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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
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Figure 6.1. The observed change in oceanic concentrations of dissolved inorganic phosphorus P, oxygen
O2 and inorganic carbon ^CO2 (see 6.1.1) with depth. Observational data averaged over the world ocean
are given (Takahashi et al., 1981; Levitus, 1982; Bolin et a!., 1983; Sarmiento et al, 1988).

contrast, the concentration of oxygen that penetrates the zone of oxidation from
above drops off with depth (Figure 6.1).
In the absence of life, all the biogens would have been evenly distributed within
the whole oceanic depth, and their surface and deep concentrations would have
eventually evened out.1 Life thus operates as a biological pump, which creates a
considerable difference in surface and depth concentrations of inorganic biogens.
Functioning of the biological pump is related to the non-zero new primary
production, i.e. / > 0. Were the whole oceanic community (both synthesisers and
reducers) located within the well-mixed euphotic zone, the action of that biological
pump would have stopped. As demonstrated in Section 5.8, such community
structure would be incompatible with the stable existence of oceanic environment
and oceanic life as a whole.
Non-volatile dissolved inorganic nitrogen in the form of NO^~ and NHj and
phosphorus in the form of PO|~ are redistributed by the biota within the ocean only.
Meanwhile, the inorganic carbon dissolved in the oceanic surface layer is at
physicochemical equilibrium with the atmospheric CO2. A depletion of CO2
dissolved in the surface water results in a depletion of the concentration of
atmospheric CO2 (Henry's Law). Thus, operation of the biological pump keeps
the atmospheric concentration of carbon at a significantly lower level compared to
what would have formed in the atmosphere if the ocean remained lifeless (Gorshkov,
1979; 1982c; 1983b).
Inorganic carbon dissolved in the ocean mainly exists in the form of bicarbonate
HCO^ and carbonate CO^" ions. Surface concentration of the dissolved carbon
dioxide reaches only 0.6% of the total concentration of dissolved inorganic carbon,
which is denoted as ^c°2 (Ivanoff, 1972, 1975; Keeling, 1973):
[£C02] = [HC03 ]
2.0
1

1.8

[C02]

0.2

(6.1.1)

~0.01 molCirT

Only very slight concentration gradients would be preserved then, namely those due to temperature
gradients and different solubility of gases and salts at different temperatures and due to the global
thermohaline overturning of oceanic waters. However, these gradients would have been at least an order of
magnitude weaker than those resulting from the presence of life in the ocean.
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Typical values of the respective concentrations are shown here for the surface
oceanic layer. All the compounds of the dissolved inorganic carbon are in the state of
chemical equilibrium. The ratios between concentrations in the right-hand part of
(6.1.1) are determined by the respective chemical equilibrium constants. If the
concentration of the dissolved carbon dioxide, [CO2], changes, the concentrations
of HCO^ and CO^" change as well. In the absence of external perturbations the
surface concentration of dissolved carbon dioxide, [CO2], is stationary and in
physical equilibrium with the atmospheric concentration of that gas, [CO2]a. Since
the solubility of CO2 (i.e. the ratio between equilibrium concentrations of the gas in
water and in the atmosphere) equals unity at 15°C (the global mean surface
temperature), the surface concentration of dissolved carbon dioxide approximately
coincides with its atmospheric concentration (Broecker and Peng, 1974).
Small relative changes of ECX)2], d[^2CO2], are proportional to the corresponding small relative changes of [CO2], d[CO2]. The proportionality coefficient C is called
the buffer factor (Keeling, 1973):

[C02]
This relationship corresponds to direct proportionality between logarithms of [CO2]
and ECO2]. According to direct measurements, the dimensionless buffer factor £
varies from about 9 to 15 in various regions of the world ocean, dependent on water
temperature, deviating on average by no more than 30% from the average global
value of C = 10 (Broecker et al, 1979). Hence, a 10% change in [CO2] entails a 1%
change in ECO2] only.
The observed concentration of [£CO2] at large depths is 15% larger than in the
surface oceanic layer (Figure 6.1). Integrating the above equation in the approximation of constant buffer factor C we have:

[C02
[C02

(6.1.2)

where surface concentrations are indexed with 's'. Hence, with the increase of
ECO2] by 15% with depth the concentration [CO2] increases by a factor of
(1.15)10«4. The dependence of the buffer factor C, on CO2 concentration
somewhat increases this figure. Thus, the deep layer concentration of the dissolved
carbon dioxide is at least four times higher than the surface one. At the same time the
surface concentration of CO2 is at equilibrium with the atmospheric CO2 concentration. If life in the ocean ceased, the CO2 concentrations in both the surface and deep
layers would even out. Then the concentration of CO2 in both the surface oceanic
layer and the atmosphere would increase by a factor of four! That could bring about
an unfavourable change of the greenhouse effect and, consequently, of climate within
the mixing time of the oceanic layer in which the corresponding gradients of biogens
are observed (Figure 6.1). This mixing time is of the order of several hundreds of
years (Degens et al., 1984). Hence, the oceanic biota keeps both the atmospheric
concentration of CO2 and the mean global surface temperature at a level fit for life.
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In the ocean, consumption of the principal inorganic biogens (C, N, and P) and
release of Oi during photosynthesis, as well as release of C, N and P and
consumption of 62 in the reverse processes of destruction of organic matter, all
occur in proportions determined by the Redfield ratio, see (5.5.7):
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In a stationary case the new primary productivity P+x coincides with the diffusion
flux of biogen X from the oxidation zone at depth up to the synthesis zone at the
surface:

_ [x]d - [x]s

(6.1.4)

+

P C/P^/P$/P02 = 106/16/1/138
The ratio between concentrations of inorganic nitrogen and phosphorus, the N/P
ratio, in marine water coincides with the Redfield ratio. The cumulative store of
dissolved inorganic carbon is such that the C/P ratio in marine water exceeds the
Redfield ratio by a factor of five approximately. It is well known that the
concentration of nitrogen compounds that are consumed by phytoplankton may
be changed by the biota via both fixation of free nitrogen by bacteria and
denitrification of bound nitrogen not used by phytoplankton. Thus one may
assume that oceanic nitrogen is a biotically-regulated biogen. Biotic capabilities
with respect to regulating the total phosphorus in the ocean remain as yet unknown.
It is assumed therefore that phosphorus cannot be regulated by the biota and is a
factor limiting biological productivity in the ocean (Sarmiento et al., 1988). Other
candidates for the limiting biogens are those minor biogens that are used by the biota
in relatively small concentrations, e.g. iron (Martin et al., 1990; Peng and Broecker,
1991; Timmermans et al., 1998).
The general conclusion runs as follows. The total nitrogen in the ocean is
accumulated by the biota following the Redfield ratio and is limited by the
available amounts of phosphorus (or, possibly, iron) not subject to the biotic
control. The total dissolved inorganic carbon, which is present in the ocean in
excess of the Redfield ratio, therefore cannot be regulated by the biota either.
In what is to follow, we show that such a position logically contradicts the
available empirical data. In reality, concentrations of all the biogens used by the
biota are subject to biotic control and are maintained at certain definite levels (see
also Section 5.7). In response to external perturbations of the environment, these
concentrations can be changed by the natural biota (and are actually changed by it)
following the principle of negative feedback. As a result, all the natural and many of
the anthropogenic environmental perturbations are damped by the oceanic biota, so
that the oceanic environment is supported at the optimal for the biota level.
The gross, P+x, and new, P^x, primary productivity of the ocean with respect to
biogen X can be written as follows:
gx

[X]s
VX

Rix/f

(6.1.3)

where [X]s is the surface concentration of inorganic biogen X = C, N, P; RiX is the
internal resistance to synthesis, see (5.5.4). The internal resistance may depend on the
concentration of the biogen [X]s. At small values of [X]s the internal resistance is
constant, so that the gross primary productivity increases linearly with growing
surface concentration of the respective biogen. At very large concentrations
exceeding the saturation one, the gross primary productivity is no longer
dependent on [X]s, which means that RK changes in proportion to [X]s.

where [X]d is the concentration of the biogen at depth in the oxidation zone, Le is the
average depth of the oxidation zone, D is the eddy diffusion coefficient, Re is the
external resistance to synthesis, which is the same for all the biogens.
Equating expressions (6.1.3) and (6.1.4) for the new primary productivity, we
obtain:

[X]s =

vx
fRe +

-[x]d.

(6.1.5)

Gross and new primary productivity are characterised by the same stoichiometric
ratios of the principal biogens:
= 106/16/1

(6.1.6)

Due to this fact the ratio / = P^X/P^X is the same for all the biogens.
According to the observations (Figure 6.1), the concentrations of nitrogen N and
phosphorus P at depth exceed the respective surface concentrations by about an
order of magnitude. It means, see (6.1.5), that the value of fRe is about 10 times
greater than the internal resistance RixNeglecting the small value of RJX in the first expression in (6.1.5), we obtain that
concentrations of nitrogen and phosphorus at depth, [N]d and [P]d, should follow the
stoichiometric Redfield ratio (6.1.6):
= [N]d/[P]d = 16/1

(6.1.7)

The relationship (6.1.7) holds true in all cases when the deep concentrations of N and
P are significantly greater than those at the surface, irrespective of the actual ratio
between the surface concentrations. In other words, in conditions when [X]s < [X]d
for N and P, the Redfield ratio between deep concentrations of nitrogen and
phosphorus, [N]d/[P]d =16/1, follows unambiguously from the very existence of
new primary production. Meanwhile, surface concentrations of N and P only follow
the same ratio if the internal resistances R^ and RiP are equal to each other, which is
an additional and dispensable condition.
As follows from (6.1.5), the oceanic biota is able to control the values of gross
primary productivity of nitrogen and phosphorus and their surface concentrations
changing the ratio / between the gross and new primary productivity. This can be
done by different ways of organising the oceanic ecological community with a
different distribution of synthesis and destruction of organic matter over depth, i.e.
with different localisation of home ranges of synthesisers and reducers over depth.
The minimum possible gross primary productivity and the minimum possible
surface concentrations of nitrogen and phosphorus correspond to the maximum
possible value of/ = 1, when all the gross primary productivity is converted to the
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new primary productivity, i.e. all the organic matter synthesised at the surface is
decomposed at depth. In other words, oceanic regions that are characterised by
relatively large values of/ are oligotrophic, i.e., they display low concentrations of
biogens at the surface and low values of gross primary productivity. In particular,
such a situation is observed in the tropical regions that account for the major part of
the world ocean. As discussed in Section 5.8, the maximum possible value of new
primary productivity makes it possible for the ecological community to ensure the
most efficient control of the phytoplankton quality and, by doing so, to maintain a
high degree of stability of the community itself and its environment.
The maximum possible surface concentrations of N and P close to their deep
concentrations and the maximum possible gross primary productivity are observed
at small values off. In such a situation, the new primary productivity is small, and
the major part of synthesised organic matter is decomposed at the surface. This is
observed in cold subpolar regions of the ocean, where the gross primary productivity
of the oceanic biota reaches its maximum. Note that cold subpolar regions occupy a
minor part of the world ocean. A small value of new primary productivity does not
allow the community to perform effective selection of decay phytoplankton
individuals, which decreases the stability of the community and its environment
(see Section 5.8). (In the extreme case when there is no new primary production at
all, / = 0, and all the organic matter is synthesised and decomposed in the close
vicinity to the surface, it is absolutely impossible to arrange competitive interaction
of living individuals in such a community, because the physical mixing at the surface
is so high that the environment is always the same for both normal and decay
individuals. Thus, genetic stability of such a community cannot be supported (see
Section 5.8).)
The biotic environmental impact is generally proportional to the gross primary
productivity. The greater the gross primary productivity, the more powerful the
biotic potential of compensating environmental perturbations. However, the
peculiar organisation of the oceanic environment makes it impossible for
the oceanic biota to attain the highest possible gross primary productivity without
undermining the genetic stability of species. On the other hand, high new primary
productivity that guarantees the genetic stability of species is inevitably accompanied
by a lower gross primary productivity. Thus, the oceanic biota has to seek for a
balance, i.e. for an optimum value of the ratio/ between the new and gross primary
productivity. In different regions of the world ocean, this optimum may correspond
to different values of/, which determines the observed differences in productivity of
the tropical and subpolar regions.
The observed changes in gross primary productivity that follow changes in surface
concentrations of nitrogen and phosphorus from the tropical to the subpolar regions
suggest that the oceanic gross primary productivity is far from saturation with
respect to N and P. When/ —> 0 (i.e. there is no new primary production), the deep
and surface concentrations of nitrogen and phosphorus even out. In such a situation,
the gross primary productivity attains its maximum value, which is determined by
the maximum observed intensity of photosynthesis (see Table 3.3). In that case, the
biotic productivity is limited by light but not by the available surface concentrations
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of N and P. This is an additional testimony in favour of the statement that neither
nitrogen nor phosphorus limit the productivity of the biota. Their stocks in the ocean
are such that they would be sufficient for an order of magnitude higher productivity
than is observed in most parts of the ocean. The decreased productivity of the
oceanic biota compared to the maximum possible one is dictated by the necessity to
support stable organisation of the biota and oceanic environment. This makes the
ecological communities with low gross and high new primary productivity more
competitive compared to those featuring the maximum possible productivity and
zero new primary productivity.
Let us now consider the oceanic primary productivity with respect to carbon. The
surface, and hence the atmospheric, concentration of CO2 is uniquely related to the
surface and deep concentrations of N and P, because the Redfield ratio (6.1.6) is
satisfied between the values of primary productivity of C, N and P. Dividing the
carbon primary productivity P+c expressed as in (6.1.3) as [X]s =[CO2]S «[CO2]a by
/"+x expressed as in (6.1.5) at X = N or P we arrive at the corresponding Redfield
ratio (C/X). Using this relationship and again expression (6.1.5) for [X]a we obtain
for the atmospheric CO2 concentration:

—

2a -

ic

ic

p
R

(6.1.8)

i

At average observed values of/,/ < 0.5, the internal resistance RiX is significantly
smaller than fRe for N and P, RiX ~0.lfRe. Thus, changing the value of/, the
oceanic biota is able to significantly change the atmospheric concentration of carbon
as compared to its present value. If/ changes from zero to unity, the atmospheric
concentration of carbon will change by a factor of 20! According to (6.1.2), the
accompanying changes of deep and surface ^COi concentrations would not exceed
a factor of 1.3. All this means that atmospheric concentration of carbon is
completely under biotic control.
Note again that all the discussed potential changes of the atmospheric CO2
concentration by the oceanic biota are initiated by changing the value of/, which is
the ratio of gross primary productivity to the new primary productivity. The value of
/ is determined by the inherent, strictly specific structure of the respective ecological
communities of the ocean. The danger of cultivation of the oceanic biota accompanied by an arbitrary restructure of ecological communities, as is done on land, can
hardly be overestimated.
Let us now show that the sensitivity of the oceanic biota with respect to changes in
atmospheric concentration of CO2, [CO2]a, exceeds the biotic sensitivity with respect
to changes in surface concentrations of nitrogen and phosphorus, [N]s and [P]s. In
other words, it is [CO2]a that is regulated by the oceanic biota with the highest
accuracy.
As we have seen in (6.1.1), dissolved inorganic carbon is mainly present in the
ocean in the form of bicarbonates and carbonates, the dissolved carbon dioxide
constituting but a very small portion of the total inorganic carbon stock ^CO2.
However, it is the dissolved carbon dioxide CO2, but not carbonates and
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bicarbonates, that is consumed by phytoplankton and used in photosynthesis.2 The
dissolved carbon dioxide is in local chemical equilibrium with carbonates and
bicarbonates. Thus, its flux from depth to the surface is completely dictated by the
diffusion flux of J]CO2, which is determined by the observed concentration gradient
(Figure 6.1).
Thus, when equating expressions (6.1.3) and (6.1.4) for the new primary
productivity of carbon, we have to substitute X for CO2 in (6.1.3), which means
that the gross primary productivity of carbon P+c is dependent on CO2:
p+

gC

= [C0 2 js

r>
-*VC

'

n+ = [C°2]s
nC
r>
if
-*MC/.7

and substitute X for ^CO2 in (6.1.4), which means that it is the X}CO2
concentration gradient that dictates the influx of inorganic carbon into euphotic
layer from depth and, hence, determines the new primary productivity in a stationary
state:
D+

_KC0 2 ] d -[£C0 2 ] g

Using the observed values ECO2]d-ECO2]s » 0.1 molem' 3 and [CO2]S » [CO2]a
= 0.012 mole m~ 3 , we thus obtain, equating the above two equations for P+c, that
RiC fzfRe/25. Since for nitrogen and phosphorus R^ ~ RiP ~/7?e/10, the surface
concentrations of CO2, N and P are related as
[C0 2 ] S /[N] S /[P] S = 40/16/1,

