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Ecology of Organisms with Different Body Sizes
Why is the natural biota composed of such differently-sized organisms, from
microscopic bacteria to huge whales? What role does this diversity of sizes play in
the biotic regulation of the environment? How are the biotic energy fluxes distributed
over differently-sized organisms? What is the size of ecological community? These
and related questions are addressed in this chapter.

3.1 METABOLIC POWER OF INDIVIDUALS
Life of all individuals is maintained as a result of the continuous consumption of an
external flux of ordered energy. When external energy is supplied to the organism in
the form of energy-rich matter, this supporting flux of energy is called nutrition.
Plants are able to consume solar energy which is linked to massless photons. Within
living organisms the external flux of energy is used to generate ordered processes that
assume the form of biochemical reactions. The ordered, non-chaotic nature of such
reactions is dictated by molecules of catalysts synthesised by the organism. A catalyst
is a chemical substance capable of accelerating a particular reaction without being
spent in the course of the reaction itself.
Reaction rate is proportional to the relative number of molecules having energy E
above a certain potential barrier B, E > B, which characterises each particular
reaction under given conditions. At a given temperature T the number of molecules
having energy E follows Boltzmann distribution and is proportional to e~ElkeJ',
where kB is the Boltzmann constant and kBT characterises the average thermal
energy of molecules. Expression B/kB can be interpreted as the effective 'barrier'
temperature TB of the reaction, TB = B/kB. For most biochemical reactions, this
temperature is close to the temperature of the Sun, TB ~ 6000 K, see below (3.1.4).
Body temperature is of the order of T « 3 0 0 K , so that TB/T^20. Thus, the
relative number of molecules that could spontaneously enter the reaction is of the
order of e~Te/T « 10~10, which makes the reaction absolutely impossible.
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A catalyst lowers the potential barrier B down to the average thermal energy of
molecules kBT. This enables practically all molecules to enter the reaction, so that
the reaction rate is increased by e7"/7 w 1010 times. In the absence of a catalyst,
spontaneous biochemical reactions would never take place. Thus, synthesising
necessary catalysts, the organism controls all the biochemical reactions within it,
and strictly routes the decay of consumed ordered energy into prescribed channels.
Uncontrollable reactions that run spontaneously in the absence of catalysts cannot
be used by life.
All biochemical processes in the biosphere may be reduced to synthesis and
destruction of organic matter. During the synthesis of organic substances from
inorganic ones, energy is absorbed from the environment. Conversely, energy is
released in the process of the destruction of organic matter. The energy content of
organic substances (the calorific coefficient) naturally differs from substance to
substance (hydrocarbons, fats, proteins, etc.). However, on average, the energy
content per unit mass of organic carbon K is approximately constant for most
organisms in the biosphere and constitutes (Odum, 1983):

On average, the body mass of living organisms exceeds by a factor of ten the mass of
organic carbon, if we account for free water content of live matter. This relationship
is used in all the computations below. Thus we may assume an energy content of a
unit live biomass KU,:
*tt=4.2kJg-'

(3.1.2)

Deviations from this average may, in the extreme, reach a factor of two (Whittaker,
1975; Winberg 1979; Odum 1983).
The energy content coefficient KU, may be given an interesting interpretation. Its
dimension kJg" 1 coincides with that of squared velocity. We thus may formally
write:
Klh= — = 4.2 - 10"

= 3 - 10 3 ms-'

If all the energy content of the living body of an individual were transformed into
kinetic energy of its movement, the individual would move at a speed of
u) = 3 • 103 ms" 1 , which is 10 times faster than the speed of sound. Another
interpretation is that the obtained value of u is equal to the average speed of
molecules after sudden combustion of all the organic matter of the living body.
Recalling that water accounts for about three-quarters of the living matter, we may
relate the obtained velocity u> to temperature, following standard relationships of the
kinetic theory of gases according to which the average kinetic energy of molecules is
proportional to their temperature:
.2

(3.1.3)
where R = 8.3 J K ' mole"1 is the gas constant, M = 18 gmole"1 is the molar mass
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of H2O. The maximum possible efficiency of energy use r\ is given by the well-known
Carnot formula and is equal to the relative difference between the effective
temperatures of the initial highly-ordered and the final low-ordered states, T+ and
TE, respectively. Taking TE equal to the average temperature of the Earth's surface,
TE « 288 K « 15°C, and using (3.1.3) and the Carnot formula we obtain for the
maximum efficiency of energy use that is characteristic for organic matter:
T+

6000 K,

77:

T+-TE
T+

0.95

(3.1.4)

The temperature T+ that characterises orderliness of the chemical energy of organic
matter, is equal to the temperature of the Sun. Thus, the maximum possible
efficiency at which such energy can be used coincides with that for solar energy,
see Sections 7.2 and 8.7.
To support biochemical reactions within the living body, each individual uses
energy released during decomposition of organic matter. This leads to an exchange
of substances between the individual and its environment. Rate of food consumption
by an individual is usually measured as the rate of consumption of organic carbon,
Q, kgCyear"'which is called metabolic rate (Brody, 1945; King, 1974). The rate of
energy consumption by an individual (respiration) may be called metabolic power q,
W. Variables q and Q are interrelated as follows:
q = QK

(3.1.5)

Using the calorific coefficient K (3.1.1) we find that the metabolic rate of 1 kg C
year"1 or of about 10 kg of food per year corresponds to the metabolic power of
1.3W.
In spite of the fact that catalysts decrease the potential barrier of all catalytic
biochemical reactions very substantially, a certain low energetic barrier still persists.
Thus, rates of all biochemical reactions in the organism increase exponentially with
rising temperature in accordance with a Boltzmann distribution. This effect is usually
described using the empirical coefficient QIQ which describes the relative increase in
metabolic power q(T) per 10°C of temperature increase:
Qlo = q(T0+\Q°C)/q(T0)
For most species the value of Qw varies between two and three (Winberg, 1976).
The individual's metabolic power may vary over quite a wide range. However, it
cannot drop below a certain minimal value qo known as the basal metabolic power
(Brody, 1945; Winberg, 1976; McNab, 1983).: Basal metabolic power is observed in
resting individuals some time after food consumption. The maximum metabolic
power achieved by an individual per unit of its body mass is determined by the
maximum rate of biochemical reactions in the living cell and should be universal for
all kinds of living beings. The average metabolic power of existence for most species
1

Note that in literature both Q and q are sometimes called metabolic rate, in spite of the fact that these
two variables have different dimensions. The basal metabolic power is often called basal metabolic rate.
However, we consider it more correct to discriminate between metabolic power which refers to energy
consumption and metabolic rate which refers to consumption of nutrients.
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of the biosphere approximates 2q0 (Calder, 1974; King, 1974; Winberg, 1976;
Panteleyev, 1983; Gavrilov, 1994). The maximum possible metabolic power maintained by continuous oxygen consumption is limited by the maximum possible rate
of food consumption by the individual. In most cases the maximum metabolic power
reaches 4q$, which is twice as large as the average metabolic power of existence
(Gavrilov, 1994).
An average-sized man is characterised by basal metabolic power of about
</o = 80W and average metabolic power of existence of about 140W. In the
regime of oxygen debt a sprinting man may put out power in excess of lOkW
(Brody, 1945).
3.2 BODY SIZE LIMITS
Metabolic processes must support functioning of all the living tissues of an
individual. Of principal importance is the value of metabolic power per unit mass
or volume of an individual (the mass-specific rate) (Brain and McNab, 1980). Body
mass m is equal to pV', where p K, 1 gem" 1 is the body density, which may differ
from water density by no more than several per cent. Thus, in the common units of
measurement, body mass is numerically equal to body volume. Since all the external
energy enters the individual's body through its surface, it is also important to
consider metabolic power per unit area of the average living body projection upon
the Earth's surface. (Area of such projection differs from the total surface area of the
body by a constant multiplier.)
We therefore introduce effective vertical size of an individual, /, and its projection
area at the Earth's surface, s, as follows:
l=V/s,
(3.2.1)
where V stands for the volume of metabolically active parts of the individual, i.e. the
volume where biochemical reactions actually take place. For example, wood of a tree
trunk, where biochemical reactions are practically absent, should not be included
into the metabolically active volume V of the tree. For animals, the metabolically
active volume approximately coincides with the total body volume, because
metabolically inactive tissues (fur, antlers, claws) constitute a minor part of the
animal organism. For locomotive animals their projection area s, averaged over a
period of movement, is of the order of/ 2 . In contrast, for green plants and fungi their
effective vertical (/) and horizontal (^/s) sizes differ by several orders of magnitude.
The volume of space occupied by a green plant consists overwhelmingly of air and
metabolically inactive tissues forming the frame of the plant, e.g. wood in trees. The
average effective vertical size of terrestrial vegetation / appears to be of the order of
several millimetres (!), that is much lower than the visible height of green plants H,
which is usually of the order of ^/s.
Metabolic powers per unit volume (A, volume-specific or mass-specific metabolic
rate) and projection area (7, surface-specific metabolic rate) of an individual are
given by:
X = q0/V,
j = q0/s = \l
(3.2.2)
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Note that A =j/l by definition. If the fluxes of energy and matter consumed by an
individual were dictated solely by the external environmental conditions (e.g. if
nutrients were delivered to the individual by physical diffusion), the value of
metabolic power per unit projection area j would be common for individuals of
any body size. Hence, the metabolic power per unit volume A would then decrease
with growing body size / as I//.
Meanwhile, it is naturally appealing to the universal biochemical organisation of
life that the power of biochemical reactions in a unit volume of the living body, i.e. A,
should be approximately constant for all living beings. Thus, with environmental
conditions dictating the value of j, and the value of A remaining biochemically fixed
and universal, we may then have organisms of only one strictly determined size

/ = A/j.

