Gorshkov, 1986b, 1992a).
The only way to obtain the rate of absorption of carbon by the ocean at an
acceptable accuracy is to use radiocarbon data on the distribution of 14C in both the
atmosphere and the ocean (including both the organic and the inorganic dissolved
carbon) prior to and after atmospheric nuclear tests (see Sect. 4.11, Appendixes A
and B). These data make it possible to estimate the temporal change of the rate of
carbon emissions by land biota and to identify the moment when the Le Chatelier
principle was violated in that part of the biota, thus estimating the threshold for
such a perturbation.
Due to the law of matter conservation carbon may be distributed between the
four above-mentioned active global reservoirs: the fossil fuel (/), the atmosphere
(a), the biosphere (6), and the sea (s). Indeed, as already mentioned above, all the
other existing reservoirs are either inactive, or feature a negligibly small capacity
for storing carbon (Degens et al., 1984). Thus getting accurate enough data on the
rate of change of at least one such reservoir, either the biosphere or the ocean,
would be sufficient for describing the whole situation with the carbon cycle.
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The law of matter conservation may be described in the following form:
ma + ms.+ rhf +mb = 0,

(4.12.1)

where the m^ denote respective changes in the mass of carbon in these reservoirs,
each being given by the difference between the present-day mass, M, and its
stationary (non-perturbed) value, Mi0:
mi = Mz - MJO-

o

As usual dots denote rates of change (m = dm/dt, t is time).
Note again that the rates of change of mass of carbon in fossil fuel (m/)
and in the atmosphere (ma) are known from the very start of perturbation. The
ocean reacts to changes in the atmospheric CCh (in both its weakly perturbed biota
and its physico-chemical state) according to the Le Chatelier principle. The rate of
absorption of carbon by the sea (ms) depends on the relative increment of the mass
of carbon in the atmosphere, that is on ma/Mao. We have ms = 0 in a steady state,
when ra0 = 0. While the relative deviation remains small ma/Mao -C 1, one may
expand the rate (rhs) into a Taylor power series over ma/Mao, in which only its
linear term is actually retained. The respective proportionality factor ((ks)) is found
in Appendix B from the available radiocarbon and 13C data. That coefficient (the
stability coefficient) is a fundamental characteristic of state of the non-perturbed
ocean (referring both to its biota and to its physico-chemical state). It characterizes
the rate of relaxation of the environment to its natural state (Sects. 2.7 and 4.4).
That coefficient should remain constant over millennia and may only change during
an evolutionary transition of the environment from one steady state to another (for
example, when it transits from an ice age to an interglacial period and back). We
then have (see Appendix B):
ms = ksma,

ks = 0.054 year

(4.12.2)

The rate of absorption of carbon by the ocean, (ms) is equal to the sum of rates of
absorption of carbon in its organic (rh+s) and inorganic (m- s ) forms. We have,
respectively, for the ks factor (see Appendix B):
ks=k+s+k~,

m± = /c±m a ,

k+s = 0.038 year"1.

The rate of absorption of carbon in its organic form by oceanic biota, m+s may
be presented in the form (4.4.1). The rate of change of the organic matter, m+3 is
equal to the difference between the change in its production P* and destruction,
P- (see (4.4.1) and (4.11.3)):
:

— P*
sO'

+
PsO
= P~~
sO'

-

(A
\7 V\
y^.it-.j}

where P^ are stationary non-perturbed values. Using (4.12.3) one may rewrite
(4.12.2) for the organic carbon in the form of a scaling relation, (4.4.1):
A[C
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Fig. 4.6. Changes in the global carbon cycle, rhi are rates of change in the ith reservoir:
i = a for the atmosphere, i = s for the ocean, i = f for fossil fuel, i = b for land biota.
Points for the atmosphere (rha) and fossil fuels combustion (m/) are the observed twodecade averages: ice core atmospheric data before 1958 (Friedli et al., 1986; Staffelbach et
al., 1991) and direct atmospheric measurements after 1958 (Watts, 1982; Gammon et al.,
1986; Trivett, 1989; Starke, 1987, 1990; Reviere and Marton-Lefevre, 1992; Murata, 1993);
fossil fuel combustion data after 1860 (Watts, 1982; Marland and Rotty, 1984; Starke, 1987,
1990). Points for ocean (ms) and land biota (mb) are calculated from (4.12.1) and (4.12.2),
(Gorshkov, 1992b, 1993c).

where T^= 14 years is the time of atmospheric carbon turnover through oceanic
biota, see Table 5.1. The expression (4.12.4) differs from the often used scaling relation, called "fertilization of biota by excessive CO2" (see, for instance,
Kohlmaier et al., 1987; Bazzaz and Fajer, 1992) in containing, in addition to
change in production (AP^), destruction (AP~) as well. Both such possibilities
were discussed in Sect. 4.11, where it was demonstrated that destruction seems
to be weakened in the ocean/SjP5~ < 0,4P^ = 0), instead of stronger fertilization
(AP- = 0, API > 0).
"
Thus the unknown rate of reduction of mass of carbon in land biota, rhb may
be found from the equation of global budget of carbon (4.12.1), see Figs. 4.6-8.
Numerically we have rrib + m+s w 0, i.e. the total (land + ocean) organic carbon of
the biota is not changed, see Appendix B.
The non-perturbed natural land biota should have reacted to the external perturbation of the environment in a manner similar to the non-perturbed ocean. Thus
one may write:
=

kbma,

(4.12.5)
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Fig. 4.7. The global rates of change in the carbon cycle over the period of systematic
atmospheric observations. For notation see Fig. 4.6. rh/ and rha are the observed values
(see Watts, 1982; Trivett, 1989; Starke, 1987, 1990). ms and m+3 are calculated from the
observed values of ma from the formulae: rha = ksrna, rh+s = fc*ma, ks = 0.054 year"',
fc* = 0.038 year"1, see Appendix B; (mb) are calculated from (4.12.1) (Gorshkov, 1992b,
1993c).