(6.1.9)

i.e. the surface concentration of CO2 is about 2.5 times lower than is required for the
stoichiometric ratios (6.1.6) characterising oceanic productivity. Thus, if the internal
resistances for all biogens were equal to each other, while the surface concentrations
of biogens could not be controlled by the biota, namely carbon would play the role
of the limiting biogen, contrary to the common opinion which ascribes the limiting
function to phosphorus or nitrogen. In reality, however, the biota is able to control
the surface concentrations of CO2 changing the ratio / and internal resistances RiC
and RIX given the constant stoichiometric ratios (C/X) and deep concentrations [X]d,
where X = N or P, see (6.1.8).
2

This becomes clear from the analysis of the ratios between concentrations of carbon isotopes 13C and
C in the biota, ocean and atmosphere. The atmospheric and oceanic dissolved gas CC>2 are characterised
by approximately equal 13C/12C ratios. The terrestrial and oceanic biota are also characterised by
approximately equal 13 C/ 12 C ratios. Meanwhile the total inorganic carbon stock in the ocean, £) CC>2, is
characterised by a 13C/12C ratio which is 9%o greater than that in the atmosphere. The terrestrial biota
uses atmospheric COi for photosynthesis. If the oceanic biota had used J]CO2 in the process of
photosynthesis, the 13C/12C ratio in the oceanic biota would have been the same 9%o greater than that
in the terrestrial biota, which is not the case (Degens et al., 1968). Note that shells of marine organisms are
built by the biota using biochemical reactions other than photosynthesis and with use of ^CC>2.
Accordingly, the I3 C/ 12 C ratio in shells and similar structures is considerably higher than that in the
rest of the organic matter of the ocean (Druffel and Benavides, 1986).
12
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6.2 CHANGING PRODUCTION OF DISSOLVED ORGANIC MATTER
IN THE OCEAN
If matter cycles are closed, change in new primary production is compensated by a
respective change in its destruction, so that the cumulative mass of organic matter in
the ocean remains unchanged. In what is to follow, we consider another way of
regulation of concentrations of biogens, which is related to conversion of excessive
inorganic biogens into organic ones, and vice versa. Such a process is necessarily
accompanied by changes in the stock of organic matter.
If the gross primary production in the ocean had been limited by concentrations
of nitrogen and phosphorus in the surface layer, and possibly by solar radiation in
the subpolar oceanic surface area, while consumption of CO2 occurred at saturation,
one would have had grounds to conclude that oceanic biota is incapable of reacting
to the observed anthropogenic increase of atmospheric CO2 caused by fossil fuel
burning and degradation of the terrestrial biota. That popular opinion resulted in
excluding oceanic biota from the possible candidates for the sink of atmospheric
CO2 (Degens et al., 1984; Prentice and Fung, 1990; Tans et al., 1990; Schlesinger,
1990; Falkowski and Wilson, 1992).
To discard the concept of limiting biogens, and to consider concentrations of all
the biogens as both formed and supported by the biota at levels optimal for it, calls
for a revision of such attitudes. As demonstrated in the preceding section, the
sensitivity of the biota to changes in concentration of CO2 in the surface water is
higher than its sensitivity to changes of concentrations of nitrogen and phosphorus,
which are believed to be the limiting ones. It may thus be expected that the biota
should react more efficiently to a relative perturbation of the atmospheric CO2 at
constant concentrations of nitrogen and phosphorus, than to equal relative
perturbations of nitrogen and phosphorus at a constant concentration of CO2.
Here one should understand perturbation as external forcing, similar to anthropogenic distortion of the environment, instead of seasonal and geographic variations
to which the natural biota should be adapted.
An enormous mass of the dissolved organic carbon (DOC) is present in the ocean,
which is 1000 times higher than the cumulative mass of all the living beings of the
world ocean and which approximately (by order of magnitude) coincides with the
mass of atmospheric carbon. In a stationary state, the dissolved organic carbon is
very slowly destroyed to inorganic components and is as slowly produced. Its
preindustrial production did not exceed several tenths of a per cent of the net
primary production of the ocean (Gorshkov and Makarieva, 1998). So far the
functional role of DOC in the ocean remains unclear. It is natural, however, to
suggest that DOC is a reservoir controlled by oceanic biota, which the biota is
capable of using to sustain optimal concentrations of inorganic nutrients in the
environment.
The present-day mass of total oceanic DOC is about 700 Gt C or 0.6 • 1017 mole C
(Sugimura and Suzuki, 1988; Druffel et al., 1989; Ogawa and Ogura, 1992; Martin
and Fitzwater, 1992; Suzuki, 1993; Siegenthaler and Sarmiento, 1993; Bauer et al.,
1998; Wiebinga and de Baar, 1998). The oceanic stocks of inorganic phosphorus,
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inorganic nitrogen and dissolved inorganic carbon (X^COa or DIC) are as follows:
~ 1 0 0 G t P (~4-10 1 5 moleP), ~ 800 GtN(~ 6 • 1016 moleN), and ~ 40000 GtC
(~ 3 • 1018 moleC), (see Figure 6.1 and relationship (6.1.7)). Synthesis and decomposition of the dissolved organic carbon follows apparently the same stoichiometric
Redfield ratios (5.5.7) as the rest of the oceanic organic matter. Hence, the modern
DOC store binds up about 10% of the inorganic stores of nitrogen and phosphorus
and about 2% of the dissolved inorganic carbon. It means that, keeping the Redfield
ratios, the oceanic biota is principally capable of increasing the cumulative DOC
mass by almost 10 times. The store of DIC should then decrease by about 6%. In
accordance with the buffer relation, Eq. (6.1.2), that would lead to approximately a
70% decrease of the equilibrium concentration of atmospheric CO2. Inversely,
shrinking oceanic DOC the biota is capable of increasing the equilibrium atmospheric concentration of CO2 by about 20% (equilibrium refers to the system oceanatmosphere).
All the gross primary production by phytoplankton may take part in changing
production of DOC. Thus the compensating reaction of oceanic biota based on
change in production of DOC appears to be amplified by the factor of/" 1 , as
compared to the reaction of the oceanic biota based on change of the new primary
production alone described in the preceding section. It gives one grounds for
assuming that the change in both production and mass of the oceanic DOC pool
gives the biota a chance to control the environment most efficiently (Gorshkov, 1979;
1982c; 1984b).
Analysis of the available data on modern as well as prehistoric changes in the
global carbon cycle allows one to determine the major quantitative characteristics of
the process of biotic regulation of the environment performed by non-perturbed
ecological communities of ocean and land.

6.3

GLOBAL CARBON CYCLE CHANGE

According to measurements taken from 1958 onwards by many observatories both
on land and at sea, the modern concentration of atmospheric CO2 keeps growing.
The analysis of gas composition of air bubbles from Antarctic ice cores (Friedli et al.,
1986, Staffelbach et al., 1991; Leuenberger et al., 1992; Raynaud et al., 1993;
Siegenthaler and Sarmiento, 1993; IPCC, 1996) yields information on the atmospheric concentration of CO2 from the very start of the perturbation at the end of the
18th century (Figure 6.2). It follows from the ice core data that, to within the error
margin, the 'preindustrial' concentration of atmospheric CO2 had approximately
been equal to 280ppmv (parts per million volume) (Siegenthaler and Oeschger,
1987), which corresponds to the preindustrial mass of carbon in the atmosphere
equal to Mao = 590 Gt C. This concentration had remained constant for the last few
thousand years (Oeschger and Stauffer, 1986; Siegenthaler and Sarmiento, 1993;
Lorius and Oeschger, 1994; IPCC, 1996). Today, with respect to the ocean, the nonequilibrium atmospheric concentration of CO2 reaches 360 ppmv (770 Gt C) (IPCC,
1996), which is about 30% higher than the preindustrial level.
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Figure 6.2. The observed global changes of carbon stores. ma is the increase of the mass of atmospheric
carbon according to measurements of CO2 concentration [CO2]a in the atmosphere after 1958 (Watts,
1982; Gammon et al., 1986; Trivett, 1989) and in ice cores prior to 1958 (Friedli et al, 1986; Oeschger and
Stauffer, 1986; Leuenberger et al., 1992); ny is the depletion of fossil carbon due to combustion of coal, oil,
and natural gas (Starke, 1987; 1990; la Riviere and Marton-Lefevre, 1992). The internal diagram shows the
observed constancy of the preindustrial equilibrium atmospheric CO2 concentration according to
combined ice core and atmospheric data (Lorius and Oeschger, 1994; IPCC, 1996; Keeling et al., 1996).
According to ice core data, the global build up of the atmospheric carbon store had started before
combustion of fossil fuel was initiated. That means that global changes in the environment are related
to changes of carbon stored in the global biota. The state of the global environment is determined by the
degree of perturbation of the global biota.

It is the enormous power of the production and destruction of organic matter
developed by the natural biota which is implicitly dangerous, and may precipitate a
quick disintegration of the environment should the closed matter cycles be disrupted
randomly instead of in accordance with the Le Chatelier principle (Section 5.5).
We show below that the observed global change of carbon cycle is mainly due to
anthropogenic perturbation of the natural land biota which had exceeded the biotic
stability threshold by the middle of the 18th century. Perturbations of land biota are
superimposed by direct anthropogenic perturbations of the environment, principally due
to fossil fuel combustion. The oceanic biota remains stable and keeps on compensating
perturbations of the environment. However, the oceanic biota already fails to cope with
global anthropogenic perturbations, so that the end result is the observed global change
of the environment in both the atmosphere and the ocean.
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With respect to the modern carbon cycle, it means that the non-perturbed biota of
the most part of the ocean and of the remaining small part of continental surface
outside human activities should react to the global increase of CO2 concentration in
the atmosphere, absorbing, in accordance with the biotic Le Chatelier principle, the
excessive CO2 from the atmosphere. The perturbed biota on areas affected by
anthropogenic activities by itself violates the Le Chatelier principle and emits
additional CO2 into the atmosphere.
The present-day global change in CO2 content pertains to five principal reservoirs:
the atmosphere, the fossil fuel, the oceanic dissolved inorganic carbon (DIC), the
oceanic dissolved organic carbon (DOC), and the terrestrial biota. As noted above,
the atmospheric concentration of carbon has been directly measured since 1958, and
is also available from the ice core data. Emissions from fossil fuel are well estimated
from the very start of the industrial era. In 1991-94 the emissions of carbon from
fossil fuel occurred at the rate of 5.9GtCyr~', and the carbon stock in the
atmosphere reached 760 GtC with about 2.2 GtC accumulating each year (Keeling
et al., 1996). According to very rough estimates, the emission of carbon due to land
use amounted to I.eGtCyr" 1 (IPCC, 1996).3 Thus the known sum of carbon
emissions into the atmosphere from the areas of active anthropogenic (industrial and
agricultural) activities was 7.5GtCyr" 1 for the 1991-94 time period. Of that
amount, 2.2GtCyr~' was accumulating in the atmosphere. The remaining
5.3GtCyr~' could be absorbed by either the ocean or that part of the land
surface biota which remains outside the scope of industrial activity. If the ocean
absorbed more than 5.3GtCyr~', that would mean that the remaining perturbed
land surface biota not accounted for by the land use statistics also emits CO2 into the
atmosphere, that is, it violates the biotic Le Chatelier principle and is beyond the
threshold of admissible perturbations.
It is not easy to discriminate between the impacts of the ocean and the terrestrial
biota. With respect to the terrestrial biota, direct measurements appear of little
practical help owing to their high uncertainty. The net primary production on land is
estimated at eOGtCyr" 1 (Ajtay et al., 1979; Lurin et al., 1994), and that in the ocean
at about 40GtCyr~ 1 (Mopper and Degens, 1979; Platt et al., 1989; Falkowski and
Wilson, 1992; Falkowski and Woodhead, 1992; Holligan and de Boois, 1993; Lurin
et al., 1994). The error in both these estimates may well exceed 30% (Whittaker and
Likens, 1975). Meanwhile if the global mean rate of destruction of organic matter
exceeded the rate of synthesis by only 10%, that would mean an annual reduction of
biomass of the terrestrial biota at a rate of 6GtCyr" 1 , which is of the order of the
fossil fuel burning itself.
An indirect method of estimating the major terms in the global carbon budget is
based on the analysis of changes in the concentration of atmospheric oxygen. The
global carbon cycle change is due to oxidation of organic matter in processes such as
fossil fuel burning and deforestation, which are accompanied by emission of CO2 in
the atmosphere and binding of the atmospheric oxygen. On the other hand, the
global carbon cycle change is due to synthesis of excessive organic matter by the
3

This figure is likely to be a gross underestimate (Houghton, 1989).
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oceanic biota and the non-perturbed part of terrestrial biota, which is accompanied
by depletion of atmospheric CO2 and release of atmospheric oxygen.
The stoichiometric ratios O2/CO2 for all these processes are well known, which
makes it possible to relate the corresponding carbon and oxygen changes to each
other and to retrieve the unknown terms of the global carbon budget using the law of
matter conservation. When organic matter is synthesised either on land or in the
ocean, the corresponding oxygen changes mostly pertain to the atmosphere, as far as
the water solubility of O2 is small and the ocean contains two orders of magnitude
less oxygen than the atmosphere. The atmospheric store of oxygen exceeds that of
carbon by four orders of magnitude. Thus, a 30% increase in atmospheric CO2
concentration entails only a 0.05% change in the oxygen content. The recently
developed, highly-sensitive technique of measurements (Keeling et al., 1996) makes it
possible to trace such slight changes of oxygen content in the atmosphere.
The last factor that matters in the global carbon cycle change is the break of the
physicochemical equilibrium of the dissolved inorganic carbon in the ocean, which is
due to the present-day elevated concentration of the atmospheric CO2 compared to
the preindustrial equilibrium value. As a result, there appears a physical flux of
inorganic carbon from the atmosphere to the ocean aimed at recovery of that
equilibrium. Unlike the previously-mentioned biochemical processes, this process is
not accompanied by any oxygen changes. Note that changes in functioning of the
biological pump controlled by the oceanic biota may, as shown in Section 6.1,
significantly influence (enhance) the rate of physical flux of carbon into the ocean.
Hence, this rate cannot be calculated from mathematical models, since the natural
biota principally does not lend itself to modelling due to huge fluxes of information
processed by living organisms (see Chapter 7).
Using the available carbon and oxygen data, we now estimate the five major terms
in the global carbon budget, i.e. carbon content changes in fossil fuel (/); atmosphere (a); organic carbon pool on land (terrestrial biota) (b); dissolved organic
carbon pool of the ocean (sea) (s+), and dissolved inorganic carbon pool of the
ocean (s~). Other contributions to the global carbon cycle change (volcanic activity,
river run-off, etc.) either remain at the preindustrial level or are negligibly small
(Degens et al., 1984; Ludwig et al., 1996).
According to the law of matter conservation we can represent the global budgets
for atmospheric carbon and atmospheric oxygen (low index O) as
ma + riif + ms- + ms+ + rhh = 0

(6.3.1a)

ma0 + mfo + ms+0 + mbo = 0

(6.3.Ib)

Budget terms here are annual averaged rates of carbon and oxygen mass change in
the corresponding global carbon reservoirs. Sinks of carbon enter (6.3. la) as positive
values, sources of carbon as negative values. Processes like fossil fuel burning or
destruction of organic matter are accompanied by binding of atmospheric oxygen
and thus represent sources of atmospheric carbon but sinks of atmospheric oxygen.
Therefore the oxygen terms in (6.3.Ib) will have opposite signs as compared to the
corresponding carbon terms in (6.3.la).
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As noted above, the observed positive change in atmospheric carbon, rha, is
measured directly. The corresponding negative change in atmospheric oxygen, maO,
is known from precise measurements of modern atmospheric O2/N2 ratio changes
(Keeling and Shertz, 1992; Keeling et al., 1996) for the time period 1991-94. The rate
of carbon emission resulting from fossil fuel burning, m/, is well known for the whole
industrial era. The corresponding rate of oxygen depletion can be calculated as
mja = afihf, where a/ is the stoichiometric ratio characterising the reaction of
oxidation of the organic matter of fossil fuels, a/ = 1.38 ± 0.04 (Keeling et al., 1996).
The rate of absorption of inorganic carbon by the physicochemical system of the
ocean can be determined empirically on the basis of analysis of the ratio of
concentrations of carbon isotopes 12C/13C in the dissolved inorganic carbon of the
ocean. For the time period 1970-90 the average rate of physical carbon absorption
by the ocean approached

