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and their prey are controlled by the correlated nature of interaction between all the
species in a natural community which, in principle, may be considered as one of the
forms of symbiotic interaction. Dividing the interaction between the species in the
community, such as commensalism, amensalism, predation, parasitism, symbiosis,
etc. (Begon et al., 1986) is quite artificial and arbitrary, and in no way defines the
actual sense and diversity of these interactions. All such interactions are but different
forms of correlation between the species in a natural community and are similar to
correlation between the different organs in a body or organelles and biological
macromolecules in a cell, being aimed at maintenance of stable organisation of the
ecological community.
The enormous power of information fluxes processed by the molecular structures
of living beings in a natural community exceeds by many orders of magnitude the
maximum achievable fluxes of information flowing through all the computers of
modern civilisation (Chapter 7). This indicates that it is hopeless to try to construct
any mathematical models pretending to describe the actual processes within the
natural ecological communities. These processes are many orders of magnitude more
complex than the processes taking place within a separate living individual, in
particular those evolving within the brains of large animals and man, and will
apparently never fall subject to detailed modelling. (That comment does not refer to
artificial communities, devoid of a programme of stabilisation of the environment,
the only aim of their construction being to provide enough food for humans.)
Meanwhile, studying the physical limitations upon the processes taking place in the
community yields reliable results and opens the way to unequivocal conclusions.

5
Ecological Principles of Biotic Regulation
5.1 ECOLOGICAL LIMITATIONS ON EXPANSION OF SPECIES
As noted in Section 2.1, expansion is one the most important properties of life,
ensuring its stability. It 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.
Expansion in its general sense may occur in two ways. First, population density of
individuals may increase within the boundaries of a given territory. This type of
expansion may be called 'intensive'. Second, population may expand into as yet
unoccupied areas ('extensive' expansion). Genetic evolutionary changes accompanied by an increase in competitiveness become fixed in the population in the
course of expansion.
The most important feature of the expansion process is that, during expansion,
competitive interaction and, consequently, stabilising selection in the population
weaken or even cease altogether. Individuals spend their efforts in occupying new
positions instead of competing with each other. This implies that a new progressive
evolutionary trait only has a chance to persist in the population if the process of
expansion of its carriers takes a shorter time than it takes such a trait to decay in the
absence of stabilising selection.
Were infinite territories and fluxes of energy available for life, expansion (either
'intensive' or 'extensive') would have been infinite as well. Competitive interaction
would be totally switched off, so that stabilisation of the existing level of
organisation of biological objects would be impossible. Therefore, life may exist
sustainably only in the absence of energy and territory abundance, i.e. when all
available energy fluxes are already claimed by the biota. Presence of energy or
territory abundance entails biological expansion that undermines the process of
competitive interaction, which is the only guarantee for the stability of life
organisation (Chapter 2). Hence, evolutionary processes necessarily accompanied
by expansion may only occur very infrequently, so that species spend the majority of
their time in a state of evolutionary stasis (Haldane, 1954).
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5.2 BIOTIC AND INORGANIC FLUXES OF MATTER IN THE
BIOSPHERE
The present-day net primary production of the whole biosphere in units of mass of
organic carbon is estimated as 100GtCyr~'. Carbon amounts to only about onetenth of the overall live organic mass (Odum, 1983; Kendeigh, 1974). Thus the
annual production of live organic matter may be estimated at 103 Gtyr" 1 . During
the whole period of life existence, that is, about 4-10 9 years, that production should
have reached 4-10 12 Gt. This figure practically coincides with the mass of the planet,
equal to 6-10 12 Gt (Allen, 1955). 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 1.4-10 9 Gt (Watts,
1982). The production of biota over its lifespan exceeds that mass by a factor of
several thousand.
Hence, the same atoms must have entered the synthesised organic matter many
thousands of times and, for that process to be possible, all of the synthesised organic
matter must have been destroyed into its inorganic components again and again. In
this sense, all life-important chemical elements present in the environment may be
called biogens as being many times involved in biochemical cycles. We use the term
biogen along with the possibly more common term nutrient.
The necessity of keeping the environment stable in the presence of on-going.
powerful, biochemical cycles of matter results in the fact that life is only possible on
the basis of organic (i.e. energy-rich) substances, their energy available for use after
these substances are destroyed. Since death is inevitable for any living being, the
organic matter contained in all the dead bodies should necessarily be decomposed by
other living individuals. Some species synthesise organic matter, directly consuming
the solar energy, others destroy that organic matter, using the energy contained in it.
Correlated communities of different species must necessarily be organised to support
life.
For ecological communities to be able to support a stable environment, it is
necessary to ensure that the biological fluxes of both production (synthesis) and
destruction of organic matter significantly exceed the external abiotic flux of biogens
entering the biosphere. Abiotic fluxes of biogens (e.g. nitration of inorganic carbon
from the Earth's mantle) work to perturb the optimal environment suitable for life.
These processes are counteracted by biological ones that are aimed at relaxation of
the environment to the initial optimal state. If biological processes are too weak
compared with abiotic ones, no biotic regulation of the environment is possible.
Hence, the biota should tend to increase the power of biological processes to their
maximum possible value, so that the difference between biotic and abiotic power is
as high as possible. In the modern biosphere, fluxes of production and destruction of
organic matter exceed the observed external fluxes of matter to and from the
biosphere by a factor of 104 (see Figure 5.1 below and Section 5.4).
The external flux of biogens entering the biosphere is determined by the structure
of the Earth's depths and cosmic processes. The Earth's biota is incapable of
changing that flux, i.e. the values of external abiotic fluxes dictate the value oi
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biological production compatible with stable organisation of life. This means that
natural biota cannot arbitrarily change the flux of synthesis or destruction of organic
matter.

5.3 EVOLUTIONARY PROGRESS AND ENVIRONMENTAL
DEGRADATION
Evolutionary changes occur in the direction of increasing competitiveness of the
biological object. As noted in Sections 2.4 and 2.11, increase in competitiveness does
not automatically guarantee an increase in the level of organisation of the evolving
object and, in particular, does not necessarily lead to increased regulatory potential
of the biota.
In other words, in the course of evolution there may appear highly competitive
communities that, however, do not care to maintain a stable environment. Such
communities may be called 'destabilising'. If'destabilising' communities were given a
chance to dominate and to propagate throughout the whole biosphere, it would
finally lead to degradation of the environment on a global scale. Thus, evolutionary
expansion of such communities should be prohibited.
Let us now consider ecological limitations imposed on the evolutionary process.
Let TK be the time of noticeable degradation of the environment due to violation of
the biotic regulation mechanism by destabilising communities. If a certain
community is highly competitive in the initial environment where it actually
originated, but cannot support this environment in a stable state, it will lose
competitiveness when the environment which is optimal for that community is
substantially destroyed. Then it can be forced out by normal communities capable of
biotic regulation. 'Noticeability' of the environmental change means that such
change should exceed the biotic sensitivity e/, ~ 10~4 (see Section 3.4). If the
change in the store of biogens M is less than e^M, the community does not feel
such change and does not lose competitiveness. The time TK is equal to the ratio of
the available store M of biogens to the rate of their change. This rate is equal to the
net difference between rates of synthesis P+ and destruction P~ of organic matter
averaged over the period of observation and can be written as follows:

-^^- «^- -£
where T is the time of turnover of the biogens in the biosphere. Normal communities
performing biotic regulation of the environment keep the relative difference between
average rates of synthesis and destruction of organic matter with an accuracy not
exceeding ej when averaged over the turnover time r (see Section 3.4). It is
reasonable to assume that a destabilising community will not be able to attain a
higher accuracy, so that K> £h- Hence, the time TK does not exceed the turnover time
r,
(5.3.2)

112

Ecological Principles of Biotic Regulation

[Ch. 5

Some components of a destabilising community, e.g. large animals, may preserve
high competitiveness until complete degradation of the environment (e.g. complete
extinction of plant biomass) occurs, which corresponds to £/, ~ 1. However, in such a
case the correlation between synthesis and destruction also appears completely
violated, K ~ 1, so that relationship (5.2.2) holds anyway.
Let T be the average time of appearance and expansion of a new type of
ecological community in the course of evolution. It means that during time T
since their appearance, the new more competitive communities completely force out
the former less competitive communities. In order to support environmental
stability, the time TK of noticeable environmental degradation after which destabilising communities lose competitiveness should be much less than the time T of
evolutionary expansion of newly-arising communities. Using (5.3.2) that condition
can be written as
T,

(5.3.3)

It means that the destabilising communities destroy their environment (and, hence,
lose their competitiveness) well before they manage to expel normal communities
from the biosphere. As soon as they lose their competitiveness, normal communities
that are able to maintain their local environment in an optimal state begin to
dominate again. Normal communities force out the destabilising communities
preventing them from ubiquitous spread and, by doing so, protect the global
environment.
In the opposite case, i.e. when T » T, destabilising communities remain highly
competitive during the whole time of their expansion T, because the environment
remains optimal for them during the whole period of expansion. In such a case,
nothing can prevent destabilising communities from spreading over the whole
biosphere. After that is done and all the normal communities are expelled from
the biosphere, the destabilising communities remain prosperous during the time T.
However, being unable to support their optimal environment, such communities
cannot counteract the inevitable degradation of the environment later on. After the
degree of environmental degradation becomes substantial, these communities die
out, which means an end to life as a whole.
The discussed problem is tightly linked to the problem of the amount of nutrients
that can be stored in the environment so as not to violate stability of life
organisation.
When absolutely no stores of nutrients are available outside the bodies of the
living individuals i.e. when M = 0, see Eq. (5.3.3), stable life is only possible,
independent of the rate of evolution, if matter cycles are completely closed. Any
community violating that closure of matter cycles would then immediately disintegrate and lose its competitive capacity. Such a situation corresponds to the
condition T = 0 and gives absolutely no chance for destabilising communities to
appear and persist. Such communities (with their M close to zero) are likely to
appear on territories affected by some natural catastrophe, such as a volcanic
eruption, glaciation, etc., when the biota has not yet had enough time to accumulate
a substantial amount of nutrients. Communities with the value of M close to zero do
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exist. These are epilithic lichens, existing at bare rock surface and organised as
symbiotic individual algae and fungi (Farrar, 1976; see also Morneau and Payette,
1989), see the book cover.
However, such a situation has a reverse side. The amount of nutrients stored in the
biota represents a kind of buffer that helps the community to compensate adverse
changes of the environment due to abiotic fluxes. This can be illustrated as follows. It
is a well-known fact that terrestrial communities contain a very substantial part of
their organic carbon in soil (Melillo et al., 1996). If the concentration of carbon in the
atmosphere becomes too low compared to the community's optimum, communities
could increase the rate of destruction of organic matter and thus compensate the
atmospheric depletion of carbon at the expense of soil organic carbon store. In the
opposite, more real case of today, when the atmospheric concentration of carbon
becomes too high, communities may sequester excessive carbon in the same refractory
biological reservoir. The larger the characteristic fluctuations of the environment, the
larger buffer (i.e. the larger value of M) the community should maintain.
Thus, a certain non-zero store of biogens M enables the community to cope with
adverse environmental changes and contributes to its competitiveness. On the other
hand, a large store of nutrients M increases the time T (5.3.3) weakening the
inequality r <C T and thus leaving more opportunities for destabilising communities.
It means that very large values of M (i.e. the situation of matter abundance) are not
compatible with stable organisation of life.
Under the conditions of matter abundance it is impossible for communities that
perform environmental stabilisation to persist. Until the biota exists in a state of
matter abundance, destabilising communities remain most competitive. Normal
communities should spend a substantial part of their power to regulation of the
environment, while destabilising communities exist at the expense of abundant
resources and spend all their efforts on competitive interaction. Normal communities
can be compared to waste-free (closed) technologies, that are very expensive and,
hence, noncompetitive on the technological market. Their competitiveness may be
increased only artificially through environmental laws. However, were civilisation to
exist in a state of matter shortage, so that all the wastes would have to be re-involved
in the technological progress, no other technologies except for waste-free ones could
dominate the market.
A very important conclusion that follows from the above statement about matter
abundance is that, in a stable state of equality between synthesis and destruction,
biospheric stores of nutrients in organic and inorganic form (e.g. store of organic and
inorganic carbon available to biota) should coincide in their order of magnitude (i.e.
be approximately equal). If it were not the case, either the synthesising individuals (if
inorganic matter is in excess) or the reducers of the organic matters (when the
organic matter is overabundant) would find themselves in conditions of relative
matter abundance. Such a situation would lead to expansion of either the
synthesisers or reducers, and the correlation between the synthesis and the
destruction would be inevitably disrupted.
Let us now examine the real situation observed in parts of modern biosphere
slightly (if at all) disturbed by humans.
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We find that, indeed, the stores of nutrients in their organic and inorganic forms
in the biosphere are of one and the same order of magnitude (Chapter 6). For
example, both the organic and inorganic store of carbon (one of the most important
biogens) are of the order of M ~ 103 GtC. As noted above, the rate of production of
organic carbon amounts to about P+ ~ 100 GtCyr^ 1 . Thus, we have
T ~ M/P+ ~ 10 years