where the coefficient kf, for the non-perturbed biota is characterized by its nonperturbed constant positive value km. It is natural to assume that due to the universality of the biochemical organization of life the dimensionless scaling coefficient
(3* in (4.12.4) is the same for land and sea biota. Taking into account that fc* did
not change appreciably during the industrial era, i.e. k^ = k^0 and setting J3S = fa
we have
0.055 year

(4.12.6)

where r^ = MaQ/P^ = 9.8 years is the atmospheric turnover time through the
land biota (see Table 5.1). Note that the unperturbed relaxation coefficient kw
in land biota coincides approximately with the total relaxation coefficient for the
ocean: ks = k+s + k~ . This fact may be explained as follows. Land biota has
larger productivity than sea biota (see Table 5.1). But only biota can react to
the perturbation of environment on land. On the other hand the physico-chemical
processes in the ocean also tend to equilibrium with the atmosphere.
The value kb begins to drop off in the perturbed land biota and becomes zero
when the biotic stability is broken (Sects. 2.7 and 4.4). To analyze changes of

Fig. 4.8. Present-day state of the carbon cycle. Shaded arrows give the fluxes of synthesized
organic carbon. Open arrows give the fluxes of destroyed organic and inorganic carbon.
Numbers give the fluxes of carbon in Gt C/year. Net primary production (NPP) to gross
primary production (GPP) ratio, NPP/GPP, are 0.37 for land biota and 0.67 for sea biota
(Whittaker, 1975; Whittaker and Likens, 1975). Thus GPP is 160 Gt C/year for land and
63 Gt C/year for ocean, see the values of NPP in Table 5. 1 below. The stores of carbon
are underlined: thick shaded lines for organic carbon, thin blank lines for inorganic carbon,
Gt C (Gorshkov, 1992b, 1993c).

state of the anthropogenically perturbed environment it is convenient to use the
variables fcj in (4.12.1):
ka + ks+kf + kb = 0,

k = rhi/ma,

(4.12.7)

where ki for fossil fuel (i = /) and the atmosphere (i = a) are formal values found
from the empirical data on rhj and ma, while the same value for the ocean (i - s)
is the rate of relaxation of the non-perturbed system, independently found from
the data of radiocarbon analysis. The behavior of kb for land biota is found from
(4.12.7), see Fig. 4.9. With the signs of fcj coefficients thus defined (see (4.12.7))
the atmospheric stability corresponds to ka < 0, and the stability of the ocean and
land biota is described by ks > 0, kb > 0. Therefore, the conditions for satisfying
the Le Chatelier principle have the form:

ka < 0,

ks > 0,

kb

0.

(4.12.8)