The proportionality coefficient ks- is a fundamental characteristic of stability of the
physicochemical system ocean-atmosphere controlled by the biological pump.
It can be calculated using the data (6.3.2) and (6.3.3) for the 1970-90 time
period:

(6.3.2)

Summing up, we now know the first three terms in (6.3.la) and the first two terms in
(6.3.Ib). The remaining unknown terms are related to each other by the known
stoichiometric ratios a = O2/CO2. Synthesis as well as decomposition of organic
matter by terrestrial biota is on average characterised by the ratio a/, = 1.10 ± 0.05
(Keeling et al., 1996). The corresponding ratio for the oceanic biota is determined by
the Redfield ratio (5.5.7) and equals as+ = 1.30 ±0.03 (Redfield, 1958; Chen et al.,
1996). The difference is due to the fact that the majority of the terrestrial biota
consists of wood, which is decomposed following the stoichiometric ratio a close to
unity. Oceanic biota does not need bearing structures like wood and, on average,
features different organic matter composition and, consequently, different value
of a.
Using the stoichiometric ratios a/, as+ and at, we may rewrite Eqs. (6.3.1) as
follows:

ms- = 2.0 Gt C yr"

(Quay et al., 1992; Heimann and Maier-Reimer, 1996). Note that as soon as this
process is not accompanied by changes in the oxygen content, the corresponding
term is absent from (6.3.Ib).
It is possible to update this estimate for the 1991-94 time period, for which the
atmospheric oxygen data are available. The rate at which a physicochemical system
tends to the equilibrium after a perturbation is directly proportional to the
perturbation itself at small values of the latter. According to the ice core data, the
system atmosphere-ocean had remained in the state of physicochemical equilibrium
during several thousand years before the industrial era (Figure 6.2). During this
period the atmospheric mass of carbon had remained nearly constant and equalled
MM ~ 590 Gt C ('0' stands for the preindustrial equilibrium state) (Siegenthaler and
Sarmiento, 1993; IPCC, 1996). According to direct measurements, the average
atmospheric carbon content during 1970-90 amounted to Ma = 720GtC. The
absolute difference, ma, between this value and the equilibrium one is then equal to

msmf,

(6.3.3)

so that the relative perturbation of the preindustrial equilibrium state, ma/Mflo, did
not exceed 20% at that time. Thanks to this fact it is possible to use linear
approximation when relating the rate of relaxation of the physicochemical system
ocean-atmosphere to the equilibrium state, ms~, to the atmospheric perturbation,4
ma:
ms- = ks- ma
(6.3.4)
4
The fact that the perturbation ma is measured with respect to M^o, see (6.3.3), rather than with respect to
some new equilibrium value of the atmospheric carbon mass, is explained by the fact that the
physicochemical system of the ocean represents a powerful buffer with respect to dissolved inorganic
carbon, and, hence, to the atmospheric carbon which is in the equilibrium with the latter (Section 6.1). The
buffer system of the ocean is able to absorb up to 85% of excessive atmospheric carbon. An account of
possible negative feedback of the biological pump will only increase this figure. Thus, if the modern
perturbations of the atmospheric carbon content stopped now, the system ocean-atmosphere would return
to nearly the same state of equilibrium.

(6.3.5)

In 1991-94 the value of ma approached 170GtC. Hence, according to (6.3.4), the
mean rate of absorption of atmospheric carbon by the physicochemical system of the
ocean during this time period was equal to
ms- = 2.6 Gt C yr"

(1991-94)

(6.3.6)

ma + mf + ms- + ms+ + mb = 0

(6.3.7a)

maO —.—+ a tine + as+ms+ + abmb = 0
m
fo

(6.3.7b)

OLfriflf

ma = Ma — MM = 130 Gt C,

2.0 Gt C yr"
= 0.015 yr"
130 GtC

The observed changes in the atmospheric concentration of oxygen during 1991-94
were initially measured in units of per meg, equal to the relative change (C^-C^ref)/
Chref, where Chref is the standard initial oxygen concentration (Keeling et al., 1996).
The rate of binding oxygen during fossil fuel burning, m/o, can also be expressed in
the same units. The atmospheric term mao in (6.3.7b) is thus multiplied by
transforming coefficient (a/ra//m/o), which turns units of oxygen change measurements into units of carbon change measurements (GtCyr" 1 ).
Using the available empirical data discussed above, a.f = 1.38 ±0.04;
aA = 1.1 ±0.05 (Keeling et al., 1996); as+ = 1.30 ± 0.03 (Redfield, 1958; Chen
et al., 1996); mf = (5.9 ±0.3) GtCyr" 1 ; ma = (2.2 ± 0.2) GtCyr" 1 ; maO =
(-42.6 ±0.2) per meg (1991-94); mfo = (57 ± 3) per meg (1991-94) (Keeling et
al., 1996), we arrive at the following relationship between rates of responses of the
oceanic biota, ms+, terrestrial biota, rh[,, and ocean as a physicochemical system, rhs-,
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to the anthropogenic CO2:
ms+ = -9.4 Gt C yr"1 + 5.5 rhs-

(6.3.8)

mb = IS.lGtCyr' 1 -6.5ms-

Relative uncertainties of all figures in (6.3.8) do not exceed 10%. Substituting
ms- = 2.6GtCyr~ 1 (6.3.6) into (6.3.8) we obtain:
ms+ = 4.9 Gt C yr"

mb = -3.8 Gt C

(1991-94)

(6.3.9)

It means that oceanic biota absorbs excessive atmospheric carbon, while terrestrial
biota as a whole emits carbon into the atmosphere and adds to the direct
anthropogenic pollution. The obtained estimate rhb = 3.8GtCyr"' exceeds direct
measurements (IPCC, 1996) (that mostly pertain to the tropical /one with its
intensive agriculture) more than twice and approaches earlier estimates
(Houghton, 1983), which means that areas perturbed by anthropogenic activities
but not accounted for in the land use statistics represent a substantial source of
atmospheric carbon.
Excluding ms- from (6.3.8) yields the relation between the rates of changes in
mass of organic carbon on land and in the ocean:
mb = 2.0GtCyr~' -l.2rhs

(6.3.10)

If we assume that oceanic biota does not react to the increasing atmospheric CO2
concentration at all, ms+ = 0, we arrive at the result obtained by Keeling et al.
(1996). They found a global terrestrial biotic sink mb = 2.0GtCyr"' instead of a
source (6.3.9). Neglect of the oceanic biota as a possible sink of atmospheric carbon
is based of the statement that oceanic productivity is limited by concentrations of
nitrogen and phosphorus, which now remain nearly constant.
We showed in Section 6.1 that such a view is erroneous and the oceanic biota is able
to control concentrations of all biogens within wide margins. However, even if the
concentrations of nitrogen and phosphorus do remain constant, there is still a
possibility for the oceanic biota to absorb the excessive atmospheric carbon. As
noted above, the equilibrium production of the refractory dissolved organic carbon
(DOC) in the ocean constitutes a few tenths of a percent of the gross primary
production of the oceanic biota (Gorshkov, 1995; Gorshkov and Makarieva, 1998).
In response to the growing atmospheric concentration of CO2 the biota is able to
increase the refractory DOC production up to several per cent of the gross primary
production, keeping the latter constant. This can be done, for instance, by increasing
the share of production of extracellular excretions of phytoplankton and reducing the
share of cellular production accordingly (see Figure 6.3). Then the carbon/nitrogen
and carbon/phosphorus ratios in the increased production of DOC can remain at the
preindustrial level.
Destruction of DOC depends on the available concentration of dissolved oxygen,
which does not change with increasing atmospheric CO2. Thus, destruction of DOC
does not increase in response to growing atmospheric CO2, so that an increase in
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DOC production is inevitably accompanied by accumulation of DOC in the ocean
and, consequently, depletion of CO2 from the atmosphere.5
Apart from ignoring the impact of oceanic biota (ms+ = 0), the obtained estimate
(6.3.10) contradicts other empirical data as well. Modern data on land use show that
exploited lands (tropics mostly) represent a source of carbon at 1.6GtCyr~'. If the
global biota as a whole represents a sink at mb = 2.0 Gt C yr"1 (6.3.10), then the
remaining part of terrestrial biota should remove from the atmosphere 3.6GtCyr~',
i.e. about two-thirds of what is released from burning of fossil fuels. Among terrestrial
ecosystems there are no possible candidates that could ensure such a powerful sink of
carbon (Ciais et al., 1995; Schlesinger, 1990). Furthermore, it follows from (6.3.8) that
at ms+ = 0 and mb = 2.0GtCyr~', the rate of carbon absorption by the physicochemical system of the ocean equals ms- = 1.7 Gt C yr" 1 which is one and a half times
less than the independent estimate of this term (6.3.6) obtained on the basis of 13C/12C
measurements and updated according to formula (6.5.4).
The analysis of the carbon-storage potential of soils indicates that soils are
incapable of accumulating carbon quickly, so that if quick accumulation of
carbon by land biota does take place, it may only result from changes in the
biomass of terrestrial vegetation (Schlesinger, 1990; Wofsy et al., 1993). At the same
time, destruction of soil organic matter may occur at an arbitrarily high rate. Mean
loss of soil carbon following agricultural conversion reaches about 30% in different
types of ecosystems. In certain tropical forest areas that value may reach the
maximum of 70% (Schlesinger, 1986; Bouwman, 1989).
Expectations of an increase in biomass of the terrestrial vegetation are based on
the concept of limiting biogens. It is assumed that productivity of the terrestrial biota
is limited by the atmospheric concentration of CO2 and should grow in response to
its increase. This effect has never been unambiguously documented under natural
conditions, so such expectations are based solely on experiments with plants in pots
(Scholes, 1999). As we have shown in the previous chapter, the concept of limiting
biogens may work for separate plants picked out from their natural ecological
community but fails for the ecological community as a whole. Thus, there are no
grounds to expect that the productivity of the terrestrial biota significantly increases
in response to the increase in atmospheric carbon due to relaxation of the CO2
limitation.
Finally, even if productivity of the terrestrial biota does increase, why should not
one expect that the destructivity of organic matter (i.e. the rate of its decomposition)
will also increase in proportion to productivity, so that the net effect in natural
ecosystems will be close to zero? As noted before, the amount of oxygen in the
atmosphere exceeds that of organic carbon by about four orders of magnitude, so
that there are no obstacles for the increased productivity to be counteracted by
increased destructivity. The latter can be manifested, for example, in increased
population numbers of heterotrophic organisms (bacteria, fungi, animals) for which
5
Rate of DOC decomposition may depend on the concentration of DOC itself. However, at large absolute
values of DOC mass, the changes in concentration are small and cannot increase the equilibrium value of
DOC destruction.
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more food becomes available (food, following the same 'limiting' logic, should be the
limiting factor controlling the population numbers of heterotrophs).6 Summing up, if
one discards the biotic regulation concept and logically follows the concept of
limiting biogens, one cannot expect any compensating reaction of the terrestrial
biota to the elevated atmospheric CC>2.
Such a reaction could be only performed by the remaining non-perturbed
terrestrial biota that still functions in accordance with the biotic Le Chatelier
principle. The latter forms the basis for the biotic regulation concept, which
implies that rates of both productivity and destructivity are controlled by the
ecological community to maximise the degree of environmental stability. However,
by all appearances, the degree of anthropogenic perturbation of the terrestrial biota
is so high that the compensating impact of the remaining non-perturbed biota is by
far exceeded by the destabilising effect of the major part of terrestrial biota that is
affected by human activities.

6.4 HISTORICAL DYNAMICS OF THE GLOBAL CHANGE
Meanwhile, the oceanic biota only slightly perturbed by human activities as yet
negatively feeds back to the increasing atmospheric CO2 in accordance with the
prediction of the biotic regulation concept. As with the reaction of the physicochemical system of the ocean, the compensating reaction of oceanic biota to
perturbations in the atmospheric CO2 content should be proportional to the value
of the perturbation itself. Similarly to (6.3.4), we may write for the oceanic biota:
ms+ = ks+ma

(6.4.1)
1

Substituting ms+ =4.9GtCyr~ (6.3.9) and ma = 170 GtC for the 1991-94 time
period into (6.4.1), we obtain
ks+ = •

mn

4.9GtCyr"
= 0.029 yr'
170 GtC

(6.4.2)

The obtained positive values of ks+ (6.4.2) and ks- (6.3.5) reflect the fact that the
stationary preindustrial state of the carbon cycle is stable: increase in atmospheric
COa is counteracted by oceanic absorption of carbon, whereas depletion of atmospheric CO2 can be compensated by oceanic emission of carbon.
Note that the physicochemical system of the ocean alone is not able to return the
system ocean-atmosphere precisely to its initial preindustrial state. When a certain
amount of carbon is released into the atmosphere, some part of it is absorbed by the
ocean, whereas some part will be left in the atmosphere forming a new state of
6
It is sometimes stated that destructivity (i.e. the rate of decomposition of organic carbon) of the
terrestrial biota will be increased solely as a result of an increase in the mean global surface temperature
following the enhanced greenhouse effect (Scholes, 1999). Metabolic rate of cold-blooded heterotrophic
organisms indeed increases with temperature (see Section 3.1). However, an increased population number
of heterotrophs at constant surface temperature will produce a far more significant and rapid effect.
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physicochemical equilibrium. In spite of the fact that the ocean is characterised by a
large buffer effect with respect to carbon (i.e. it could absorb the overwhelming
majority of the present-day excessive carbon dioxide) the effect of shifting to a new
equilibrium will still be present, although very small. Functioning of the biota is not
based on such simple processes of establishing physicochemical equilibrium. Genetic
information of species makes it possible for the biota to use highly-ordered solar
energy in order to recover precisely the initial optimal values of all the important
environmental characteristics. With respect to the atmospheric CO2 this is done by
converting the inorganic atmospheric carbon into refractory dissolved organic
carbon of the ocean.
The rate of change of organic matter in the ocean, ms+, is equal to the difference
between the change in the rate of its production AP++ and destruction A/"^:

where P^+0 are the stationary non-perturbed preindustrial values of production and
destruction in the oceanic biota, for which the equality P++0 = P~+0 holds true. Using
(6.4.1) one may relate the relative change in productivity to the relative change of the
atmospheric concentration of CO2, which is equal to the respective relative change in
the cumulative mass of atmospheric carbon, A[CO2]fl/[CO2]a0 = ma/Ma0:
Ma0

ma _

~^T— ' ~T~,— = K,+ T,+ '

s+0

A[C0 2 ] fl _

A[C02]a

[co2Lo
(6.4.4)

Here TS+ = Ma0/'P*+0 is the time of atmospheric carbon turnover through the oceanic
biota which is equal to 14 years (Ma0 = 590GtC, P++0 = 40GtCyr~' (see Table
3.1)); /3S+ = ks+rs+ = 0.41 (6.4.2) is the dimensionless scaling factor (see Section 5.5).
The expression (6.4.4) differs from the often-used scaling relation known as
'fertilisation' of biota by excessive CO2 (Kohlmaier et al., 1987; Scholes, 1999) in
containing, in addition to the change in production, AP++, change in destruction,
AP~+ as well.
As repeatedly noted above, fluxes of synthesis and destruction should be
balancing in such a way that the environment could remain stable both in the
absence and in the presence of external perturbations. If the biota were functioning
in accordance with the principle of limiting nutrients, that would be impossible. The
compensating reaction of the natural biota to external perturbations in accordance
with the biotic Le Chatelier principle cannot be reduced to simple increase or
decrease productivity (although in some cases it is also possible). Rather, it
represents a directional change in the balance between production and destruction,
which may assume very complicated forms.
To find out all the details of the biotic response to external perturbation one
would need to know the genetic programmes of functioning not only of each
particular organism but also of the correlated interaction between different
organisms in the community. As will be shown in Chapter 7, this is beyond the
possibilities of modern civilisation. Thus, the questions how does the biota react to
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Figure 6.3. Reaction of the nonperturbed oceanic biota to increase in atmospheric CO2 concentration.
Figures near arrows represent rates of production (arrows down) and destruction (arrows up) of organic
matter in GtCyr" 1 . Figures in italics represent stores of organic carbon in the form of dissolved organic
carbon and live biomass in Gt C. The gross primary production of the oceanic biota is taken equal to
doubled net primary production, P+ = GPP = 80 GtCyr" 1 (Whittaker and Likens, 1975; IPCC, 1996).
The preindustrial equilibrium rate of DOC production is equal to the ratio between the DOC mass
M a 700 GtC (Druffel and Williams, 1990; Bauer et al., 1998; Wiebinga and de Baar, 1998) to the time
of DOC turnover T = 8400 years (Gorshkov and Makarieva, 1998): M/T w 0.1 GtCyr" 1 . Modern state
is shown according to the result (6.3.9).