(5.3.4)

The available data on speciation mode suggest that most species evolve rather
rapidly and then remain stable during the whole period of the species' existence
(Jackson, 1994; Gould and Eldridge, 1993; see also Chapter 11). This phenomenon is
known as punctuated equilibrium evolution. According to the available data, the
actual period of species formation is of the order of 104 years. This value is retrieved
from the observation that even when the resolution of paleodata is as high as 10000
years, no noticeable changes in species' morphology can be discerned. Thus, the
evolutionary expansion of a newly-arisen species most probably takes about T ~ 104
years. Any new species modifies the community and imparts new properties to it. In
this sense a community with a new species is a new community. Thus, the above
value of T should be used as an estimate of the characteristic time of expansion of a
new type of community appearing in the course of evolution.
Thus, for the modern non-perturbed biota the inequality T <C T (5.3.3) indispensable for a stable organisation of life assumes the form 10 yr <C 104 yr. It means
that the necessary stabilising condition is met in the non-perturbed natural biota to
the strength of at least three orders of magnitude, strongly prohibiting the
appearance of communities that could break the closure of matter cycles and
destroy the environment.
The value of the biospheric carbon store (M ~ 10 3 GtC) used in the above
calculations includes only the biologically active carbon that is immediately available
to the biota. It includes inorganic carbon of the atmosphere and dissolved inorganic
carbon of the ocean (available to the oceanic biota) and organic carbon of soil and
dissolved organic carbon of the ocean.
There is also another reservoir of carbon, though biologically inactive. This is the
sedimentary organic matter that has been dispersed over the upper several kilometres
of the Earth's core during the period of life existence. This store of organic carbon is
of the order 107 GtC, i.e. it exceeds the store of available organic carbon by a factor
of ten thousand. However, it is unavailable for the biota and cannot be re-involved
into the contemporary biochemical cycles.
Were the sedimentary organic matter biologically active, the time of its biologic
turnover T (5.3.1) would be four orders of magnitude longer than the present
turnover time of environmental biogens, i.e. would be of the order of T ~ 10"
instead of 10 years violating the condition T -c T. Thus, use of sedimentary organic
matter by living individuals brings about a situation of matter abundance and should
be therefore strongly prohibited under natural environmental conditions.
Economic growth of the last two centuries accompanied by an explosive increase
in the world human population (Figure 1.2) has been possible thanks to the ability of
people to use so-called non-renewable resources of the fossil fuels—oil, coal and
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natural gas. The characteristic time of environmental change that will cause loss of
competitiveness of the modern industrial society is of the order of 100 years
(Thum ~ 10 2 yr). It is determined as the time of complete extinction of the available
store of natural resources, which is equal to the value of the store (M ~ 3 • 103 GtC,
see Figure 5.1) divided by the rate of its exploitation, which is of the order of 6Gt
Cyr~' and corresponds to the power of 10 13 W (Table 7.1, Section 7.2). The
characteristic time rhum of progress of the modern civilisation is determined by
the average time of renovation of major technologies, which does not at present
exceed 10years (7h um ~ lOyr). Thus, modern humanity exists in a situation of
matter abundance, Thum > 7h um As a result, those human societies that are organised on the basis of closed matter
cycles not involving non-renewable resources (e.g. indigenous societies) are absolutely noncompetitive as compared to modern industrial societies and exist on the
verge of extinction. On the other hand, if tomorrow the global fossil fuel store
suddenly disappeared, the indigenous societies would not even notice, while the
majority of the modern human population would simply perish.
Rapid development of civilisation under conditions of matter and energy
abundance makes an illusion of the possibility to go over to alternative, so-called
renewable, resources of energy when the fossil fuel is exhausted. In reality, however,
the renewable energy resources of humanity (the available hydraulic power of rivers,
tides, wind, biota and self solar radiation) altogether can provide the humanity with
a power of no more than 1012 W (see Table 7.1), which is an order of magnitude
lower than the energy consumption of modern civilisation. When the non-renewable
resources are exhausted, civilisation will not be able to support the hypertrophied
economies and the huge global population. If people manage to completely destroy
the biotic regulation mechanism before the fossil fuel is exhausted, the inevitable
decay of the modern fossil fuel-based civilisation will be accompanied by irreversible
degradation of the global environment and its transition to a state unfit for any
life.
Let us now analyse what can be done by the natural biota itself to keep the
condition T <C T satisfied. As noted in Section 5.2, the value of biological production
P+ is dictated by the value of external abiotic fluxes of biogens to and from the
biosphere. The value of P+ is determined from the condition that the fluxes of
synthesis (and, consequently, destruction) of organic matter developed by the biota
should significantly exceed any abiotic fluxes. That means that natural biota cannot
arbitrarily change the level of its production P+.
Similarly, the characteristic time of evolutionary changes T is also beyond the
biotic control and cannot be increased infinitely to satisfy the condition T «C T at any
values of T. Increasing the time T would mean slowing down the evolutionary process.
This can be slowed down by reducing the amount of mutations (the primary driving
cause of the evolution) per replication event. Despite various mechanisms created by
life to increase the stability of the DNA molecules, e.g. proof-reading and mismatch
repair (Lewin, 1987), there is apparently a limit to such restrictions and, consequently,
a limit to the value of 7". That time is ultimately determined by the quantum
characteristics of the molecules used by life, which cannot be changed by the biota.
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Thus both the biotic production P+ and the characteristic time of community's
evolution T are determined by external abiotic conditions, and may not be affected
by the biota. Hence, only the stores of biogens M and, consequently, their
concentrations in the environment may be prescribed by Earth's biota and
supported by it at a certain level to satisfy the condition (5.3.3). Biotic control of
stores of biogens M can be only performed on the basis of negative feedback
between the external disturbances of such stores and biotic reaction to such
disturbances, which is discussed in the following sections.
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5.4 MATTER CYCLES IN THE BIOSPHERE
Fossil fuel-* <|°4

In the course of biochemical reactions of synthesis and destruction of organic matter
the biologically active chemical elements (biogens) are synthesised or decomposed in
certain specific proportions known as stoichiometric ratios. Using these ratios.
masses and concentrations of particular biogens may be retrieved from the known
masses of other biogens. In what is to follow we set down all the quantitative
relations for carbon, one of the most important biogens.
We denote respective masses of carbon stored per unit surface area in a
biologically active reservoir (e.g. atmosphere, ocean, land) in the organic and
inorganic forms as M+ and M~, respectively. Fluxes of carbon during synthesis
(production) and destruction of the organic matters in the reservoir will then be P+
and P~, respectively. Finally, we denote net fluxes of the organic matter evacuated
from the reservoir as F+, and that of inorganic matter imported into the reservoir as
F~. Note that the net fluxes F± are equal to differences between the gross import and
export fluxes, F* and F*ut. The law of matter conservation for any reservoir is
expressed by the equations:
M+ = P+ - P

M~ = p~ -

-

(5.4.1)

+

Here M and M~ stand for the rates of change of the organic and inorganic carbon
stores, respectively. As far as masses M+ and M~ characterise the state of
environment, the equalities M+ = M~ = 0 mean that the environment does not
change with time.
The relative value of external fluxes F± (or Ffy as compared to P+ describe how
open the reservoir is with respect to external forcing. The ratios v and v-m
F±

F±

±

may be called the net (v) and the gross (vm] openness. When v < 1 and vm < 1external fluxes remain small as compared to the synthesis P+. In such a reservoir
biological processes completely determine the state of environment. Such a reservoir
may be called closed.1 A situation when v <c 1 while vm > 1 means that though there
are large fluxes both in and out of the reservoir (vm > 1), these fluxes are practically
1

It remains open only for solar radiation and thermal radiation of the Earth.

Earth interior
Figure 5.1. Stores (GtC) and annual fluxes (GtCyr ') of carbon in the biosphere shown to the accuracy
of the order of magnitude. Stores of carbon are given by figures above rectangles. Fluxes of carbon are
given by figures near arrows. Fluxes and stores of organic carbon are shaded. Fluxes and stores of
inorganic carbon are represented as empty areas. The flux of organic carbon going to deposits in
sedimentary rocks is equal to the difference between its synthesis and destruction in the biosphere. That
flux coincides with the net flux of inorganic flux entering the biosphere, to a relative accuracy of about
10~4 when averaged over the Phanerozoi (about 6 • 108 yr). Fluxes of synthesis and destruction coincide
with each other to about the same level of accuracy when averaged over the last several hundred years.
That situation works to support stores of carbon in its organic and inorganic form in the biosphere in a
stable state.