It may be seen from Fig. 4.9 that the stability of land biota and of the atmosphere
started to change from the middle of the seventeenth century (kb < kbo). By the
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middle of the eighteenth century the stability of land biota was completely violated
(/Cb = 0). Starting from that time and up to the beginning of the nineteenth century
stability of the atmosphere was only supported by sea biota. The carbon exchange
between the land biota and the ocean may take place only via the atmosphere. The
observed absence of atmospheric perturbation means that the net carbon fluxes
between the land biota and the ocean were equal to zero up to the beginning of
the nineteenth century, see Figs. 4.6 and 4.9. From the beginning of the nineteenth
century destruction of land biota exceeded the critical level of ka = 0, after which
biota of the ocean already failed to cope with stabilizing the atmosphere, and the
process of global change of the environment had started (fca > 0). As the natural
land biota is destroyed, the relative rate of emission of carbon from it (fcf,) gradually
starts to drop off, although the absolute rate (rh;,) keeps on growing (Fig. 4.6).
Apparently, with the total destruction of natural land biota and its substitution
with domesticated complexes (man controlled agri-, silva-, and aquacultures), the
stabilizing potential of land biota will become zero, and the rates kb and (mi,) will
fluctuate randomly around their zero values. That tendency is observed in Figs. 4.9
and 4.10.
The start of the global change of composition of the atmosphere is estimated
from the ice core data (Friedli et al., 1986; Siegenthaler and Oeschger, 1987).
According to these, up to the middle of the present century the relative rate of
growth of the atmospheric concentration of CC^, ka = rha/ma (see Fig. 4.9) was
approximately twice as low as it presently is. If one assumes that the value of ka
remained intact, and coincided with its present value for the whole period of global
change and that the ice core data yield an overestimate of ma up to the middle of
the present century (Jaworowski et al., 1992), then the moment the global changes
started (Fig. 4.6) and the values of thresholds in Fig. 4.9 all shift approximately
one century to the right (Gorshkov et al., 1989).
The absolute rate of absorption of carbon by the ocean, rhs, Eq. (4.12.2), grows
linearly with ma at constant ks. Thus setting emissions of fossil carbon at a certain
level rrif (after complete extinction of natural land biota) one could expect that
concentration of atmospheric carbon would rise to a certain fixed level, at which
the rate of absorption of carbon by the ocean, ms would be equal to m/, (m/ =
fcsma), ma = rhf, = 0. However, if one assumes that absorption of carbon by the
ocean occurs mainly by an order of magnitude increase in the production of the
dissolved organic carbon and by a 10% decrease in the production of live cells
(which is equivalent, at unchanging reproduction times, to a respective reduction
of their biomass), further increase of oceanic absorptivity appears impossible at a
constant ks. The process of absorption is particularly controlled by live cells. That
is why such a process may hardly be sustained if the live biomass of the ocean is
reduced by more than 10%. Hence anthropogenic perturbation of the biosphere at
its present level brings the natural land biota to complete disintegration, while the
oceanic biota is close to its maximum compensating capabilities in coping with,
perturbations of the environment.
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Fig. 4.9. Environmental stability (relaxation) coefficients, fcj = rhi/ma, see Fig. 4.6 for notation of rhj, ma = Ma — Mao', Ma and M0o are the varying (perturbed) and the stationary
(non-perturbed) mass of atmospheric carbon; fc/o = 0, fcto and kao are non-perturbed stability coefficients of fossil carbon, of land biota and atmosphere. Points show two-decade
averages, plotted from ice core data up to 1958, and from atmospheric measurements after
1958. Dashed lines interpolate between the observed and the non-perturbed values. Vertical
dotted lines denote: t = t\ the margin of the highest stability of environment (the maximum
non-perturbed relaxation rate), kb = kbo at t < t\\ t = ti loss of stability by land biota,
kb = 0; t = ti, loss of atmospheric stability, ka = 0, and beginning of global changes in the
atmosphere. In the region ti < t < ti stability of land biota decreased, and in the region
t\ < t < t3 atmospheric stability decreased (Gorshkov, 1992b, 1993c).

Were we able to return land biota to its unperturbed state, it would absorb
about rhw) = kboma ~ 9 Gt C/year from the modern atmosphere. Here we use the
present-day increment of atmospheric carbon mass, ma = 160GtC, see Fig. 1.2,
and assume that non-perturbed land biota retains its non-perturbed relaxation coefficient, fcfto, Eq. (4.12.6), at such a value of ma. Hence at the present-day level of
fossil fuels combustion, -mj = 6 Gt C/year, the atmospheric CO2 concentration
would decrease at a rate rha = 11 Gt C/year and the preindustrial equilibrium state
could be restored in several decades.
Anthropogenically perturbed land areas now amount to 61 % of the total land
surface area. The areas of wilderness constitute 39 % of that area (World Resources,
1988; Turner et al., 1993). The biota of that wilderness might absorb ihbw =
rhbo x 0.39 « 3 Gt C/year if we assume its primary productivity to coincide with
average land primary productivity. Overall, the land biota currently emits about
-rhb = 6 Gt C/year to the atmosphere, see Fig. 4.8. That means that the biota in
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Fig. 4.10. Energy thresholds for global environmental stability. Lines m/ and — m<, coincide
with those in Fig. 4.6 (mj, sign changed, logarithmic scale, power units); p~A is the fraction
of net primary production in power units consumed by man (food (man plus livestock) and
wood consumption is assumed to reach 1 kW/person). Values m/ and — rhi, are assumed
to be unique functions of p^; vertical dashed lines ti,h,t} coincide with those in Fig.4.9.
Horizontal lines are as follows: line 1 gives the maximum permissible value of p^ compatible with the maximum stability of the global environment; line 2: p~A threshold, marking
global violations in stability of land biota; line 3: p~A threshold marking global violations
of environmental stability (of the atmosphere). Range I is ecologically permissible (stable
biota and environment); range II is ecologically prohibited (both biota and environment
are destroyed). Horizontal line p*g is the power of gross primary production in the total
biosphere.

the perturbed land areas emits about -mbp w 9GtC/year. Were the land biota
completely perturbed it would emit about -rhf,pt = -rhbp/0.6l « 15GtC/year so
that the atmospheric CO2 concentration would increase at a catastrophic rate of
ma » 14GtC/year. The complete abandonment of the combustion of fossil fuels
would reduce the last number only to 8 Gt C/year. These estimations demonstrate
the great importance of conservation and enlargement of the areas of wilderness.