(3.2.3)

In fact, the metabolic power per unit body volume varies within quite wide margins
depending on the species. However, by all appearances, these margins are universal
for all the living world, so that the body size / may only vary within strictly
determined limits for a given value of j, see Figure 3.1. Second, the majority of
species in the biosphere tend to have a value of A close to an optimal value that seems
to be universal for life as a whole. Therefore, at fixed j one may speak about an
optimal body size for living beings (Figure 3.1).
Heterotrophic individuals, i.e. those feeding on organic matter synthesised by
other individuals, may change the value of surface-specific metabolic power j by
radically altering the organisation of their bodies. They may transit from passive
feeding based on physical diffusion of nutrients (as is the case for bacteria and fungi),
to active mechanical consumption of food with creation of digestive and distributing
systems of internal organs (as in locomotive animals).
In the process of evolution, several fundamental principles of increasing the value
of j and, consequently, of the optimal body size, were discovered. As a result, the
following five taxonomic groups of organisms have principally different organisations of metabolic processes: bacteria, fungi and plants; invertebrate animals; coldblooded vertebrate animals; warm-blooded vertebrate animals excluding passerine
birds; and passerine birds (Aves passerines) (Figure 3.1). Each of these groups is
characterised by its own value of surf ace-specific metabolic power j, and by an
optimal body size at fixed optimal value of volume specific metabolic power A opt
(Figure 3.1). In each of these groups, the body size may vary within the limits defined
by the minimum and maximum observed values of A, A m j n and A max , see (3.2.3). The
available empirical data for the presently- and previously-existing animals of a given
taxonomic group give good grounds to assert that the observed values Amm and A max
are universal for life as a whole.
The observed minimum values Amin are obviously determined by the basal
metabolic power go- These values limit the maximum possible individual body size
in each taxonomic group (Figure 3.1). Extending the obtained basal metabolic rate
lines at their known slopes to the maximum known body size ever encountered in
organisms of a given taxonomic group, we find that the values of A m j n for three out
of the four taxonomic groups coincide (see lines 1, 2, 3 in Figure 3.1). This fact
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Figure 3.1. The dependence of the volume-specific basal metabolic power, \ = q(,/V, on individual
effective vertical body size /. 1 plants, bacteria, fungi, protozoa (without infusoria); 2 infusoria and
multicellular invertebrates; 3 cold-blooded vertebrates and cephalopods; 4 warm-blooded animals
(without passerine birds); 5 passerine birds (Brody, 1945; Hemmingsen, 1960; Kleiber, 1961; Winberg,
1976; McNab, 1983; Gorshkov, 1981; 1983a; 1984a; Kanwisher and Ridgway, 1983). For plants the basal
metabolic power was taken equal to that of dark respiration (Govindjee, 1982). The dark shaded band Aopt
includes more than 95% of species in each taxonomic group (Chislenko, 1981). The minimum value of
volume-specific metabolic power Amjn was obtained by extrapolating lines 1, 2 and 3 to the maximum
effective vertical body sizes (filled circles) observed within each taxonomic group. Open circles show the
maximum possible volume-specific metabolic power (the biochemical limit) ABCH ever achieved by living
beings. It corresponds to metabolic power of bacterial division and the power achieved per unit volume of
the push muscle during the highest possible jumps of different animals (Gorshkov, 1983a).

suggests that the obtained value of Amjn is indeed the sought-for universal limit of
volume-specific metabolic power. It is interesting to compare the obtained universal
value of Amjn (Figure 3.1) with volume-specific 'metabolism' of the Sun, which
constitutes 0.27 Wm~ 3 (Allen, 1955), i.e. only 5% of Amin.
In some situations, individuals have to put out their maximum possible metabolic
power. This power cannot exceed a certain biochemical limit ABCH, which must, by
all appearances, be universal for life in general being determined by basic properties
of the living cell. The maximum power exerted by locomotive animals can be
measured during their longest or highest jumps. In bacteria the maximum possible
power corresponds to the highest rate of cell division,2 which is about one division
per fifteen minutes (Lewin, 1987). The available experimental data show that the
maximum volume-specific metabolic power exerted by bacteria in the process of
dividing, and by animals of different body size during jumps, e.g. flea, grasshopper,

2

In order to increase the mass of the body twice, an organism must consume food in quantities not less
than its own mass. Thus, the mass (or volume) specific metabolic power A and time of cell division r are
related as A = mKa,/T, see (3.1.2).
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themselves) can afford to be immobile and feed on primary production (see also
Section 3.6).

3.3 ENERGETICS AND BODY SIZE OF PHOTOSYNTHESISING
PLANTS
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Figure 3.2. The dependence of the surface-specific basal metabolic power, j = XI, on individual effective
vertical body size /. Solid lines correspond to the same taxonomic groups as in Figure 3.1. The shaded
band corresponds to optimal volume specific metabolic rate A opt , see Figure 3.1. The dash-dot line
corresponds to the maximum net primary productivity encountered in the biosphere. Note that
organisms that exist above the dash-dot line (i.e. organisms of all the taxonomic groups except for the
first one) cannot in principle be immobile, because their metabolic rate of consumption exceeds the
maximum possible productivity of immobile plants. These organisms have to move and destroy the
biomass accumulated over longer periods of time (see also Section 3.6).

locust, kangaroo rat and bushbaby, all coincide (Gorshkov, 1983a). This fact makes
it possible to draw the biochemical limit line, ABCH, in Figure 3.1.
The maximum metabolic power of existence, A m ax, observed in each taxonomic
group, should be substantially lower than the biochemical limit ABCH- It cannot differ
greatly from the optimal metabolic power A opt . The value of Amax in Figure 3.1 is
assumed to be equal to the maximum metabolic power of existence observed for
eucaryotes, i.e. to the metabolic power of existence observed in infusoria of the
smallest size (Gorshkov, 1981).
If the surface-specific metabolic power j did not change at all within each group,
the volume-specific metabolic power A would have decreased as I// with increasing
body size, see note to Eq. (3.2.2). In reality, however, a slight growth of/ is observed
in each taxonomic group (Figure 3.2), which slows down the decline of A with
increasing body size. As a result, individuals of larger body si/e than that determined
by Amax (3.2.2) may appear within a given taxonomic group. It has been empirically
found that all the dependencies of j (and, consequently, of A) upon body size / are
governed by allometric relationships, that are represented as straight lines in
bilogarithmic scales (Figures 3.1 and 3.2). Slopes of these lines depend on particular
morphological properties of multicellular individuals within each taxonomic group.
Figure 3.2 makes it explicit that surface-specific power of existence j, i.e.
metabolic power per unit area of body's projection at the Earth's surface, exceeds
the maximum productivity of plants (the dash-dot line /?+ax in Figure 3.2) for all
taxonomic groups except the first one. This means that species belonging to the four
groups must be locomotive and feed at the expense of the destruction of the
community's biomass. Only species of the first group (bacteria, fungi and plants