equal ( i / < C l ) , so that they cannot bring about considerable changes in the
environment. In such a case biological processes within the reservoir still play a
decisive role in determining its environment. Finally, when v s> 1 and wm S> 1, the
reservoir is completely open, and the biological processes in it are insignificant. In
such a reservoir biota cannot support its optimal environment (see Section 5.6). The
value of v is small for the biosphere of the planet Earth as a whole, so the modern
biosphere represents a closed reservoir.
Stores of organic and inorganic carbon in the biosphere coincide in their order of
magnitude (Figure 5.1). The ratio of these stores to productivity P+ of the global
biota yields the time period of biological turnover of the biogenic store in the
biosphere r, which is of the order of tens of years, see (5.3.4). Hence, were only
synthesis of organic matter to take place in the biosphere with no decomposition to
accompany it, all the inorganic carbon in the biosphere would be used up and
transformed into organic substances within a few decades. Similarly, were only
decomposition to take place, all the organic carbon in the biosphere would vanish in
decades, while the atmospheric CC>2 concentration would increase by about two
times.
To escape sharp fluctuations of the environment, rates of synthesis and decomposition of organic matter should accurately coincide with each other. By measuring
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the concentration of carbon dioxide in air bubbles entrapped in ice cores of different
ages from Antarctica and Greenland, it is found that the concentration of carbon
dioxide in the atmosphere remained constant within error of measurement during
the last 1000 years (Oeschger and Stauffer, 1986; IPCC, 1996). It sustained its order
of magnitude during time periods of several hundred thousand years, that is, for time
periods exceeding the turnover time by the factor of 104 (Barnola et al., 1991). It
follows quite unequivocally from these data that the global mean fluxes of biological
synthesis P+ and destruction P~ averaged over the last 1000 years coincide with each
other to an accuracy of four digits, that is, compensate each other to the relative
accuracy of 10~4.
Beside biotic impact, the environment of Earth is exposed to directional physical
impacts, although much less powerful. Inorganic carbon is released into the
atmosphere in the process of degassing (including volcanic activity, filtration from
the mantle, etc.) and is stored in sedimentary rocks leaving the biosphere in the
processes of weathering. The biota has practically no control over the carbon
emission from the Earth's interior. Land biota can only slightly change the rate of
weathering (Schwartzman and Volk, 1989). The difference between emission F~n and
deposition F~ut yields the net flux F~ of inorganic carbon into the atmosphere. It
appears that this flux is positive and is of the same order of magnitude as the
emission and deposition themselves, F^ - F~ut = F~ ~ /*.- ^ p^ > 0. It means
that physical fluxes of emission and deposition of inorganic carbon do not
compensate each other. The ratio of the present-day store of inorganic carbon in
the atmosphere M~ ~ 103 GtC to its net geophysical flux F~ ~ 1 0 ~ 2 G t C y r ~ '
(Degens et al., 1984; Figure 5.1) corresponds to a time scale of around 100000 years.
In other words, the store of inorganic carbon in the atmosphere should have
increased by a factor of ten thousand during a time period of about a billion
years. That would have brought about a catastrophic greenhouse effect.
However, that never actually happened. Hence, some compensating process must
function, and this process is the flux of storage of organic carbon in sedimentary
rocks, F+. Excessive inorganic carbon of the atmosphere is transformed to organic
carbon by the biota and leaves the biosphere in inactive form of sediments. Direct
studies have demonstrated that the stores of organic carbon, accumulated during
approximately one billion years and dispersed through the sedimentary layer about
two kilometres thick, exceed the stores of both the organic and inorganic carbon
available for life in the biosphere by about four orders of magnitude (Figure 5.1;
Budyko et al., 1987).
It follows from the above that the net geophysical flux F~ of inorganic carbon
into the biosphere and the flux F+ of organic carbon buried into sedimentary rocks
(which is equal to the difference between production and destruction) have, on
average, coincided to an accuracy of four digits, that is, to a relative accuracy of
10~ 4 . As far as a random coincidence of two independent fluxes with such an
accuracy is improbable, the obtained result may be regarded as an independent
argument for the existence and precise character of the biotic regulation of the
environment. It is especially worth noting that the biota is able to perform very
refined regulation of the environment, because physical flux of inorganic carbon into
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the atmosphere is about 10000 times less powerful than the average fluxes of
synthesis and destruction of organic matter by the biota (see Figure 5.1). The
biota balances fluxes P+ and P~ that are of the order of lOOGtCyr^ 1 so that the net
difference between them accurately compensates a physical flux F~ of about
0.01 GtCyr" 1 , which is indeed a very precise process.

5.5 ENVIRONMENTAL HOMEOSTASIS AND INTERPRETATION OF
THE BIOTIC LE CHATELIER PRINCIPLE
Let us call the chemical element X either organic or inorganic biogen (= nutrient),
depending on whether it enters an organic or an inorganic substance (e.g. organic
carbon enters the organic molecules within a living cell). We denote fluxes of
synthesis (the net primary productivity) and of destruction (destructivity) of the
organic nutrient X as P^ and P^, respectively. The dimension of these values is
k g X m ~ 2 y r ~ ' . 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 kgXm~ 2 ).
The phenomenon that may be called environmental homeostasis consists in the fact
that any change AM^ in the environment is accompanied by the appearance of an
adequate non-zero difference P^ - P^ directed to compensate precisely for that
change.
The environment is characterised by particular values of concentrations of both
organic and inorganic substances. The diversity of organic substances used by the
biota far exceeds the diversity of inorganic substances involved in biochemical cycles.
Owing to the law of matter conservation, the biota may change concentrations of
inorganic substances, transforming them into inorganic ones at constant total stores
of chemical elements in the environment. Changing the character of organic
substances and their localisation in the biosphere from highly active organic
matter of live biomass to relatively inactive organic matter of humus and
dissolved organic carbon of the ocean, the biota is able to keep environmental
impact of organic substances under control.
Inorganic substances used by life are characterised by a limited set of physicochemical properties and predictable environmental impact. For example, water
vapour and carbon dioxide in the atmosphere determine the greenhouse effect of
the planet, while ice and snow control the albedo of the Earth's surface and, hence,
impose impact on the global surface temperature (Chapter 8). Hence, the change
AMx of inorganic substances in the environment is both an important and relatively
easily parameterised variable to be used in description of the biotic regulation
mechanism.
Variables AM^ and P^ - P£ have different dimensions. Correlation between
them cannot be provided by any fundamental physical or chemical constant of a
transitional dimension. Owing to the extreme complexity of interactions between
living organisms in a natural community, such constants are lost in a huge variety of
existing types of correlation. One may say that the biota 'forgets' values of such
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constants. Thus, the only possible way of formalising correlation between those
variables is a scale-invariant proportionality between the dimensionless ratios of
increments of these two variables to their initial values. Such type of correlation
known as allometric (Peters, 1983) is most often discovered in biological and
ecological observations. It may be presented in the following form:

•Pxo

AM X
A[X]
• = Px IV±T., = Px
[X0] '
>

ApC] = [X] -

AMX = MX p+

"

-

, or

(5.5.1]
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Thus, the internal resistance R/ remains constant and independent of [X] only
when p" = 1 .
The natural background fluxes F in any biologically important reservoir
(atmosphere, ocean, land) do not, on average, change with time, so that the
openness v~ = F /Pj[ remain constant. Thus when considering significant perturbations of the environment, these values may be considered constant in Eqs. (5.4.1)
that describe the law of matter conservation for each reservoir.
It can be easily checked that introducing a designation
Z

~ =

AM

- a A[X]
- Px

where Mx, M xo , [X], [X0], Px and Pxo are tne perturbed and the initial
nonperturbed (index '0') values of the mass (M) of nutrient X in the environment,
its concentration [X] and of the net primary productivity (Px) of the biota,
respectively; Px is destructivity. The variable /?,x has the meaning of internal
resistance of the corresponding inorganic store of nutrient X to its synthesis by
the biota. The dimensionless coefficient /3X describes correlation between the
respective variables. Below, the 'X' indices are omitted in all general formulae for
simplicity's sake.
The internal resistance R/ represents an essential characteristic of the plant
components of the community and has a definite biochemical meaning. If 7?,
remains constant and independent of the concentration of nutrient [X], the
productivity of organic form of X grows linearly with its concentration.
P+ = pC]//?,-. Due to the catalytic nature of synthesis of organic matter by the
biota, when the concentration [X] climbs to a certain saturating value, the rate of
synthesis of organic X becomes saturated, i.e. it ceases to grow linearly with [X].
Further increase of [X] leads to a proportional increase of Rj at nearly constant value
ofP+.
If in response to external perturbations it is the productivity P+ that changes,
while the destructivity P~ remains constant, P~ = PQ = Pj , the relations (5.5.1)
assume the form

AP+
ApC]
+
P « ^[Xo]

(5.5.2)

The equation (5.5.2) is a linear relationship between logarithmic derivatives of P^
and [X]. Its solution has the form

or

P3 ++ _ (JX]_X/3
5T

M

(5.5.3)

If productivity P+ is expressed via internal resistance R/ (5.5.1) we have from (5.5.3):

R, =

we may rewrite the law of matter conservation for the store of inorganic nutrient (the
first equation in (5.4.1)) in the following form:

Z = -kZ~

where k = (3/r

and r = M0 /P4,

(5.5.5)

The time r is the time of biological turnover or residence time of the respective
inorganic nutrient in the environment.
Solution of Eq. (5.5.5) at constant k > 0 (i.e. when /3 > 0) assumes the form
Z~ = ZQ~ e~kt, where / is time. In such a case any perturbation of the environment
exponentially dies out with time. It means that the biota compensates the perturbation and the environment relaxes to the initial stable state. When the value of k is
negative (i.e. when (3 < 0) any external perturbation is exponentially enhanced by the
biota making impossible the maintenance of a stable environment. Note also that
when k > 0 productivity P+ grows (or destructivity P~ decreases) with increasing
concentration [X] of inorganic nutrient, which means that the excessive inorganic
matter is turned into organic matter. At k < 0 the opposite destabilising trend takes
place.
The condition of biotic stability thus assumes the form
P>0,

k>0

(5.5.6)

l

At k > 0 the value k~ = r/f3 has the meaning of characteristic time of relaxation
back to the normal state of the environment. An important point is that after the
perturbation ceases, the environment returns to its former (instead of a new) stable
state. For example, after excessive CC>2 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
restoring the former atmospheric concentration of CC>2 optimal for the biota.
When the organic matter of living individuals is synthesised, certain ratios should
be followed between the fluxes of production P+ (and, respectively, of destruction)
of the organic nutrients, which correspond to the ratios between those nutrients in
living cells. For example, phytoplankton cells are synthesised and oxygen is released
by them in the ocean following the so-called Redfield molar ratio (Redfield, 1958;
Redfield et al., 1967; Broecker, 1982; Takahashi et al., 1985; Chen et al., 1996):

(5.5.4)

[X0]