4.13 The Water Cycle
Water is the principal body and metabolic component in all living beings. The
whole of terrestrial life exists within a narrow temperature margin in which water
is found in its liquid phase. Enormous stores of water in the biosphere distinguish

Earth from all the other planets of the terrestrial group in the solar system (Allen,
1955- Prinn 1982). These stores are mainly concentrated in the world ocean,
containing M x 109 Gt of H2O. At their present rate the processes of water outflow
into the hydrosphere from the Earth's depths may be responsible for the appearance
of no more than one tenth of the contemporary hydrosphere. Sedimentary rocks
re2k7thick, on average (Allen, 1955). They are formed from matter fluxes
rising from the Earth's depths. The relative water content in matter surfacing in
rift zones and erupted by the volcanoes, which form the sedimented layer and
the hydrosphere, does not exceed 10% (Lvovitsh, 1974; Degens et alU 984
Baumgartner and Reichel, 1975; Henderson-Sellers and Cogley, 1982, Shukla and
Mintz 1982). The share of water in the counterflow of matter into terrestrial depth
must be at least as high. Hence, the average depth of the hydrosphere shouI not
have exceeded 10% of the average depth of the sedimentary layer, that is 200m
(instead of the actually observed 3 km (Allen, 1955; Watts 1982) .
Many biochemical reactions are accompanied by the formation of free water As follows from Table 5.1 below the production of the biosphere is about
200Gt/year of dry organic matter, one tenth of that amount being organic carbon It is natural to assume that productivity of the paleobiosphere had been of
the same order of magnitude. Assume that only 1 % of P^-biological producion had synthesized free water (e.g., from CH4 and CO2, which cou1 have been
present in the Earth's paleoatmosphere (A.len, 1955; Budyko et ^W^
L whole of the hydrosphere could have been formed by the living beings in
less than 109 years, that is within about one quarter of the whole timespan of
hfe on Earth. It means that, in accordance with geological data, the hydrosphere
could have been formed about 3 x 109 years ago (Baumgartner andReichel 1975
Henderson-Sellers and Cogley, 1982). Biochemical reactions could have changed
at some later stage to acquire their contemporary form. Thus the possibility may
not be excluded that the Earth's hydrosphere is of biological origin.
The present-day store of oceanic water exceeds the store of organic matter m
the whole of the biosphere by many orders of magnitude. In the sense defined
above water in the ocean is a biologically non-accumulated material over time
periods less than 109 years. Water evaporation in the ocean cannot be biologically
regulated Atmospheric moisture above the ocean and its effect upon the magnitude
of the greenhouse effect cannot depend on the functioning of oceanic biota.
The time of complete latitudinal mixing of the atmosphere is of the order of a
few months (Palmen and Newton, 1969). The turnover time for atmospheric moisture (that is the ratio of the atmospheric store of moisture to rate of evaporation)
is of the order often days (Brutsaert, 1982). That results in the observed mhomogeneity of the atmospheric distribution of moisture, so that the moisture reg.me (including the atmospheric store of moisture, precipitation, and evaporation) strongly
differs from sea to land. Evaporation in the ocean exceeds precipitation (Lvovitsh
1974- Baumgartner and Reichel, 1975). The difference between evaporated and
precipitated moisture is transported to land, where that flux is precipitated and
runs off to the ocean, in agreement with the law of matter conservation, as river
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Fig. 4.11 The effect of biota on the water cycle. Figures indicate the rates of: evaporation
(arrows up), precipitation (arrows down), and river runoff (horizontal arrows), cm/year
(Lvovitsh, 1974; Baumgartner and Reichel, 1975; Chahine, 1992; Table 2.1). Evaporation
and precipitation in the ocean, sea-to-land moisture transport, equal to the river runoff,
cannot be regulated by the biota. (The ratio of the rate of river runoff (cm/year) to sea-toland moisture transport (cm/year) is equal to the ratio of surface areas of sea and land.) In
the absence of land biota precipitation would have transferred to underground waters, and
evaporation would only take place from the surface of rivers and lakes (which constitute
only 2 % of the total land surface), that is precipitation at land would have been completely
controlled by moisture transport from the ocean, and would have approximately coincided
with the river runoff. Plant transpiration approximately triples the water cycle, as compared
to lifeless land (small blank arrows). If all the solar energy incident upon the land was
spent on plant transpiration, the water cycle could be potentially increased by a factor of
nine (large blank arrows). A situation close to this extreme is found in tropical forests.