the perturbation and why does the natural biota react in this or that way, are
unscientific. One can only find out what is going on.
In the considered case of the reaction of oceanic biota to the anthropogenic
increase of atmospheric carbon, the biota increases production of the refractory
dissolved organic carbon (DOC) as compared to the preindustrial value, while the
gross primary production and the rate of DOC decomposition remain practically
unchanged (Figure 6.3). It means that a certain part of the primary production,
which used to be spent on synthesis of the short-lived biomass of living cells that
was rapidly decomposed, is now spent on synthesis of refractory DOC which is
decomposed very slowly. Such reaction of the biota is equivalent to an effective
decrease of the rate of decomposition of organic matter at constant rate of its
synthesis. This leads to accumulation of organic matter in the ocean in the form of
DOC, so that the oceanic biota ensures a sink of atmospheric carbon. How this
process is organised, via increased rate of production of phytoplankton
extracellular excretions or excretions of heterotrophic organisms, or both, can
hardly be investigated in detail. Besides, there is hardly any need for such an
investigation.
The resulting reaction of the oceanic biota to the increased atmospheric CO2
concentration represents, therefore, a decrease in the rate of destruction of organic
matter at the constant rate of its production. This non-trivial fact cannot be either
understood or predicted on the basis of the concept of limiting nutrients.
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The non-perturbed terrestrial biota should have reacted to the external perturbation of the environment in a manner similar to the non-perturbed oceanic biota,
which means that terrestrial biota is characterised by the same value of the scaling
factor fa, fa = Ps+ = @ = 0.41, which is likely to represent a fundamental characteristic of the contemporary biota as a whole and is determined by the universal
biochemical organisation of life. Note that under this assumption the absolute value
of biotic response, AP+ - AP~, as observed in different regions of the biosphere, is
proportional to the non-perturbed value P^ of the net primary production of the
biota of those regions, see (6.4.4).
We may write for the rate of the carbon mass change in the terrestrial biota:
(6.4.5)

mh = kbma

Using the relationship /3S+ = ks+rs+ we estimate the non-perturbed preindustrial
as
value of k/,,
kbo = ks+Ts+/Tb = 0.041 yr"1

(6.4.6)

where n = MM/P^ is the time of atmospheric carbon turnover through the
terrestrial biota, rfr = 9.8 years (Ma0 = 590GtC, Pj, = eOGtCyr" 1 , see Table
3.1). Note that there is no reservoir of inorganic carbon on land that would be in
physicochemical equilibrium with the atmospheric COa similar to the dissolved
inorganic carbon of the ocean. Thus, the reaction of land to atmospheric carbon
perturbations is described by a single parameter kb, whereas the oceanic reaction has
both biotic and physicochemical components, ks = ks+ + ks-.
When the degree of perturbation of the terrestrial biota grows, the value of kb
begins to drop off and turns to zero when the biotic stability on land is broken. This
corresponds to a situation when the remaining non-perturbed areas compensate the
destabilising impact of perturbed areas, so that the net effect is equal to zero. To
analyse environmental changes related to the degree of perturbation of the terrestrial
biota, it is convenient to write the law of matter conservation (6.3.7a) in terms
of k,:
ka + ks + kf + kb = 0,

kt =

(6.4.7)

Here kf for the fossil fuel reservoir is a formal value found from the empirical data
on riif and ma. Variables ks and kb for the non-perturbed ocean and biota have the
meaning of the rate of relaxation of slightly perturbed systems to the initial
equilibrium non-perturbed state. Since the oceanic system has been only slightly
disturbed during the industrial era, the coefficient ks does not change with time. The
behaviour of kb can be retrieved from Eq. (6.4.7) (see Figure 6.4). In the absence of
fossil fuel burning (kf = 0) and perturbation of the terrestrial biota (kb = kbo) the
rate of relaxation of the atmosphere to the preindustrial stable state after any
perturbation is determined as the sum of biotic and oceanic responses,
With the signs of tht defined as they are, see (6.3.3), the atmospheric stability
corresponds to ka < 0, and the stability of the ocean and terrestrial biota is described
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Figure 6.4. Coefficients of environmental stability (relaxation coefficients),
see (6.4.7).
ki = mi/ma;ma = Ma-MM;Ma and MM are the varying (perturbed) and the stationary (nonperturbed) mass of atmospheric carbon; kfo = 0, kM and kM are the non-perturbed relaxation coefficients
of fossil carbon, terrestrial biota and atmosphere, respectively. Points show two decade averages, plotted
from ice core data up to 1958, and from atmospheric measurements after 1958 (see notes to Figure 6.2).
Dashed lines interpolate between the observed and the non-perturbed values. Vertical dotted lines denote:
' = f\—tne time margin of the highest degree of stability of the global environment (the maximum rate of
relaxation after perturbation), kb = kb(, at t <tl;t = t2—loss of stability of the terrestrial biota,
kh — 0;t = (3—loss of atmospheric stability (ka = 0) provoked by further degradation of the terrestrial
biota and initiation of the global change.

by ks > 0 and hb > 0. Therefore, the conditions for satisfying the biotic Le Chatelier
principle in the biosphere as a whole have the form:
ks > 0,

0

(6.4.8)

It may be seen from Figure 6.4 that the stability of terrestrial biota and, respectively,
that of the atmosphere, started to decrease, kb < kho, from the middle of the 17th
century, t = t\. By the middle of the 18th century, t = t2, the stability of land biota
was completely violated, kb = 0. Starting from that time and up to the beginning of
the 19th century, stability of the atmosphere was supported by the oceanic biota
alone. From the beginning of the 19th century, t ~ ?3, the anthropogenic perturbation of the terrestrial biota exceeded the critical level corresponding to ka = 0, after
which biota of the ocean already failed to cope with stabilising the atmosphere, and
the process of global change of the environment had started, ka > 0.
As the natural terrestrial biota is further destroyed, the relative rate of emission of
carbon from it, kb, gradually starts to drop off, although the absolute rate, mb, keeps
on growing (Figures 6.2 and 6.4). Apparently, with the total destruction of natural
land biota and its substitution with managed agrosystems, the stabilising potential of
terrestrial biota will turn to zero, and the rates kb and mb will fluctuate randomly
around their zero values. That tendency is already observed in Figure 6.4.
Data from Figure 6.4 make it possible to relate the stability of global environment
to the global human population number (Figure 6.5). The average rate of
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Figure 6.5. Energy thresholds for the global environmental stability. The curve pA describes the
cumulative anthropogenic consumption of the net primary production of the biosphere in power units.
It includes food for people, cattle fodder and consumption of wood. The per capita consumption of the net
primary production by humans is assumed to be about 1 kW (Gorshkov, 1995). Horizontal lines are as
follows: line pAl gives the maximum permissible value ofpA compatible with the maximum stability of the
global environment; line pA2—\oss of stability of the terrestrial biota; line pM—loss of stability of the
global environment as a whole. Horizontal line p+ is the power of the net primary production of the total
biosphere. Area I is ecologically permitted, area IV is ecologically prohibited. The transitional areas II and
III are very narrow. See also notations to Figure 6.4 and text.

anthropogenic per capita consumption of the net primary production of the
biosphere can be estimated in power units as 1 kW person"1 (Gorshkov, 1995).
This estimate accounts for plant and animal food consumed by humans themselves,
fodder consumed by cattle and anthropogenic consumption of wood. Using the
available data on the global population growth (Figure 1.2), one may draw a curve
describing the increasing rate of energy consumption of humanity,/?^, which is solely
due to consumption of organic matter of the biosphere (excluding fossil fuel
burning). Figure 6.5 presents this curve in the logarithmic scale. Using the data of
Figure 6.4, we draw vertical lines t = t\, t2, t3 until they cross the curve pA and draw
horizontal lines pA\, pA2 and pA3 through the three points of intersections. These
three lines divide the graphic plane into four areas.
Within the first area,^ <pA\(t<ti), biotic regulation was characterised by the
maximum possible efficiency. Consumption of the net primary production by the
global population of humans did not exceed the ecologically permissible value
allocated to large animals under natural ecological conditions, i.e. it did not
exceed 1% of the total primary production (see Figure 3.3).
Within the second area, pAl < pA <pA2 (t{ < t < t2), the regulatory potential of
the terrestrial biota began to degrade. However, the terrestrial biota as a whole still
imposed compensating impact on the global environment. Within the third area,
PA2 < PA < PA3 (h < t < ;3), the terrestrial biota as a whole lost its stabilising
capacity and began to contribute to the environmental degradation. However, the
non-perturbed oceanic biota was still able to stabilise the global environment.
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Finally, within the fourth area, PA > PAT, (t < h), the global environment becomes
unstable. The fourth area corresponds to the share of consumption that in natural
environments is allocated to the smallest heterotrophic organisms (bacteria, fungi)
which, together with plants, carry out the major part of work on environmental
regulation (see Section 3.4 and Figure 3.3). Anthropogenic invasion of the fourth
area entails violation of the biotic regulation mechanism on a global scale and
initiates global environmental changes (see Section 1.10 and Figure 1.1).
Thus, while the first area is ecologically permissible, the fourth area is
ecologically prohibited. Note that the intermediate zone (areas II and III)
between the states of maximum efficient biotic regulation and maximum environmental stability, on the one hand, and violation of biotic regulation on a global
scale and global degradation of the environment, on the other, is very narrow
(Figure 6.5). The transition from the first area, where the genus Homo had existed
for about a million years, and the species Homo sapiens for at least several
thousand years, to the fourth area of the global degradation of the environment,
occurred nearly instantaneously.
Figure 6.5 shows that the ecologically-permissible global population number of
humans should not exceed the value attained in the 16th century, which is of the order of
half a billion people. Although the presented estimate is rather rough, the order of
magnitude of the obtained result is unlikely to be biased.

It is sometimes stated that the destructive environmental impact of humans can be
combated by decreasing energy consumption in the developed countries. The USA is
often blamed for consuming the major part of world energy not proportional to their
population. This is related to high living standards in the developed countries. In this
respect it is important to note that only the basic need of humans, namely their food,
is accounted for in Figure 6.5. It means that the current world population number
still would be incompatible with environmental stability even if people in all
countries stopped fossil fuel burning and producing cars and all other industrial
goods. (By the way, in reality any considerable decrease of energy use is impossible at
high population density, see Chapter 12 and Figure 12.1). Thus, the idea of
sustainability via energy consumption equality is scientifically unsound. The only
way out of the global ecological crisis is the gradual reduction of the global human
population number.
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The net primary production of the ocean is about 40 Gt C yr ' and constitutes
about s = 0.4 (40%) of the net primary production of the whole biosphere,7 which is
about P+ = lOOGtCyr^ 1 (see Table 3.1). It leaves about 60GtCyr-' for the
terrestrial biota, b = 0.6 (60%). Anthropogenically perturbed land areas now
amount to bA = 0.6 (i.e. about 60%) of the total land area occupied by the terrestrial
biota. The areas of land wilderness still remaining outside the scope of human
activities constitute bw = 0.4 (40%) of that area (World Resources, 1988). Thus the
net primary production of the non-perturbed and perturbed terrestrial biota are
about 24% and 36% of the net primary production of the whole biosphere,
respectively (bwb = 0.24 and bAb = 0.36). As noted above, it is natural to assume
that negative feedback reaction of the non-perturbed biota is proportional to the net
primary production— the more the production, the more powerful the biotic
response to perturbations, see (6.4.4).
Accordingly, as far as the oceanic biota accounts for 40% of the net primary
production of the whole biosphere and absorbs ms+ = 4.9 Gt C yr"1 (6.3.9) from the
atmosphere, we find that at present the remaining non-perturbed terrestrial biota can
absorb
(ms+/s) • bwb = (4.9 Gt C yr"Vo.40) • 0.24 w 2.9 Gt C yr"1.
The terrestrial biota as a whole currently emits about 3.8GtCyr~' to the atmosphere, see (6.3.9). That means that the perturbed terrestrial biota emits about
rhbA « 6.7 Gt C yr" 1 (see Figure 6.6a).
Were we able to return the whole terrestrial biota and, consequently, the whole
biota of the biosphere, to its non-perturbed state, it would absorb about
Bw = (ms+/s) = 4.9 Gt C yr"Vo.40 « 12.3 Gt C yr" 1
from the modern atmosphere, which would over-compensate anthropogenic carbon
emission from the present-day fossil fuel combustion. The atmospheric CO2
concentration would then begin to decrease at a rate of about 9GtCyr~ 1 (the
biotic response will be helped by absorption of inorganic carbon by the ocean) and
the preindustrial equilibrium state could be restored in 7-8 decades (see Figure
6.6b).
Were the biota of the whole biosphere including ocean completely perturbed to
the degree that it is in exploited land areas, it would emit about
BA =

6.5 STOPPING THE GLOBAL CARBON CHANGE
Using quantitative estimates obtained in Section 6.3 it is possible to calculate more
accurately the minimum amount of non-perturbed biota that is sufficient to stop the
present-day changes of the global carbon cycle. This means partial restoration of the
regulatory biotic potential to such a level that the non-perturbed biota would be able
to compensate the fossil fuel burning and carbon emission from the perturbed areas.
Note that it does not mean complete restoration of the maximum possible stabilising
potential of the global biota.

Stopping the Global Carbon Change

ISJGtCyr

so that the atmospheric CO2 concentration would increase at a catastrophic rate of
about 22GtCyr~' (see Figure 6.6c). Note that in such a situation even complete
abandonment of fossil fuel burning would reduce this value down to only
7

With account made for relation between the gross and net primary production (Whittaker and Likens,
1975), estimates of the net primary production of the biosphere provided by different authors (De Voogs,
1975; Fogg, 1975; Platt and Rao, 1975; Vinogradov and Shushkina, 1988; Platt et al., 1989; IPCC, 1996)
coincide within the uncertainty limits with this value (see Table 3.1).
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Figure 6.6. The global change and the natural biota. The global carbon cycle change: a—for the modern
state of the biosphere; b—for completely unperturbed biosphere; c—for completely perturbed biosphere;
<j for stopping the global change. Shaded boxes stand for natural nonperturbed biota, blank boxes stand
for anthropogenically perturbed biota. Figures near arrows are carbon fluxes in GtCyr~'. Figures in
shaded and blank boxes are values of net primary production of different parts of the biosphere in
GtCyr" 1 . Carbon flux of 2.6GtCyr~' (to the left of the fossil fuel box) stands for absorption of
atmospheric carbon by the physicochemical system of the ocean, see (6.3.6).

16GtCyr~'. Thus the state of the global environment strongly depends on the state
of biota in the biosphere.
Using this fact it is possible to stop the global environmental changes of today
even if the modern rate of fossil fuel burning remains the same. This can be done by
increasing the area occupied by non-perturbed biota at the expense of anthropogenically perturbed territories. At present, various forms of land use account for
about bAb « 0.36 (36%) of the net primary production of the global biota. To ensure

Sec. 6.6]

The Water Cycle

171

the desired effect, it is sufficient to reduce the anthropogenic consumption of the net
primary production of the biosphere from the current 36% to 29% (see Figure 6.6d).
In such a case the perturbed terrestrial biota would emit carbon at a rate of
0.295,4 K 5.4GtCyr"', while the rest of the biota (that of the ocean and of the
remaining land) will find itself in a nonperturbed state and will absorb
Q.llBw « 8.7 GtCyr" 1 . This stabilising impact, together with that of the physicochemical system of the ocean, will completely compensate all anthropogenic
perturbations (those due to fossil fuel burning and those due to land use) (see
Figure 6.6d).
Immediate reduction of the area occupied by arable lands and pastures is
impossible due to the necessity to feed the current global population. Such
reduction can be only achieved in a long-term perspective, when considerable
changes in demographic policy of all nations already take place. About half of the
36% of net primary production of the biosphere currently consumed by man is a
result of the exploitation of forests. The most real way of ensuring the desired 7%
reduction in consumption of the net primary production of the biosphere needed to
stop the global carbon changes seems to be a 40% reduction in exploitation of
forests (18% -0.40«7%). Thus, to stop global change, humanity has to reduce the
territories where forest use now takes place by about 40% and allow natural forest
communities to recover in those areas.
Note that restoration of the non-perturbed biota and artificial replantation of cleared
territories is absolutely not the same. The negative biotic feedback to environmental
perturbations arises as the result of essentially non-random interactions of particular
species forming diverse ecological communities. The power of the biotic environmental impact is proportional to the net primary productivity of the natural biota,
which at present exceeds by an order of magnitude the energetic power of
humankind. Artificially-maintained biological systems (e.g. plantations, pastures,
arable lands) represent arbitrary (from nature's point of view) sets of species placed
together to cover human needs. Being deprived of the regulatory potential, such
systems are not only unable to support their own stability (Soberon, 1990) but, when
that is done artificially by humans, represent a major destabilising factor owing to
the sustained high productivity. In that sense complete absence of the biota on a given
territory would do less harm by far to the environment than an artificially-managed
ecosystem supported by humans on the same territory.
Thus there is a principal difference between restoration of natural communities
which may occur spontaneously in the course of natural succession processes
(Sections 6.7 and 6.8) and artificial replantation of the cleared areas. The ultimate
goal should be to restore the natural regulatory function of the biota but not merely
fixing in wood a certain amount of CO2.