Pc/P*/Pp/Po2

= 106/16/1/138,

(5.5.7)
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where C denotes carbon, N—nitrogen, P—phosphorus, O2—oxygen, and the
productivity Pj have the dimension of moleXm~ 2 yr~'. A significant part of
single-cell algae have CaCO3 shells, which increases the share of carbon in Eq.
(5.5.7) by approximately 20% over the world ocean (Broecker, 1982; Neshyba,
1987).
Random perturbations of the environment may happen independently with
respect to each nutrient. Thus, to ensure biological control of the environment,
the natural biota should be capable of producing the needed differences Pj - P^ in
arbitrary ratios between the nutrients (Peng et al., 1987) to compensate for their
arbitrary independent perturbations. That effect may be achieved via synthesis of
extracellular excretions of organic matter (Khailov, 1971; Fogg, 1975; Platt and Rao,
1975; Gorshkov, 1982c) and of the metabolically inactive parts of plants (such as
wood trunks or shells of the marine organisms), in which the ratios between the
nutrients are different from those in living cells. Another way of ensuring a diverse
response can be selective destruction of the dead organic matter (Prinn, 1994).
Equations (5.5.1) and (5.5.5) with constant coefficients k and /3 hold true for the
situation when a separate component of the environment X is independently
perturbed in each reservoir. Formally, Eqs. (5.5.5) may be written for various
mutually-related reservoirs and stoichiometrically interrelated nutrients X,. Then
the X-specific values of/? and k in Eqs. (5.5.1) and (5.5.5) may, as a general case, be
presented as functions of all the variables, characterising the concentrations of
nutrients X, in each reservoir. When each of such nutrients suffers a relatively small
perturbation, these functions may be expanded into a Taylor series, from which we
then exclude the non-linear terms. As a result, one arrives at a system of linear
equations, relating the time derivatives Zx, of relative perturbations of nutrients X in
reservoirs /', to the increments ZY; of nutrients Y in reservoirs j. Matrix of the
obtained system of equations may be diagonalised via a linear transformation (a
linear substitution of the variables), and then finding the eigenvalues (Lotka, 1925)
the system may be presented in the form of a noncohesive set of equations of the type
of Eq. (5.5.5). In that case, all the statements set forth above hold for each equation.
Below, such an account of relations between the reservoirs is demonstrated for the
example of the global cycle of carbon (see Sections 6.3 and 6.4). If all the eigenvalues
of the system of linear equations are positive and for them the conditions /? > 0 and
k > 0 hold, the environment remains stable with respect to all possible perturbations
of all nutrients.
One may formulate the well-known Le Chatelier principle with respect to the
biota. The Le Chatelier principle is usually applied to physicochemical systems in the
state of thermodynamic equilibrium. It states that in a stable system any external
perturbation leads to the appearance of compensating processes that would tend to
return the system to the initial state. For example, in chemical buffer systems large
external perturbations lead to small deviations from the equilibrium pH values. The
remarkable difference between stability of physicochemical systems and the biospheric environment lies in the fact that stable state of equilibrium in physicochemical systems is totally determined by external conditions. When the latter change, the
system transits to another stable state, although the change may remain relatively
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small owing to compensating processes. In the process of biotic regulation of the
environment all external perturbations are fully compensated, so that no deviation
from the equilibrium state occurs irrespective of the value of external perturbations.
In that sense, biological systems are equivalent to physicochemical systems with an
infinitely large buffer effect. As noted above, such property of the environment in the
biosphere may be called environmental homeostasis. Homeostasis characterises both
separate individuals of a certain species (e.g. maintenance of constant body
temperature in endothermic (warm-blooded) animals) and whole ecological communities of species and corresponding local ecosystems.
Thus, interpretation of the biotic Le Chatelier principle may sound as follows: in
the nonperturbed biosphere, any external perturbation of the optimal environment leads
to appearance of compensating processes that completely quench the perturbation and
relax the environment to the initial stable state. That is, in physicochemical systems,
compensating processes only tend to return the system to the initial state, only
diminishing possible effects of perturbation; meanwhile, biotic processes in the
biosphere actually fully compensate the perturbation.
The particular validity of the Le Chatelier principle is that its quantitative
presentation does not require an intimate understanding of the system's structure.
Due to the extreme complexity of the entangled interactions between the diversity of
species in any ecological community, the values /? and k may only be obtained
empirically. The values of k\ and /3x are, together with Pj, P^ and M^, the
principal characteristics of the nonperturbed biota. They remain constant, and the
relations in Eqs. (5.5.1) and (5.5.5) are linear at low values of relative perturbations,
Zx, provided all the other characteristics of the biota and the environment remain
only weakly perturbed as well.
From the point of view of one particular species in the community all the other
surrounding species may be treated as components of the environment. Perturbation
of the community structure may then be described by the same equations, Eqs.
(5.5.1) and (5.5.5), treating the values Z as the relative changes in the measurable
characteristics of the community. One may consider the population density 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.
Synthesis and destruction of organic matter, i.e. the consumption of energy and
matter by living individuals, may be treated as part of the useful work performed by
a given species within the community, which is aimed at stabilising both the biota
and the environment. A universal characteristic for all natural communities is the
distribution of the consumed fluxes of matter and energy vs. individual body sizes of
the consumers independent of their taxonomic properties (Figure 3.3). Deviations
from that distribution within each interval of the histogram of Figure 3.3 may be
regarded as a perturbation of the community and be described by Eqs. (5.5.1) and
(5.5.5).
It is apparent that compensation of perturbations of environment and biota itself
may only be pursued up to a certain threshold level, i.e. the Le Chatelier principle
may only be sustained that far. The most vivid illustration of that statement is that
when the natural biota is completely destroyed on a given territory, biotic regulation
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of the environment will naturally stop there. The same result will elicit from
substitution of natural communities by artificial agricultural or silvicultural systems.
Nonperturbed ('healthy') biota should be characterised by the maximum possible
values of (3, which means that it should ensure the quickest possible recovery to the
initial stable state after external perturbation. With that perturbation growing in
scope, the value of /? ceases to be constant at some moment, and starts to decrease.
Eqs. (5.5.1) and (5.5.5) then become non-linear with respect to the perturbation. The
value of that perturbation, at which /3 turns to zero, may be considered the threshold
beyond which the stability of the system 'biota plus its environment' is destroyed.
Threshold values of perturbations still compatible with biotic and environmental
stability represent the most important characteristics of the natural biota together
with the optimal concentrations of substances in the environment, MO, relaxation
times, fcg1 = TO//So, and the fluxes of production, P£, and destruction, PQ. Finding
those thresholds becomes especially important because of the growing anthropogenic
forcing of the biota and its environment.
As follows from the distribution in Figure 3.3, the principal work on environmental stabilisation is carried out by microscopic individuals. After averaging over
periodic seasonal oscillations, that part of the distribution in all communities
apparently suffers only 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 falls on consumption by the largest individuals of the community, e.g.
mammals, despite the fact that biomass of mammals may constitute a significant part
of the total biomass of all the animals in the community. Hence, mammals under
natural conditions only form a superfine structure of the community. Mammals, as
well as dinosaurs in the past, have 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 (the last mass extinction) (Raup
and Sepkoski, 1982) could not have driven the biosphere outside its stability
threshold, and had not practically affected its capability to compensate for adverse
fluctuations of the environment.
If the stability threshold is exceeded on a local scale, local perturbations of the biota
remain uncompensated, which leads to accumulation of various types of pollutants in
the environment. There appear diffusion fluxes of these pollutants into the adjacent
regions. Size of the perturbed domain is defined by the effective distance over which
the concentrations of pollutants fall to the stability threshold of the nonperturbed
biota. If the rate of perturbation is fixed, a stationary state sets in with a maximum
perturbation of the environment in the centre of that local perturbation. Concentration of pollutants may be lowered in that local centre either proceeding to a partially
closed technological cycle (the perturbed state of the biota then persists on a local
scale), or increasing the evacuation of the pollutants outside the local area. Both ways
of coping with local pollution are widely used in modern civilisation. Modern
technologies display a tendency to become closed, and more and more efforts are
spent on evacuation of wastes from densely-populated areas.
As a rule, the value of the maximum admissible concentration of pollutants is
determined as the threshold effect upon human health, which has nothing to do with
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the stability threshold of the biota. Within the locally perturbed area the biota ceases
to execute its stabilising functions and may be substituted by any artificial
community or even totally exterminated.
When the perturbation begins to grow, the affected area expands. A stationary
state of the environment on a global scale 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.
According to the available data, within any geological period the biota and the
environment retained their stationary stable state during thousands of years
(Oeschger and Stauffer, 1986; Hansen and Lacis, 1990; Lorius et al, 1990). By all
appearances, periods of glaciations, that are often referred to as periods drastically
unfavourable for life on the planet, represent fluctuations of the stationary stable
state of the global environment, that might have been triggered by some external
(e.g. astronomical) factors. Were there no biotic regulation of the environment, such
external perturbations could drive the global environment outside the life-compatible interval of conditions (see Chapter 8). The natural biota of Earth damps those
and all other perturbations of the environment and prevents the environmental
characteristics from deviating away from their optimal values. The presentlyobserved global changes of the environment (Hansen and Lacis, 1990; Lorius et
al., 1990; IPCC, 1994, 1996) occurring over the period of several decades and
possibly hundreds of years, unambiguously suggests that the stability threshold of
the natural biota has been surpassed on a global scale.

5.6 BIOTIC REGULATION OF MATTER CYCLES
In the previous chapters we discussed the indispensability of limited spatial size of
ecological communities (Section 2.8) and found it to vary from 1-10 m not exceeding
the overall body size of higher plants (Section 3.5). An ecological community together
with its environment forms a local ecosystem, that, apparently, also features finite size.
Ecological communities maintain environmental homeostasis within local ecosystems. It means that concentrations of nutrients within the space domain inhabited by
living beings (which is called environment in the ecological science) may differ
drastically from concentrations of those nutrients in the external abiotic milieu
where no life exists.
The existence of such a difference in concentrations, A[X] = [Xjn] - [Xout]» results
in appearance of diffusion fluxes, which tend to even the concentrations of biogens
between the environment ([Xin]) and abiotic milieu ([Xout]). This process may only be
counteracted and the necessary difference in concentrations supported, if the
physical diffusion fluxes are compensated by biological transport of biogens,
which occurs in the process of synthesis, P+, and subsequent destruction, P~, of
the organic matter. Note that the physical diffusion processes are spontaneous and
increase the entropy (chaos) of the environment tending to the state of thermodynamic equilibrium (maximum chaos), whereas biological transport of biogens is a
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highly ordered process which is ultimately based on consumption of highly ordered
solar energy by living organisms and which increases the orderliness of the environment.
Biotic regulation of the environment is characterised by some finite sensitivity
threshold, A[X]min, which means that the biota does not notice too small changes in
concentrations of biogens, A[X] < A[X]min, and, hence, does not react to them (see
Section 3.4). The value e/, = A[X] min /[X] is to be called the sensitivity (resolution) of
the biota with respect to nutrient X. The biota may only react to the relative change
e = A[X]/[X] in the concentration of X such that e > £/,• The less the value of e^, the
better the sensitivity (resolution) of the biota.
Borders of local ecosystems are prescribed by those surfaces at which net
biological transport of biogens turns to zero to the relative accuracy of about eh.
The principal biological transport of biogens in land biota is performed 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 higher plants). Within the areas occupied by separate higher
plants, autonomic local ecosystems of smaller size may be found (e.g. lichens on
trees).
Due to competitive interaction between ecological communities, the neighbouring
local ecosystems occupying the same geographical region (biotope) should feature
identical environmental characteristics (to within the sensitivity of the biota). Hence,
the differences in concentrations of biogens, physical diffusion fluxes, and corresponding compensating biochemical fluxes in the horizontal, y, directions should be
much less than in the vertical, z, direction: A,.[X] < A_-[X]. The diffusion flux in the
vertical direction within a local ecosystem is proportional to the concentration
gradient and is expressed as:

F=-D

E1

dz

-*out

F

•* in

(5.6.1

where D is the coefficient of either the molecular or the eddy diffusion of the biogen:
H is the vertical size of the local ecosystem; Re = H/D is the external resistance of
the diffusion transport; Fout = [Xin]/Re and F-m = [Xout]/Re are the fluxes of the
biogen out and into the ecosystem, respectively (i.e. Fout is the export and F-m is the
import of the biogen, see below Figure 5.2).
While the external milieu remains intact, and the net physical diffusion fluxes of
biogens into the local ecosystem are compensated by the biological transport, the
concentrations of biogens inside the local ecosystem do not change either. If the
external conditions change, the balance between the physical diffusion and biological
transport of biogens is broken, which results in directional changes of concentrations
of biogens both within and outside the local ecosystem. Stationary stable environment favourable for the ecological community 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
local ecosystem to its unperturbed condition. In other words, the biotic response
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to external perturbations should be based on a negative feedback mechanism
working in accordance with the biotic Le Chatelier principle (Section 5.4).
Within a separate local ecosystem, concentrations of biogens may only be
controlled by the biota on condition that the fluxes of biological synthesis and
destruction of organic matter exceed the net fluxes of physical diffusion and/or
advective transport. In other words, the biota should be powerful enough to
compensate spontaneous physical degradation of the optimal for life, highlyordered environment. Let us now discuss this problem in more detail.
Introducing the internal resistance to synthesis of organic matter, see (5.5.1)
Rt = [X]/,P+,

(5.6.2)

where [X] = [Xin] is the concentration of X inside the local ecosystem, we obtain the
following relationship between the values of the gross vm and net v openness of the
local ecosystem with respect to the biogen X:

R,

,_Fm-Foui_

-

A[X]

(5.6.3)

Resistances Re and Rf defined by (5.6.1) and (5.6.2) can be found empirically.
As soon as the biota's ability to control the concentration of the biogen X is
concerned, three distinctive situations are possible:
(1) Biological fluxes of synthesis and destruction of organic matter are more powerful
than the physical fluxes of import and export of the biogen into and out of the local
ecosystem.
For simplicity let us consider the situation when the physical flux of import F-m is
greater than the flux of export from the ecosystem Fout. Then condition (1) can be
written as F-m < P+ or, using the gross openness vm = F-m/P+, as
vm < 1

(5-6.4)

In such a case the difference between the internal and external concentrations of the
biogen with respect to the local ecosystem may be of the order of the internal
concentration of the biogen itself, e = A[X]/[X] - 1. In other words, the biota is able
to gradually enrich the local ecosystem with such biogen up to an arbitrary optimal
level, irrespective of whatever low concentration of the biogen is in the external
abiotic milieu. Quantitatively, such a situation may be described as follows, using
(5.6.1), (5.6.2), (5.6.3) and (5.6.4):
I/.