runoff (Lvovitsh, 1974). On average, that part of the moisture flux on land may
not be biologically regulated.
However, in addition to that precipitation brought from the ocean, evaporation
on land also takes place and precipitation follows in a land-closed cycle. In the
absence of land biota that additional precipitation should have been much less than
precipitation brought from the ocean. Precipitated moisture is quickly transferred
to underground waters, which feed rivers and lakes, occupying about 2 % of the
land surface. Evaporation from the surface of rivers and lakes is negligibly small in
comparison with precipitation brought in from the ocean. Fluctuations of oceanic
precipitation would have triggered sharp changes in the river runoff.
It is only the formation of vegetation cover and soil which results in high
levels of evaporation from the whole of the land and in smoothing out of the
random oscillations of river runoff. After vegetation is formed, part of the river
runoff is spent on storing moisture in soil, in green plants, and in the continental
atmosphere. The increase of that mass steps up the land water cycle. Water on land
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is a biologically accumulated substance. According to available measurements,
precipitation presently exceeds river runoff on land by about a factor of three
(Lvovitsh, 1974; Shukla and Mintz, 1982; Chahine, 1992). Hence only one third
of precipitation is brought from the ocean and more than two thirds come from
the closed water cycle on land. That principal part of the land moisture regime is
formed by its biota and is subject to biological regulation, Fig. 4.11.
It is routinely assumed that the moisture regime of the continents is completely
controlled by the regular circulating air flows, which depend on the latitudinal and
seasonal distribution of the solar radiation, on continental relief, and on the relative
distribution of continents and oceans (Palmen and Newton, 1969). However the
data on distribution of the solar energy (see Table 2.2) indicate that the power
of evaporation by leafage, regulated by the biota, that is the transpiration power,
exceeds the power of dissipation (and hence of generation) of wind energy over the
whole of the Earth. Irregular atmospheric circulational fluxes, such as cyclones and
tornadoes, are produced by latent heat of evaporation, released during condensation
of atmospheric moisture. Thus, from the energy point of view, change in the
regime of transpiration by land surface plants may completely change the regime
of irregular circulational air flows in the atmosphere and the regime of precipitation
on land related to it, that is the moisture regime of the continents.
Since cumulative leafage surface greatly exceeds that of bare soil (the ratio of
those surfaces is called the leaf index, and is of the order of 10 in forests, while not
exceeding 5 for land surface on average (Whittaker, 1975; Whittaker and Likens,
1975; Table 5.1), transpiration by vegetation may significantly exceed evaporation
from the areas devoid of vegetation cover, and even from open water surface
area. Apparently the level of transpiration is limited to a certain maximum, which
corresponds to a situation when all the available solar energy is used exclusively
for transpiration. According to available observations, up to 90 % of the incident
solar energy is intercepted by leafage and is spent on transpiration in virginal
forests unperturbed by man (Duvigneaud, 1974; Odum, 1983), while the same
figure does not exceed 40% in man-transformed cultivated lands (Duvigneaud,
1974). Thus man's forcing of the natural forest communities during the whole of
history could more than halve the evaporating power of vegetation on a global
scale.
Nowadays deserts occupy about 20 % of the total continental surface (Whittaker, 1975; Whittaker and Likens, 1975). Desert flora and fauna testify by
their very presence that the deserts had existed even before humanity originated
(Kendeigh, 1974). However, areas occupied by deserts of natural origin could have
been tens or even hundreds of times smaller than those they occupy today. Slow
formation of deserts over periods of tens and hundreds of thousands of years took
place with the Le Chatelier principle still acting: desert communities were only
gradually spreading into areas formerly occupied by their predecessors. The drop
off in productivity of desertified areas only slightly weakened the action of the
Le Chatelier principle. In that sense modern attempts to use artificial irrigation to
turn deserts into "blooming gardens" of cultivated species, devoid of stabilization
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programs (see Sect. 4.5), are much more dangerous, since these feature high productivity, run completely open matter cycles and totally disrupt the Le Chatelier
principle.
After the 1960s many American ecologists tended gradually to think that fires,
repeated every few decades, are a normal state of the natural ecosystems (Odum,
1983; Romme and Despein, 1989). Actually, however, it is practically impossible
to identify the true cause of a fire, because the latter annihilates all traces of its
origin, as a rule. Attributing many fires to lightning discharges remains unsubstantiated. By an overwhelming majority the fires are probably of anthropogenic
origin. Natural fires do take place, of course, as triggered by volcanic eruptions, to
give an example, and that could even have started the use of fire by man. However,
recalling that the moisture regime of the land surface could have been regulated
biotically, natural fires might have been an extremely rare event, repeated no more
frequently than once every few hundred years or even millennia. In contrast to the
present day desert fauna and flora, which are particularly adapted to such desert
conditions, there are no organisms found with clearly manifested features of adaptation to high temperatures (the thick bark of some trees at trunk base or cone
opening at high temperature in certain pine species may be explained by many
other causes). It is particularly the extremely rare character of forest fires in the
natural environment which can support durable climax communities, and that is a
prerequisite necessary to explain the high degree of closure of matter cycles and
the stability of the environment, as based on the Le Chatelier principle acting in
the biota (Gorshkov and Gorshkov, 1992).
The biological destruction of organic matter in the natural communities is a
very complex process. It cannot be achieved by a fire. Frequent fires in modern
national parks (Romme and Despein, 1989) may be caused by the anthropogenic
perturbation of the natural biota and of the moisture regime it regulates over
extended areas, surrounding these parks.