6.6 THE WATER CYCLE
Water is the principal body and metabolic component in all living beings. Life on
Earth exists within a narrow temperature margin corresponding to the liquid phase
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Table 6.1. Stores of water in the biosphere.
Reservoir

Store, 10 12 1
Salt water

Ocean
Glaciers
Underground waters
Lakes
Soil
Biota
Atmosphere
Rivers

Source

Fresh water

1.4 xlO 6
2.0 xlO 4
4.0 xlO 3
l.SxlO2
20
8
3
1.4

Allen, 1955
Lvovitch, 1974
Lvovitch, 1974
Lvovitch, 1974
Whittaker and Likens, 1975
Whittaker and Likens, 1975
Mitchell, 1989
Lvovitch, 1974

of water. Enormous stores of water in the biosphere distinguish Earth from the other
planets of the terrestrial group in the solar system (Allen, 1955; Prinn, 1982). These
stores are mainly concentrated in the world ocean, containing 1.4-10 9 Gt of H2O
(Table 6.1).
At their present rate, the processes of water outflow into the hydrosphere from the
Earth's interior may be responsible for the appearance of no more than one tenth of
the contemporary hydrosphere. Sedimentary rocks are on average 2 km thick (Allen,
1955). They are formed from matter fluxes rising from the Earth's depths. The
relative water content in matter surfacing in rift zones and erupted by the volcanoes
does not exceed 10% (Lvovitch, 1974; Degens et al., 1984; Baumgartner and Reichel,
1975; Henderson-Sellers and Cogley, 1982; Shukla and Mintz, 1982). The share of
water in the counterflow of matter into terrestrial depths must be at least as high.
Hence, if the whole hydrosphere had been formed by the water outflow from the
Earth's depths, the average depth of the hydrosphere should not have exceeded 10%
of the average depth of the sedimentary layer, that is 200 m (instead of the actually
observed 3km (Allen, 1955; Watts, 1982)).
Many biochemical reactions are accompanied by the formation of free water. As
follows from Table 3.1, the annual production of the modern biosphere is about
200Gtyr~' of dry organic matter, half of that amount being organic carbon. It is
natural to assume that production of the paleobiosphere had been of the same order
of magnitude. Assume that free water constituted 1% of paleobiological production.
It could be synthesised, e.g. from CH4 and CO2, which could have been present in
the Earth's paleoatmosphere (Allen, 1955; Budyko et al., 1987). Then the whole of
the hydrosphere could have been formed by the living beings in less than 109 years,
that is within about one-quarter of the whole lifespan of Earth life. It means that, in
accordance with geological data, the hydrosphere could have been formed about
3 • 109 years ago (Baumgartner and Reichel, 1975; Henderson-Sellers and Cogley,
1982). Biochemical reactions could have later undergone evolutionary changes to
acquire their contemporary form. Thus the possibility may not be excluded that the
most part of the Earth's hydrosphere is of biological origin.
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The peculiar feature of atmospheric water vapour as compared to other atmospheric gases used by the biota, such as CO2 and O2, is that the global mean
temperature of the Earth's surface and the terrestrial air pressure correspond to the
liquid phase of H2O. The CO2 and O2 gases (that can only be condensed at
temperatures lower than -80°C) are relatively uniformly mixed over the whole
atmosphere. Their oceanic solutions are in physicochemical equilibrium with their
atmospheric concentrations. In contrast, the atmospheric concentration of water
vapour is only in physicochemical equilibrium with the liquid H2O phase (oceans,
seas, lakes and rivers) in the area of immediate contact of the atmosphere with open
water surface. In the upper cold layers of the atmosphere, water vapour condenses in
clouds and precipitates in the form of water drops.
This peculiarity of water causes the extreme unevenness of distribution of the
concentration of water vapour and clouds in the atmosphere, which changes
hundreds of times from region to region (Mitchell, 1989; Raval and Ramanathan,
1989; Chahine, 1992). This non-uniformity of water vapour distribution in the
atmosphere leads to formation of the atmospheric water cycle. Water evaporates
from open water surfaces, soil and foliage and precipitates after condensation in the
upper cold layers of the atmosphere.
The present-day store of oceanic water exceeds the store of organic matter in the
whole of the biosphere by many orders of magnitude (Table 6.1). In the sense
defined above, water in the ocean, as well as oxygen in the atmosphere, is a
biotically non-regulated substance (see Section 5.6). In contrast, atmospheric water
vapour is characterised by significantly smaller concentrations and is globally
regulated. In the ocean, the precipitation regime affects such environmental
characteristics as salinity of the surface waters and local greenhouse effects
(Chapter 8). The oceanic biota may keep these parameters close to the optimum
regulating the atmospheric concentration of water vapour via control of the rate of
water evaporation from the oceanic surface. This can be done by changing the
surface density of algae (which may form continuous cover, e.g. during spring
blooms) and by synthesis of various surface-active substances (Lebedev et al.,
1974). However, by all appearances, the oceanic biota's capabilities to compensate
random fluctuations of the controlled characteristics are much less powerful than
those of the terrestrial biota.
The time of complete latitudinal mixing of the atmosphere is of the order of a few
months (Palmen and Newton, 1969). The turnover time for atmospheric moisture
(that is, the ratio of the atmospheric store of moisture to the average rate of
evaporation) is of the order of 10 days (Brutsaert, 1982). That results in the observed
regional inhomogeneity of the atmospheric distribution of moisture, so that the
moisture regime (including the atmospheric store of moisture, precipitation and
evaporation) strongly differs from sea to land. Evaporation in the ocean exceeds
precipitation (Lvovitch, 1974; Baumgartner and Reichel, 1975). The difference
between evaporated and precipitated moisture is transported to land, where that
flux is precipitated and runs off to the ocean, in agreement with the law of matter
conservation, as river runoff (Lvovitch, 1974). This part of moisture fluxes on land
can hardly be regulated by the terrestrial biota.
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However, in addition to precipitation brought from the ocean, there exists also a
land-closed cycle of evaporation and precipitation. In the absence of terrestrial biota,
the additional precipitation should have been much less than precipitation brought
from the ocean. In the absence of vegetation cover and soil, the precipitated moisture
is quickly transferred to underground waters, which feed rivers and lakes, occupying
about 2% of the land surface (see Table 3.1). Evaporation from the surface of rivers
and lakes is negligibly small in comparison with precipitation brought in from the
ocean. In the absence of terrestrial biota, fluctuations of oceanic precipitation would
have triggered sharp changes in the river runoff.
It is only the formation of vegetation cover and soil which results in high levels of
evaporation from the whole of the land and the smoothing out of random
oscillations of river runoff. After vegetation is formed, part of the river runoff is
spent on storing moisture in soil, in green plants, and in the continental atmosphere
(Table 6.1). The increase of that mass enhances the land water cycle. According to
available measurements, precipitation on land exceeds river runoff by about a factor
of three (Lvovitch, 1974; Shukla and Mintz, 1982; Chahine, 1992). Hence, only one
third of precipitation is brought from the ocean and more than two-thirds come
from the closed water cycle on land (Figure 6.7). Hence, the principal part of the land
moisture regime is formed by terrestrial biota and is subject to biotic regulation.
It is routinely assumed that the moisture regime of the continents is completely
controlled by the regular circulating air flows, which depend on the latitudinal and
seasonal distribution of the solar radiation, on continental relief, and on the mutual
configuration of continents and oceans (Palmen and Newton, 1969). However the
data on distribution of the solar energy (see Table 7.1) indicate that the power of
evaporation by foliage (transpiration power) subject to biotic control exceeds the
global wind power severalfold. Irregular atmospheric fluxes, such as cyclones and
tornadoes, are produced by latent heat of evaporation that is released during
condensation of atmospheric moisture, the most part of which is also accumulated
under biotic control. Thus, from the energetic point of view, the terrestrial biota is
powerful enough to completely alter the regime of irregular air flows in the
atmosphere and the related characteristics of the precipitation regime on land.
Since cumulative leafage surface greatly exceeds the surface projection area
occupied by corresponding plants (this ratio is called the leaf area index; it is of
the order of 10 in forests, while not exceeding 5 for land surface on average
(Whittaker, 1975; Whittaker and Likens, 1975; Table 3.1)), transpiration by
vegetation may significantly exceed evaporation from the areas devoid of vegetation
cover, and even from open water surface.
The maximum possible transpiration corresponds to a situation when all the
available solar energy is used exclusively for transpiration (see Section 3.3). In virgin
forests unperturbed by human activities, up to 90% of the incident solar energy is
intercepted by leafage and spent on transpiration (Duvigneaud, 1974; Odum, 1983),
while the same figure does not exceed 40% in human-transformed cultivated lands
(Duvigneaud, 1974). Thus human forcing of the natural forest communities during
the whole of human history is likely to have nearly halved the evaporating power of
vegetation on the global scale. That could lead to significant changes in the
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Figure 6.7. Biotic impact on water cycle. Figures indicate rates of evaporation (arrows up), precipitation
(arrows down), and river runoff, cmyr~' (Lvovitch, 1974; Baumgartner and Reichel, 1975; Chahine,
1992). The ratio of the rate of river runoff (cm yr~') to sea-to-land moisture transport (cmyr^ 1 ) is
equal to the ratio of surface areas of sea and land. Hence, the river runoff corresponds to precipitation
of about 10cmyr~' in the ocean and to about 25cmyr~' on land. Evaporation and precipitation in the
ocean and the sea-to-land moisture transport, equal to the river runoff, cannot be regulated by the biota.
In the absence of terrestrial biota, the precipitated moisture would have rapidly transferred to
underground waters. Evaporation would have mostly taken place from the surface of rivers and lakes
(which constitute only 2% of the total land surface). Thus precipitation on land would have been
completely controlled by moisture transport from the ocean, and would have coincided approximately
with the river runoff. Plant transpiration triples the water cycle, as compared to lifeless land. If all the solar
energy incident upon the Earth's surface was spent on plant transpiration, the water cycle could increase
by a factor of nine (the dotted cycle). The situation close to that maximum is found in tropical forests.
Shaded cycles represent the real water cycles on land and in the ocean.

circulation regime of air masses in the atmosphere and considerable reduction of
precipitation on land, i.e. entail complete restructure of the moisture regime on large
continental areas and enhance the process of desertification (see Figure 6.7).
Were there no wind, water would precipitate in that very location where it
evaporated. In such a case, a forest community would be self-sustainable with
respect to the necessary amount of precipitation. Enhancing transpiration from the
foliage, the community would accordingly increase the amount of precipitation, so
that the rate of water cycling could be kept by the community at an almost
arbitrarily high level. In the real case, water evaporates in one location and is
brought away by wind to another location, where it precipitates. Atmospheric
moisture fluxes change in accordance to the direction of wind. Thus local precipitation is determined by evaporation of water by the biota of some remote, randomlylocated area.
In this real case biotic regulation of the water cycle can only be performed on
large areas occupied by uniform ecological communities. Self-sustainable existence
of forest communities with respect to water is possible when the water evaporated in
one part of the forest precipitates in another part of it, so that the total water stock in
the forest cannot be reduced by external physical fluxes, i.e. by wind. Thus, the linear
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size of the territory occupied by forest should not be less than the average travelling
distance of water vapour.
The average residence time of water in the atmosphere decreases with increasing
concentration of water vapour approaching the saturated concentration. In other
words, the more the atmospheric water vapour concentration, the shorter the period
between two successive precipitation events. The average residence time of atmospheric water vapour over large, forest-covered territories apparently does not
exceed a few days (Brutsaert, 1982). Given the global mean wind speed of about
7 msec" 1 (Gustavson, 1979) the average travelling distance of water from the site of
evaporation to the site of precipitation is of the order of a few thousand kilometres.
Thus, an inland forest can be self-sustainable with respect to water if it covers a
territory of not less than 1000 kilometres in any direction. In such a case, the biotic
store of moisture which is mostly contained in soil and live biomass (Table 6.1) stays
within the forest communities for infinitely long periods of time irrespective of
physical air fluxes. Reduction of the forest-covered territory may lead to gradual
'leakage' of water from the community through evaporation into the atmosphere
and, finally, may cause complete desertification of the territory.
Thus, natural reforestation of deserts may only start from the shores of large
water reservoirs—seas, large lakes and rivers, when a 1000 kilometres-wide forest
front gradually penetrates into the desertified territory, creating the biotic store of
moisture on already occupied areas and making possible further advancement of the
forest. By all appearances, the same mechanism was applied when terrestrial
communities colonised continental surfaces of the planet for the first time in the
history of life. It follows that, in order to conserve the recovery potential of forests, it
is necessary to conserve several kilometres-wide forest bands along all the major
water reservoirs, so that these strips run continuously for at least 1000 kilometres.
Due to the inhomogeneity of moisture distribution over continental areas, biotic
regulation of the water vapour concentration and water regime as a whole is possible
on a regional instead of a global scale, contrary to the case of atmospheric CC>2
which is evenly mixed in the global atmosphere. Absolute humidity under the tree
canopy of about 30 m in height exceeds severalfold the mean absolute humidity in
the atmospheric column up to 3 km in height, where the most part of atmospheric
moisture is concentrated (Whitmore, 1991). Thus, a forest community is able to
change the amount of moisture in the atmospheric column by a few per cent as
compared to an open area. The amount of precipitation is, on average, proportional
to the concentration of water vapour in the atmospheric column. Forest communities that are able to increase humidity under their canopy receive a few per cent
more rainfall than unforested territories. On the other hand, in overmoistened areas,
forest communities are able to decrease the total amount of water in the community.
This follows from the fact that clear-cutting in overmoistened areas is often followed
by waterlogging, i.e. significant increase of the water stock per unit area (Spurr and
Barnes, 1980). Since atmospheric water vapour is in local physical equilibrium with
water in soil, the community is thus able to decrease atmospheric concentration of
water vapour in overmoistened areas as compared to the case when biota is absent
there. Thus, forest communities are able to maintain an optimal amount of moisture
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in the atmosphere, which determine the most part of the greenhouse effect and the
temperature regime of the continents (Chapter 8).
Note that in accordance with condition (5.6.7) for biotically-regulated biogens,
the amount of water stored in soil and living biomass of the global biota exceeds by
nearly an order of magnitude the atmospheric store of water vapour (Table 6.1).
That means that any significant fluctuations of the atmospheric water vapour
concentration can be completely compensated by the biota.
Nowadays, deserts occupy about 20% of the total continental surface (Whittaker,
1975; Whittaker and Likens, 1975). Ecologically balanced flora and fauna of deserts
testify by their very presence that deserts had existed even before humanity
originated (Kendeigh, 1974). However, areas occupied by deserts of natural origin
could have been tens or even hundreds of times smaller than those occupied by
modern deserts. The natural slow process of formation of deserts on certain areas
over time periods of tens and hundreds of thousands of years could not significantly
weaken the biotic regulation of the environment on a global scale. In that sense
modern attempts to use artificial irrigation to turn deserts into 'blooming gardens'
composed of cultivated species devoid of stabilising programmes, are much more
dangerous. Gardens feature high productivity, run completely open matter cycles
and totally disrupt the biotic Le Chatelier principle. Only natural reforestation of
modern deserts could restore biotic regulation on these areas.

6.7 FOREST SUCCESSION: RECOVERY OF FOREST COMMUNITIES
AFTER PERTURBATIONS
We have so far considered biotic compensation of relatively mild environmental
perturbations that, although unfavourable for the biota, do not threaten its very
existence. Whether the atmospheric concentration of CO2 becomes 30% higher or
lower than the biotic optimum, it does not undermine the stability of the biota's
organisation. In other words, these perturbations do not go beyond the threshold
where the biota is able to exist and cope with them. However, apart from such 'mild'
perturbations, there also occur 'strong' perturbations that significantly destroy the
biota itself and its environment on a local area and make impossible the further
existence of this type of the biota on that area. The degree of perturbation is so large
that the adjacent intact ecological communities cannot cope with it and are unable to
recolonise the perturbed territory immediately when the perturbation is stopped. As
examples of such strong perturbations one can name fires, large-scale floods,
volcanic eruptions and glaciation destroying most part of the organic matter of
the affected ecosystems. Humans have added clear-cutting to the list of severe
perturbations encountered in nature.
Were there no mechanism to counteract 'strong' perturbations, the whole of the
terrestrial biota would finally become extinct, because any given local territory is
sure to be affected by one or another strong perturbation one day. However, the
biota invented a peculiar mechanism to struggle with adverse effects of such
perturbations. This mechanism is known as succession, which we here consider in
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the example of forest communities. This section is devoted to a general theoretical
discussion of succession, while the next section presents analysis of the empirical
data.
Very briefly, succession can be described as follows. As soon as the dominant
species of the neighbouring ecological communities are not able to recolonise the
significantly perturbed areas immediately (e.g. areas previously occupied by a glacier,
or burnt), the communities support existence of special species, which we call speciesrepairers (pioneer species), that are able to exist on the perturbed area. In the absence
of perturbations under natural environmental conditions the population density of
species-repairers is regulated by the community and kept at a low level, whereas on
the perturbed areas these species develop high population numbers. The task of
species-repairers is to restore the perturbed environment to its initial state and make
it suitable for the dominant species of the initial communities. After that is done, the
latter recolonise the repaired area and suppress population density of speciesrepairers down to its initial low level. As a result, the communities are again able
to support their environment for infinitely long periods of time, until the next strong
perturbation occurs on the same territory.8
A stable state of ecological community such as this is called climax. For example,
in boreal forests of the Russian North climax communities are those dominated by
spruce or pine, depending on the soil type.9 The principle difference between climax
species (i.e. those dominating climax community) and species-repairers is that the latter
change the environment in a direction that is unfavourable for themselves but favourable
for the climax species, while climax species are able to keep their own optimal
environment stable.
Indeed, species-repairers are most abundant at early succession stages and become
very low in numbers when the succession is finished. The very word 'succession'
points to the fact that species succeed each other while the environment is being
restored. Most often there are several stages of succession at which different speciesrepairers dominate the community until the climax species establish. Very generally,
one can say that herbs (e.g. fireweed, nettle, foalfoot, dandelion) and grasses are the
first to colonise the perturbed area, their exact species composition depending on the
type of perturbation and properties of the area itself. Herbs and grasses are gradually
replaced by shrubs (e.g. raspberry, squawbush, different species of willow) and trees
(alder, aspen, birch), which finally give way to the climax tree species. The succession
process brings about significant changes of the environment including changes in the

8

Often difference is made between primary succession (i.e. colonisation of previously-unoccupied
territories, such as areas appearing after retreat of glaciers) and secondary succession (i.e. restoration of
the community that had occupied the affected area before the perturbation). We do not follow this
discrimination because, as becomes clear from empirical evidence presented in Section 6.8, there are no
considerable differences between quantitative characteristics of both types of succession processes
(compare, e.g. Figures 6.10a and 6.10b, 6.12a and 6.12b, 6.14a and 6.14b).
9
Note that in most cases a climax community can be completely identified by naming its dominant plant
species, because the rest of species composition and population numbers of other species are uniquely
related to it.
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light, moisture and temperature regimes and concentrations of biogens. The latter
are changed by the community by tens and hundreds of times (see Section 6.8.1).
The best biological analogy to succession seems to be the process of recovery of an
organism from a disease. Species-repairers can be compared to various components
of the immune system, which help the organism to recover. Many cells involved in
the immune response are present in a healthy organism in trace numbers and develop
high numbers when the organism is affected by a disease. Similarly, species-repairers
are also characterised by low population densities in climax communities and
become numerous after perturbation. Recovery of the organism from some
common disease (e.g. influenza) can be characterised by some average time (e.g. a
fortnight). Similarly, the succession process of restoration of the environment
suitable for the climax community also features some characteristic time. In boreal
forests complete recovery of the climax state takes about 150 years (see Table 6.4 in
Section 6.8).
The inherent property of species-repairers to directionally alter their environment
in an unfavourable for them direction is, as all other properties, encoded into the
species' genome and cannot be changed. One may say that species-repairers act as
self-murderers when they restore the environment suitable for the climax species and,
by doing so, destroy the environment favourable for themselves. The existence of
species-repairers is thus inherently unstable and requires a continuous external
perturbation of the environment. However, external perturbations are of irregular
nature. If the time interval between the two successive perturbations becomes too
long, the species-repairers may completely destroy environment in all locations
favourable for them and become extinct, leaving the climax community unprotected
from further perturbations. To avoid it, the biota invented a mechanism of
introducing regular internal perturbations into the climax community, so that
species-repairers always have some territories with a favourable environment.
These biotic perturbations result from the functioning of large animals that locally
consume large amounts of biomass, trample down forest litter when moving and
introduce other disturbances of similar kind (Section 4.4). In turn, the climax
community provides large animals with shelter and food. Note that a similar
function is performed by large climax trees themselves which, when fallen, give
species-repairers an opportunity to achieve high population numbers on the
appearing free territory.
The stability of the climax community's organisation is enhanced by such a
mechanism in several ways. Firstly, it is not only that species-repairers always have a
place to live, but these locations can be relatively evenly distributed over the whole
territory occupied by the climax ecosystem. Thus, the perturbation in any site of it
can be immediately reacted to by the nearest individuals of species-repairers.10 Were
the areas inhabited by species-repairers determined by random external perturbations of a physical nature, the space distribution of species-repairers would be
10

A similar result is achieved owing to the creation of seed banks of species-repairers in the climax
community, when seeds of species-repairers are present almost everywhere, although very few adult plants
are observed (Karpov, 1969; Thompson et at., 1996).
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uneven, leaving some parts of the ecosystem outside easy reach. Secondly, by
introducing perturbations into climax communities (e.g. making large lawns),
large animals make it possible for the species-repairers to form populations and
to switch on intraspecific competitive interaction in order to prevent the decay of the
genetic information of the species-repairers. In the absence of such large-scale
perturbations, the genetic stability of species-repairers could be only supported by
the mechanism of 'artificial selection' performed by other species of the community
(see Section 5.8). For example, large animals could eat away decay individuals of
species-repairers of plants. Finally, large animals can themselves play an important
role in restoration of the perturbed environment, serving as a transport to bring
nutrients to the perturbed areas in the form of excreta. Thus, large animals can be
also classified as species-repairers. Finally, animals (especially birds) take an active
part in distribution of seeds. (Note that we here consider as large all animals
belonging to the lowest bar of the histogram of Figure 3.3, i.e. those with body size
not smaller than 1 cm.)
Insects are able to perform the same perturbing function as large animals.
Developing large population densities, insects completely destroy the biomass on
large areas. The existence of large animals and insects that destroy the biomass, on
the one hand, and the process of succession that restores the biomass and all
environmental characteristics, on the other, makes it possible to envisage the process
of substituting of a decay community by a normal one. Indeed, the competitive
interaction of ecological communities is the cornerstone of the biotic regulation
concept. Decay communities incapable of performing biotic regulation should be
forced out and replaced by normal communities. However, unlike living beings,
communities are not capable of reproduction, which makes the process of substituting a decay community by a new normal one not easy to envisage. The process can
be organised as follows. A decay community that is not capable of the regulation of
its own environment is identified by species-'destructors' such as large animals and
insects. These organisms destroy the biomass of the community and initiate the
process of succession on the perturbed area. When succession is finished and the
environment restored, normal individuals of all climax species born in the adjacent
normal climax communities colonise the restored area and combine into a new
normal community. In such a way, the stability of organisation of climax
communities is prevented from decay.
The role of insects as eliminators of decay communities is especially well known.
In agriculture insects are called pests, as they completely destroy the biomass of
artificially-planted species. Indeed, artificial communities are deprived of any
regulatory capabilities, so that they are unambiguously identified by insects as
decay communities. Figure 6.18 in Section 6.8 shows the increase in pest
outbreaks with the growing degree of cultivation of territories previously occupied
by natural ecological communities.
A very important point is that climax communities perform the biotic regulation
of the environment. Modern species-repairers are, in principle, incapable of
supporting a stable environment. Thus, were the whole of the biosphere perturbed
to such a degree that only species-repairers were left, the mechanism of the biotic
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regulation of the environment would be completely violated. The global environment
would then lose its stability.
The fact that species-repairers are deprived of the regulatory ability is clearly
manifested by the following examples. At early stages of succession the biota
colonising the perturbed area must form the biomass necessary for the further
existence and replenish the soil stock of organic matter destroyed by the perturbation. This is inevitably accompanied by consumption of atmospheric CO2 and its
transformation into organic carbon. This process occurs independently of the excess
or shortage of CO2 in the atmosphere with respect to the biotic optimum. In other
words, even if the CO2 concentration is too low due to some reasons, the biota of the
succession stage will in any case consume CO2 from the atmosphere, enhancing the
existing perturbation. In contrast, the climax community should react to the low
CC>2 concentration in accordance with the biotic Le Chatelier principle, i.e. they
should start to decompose organic matter, emitting CO2 into the atmosphere and
replenishing the shortage.
The analysis of reaction of climax and successional communities to anthropogenic
atmospheric pollution also shows the difference in their reaction to perturbations
(Gorshkov, 1994). All climax communities affected by atmospheric pollution display
significant changes in population densities of some of their species and other
measurable characteristics of the ecosystem, which can be interpreted as the
negative feedback reaction to the perturbation. In contrast, successional communities show no reaction to the atmospheric pollution. Ironically, this fact is
sometimes misinterpreted as the enhanced stability of successional communities
with respect to atmospheric pollution.
If we continue the above analogy and compare succession with recovery from
disease, the biotic regulation can be compared with work in a factory, while
successional community can be compared with a patient who is on sick leave and
is freed from his work. His organism is too weak to perform any work. All efforts of
the organism are spent on the quickest possible recovery, after which the person
again becomes capable of highly-qualified work.
It follows from the above discussion that effective biotic regulation of the
environment on a large scale may be ensured only if non-perturbed climax
communities constitute the overwhelming part of the biosphere. The share of
successional communities incapable of biotic regulation should be low. This
condition had been met for the preindustrial state of the biosphere where the
perturbed biota was located along rivers and on those few territories affected by
fires and windfalls (Section 6.8.3).
Homo sapiens is a typical example of an animal species-repairer that feels most
comfortable in a successional community being surrounded by other speciesrepairers. Climax communities (e.g. dark spruce forest) seem gloomy and
unhomely to people who usually prefer the bright green leafage and sunlight of
successional communities. Note that most agricultural plants actively used by man
are in fact species-repairers, i.e. their wild relatives are common in ecological
communities on various stages of succession, but not in climax communities.
Historically, people inhabited successional communities formed along rivers, lake
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shores and at the seaside, where perturbations are periodically introduced by the
water fluxes.
With accumulation of scientific and technological knowledge, accompanied by
increasing population numbers, people began to enlarge the occupied areas. They
artificially destroyed the climax biota by the use of fires and cutting, which entailed
formation of people-friendly successional communities on those areas. Arable lands
and pastures appeared as an attempt of humans to stop the process of succession at a
certain stage optimal for them. The resulting settled mode of agriculture is inevitably
accompanied by adverse environmental changes as soil erosion, impaired water
regime and general degradation of the environment finally leads to desertification of
the inhabited area. All the modern agricultural techniques (those using crop
rotation, fertilisation, melioration, etc.) slow down but do not stop the destructive
processes (Doran et al., 1998).
It is impossible to stop succession and stabilise the environment in a stationary
state at some successional stage due to the inherent incapability of species-repairers
to maintain a stable environment favourable for their own existence. The succession
process can only be slowed down by introducing continuous perturbation of the
environment. However, there is a threshold value of such additional perturbation
beyond which the slow process of succession is replaced by the process of
degradation of the environment. When the perturbation is stopped, succession
resumes from the initial stage.
6.8 FOREST SUCCESSION: ANALYSIS OF EMPIRICAL EVIDENCE
In this section we discuss quantitative characteristics of the succession processes in
forest communities on the basis of the available original data of the authors and
review of relevant literature. Issues to be covered:
1.
2.
3.
4.
5.
6.8.1

Formation of the environment by forest communities
Recovery dynamics
Fires, windfalls, insect invasions: natural periodicity
The climate issue
Current state of forest communities
Formation of the Environment by Forest Communities

Here we demonstrate that forest communities are able to form and maintain an
environment drastically different from that on perturbed and waste lands deprived of
natural vegetation cover.
Water regime Precipitation is one of the most important climate characteristics. The
flux of precipitating water is significantly and non-randomly redistributed within the
forest community. Up to 1(MO% of the total amount of precipitation is intercepted
by the tree canopy and used to moisten the plants themselves. The rest falls down to
the forest floor (Kitredge, 1951; Siren, 1955; Molchanov, 1960; 1961; Jackson, 1971;
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Rakhmanov, 1981; Dickinson, 1987, Whitmore, 1991). The community is able both
to increase and decrease the amount of precipitation in different local areas. Such
effect is due to the different structure of the tree canopy in different species of trees.
The tree crown may work either to concentrate the rainfall near the tree trunk, as is
the case for the aspen, or throw it off to the sides, as is the case for the fir. With the
mean annual rainfall of 500-600 mm, precipitation in different local parts of the
community varies from 100 to 1000mm (Protopopov, 1975; Rakhmanov, 1981;
Galenko, 1983).
Formation of the forest floor by communities significantly changes the amount of
water accumulated by the upper soil horizons. In boreal forests, formation of forest
floor enhances the moisture capacity of the upper soil horizons by approximately 25-fold (Molchanov, 1960; Gorshkov et al., 1996; Gorshkov et al., 1997). This
phenomenon is responsible for considerable decrease of surface runoff. Forest
communities diminish the coefficient of surface runoff by a factor of 3-11
compared to roads, ploughed fields and continuous burnt areas (Kitredge, 1951;
Molchanov, 1960; Miller, 1976; Bormann and Likens, 1979; Paulyukyavichyus,
1989; Jarvis, 1989). Essentially this means that on a regional scale forests
represent serious protection from large-scale floods.
Light and temperature regimes Vegetation cover transforms the physicochemical
properties and spatial distribution of surfaces interacting with fluxes of solar
radiation. In boreal forests the amount of solar energy incoming under the tree
canopy is lowered by a factor of 2-50 as compared with open places (Karpov, 1969;
Alexeyev, 1975) and by a factor of 30-100 in tropical forests (Chazdon and Field,
1984; Whitmore, 1991). Within a separate community, the amount of solar radiation
also varies significantly changing by a factor of 3-30 (Alexeyev, 1975; Protopopov,
1975).
Forest communities significantly reduce diurnal variations in temperature and
moisture (Jemisson, 1934; Siren, 1955; Molchanov, 1961; Goryshina, 1969; Spurr
and Barnes, 1980; Jarvis, 1989). The maximal changes are observed in tropical
forests where the diurnal temperature amplitude registered under the tree canopy is
approximately 10 times lower than that above the tree canopy (Figure 6.8;
Whitmore, 1991). In boreal forests, diurnal amplitudes of temperatures of the air
and upper soil horizons may differ by 3-5 times (Figure 6.9).
However, as compared to the open place, changes in amplitudes of air
temperature observed in forests of the temperate zone are not large and do not
exceed 30-50% (Kitredge, 1951; Molchanov, 1961; Protopopov, 1975). The influence
of boreal forest communities on the temperature regime is most conspicuous in
smoothing out the temperature extremes (Figure 6.9). The absolute maximum of the
forest floor temperature under the tree canopy in the southern part of the temperate
zone never exceeds 30-35°C, whereas the temperature on bare ground may reach 5070°C (Jemisson, 1934; see Table 6.2). In the boreal forest, the highest temperature of
the forest floor never exceeds 26-30°C. Frequency of early autumn and late spring
frosts is five times lower in the forest than in open space (Protopopov, 1975; Table
6.3).
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Table 6.2. Maximum temperatures (°C) of the forest floor during the summer period
in western white pine communities with different relative sum of basal area after
cutting, Idaho, USA. Absolute maximum—the maximum temperature recorded
during the whole period of observations. Average maximum—the maximum daily
temperature averaged over the whole period of observations. Nonperturbed forest
performs the most efficient regulation of the temperature regime preventing sharp
temperature fluctuations. After Jemisson (1934).
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Figure 6.8. Daily march of wind speed, air temperature and relative humidity at various canopy levels in
lowland rain forest at Pasoh, Malaya, 21-22 November 1973. Figures indicate height above ground level.
Fluctuations of all the considered characteristics are substantially damped under the tree canopy. After
(Aoki et al, 1978) as cited in Whitmore (1991).
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Figure 6.9. Daily variations in soil temperature observed in spruce stand (age of the last disturbance
exceeds 150 years) and birch stand (age of the last disturbance is ~60 years), sunny day, 21 June 1951,
Northern Finland. After (Siren, 1955). Positive and negative figures indicate height above and depth under
the ground level respectively. Daily fluctuation of air temperature being about 6°C, soil temperature
remains practically unchanged in the spruce forest and varies insignificantly (~1°C) in the birch forest.
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Table 6.3. Frequency of temperature extremes in the upper (0.2-0.3 cm) soil layer
during vegetative season in middle taiga spruce forests with different age of
perturbation. Note that the least perturbed forest communities are most efficient
in damping temperature extremes. After Protopopov (1975).
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The mat of mosses and lichens covering the forest floor essentially changes the
dynamics of soil freezing (Kolomiets, 1961; Protopopov, 1975; Kershaw, 1975).
According to the data of Kolomiets (1961) the temperature of the forest floor under
the moss mat in non-perturbed fir forests never went below — 18°C, while the air
temperature dropped down to -48°C. Thus, natural forest communities maintain
the temperature and water regimes within limits suitable for their existence
prolonging the frost-free period and smoothing out the temperature extremes.
Physical and chemical characteristics of soil In the course of succession, forest
communities essentially transform chemical characteristics of the soil substrate.
They accumulate nitrogen, change concentrations and availability of other biogens,
develop a special soil profile and form the forest floor.
Development of major components of the soil profile (excluding accumulation of
humus in the lower soil horizons) takes place over the relatively short time of about
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Figure 6.10. pH reaction in forest floor and surface horizons of mineral soil during succession, a) as a
function of time since deglaciation, spruce forests, Glacier Bay, Alaska. 1)—mineral horizon (O-2"
horizon); 2)—forest floor. After Crocker and Major (1955); b) as a function of time since fire, boreal
mix-wood (birch-spruce-fir) forests, northern taiga, South Quebec, Canada. After Brais et al. (1995).
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100-300 years (Crocker and Major, 1955; Covington, 1976; Skvortsova et al., 1983;
Kovda and Rozanov, 1988; Bormann and Sidle, 1990). Crocker and Major (1955)
reported drop in pH (over 2 units) during succession of spruce forests 100-150 years
after deglaciation (Glacier Bay, Alaska) (Figure 6.10a). Analogues changes in pH of
the upper soil horizons were registered during the recovery of mixed forests after fires
in the western part of North America (Quebec) (Figure 6.10b). The amount of
nitrogen in the upper soil horizons increases 50-fold and reaches its maximum over
100 years after formation of vegetation cover on deglaciated territories. Over 200
years after succession begins, the amount of nitrogen in the upper soil horizon may
somewhat decrease as compared to its maximum value, being redistributed over
other parts of the community. The total store of nitrogen in the community remains
the same (Crocker and Major, 1955; Bormann and Sidle, 1990).
In boreal forests, concentrations of biogens in the forest floor (Ca, Mg, K, N)
exceed by 10-100 times the respective concentrations in mineral abiotic horizons
(Kovda and Rozanov, 1988). Formation or recovery of the forest litter during both
primary and secondary successions takes on average 90-150 years (Crocker and
Major, 1955; Covington, 1976; Sannikov and Sannikova, 1985; Bormann and Sidle,
1990; Gorshkov et al., 1996; Figures 6.11 and 6.12).
Peculiarities of distribution of chemical elements along the soil profile and ratio
between their soluble and insoluble forms at differing succession stages are naturally
dependent on the community type. However, along with differences, there exist some
fundamental features of succession that are common to all types of communities.
One such feature is that, while at early succession stages biogens are dispersed along
a deep soil profile, succession ends in a state when all biologically-important biogens
are predominantly concentrated and biogenic cycles nearly closed within the upper
soil horizon (Siren, 1955; Bormann and Likens, 1979; Kovda and Rozanov, 1988;
Kellman and Ruolet, 1990). This can be monitored by the fact that plants of early
successional stages are characterised by deep rootage reaching down to 1.5m in
depth, while in climax communities up to 90% of the rootage is concentrated within
the upper 25 cm of the soil profile.
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Figure 6.11. Thickness of forest litter in Scots pine forests as a function of time since fire. Kola peninsula:
a) lichen site type (share of lichens in moss-lichen cover exceeds 70%), b) green moss-lichen site type
(share of lichens in moss-lichen cover ranges between 30-70%), c) green moss site type (share of lichens in
moss-lichen cover is under 30 %). South-western part of Western Siberia: d) lichen site type, e) greenmoss site type. After (Gorshkov et al., 1996).

Along with transformation of chemical properties of soil and formation of the
forest floor during succession, the community changes (lowers) the density of upper
mineral soil horizons. This occurs as a result of repeated processes of growth and
death of roots and activity of animal species (Kitredge, 1951; Crocker and Major,
1955). In boreal forests, density of the upper soil horizons in both successional and
climax communities averages ~1 gcm~ 3 , which is at least two times lower than the
density of the corresponding soil forming rocks estimated as l.S-Z.Sgcm" 1 (Kovda
and Rozanov, 1988; Liski and Westman, 1995). As a result, soil moisture capacity
and the rate of soil moisture and air exchange rise up.
Finally, communities at late stages of succession are capable of closing biogenic
cycles to a high accuracy, whereas in perturbed communities the biogenic cycles are
open which essentially entails environmental instability (Figure 6.13; Odum, 1971).
The unique analysis of concentrations of biogens in brooks fed by water from
strongly perturbed and non-perturbed areas was performed by Bormann and Likens
(1979). They showed that water coming from a territory occupied by a 60-year-old
forest practically does not contain any soil particles, nitrogen, calcium or potassium.
Meanwhile in water coming from a clearly-cut territory concentrations of these
elements sharply increase (see Figure 6.13).
Summing up, we have demonstrated that forest communities are able to form and
maintain environmental characteristics that differ very significantly from initial
characteristics of the occupied territory (ecotope).
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Figure 6.12. Dynamics of organic matter in forest floor (forest litter) during succession, a) as a function
of the age of northern hardwood stands after clear-cutting. Points are means of 30 samples per stand with
95% confidence intervals. After Covington (1976). b) as a function of time since deglaciation, spruce
forests, the Glacier Bay, Alaska. After Crocker and Major (1955).

6.8.2 Recovery Dynamics
Climax community type depends on characteristics of the ecotope which are not
subject to biotic control, e.g. physicochemical characteristics of soil-forming rocks
and local climatic characteristics. The community cannot change the total amount of
solar radiation incident upon it, basic fractional composition of soil (i.e. size
distribution of soil particles), characteristics of mezo-relief, etc.
Dominant species of climax communities are mostly determined by climatic
characteristics and size distribution of particles of soil forming rocks (Whittaker,
1975; Liski and Westman, 1995; Begon et al, 1996). In the boreal zone of European
Russia, climax pine forests develop on sands, while spruce dominates on loamy sand,
loam and clay (Siren, 1955; Lavrenko and Sochava, 1956; Karpov, 1969; Dyrenkov,
1984; Zjabchenko, 1984; Listov, 1986). Both spruce and pine forests develop ori
soil-forming rocks of varying chemical composition, basic as well as acid (Zaboyeva,
1975; Nikonov, 1987; Kovda and Rozanov, 1988; Gagarina, 1996).
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Figure 6.13. Export of chemical elements (calcium, potassium and nitrate) and particulate matter in
stream water from an experimentally clear-cut watershed (white circles) and a forested reference
watershed (black circles). Export of all elements increases hundreds of times after clear-cutting, which
is a manifestation of rapid soil degradation. Modified data of (Likens et a!., 1978) compiled after Bormann
and Likens (1979).

Following a perturbation comes the recovery period, during which both the forest
community and its environment return to the initial non-perturbed state. Recovery
of the climax community during succession is achieved due to work of different
species-repairers that dominate the community at different stages of the successional
process (Figure 6.14a,b).
The temporal order of dominant species-repairers and the rate of recovery of
characteristics of forest communities of a definite type are the same in different parts
of the natural area occupied by that type of community. For example, the rate of
recovery of the forest floor after fire in the Kola peninsula and in the southern part of
the Urals are nearly identical (see Figure 6.11). The chronosequence of lichen species
change during postfire recovery of ground layer (in forests of the lichen site type) is
uniform over the whole Northern hemisphere (see Figure 6.14b; Morneau and
Payette, 1989; Ahti and Oksanen, 1990).
The major stages of the succession dynamics are summarised in Table 6.4. One
can see that the time of community recovery is very short on a geological scale. In
boreal forests, the majority of the community's characteristics is recovered in ~ 150
years after the perturbation if no additional perturbations take place. The process of
formation of vegetation cover on recently-deglaciated territories is characterised by
the same time period. In the presence of periodical perturbations, e.g. on dunes or
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Table 6.4. Major stages of the recovery process.
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150

200

Time since daglaciation, years

Age of perturbation,
years ago

Community characteristics

Sources of the data

30

Maximum chaos in distribution
of the species cover (measured
on the 1m 2 scale)*.
Recovery and stabilisation of the
species composition
(species diversity).

Bazzaz, 1975;
Southwood et al., 1978;
Morneau and Payette, 1989;
De Grandpre et al., 1993;
Gorshkov and Bakkal, 1996;
Figure 6.15a,b.

50-100

Recovery and stabilisation of
primary production, cumulative
foliage area and basal area of
the tree stand. Partial closure of
biochemical cycles. Maximal
concentrations of biogens in
the upper soil horizons.

Whittaker and Woodwell,
1968; 1969;
Molchanov, 1971;
Whittaker, 1975;
Zjabchenko, 1984;
Bormann and Likens, 1979;
Bormann and Sidle, 1990;
Helli and Niemi, 1996;
Figures 6.16 and 6.17.

-150

Recovery of the majority of
community's characteristics:
• Recovery and stabilisation of
the natural distribution of
productivity over different
species in the community.
• Stabilisation of the community
biomass.
• Stabilisation of the forest floor
thickness and, consequently, of
the store of biogens.
• Stabilisation of the chemical
composition of soil.

Crocker and Major, 1955;
Siren, 1955; Whittaker, 1975;

Complete recovery of natural
community:
• formation of the natural
uneven-aged structure of the
tree stand.

Odum, 1971;
Whittaker, 1975;
Dyrenkov, 1984;
Volkov, 1998.
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Figure 6.14. Change of dominant species during succession, a) distribution of the above-ground biomass
by species along the Glacier Bay, Alaska, as a function of time since deglaciation (primary succession).
After Bormann and Sidle (1990). b) changes in relative share of participation of selected lichen species and
group of species in formation of lichen cover during postfire recovery in lichen pine forest in the Kola
peninsula. 1—Cladina stellaris, 2—Cladina arbuscula, C. mitis, C. rangiferina, Cladonia uncialis, 3—
Cladonia spp. (C. deformis, C. cornuta, C. crispata, C. gracilis). After (Gorshkov, 1993).

along rivers, the process of community formation takes longer (up to 2000 years),
although the major successional stages and their order remain practically the same
(Olson, 1958; Fonda, 1974).
An important feature of recovery dynamics is the fact that the species diversity
(i.e. the total number of species that take part in the formation of a climax
community) is among the first characteristics to stabilise (Figure 6.15). Its
recovery takes no more than 30 years after perturbation. Analysis of the species
diversity in the above defined sense is therefore of no help in differentiating climax
communities capable of performing biotic regulation from those in later successional
stages that are still deprived of regulatory abilities. On the other hand, when loss of
species diversity does occur (as is the case, e.g. in all anthropogenically transformed

-500

Covington, 1981;
Sannikov and Sannikova, 1985;
Morneau and Payette, 1989;
Bormann and Sidle, 1990;
Gorshkov, 19,93;
Gorshkov and Bakkal, 1996;
Gorshkov et al. 1996.
Figures 6.14a,b and 6.16.

' This means that all plant species encountered in a 1 m 2 rectangle contribute equal shares into the
vegetation cover.

areas), this not only means loss of biotic regulation on respective areas but is also an
indication of complete disintegration of the natural organisation of biota on a local
and regional scales.
One of the important features of the initial stages of the recovery process is a great
increase in production of berries, mushrooms and other types of edible biomass,
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Figure 6.15. Species richness during postfire succession in different regions of boreal zone, a) vascular
species richness, average values for 100m2 sample plots in relation to postfire age, boreal mix-wood (birchspruce-fir) forests, northern taiga, South Quebec, Canada. After De Grandpre et al., 1993). b) total
number of species of vascular plants, mosses and lichens in Scots pine forest of lichen site type in
relation to postfire age estimated at 100m2 sample plots. Compiled after Gorshkov and Bakkal (1996).
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Figure 6.16. Annual above ground net primary production (P), plant biomass (B), and the ratio P/B
during postfire recovery of oak forest at the Long Island, New York. After (Whittaker and Woodwell,
1968) as cited in (Begon et al., 1996).
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Figure 6.17. Relative basal area (i.e. sum of areas of cross-sections of tree stems (inclusive of bark) per
unit area of the Earth's surface) measured at breast height (~1.3m above the ground) (m 2 ha~') during
postfire recovery in Scots pine forests of lichen site type (Kola peninsula) by the degree of postfire tree
stand damage and postfire age. Empty circles—communities with low degree of stand damage (less than
30%, control); filled circles—communities with high degree of stand damage (>70%, recovery). After
(Gorshkov, 1998).
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accompanied by a corresponding increase in population density of large animals
(birds and mammals), as compared to their stationary population densities encountered in climax communities. The highest population density of animals is reached in
communities 10-40 years after a perturbation. At this stage, the population density
of animals is approximately 5 times greater than in communities perturbed 60-80
years ago and 10 times greater than in climax communities (Johnston and Odum,
1956; Kerzina, 1956; Reimers, 1972; Yurgenson, 1973; Ivanter, 1975; Kurkhinen,
1983; Vladyshevsky and Petrenko, 1987; Helli and Niemi, 1996). These data testify in
favour of the important role of animals in the process of a community's recovery.
6.8.3 FIRES, WINDFALLS, INSECT INVASIONS: Natural Periodicity
Fires In the 1960s it became common in some scientific circles to speak about
positive ecological functions of fires. Fires were even considered as an indispensable
prerequisite of existence of some types of communities. Now this statement has
turned to a dogma in the scientific ecological communities of the USA and Canada
(Johnson, 1996).
However, within the biotic regulation concept, one inevitably comes to the
conclusion that fire can by no means play any positive role in natural ecosystems.
Indeed, biotic regulation is performed through very concrete, definite work of
ecological communities. (Work is a use of free energy in a strictly specified
direction, not chaotically.) Work requires energy, and all synthesised organic
substances represent a source of energy that can be used for biotic regulation
work. It is evident that in such a case those communities where the frequency of
fires is minimised have the competitive advantage. This is because such communities
have more organic matter, more energy to perform work on biotic regulation and,
consequently, are able to keep their environment closer to the desired optimum. Such
communities are naturally more competitive and force out communities that are
adapted to frequent fires, i.e. communities where fires frequently eliminate the energy
source. This logic is based on the fundamental principle of life organisation—the
principle of stabilising selection and competitive interaction of living systems (see
Chapter 2).
Thus it is impossible to speak about the positive ecological role of fires within the
framework of the biotic regulation concept. The only thing that can be discussed is
the inevitable minimum frequency of fires in nature, see below. Climax communities
must have a mechanism that would allow them to recover after fires, because fires do
occur in nature, though infrequently. In the boreal zone, postfire succession often
goes through the stage of pine forests before the climax spruce is recovered. Pines
require a lot of light and much drier soil than do spruces. As pines grow up and form
a close canopy, it becomes difficult for young pines to grow owing to shadow, and
they are gradually forced out by climax spruces, that are characterised by a stable
mode of existence.
Continuing the analogy with recovery from disease, we can compare succession
processes to the reaction of the immune system to infection. Successional pines, for
example, can be compared to leukocytes that are especially abundant in the presence
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of an infectious agent, while keeping relatively low numbers in a healthy organism.
But it would be absurd to say that leukocytes profit from the infection. Leukocytes
are strongly correlated with the whole organism and their independent existence is
impossible; leukocytes are 'happy' when there is no infection and they exist in small
numbers, but the whole organism is healthy.
In very much the same manner, we can say that plants of various succession
stages are 'happy' when there are no large-scale perturbations and the climax
community maintains the optimal environment in a stable state, which cannot in
principle be done by successional species. Using emotional terms, one can say that
the climax community does 'care' about successional species. As discussed above,
the climax community supports the existence of large animals and insects, whose
ecological function is to introduce regular perturbations (e.g. make lawns in the
forests, as do elephants) and, by doing so, form a favourable environment for
successional species without threatening the environmental stability on a large scale
and irrespective of the presence or absence of external perturbations. In other
words, the climax community guarantees certain 'basic rights' for the successional
species.
It is true that in climax forests successional species feature low population
numbers. But why should we think that all species, like humans, care only about
unlimited population growth? That huge population is all right, while normal
population, compatible with long-term environmental stability, is too small?
Unfortunately, such a way of thinking is very characteristic of the modern ecological
mentality.
If we ignore the critical difference between the climax community that performs
biotic regulation and successional community that is incapable of it, one can speak
about the positive role of fires as promoting the inherently unstable successional
communities.11 However, bearing in mind that critical difference, one realises that
promotion of successional communities weakens and may even completely destroy
the regulatory potential of the biota, which finally leads to degradation of the
environment over a range of scales. As we will now show, the natural frequency of
fires is at least an order of magnitude lower than the modern one. In other words, the
overwhelming majority of modern fires are of anthropogenic origin and represent
but one of the many anthropogenic factors destabilising the contemporary biosphere
and undermining the global environmental stability.
The present periodicity of forest fires averages between 40 and 100 years in welldrained sites and is estimated as 500 years for wetlands and mires (Rowe and Scotter,
1973; Zackrisson, 1977; Furyaev and Kireyev, 1979; Johnson, 1979; Heinselman,
1981; Listov, 1986; Engelmark, 1987; Gromtsev, 1993; Furyaev, 1996; Goldammer
and Furyaev, 1996). So we can assume the modern periodicity of fires to be of the
1

' From the economical point of view, it is very convenient to make no difference between ecological
functions of climax forests and successional forests that are maintained by fires. In climax communities
where all characteristics are stable, the rate of biomass increment is equal to zero, while successional
communities with the age of perturbation less than 60 years are characterised by the most rapid rate of
biomass accumulation and are most profitable for use in the forest industry.
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order of 100 years. According to the official statistics, 70-80% of forest fires are
connected with human activity; the remaining 20-30% are treated as natural (Odum,
1971; Spurr and Barnes, 1980).
However, a special detailed investigation made in the continental regions of
Canada showed that 100% of fires that occurred on the studied territory (400km 2 )
during the four years of monitoring were caused by man (Penafiel and Terrado,
1977). Analogous data are available for fires in the pine forests in Japan, 99.9% of
which were associated with human activity and only in 0.1% of cases the reason
remained unknown (Nakagoshi et al., 1987). It means that, at maximum, only one
fire in a thousand is natural, 1:1000.
At the same time, due to the anthropogenic transformation of natural landscapes,
the mean area affected by a single fire is essentially smaller nowadays than in the
past. Among northern countries, the highest degree of the anthropogenic transformation of the landscape is registered in Finland, the lowest in Russia and Canada
(World Resources, 1988; Syrjaenen et al., 1994). According to the FAO statistics
(FAO, 1995), from 1983-1994 the mean burnt area covers 0.8 ha in Finland, 50 ha in
Russia and 180 ha in Canada, i.e. the mean area affected by a single fire in strongly
transformed areas is about 100 times smaller than that in Russia and Canada. We
can therefore estimate the relationship between the mean areas burnt in the past and
nowadays as 100:1. It follows from the above two estimates that the ratio between
modern and natural periodicity of fires on a given local area can be estimated as 1:10.
In other words, the mean time between two successive fires on a given territory is
now 10 times shorter than it is under natural environmental conditions. One can also
put it a different way: the total area yearly affected by fires is nowadays 10 times
larger than it was in the past when the most part of the biota remained in the nonperturbed state.
There is much speculation (Johnson, 1996) that the ratio between periodicity of
natural and modern fires is equal to unity. Were that the case, one then could not
explain the observed rise in fire frequency with increasing population density of the
studied territories (Kurbatsky, 1964; Melekhov, 1971; Furyaev, 1996; Goldammer
and Furyaev, 1996). Furthermore, the period of fire rotation during the last 3000
years was 5-7 times smaller compared with that during 3-6 thousand years ago
(Tolonen, 1978; Bergeron et al., 1996). As the periodicity of natural fires is unlikely
to change, the observed increase in fire frequency following the growing population
density of people can be due only to the increasing share of anthropogenicallycaused fires. These data highlight the importance of the anthropogenic factor in fire
periodicity and return us to the above estimate of 1:10 between the periods of
rotation of modern and natural fires. Accordingly, taking into account that the
modern periodicity of fires is about 100-500 years, the mean time period between
two successive natural fires on a given territory should be of the order of ~ 1000-5000
years.
Windfalls In climax communities and those at late stages of succession, massive
windfalls (i.e. uprooting of trees by wind on 3-30% of the considered territory) may
be caused by winds at speeds higher than 30msec"1 (Belov, 1976; Turkov, 1979;
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Skvortsova et al, 1983; Quine et al, 1995). In the majority of regions in the taiga
zone of Siberia and the European part of Russia, the share of meteorological stations
where such strong winds were registered at least once during the period 1936-1980,
does not go beyond 6-17%. It is only in the Urals that this share exceeds 40%. Based
on analysis of published data on 230 meteorological stations (Scientific and applied
... , 1988-1990), the annual frequency of such strong winds is estimated as 0.02-0.1
cases per station located on sea shores and in mountainous regions and 0.0005-0.002
cases per station located on plain inland territories. Accordingly, the mean time
between two successive massive windfalls varies between 1400 and 5000 years.
Slower winds at speeds from 20 up to 30msec" 1 are mainly responsible for local
windfalls with the percentage of uprooted trees not exceeding one per cent (Belov,
1976; Turkov, 1979). During the same period of observations (1936-1980), such
winds were registered by 83-100% of the meteorological stations.
In Europe, such wind speeds are most common in winter, but occur in Siberia in
the spring. The probability of windfall increases with increasing degree of soil
moistening (Turkov, 1979). When soil freezes over, the probability of windfalls
approaches zero (Molchanov and Preobrazhensky, 1957; Repnevsky, 1961). At the
southern border of the European boreal zone, frozen state of soil is observed from
November to (and including) March, from October to March in Eastern Siberia.
Thus, given the average annual frequency of winds at speeds between 20 and
30msec"1 of about 0.17-0.35 cases per station, the recurrence of local windfall
situations (i.e. when all the windfall-friendly environmental conditions coincide) can
be estimated as 0.05-0.1 cases per station per year. Taking into account the relative
area affected by local windfalls (less than 1%) as compared to massive windfalls, the
rate of forest damaged by local windfalls is practically as low as that of rarer massive
windfalls.
Note that as most meteorological stations are predominantly located in open
country, the obtained values for recurrence of windfalls are sure to be overestimates
of the real values characteristic to boreal forest communities.
Insect invasions and fungous diseases In modern literature on silviculture, much
attention is paid to severe impacts imposed by insect outbreaks and fungi diseases on
tree stands. It is assumed that such outbreaks may result in massive degradation of
forests (Isayev et al, 1984; Maslov et al, 1988; Alfaro and Singh, 1997). According
to model-based calculations, the recurrence of insects' invasions is estimated as 150250 years (in communities of Abies sibirica as an example) (Isayev et al, 1984).
In the meantime, analysis of geobotanical and historical literature devoted to
description of large territories occupied by climax forests from the end of the 19th
century onwards clearly indicates that, unlike fires and windfalls, neither insect
invasions nor fungous diseases are ever cited as reasons for massive degradation of
forest communities (Maak, 1859; Middendorf, 1867; Tkachenko, 1911; Borovikov,
1912; Kuznetsov, 1915; Krylov, 1919; Ivashkevich, 1929; Nikolayev, 1932; Turkov,
1979; Borisenkov and Pasetsky, 1988).
Massive outbreaks of xylophagous insects (those eating wood) are reported for
territories affected by external perturbations like cutting, fires, windfalls or on
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Figure 6.18. History of western spruce budworm (Choristoneura occidentalis) outbreaks in Douglas fir
stand of the interior of British Columbia as measured by the extent of each outbreak (hectares of
defoliation). Outbreaks have increased in frequency and intensity in recent decades following the
enhanced degree of anthropogenic perturbation of the territory. After Alfaro and Singh (1997).

territories with intensive silviculture (Isayev and Utkin, 1963; Isayev and Petrenko,
1968; Galasyeva, 1977; Mozolevskaja et al, 1979; Rozhkov and Massel, 1982; Isayev
et al., 1984; Vetrova, 1987).
In the majority of cases, massive outbreaks of phyllophagous insects (those eating
leaves) are observed in successional forest communities (and adjacent areas)
recovering after perturbations like clear-cutting, fire, windfall (with age of perturbation not more than 60-70 years) or in artificially managed forests (Vorontsov, 1963;
Maslov et al, 1988). The available data on massive outbreaks of these insects in old
(80-240 years) tree stands in Siberia (Kolomiets, 1961; Kondakov, 1974; Isayev et
al, 1984; Ryapolov, 1987) do not contradict the above statement, as due to extensive
anthropogenic transformation of Siberia at the end of the 19th century the average
time of recurrence of fires in the studied areas is as high as 40-60 years (Furyaev and
Kireyev, 1979; Furyaev, 1996), which implies a sufficient degree of perturbation of
the territory.
Massive outbreaks of the western spruce budworm, Choristoneura occidentalis, in
Canada and USA in the second half of the 20th century (Hardy et al, 1986; Morin et
al, 1993; Bergeron et al, 1996; Campbell and Liegel, 1996; Alfaro and Singh, 1997)
apparently result from intensification of forest management, i.e. anthropogenic
perturbation of forest communities, as is convincingly demonstrated by Figure
6.18 (Alfaro and Singh, 1997).
Summing up, all the so-called natural perturbations are in their essence very rare
phenomena under natural environmental conditions in the absence of anthropogenic
forcing. The natural periodicity of natural perturbations (1000-5000 years at
minimum) exceeds the characteristic time of community's recovery by a factor of
10. That means that under natural conditions more than 90% of communities exist
in a climax state and perform biotic regulation and only 10% are found at various
stages of recovery process. Modern anthropogenic activities have more than halved
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the percentage of climax communities, which significantly weakens the cumulative
regulatory potential of terrestrial biota.
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6.8.4 The Climate Issue
Many researchers (see, e.g., Vasilevich, 1983; 1993; Rabotnov, 1983) assume that
climatic trends represent an important factor governing the way of organisation of
forest communities. According to this point of view, forest communities never reach
a stable stationary state. Different species dominate the community depending on the
current climatic situation. In other words, species that behave as successional under
given climatic conditions may form a climax community when the climatic situation
changes, and vice versa.
Such an attitude is in sharp contradiction with the biotic regulation concept and,
consequently, with the total body of evidence testifying in favour of the latter. In
particular, such an attitude appears inconsistent from the genetic and informational
point of view. The ability of a climax community to maintain a stable environment
requires correlated strictly specified work of all the species. Similarly, directional
change of unfavourable environment towards the climax optimum, which is
performed by successional species, is also a highly-ordered process. The information
about optimal environmental characteristics and ways of their achievement, on
which work of both climax and successional communities is based, can only be
written in genomes of community species. As will be shown in Chapters 9-11, genetic
composition of species remains unchanged during the whole span of species
existence, which is of the order of a million years. Thus, successional and climax
functions are fixed in particular species and cannot be interchanged.
However, besides conceptual objections, one can also name more concrete
evidence that contradicts the above view. According to the available data, longterm climatic trends observed over time periods over 1000-10000 year are insignificant. Temperature changes do not exceed ±1°C (see Figure 8.3), while precipitation
varies by no more than 10%.
In contrast, the existing annual fluctuations of the average annual temperature
constitute about 3°C, while annual precipitation varies by more than 30% (Scientific
and applied ... , 1988-1990), which is several times greater than the long-term
climatic trends. The observed annual fluctuations are known to affect the community
only at early stages of recovery having no impact on climax communities. This is due
to the fact that, as shown in Section 6.8.1, climax communities and those at late
stages of recovery are able to smooth out physical fluctuations of the environment
severalfold, so that the observed slight climatic trends are unlikely to change
anything in the climax community organisation.
Furthermore, climax communities of one and the same type are known to occupy
territories with very different climatic characteristics. For example, lichen pine
forests formed on deep sands occupy territories with the annual mean temperature
ranging between 6°C and — 11 °C. Comparison of communities from different regions
show that they may differ in productivity and biomass distribution over the
community's species, whereas the composition of dominant species (Pinus silvestris
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Figure 6.19. Schematic description of the state of a boreal forest community in different regimes of
anthropogenic pressure. The monitored characteristic is the store of above-ground biomass. 1. Natural
state of communities is shown based on the data discussed in this section. The recovery period corresponds
to that in Table 6.4; store of biomass is cited after Whittaker (1975). 2a. European Russian North, Siberia
and Far East; disturbances are predominantly caused by surface fires. 2b. European Russia; disturbances
are predominantly caused by clear-cutting and, to a lesser degree, by fires. 3. Intensive silviculture (e.g.
Finland). Note the declining biomass store. 4. Agrosystem (arable lands, pastures). Note the extreme
unsustainability.

and Cladina stellaris (Opis.) Brodo) never changes (Listov, 1986; Sannikov, 1992;
Gorshkov et al., 1997; Ahti and Oksanen, 1990).
6.8.5

Current State of Forest Communities

Today only a small part of boreal forests exists under conditions of natural
perturbations (fires, windfalls, insect invasions) occurring at their natural frequencies. For example, in Russia such forests are only found in Northern Europe (the
Kola peninsula, the Northern and Middle Urals), certain regions of Northern and
Middle Siberia and the Far East (Bryant et al., 1997). The main type of perturbation
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in these forests is represented by natural fires, among which ground fires dominate
(Korovin, 1996; Furyaev, 1996). The overwhelming majority of forest communities
in these regions exist in a stationary stable state or close to that, Figures 6.19-1,2a.
In the rest of the European part of Russia, perturbations of forests are mainly due
to clear-cuttings and, to a lesser degree, to fires (Forest Fund of Russia, 1995). Under
such pressure forest communities may only occasionally reach the climax state
(Figure 6.19-2b).
In the developed countries, territories previously covered by forests are represented now by artificially managed agricultural or silvicultural systems (Figure 6.193,4). In such a case, the natural stationary stable of community capable of biotic
regulation is never reached. It should be noted that long-term land use is inherently
unstable and leads to complete soil degradation in about two hundred years
(Dokuchayev, 1954; Kovda and Ro/anov, 1988; Zonn, 1991; Doran et al., 1998).
Intensive forest management can be also characterised as unstable due to substantial
loss of biogens observed at early stages of recovery (Bormann and Likens, 1994).
This loss has no time to be compensated over the too short process of recovery (5060 years) during which the tree stand achieves the prescribed industrial standard and
is cut down.
Summing up, the performed analysis of available experimental data on organisation and recovery dynamics of forest communities after strong perturbations show
that the biota is able to completely compensate (up to a certain limit) even such
strong perturbations of the environment as total fires, windfalls and others. This
constitutes important empirical evidence in favour of the biotic regulation concept.
Anthropogenic activities seriously affect the functioning of natural ecological
communities and, by doing so, undermine environmental stability on local and
global scales.

7
Energy and Information
It is not heat that is sent by the Sun to the Earth, but highly ordered energy
corresponding to a huge flux of information, which generates ordered physical
processes and life of the biota on the Earth's surface. The natural biota absorbs solar
radiation and processes it in molecular memory cells. Fluxes of information
processed by the biota are used to support functioning of the mechanism of biotic
regulation of the environment. Biotic information fluxes exceed by 20 orders of
magnitude the information-processing capacity of modern civilisation. It follows
that the existing natural biotic mechanism of maintenance of suitable-for-life
environment is absolutely unique and cannot be replicated and replaced by
technology however advanced the stage of technological progress.

7.1 ORDER AND DECAY
Ordered macroscopic processes surround us in our everyday life. Wind, formation of
clouds, precipitation and flow of rivers are examples of ordered macroscopic
processes of physical nature. The orderliness of these processes means that
molecules of the involved substances move in a correlated fashion. For example,
all molecules of water in a river have a downstream velocity component. During
turbulent flow in whirlpools macroscopic groups of molecules feature identical
angular velocities. The phenomenon of wind means that all the molecules of air
have a common velocity component. Ordered motion of molecules can be opposed
to their chaotic (non-correlated) thermal motion.
Molecules taking part in macroscopic motion interact with other molecules of the
medium in which such motion occurs. Interaction of two molecules may produce a
great number of final states. For example, during elastic collision a molecule may
change the direction of its motion, while during inelastic collision it may transmit the
whole of its energy to a molecule of the medium. Different final states of two
interacting molecules are approximately equally probable. Thus, after interaction