— ___ —

P+H

< 1.

(5.6.5)

Such biogens may be called locally regulated, because even a single local ecosystem is
able to control their concentrations. All the biologically-active substances of land
soil enter that group and for them the relationship (5.6.5) holds true. This can be
demonstrated on the example of phosphorus, X = P. Soil biogens exist in the form of
water solutions and are transported in soil by molecular diffusion. In other words,
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the net physical flux F in soil represents the flux of biogens leaving the local
ecosystem in the process of molecular diffusion. Phosphorus is characterised by
the diffusion coefficient D < 10~ 2 m 2 yr~' (Broecker and Peng, 1974; Fedorov and
Gilmanov, 1980). Thickness of the soil layer is equal to H ~ 0.3 m, production of
phosphorus by terrestrial biota is about P+ ~ 0.3 mole P m~ 2 yr~' (Whittaker and
Likens, 1975), concentration of phosphorus in soil is of the order of
[P] < lOmolePm" 3 (Fedorov and Gilmanov, 1980). Using these values we obtain
that for phosphorus J/P ~ 0.1 < 1, as in (5.6.5).
The second situation is as follows.
(2)
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Atmosphere

Physical fluxes of import and export into and from the local ecosystem are much
larger than the biological fluxes of synthesis and destruction of organic matter.
However, the relative difference between the internal and external concentrations,
£, still exceeds the biotic sensitivity threshold K/,.
Refractory reservoir (e.g. humus)

In such a situation, the difference between the concentrations of the corresponding
biogen inside and outside the local ecosystem is much less than its concentration
inside the local ecosystem, the latter practically coinciding with the concentration in
the external abiotic milieu, e = A[X]/[X] <C 1.
Quantitatively this situation can be described as
e>

(5.6.6)

For example, physical mixing of biogens in the atmosphere and ocean is so strong
that it is very difficult to discriminate between the local ecosystem's environment and
the external abiotic milieu. In such a situation, concentrations of biogens in the local
ecosystem cannot be controlled by that local ecosystem alone, contrary to the
previous case. Rather, the optimal concentrations of biogens are maintained by a
large number of uniform local ecosystems occupying large territories of the Earth's
surface. It is natural to call such biogens globally regulated. The process of biotic
regulation of globally-regulated biogens is organised as follows.
If the external concentration of a globally regulated biogen differs from the
community's optimum, the community activates processes aimed at compensation of
that difference. Compensating processes can be based on increasing productivity as
compared to destructivity, or vice versa. For example, if the global atmospheric
concentration of CO2 is larger than the optimal concentration for a terrestrial
ecological community, the latter may increase the productivity as compared to
destructivity and begin to deposit excessive CO2 in organic form in humus and other
relatively inactive reservoirs. As a result, the internal concentration of CO2 in the
local ecosystem becomes slightly lower than its concentration in the atmosphere
outside the ecosystem (e.g. above the canopy layer). This slight difference, e < 1, will
induce a local physical influx of CO2 into the local ecosystem (Figure 5.2).
If such slight change can be discerned by the biota, s > eb, it gives the community
advantage, i.e. it makes the community more competitive. Such a community can
thus force out other communities that cannot perform such change. As a result, all
neighbouring equally-competitive communities will ensure the same small change of

Figure 5.2. Biotic control of globally-regulated biogens on the example of atmospheric CO2, see (5.6.6). If
the atmospheric concentration of CO2 is higher than the community's optimum, the ecological community
changes the balance between synthesis P+ and decomposition P~ of organic matter tending to decrease the
CO2 concentration within the local ecosystem. There appears a net influx of inorganic carbon from the
atmosphere into the local ecosystem where it is stored in organic form in some refractory reservoir, e.g. soil
humus. The appearing slight difference between CO2 concentrations inside and outside the local ecosystem
gives the community advantage and increases its competitiveness. If equally competitive communities
occupy a large territory, the absolute flux of CO2 leaving the atmosphere becomes globally important.
The process goes on until the atmospheric concentration of CO2 reduces down to the optimal for
community value.

CO2 concentration in their local environment. Provided that the total area occupied
by such communities is large, there will be a globally significant influx of CO2 into
the biota. Such flux will proceed until the global atmospheric CO2 concentration
becomes equal to the community's optimum, or, to be more exact, until the relative
difference e between the internal concentration of the local ecosystem and the global
atmosphere becomes less than the biota's sensitivity, e/,. (Further decrease of the
internal concentration of CO2 as compared to the atmospheric one will not give the
community any competitive advantage, so that the global process will be stopped
when £<£/,.)
So, small relative changes in concentrations of globally-regulated biogens
performed by local communities may lead to large absolute changes in the global
environment.
The situation with globally-regulated biogens can be illustrated by the following
economic analogy. Each normal community that ensures the needed fluxes can be
compared to an employee who performs some amount of work in a factory. The
employee will only work if he is interested, i.e. if he receives a certain per cent of the
total profit. This per cent should be sufficient to considerably increase the person's
living standard and social status (e > eb). The more the employee works, the more he
receives, which makes him work better, even though the overwhelming part of the
profit goes away from the workers to the factory owner (this corresponds to huge
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physical fluxes). In contrast, when those who work and those who do not get nearly
equal salary and are equally competitive in the society (s < eh), it becomes
disadvantageous to work, so that the working process disintegrates. Such a
situation took place in the socialistic countries where people had no financial
stimulus to work, while various types of social reward (e.g. medals for labour)
proved to be insufficient to increase considerably the social status of productive
workers as compared to lazybones.
Examples of globally-regulated biogens are atmospheric water vapour, fresh
water of the continents (see Section 6.6 for more details), water dissolved oxygen
(see below) and atmospheric carbon. Consider the last example in more detail.
Vertical physical transport of atmospheric carbon in forests is characterised by
eddy diffusion coefficient, which depends on wind speed and constitutes on average
D ~ 107m2 yr"1 (Fedorov and Gilmanov, 1980). The average vertical size of forest
ecosystems is of the order of H ~ 30 m. Maximum productivity of forest communities in carbon units is about P+ ~ 102 moleCm 2 yr" 1 (Whittaker and Likens,
1975). The global average atmospheric carbon concentration is equal to
[CO2]a ~ 10- 2 moleCm" 3 (Watts, 1982). From this we obtain using (5.6.5) that
for carbon i/in ~ 30 » 1. According to (5.6.6) this means that if atmospheric carbon
can be regulated by the terrestrial biota at all, it may only be globally regulated, i.e. its
concentration can be only maintained at an optimal level provided that forest
communities occupy significant areas of the Earth's surface. In simple words, winds
that destroy an ecosystem's environment are stronger than biological productivity
which creates it, so that a separate local ecosystem cannot control atmospheric
concentration of carbon on a local scale. Compare this situation to the above
example of phosphorus and other biogens in soil, where molecular diffusion that
destroys the environment is less powerful than biological productivity.
To find out whether atmospheric carbon can be regulated by the terrestrial biota.
one needs to test the second condition in (5.6.6). Highly productive vegetation of
forest communities form their internal atmosphere, where concentration of CO2 may
differ from that in the atmosphere above the canopy layer by about one per cent
(Fedorov and Gilmanov, 1980), i.e. e ~ 0.01 > eh ~ 10~4 (Section 3.4). Thus, with
respect to carbon in the terrestrial ecosystems we have e > sh, which, according to
(5.6.6), shows that atmospheric carbon can indeed be regulated by the terrestrial
biota.
The difference in concentrations of biogens between the local ecosystem and
external abiotic milieu, A[X], that can be supported by the biota, is directly
proportional to the vertical size H of the local ecosystem, all other parameters
remaining the same, see (5.6.1). Thus, the relative difference in concentrations
e = ApC]/pC] that can be supported by local ecosystems of grasslands with
H < 1 m should be at least 30 times lower than that for forest ecosystems and
may approach £/,. Thus, it is very likely that grasslands and similar low-sized
terrestrial ecosystems are not able to control the atmospheric concentration of
carbon.
We have seen that the mechanism of biotic regulation is based on redistribution of
the regulated biogen between active (more important), and refractory (less
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important), reservoirs. For example, atmosphere is the active reservoir with respect
to carbon, because the atmospheric concentration of CO2 is critically important for
photosynthesis. Meanwhile, the amount of organic carbon in humus layers is less
important for the ecosystem, which is demonstrated by the fact that on previously
glaciated territories organic matter of humus accumulates very slowly, which does
not hinder normal functioning of forest communities. Forest communities may use
the inactive humus reservoir of organic carbon to regulate the atmospheric
concentration of inorganic carbon. Organic carbon accumulated in soil humus
imposes no considerable impact on the major environmental characteristics critically
important for the biota. So the organic carbon of humus represents a buffer store
which may be used by the biota to control the atmospheric CO2 concentration.
An important conclusion that follows from the above consideration is that if
biogen X is globally regulated, its cumulative mass in inorganic form in the external
milieu, M x , should be of the same order of magnitude as its cumulative mass M£ in
organic form in the biosphere, Mj ~ M x (cf. Section 5.3 where another reason for
such relationship is considered). If the mass of the biogen in the biosphere is
considerably smaller than its mass in the external abiotic milieu, Mj <C M^, the
biota is not able to compensate considerable environmental fluctuations accompanied by spontaneous decrease of the inorganic biogen.
For example, in the extreme case when the whole atmospheric CO2 somehow
vanished from the atmosphere, the biota would be able to completely compensate
this fluctuation only if the cumulative stock of carbon in the inactive organic
reservoirs of the biosphere were not less than the stock of atmospheric CO2. In
such a case it is possible to decompose the organic carbon of these reservoirs and, by
doing so, fully replenish the optimal atmospheric stock of CO2. Thus, for a globallyregulated biogen, MJ cannot be considerably less than M x . On the other hand, MX
cannot be considerably larger than M x , either. The organic matter may only be
accumulated due to functioning of the biota itself, and that process stops when the
optimal concentrations of both organic and inorganic nutrient are reached in the
environment. The excessive mass of the organic biogen, not needed for regulation of
Mx, will be inevitably withdrawn from the biochemical cycle and from the biosphere
via storage in inactive reservoirs completely unavailable for the biota, e.g. in
sedimentary rocks. Thus, for a globally-regulated biogen

> MX

(not Mj > MX or MX < M x )

(5.6.7)

For example, the cumulative mass of inorganic carbon in the atmosphere is about
M,; ~ 750 Gt C, whereas the cumulative mass of organic carbon in the terrestrial
part of the biosphere is about Mj ~ 1000 GtC (Watts, 1982; Schlesinger, 1990), so
that the condition (5.6.7) holds true for atmospheric carbon.
(3)

If the physical fluxes of a biogen are so large that the biota is incapable of
producing any considerable difference in the concentrations of the biogen between
the local ecosystem and the external abiotic milieu that would exceed the biota's
sensitivity, such biogens cannot be regulated by the biota at all.
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This situation can be described as
1,

£ < eb

(5.6.6)

For example, free oxygen and nitrogen of the atmosphere cannot be regulated by the
terrestrial biota. For atmospheric oxygen in forest ecosystems we have
D ~ 107 m2 yr~', H~3Qm, maximum productivity in oxygen units is about
P+ ~ 102 moleOa m2 yr~', average concentration of oxygen in the atmosphere
[C>2]a ~ 8 mole Cm" 3 (Whittaker and Likens, 1975). From this we obtain using
(5.6.5) that for oxygen vm ~ 3 • 104 > 1.
The relative difference in concentrations of oxygen, e, can be estimated from
relationship (5.6.3) as £ = v/v\n, where v is the net openness of the local ecosystem
with respect to oxygen, v = (F[n — Foui)/P+ . The maximum value of v is equal to
unity, which corresponds to the case when all the oxygen produced within the local
ecosystem, P+ is carried away with the physical flux Foui. Thus,
£ = ("in)"1 ~ 3 • 10~5 is the upper limit for oxygen. The resolution of the terrestrial
biota £/, with respect to oxygen remains unknown. Under the reasonable assumption
that it is not significantly lower than that for carbon, sb ~ 10~ 4 , we obtain that even
the upper estimate of e is significantly lower than eb. According to (5.6.6) this means
that atmospheric oxygen cannot be regulated by the terrestrial biota.
Another indication of the fact that atmospheric oxygen cannot be regulated by the
terrestrial biota is that the cumulative mass of oxygen available for the biota
reservoirs (living and dead biomass, organic carbon of humus, fossil fuel),
M+ ~ Mf, ~ 4 • 103 GtC, is more than two orders of magnitude less than the
cumulative mass of atmospheric oxygen, M~ ~10 6 GtC>2 (Schlesinger, 1990;
Martin and Fitzwater, 1992). Thus for oxygen M+ < M ~ , which prohibits its
regulation, see (5.6.7). Among the non-regulated biogens are also the biogens in
flowing waters (rivers) and in the upper oceanic layer, where eddy diffusion at
average sea roughness is extremely high.
Concentrations of biotically non-regulated biogens still may be under biotic
control, if the reservoirs of these biogens are in either chemical or physical
equilibrium with those of the biotically-regulated biogens. We illustrate this
seemingly controversial statement with the example of oxygen.
As shown above, atmospheric oxygen cannot be regulated by terrestrial biota.
However, atmospheric oxygen is in physical equilibrium with oxygen dissolved in
soil water and in the ocean. The equilibrium concentration of water dissolved oxygen
is 40 times less than that in the air. Furthermore, the coefficient of diffusion of
oxygen in water is four orders of magnitude less than in the air. Thus, physical fluxes
of oxygen in water are six orders of magnitude less than the physical fluxes of O2 in
air. As a result, the water dissolved oxygen is locally biotically regulated by the
aquatic biota. Due to physical equilibrium between concentrations of oxygen in the
atmosphere and oxygen dissolved in water, the former also appears to be subject to
biotic regulation, although the resulting concentration of oxygen in the atmosphere
may appear not to be optimal for the terrestrial overground biota. Thus, atmospheric oxygen is ultimately regulated by oceanic biota and terrestrial underground
biota inhabiting water capillaries in soil. For these organisms the concentration of
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oxygen in their environments is optimal. Terrestrial plants are unable to control
atmospheric oxygen. Thus the biota functioning in air has to be adapted to the
existing concentration of that gas in the atmosphere.
5.7 LIMITING BIOGENS. RESOURCES: RENEWABLE AND
NON-RENEWABLE
It is evident that biological processes in natural ecological communities may only be
limited by the biotically non-regulated biogens. Concentrations of all the regulated
biogens is, by definition, supported by the biota at an optimal level, so that regulated
biogens can by no means take part in limiting the functioning of the biota. In other
words, when the biota chooses and supports the optimal concentrations itself,
neither of them may limit its functioning. In the absence of biotically nonregulated biogens, the biotic productivity may be limited only by the available
maximum rates of chemical reactions and by the power of solar radiation. In natural
ecological communities, productivity of many plants actually reaches those limits.
That testifies in favour of lack of limitations upon the biotic productivity from nonregulated biogens. Hence, if such non-regulated biogens do exist, their concentrations should remain within those optimal (or, at least, permissible) limits to which
the biochemistry of the contemporary biota is actually tuned.
It is, however, easy to see that such a situation is improbable. Concentrations of
biotically non-regulated biogens are not controlled by the biota. Biochemical
transformations of such biogens cannot follow closed cycles, since the ecological
communities with closed cycles of non-regulated biogens are in no way advantageous, as compared to those with their cycles open, see (5.6.6).2 As a result,
concentrations of non-regulated biogens appear to be unstable and cannot remain
within the limits optimal for functioning of the biota for a long period of time.
Instead, concentrations of biotically non-regulated biogens should drift randomly
and finally get outside the margin fit for life.
Thus, we come to the conclusion that concentrations of all chemical substances
used in life cycles must be subject to biotic regulation. Evolution favours ecological
communities that are the most efficient in regulating the environment. Hence,
concentrations of biogens in the natural environment of the non-perturbed
biosphere correspond to the maximum efficiency of the biotic regulation. Being
based on complex processes of synthesis and decomposition of organic matter into
which all the species of the community are involved the biotic regulation of the
environment is performed by the ecological community as a whole. The maximum
efficiency of functioning of the community as a whole does not necessarily
correspond to the maximum productivity of individuals of all its species. In very
much the same manner, the state of absolute health of an organism as a whole does
2
The closed character of cycles of non-regulated biogens might be associated with the closed character of
cycles in biotically-regulated biogens, if certain stoichiometric relations between the former and the latter
hold. However, such stoichiometric relations are themselves subject to unpredictable change in the process
of evolution.
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not correspond to equal rates of divisions of all cells of its organs. Thus, if we
consider a single organism in a natural ecological community, e.g. a plant, it may
well happen that its productivity under natural conditions does not reach the
biochemical maximum. One might call productivity of that plant limited by some
biogen. However, there would be no ecological sense in that statement, because the
organisation of the biota as a whole does not follow the principle of maximisation of
productivity of all species. Instead, the principle of maximisation of the efficiency of
biotic regulation is observed in the biosphere.
Limiting biogens make sense only for strongly perturbed or artificial communities
(e.g. agricultural systems) created by people. Consider this problem in more detail.
Fluxes of biogens (i.e. values of productivity Px expressed in units of concentration of the respective biogen X,) in the process of synthesis of organic matter should
agree with stoichiometric ratios that characterise the relative content of those
biogens in the synthesised organic matter, (X,):
(5.7.1)
On the other hand, productivity Px is related to concentration of the respective
inorganic biogen in the environment, [X,], via internal resistance /?,x,, see (5.6.2):
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Therefore ratios of concentrations of biogens in the organic matter, (X,), are related
to ratios of concentrations of biogens in the environment, [X,], through values of
internal resistances jR/x,, which characterise the process of consumption by the biota
of inorganic biogens from the environment:
[X,]/[X 2 ]/.../[X n ] = (Xl)RiXJ(X2)RiX2/.../(Xn)R,Xa

(5.7.3)

It is evident from (5.7.3) that the ratios of concentrations of biogens in the organic
matter, (Xi)/(X 2 )/.../(X n ), and in the environment, [Xi]/[X 2 ]/... /[Xn], may only
coincide if all the internal resistances R^ are equal to each other, R/X. = Rf for any X,.
If the ratio between environmental concentrations of biogens, [X,], deviate from
(5.7.3), then the biogen that is present in the environment in the relatively smallest
amount will limit production of organic matter. In ecology, this evident statement is
known as the Liebeg principle (Lotka, 1925; Odum, 1983). The Liebeg principle is
most clearly manifested in agricultural systems. Actually, the very discovery of this
principle owes itself largely to land-use practices. When this principle was realised it
became possible to find out what biogens are limiting, and artificially increase
productivity by introducing the limiting biogens into the agrosystem in the form of
chemical and organic fertilisers.
The notion of limiting biogens is close to the notion of resources, which are
divided into renewable and non-renewable. When productivity is limited by
something, a store of that something represents a resource. Generally, nonrenewable resources can be defined as stocks of matter, energy or territory that
inevitably exhaust when being used, e.g. fossil fuel. Examples of renewable resources
are solar radiation, geothermal and tidal power, biological production of wood, river
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run-off, etc. Thus, while non-renewable resources are characterised by their stores,
renewable resources are best characterised by their fluxes. Fluxes of renewable
resources represent ever-cycling processes that do not exhaust, in contrast to fluxes
of anthropogenic consumption of non-renewable resources. Therefore people
perceive fluxes of matter and energy that are cycling in the biosphere as being at
their disposal. For example, as soon as the flux of productivity of the global biota is
equal to about 100 Gt C, namely this figure is used when estimating the upper limit of
food resources of humanity.
Such consideration is dangerously misleading. The very notion of renewable
resource implies that there exists a strict correlation between the production and
consumption of that resource, i.e. a rigid correlation between its producer and its
consumer. When the correlation is broken, the renewable resource is no longer
renewable and rapidly exhausts. For example, consider a city with a factory owned
by its workers who produce cars, sell them, buy new materials and are again able to
produce cars. There is a stationary flux of car productivity in that city. The
anthropocentric view on resources outlined above corresponds to a situation when
somebody decides to take away all the cars from the workers while at the same time
expecting that the flux of car production will remain the same. It will not. As soon as
the workers are not able to receive payment for their cars, they are not able to buy
new materials and the factory is stopped. Hence, simple existence of fluxes of matter
and energy in the environment where people live does not mean that these fluxes are
designed to cover human needs. In a stationary and sustainable biosphere there
cannot be such a notion as a resource that may or may not be consumed by people,
at their disposal.
Consumption of energy and matter fluxes by any living organism of the
nonperturbed biota represents an integral part of the closed matter cycle of matter
taking place in the biosphere. In other words, in the nonperturbed biosphere all
organisms have enough of everything. Thus, in a stationary state of a population the
competitive interaction of individuals, which forms the basis for life stability
(Chapter 2), cannot depend on availability of some limiting resource. In this sense
the competitive interaction is purely aggressive, i.e. it is a competition for its own
sake. However, during the non-stationary periods of population expansion, living
individuals both consume non-renewable resources, e.g. territory, and destroy
stationary correlation between consumers and producers of renewable resources,
e.g. biomass. When expansion is stopped and a stationary stable state sets in, the
destroyed correlation links between producers and consumers are formed anew, so
that the notion of resource again loses any sense. Thus existence of resources is an
indication of a non-stationary unstable state.
For compensation of all the external perturbations of the environment to be the
quickest, primary productivity developed by the ecological community as a whole
should on average be at its maximum.3 That would correspond to the minimal
3
This does not mean that the productivity of all species in the community precisely reaches its biochemical
maximum. Provided that there are many species in the community, the task of maximisation of
productivity in all of them may be in principle insoluble.
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possible internal resistance (5.7.2), which exclusively depends on the internal
structure of the living bodies of organisms inhabiting the community. Hence, the
ratios between concentrations of different biogens in the environment are prescribed
by the right-hand part of Eq. (5.7.3), i.e. by values of internal resistance for each
biogen and their stoichiometric ratios in the organic matter. Now, what is the
controlling factor for the absolute values of biogen concentrations in that environment? Evidently, there exist certain minimal concentrations [X]mjn for each biogen X,
below which life becomes impossible. The maximum possible concentration [X]max of
that biogen may be related to the maximum possible primary productivity of the
biota at a prescribed incoming flux of solar radiation: [X]max = ^/x^xmax- However,
maximum concentrations of biogens may not necessarily correspond to the optimal
values of other characteristics of the environment, such as its temperature, atmospheric pressure, etc. Therefore, concentrations of all biogens are supported by the
biota at levels intermediate between those maxima and minima.
If one of the biogens is limiting, all the other biogens are present in the
environment in excess. It means that their consumption by the biota goes in the
regime of saturation, when both the productivity and destructivity of the biota
become independent of changes in concentration of the consumed biogen, while the
internal resistance J?, changes proportionally to that concentration,
P+= [X]/R,•= const. In such a case, biotic regulation of non-limiting biogens
becomes impossible, because whatever changes their concentrations undergo, the
biota does not react to them. Thus, if one assumes the concept of biological
regulation from the start, the notion of limiting biogens becomes meaningless.
None of the biogens can be limiting in the non-perturbed biosphere and none of
the biogens can be consumed by the biota in the saturation regime. It is only in this
case that the natural biota is able to react to external perturbations of any biogen in
accordance with the biotic Le Chatelier principle, compensating those perturbations
by directed changes in productivity and destructivity. The internal resistance R,
should then change non-linearly with concentration following Eq. (5.5.4). In
particular, the internal resistance may remain constant and productivity change
linearly with concentration of the biogen, see (5.5.4).
However, when a species is introduced into an unnatural environment, the ratios
(5.7.3) may noticeably deviate from the respective ratios typical for the natural
conditions of the natural ecological niche of that species. In that case biogens with
the lowest concentrations may appear to play the limiting role. Concentration of the
limiting biogen prescribes then the productivity of the species. 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.
The principal condition for biological regulation to operate 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. Concentrations of
biogens (that is, of the environmental determinants regulated by the biota) are kept
at levels intermediate between the maximum and the minimum possible. Information
on such intermediate concentrations, which are optimal for the biota, is written into
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the normal genomes of all the species combining into natural ecological communities. Such information (that is, the stabilising programme for keeping environmental conditions in a state fit for life) may suffer decay, similar to any other
programme. The process of spontaneous decay of the stabilising genetic programme
is counteracted by competitive interaction between independent ecological communities within an ecosystem, which essentially represents a population of homologous
communities. Communities with impaired (decayed) stabilising programmes (decay
communities) deteriorate their environmental conditions, lose their competitive
capacity, and are ousted by the normal communities, which are capable of
supporting, and do support, the optimal environment.
It is the existence of the population of competitively interacting, internallycorrelated communities that is the basis for sustainable existence of life. Competitive
interaction and stabilising selection among independent, internally-correlated ecological communities is similar to selection among any internally-correlated living
structures, e.g. multicellular organisms. It has nothing to do with the repeatedly
discussed group selection of populations and species (Sect. 2.6), which is indeed
impossible under natural conditions. Competitive interaction among separate
communities does not go in the direction of the quickest consumption of biogens
(environmental resources) by 'normal' communities, thus depriving the less operative
'decay' ones of their resources. Such a strategy of competitive interaction would have
led to quick degradation of the environment and to extinction of the ecosystem as a
whole. Thus, the true normal communities are those which are capable of balanced
use of environmental stores and fluxes of matter and energy, so that the optimal life
conditions are preserved. Conversely, communities capable of the maximally quick
consumption of environmental resources are the decay ones, featuring lower
competitiveness. Thus, the principles of extremes (Parker and Maynard Smith,
1990) cannot provide an insight into the way in which a natural ecological
community functions.
Conservation of the genetic stabilising programme of each species is based on
intraspecific competitive interaction of individuals of that species. To preserve the
stabilising genetic programme of each species it is necessary to ensure that normal
individuals carrying this programme in their genomes have the maximum competitiveness. Only species predominantly composed of normal individuals may maximise
the competitiveness of the whole community. Thus, in the overwhelming majority of
cases, competitive interaction of individuals in a population does not result in
increased consumption of a limiting biogen or in absolute maximisation of the
population number. Instead, competitive interaction serves to keep the relative
number of normal individuals (those carrying in their genomes the programme for
sustaining an optimum population density of the given species) at maximum.
Competitiveness of normal individuals of each species depends on the presence of
other species in the community. One can say that the wide variety of complex
interrelationships between different species in the community provides life with a
variety of different ways to maintain genetic stability of species. In some specific
cases, an artificial selection of individuals of one species by individuals of some
other, controlling, species is also possible. In such a case the competitive interaction
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between individuals of the controlled species may be significantly weakened or even
completely switched off. Such a situation is apparently realised with respect to some
herbivores and the plants they consume, and with respect to some predators and
their prey. Herbivores, in the first case, and predators, in the second, play then the
role of controlling species (see the next section for more details). See also Section 4.5
about predators.
Competition for the limiting biogens and energy resources inevitably springs up
among individuals of a species introduced into an alien ecological community.
Within an alien community the stabilising programme of such species loses its
meaning. Decay individuals, devoid of the stabilising programme but capable of
using the limiting environmental resources at the highest rate and reaching the
highest possible population density, happen to be the most competitive ones. The
extreme principles may correctly describe the non-stationary ecology of populations
of such individuals picked out from their natural communities (Parker and Maynard
Smith, 1990).

5.8 IMMIGRATION IN THE ECOLOGICAL COMMUNITY
For the ecological community to remain stable and perform efficient regulation of
the environment in accordance with the stabilising programme of its species, the
relative number of decay individuals, i.e. those with impaired genetic programmes,
should be low in all the species. To provide for that condition, immigration of decay
individuals into the community and emigration of the normal individuals from the
community should remain less powerful than both elimination of decay individuals
and reproduction of normal individuals within the community. Immigration of
individuals into the community occurs from neighbouring communities, among
which there may be decay communities, where population density of decay
individuals is high. Thus, the only way to support the level of organisation of any
species in the community is to keep immigration small, as compared to reproduction
of individuals within the community itself.
Consider for a species a its productivity /"+, which corresponds to the birth rate
of its individuals, destructivity P~, which corresponds to the death rate of its
individuals, immigration Fa-m and emigration Faoul of individuals of that species
into and from the community, respectively. These parameters are related to the
change in the biomass of that species, Ma, as follows:
Ma = P+-p-+Fain-Faout

(5.8.1)

If we measure biomass, productivity and destructivity in units of the average body
mass of individuals (i.e. if we put the average body mass of individuals equal to
unity), these parameters are exactly equal to the population density, birth rate and
death rate of individuals, respectively.
The condition that immigration remains low as compared with reproduction of
normal individuals in the community is equivalent to the condition for locally

Immigration in the Ecological Community

Sec. 5.8]

139

regulated biogens, see Eq. (5.6.4), and has the form
Va-m

= Fam/P+a < 1

(5.8.2)

Denote the volume density of individuals of the species a as [a]. Then the biomass
(or the density of the number of individuals, which is proportional to it) of
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 P+
can be expressed as P+ = [a]Ha/Ta, where ra is the characteristic reproduction
period, which coincides with the average time lapse between the two successive
generations in a stationary population. Immigration Fa-m occurs in the horizontal
dimension and can be characterised by the horizontal diffusivity Da as
Fam = Da[a]/L, where L is the horizontal size of the community. Then the
relationship (5.8.2) assumes the form
n „-am

, jj
LHa

^

1

(5.8.3)

For free-floating organisms incapable of independent movement in water or air
streams (e.g. plankton), Da coincides with the coefficient of eddy diffusion which
characterises the environment in the local ecosystem. In other words, such organisms
move as fast as they are carried by the water or air currents present in the ecosystem.
For locomotive animals capable of independent movement, the diffusivity Da is
determined by the process of random wandering and can be described as Da ~ uaLa,
where ua is the average available speed of movement and La is the linear size of its
feeding territory (home range) of the locomotive animal.
In normal communities the relationship (5.8.2) holds true for all species that
maintain their genetic stability on the basis of intraspecific competitive interaction.
The relationship (5.8.2) is only broken in decay communities. Being expelled by
normal individuals, decay individuals emigrating from a normal community may
only settle down in a decay community. Thus, if a decay community appears, decay
individuals from all the adjacent normal communities begin to immigrate into it. On
the other hand, only normal, highly-competitive individuals may leave the decay
community and immigrate into a normal one where they have to stand the
competition with aboriginal normal individuals. Under such conditions the decay
community rapidly loses competitiveness and dies out, being substituted by a
normal, highly-competitive one. After that the emigration-immigration fluxes fall
down to the level determined by relationships (5.8.2) and (5.8.3).
The conditions in Eqs. (5.8.2) and (5.8.3) should be met for the principal species in
the community. In other words, species that control the principal part of both energy
and matter fluxes in the community should maintain their stability on the basis of
intraspecific competitive interaction. Along with the task of elimination of decay
individuals of its own species, the principal species in some communities are also able
to control the number of decay individuals in other species, which may be called
subordinate. The competitive interaction within subordinate species may be then
weakened or even completely switched off. In that case the principal species in the
community conduct 'artificial' selection of the subordinate species, leaving the
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normal individuals in them (that is, individuals carrying the necessary stabilising
programme) and eliminating the decay ones (those devoid of such programme). Such
subordinate species are apparently incapable of maintaining genetic stability outside
their natural community. Their genetic programme may be completely devoid of
information on the necessity of competitive interaction. In other words, individuals
of those species may be incapable of discriminating between normal and decay
individuals of their own species. The information on such differences is then
contained in the normal genomes of the principal species, for which the 'artificial
selection' of the subordinate species is one of the natural ecological functions in the
community.
In some environments, organisation of ecological communities without division
into subordinate and controlling species is simply impossible. Below we discuss one
of the most vivid examples of such a situation.
In the ocean, photosynthesis of organic matter is only possible in the upper
euphotic oceanic layer, which can be penetrated by the solar light. Even in the most
transparent oceanic waters solar light appears to be completely absorbed at depths
greater than 100m, where photosynthesis becomes impossible. The most active
photosynthesis is restricted to the upper 25 m of oceanic depth, where up to 90% of
solar light is absorbed (Neshyba, 1987). Decomposition of organic matter is not
light-dependent and may go on at arbitrary oceanic depths. The aerobic decomposition may only occur at those depths to which oxygen may penetrate. The
anaerobic decomposition may occur independently of the availability of oxygen.
What is the possible structure of ecological communities in such conditions?
Positive buoyancy makes it physically possible for the aquatic organisms to keep
close to the oceanic surface. For example, multicellular algae contain special
organs with air bubbles in them, which may keep them floating near the water
surface. One might imagine an ecological community consisting of individuals
retaining positive buoyancy of their bodies and of all their excretions. In that case
decomposition of the photosynthesised organic matter could also be concentrated
within the euphotic layer. In such a hypothetical ocean, life would be absent below
the euphotic layer.
However, due to the extremely strong wind mixing of the euphotic oceanic layer,
all the components of the environment of such community would appear to be
biotically non-regulated (Sect. 5.6). The eddy diffusion coefficient in the surface layer
approximately 100m deep averages D ~ 106 m 2 yr~', reaching as high as
10" m 2 yr~' during storms (Ivanoff, 1972, 1975). The reproduction time constant
for phytoplankton is ra > 10~2 yr. Assuming L ~ 10m and Ha ~ 100m we find
from (5.8.3) that for phytoplankton va-m ~ 10 3> 1. Hence, immigration of the
individuals of phytoplankton exceeds their reproduction in the surface layer, and
no ecological community with a genetically-constant composition of phytoplankton
individuals can be formed there.
Another way to look at the situation is as follows. The extremely high physical
mixing of the euphotic layer makes it impossible to arrange effective competitive
interaction of phytoplankton individuals. Competitive interaction essentially means
discrimination of decay individuals in one way or another. The power of the
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process of discrimination is naturally proportional to the productivity P+. In other
words, normal individuals in the community create unfavourable for decay
individuals conditions with power P+. Meanwhile physical mixing does not
know anything about decay and normal individuals and evens out environmental
conditions for all the individuals in the community. This significantly hinders
suppression of decay individuals. If the 'equalling' physical mixing is more
powerful than the 'discriminating' productivity, competitive interaction of individuals becomes meaningless, because normal and decay individuals will all the time
find themselves in equal conditions. This renders the corresponding community
genetically and environmentally unstable. Decay individuals that accumulate in the
community finally lose their stabilising programme and deteriorate the community's environment.
In the ocean, effective competitive interaction of individuals can be only organised
at depths exceeding 100m, where the eddy diffusion coefficient drops by three orders
of magnitude as compared to that at the surface and is equal to about 103 m 2 yr" 1
(Broecker et al., 1985; Lewis et al., 1986). However, photosynthesis is impossible at
those depths, so that only heterotrophic organisms, i.e. bacteria and animals feeding
off the organic matter, are able to exist there. Thus, no ecological community could
be arranged at depths either.
Life found an elegant way out of the situation. Heterotrophs existing at depths
maintain their genetic stability via intraspecific competitive interaction. For them the
condition (5.8.2) holds true. These heterotrophs should perform 'artificial selection'
with respect to photosynthesising phytoplankton individuals, predominantly eating
away decay individuals among them. Thus genetic stability of phytoplankton species
inhabiting the euphotic layer is ensured by the heterotrophic species inhabiting
deeper layers. To have a possibility to eliminate live decay phytoplankton individuals, the corresponding heterotrophs should migrate in the vertical dimension from
the depths to the surface.
In other words, heterotrophic individuals compete with each other at depth,
where it is possible, and eliminate decay individuals from their own population. The
genetic programme of the remaining normal heterotrophic individuals contains
information about characteristics of normal phytoplankton individuals, that
inhabit well-mixed surface waters where intraspecific competitive interaction is
impossible. Normal heterotrophic individuals migrate then to the surface,
recognise decay phytoplankton individuals and eat them away. They then return
to depth to take part in the intraspecific competitive interaction, and so on. This
phenomenon is indeed observed in the ocean. Individuals of oceanic zooplankton
species perform cyclic vertical migrations with daily or seasonal periodicity
(Ehrhardt and Seguin, 1978; Hays et a/., 1997), which can be hardly explained
outside the proposed ecological pattern.
In heterotrophs living at depths, the condition in (5.8.3) is satisfied due to the fact
that their reproduction time, ra, is increased an order of magnitude, as compared to
the reproduction time for algae (Whittaker and Likens, 1975). Also, heterotrophs
spend much time at depths where the eddy diffusion coefficient D is low, and little
time at the surface where it is high. Furthermore, heterotrophs may choose the time
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of their vertical migration and rise to the surface in calm weather, when the surface
eddy diffusivity decreases as well.
Destruction of living biomass of decay phytoplankton individuals necessarily
constitutes the essence of stabilising selection of phytoplankton. Hence, in the ocean,
a considerable part of matter cycles must necessarily be closed within the euphotic
layer, particularly via eating away of live individuals, instead of dead individuals and
their excretions. Indeed, according to the observed data, the share of oceanic
primary production eaten up 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).4
However, the major part (about 90%) of all the primary production of the ocean
is still absorbed in the detritus channel, i.e. in the form of dead particles and
dissolved organic matter (Khailov, 1971; Toggweiler, 1990). Hence, to ensure genetic
stability of the phytoplankton, the rate of genome decay n (see Section 9.1), of these
species should remain below 0.1, which means that only one-tenth of the total
number of offspring in each generation may contain new mutations absent in the
parent generation. These decay individuals are then eaten away by the controlling
species of zooplankton and other heterotrophs. If the proportion of decay
individuals is higher than 10%, the controlling heterotrophic species will not be
able to cope with all the decay phytoplankton individuals and the genetic stability of
phytoplankton would be threatened. The rate of genome decay, n, is directly
proportional to the genome size of the species, see (9.1.3). Single cell organisms
have generally smaller genomes than multicellular ones (Lewin, 1983). It follows
then that oceanic phytoplankton should consist mainly of single cell algae, which
agrees with observations.
In those few areas of the ocean, where the algae consist mainly of multicellular
individuals (e.g. in the Sargasso Sea) and feature larger genomes and, hence, higher
rates of genome decay, fj,, the share of algae eaten alive by the small-sized
heterotrophs should be significantly larger in the absence of intraspecific competitive
interaction between the algae individuals themselves. However, the high density of
free-floating multicellular algae significantly reduces physical mixing of the surface
waters. This results in a significant drop of the diffusion coefficient and may open a
possibility for intraspecific competitive interaction between the algae individuals
themselves, which may lessen the ecological burden imposed on heterotrophs with
respect to their controlling function.
Decay individuals of any species have impaired genetic programmes. Hence, their
functioning does not contribute to the environmental stability of the community to
which they belong. Left without control, the environment spontaneously deteriorates, the corresponding community loses competitiveness and becomes extinct.
4
The major consumers of live biomass on land are large animals, which are allowed to consume not more
than 1 % of the primary production. In the ocean, the major part of organisms consuming live biomass is
composed of the smallest invertibrate individuals, so that the natural distribution of consumption (Figure
3.3), inherent to non-perturbed terrestrial ecosystems, is not violated in the ocean (Neshyba, 1987:
Kamenir, 1991).
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Thus communities without decay individuals are more competitive than those with
them. This opened a possibility for the complex vertically-arranged oceanic
communities to establish, where heterotrophs migrate upwards to eat away predominantly decay individuals of the algae. The population density of decay
phytoplankton individuals is controlled by the community in very much the same
manner as environmental concentrations of locally and globally regulated biogens
(Section 5.6). To find out whether decay phytoplankton individuals can be regulated
by a separate community (i.e. whether phytoplankton is locally regulated), one needs
to compare the flux of decay individuals through the community and the community's ability to control them.
The flux of decay phytoplankton individuals, Fd-m, entering the community, is
equal to F^-m = j3Fm, where F\n is the total incoming flux of phytoplankton
individuals, j3 is the share of decay individuals among them. In a stationary case
the rate at which heterotrophs eliminate decay individuals, Pd, is proportional to the
phytoplankton productivity P+, Pd = 7-P+, where 7 is the share of decay individuals
in the primary production. Note that 7 cannot be greater than 10%, because it is the
amount of live biomass consumed by heterotrophs. Using these expressions we may
write for the gross openness vd-m of the community with respect to decay
phytoplankton individuals:
where vm = F-m/P+ is the gross openness of the community with respect to the total
flux of phytoplankton. According to (5.8.3), va-m is about 10 for a community with a
horizontal size L of the order of 10m, see above. Using vam ~ 10 and 7 < 0.1, we
obtain that

100/3

(5.8.5)

If the proportion of decay individuals, J3, is less than 1%, the value of v^m could be in
principle less than unity, so that the population density of decay phytoplankton
individuals could be regulated locally, see (5.6.4). However, it seems to be unlikely
that /? is significantly lower than 0.01. Furthermore, the proportion of decay
individuals among the biomass eaten alive by the heterotrophs is most likely lower
than 100%, so that 7 is actually less than 0.1, which additionally increases the value
of Vdm- Thus, the conclusion that decay phytoplankton individuals are globally
instead of locally regulated seems to be justified, see (5.6.6).
At large values of Vdm the heterotrophs cannot change the population density of
decay phytoplankton individuals to such an extent that it would differ by a factor of
several units within and outside the community. However, if a small difference in
density that can be provided by the heterotrophs still gives their community
advantage and makes it the most competitive, such communities will form the
majority on a given territory. As a result, each normal community would perform a
net flux of normal individuals from the corresponding local ecosystem. In other
Words, each normal community will partly clean decay phytoplankton individuals
from the phytoplankton flux flowing through the community, so that the global
average density of decay individuals will be kept at a low level.
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Thus phytoplankton individuals do not belong to any definite community and do
not stick to any particular space domain occupied by a particular local ecosystem
during their lifespan. Intraspecific competitive interaction and, hence, intraspecific
stabilising selection, are completely switched off within each species of phytoplankton. The remaining physical selection eliminating lethal mutations from the
phytoplankton population is by far insufficient to support correlated interaction of
the phytoplankton with other species in the community and ensure stability of the
environment and community itself. Individuals of zooplankton and other heterotrophic species that do belong to a concrete community purify from decay
individuals the phytoplankton flux passing through the local ecosystem. As a
result, each local ecosystem is a source of normal individuals of phytoplankton,
which is the factor supporting the level of organisation of the global population of
algae in the ocean. Decay communities, incapable of eliminating decay individuals
from the phytoplankton population, locally perturb the environment, lose their
competitive capacity and become extinct being ousted by normal communities.
The same principle is apparently implemented in supporting genetic stability of
large animals. Large animals have feeding territories exceeding by far the characteristic size of local ecosystems. Thus a large animal cannot belong to any particular
community. Organisation of large animals is supported along the same principles
which govern the concentrations of the globally-regulated biogens, and the organisation of phytoplankton in the open ocean. The major difference lies in the fact that,
unlike phytoplankton individuals, large animals do possess intraspecific competitive
interaction which prevents many important features of their organisation from
decay. In other words, while phytoplankton organisation is completely controlled
by 'artificial selection' performed by the heterotrophic species, in large animals some
part of the stabilising work is done by the intraspecific competitive interaction
between the conspecific animals, leaving a smaller amount of work to the
community. This is possible because, unlike phytoplankton, large animals depend
on energy and matter fluxes that are not subject to strong physical mixing, so that
large animals possess power enough to discriminate their decay conspecifics. In this
sense large animals can be compared to the multicellular algae of the Sargasso Sea
that were discussed above.

6
Biotic Regulation in Action
Concrete examples of processes of biotic regulation of the environment are discussed
in detail, in particular: the biological pump; regulation of atmospheric carbon by the
oceanic biota using the dissolved organic carbon reservoir; biotic regulation of water
regime on land; and processes of recovery of boreal forest communities after
perturbations.

6.1 THE BIOLOGICAL PUMP OF ATMOSPHERIC CARBON
As noted in Section 5.8, a considerable part of organic matter synthesised in the
euphotic layer is consumed by heterotrophic organisms (zooplankton and nekton)
inhabiting deeper oceanic layers. Such structure of oceanic ecosystems provides for
genetic stability of life and environment in the ocean. Thus, the two domains—that
of synthesis of organic matter and that of its decomposition—are spatially separated
in the vertical, which results in typical vertical profiles of all the biogens in the ocean
(Figure 6.1).
To keep the matter cycles closed and the 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. The part of primary production which originates as a result of
consumption of biogens entering the euphotic zone from below, is called new primary
production (Dugdale and Goering, 1967). The rate of total ('gross') photosynthesis
minus the rate of respiration of the phytoplankton itself is called the net primary
production. The ratio of new primary production to the total (gross) primary
production is called the/-ratio.
The upflux of inorganic biogens (= nutrients) into the euphotic zone is mainly
supported by eddy diffusion, which is dependent on the vertical concentration
gradients of the biogens (Figure 6.1). Concentrations of inorganic nitrogen N and
phosphorus P upwelling into the euphotic zone from below, increase downward. In