4.14 Competitively Interacting Communities
and the Gaia Hypothesis
The analysis of empirical data conducted in Chaps. 2-4 indicates that life is based
on internally correlated local communities, capable of controlling their local environment. Similar to any other living individual these communities have finite
size (the finite correlation radius), occupy limited spatial areas and may thus be
envisaged as superindividuals. Mutual correlation of the gene pools of the various
species combining into a community is similar to mutual correlation between the
genetic information contained in the nuclear DNA and mitochondrial DNA, DNA
of chloroplasts and other cytoplasmatic genes and organelles. Mutual correlation
between the individuals of various species entering the community is similar to
such correlation (to "altruistic interaction") between the organs in a living body.
In that sense one may speak about the existence of physiology of a community
(Margulis, 1971, 1975; Lovelock and Margulis, 1973; Lovelock, 1988).
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However the normal community, that is sustaining of the stable superorganization of the local ecosystem occupied by the community (by all the individuals of
all the species entering that community and acting in a correlated manner, together
with their environment) can only be supported via competitive interaction between
the noncorrelated homogeneous communities entering a respective hyperpopulation (the ecosystem). That ecosystem does not organize into a superindividual and
has no physiology of its own. That is the main difference between the approach
outlined in the present book and the Gaia hypothesis (Lovelock, 1982, 1989).
Internal correlation between the individuals cannot embrace the whole of the biosphere. In the latter case competitive interaction needed to support such a global
correlation would be absent. Hence the global correlation should have inevitably
and quickly deteriorated (Sect. 4.2). Thus there can be no "physiology of the biosphere", as there can be no physiology of a population or of a species, so that the
Gaia cannot be envisaged as a global superindividual (Lovelock, 1989).
A set of hyperpopulations of various communities combines into the global
Earth biota. The set of ecosystems corresponding to them and the environment
interacting with them combine into the biosphere. The global biota is nothing
but a set of noncorrelated local communities. It is particularly due to competitive
interaction between such communities which is possible because of their lack
of correlation, that the biota is capable of controlling its environment on the
global scale (Sects. 4.6 and 3.1). From that point of view the term Gaia introduced
by Lovelock (1972) could be identified with the notion of the global biota or
with that of the biosphere (Sect. 2.6). Envisaging Gaia as a globally correlated
superindividual, in which no natural stabilizing selection is possible, precipitated
most critical comments with respect to that concept (Doolittle, 1981; Dawkins,
1982; Kirchner, 1989; Barlocher, 1990; Barlow, 1991).
However, despite the fact that Gaia cannot be a superindividual, statements
of the type "life has the capacity to regulate the temperature and the composition
of the Earth's surface and keep it comfortable for living organisms" (Lovelock,
1988), and "biological processes homeostatically maintain on a planetary scale
geochemical and climatic conditions favorable for life" (Kirchner, 1989), remain
true within the concept presented herein (Sect. 4.6). The initial idea put forth
by Hitchcock and Lovelock (1966) is that the observed deviation of the nonequilibrium state of terrestrial atmosphere from that of the atmospheres of lifeless
planets (also driven out of physico-chemical equilibrium by solar radiation) points
to the existence of life as a specific biological mechanism which controls the
stability of the particular unstable state of the Earth's atmosphere. The present
work attempts to clarify the main principles by which that mechanism functions.
The principal difference between the concept considered here and that of Gaia
(which is equivalent to a globally correlated superindividual; Lovelock, 1989) is
that biotic control of the environment is only possible when the biota affecting its
environment, is capable of producing noticeable local advantages which increase
the competitive capacity of the local internally correlated community. It is only in
that case that decay communities, which "erroneously" affect the environment, may
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be forced out of the hyperpopulation. If no such advantages result from forcing
certain components of the environment, these components cannot be controlled by
the biota (Sects. 4.6 and 4.7).
It is apparent that the biota cannot control the value of the solar constant
(Sect. 2.7), the geothermal power, the rate of continental drift, or the global transport of matter and heat precipitated by inhomogeneous heating of the Earth's
surface and by the rotation of the Earth. Biota has to adapt to these cosmic and
geophysical factors. However, changes in the course of these processes (which
are in themselves always adverse to biota adapted to certain average conditions)
may be compensated by that biota via affecting certain biologically controlled
components of the environment. In particular, temperature changes due to cosmic
and geophysical processes may be compensated by the biota via change of the
concentration of the greenhouse gases and of the albedo of the Earth's surface
(Sect. 2.7).
The surface temperature is regulated essentially via changes in evaporation, in
concentrations of the atmospheric water vapor and of CO2, and via the albedo.
Land biota may change temperature within a local area occupied by a single
community by altering transpiration (i.e., evaporation of water accumulated within
the plant through its leaf surface), and by changing the albedo of leaf cover. The
latter process has been considered in detail for the model community "Daisy
World" (Lovelock, 1989). Changes in the regime of transpiration by land biota
may change the budget of solar radiation on land by several ten per cent, alter the
regime of atmospheric moisture and precipitate a change in surface temperature by
several tens of degrees (Sects. 2.7 and 4.12). Therefore the complete restructuring
of land biota due to modern practices of land use may affect the temperature regime
on land an order of magnitude more than would be achieved by the doubling of
CO2 concentration in the atmosphere.
Biota is apparently capable of detecting local changes in temperature (the local greenhouse effect) related to local changes in the concentration of water vapor
within the region of space occupied by a single community. That may only take
place in land surface communities, since the oceanic biota is clearly incapable of
regulating evaporation and concentration of water vapor in the atmospheric column. However, the local changes of concentration of CO2 produced by a single
community are only very weakly correlated with local changes of temperature,
since temperature in general is controlled by the homogeneous concentration of
CO2 within the whole atmospheric column. If such a sensitivity lies outside the
scope of the biotic sensitivity, biological regulation of temperature via altering the
concentration of atmospheric CO2 is impossible. In that case the atmospheric concentration of CO2 sustained by the biota is not related to environmental temperature
and is dictated by other needs of the biota. In other words, the biota consisting of
a set of minor, mutually noncorrelated communities, "cannot be aware" that CO2
is a greenhouse gas. The situation is similar with ozone (can the biota be aware
of the ozone layer and its role as a screen against the UV radiation, protecting
the whole of the land life?): the concentration of ozone near the Earth's surface
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which is strongly correlated with concentration of ozone in the higher atmospheric
layers, may be held by the biota at a certain level for some other reasons, so that
communities could be formed on land, including species sensitive to UV radiation.
The assumption that the oceanic biota is totally incapable of regulating the
surface temperature contradicts the relative thermal stability of climate during the
past epochs, as indicated by paleodata referring to periods when life was only