The metabolic power of photosynthesising plants is due to the absorbed solar
radiation. The absorbed light is spent on synthesis of organic substances from
inorganic ones in the course of photoreactions. Thus the amount of solar power
consumed by a green plant should be proportional to the import of inorganic
substances needed for such synthesis. The known calorific coefficients obtained from
matter exchange measurements make it possible to relate import of inorganic
substances to the gross primary production of organic matter. Thus, one may
retrieve the value of the metabolic power of green plants from the known value of
the gross primary production of organic carbon. Its density per unit Earth's surface
(gross primary productivity) may be denoted as P+.
If mass of a plant remains constant, all the synthesised organic matter is spent on
respiration within the plant itself. In such a case, import and export of nutrients from
and to the environment can be completely compensated. However, in contemporary
plant species no such compensation is observed and, if metabolic processes do take
place, the mass of a plant continuously increases. The plant mass increment is its net
primary production (this is the part that can be consumed by heterotrophs), and we
shall denote its density per unit Earth's surface (net primary productivity) by P+ and
the respective power density by p+ = KP+ see (3.1.1). Here '+' refers to synthesis.
Plant respiration R~ supporting existence of the plant itself is limited from above
by the amount of incoming solar energy. Plants are immobile and their way of
feeding is passive. This means that they may only consume the needed nutrients from
the environment via physical diffusion, similar to fungi and bacteria. The available
empirical data suggest that for photosynthesising plants the dependence of their
metabolism (respiration) per unit projection area (/' = KR~) and unit body volume
(A) on the effective vertical size /, coincides with the respective dependence for
bacteria and fungi (Gorshkov, 1981, and see Figures 3.1 and 3.2). In contrast to
animals, no advancements in morphology can enable plants to increase their value of
j, i.e. the amount of energy consumed per unit projection area. Due to this fact, the
effective vertical size of plants / cannot be extended beyond the limits of the first
taxonomic group. The effective vertical size of plants cannot thus exceed 1 cm
(Figure 3.1). The average effective thickness of metabolically active vegetation
layer in the biosphere is of the order of 3 mm. In that sense, plants are dwarfs as
compared to higher animals. The visible giant (as compared to /) vertical size of most
plant species (e.g. trees), determined by their height, H, may be reached only because
the most part of the volume, occupied by a plant, consists of metabolically-inactive
tissues.
Solar energy may be transformed into the energy of organic matter with an
efficiency close to unity, see (3.1.4) and Section 8.7. However, the observed efficiency
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Table 3.1. Net primary production and live biomass of the biosphere.
Ecosystem

S1
10 9 ha

Forests, bogs,
3.5 (6.4)
swamps, marshes
Grasslands, shrubs
4.7 (3.5)
Arable lands
1.4(0.1)
Lakes, rivers
0.2
Deserts, tundras
5.2 (4.8)
Continents, total
15
Open ocean
33
(pelageal)
Coastal waters (shelf) 3
Ocean, total
36
Earth, total
51

P
P
t C h a - ' y r - ' GtCyr' 1

B
tCha-'

B
GtC

10

140

500

15

8

70
5
0.1
2
600
0.5

4
1
0.2
2
10
0.01

4
4
2
0.7
4
0.6

4
4
3
0.2
4
1

34
20
5
0.5
1
60
30

15
4
0.4
0.4
40
0.01

T

d
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surface. Additional enhancement of transpiration in comparison to physical
evaporation is due to the increase of the eddy diffusion in air with height. Higher
coefficient of eddy diffusion at higher altitude enables trees to evaporate significantly
more water from the surface of their leaves than, for example, do herbs.
The ratio of the mean annual rate of transpired moisture to the annual net
primary productivity of plants (measured in kgCm~ 2 yr~ 1 ) is known as transpiration coefficient kT. It is measured empirically and is of the order of 1000kgH 2 O per
kgC (Larcher, 1980). Transpiration is proportional to total evaporation from a given
surface, which also includes physical evaporation from soil. The transpiration
coefficient may be expressed as follows:
kT = aTpE/P+,

(3.3.1)
2

3
1
2

9
40
100

0.3
0.04
12

1
2
600

0.2
0.05
6

2
0.8
2

Notes to Table 3.1:
- l h a = 1 0 4 m 2 ; 1 Gt= 10" t= 1012 kg
- S is the area occupied by the ecosystem
- P is the net primary productivity of the ecosystem (Whittaker and Likens, 1975; Ajtay et a/., 1979);
- P is net primary production of the ecosystem (P = PS) (Whittaker and Likens, 1975; Ajtay et al., 1979;
Degens et al., 1984; Platt et a!., 1989; Townshend et al, 1991; Townshend, 1992)
- B is the live biomass per unit surface area in the ecosystem
- B is the total live biomass in the ecosystem (B = BS)
- r is the residence time of carbon in live biomass (r = B/P= R/P)
- d is the leaf area index (the average number of times the tree's leaves overlap each other along a vertical
axis, i.e. how thick (in terms of leaves) would be the tree's foliage when all the leaves are put on the
projection area of the tree)
- Bogs, marshes and swamps cover an area of about 10% of the area occupied by forests. In the table they
are joined with forests because these ecosystems feature similar values of productivity and biomass
(Whittaker and Likens, 1975). Tundra occupying an area of about 10% of that of deserts is joined with
the latter for the same reason
- Preindustrial values for land ecosystems are given in parentheses. At present nonperturbed forests
occupy about 1.3-10 13 m 2 , i.e. they account for about 37% of the total area occupied by forests and bogs
(Bryant et a/., 1997)

of photosynthesis r\ph = KP+ /I never exceeds 7%, while the observed annual
average efficiency of photosynthesis for the whole biosphere constitutes about
0.3% (Govindjee, 1982). The available estimates of net primary production and of
plant biomass for various Earth ecosystems are given in Table 3.1.
All the nutrients, except gaseous CC>2 and Ch, can be consumed and transported
along vessels of terrestrial plants only in the form of water solutions. The amount of
water consumed by plants exceeds their net biochemical needs by many orders of
magnitude. Therefore, pure water must be constantly removed from plants. This
need is satisfied through transpiration—evaporation of water by leaves. The amount
of nutrients consumed by land plants and, consequently, their net primary
production, thus varies in proportion to transpiration. Due to the high leaf area
index of plants, i.e. their high effective evaporating surface, plant transpiration may
significantly exceed the level of regular physical evaporation from open water

where a r is the share of transpiration in total evaporation pE (kgm~ ) from a unit
surface area; E is the observed evaporation rate (myear"1); p is the water density
(kgm~ 3 ); P+ is the net primary productivity in units of live mass (kgCm~ 2 yr~').
The share of the incident solar radiation power spent on transpiration, 777-, is
equal to:
w
= aTpE—-=a
T-

= I/(pLw) « 2000 mm year"

(3.3.2)

Here Lw =2.5kJ(gH 2 O) ' is the latent heat of water evaporation (the amount of
energy needed to evaporate 1 g of water); / is the flux of solar radiation reaching the
Earth's surface; £max represents the maximum possible rate of evaporation from unit
surface area. Owing to (3.3.1) the efficiency of photosynthesis r]ph appears to be
unambiguously related to TIT'.
„_+,,

Kr,

K

E

J^wK-j-

t^wK-T

-^ma;

T
r]ph = KP // = -——
= ——a r —

(3.3.3)

where KP+ is the power of net primary productivity (Wm 2); K(kJ(gC)~') is the
energy content of living cells (3.1.1). (Note that energy content of wood differs from
that of metabolically active plant tissues. However, production of wood constitutes
no more than 10% of the net plant production. Account of wood production would
not therefore change the results above.)
The values of Lw, K and kj are fundamental physical and biophysical constants
which cannot be changed by the natural biota. Therefore the efficiency of
photosynthesis of terrestrial plants is completely determined by the rate of
evaporation, E, which depends on the state of continental biota.
In humid areas such as tropical rain forests, plant transpiration accounts for an
overwhelming part of total evaporation, and more than 90% of the available solar
radiation power is spent on transpiration (Larcher, 1980; Govindjee, 1982). As a
result, in these areas the photosynthesis efficiency approaches its observed maximum
(Larcher, 1980). Conversely, the efficiency of photosynthesis is sharply reduced in the
areas of insufficient evaporation like deserts.
The value of the total land net primary production may be estimated from the
known values of the average land evaporation rate EI, = 500 mm year"1 (see Figure
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6.7), the land surface area (see Table 3.1), and the average annual value of the share
of transpiration in total evaporation 57 = 0.6 (Gorshkov, 1980). Using these values
in Eq. (3.3.3) we obtain the average annual photosynthesis efficiency rj^, = 0.3%, the
average power of net primary productivity p+ = KP+ « 0.5 W m~ 2 and the average
land net primary productivity in carbon units P+ = 4 t C h a ~ ' y e a r ~ ' in accordance
with the independently obtained data of Table 3.1.
As follows from (3.3.2), the maximum possible evaporation rate £"max is four times
as large as the observed mean annual rate of evaporation on land E/, (see Figure 6.7).
The maximum possible rate of evaporation is realised in a situation when all the
solar energy incident upon the Earth's surface is spent on evaporation. The
maximum values of r)ph, p+ and P+ corresponding to £max are 1.2%, 2 W m ~ 2 and
16tCha~'year~', respectively. The observed rate of evaporation from the ocean
surface (£,•« 1.3myear~') is more than twice as large as the contemporary
evaporation rate from the total land surface (see Figure 6.7). Artificial restoration
of vegetation cover, especially in deserts, could significantly change the global
evaporation regime. This could lead to unpredictable changes in the overall
temperature regime of the planet (Henderson-Sellers and Cogley, 1982).

3.4

SENSITIVITY OF THE BIOTA

In this small section we address a conceptual issue that is of critical importance to the
biotic regulation concept. Biotic regulation is only possible if the biota reacts to
changes in the environmental characteristics. It is evident that very small relative
changes in these do not alter the functioning of the biota. In simple words, the biota
does not notice very small changes. A biotic response to environmental perturbations may only follow if the relative change of environmental characteristics at such
perturbations exceeds the sensitivity of the biota. We can define the sensitivity of the
biota eh as the minimum relative change of a characteristic X (concentration of a
biogen, temperature, pressure, etc.) after which the mechanism of biotic regulation is
switched on: £/, = AX mm /X. The sensitivity £/, is a most important characteristic of
individual organisms as well as of ecological communities as a whole.
In spite of possible differences in biotic sensitivity with respect to different
components of the environment, the value of sensitivity (or, as it sometimes
called, resolution) of the biota is on average of the order of 10~ 4 . For example,
the body temperature of warm-blooded animals is fixed to the accuracy of a tenth of
degree Kelvin. It means that organisms with their average body temperature
significantly deviating from the optimum lose competitive capacity. A person with
body temperature of 36.6°C is healthy, while a person with body temperature close
to 37.0°C already is not. At average body temperature of 36.6°C (324.6 K), reaction
of the organism to a change of 0.1 °C (O.IK) corresponds to sensitivity of
e/, « 3 • 10^4. Similar changes of environmental temperature are likely to be
noticed by the majority of organisms.
During the vegetation season, especially at the beginning of it, we are able to trace
daily changes in plant biomass. With total forest biomass of about l O O t C h a " 1 and
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productivity of about 101C ha ' yr 'see Table 3.1, the relative daily change of plant
biomass is of the order of eb ~(10tCha~ 1 yr~ 1 )/(l yr/365days)/(100tC
ha~')~3 • 10~4, i.e. the same value as for the temperature sensitivity.
In the next section, we return to the problem of independent estimates of £/, and
confirm that it is indeed of the order of 10^4. Thus we use the value
AXn

eb = •

3 - 1 0 -4

(3.4.1)

in all subsequent calculations.
Changes in concentrations of inorganic and organic substances in the environment are due to changes in the rates of production or destruction of organic matter,
which is accompanied by transition of the major biogens used by life—carbon (C),
nitrogen (N), phosphorous (P) and others from organic state to inorganic, and vice
versa. To ensure environmental stability and suppress fluctuations of environmental
characteristics, relative fluctuations of productivity P+ and destructivity P" in the
ecological community should be low. Quantitatively we may write it as follows:
P+ - P~T < ebM

(3.4.2)

Here P+ — P~ is the difference between mean values of rates of production and
destruction of a certain biogen averaged over time r. P+ — P describes the average
rate of deviation of environmental characteristics from their optimum (if the value of
P+precisely coincides with that of P , nothing changes in the environment). M is the
store of the respective biogen in the environment. Expression (3.4.2) means that
during time T the store of the biogen should not deviate from the optimal value M by
more than £bM. The characteristic time T is actually equal to the turnover time of the
considered biogen in the environment, T = M/P+, which makes it possible to rewrite
(3.4.2) as

P+-P-

(3.4.3)

When the deviation from the optimum reaches the critical value of ebM, the biota
notices this unfavourable change and begins to compensate, returning the corresponding environmental characteristic back to the optimum. If eb were equal to
unity, i.e. the biota were only able to notice the environmental change when the store
of the biogen would completely extinguish (or double) AM = M, then the environmental store M would fluctuate between 0 and Mmax each T years. Accordingly,
when Sb is small, the value of M fluctuates only slightly.

3.5 FLUCTUATIONS OF SYNTHESIS AND DESTRUCTION OF
ORGANIC MATTER
To ensure a high degree of correlation between rates of synthesis (production) and
destruction of biogens, the ecological community should be characterised by a high
degree of correlation between functioning of different organisms. As soon as
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conspecific individuals are mostly involved in the process of competitive interaction
(Chapter 2), correlated functioning within the community is inherent to individuals
from different species. Such is, first of all, a strict correlation between the species
synthesising and destroying the organic matter (i.e. between plants on the one hand,
and bacteria, fungi and animals, on the other), which is superimposed by correlation
between carnivores and herbivores (their prey) in the animal kingdom.
In the interest of stabilising selection, the interaction of individuals within a
species must be competitive. Since individuals of the same species are uncorrelated,
there remains only one way to diminish the possible fluctuations of matter and
energy fluxes. According to the well-known statistical law of large numbers, relative
fluctuation of a measurable variable in a non-correlated system is of the order of
l/\/Af, where N is the number of mutually uncorrelated parts of the system.
Therefore, to satisfy the condition (3.4.3) within a local ecosystem, organic matter
should be synthesised and destroyed by TV ~ \/e2b uncorrelated elements. Note that it
is useless for the ecological community to keep N significantly larger than 1/e2,,
because the corresponding increase in accuracy of control of P+ and P~ will not be
noticed by the biota anyway and will not give the community any competitive
advantage.
Different patterns of organisation of synthesising and reducing components of
ecological community are employed in nature to satisfy condition (3.4.3). Plants
(synthesisers) are immobile and form a continuous cover. The strongest fluxes of
synthesis usually flow through the largest plants in the community. Let us denote the
average correlation radius for plants (i.e. the average distance between various parts
of a plant functioning in a correlated mode) by r+. We thus obtain for the number N
of uncorrelated parts of plants within an ecological community of si/e Lc:
N =

dL2c

1

(3.5.1)

where d is the leaf area index (Table 3.1), i.e. the effective vertical size of plants in
terms of r+. Fluctuations in plant productivity are kept at a low level due to the
peculiar morphological organisation of large plants that function as weakly
internally-correlated modular individuals (Begon et al., 1986) in a mode similar to
that of an equivalent colony of completely uncorrelated single cell algae.
The second relationship in (3.5.1) makes it possible to obtain an upper estimate of
the biotic sensitivity e/,. The local ecosystem size LC cannot be smaller than that
occupied by a single tree species that accounts for the major part of the net primary
production in the ecosystem. (Different local ecosystems are uncorrelated by
definition, while within a tree all biochemical fluxes are to a significant degree
correlated thanks to biochemical transport in roots, trunk and branches.) In boreal
forests one such dominant species is spruce. Its surface projection area is of the order
of S ~ 10m 2 . The average projection area of a single spruce needle is of the order of
(r + ) 2 ~ 5 • 10~6 m2. Leaf area index for spruce is of the order of 10. Thus, from the
condition that Lc > \/S and (3.5.1) we obtain

-b ^

10~ 6 m 2 /(10m 2 10)] 1/2

:2-10

-4
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i.e. the same order of magnitude as in Section 3.4. In other words, we assumed that
separate needles represent almost independent synthesising parts of a plant, and
estimated £b as the relative fluctuation of the number of needles N (3.5.1) from tree
to tree of the same surface projection area.
Deciduous trees are characterised by larger projection areas r+ of their synthesising parts (leaves). However, separate parts of a leaf function in an uncorrelated
manner. This is manifested by the fact that even significantly damaged leaves still
retain the ability to synthesise organic matter. The correlation radius r+ of a leaf is
presumably of the order of its thickness, which approximately coincides with that of
a spruce needle. Thus, for broad-leaved trees as well we obtain the same estimate of
£b.

The biotic sensitivity et, can be estimated also for epilithic lichens that represent
the simplest ecological communities of the biosphere, consisting of individuals of
algae (synthesisers) and fungi (reducers). The average diameter of algae cells and
fungi hyphae (independently functioning units) is of the order of r + ~ 10~ 5 m, while
the surface projection of a single correlated lichen community is of the order of
(Lc) 2 ~ 1 cm2. Vertical size of epilithic lichens / is of the order of 0.1 mm, which
corresponds to the leaf area index of d ~ l/r+ ~ 10 (see Section 3.8 below). Hence,
for epilithic lichens we obtain

eb ~ r+(LcVd) ~ 3 • 10"4
This value is a representative rather than upper estimate, because for lichens the
average community size LC is known, while for trees we used the lower estimate of
community size, \/S, where S is the area occupied by a single tree. Note that all the
above estimates give the same order of magnitude for £/, coinciding with that
obtained in Section 3.4, e/, ~ 3 • 10~4.
If there are n+ plant species in a given ecological community, that give
approximately equal contributions to the net primary production, occupy different
niches and, consequently, function in uncorrelated mode, then the number N of
uncorrelated patches increases by the factor of n+ and the expression for the average
correlation radius r+ transforms into:
r+ ~ ehLV^+d

(3.5.2)

We can see that diversification of species in a community makes it possible to
increase the average correlation radius of plants without unbalancing the matter
cycles within the local ecosystem. The radius of a local ecosystem as a whole (i.e.
environment occupied by a single ecological community), LC, must be one and the
same for all species inhabiting the local ecosystem, both plants (synthesisers), and
bacteria, fungi and animals (reducers). Therefore, the average correlation radius
for plants, Eq. (3.5.2), should also be treated as a universal characteristic, which
does not depend on the size of separate plants in the ecosystem. Universality of r+
is manifested in the fact that, irrespective of plants' total size, their different
weakly-correlated parts (leaves, branches, roots, etc.) feature similar spatial
distribution. In other words, low trees do not necessarily have smaller leaves or
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thinner roots than large trees. Roughly, all plants can be envisaged as differently
sized assemblages consisting of one and the same basic element characterised by
linear size r+.
Relationship (3.5.1) allows one to assess the size of a local ecosystem, Lc, from
the average correlation radius of plants r+. Assuming that for forest ecosystems the
value of r+ is of the order of thickness of a green leaf (i.e. r+ w 0.1-1 mm) we obtain
from (3.5.1) using eb ~ 104 and d ~ 8 (Table 3.1) the following rough estimate:
1-4-10m

(3.5.3)

This means that ecological communities occupying local ecosystems within which
local biochemical cycles take place independently, are rather small. Thus, a forest
consists of a huge number of local ecosystems that are presumably grouped around
separate trees that ensure the major part of biochemical transport. Note that the
finite size of ecological communities is absolutely indispensable for ensuring
functioning of stabilising selection and competitive interaction of communities. A
globally-correlated ecological community (were such to exist) would lose its internal
correlation in particular due to uncorrelated evolution of its separate components.
The internal correlation of ecological communities can be sustained only due to
stabilising selection of communities in a population of mutually independent
communities, the latter therefore necessarily having limited spatial size (Section
2.8). The estimate (3.5.3) provides empirical evidence for the statement that Earth
cannot represent a globally-correlated ecological system, as it is sometimes stated.
This is not an obstacle, however, for biotic regulation on a global scale (see Section
5.6).
Immobile fungi and bacteria incapable of active locomotion are organised in a
manner similar to that of plants to diminish fluctuations in the process of destruction
of organic matter. Like higher plants, fungi have a small correlation radius, which is
of the order of thickness of their hyphae, while bacteria exist as a completely noncorrelated set of separate single-cell organisms. Natural fluctuations of destruction
of organic matter by fungi and bacteria are very low and cannot unbalance
functioning of the community.
Thus, ecological problems arise only after locomotive animals have evolved and
entered the ecosystem. As we have seen in Figure 3.2, locomotive animals inevitably
cause sharp fluctuations of the biomass in the community.
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In contrast, release of energy flux during thunderstorms, hurricanes and
tornadoes exceeds that value by a factor of several tens or even hundreds.3 Such
high energy flux may be due either to concentration of the solar power incident upon
a larger area and transformed into mechanical energy, into a smaller surface area, or
to a quick release of potential energy previously accumulated over a long time
period.
One way of achieving high physical power density, i.e. concentration of solar
energy incident upon large territories, into small ones, is observed in processes
associated with precipitation of water. Residual precipitation, which fails to
reevaporate, accumulates into rivers, and the resultant hydropower density significantly exceeds the solar energy flux. But the global hydropower only constitutes a
minor part of the total sunpower incident upon Earth (see Table 7.1).
Another way of achieving high energy flux (i.e. quick release of energy previously
accumulated over a long time period) owes itself to the possibility to accumulate the
absorbed solar energy in the form of evaporation/melting latent heat. Water vapour
that evaporates slowly over a long period of time stores large amounts of energy.
That energy may then be released in a pulse by a tornado-like formation. Having
spent within a second the energy that has been accumulating in a given volume for
several hours or even days, the tornado has to move further in space in order to
consume energy from a newly-occupied volume, and so forth. The higher the
tornado power (i.e. its rate of energy release per unit volume), the more quickly it
has to move. Without movement, the tornado would quickly dissipate all its power
and fade away.
The fundamental peculiarity in using the potential energy accumulated in unit
volume of the environment over a certain period of time is that the object using that
energy, whatever its nature may be, must move. If it were possible to concentrate
potential energy from a large surface, local immobile tornadoes or hurricanes could
appear which (like hydropower plants) would remain spatially stable (Jones, 1990),
but this is not actually observed.
Fires, rock falls and avalanches are phenomena of similar nature. During a forest
fire the biochemical energy of organic matter synthesised for many previous years is
spent. Fire may only sustain itself if it spreads quickly. Rock falls and avalanches
release gravitational energy accumulated during prolonged processes of snowfall
and/or mountain formation. In all such cases, high density power fluxes only become
possible due to the previous accumulation of potential energy in various forms.
Energy of sunlight cannot be immediately stored in the form of photons, since
photons are massless particles possessing kinetic energy only. Since plants live off the
absorbed flux of solar radiation, they cannot achieve power densities higher than

3.6 IMMOBILE AND LOCOMOTIVE ORGANISMS
3

Similarly to other macroscopic physically-ordered processes, life is sustained due to
consumption of ordered energy in the form of solar radiation. The maximum flux of
solar radiation reaching the Earth's surface does not exceed 1 kWm~ 2 (see Table
8.1). Hence, no macroscopic process directly driven by the radiative solar energy
may exceed this energy flux threshold.

Flux of wind energy is equal to the product of its velocity, u, and the density of wind energy pu2/2, where
p is air density. Dissipation flux of wind energy (its destructive power per unit area) is equal to epic"/2,
where c ~ 1 is the coefficient of dissipation, practically independent of the velocity. The average global
wind speed and the wind energy flux are equal, respectively, to 7ms" 1 and 3 Wm~ 2 (Gustavson, 1979). In
the vicinity of a typhoon centre the wind speed u may be as high as 200ms" 1 , exceeding the global mean
value almost by a factor of 30. Wind energy flux increases in proportion to w 3 , that is by the factor of
3 • 104, reaching lOOkWm" 2 . In the centre of a tornado the energy flux is presumably much higher.
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that of incident light. Active locomotion would have not helped plants absorb more
light. That is why plants are immobile and may form a continuous vegetation cover
of the Earth's surface. This fundamental property of plants may be called the law of
plants' immobility.
Plants store the absorbed solar energy in the form of potential biochemical energy
of the organic matter that they synthesise. The observed maximum power flux of
photosynthesis is about 2.0 Wm~ 2 (Section 3.3), which corresponds to about 160t of
live organic matter or about 161 of organic carbon per ha per year. The average
energy flux of net primary productivity is about 0.5 Wm~ 2 and 0.25 Wm~ 2 for land
and Earth as a whole, respectively (Table 3.1).
Animals feed off the organic matter accumulated by plants. Energy flux of organic
matter consumed by an animal considerably exceeds the plant productivity (Figure
3.2). For mammals and birds, the consumption fluxes per unit average projection
area exceed 1 kWm~ 2 (see the end of Section 3.1, Figure 3.2 and Section 3.2), i.e. are
above plant productivity by a factor of several thousand. Thus, life of animals may
be sustained only through consumption of organic nutrients which are synthesised
by plants on a territory exceeding the animal's individual average projection area by
the same factor. Passive consumption of organic matter synthesised at a large area
surrounding the animal's body is only possible in a liquid environment. Such feeding
mode in combination with immobile existence is employed by several marine and
fresh water animals (actinias, ascidias, some molluscs, and balanuses). In the absence
of water-transported fluxes of organic matter, such an animal is capable of eating
within an hour the organic matter synthesised in a whole year by all the plants
around it. After that the animal has to move to a new area to be able to feed off the
organic matter available there, and so it goes on. Return of the animal to the starting
area must not occur until the consumed biomass has been regenerated there. This
obliges the animal to protect its feeding area, preventing invasions of other
individuals of the same species.
Life of animals is based on consumption of previously accumulated biomass. This
cannot be ensured without locomotion. Thus, locomotion is an indispensable
prerequisite of animal life. This fundamental property of animals may be called
the law of animals' locomotion.
The average correlation radius for locomotive animals r~ is close to their body
size: r~ « / = (m/p) '/3, where m is the animal's body mass, and p is its body density,
see Section 3.2. The area of correlated food consumption by an animal is of the same
order of magnitude as its body projection area, s = I2. Correlated consumption of
food on a given area means that food is mostly consumed on this area and neglected
on the neighbouring territories. For example, an elephant may consume food within
an area where it may reach with its trunk and nowhere else.
The relative fluctuation of food consumption by an animal on a territory similar
to its body projection area is close to unity. If a large animal of body size / w LC
completely consumes production from a local ecosystem of size LC, then the relative
fluctuation of production and, consequently, the fluctuation of biomass in the local
ecosystem, would also be of the order of unity, which is incompatible with stable
existence of the ecosystem (see Section 3.5).
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The only way for large animals to exist without threatening the integrity of the
ecological community and its environment is to decrease their quota of consumption.

An animal of body size / ss Lc should be allowed to deplete no more than eft K 10~4
of the net primary production from a local ecosystem, Figure 3.5.
The more diverse the animal species in a given range of body sizes, the more
weakly their consumption of plant production is correlated (because they have
different food habits), and, hence, the lower are the overall fluctuations of that
consumption. If a ceiling is prescribed for possible fluctuations (which is determined
by the biotic sensitivity si,), diversification of animal species makes it possible to
increase the total mass of animals in the given body size range.
Let us introduce spectral density per given body size of the consumption quota, /?,
and of the number of species, n~. Then, similar to Eqs. (3.5.1) and (3.5.2), we obtain
for a given body size the number of uncorrelated animal units in a local ecosystem,
N — (L2c/I2)n~, and the relative fluctuation of consumption (destruction) introduced by animals of that body size, /3/\/N. The latter should not exceed the biotic
sensitivity e/,. We thus have:

I

(3.6.1)

In plants, the analogous condition (3.5.2) of the low fluctuations of primary
production dictates the internally-uncorrelated structure of plant bodies limiting
the linear size r+ of a relatively independently functioning part of a plant. In animals,
condition (3.6.1) imposes restrictions on the quota of biomass destruction and
prescribes its specific distribution over animals with different body sizes. The
strong, internally-correlated structure of animals' bodies is conditioned by the
necessity of locomotion and cannot be modified. In other words, unlike plants,
animals cannot function as weakly-correlated modules.
The quota of consumption allocated to large animals with body size in excess of
/ = 10 cm can be estimated from (3.6.1): at eb ~ 10~4, Lc < 10 m, n~ w 1 we retrieve
/3 ~ 0.01, which means that large animals altogether cannot consume more than 1%
of the net primary production of the ecosystem. This estimate agrees well with the
empirical data available for different natural ecosystems unperturbed by anthropogenic activities (see Figure 3.3 and Section 3.7).
It is worth noting that according to Eqs. (3.5.2) and (3.6.1) an increase in species
diversity does not enhance stability of local ecosystems, but rather ensures a
possibility of existence of a larger total number of individuals of different plant
and animal species on a given area without threatening the integrity of the local
ecosystem. The fact that the most stable tropical ecosystems (Wilson, 1988) are
characterised by the highest species diversity encountered in the biosphere can be
explained as follows. Higher species diversity per unit surface area means lower
population numbers of each particular species. Low population number makes a
species vulnerable to drastic fluctuations of the environment. Thus, low population
numbers and, consequently, higher species diversity, can be sustained only in a mild
environment that can be maintained by the biota in a stable state with only small
fluctuations, e.g. the tropics. In contrast, the highly fluctuating severe environment
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of temperate and polar zones favours high population numbers and, consequently,
low species diversity. Therefore it is not the stability of tropical ecosystems that owes
itself to high species diversity, but vice versa.
To find an exact dependence of /3 on / one has to know how the number of animal
species n~ in Eq. (3.6.1) depends on /. At small body sizes / < 1 cm n~ linearly
decreases with / (Chislenko, 1981) and j3 should decrease proportionally to /~'/ 2 ,
which is in good agreement with the available empirical data (see Section 3.7).
Relationships (3.5.2) and (3.6.1) describe the general principles of the organisation
of local ecosystems. They demonstrate that, on the whole, the biosphere may be
envisaged as a non-correlated set of living internally-correlated biosystems devoid of
centralised control and averaging about 0.1-1 mm in effective size. Examples of such
biosystems are bacteria, fungi and uncorrelated parts of plants (e.g. leaves, needles).
Such a structure guarantees that the fluxes of organic matter synthesis and
destruction do not fluctuate too strongly and remain equal to each other with a
relative accuracy of 10~4. Large animals may exist within a stable stationary
biosphere only on condition that their quota of consumption of organic matter
produced in the biosphere does not exceed 1% (see Section 3.7).
With respect to large animals the existing biosphere may be considered just as an
energy producing engine, working to provide them with food and to stabilise their
environment at an optimal level. However, this engine functions at an efficiency level
of no more than 1%. The other 99% of energy fluxes must be consumed by the other
species in the community, and that way they should be considered as indispensable
'overhead expenses'.
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Figure 3.3. Distribution of the relative share of consumption /?(z) of the net primary production of
terrestrial ecosystems over heterotrophs of different body sizes. Numbers in per cent represent inputs
from various parts of the histogram. Deviations from the mean distribution observed in natural
ecosystems are hatched. See (3.7.1) and text.
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The share j3 of primary production consumed by all animals of a given body size is
equal to the ratio of consumption by those animals to the net primary production of
the ecosystem. It is a convenient characteristic for comparing various ecosystems
with different values of net primary production against each other. Summing up
consumption by all individuals within the body size interval from / to / + A/, one
may plot a distribution of the share of consumption f3 with body size /.
However, the density of consumption per an absolute unit body size interval, A/,
has no sense within a wide range covering several orders of magnitude. For example,
consumption by bacteria having body size of about 1 urn changes noticeably while
the body size is changed by A / « 1 urn. Consumption by large mammals of the body
size of / « 1m noticeably changes with the body size changing by A/ « 1 m, but does
not change at all while that size changes by A/ « 1 um.
Therefore, a distribution function retrieved for a unit relative interval
Az ~ A///,/3(z), is the only sensible function. Such type distribution is known as
size spectrum (Hutchinson and MacArthur, 1959). We define /3(z) as follows:

r

0.4

Z
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/o = 1cm,

Summation here is conducted over all the species entering the body size range from /
to / + A/. Pi is the z'-th species' share of consumption of the net primary production
P+ of the ecosystem, /3, = P~r /'P+. Various age groups of individuals of one and the
same species, strongly differing in their body size (e.g. adult fishes and their fry), refer
to different relative body size groups. The factor 0.43 is due to using decimal
logarithms instead of natural ones. Function /3(z) is the relative body size spectrum,
i.e. the density of the consumption share of the net primary production by
individuals of a given body size, entering a unit range of relative size Az = 1.
Figure 3.3 plots the distribution (3(z) based on published field studies from a large
number of natural non-perturbed ecosystems. The solid line presents the average
distribution over all the studied ecosystems (Gorshkov, 1981). Scatter of the
measured values in various ecosystems is shown by hatched areas.
Histogram intervals are chosen to correspond to the taxonomic groups 1-5
presented in Figures 3.1 and 3.2. The first interval, 1 0 ~ 6 m < / < 10~ 4 m, is mostly
occupied by bacteria, protozoa, saprophytophagous fungi (those destroying dead
plants) and mycorrhiza (fungi being in symbiosis with plant roots). Body size of
fungi is assumed to be equal to that of hyphae (strings of mycelium composing the
body of each fungus), which may be assumed to be only weakly correlated with each
other. In the second interval, 10~4 m < / < 10~2 m, consumption of the net primary
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production is mostly determined by invertebrates. The largest bacteria and fungi
entering the second interval do not play any significant role due to their low volumespecific metabolic rate of consumption A (see Figure 3.1), even though their
cumulative biomass may exceed that of invertebrates. The third interval,
10~2 m < / < 1 m, is completely dominated by vertebrates, mainly mammals.
Input from consumption by the largest invertebrates to the third interval is
insignificant for the same reason as above.
As follows from Figure 3.3, in natural non-perturbed ecosystems, bacteria and
fungi consume more than 90% of all the net primary production, invertebrates less
than 10%, and vertebrates less than 1% of that production. A distribution similar to
that presented in Figure 3.3 is also observed in shallow closed water ecosystems,
where the principal part of primary production is controlled by large multicellular
plants having large biomass (Kamenir and Khailov, 1987; Kamenir, 1991). Note that
in flowing waters, such as littoral, estuaries and rivers, the distribution of consumption may be different from that in Figure 3.3 due to the high influx of nutrients into
local ecosystems (see also Section 4.6).
In the open ocean and other water surface areas where the total production is
controlled by microscopic phytoplankton (its individual biomass is three to four
orders of magnitude less than that of higher plants), there are no large herbivores,
and all the net primary production is consumed by bacteria and zooplankton, which
occupy the first part of the histogram in Figure 3.7.1. A similar situation is observed
for lichen ecosystems. In other words, where there is no biomass, there are no large
animals, and the histogram (Figure 3.3) reduces to one single bar at the smallest
sizes.
Thus, with the account of plant respiration, more than 95% of the gross (total)
primary production consumed by individuals in the community flows through
immobile individuals. All the locomotive animals together represent only a 5%
addition to the energy consumption structure of the community. However, being
large animals with strongly slowed metabolism (see Figure 3.1), they may comprise a
considerable (though metabolically inactive) part of the total community biomass.
The fact that practically all the energy flux goes through immobile individuals,
and that the principal part of plant biomass is consumed after their natural death,
together provide for stability of matter cycles without any need for horizontal
transport of biogens, and also for highly effective absorption of solar energy in the
community. The main condition the community's immobile heterotrophs must
observe is that their continuous layer should not shade the community's producers
from the Sun. Immobile heterotrophs should find a place below the photosynthesising parts of vegetation (either bacteria and fungi in the soil horizon, or bacteria and
zooplankton in oceanic depths).
We stress once again the important property of higher plants which makes
possible the existence of large herbivores that significantly destroy the particular
plants they feed on. While all the single-cell individuals and all the locomotive
animals function on the basis of strictly-specified correlated interactions between
different parts of their bodies, and execute centralised control of that body as a
whole, immobile multicellular individuals (higher plants and fungi) are deprived of
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such control. They do not possess a head and consist of practically independent,
weakly-correlated parts of small sizes (e.g. leaves of a plant, hyphae of a fungus).
Moreover, such separate parts may compete between themselves for solar light and
nutrients. When one part of a plant perishes (e.g. when eaten up by a herbivore), that
does not entail death of the other parts and of the whole plant, but may even
stimulate development of the other parts. In that sense, higher plants and fungi are
more in the nature of a set of independent individuals (leaves, hyphae), which are
partly correlated via a common woody trunk and the vessel system supplying
nutrients, water and food from soil. Although weak, it is this correlation that
provides for a variety of important properties of plants, e.g. vertical orientation of
plant bodies.
Locomotive herbivores are capable of eating only the metabolically-active parts
of plants which contain nutrients in proportions required for their metabolism.
Higher plants are noted for the maximum thickness of their metabolicallyactive biomass layer and for lack of correlation between separate parts of each
individual. These features are particularly favourable for animals to feed off certain
specific parts of plants, which may constitute a considerable part of a particular
plant. Meanwhile, consumption of any small part of the metabolically-active
mass of a rigidly correlated individual (particularly of a single-cell one) is impossible,
since it would lead to that individual's death or significant impairment of its
state.
Were all the large multicellular plants as rigidly internally correlated as the
animals, large animals would produce extremely high fluctuations in the natural
distribution of vegetation, even with the share of consumption by those animals
remaining quite small. (That, for example, is what happens when the vessel
network in the cambium is violated along the whole perimeter of the tree
trunk.) That is why the appearance of locomotive herbivores and of carnivores
feeding off the former could only take place in the course of evolution after higher
plants had appeared.
The distribution j3(z) (Figure 3.3) may be used to estimate empirically the
correlation radius of the community. Denoting the share of consumption of plant
production by a heterotrophic species / as (3~ and using the normalisation S,/?r = 1
(summing is extended to cover all the heterotrophic species in the community) one
may estimate the correlation radius for the community from the linear distance at
which the sum is saturated reaching some value close enough to unity, taking, for
example, the distance at which S,-/3j~ = 0.95. It follows from the above analysis that
the principal input to that sum is produced by a small number of bacteria and
saprophytophagous fungi species. The same may be done for autotrophic plant
species, understanding 0f as the share of the solar energy or the share of inorganic
nutrients consumed by the r'-th plant species in the community (E//3+ = 1). Such an
approach indicates a significantly smaller size of the community (Gorshkov and
Gorshkov, 1992), than the saturation length for the whole number of species,
independent of their consumption share (Giller, 1984) and appears (in the case of
undisturbed ecosystems) to be close to the estimate of the correlation radius of the
community obtained in Section 3.5.
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Let us introduce the volume-specific and surface-specific metabolic rates A = K\,
J = Kj that describe the power of metabolic processes in carbon mass instead of
energy units (Sections 3.1 and 3.2). Note that A = J /I according to (3.2.2) (Sections
3.1 and 3.2).
The average flux of consumption by all individuals of a given body size / of all
species in the community is equal to (3P+, where /3 is the share of consumption by
these individuals and P+ is the net primary productivity.
On the other hand, this flux of consumption is equal to the product of the volumespecific metabolic rate of a heterotrophic individual, A = ///, with its biomass per
unit surface area B, i.e. BJ/l = /3P+. Such a presentation makes it possible to
determine the biomass B from the equation:
p+
p+
—
—
(3.8.1)
A
J
Distribution /3(z) (Figure 3.3) corresponds to an order of magnitude's decline of the
share of consumption per two orders of magnitude's decline of body size /, that is,
/3^1/v 7 /- When all the heterotrophs are considered irrespective of the five
taxonomic groups (Figures 3.1 and 3.2) they belong to, the value of volumespecific metabolic rate A op i = KXopl for the majority of species does not change
with increasing body size / (see the dark shaded band in Figure 3.1), whereas the
surface specific metabolic rate J grows proportionally to the body size / (see the
shaded band in Figure 3.2). As a result, the biomass of heterotrophs of a given body
size decreases as \/\fl in accordance with (3.8.1).
On the other hand, the surface-specific metabolic rate J can be assumed to be
approximately constant within each of the five taxonomic groups. In this case, in
accordance with (3.8.1), the cumulative biomass B of all the community species of a
given size increases like B ~ \fl with increasing individual body size / within each
taxonomic group (assuming that /3 ~ 1/v7/).
Quite a different situation is observed for the species-specific share of consumption
(3i (i.e. the share of consumption allocated to all individuals of a particular species of
size /), which is related to (3 as:
13, = 13 / n

Sec. 3.8

(3.8.2)

Here n is the number of species in a given interval of body sizes.
We obtain for /?/ from (3.6.1):
1

The biomass of a single species 5/ is then determined by (3.8.1) substituting [3 for /?/.
The available empirical data indicate that in various terrestrial ecosystems the
distributions of the number of heterotrophic species n over body size are similar
(Chislenko, 1981). Thus it is natural to consider the task of finding the distributions
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Figure 3.4. Size spectrum of the world's herbivore species. N(x) is the density of the number of species per
unit of the relative body size interval, Ax;x = lg(///o);/ = (m/p) 1 / 3 , where /, m and p are the size, mass
and density of the body, respectively. The histogram K is the distribution of terrestrial herbivore species of
the world including reducers (Grant, 1977; Chislenko, 1981; Gorshkov, 1985a; 1985b; Wilson, 1988; May,
1990; Thomas, 1990). The histogram M is the distribution of mammals (Chislenko, 1981; Eisenberg, 1981).
I, II, II M are the allometric approximations. The slopes of the straight lines are 0.96 for I, —1.6 for II and

of fa and n for a globally averaged local terrestrial ecosystem. The distribution n
averaged over all ecosystems may be found from the distribution N similar to it and
available for all the continental herbivore species in the global biota (Figure 3.4;
Gorshkov, 1984a; 1985b). New data identifying the number of tropical insects more
precisely (Thomas, 1990) in practice do not change the form of the distribution N
(Figure 3.4).
As shown in Figure 3.4, the number n of mammalian species has a maximum in
the vicinity of the smallest body size /m;n and then drops approximately proportionally to /~ 2 . It follows from formula (3.8.1)-(3.8.3) that in the range / > /min the share
of consumption of all mammals of a given body size j3 and their biomass B change in
accordance with the approximation of a constant surface-specific metabolic rate /,
see Figure 3.2, as f3 ~ r2 and B ~ /"' (Figure 3.5a). In the meantime, the speciesspecific share of consumption /?/ and species-specific biomass B; change as
(3i ~ /° = const and BI ~ / (Figure 3.5b). Note that this consideration makes it
possible to estimate only slopes of the respective curves, which are in good concert
with the available empirical data (Damuth, 1981a). Absolute values of the
considered variables need to be determined independently, see notes to Figure 3.5.
Thus, the share of consumption of a single mammalian species does not change
with body size, while the biomass increases proportionally to the body size. As a
result, biomass of the largest animal species appears to be the most abundant in the
community. This property of large animals readily catches the eye and makes an
illusion of the dominating role of large animals in the ecosystem which, as we have
seen, is far from being the case. In reality, the huge biomass of large animals is
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Figure 3.5. Share of consumption and biomass of natural species of herbivorous mammals of different
body size (with the slight dependence of surface-specific metabolic rate / on body size /, Figure 3.2, taken
into account), a: /3 and B are the share of consumption and biomass, respectively, of individuals of all
mammalian species of a given body size. The absolute value /3max = 0.5 • 10~2 corresponds to the average
value observed in natural ecosystems (Gorshkov, 1981). b: J3j and Bt are share of consumption and
biomass, respectively, per single mammalian species of a given body size. The absolute constant value
of ft/ = 5 • IO" 4 corresponds to the average value observed in the biosphere (Damuth, 1981a). The biomass
B and share of consumption /3 (as well as B/ and /3;) are related as in (3.8.1).

metabolically inactive compared to the tiny amount of highly-active biomass of
smaller organisms (see Figures 3.1 and 3.2).
Let us now estimate population numbers of heterotrophic species belonging to
different taxonomic groups. For heterotrophs, we may introduce the projection area
index d = L/l = s/S, where L is the average thickness of the biomass layer of
heterotrophs (i.e. thickness of the live biomass layer that would be formed were the
whole biomass of heterotrophs evenly distributed (spread) over their feeding
territories), / is the body size, 5 is the average projection surface area of one
individual, S is the effective consumption area (home range, feeding territory) per
single individual. Note that B = Lp, where p is the live body density, p K 1 tm" 3 .
The projection area index d is equivalent to leaf area index for plants (Table 3.1).
Using (3.8.1) the projection area index for species of bacteria and fungi
(taxonomic group 1, Figures 3.1 and 3.2) can be estimated as
d = /3p+/j < p+/j < 50, where p+ is net primary production in energy units
(p+ < 2 Wm~ 2 , 7 > 0.04 Wm~ 2 , see Figures 3.1 and 3.2). (This result is obtained
assuming that for bacteria and fungi /3 ~ 1.) Thus, it is reasonable to assume that the
average projection area index of a single species of bacteria and fungi is of the order
of d = 5 -=-10. The layer of biomass of bacteria and fungi in soil is not thick: the
bacteria size is / & 10~6 m, the effective size of a fungus (its hyphae thickness) is
/ « 10~5 m, so that we obtain for bacteria L = Id < 5 • 10~5 m (B < 50 gm~ 2 ), for
fungi Lh>5- IO"4 m (B < 500 gm"2).
Using the obtained values we may now estimate the total number of bacteria
inhabiting the biosphere. Under the assumption that bacteria form a continuous
cover both on land and in the sea (Sieburth, 1976) of thickness L = 5 • 10 ~ 5 m we
obtain for the total live mass of all bacteria (spread across the Earth's surface of
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SE = 5 • IO 1 4 m 2 ) a value of M = pL$E = 3 • IO 9 1. The average mass of a single
bacteria is estimated at 10~ 1 8 1 and their total number on Earth is given a value of
3 • IO 27 . That value may simultaneously serve as an estimate of the total number of
living beings in the biosphere, since the number of individuals of all the other species
together is several orders of magnitude lower. The number of species among the
bacteria being estimated as 3 • IO 3 (Chislenko, 1981; Raven and Johnson, 1988), the
number of bacteria within a single species estimates as IO 24 .
All the unicellular eukaryotes (apart from infusoria) belong to the same
taxonomic group 1 (see Figures 3.1 and 3.2), as bacteria and fungi. The mean
eukaryotic cell size / is about 50 • IO" 6 m, i.e. 50 times larger than an average
bacterial cell. Hence, the global mass of unicellular eukaryotes in the biosphere
should be about an order of magnitude (B ~ %//; v'SO « 7) larger than that of
bacteria and approximately equal to that of fungi, i.e. 3 • IO 10 t. Estimating the mass
of eukaryotic cells as 10~ 1 3 t, we obtain for the world population of unicellular
eucaryotes a value of IO 23 individuals. Given the total number of species of
unicellular eukaryotes equal to IO 5 (Chislenko, 1981), the average population
number of a species is about IO 18 individuals.
Small invertebrates belong to the second taxonomic group that differs from the
taxonomic group of bacteria, fungi and unicellular eukaryotes. According to Figures
3.3 and 3.4, the share of consumption (3 decreases as (3 ~ 1/v7/ with growing body
size / irrespective of the taxonomic group of the organisms until the body size /
reaches ~ IO" 2 m. The cumulative biomass B of community species decreases then as
B ~ \j\Tl (at constant A and J ~ /). Body size of the smallest invertebrates is about
/ ~ 10~ 4 m, which corresponds to body mass of about 3 • IO" 1 2 1 (Chislenko, 1981;
Gorshkov, 1984a). The global biomass of the smallest invertebratres in the biosphere
is about v/TO « 3 times less than the global biomass of fungi and constitutes about
1010 t. Hence, we obtain that the world population of invertebrates consists of about
3 • IO 21 individuals. The total number of species in the biosphere is of the order of
IO 7 (Thomas, 1990; May, 1990), among which invertebrates are dominating. Thus,
the average population number of an invertebrate species is about 1015 individuals.
All the above estimates will be used below when comparing rates of evolutionary
changes in different taxonomic groups (see Chapter 11).
We want to stress that all the quantitative results of Sections 3.5-3.8 confirmed by
the available empirical data are ultimately based on the key relationship (3.4.3),
which imposes limits on fluctuations of fluxes of production and consumption of
organic matter in the community, which only makes sense within the biotic
regulation concept. The ability of species to interact in such a manner that
fluctuations of consumption and production are kept low may only be supported
in the course of competitive interaction of ecological communities. Only stabilising
selection of communities may impose such strong restrictions on populations of large
animals. Communities where large animals begin to dominate, lose competitiveness,
as soon as their environment becomes unstable. Thus, the results of this chapter (and
Figure 3.3 in particular) present empirical support to the biotic regulation concept.
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Ecology of Locomotive Animals

7OT 0.6

4.1 DAILY AVERAGE TRAVELLING DISTANCE
Let us now consider the movement of land surface animals. The total metabolic
power q of an animal moving at a speed u is usually estimated from the rate of
oxygen consumption by the animal. It is convenient to relate the metabolic power q
attained by an animal to the basal metabolic power go (see Section 3.1) using a
dimensionless total activity A:
q(u) = [A(u} + \}q,

(4.1.1)

At the average metabolic power of existence q = 2qo (Section 3.1) the average total
activity A is equal to unity.
Numerous experiments have demonstrated that the total activity A(u) of an animal
grows linearly with increasing u up to the maximum speeds developed by that animal
(Schmidt-Nielsen, 1972,1984). This relationship holds for all species studied. Another
observed fact is that when the animal's speed of movement approaches zero, the value
of A(u) approaches a certain non-zero limit A(0) > 0, i.e. the total power of
movement q does not grade smoothly into the basal power q0 (Schmidt-Nielsen,
1972, 1984). It is natural to label this limiting value of activity b = A(0) as 'readiness'
(for movement) (Gorshkov, 1983a, 1984a). The average value of b is close to unity
(see Figure 4.la). The available empirical data can be represented in the form
A(u)=a + b,

a = u/u0,

(4.1.2)

An
t

,

It

^ elephant^
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,^.dog» sheep deer/ oatrich
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Locomotive animals feed on live biomass of plants and other animals. Small animals
exist under conditions of energy abundance. Their consumption of live biomass does
not go beyond natural fluctuations of the biomass itself. Large animals face energy
shortage. Consumption of live biomass by large animals leads to significant
degradation of local ecosystems. To keep the biota and environment stable, population numbers of large animals should be strictly limited.
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Figure 4.1. Readiness for movement, b, and available speed, u0, for different taxonomic groups of animals
(Schmidt-Nielsen, 1972, 1984; Gorshkov, 1983a). Readiness b is equal to the saltatory increment in
metabolic power (in units of the basal metabolic power q$) which corresponds to transition of an
animal from the state of rest to movement at almost zero speeds. The available speed ua is the average
daily speed that can be supported by the animal's metabolism, see also (4.1.2). Lines in the figure denote:
An—average readiness for the majority of animals (reptiles, birds, mammals except for marsupials)
(b = 1.0); Mr—average readiness for marsupials (b = 4.2); Wb—average available speed for warmblooded (endothermic) animals (ua = 0.3 ms"1); Cb—same for cold-blooded (ectothermic) animals
(«o = 0.003ms"'). Man is a mediocre long-range runner, the worst sprinter among the warm-blooded
animals, but one of the best walkers in the animal world.

where the value of a is the net movement activity, and the fundamental dimensional
constant MO has the meaning of speed developed by the animal when its net activity a
is equal to unity.
Speed M0 determines the slope of the line presenting the dependence of the
measured metabolic power, q, on the speed of movement u, Eqs. (4.1.1) and
(4.1.2). Experimental data plotted in Figure 4.1b show that MO is a universal
characteristic of movement, independent of the animal body size within a given
taxonomic group. The average value is MO = 0.3 ms~'= 26 km day"1 for all
warm-blooded animals from mouse to elephant. The record belongs to the donkey
and elephant, which feature MO = 0.8ms" 1 (Gorshkov, 1983a; Langman et al.,
1995).
Let us now analyse the meaning of speed MO, which acquires considerable
significance being a universal fundamental constant. The average daily activity A
is limited by the average metabolic power of existence. According to the available
empirical data, for most animals the average daily activity is close to A K 1. We
denote the relative duration of active state for an animal as xa = ta/T, where ta is
duration of the time interval when the animal remains active during a day, and