found in the ocean (Lovelock, 1989). It follows then that oceanic biota should
feature a sensitivity high enough to detect the correlation between local temperature
changes and the local concentration of CO2. The possible explanation for such
higher sensitivity may lie with the observed accumulations of plankton which
form patches up to 50km in diameter (Gushing, 1975). Such patches naturally
include many different communities of individuals and may be compared to animal
herds consisting of numerous individuals. If one assumes that at least a temporal
correlation is achieved within such patches between all the communities entering
it, synchronous changes become possible in line with the chemical composition of
the atmosphere, CO2 in particular, at horizontal distances significantly exceeding
the effective height of the atmospheric column. Then the diffusion flux of CO2 in
the atmosphere appears to be of the same order of magnitude as the production
of carbon within the water surface area occupied by the patch of plankton, see
(4.6.1), (4.6.2) and (4.8.3). Then the change in concentration of CO2 within the
whole atmospheric column, and hence the change of temperature correlated with
it (that is the local greenhouse effect (Raval and Ramanathan, 1989)) appears to
lie within the margin of the biotic sensitivity. The reaction of the biota in the
"correct" direction should then be found in the process of competitive interaction
between the various patches of plankton.
The impossibility of detecting the local correlation of the type "temperatureCO2 concentration" within a single community might mean that for the last few
hundred or thousand years the bulk CO2 concentration in the atmosphere, sustained
by the biota, has been controlled not by temperature, but by the necessity to
keep biotic productivity at an optimal level. Such an assumption means that the
present-day regulation of surface temperature is mainly conducted by the nonperturbed land biota via biological control of transpiration and of the albedo of
vegetation cover. Extinction of natural land vegetation and its substitution by
a set of cultivated species will then result in a loss of biological regulation of
environmental temperature and in perturbation of the thermal stability of climate
(Sect. 2.7).
The lack of a relationship between the surface temperature and the concentration of atmospheric CO2 within the sensitivity margin of a separate community
possibly explains the depletion of atmospheric CO2 (regulated by the biota) that
had, according to ice cores, taken place during the ice ages. Were the biota to regulate the atmospheric CO2 only as greenhouse gas, one would expect an increase
in CO2 during those times, which would agree with the Le Chatelier principle
and would let the biota damp the occurring temperature drop. One of the possible principal causes for such drops in temperature during the ice ages had been
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the change of oceanic equator-to-poles transport of heat (the change in thermohaline overturning), produced by variations of the solar constant of cosmic origin,
which had resulted in expansion of continental ice cover (Broecker et al., 1985a;
Broecker and Denton, 1990; Lehman and Keigwin, 1992). Such transport of heat
is a globally correlated process and cannot be regulated by the biota.
Were Gaia a single globally correlated superorganism, having its internal physiology, it could possess the information on all the global correlations and command a mechanism for compensation of any global perturbation. However, the
existence of such a globally correlated Gaia contradicts the observed stability of
natural communities (Sects. 3.2 and 4.5) and the observed evolutionary processes
(Sect. 4.2).
Meanwhile, it is particularly due to that process of evolution that the notion of
Gaia may be attributed a certain meaning. As noted above, the cosmic and geophysical conditions of the external and internal environment change in a direction
unfavorable for the biota. The biota is capable of compensating such unfavorable
changes by affecting the components of the environment within the scope of its
control. However, as the changes in environmental conditions outside the scope of
biological control proceed, the compensating action of the unchanging biota may
gradually lose its efficiency. Evolution should lead to such a change of the biota
that should provide the most physically efficient control of the environment possible during every geological period. The subsequent evolutionary change of the
Earth's global biotas, sustaining environments optimal for life at all times, despite
the progressive change of both the geophysical and cosmic conditions, could in
that sense be called Gaia. Such a notion of Gaia would agree with the biota evolving as competitively interacting communities, which make possible the action of
the stabilizing natural selection, being at the same time free from contradictions
related to the global correlation of the biota.
Co-evolution of the global biota and the environment (in the form of Gaia)
may be called sustainable development of the biosphere. That process only takes
place during geological time periods, which are prescribed by the rates of progress
of geophysical and cosmic abiotic processes. For the biotic compensation of lifeunfavorable changes of the environment to remain efficient the rate of biological
evolution (which is the principal characteristic of Gaia) should be at least as quick
as abiotic processes. The observed fact that the environment has remained fit for
life for 3.5 x 109 years indicates that such a condition is met. The maximum
rate of evolution of the biota should be many orders of magnitude lower than the
rate of genetic relaxation (Sects. 3.9-14), which defines the stability of the biota
in the given environmental conditions at an arbitrary moment of geologic history
(Sect. 3.9). The minimal rate of evolution is determined by the degree to which the
evolutionary processes are prohibited with the available molecular structure of the
information bearing molecules, provided the external conditions remain unchanged
(Sects. 3.15-17). During quickly progressing abiotic changes of the environment
the biota may apparently adapt its own evolution rate within the indicated margin.
When the rates of abiotic processes go outside that margin, the biota cannot catch
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up with them, that is, the Le Chatelier principle weakens in its action. The very
fact that the external conditions have never gone outside the margin fit for life
(Sect. 2.7) means that such a weakening had never been too bad. Hence the Le
Chatelier principle has never been violated in the biota throughout the whole of the
history of life, and the environment has at all times retained its biological stability.
In other words, abiotic processes catastrophic for the biota and its environment
have never arisen in nature.
One should note that there can be no sustainable development of the biosphere,
i.e., coevolution of the natural biota and the environment perturbed by man (Clark
and Munn, 1986) over periods much shorter than the characteristic period of
evolutionary change, which is of the order of 106 years, that is over tens, hundreds,
or even thousands of years. During such short time periods (which characterize the
duration of anthropogenic perturbations) either random fluctuational oscillations
may take place around a single stable state of the biosphere (when both the biota
and the environment it controls remain stable), or the biosphere, the environment,
and life as a whole may completely disintegrate (if stability of the biota is violated).
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5. The Energetics of Biota
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5.1 Metabolic Power of the Individual
All the biochemical processes in the biosphere may be reduced to synthesis and destruction of organic matter. During synthesis of organic substances from inorganic
ones energy is absorbed from the environment. Conversely, energy is released in
the process of destruction of organic matter. The energy content of organic substances (calorific coefficient), including hydrocarbons, fats, and proteins naturally
differs from substance to substance. However, on average, the energy content per
unit mass of organic carbon is approximately constant for most individuals in the
biosphere and constitutes (Odum, 1983):
Kc=42kJ/gC.

(5.1.1)

The mass of living individuals exceeds, by a factor of ten, the mass of organic
carbon in biota as a whole, if we account for free water. This relationship is used in
all the computations below. Thus we may assume an energy content of a unit live
mass K = 4.2kJ/g & 1 kcal/g. Deviations from this average may, in the extreme,
reach a factor of two (Whittaker, 1975; Winberg 1979; Odum 1983).
The energy content coefficient, K, for living individuals has a simple meaning. Its dimension kJ/g coincides with that of squared velocity. Therefore it is
convenient to write:
2
K

=~2 «4.2kJ/g =

10 6 m 2 /s 2 ,

(5.1.2)

w = 3 x 103 m/s.
The velocity w is a velocity of body movement such that its kinetic energy
becomes equal to the energy content of all its bodily substances, or to the average
velocity of all the body molecules reached during instant combustion of all its
organic matter. Recalling that about 3/4 of living organisms' body mass is water,
we may relate that velocity to temperature, following standard relationships from
kinetic theory of gases (Levitz, 1962):
- J R T = My, JR = 8.3JK-'mor 1 , M = MH2o = 18 g/mol
and obtain the maximum possible efficiency T], of energy expenditure for living
individuals, as given by the Carnot cycle (see (2.8.4)):

(5.1.3)

0.95,

TO »288Ksa 15°C.

Such a temperature coincides with that of the Sun's surface, and the maximum
energy expenditure efficiency (5.1.3) with the maximum efficiency at which the
solar energy may be used (Sect. 2.8).
To support biochemical reactions within the living body each individual uses
the energy released during decomposition of organic matter. This leads to exchange of substances between the individual and its environment. • The rate of
food consumption by an individual, Q, kg/year, and the rate of consumption of
organic carbon, Qc, kg C/year, may be called metabolic rate (Brody, 1945; King,
1974). The rate of energy consumption by an individual (respiration) may be called
metabolic power q. Variables q, Q, Qc are interrelated via q = QK = QcKc- Using
the calorific coefficients K and Kc we find that the exchange rate of 1 kg C/year
or of about 10 kg of food per year corresponds to a power of 1 .3 W.
In agreement with the Arhennius-Boltzmann molecular energy vs temperature
distribution (2.3.1), the metabolic rate grows exponentially with the known coefficient Q\o, which shows the degree of increase in metabolic power per 10 °C of
temperature increase. Assuming T = T0 + AT we have:

k = \r\

Q 10

Qw =

For most species the value of QIO is close to three (Winberg, 1976).
The individual's metabolic rate may vary within quite wide margins. However,
it cannot drop below a certain minimum value, found some time after food consumption, when the individual is at optimal temperature and relaxes in a state of
complete rest. This is called the basal metabolic rate qo (Brody, 1945; Winberg,
1976; McNab, 1983). The maximum power produced by an individual per unit
body mass is determined by the maximum rate of biochemical reactions in the
living cell and should be universal for all kinds of living beings. Under natural
environmental conditions the average daily power expenditure for almost every
species reaches (1.5-2.0)% (Calder, 1974; King, 1974; Winberg, 1976).
The potential daily energy expense or potential rate qp in extreme environmental conditions is determined by the maximum possible rate of consumption of
external food by the individual. The potential rate usually does not exceed four
times the basal rate (Kendeigh et al., 1977).
For an average-sized man his basal metabolic rate is around SOW and the
daily energy expenditure about HOW, while a sprinting man may put out power
in excess of lOkW (Brody, 1945). The metabolic power q produced by an animal
is conveniently related to basal rate qo via a dimensionless total activity A:

