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5.1 Metabolic Power of the Individual
All the biochemical processes in the biosphere may be reduced to synthesis and destruction of organic matter. During synthesis of organic substances from inorganic
ones energy is absorbed from the environment. Conversely, energy is released in
the process of destruction of organic matter. The energy content of organic substances (calorific coefficient), including hydrocarbons, fats, and proteins naturally
differs from substance to substance. However, on average, the energy content per
unit mass of organic carbon is approximately constant for most individuals in the
biosphere and constitutes (Odum, 1983):
Kc=42kJ/gC.

(5.1.1)

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

=~2 «4.2kJ/g =

10 6 m 2 /s 2 ,

(5.1.2)

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

(5.1.3)

0.95,

TO »288Ksa 15°C.

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

k = \r\

Q 10

Qw =

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

216

5. The Energetics of Biota

5.2 Body Size Limits

q = (A+l)q0.

(5.1.4)

If the existence rate is about 2qQ, the mean total existence activity is A = 1.

5.2 Body Size Limits
Metabolism must support biochemical reactions in all the living tissues of an
individual. Of principal importance is the value of metabolic rate per unit mass
or weight of an individual (the mass-specific rate) (Brain and McNab, 1980).
Using weight (mg, where g is the free fall acceleration) instead of mass (m) is
convenient because the metabolic power per unit weight (the weight-specific rate)
has the dimension of velocity, and this power completely controls the possible
movement rate of a land surface animal (Gorshkov, 1981, 1982b).
Since all the external energy enters the individual's body through its surface, it
is also convenient to consider metabolism per unit area of the average living body
projection upon the Earth's surface. We therefore introduce the "effective vertical
size of an individual", /, and its "projection area at the Earth's surface", s:

ps

,

(5.2.1)

where m is the metabolically active mass of that individual, in which biochemical
reactions occur (wood of tree trunks, in which biochemical reactions are practically
absent, must not be included into the plant mass m); p is the density of living
tissues, which we shall always consider equal to that of water, p = 1 t/m 3 . For the
green plants and fungi their vertical (I) and horizontal (^/s) sizes differ by an order
of magnitude. Green plants are characterized by another dimension, their height
H0 which is usually of the order of ^/s, and also by the leaf index, do, which
is equal to the ratio of cumulative leaf surface to plant projection area, s. For
locomotive animals their projection area, averaged over the interval of movement,
is s ~ I2.
Metabolic powers per unit projection area (j), weight (A), and volume (A) of
an individual are given by:

A

=

A

=

— = -?mg
pgV
3

-=pg\.

2
,
' .'

5 = 9.8m/s

(5.2.2)

All the relationships in this chapter would look much simpler in a system
of units where p = g = K = 1, see Sect. 2.6. However, in such a system we
have a distance unit K/g = 430km, a time unit \fKjg = 210s, and a mass unit
(>(K/9)3 = 8 x 1022g, which would be extremely inconvenient. In biology it is
convenient to use the system of units where water density and free fall acceleration
are equal to unity: p = g = 1. In such a system the dimensions of volume, mass
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and weight are identical and the specific rates per unit volume, mass and weight
are equal to each other. But this system is incompatible with SI, unfortunately.
Therefore we stick here to the SI system, in which these three constants have
to enter all relationships. We have to differentiate between the values of A and
A, which have different dimensions but characterize one and the same variable.
Lower case characters will also denote variables expressed in energy units, and
capital ones, the same variables in mass units. They are all related to each other
via
y = KY = KCYC,

(5.2.3)

where y is a variable expressed in energy units, and Y or YC is the same variable
in units of living mass or of organic carbon, respectively, see (5.1.1) and (5.1.2).
Were the densities of energy and matter fluxes, consumed by an individual,
determined solely by environmental conditions, e.g. by physical diffusion, the
value of j would be the same for individuals of any body size, and hence the
metabolic power per unit volume A or weight A would decrease with growing
body size I as 1/7. Meanwhile it is natural to assume by virtue of the basic
biochemical organization of life that it is the power of biochemical reactions in
a unit volume of the living body, i.e. A, which is approximately constant for all
the living beings. With environmental conditions dictating the value of j, and
the value of A remaining biochemically fixed and universal, we could then have
organisms of only the strictly determined size I = \/j.
In fact, the metabolic power per unit body volume may vary within quite wide
margins depending on the species. However by all appearances, these margins are
universal for all the living world, since body size may only vary within strictly
determined limits for a given j, see Fig. 5.1. Second, the majority of species that
play an important role in the biosphere gravitate to an optimal value of A, universal
for life as a whole. Therefore, at fixed j one may speak about an optimal body
size for living beings, see Fig. 5.1.
Heterotrophic individuals, which only consume organic matter synthesized by
other individuals, may significantly change their j by radically altering the organization of their bodies: they may transit from consumption based on physical
diffusion (as is the case for bacteria, fungi and plants) to active mechanical consumption of food, using digestive and distributing system of their bodies (as the
locomotive animals do).
In the process of evolution several fundamental possibilities of increasing the
value of j were discovered, and consequently the optimal body size increased. Animals which made that leap include non-vertebrates, ectothermic ("cold-blooded")
vertebrates, endothermic ("warm-blooded") and passerine birds (Aves passerines),
Fig. 5.1. Each of these groups is characterized by its own value of j, and by an
optimal body size at fixed optimal value of Aopt, Fig. 5.1. In each of these groups
the body size may vary from Amjn to Amax, see Fig. 5.1. Empirical data available
for presently and previuosly existing animals of a given taxonomic group give
grounds for stating that the values Amin and Am^ are universal for life as a whole.
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Fig. 5.1. The dependence of the basal metabolic power (the basal rate) on individual body
size. Solid lines (Brody, 1945; Hemmingsen, 1960; Kleiber, 1961; Winberg, 1976; McNab,
1983; Gorshkov, 1981, 1982b, 1984c; Kanwisher and Ridgway, 1983): 1 - plants, bacteria, fungi, protozoa (without infusoria); 2 - infusoria and multicellular invertebrates; 3 ectothermic vertebrates and cephalopodae; 4 - endothermic animals; 5 - passerine birds.
Top: The mass-specific rates correspond to unit body volume.
AO = qo/l s.

qo - the basal rate of an individual (the dark respiration power for plants (Govindjee,
1982)); / = m/(ps), (s - the individual projection area upon the Earth's surface, for
animals s = I2) m - individual body mass. The hatched band Aopl includes more than 95 %
of all the species in each taxonomic group (Chislenko, 1981). Separate points present the
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If the metabolic rate per unit surface area of the body or per its projection
upon the Earth's surface, j, were constant for each group, the metabolism of a
unit volume would have decreased as 1 // with individual body size increasing, see
(5.2.2). Actually, a slight growth of j is observed in each taxonomic group which,
with individual body size increasing, slows the decrease of A at larger I. That way
individuals of larger body size may originate within each given taxonomic group
(Fig. 5.1). It has been empirically found that all the dependencies of j (and, consequently, of A) upon body size I are governed by allometric relationships (Sect. 2.6),
and they may thus be presented as straight lines in bilogarithmic scales. The slopes
of these lines depend on the morphological features of multicellular individuals in
each given group (similar to critical indices and anomalous dimensions in physics
(Haken, 1982; Schuster, 1984)).
The minimum values are obviously determined by the respective existence or
basal metabolic rate. These values limit the maximum possible individual body
size in each taxonomic group, Fig. 5.1. Extending the obtained basal metabolic rate
lines at their known slopes to maximum known body size of both living and extinct
individuals of a given taxonomic groups (the latter available from paleodata), we
find that the values of A m j n for three such taxonomic group (see lines 1, 2, 3 in
Fig. 5.1) coincide. This fact prompts one to assume that the value of Amin found,
is indeed the sought admissible universal limit of mass-specific metabolic rate
(metabolic power per unit body weight).
In the course of their life animals sometimes have to use their maximum
possible metabolic power. This power cannot exceed a certain biochemical limit
(\BCH), which must, by all appearances, be universal for life in general. The
maximum power outputs are produced by locomotive animals during their highest
or longest jump and also by dividing bacteria, if the time lapse between the two
successive divisions is minimum (amounting to about 15 min (Lewin, 1983)). (The
time of dividing (doubling), r, is approximately equal to the ratio of the individual
body mass, m, to its metabolic rate measured in mass units, Q = q/K, and may be

observed maximum body size both in the presently living and extinct individuals, sitting
upon extrapolated lines for respective taxonomic groups (Gorshkov, 1981), which determine
the minimal power A m in. (Compare with these data the "metabolism" of a unit volume of the
Sun, which constitutes 0.27 W/m3, i.e. 0.05 A min (Allen, 1955).) Crosses show the observed
maximum metabolic power (bacteria division (Gorshkov, 1981), animal jump power per
unit volume of the driving muscle (Gorshkov, 1982b), determining the biochemical limit
ABCHBottom: - power per unit projection area, jo = qo/s. Dashed lines: the minimal (Amin)
and maximal (A ma x) power per unit projection area for endothermic animals (Gorshkov,
1982a; McNab, 1983) Dash-dotted lines show the power of the net primary productivity:
Pi max - maximum (Ivanoff, 1972, 1975; Whittaker and Likens, 1975)
Pi Land the average continental (Whittaker and Likens, 1975)
Pi Earth the Earth as a whole (Whittaker and Likens, 1975).
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expressed via A = q/mg, the constant K, Eq. (5.1.2), and g : T w K(g\) ', see
Sect. 5.3) The maximum power put out by bacteria in the process of dividing, and
by animals of different body size during jumps per unit volume of their driving
muscle, e.g., flea, grasshopper, locust, kangaroo rat and bush baby all coincide
(Gorshkov, 1981, 1983b). This fact makes it possible to introduce the biochemical
limit line, XBCH into Fig. 5.1.
The maximum existence rate, Amax, must be significantly lower than the biochemical limit and be close to the optimal rate Aopt. The rate A™,* in Fig. 5.1 is
assumed to be equal to the maximum observed rate for eukaryotes, i.e. to the rate
for infusoria of the smallest size (Gorshkov, 1981).
The observed body size of endothermic animals (mammals and birds with
constant body temperature TB) is limited by the condition of conservation of
their body heat budget at environmental temperature TO- For a given linear body
size the lowest surface area is that of a sphere SB = 4?r.R2; its volume would
be (4/3)7r.R3 = I3 (in agreement with the definition o f / , Eq. (5.2.1), for average
projection area s = I2). Thus we have for a sphere SB w 5/2. For animals that would
mean: SB > 5/2. The heat flux across the unit body surface area jg = jl2/SB is
equal to
JB = /IB VT = /IB

AT

AT = TB - T0,

(5.2.4)

where /IB and IB are the heat conductivity and thickness of the insulating layer
(fur, fat, feathers). Apparently, hB > /imin, (/imin = 2.4 x 10~2 Wm~'(°C)~ l ) is a
heat conductivity of air and of eiderdown (Childs, 1958) and IB < /. As a result
the minimum value of j for endothermic animals, je mm may be described by a
relationship (Gorshkov, 1982a):
jemin = 5/l min /lT//.

(5.2.5)

At T0 = 0°C and TB « 40°C the dashed line for jemm in Fig.5.1 crosses line
4 (mammals) near the actually observed minimal body size: I = lmm « 1 cm
(m-mm ~ 1 g), and line 3 (ectothermic ("cold-blooded") vertebrates) at mmjn <
1 kg. Therefore large reptilia can be endothermic ("warm-blooded") (Bakker, 1975;
Paladino et al., 1990).
The maximal value of je max for endothermic animals is limited by the maximum possible heat release in terrestrial or aquatic conditions: JB < Jemax/5 =
JBcrit- E.g., at TO > Tg in air the value jBcrit is given by possible available
evaporation, which cannot exceed 200 W/m2 at a relative humidity of 60 %, i.e.
jemax ~ 1000 W/m2 (presented by a dotted line in Fig. 5.1). Bird lungs feature
a more advanced design that those of mammals (Schmidt-Nielsen, 1972). That
is why the giant among passerine birds - the raven - compensates lack of sweat
glands by the more effective (as compared to mammals) evaporation of water from
the surface of its lungs. Lack of contact between the line for passerine birds and
lines of biochemical limits is directly related to flying: energy expenditure during
flight exceeds such expenditure during any other mode of locomotion (Gorshkov,
1984c).
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The metabolic power of photosynthesizing plants is extracted from the absorbed
solar radiation. If one assumes that, in the course of photoreactions, light is only
used to synthesize organic compounds-from inorganic ones, then the total power
consumed by a green plant should be proportional to the import of inorganic
substances needed for such synthesis. Knowing the respective calorific coefficients,
one may determine the value of this metabolic power from measurements of matter
exchange; it is then retrieved from the gross primary production of organic carbon.
Its density per unit Earth's surface (gross primary productivity) may be denoted
as PQ and the respective power density as pj, see Sect. 5.1 and Eq. (5.2.3). Were
all the synthesized organic matter spent on ("autotrophic") respiration within a
plant of a constant body mass, import and export of nutrients to the environment
could be completely compensated. No such compensation occurs in the presently
living plants, and if metabolism takes place, the mass of a plant always increases.
The plant mass increment is its net primary production (this is the part consumed
by heterotrophs), and we shall denote its density per unit Earth's surface (the net
primary productivity) as Pj1", and the respective power density as p\.
The difference between the power of gross and net primary productions, i.e.,
the plant respiration (rj~) presents the metabolic power spent by plants to sustain
their own life processes. Plants are immotile and may only consume the needed
food from the environment via physical diffusion, similar to fungi and bacteria.
It may be found empirically for photosynthesizing plants that the dependence of
their metabolism (respiration) per unit projection area (j = r[") and unit body
volume (A|) on the vertical size /, coincides with the respective dependence for
bacteria and fungi, see Fig. 5.1.
The law of conservation of energy and matter relates the rate of consumption
P~ to respiration Rn, to production P^ densities, and to velocity of biomass
change Bn via the dependencies (Fig. 5.2):
(5.3.1)

P~=Rn

r-=KR~.

p-=I,

Here / is the solar radiation consumed by the biota; P^, R and p*, r are the
variables in units of live mass and of energy, respectively, see Eq. (5.2.3) In steady
state Bn = 0 and P^ = P~+l, so that we have:

I = r~+r^+r^, Po=r~+r~.

(5.3.2)
+

Each box in Fig. 5.2 characterizes three independent variables P~,P and B.
It is convenient to use the relative variables in each box in Fig. 5.2:

P+

P-

B

A= —, <* = —, r = —,
f'.

(5.3.3)
(5.3.4)
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Autotrophes
(green plants)

o >

't

Heterotrophes
r _ ) (bacteria, fungi, animals)

For bacterial unicellular individuals h ~ 1, a > 0.5 (Kendeigh, 1974; Whittaker,
1975) and the dimensionless coefficient c in (5.3.5) is of the order of unity. For
most mammals the coefficient c is equal to about 100 (Brody, 1945). Man is the
exception. For man the coefficient c is four times larger than for other mammals
(Brody, 1945).
The law of conservation of energy and matter in steady state B\ = B0 =
0 relates the power of gross and net primary production to the power of plant
respiration densities via the dependence:
pj=pt+rf,

Inorganic environment

Fig. 5.2. Energy and matter fluxes in a local ecosystem. Solid lines - matter, wavy lines energy fluxes. Combined solid and wavy lines - fluxes of organic matter. I - solar radiation,
r~ - heat fluxes resulting from the destruction of the organic matter in the process of
respiration; r0 - light leaf respiration power flux (Govindjee, 1982; Lehninger, 1982). P^ production, P~ - consumption (destruction) densities of the organic matter. Bn - biomass,
Ln - the organic matter layer thickness. Bn - the velocity of changing of biomass. M inorganic matter resulting from destruction of the organic matter, L - its thickness; R~ inorganic fluxes resulting from the destruction of organic matter, P~ - total inorganic flux
(total destructivity). Boxes in the scheme: n = 0 - photosynthesizing parts of plants, n = 1
- non-photosynthesizing parts of plants, n = 2 - heterotrophs. Laws of matter and energy
conservation are satisfied in every box.

The relative variables A , a and r remain meaningful for single individuals. The
mass-specific consumption rate is A" = r]A, where A = Q/m is mass-specific
metabolic rate expressed in units of live mass, r) is a digestibility. In most cases
rj > 0.8 (Sawby, 1973, Kendeigh, 1974) and we can approximately set A~ w A =
Q/m = \g/K (Sects. 5.1 and 5.2). The coefficient a is the ecological efficiency
of transforming the consumed product into body tissue (including meat and milk).
For most locomotive animals of any body size a w 0.1 (Whittaker and Likens,
1975). The time T is the residence time of atoms in man's body tissue. This is
an effective time scale for all life processes including the lifespan TL. The ratio
h = TL/T does not depend on body size and is a universal constant for large
taxonomic groups (Brody, 1945). Therefore the lifespan TL is proportional to the
inverse mass-specific metabolic rate A~l:
h
cA~\ c = -.
(5.3.5)
a
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(5.3.6)

where the index " + " again denotes synthesis, see Fig. 5.2. Therefore, the level of
respiration, r j~, is limited by the value of pj. Plants, in contrast to animals, are not
capable of increasing their energy consumption per unit projection area (j = rj~),
independent of any possible morphological perfections. The vertical size of plants
cannot be extended, except in the first taxonomic group. It is limited to the value
of approximately 1 cm, (see Fig. 5.1). The biospheric average thickness, /, of the
metabolically active layer of vegetation is of the order of 1 mm. In that sense the
plants are dwarfs as compared to higher animals. The visible giant vertical size of
plants, determined by their height, H0, may only be reached because the volume
of space, occupied by a plant, consists overwhelmingly of air and wood, and does
not contain any live metabolically active tissue.
Solar energy may be transformed into the energy of organic matter at an efficiency level close to unity (see (5.1.3)). However the observed diurnal efficiency
of photosynthesis never reaches 7 %. Moreover, the observed annual average efficiency of photosynthesis for the whole biosphere constitutes about 0.3 %, (Govindjee, 1982), see Table 5.1.
All the nutrients, except gaseous CO2 and 62, are consumed and transported
by land plants along their bodily vessels as 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 occurs
through transpiration - water evaporation by leaves. The amount of nutrients consumed by land plants, i.e., their net primary production, thus varies in proportion
to transpiration. Due to the high leaf index of plants, i.e., to high effective evaporating surface and (particularly for trees), due to increase of the eddy diffusion in
air at higher altitudes, transpiration may significantly exceed the level of regular
evaporation from the open ground surface.
The estimates of net primary production and of plant biomass for various Earth
ecosystems are given in Table 5.1.
The empirically measured dimensionless ratio of the annual average rate of
transpired moisture to net primary production in live mass units is called the transpiration coefficient fcr, and is of the order of 100 (Larcher, 1976). Transpiration
is proportional to total evaporation, which also includes evaporation by soil. The
transpiration coefficient may be expressed as follows:
_ aTPE
KT
..-H. ,
(5.3.7)
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Table 5.1. The net primary production and^biomass of the biosphere.
Ecosystem
Forests, bogs,
swamps, marshes
Grasslands, shrubs
Cultivated
(arable) lands
Lakes, rivers
Deserts, tundras
Continents, total
Open ocean
(pelageal)
Coastal waters
(shelf)
Ocean, total
Earth, total

Se
10nm2

do

5.1
3.3

Pfc

Pic

T
TI
year year

Li
mm

%

16
4

5« 1)
10(1)

year

GtC

tC/ha
year

1C
ha

8
4

40
13

750
50

8
4

150
17

19
4

2
1

1.4
0.2
5
15

4
2
0.7
4

5
0.5
1
60

5
0.1
2
800

3
2
0.2
4

3
0.4
0.4
50

1
0.2
2
13

1
0.2
1
1

33

0.6

30

0.5

1

0.01 0.01 0.01

0.01

40(0)

3
36
51

2
0.8
2

8
40
100

1.5
2
800

3
1
2

0.1 0.2
0.06 0.05
16
8

0.6
0.05
0.2

30(0)
40(0)
17(< 1)

GtC

0.2
0.05
0.1

3 - 50(50)
0.4
10(1)
0.2
5(1)
4
7(1)

Se is the area occupied by the ecosystem;
dt> is the leaf area index (the ratio of the leaf total surface area to their projection area
upon the Earth's surface);
P}c is the net primary organic carbon production (Whittaker and Likens, 1975; Ajtay et
al., 1979; Gorshkov, 1987a; Townshend et al, 1991; Townshend, 1992);
B|c is the total mass of organic carbon in living plants, including wood (Whittaker and
Likens, 1975);
PI+C and B\c are the net primary productivities and the total biomass of organic carbon
(Whittaker and Likens, 1975; Ajtay et al., 1979);
T = B|C/P|C = BiC/Pfc is the total biomass residence time; on average the net primary
productivity of the metabolically active live mass P\ is equal to lOPj^;
TI is the residence time for metabolically active biomass (Gorshkov, 1982b);
L\ = P\T\jp is the layer thickness of metabolically active biomass;
/?2 is the share of net primary production consumed alive by consumers (by vertebrates
in brackets).
Forests, bogs, marshes and swamps are joined because these ecosystems feature similar
productivities and biomasses (Whittaker and Likens, 1975)

where «T is the share of transpiration in total evaporation, pE, from a unit soil
area; E is the observed evaporation rate (m/year); Pt+ is the net primary production
in units of live mass (kg/(m2 • year)). The share of the solar radiation power, rjr,
spent on transpiration, is equal to:
_ aTpELw _ aTE
TJT

=

J

J
J

max

—

= -£

,

-ftmax

2 m/year,

(5.3.8)

where L = 2.3kJ/(gH 2 O) is latent evaporation heat for water; / « 150 W/m2 is
the mean solar energy flux reaching the Earth's surface, see (2.2.3). EJecause of
(5.3.7) the efficiency of net photosynthesis production, rjp, appears to be uniquely
related to T?T, (5.3.8):

PT_

E
-CUT'

(p| = KPD,
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where p{ is the power of net primary productivity in energy units; K is the energy
content of living cells, (5.1.2). (The energy content of wood differs from that of
metabolically active plant tissues. However, wood production constitutes no more
than 10% of the total plant production. Account of wood production would not
change the results above.) The values of LW,K and kT are essentially physical
and biophysical constants which cannot be changed by the biota. Therefore the
efficiency of photosynthesis of land plants is completely determined by the rate
of evaporation, E, which depends on the state of continental biota (Sect. 4.6).
In the most humid areas in the whole biosphere, such as tropical rain forests,
evaporation occurs totally by way of transpiration, and more than 90 % of the
available solar radiation power is spent on it (Larcher, 1976; Govindjee, 1982).
This situation results in photosynthesis efficiency nearing its observed maximum
in these areas (Larcher, 1976). Conversely, the efficiency of photosynthesis is
sharply reduced in the areas of insufficient evaporation.
The amount of total land net primary production may be estimated from
the known values of the average land evaporation rate Eb = 500 mm/year, see
Fig. 4.11, the land surface area (see Table 5.1), and the average annual value of
the share of transpiration in total evaporation OT = 0-6 (Gorshkov, 1980b). Using
these values and Eqs.(5.1.1) and (5.1.2) in Eq. (5.3.9) we have the average annual
photosynthesis efficiency fjp « 0.3 %, the average power of net primary productivity p| fa 0.5 W/m2 and the average land net primary productivity in carbon
units P,+c « 4tC/(ha-year) in accordance with the data of Table 5.1. The maximum
evaporation rate is four times as large if all the available solar energy is spent on it
(this follows from (5.3.8)). The maximum annually averaged values of rjp, p\ and
Pfc are respectively rjm^ w 1.2%, p| « 2 W/m2 and P^ » 16tC/(ha-year). The
rate of evaporation from the ocean surface (Ea fa 1.3 m/year) is more than twice
as large as the contemporary evaporation rate from the land surface, see Fig. 4.11.
The restoration of land surface vegetation coverage, mainly in the deserts, could
significantly change the global evaporation regime and average land net primary
productivity, increasing its severalfold. This would lead to reduction of heating of
desert surfaces and to a change in the overall temperature regime of the planet
(Henderson-Sellers and Cogley, 1982).

5.4 Fluctuations in Synthesis and Destruction
of Organic Matter
Despite the extreme complexity of the overall structure and interspecies relationship within the local ecosystems there exist general laws which tie production and
destruction to body size (more accurately, to average correlation radii-of the individual). These apply to all the species active in both synthesizing and destroying
organic matter. These laws follow from the conditions of matter cycle closure. To
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satisfy the conditions in (4.3.5) (see also (4.3.2) and (4.3.3)) the relative random
fluctuations of P+ and P~ have to remain below the value of steady state breach
KQ, see Sect. 4.3.
Only individuals from different species may interact in a correlated manner
in a community. There is, first of all, a strict correlation between the species
synthesizing and destroying the organic matter (i.e., between plants and animals),
which is superimposed by correlations between carnivores and herbivores (their
prey) in the animal kingdom. In the interest of natural 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, the relative fluctuation of a measurable variable in a noncorrelated system is of the order of l/x/TV, where N is the number of mutually
uncorrelated parts of the system (Sect. 2.3). Therefore, within a local ecosystem,
organic matter should be synthesized and destroyed by N > K~2 uncorrelated elements. This condition may be realized through different mechanisms of synthesis
and destruction.
Plants are immotile and form a continuous cover. The strongest synthesis fluxes
usually flow through the largest plants in the community. But plants function
as weakly internally correlated modular individuals (Begon et al., 1986). Let us
denote the average correlation radius for plants (i.e., the average distance between
the various parts of a plant functioning in a correlated mode) through r+. Then,
on account of the predominantly vertical stratification of correlated parts in plants,
we obtain for the number of uncorrelated "patches" (columns) within a local
ecosystem of size Lc (see Gorshkov, 1984a, 1985a):
or

r+<KLc.

(5.4.1)

We see that fluctuations in plant productivity are decreased by large plants which
are actually formations with a loose inner correlation and which function in a mode
similar to that of an equivalent colony of completely uncorrelated single cell algae.
If there are n+ plant species approximately equally represented in a local ecosystem
which occupy different niches and, consequently, function in uncorrelated mode,
then the number of such uncorrelated patches increases by the factor of n+ and
the expression for the average correlation radius transforms into:
r+<KLcVr^.

(5.4.2)

We see that diversification of species in a community would increase the average correlation radius between plants without unbalancing the closed cycles of
matter. The radius of a local ecosystem as a whole must be the same for plants
(synthesizers) and for bacteria, fungi, and animals (destroyers) of the organic matter. Therefore the average correlation radius for plants (5.4.2) should be treated
as a universal characteristic, which does not depend on the size of separate plants
in the ecosystem. Irrespective of plants' size their parts follow similarly chaotic
distributions, so that characteristic sizes of plants, forming the bulk mass of veg-
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etation (i.e., the maximal distance between the various correlated parts of plants)
have to be assessed from the height of their trunks and/or length of stems. Next,
the relationship in (5.4.2) makes it possible to assess the size of the local ecosystem, Lc, from the average correlation radius of plants (r+). Apparently, the vertical
radius of correlation for plants r+ in (5.4.2) cannot exceed the thickness of the
metabolically active level of vegetation, I, (Sect. 5.3). Assuming that the latter is
of the order of the thickness of a green leaf (i.e., r+ ~ (0.1-1) mm) we obtain:
L c ~(l-10)m.
Similarly, immotile fungi and bacteria also work to diminish fluctuations in the
destruction of organic matter. Like higher plants, fungi have a small correlation
radius, which is of the order of the thickness of their hyphas. In turn, bacteria
present a non-correlated set of separate single-cell organisms. Thus ecological
problems arise only after locomotive animals evolve and enter the ecosystems.

5.5 Immotile and Locomotive Organisms
Like any other macroscopic physical motions and processes, life is sustained by
the free energy of solar radiation. The flux of solar radiative energy at the Earth's
surface does not exceed 1 kW/m2 at maximum (see (2.2.1)). Hence, no macroscopic
process directly driven by the radiative solar energy should exceed this power
density threshold.
The energy release during thunderstorms, hurricanes and tornadoes exceeds
that value by a factor of several tens or even hundreds.1 That may occur either
due to concentration of the solar radiant power incident upon the larger area
and transformed into mechanical energy, into a smaller surface area, or quickly
releasing the potential energy previously stored over a long time period.
Concentration of solar energy from large territories into small areas only occurs
when water is evaporated and precipitated. Residual precipitation, which failed to
reevaporate, accumulates into rivers, and the resultant hydropower density significantly exceeds the radiative solar energy flux. But the global hydropower consists
of a very small part of the total sunpower, see Table 2.1.
The absorbed solar energy always accumulates in the form of evaporation/melting latent heat. Slowly evaporating water vapor stores large amounts of
energy, which may be released in a pulse by a tornado-like formation. Having
spent within a second the energy previously stored in a given volume for several
hours or even days, the tornado has to spatially move so as to consume energy
1

The flux of wind energy is equal to the product of its velocity, u, with the density of wind
energy pu2/2, where p is air density. Dissipation of wind energy (its destructive power)
is equal to cpu? /2, where c is the coefficient of dissipation, practically independent
of the velocity. The average global wind speed and the wind power flux are equal,
respectively, to 7m/s and 3 W/m2 (Gustavson, 1979). When the wind speed close to the
center of a typhoon climbs to 200 m/s, that is almost by a factor of 30, its power flux
increases in proportion to u3, that is by the factor of 3 x 104 reaching 100kW/m2. That
power is clearly much higher at the very center of the cyclone.
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from the newly occupied volume, etc. The higher the tornado power, (i.e., its rate
of energy release per unit volume), the quicker it has to move. Without movement
the tornado would quickly break up and dissipate all its power.
The same goes for hurricanes too. The principal feature in using the potential
energy accumulated in unit volume of the environment is that the object using that
energy, whether a tornado or a hurricane, must move. If a mechanism were available to concentrate that energy from a large surface, local immovable tornadoes
or hurricanes could appear which (like hydropower plants) would remain-spatially
stable (Jones, 1990), but this is not actually observed.
Fire presents a similar phenomenon. During a fire the energy from the organic matter synthesized for many previous years is spent almost instantly. Fire
may only sustain itself if it spreads quickly. Similarly rock falls and avalanches
release gravitational energy accumulated during the slow prolonged processes of
snowfall and/or mountain formation. In all such cases high density power fluxes
only become possible due to previous accumulation of potential energy in various
forms.
Free energy of sunlight cannot be directly stored in the form of photons, since
photons possess kinetic energy only and have no mass, see Sect. 2.6. Since plants
live off absorbed solar radiation, they cannot produce power densities higher than
that of incandescent light. Movement would have not helped plants to absorb more
light. That is why they are immotile, weakly internally correlated modular individuals that form the continuous vegetation cover of the Earth's surface (Gorshkov,
1980b). This statement can be called the law of plant's immotility. Absorbing solar radiation, plants accumulate it in the form of potential energy of the organic
matter they synthesize. The observed maximum power flux of organic matter producing photosynthesis is about 2.0 W/m2. The average land surface power of net
primary productivity is about 0.5 W/m2 and, of the Earth as a whole, 0.25 W/m2
(see Sect. 5.3 and Table 5.1).
Animals feed off the organic matter accumulated by plants. The power of
the flux of organic matter consumed by an animal per unit (average) projection
area may considerably exceed the respective plant productivity. For mammals and
birds their consumption fluxes per unit average projection area exceed 1 kW/m2
(Sect. 5.2), i.e., are above plant productivity by a factor of several thousand. Thus
animal life may be sustained only through consumption of organic nutrients which
are synthesized by plants at an area exceeding the animal's individual average projection area by the same factor. Passive consumption of organic matter synthesized
at a large area bordering the surface of the animal's body would only be possible in a liquid environment. Such a feeding mode in combination with immotile
existence is employed by several marine and fresh water animals (actinias, ascidias, some mollusks, and balanuses). In the absence of water-transported fluxes
of organic matter an animal is capable of eating within an hour the organic matter
synthesized 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,
etc. This movement is a necessary precondition of animal life. A moving animal
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inevitably destroys accumulated biomass. Its life would be impossible without
previous accumulation of such mass.
The intensity of consumption flux is singularly connected with the animal's
body size. Food enters the animal's body through its surface and is consumed
within its volume. With increasing body size, /, the body surface grows as / 2 ,
and its volume as / 3 . Biochemical organization of life follows certain universal
laws, which demand that energy release per unit volume of the animal's body,
A, Eq. (5.2.2), stays close to an optimal level, see Sect. 5.2. For all the actively
living organisms it amounts to about 10kW/m3 (Fig. 5.1). Therefore, the power
released per unit body surface, j, would increase with increasing body size and
would linearly follow / (j = A/, see (5.2.2)). Such a dependence necessitates transition from diffuse absorption of nutrients by bacteria, protozoa and fungi to active
mechanical feeding and development of specialized digestive and distribution systems in higher animals. In other words, an increase in body size is necessarily
accompanied by an increase in animal complexity. Only microscopic or weakly
internally correlated modulary individuals, for which the nutrient fluxes through
their unit body surface area do not exceed the level of plant productivity, may
remain immotile during their life span. It may be seen from Fig. 5.1 that only
bacteria, protozoa, (except infusoria), and fungi with body size below 10~ 4 m fall
into this category (as for fungi, that characteristic size is determined as thickness
of their hyphae). All other animals from infusoria to whale must move. As a consequence they must be strongly internally correlated unitary individuals (Begon
et al., 1986). This condition would even hold for the case of one separate species
which could consume the total plant production. When, as it were, this production
has to be shared between many animal species, their feeding territories have to
be widened, and the animals have to move faster, so as to be able to cover these
territories. This statement can be called the law of animal's
motility.
The average correlation radius for locomotive animals is close to their body
size: r~ ~ I = (m//>)1//3, where m is the animal's mass, and p is its body
density, see Sect. 5.2. The area of correlated food consumption by an animal is
of the same order of magnitude as its body projection area, s = I2. The relative
fluctuation of food consumption by an animal in the space region of the order
of its body projection area is of the order of one. If a large animal of body size
I ~ Lc completely consumes production from a local ecosystem of size Lc, then its
relative fluctuation, and, consequently, the local ecosystem breach, K, would also
be of the order of one. The only way for large animals to exist at all within closed
matter cycles is to decrease their quota of consumption. An animal of body size
/ ~ Lc should consume no more than K ~ 10~4 of the total primary production
from a local ecosystem.
The more diverse the animal species in a given range of body sizes, the more
weakly their consumption of plant production is correlated, and, hence, the lower
are the overall fluctuations of that consumption. If a ceiling is set for possible
fluctuations (a set value of the local ecosystem breach K, Eq. (4.3.5),, is adopted)
and then increasing the species diversity makes it possible also to increase the total
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mass of animals in the given body size range. Let us introduce spectral densities
per given body size of the consumption quota, /?, and of the number of species,
n (Gorshkov, 1981). Then, similar to (5.4.1) and (5.4.2), we obtain for that body
size the number of non-correlated parts in a local ecosystem, TV = (L2c/I2)n, and
the relative fluctuation of consumption (destruction) by animals of that body size,
P/^/N. The latter should not exceed the level of the local ecosystem breach, K.
As a result we have (Gorshkov, 1984b, 1985a):
K,Lr

(5.5.1)

In contrast to (5.4.2), where the condition of the cycles' closure dictates the
internally uncorrelated structure of plant bodies, the relationship in (5.5.1) demands
only that the destruction quota be specifically distributed as a function of the
animals' body sizes. The strong internally correlated structure of animals' bodies
is determined by their need to move. For large animals of body size in excess of
/ = 10cm their consumption quota may be estimated from (5.5.1): if « ~ 10~4,
Lc < 10m, n ~ 1, then (3 ~ 0.01. Thus, the large animals' quota of consumption
in the ecosystem must not exceed 1 %. This estimate agrees well with the empirical
data available for all the ecosystems unperturbed by man, see Fig. 1.3 and Sect. 5.6.
Note, that the relationships in (5.4.2) and (5.5.1) entail that an increase in
the species' diversity provides a way for more animals to exist among the more
correlated higher plants without disrupting the closed matter cycles.To find a true
dependence of ft on / one has to know how the number of species n in (5.5.1)
depends on /. That problem is analysed in Sect. 5.13.
Relationships in (5.4.2) and (5.5.1) describe the general structure of the local
ecosystems. They demonstrate that the biosphere may, on the whole, be envisaged
as a non-correlated set of live, internally correlated biosystems devoid of centralized control, averaging about 0.1-1 mm in size. This structure guarantees that the
fluxes of organic matter synthesis and destruction do not fluctuate too strongly
and remain within about 10~4 of each other. Large animals may exist within a
stationary biosphere only on condition that their quota in consumption of organic
matter produced in the biosphere does not exceed 1 %. In relation to large animals the existing biosphere is just an energy producing engine, working to support
them, to provide them with food and oxygen and to stabilize 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 "added value",
necessary to support the life of the larger animals.
The size distributions, Eqs. (5.4.2) and (5.5.1), which exclusively cover the
data on correlation radii for differing species, play the role of the intensity characteristics of the natural biota, similar to energy distribution in thermodynamics.
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5.6 Distribution of Consumption by Heterotrophs
According to Their Body Size
Let us introduce the share, 0it of net primary production consumed by an animal
of a given body size, i.e., the ratio of consumption by that animal, P~ , to the net
primary production, P+: fa = P~ /P+. It is a characteristic handy for comparing
various ecosystems with differing net primary productions against each other.
Summing up consumption by all the individuals within the body size interval from
I to l + Al, one may plot a distribution of the share of consumption with body size.
However, the density of consumption per universal unit body size increment, Al,
has no sense within a wide range covering several orders of magnitude, since any
function characterizing an individual can change within the characteristic range
Al of the order of the body size of that individual, I. (Consumption by bacteria
having a body size of about 1 /zm changes noticeably while the body size is
changed by Al ~ 1 /urn. Consumption by large mammals of the body size of
I ~ 1 m noticeably changes with the body size changing by Al ~ 1 m, but does
not change while that size changes by Al ~ 1 ^m.) Therefore only a distribution
function retrieved for a unit relative interval Ax ~ Al/l, /3(x), is sensible, that
is a dimensional size distribution or size spectrum, (Hutchinson and MacArthur,
1959; Sheldon et al., 1972), defined as follows:

=

* &'

/3(x)dx=\,

Ax

Al

= °-43—

or

= 1 cm.

= 23

' (5'6J)
(5.6.2)

Summation here is conducted over all the species entering the body size range
from / to I + Al and /% is the i species' consumption share. Various age groups of
individuals of the same species, strongly differing in their body size, are separated
into different relative body size groups. The factor 0.43 accounts for decimal
logarithms instead of natural ones. The function (3(x) 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 the unit range of relative size Ax = 1.
Figure 5.3 plots the distribution fl(x) based on published field studies from a
large number of natural non-perturbed ecosystems. The histogram ranges in Fig. 5.3
correspond to: 1 - bacteria, protozoa and saprophito phagous; 2 - invertebrates; 3
- vertebrates. The solid line presents the average distribution over all the studied
ecosystems (Gorshkov, 1981).
Histogram intervals are chosen to correspond to the groups 1-5 of individuals, presented in Fig. 5.1. The first interval, 10~ 6 m < / < 10~ 4 m is occupied
by bacteria, protozoa and saprophito phagous (those destroying dead plants) and
mycorrhiza (fungi in symbiosis with plant roots, Pankow et al., 1991). The fungi
body size is assumed to be equal to that of hyphae, strings of mycelium composing
the body of each fungi; they may be assumed to correlated weakly among themselves (Gorshkov, 1981, 1984b). In the second interval, 10~ 4 m < / < 10~ 2 m,
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Fig. 5.3. Distribution of the organic matter destructivity vs the terrestrial heterotrophic body
size (Gorshkov, 1981). ft = Pt~ (l)/P+, Pt~ (I)- the spectral density of destruction produced
by heterotrophic individuals (bacteria, fungi, animals) of a body size I, P+ - net primary
production (of terrestrial plants). Solid line - the universal distribution, observed in the
natural non-perturbed ecosystems (Gorshkov, 1981). Area under the solid line is equal to
unity. Numbers in per cent present the inputs from various parts of the histogram to the
whole. The observed deviations from the mean distribution in some natural ecosystems are
dashed.

consumption of net primary production is determined by invertebrates. Bacteria
and fungi entering the second interval do not play any significant role there due to
their low mass-specific consumption A (Fig. 5.1), even though their biomass may
exceed that of invertebrates. The third interval, 10~ 2 m < I < 1 m, is completely
dominated by vertebrates, mainly mammals. The input from consumption by invertebrates to the third interval is insignificant. Scatter of the measured values in
various ecosystems is shown by hatched areas.
As follows from Fig. 5.3, bacteria and saprophito phagous consume about 90 %
of all the net primary production in natural ecosystems not perturbed by anthropogenic impact, invertebrates about 10%, and vertebrates about 1 % of that production. Flowing waters, such as littoral, estuaries and rivers have to be excluded
from this domain as having high influx of nutrients.
A distribution similar to that presented in Fig. 5.3 is also observed in shallow closed water ecosystems, where the principal part of primary production is
controlled by large multicellular plants of high biomass (Kamenir and Khailov,
1987; Kamenir, 1991). In the open ocean and other deep waters 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
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zooplankton, which occupy the first part of the histogram in Fig. 5.3. A similar
situation is observed for lichen.
Thus, with account of plant respiration, more than 95 % of the gross (total)
primary production consumed by individuals in the community flows through
immotile individuals. All the motile animals together comprise only a 5 % addition
to the energy consumption structure of the community. However, being large
animals with strongly slowed metabolism (Fig. 5.1) they may (as, for example, in
the ocean) comprise a considerable (though metabolically not too active) part of
the total community biomass.
Large vertebrates add the smallest part (less than 1 %) in the energy consumption structure of community. This part can have the largest relative fluctuation
(larger than 100 times) during the shortest time interval without any apparent
break in the community energy flow. That is why a high rate of reproduction
of the so called r-selected species (Brain and McNab, 1980) and therefore high
metabolic power and basal rate (Pianka, 1970) become advantageous in the presence of large fluctuations in population density. That is also the reason for the
greater competitiveness of endothermic animals compared to ectothermic animals
and of passerine birds compared to nonpasserine birds of equal body size.
The fact that practically all the energy flux goes through immotile individuals,
and that the principal part of plant biomass is consumed after their natural death,
together provide for closed cycles of nutrients, needing no horizontal transport
of these nutrients, and also for highly effective absorption of solar energy in the
community. The principal condition forced upon the immotile heterotrophs, is that
the continuous layer into which they combine must not shade producers in the
community from the Sun. Therefore immotile heterotrophs should find a place
below the photosynthesizing parts of vegetation (either bacteria and fungi in the
soil, or bacteria and zooplankton in oceanic depths).
The destructivity, /^P^ is distributed among all the individuals of a given
body size positioned in the vertical layer of thickness L of their metabolically
active biomass (B = pL), where /3i is the share of consumption by individuals of
body size / averaged over all the species in the community. This consumption is
equal to the product of consumption per unit volume of an individual, A = j/l, see
(5.2.2), and thickness of the biomass layer L, i.e., XL = /3;P,+. Such a presentation
makes it possible to determine the biomass layer thickness L from the equation
L = @i(Pf/j)l. The ratio d = L/l = ftPf/j, which is equal to s/S (here s is
the projection surface area of one individual; S is the effective consumption area
(home range) per single individual: si = SL) is equivalent to the leaf area index
do, see Table 5.1, and may be called the projection area index for heterotrophs
(Gorshkov, 1981, 1982a). The layer of biomass of bacteria and fungi in soil, of
a thickness L, cannot be too thick: the bacteria size is / ~ 10~6 m, and the size
of a fungus (its hyphae thickness) is I ~ 10~5 m, so that we have for bacteria:
L = Id < 5 x 10~ 5 m, and for fungi: L < 5 x 10~ 4 m, since a! = ftPf/j < 50
(P, < 2 W/m2, j > 0.04 W/m2, hence d w 5-10 in reality, see Fig. 5.2).

5.7 Daily Average Travelling Distance
234

235

5. The Energetics of Biota

Assuming the global average cover by bacteria both on land and at sea
(Sieburth, 1976) to be equal to L = 5 x 10~ 5 m we obtain for the total live
mass of all those bacteria (spread across the Earth's surface of 5.1 x 10 14 m 2 ) a
value of M = 3 x 109t. The average mass of a single bacteria is estimated at
10~ 18 t and their total number on Earth is given a figure of 3 x 1027. That value
may simultaneously give 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 at 3 x 103 (Chislenko, 1981; Raven and Johnson, 1988), the number of
bacteria within a single species is estimated at 1024, and that fact has been covered
in Sects. 3.15 and 3.16.
Note also a certain property of higher plants which makes possible the existence of large herbivores with a low share of consumption of primary production:
while all the single-cell individuals and all motile (locomotive) animals function
within the strict correlations between the separate parts of their individual bodies,
and execute centralized control of that body as a whole, immotile multicellular
individuals (higher plants and fungi) do not have any such control. They do not
possess a head and consist of practically independent, weakly correlated parts of
small sizes (e.g. leaves of a single plant). Moreover, these separate parts may
compete among themselves for sunlight and nutrients. When one part of a plant
perishes, that does not entail death of its other parts and of the whole, but stimulates development of those other parts. In that sense higher plants and fungi
are more 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 particularly this correlation which
facilitates the high overall metabolically active mass of higher plants and fungi.
The motile herbivore animals are capable of eating only the metabolically
active parts of plants which contain nutrients in the required proportions. Higher
plants are noted for the maximum thickness of their metabolically active biomass
layer and for lack of correlation between the separate parts of each individual.
These features are particularly favorable for animals to feed off certain specific
parts of plants, which may constitute only a small part of their metabolically active
biomass. Meanwhile consumption of any small part of 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.
Were all the large multicellular plants as rigidly internally correlated as the animals are, 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 damaged around the whole perimeter of the tree trunk.)
That is why the appearance of mobile herbivores and of carnivores feeding off
the former could only take place in the course of evolution after higher plants had
appeared.

The share of consumption /3, by a species i, in the community may be used
to estimate empirically the correlation radius of the community. Denoting the
share of consumption of plant production by a heterotrophic species i, in the
community as /?~, and using the normalization 27i/3~ = 1 (summing is over all
the heterotrophic species in the community) one may estimate that correlation
radius for the community from the linear distance at which the sum is saturated
reaching some value close enough to unity; for example, the distance at which
^p- = 0.95. It follows from the conducted analysis that the principal input to
that sum is produced by a small number of bacteria and saprophyte fungi species.
The same may be done for autotrophic plant species, understanding ft as the
share of the solar energy or the share of inorganic nutrients consumed by the ith
plant species in the community (Sift = 1). That 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) which appears (in the case of non-perturbed ecosystems) to be close
to estimates of the correlation radius of the community obtained in Sects. 5.4 and
5.5.

5.7 Daily Average Travelling Distance
Consider the movement of land surface animals. The total metabolic power of
an animal moving at a speed u is usually estimated from the rate of its oxygen
consumption. It may be written as (see (5.1.4)):
C5-7-1)

q(u) = [A(u)+\]q0.

Numerous experiments have demonstrated that the total activity A(u) of an animal
is linear with u up to the maximum speeds developed by that animal (SchmidtNielsen, 1972, 1984). This relationship holds for every species ever studied. Moreover, when the animal's speed of movement approaches zero, the value of A(u)
approaches a certain finite limit A(0), i.e., the total power of movement does
not smoothly taper out into the basal rate q0 (Schmidt-Nielsen, 1972, 1984). It
is natural to label the intercept b = A(0) "readiness" (for movement) (Gorshkov,
1983b, 1984c). The average value of b is close to unity (Fig. 5.4). Following the
dimension condition (Sect. 2.6) the available empirical results may be presented
as:

A(u) - a + 6,

a=

(5.7.2)

where the value of a is the net movement activity, and the fundamental dimensional
constant u0 has the meaning of the speed the animal develops when a = 1.
The speed UQ determines the slope of the line presenting the dependence of the
measured power, (5.7.1) and (5.7.2), on the speed of movement u. Experimental
data from Fig. 5.4 show that u0 is a universal characteristic of movement, independent of the animal body size within the given taxonomic group. The average value
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If A = 1, u = uo and b = I we have xa = 1/2, i.e., t = 12 h (a 12-hour working
day). We further obtain from (5.7.3) for A = 1 and b = 1 that an animal cannot
move at a speed different from zero for the whole 24 h in a day (if xa —» 1, u -» 0).
The distance LT, travelled by an animal in a day is equal to u ta, i.e., xa = LT/u T.
We find from (5.7.3) that:
LT = LT

LT max = A U0 T.

It follows from (5.7.4) that the maximum daily travelling distance is reached at
speeds of movement u > u0 because the readiness 6 differs from zero. Animals
should move quickly but in short bursts. Note that b « 1 for untrained people,
for athletes b < 1 (see Fig. 5.4). According to (5.7.4) the maximum distance
walked in a day at the diurnal average activity of A = 1 is about 26km (for a
donkey it amounts to 70km/day). Finally, using (5.7.3), the average daily speed,
LT/T = uxa, that the animal's metabolism may support (we may call it available
speed, ua) can be expressed as:
(5.7.5)
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Fig. 5.4. The available speed and movement readiness (Schmidt-Nielsen, 1972, 1984; Gorshkov, 1983b) Readiness & (intercept) presents the increment in metabolic power in units
of the basal rate when going from the state of rest to movement at almost zero speeds. The
achievable speed UQ is the reverse total movement power-by-speed derivative (in units of
the basal rate). Lines in the figure denote: En - average achievable speed for endothermic
animals (UQ = 0.3 m/s); EC - same for ectothermic animals (uo = 0.03 m/s); Mr - average readiness for marsupials (6 = 4.2); PI - average readiness for all the other piacental
animals (b = 1.0); m - animal body mass. Man is a mediocre long-range runner, the worst
sprinter among the endothermic animals, but one of the best walkers in the animal world.
The absolute record-holder in energy parameters of movement among all the animals is the
donkey.

is uo = 0.3 m/s = 26 km/day for all the "warm-blooded" (endothermic) animals.
The record belongs to the donkey, for-whom UQ = 0.8 m/s.
Consider the meaning of speed u0. The total diurnal activity A is limited by
the existence rate q\ according to empirical data available for most animals it is
close to A K, 1. We denote the relative duration of the active state for an animal
as xa = ta/T, where ta is duration of the active interval, and T = 24 h. The total
cumulative diurnal activity must coincide with its average value

/u \
A = Axa = — + 6 xa,

(5.7.4)

At A = 1 and xa -C 1 the speed UQ is equal to available speed ua.

5.8 The Maximum Speed of Movement for Animals
The speed u0 however cannot be totally independent of animal body size. We
shall demonstrate from the law of energy conservation that, starting from some
critical body size, the speed u0 must decrease for larger sizes I. Metabolic power is
transformed into mechanical power at a certain efficiency level a which cannot be
larger than the observed maximum efficiency of muscles. Within a living individual
the latter does not exceed 25% (Hill, 1960; Cavagna and Kaneko, 1977; Heglund
et al., 1979). Therefore one may assume that a < 0.25. The mechanical power put
out at a constant speed u is spent to compensate for energy dissipated to ground
and air friction. The law of energy conservation is then expressed as the equality
between mechanical power and dissipative energy losses.
Energy dissipation during movement on soil is proportional to the product of
body weight, mg, and the speed of movement u, and may be written as jmgu,
where 7 is the ground dissipation coefficient (it is similar to the coefficient of friction known from physics). The empirical data available on the animals' maximum
velocities show that the value of 7 depends neither on the speed of movement, nor
on the body size (i.e. mass) of the animal, and is, on average, equal to 0.05 for
most animals (Gorshkov, 1983b). Dissipation of energy to air friction is equal to
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c l2pcu3/2, where pc is air density (pc = 1.2 x 10~3p, p = 1 t/m3); pc u 3 /2 is the
energy flux through a unit surface, equal to the product of energy density pcu2/2
and velocity u; d2 is the effective streamlined body surface. This value may be
treated as the product of the resistance force (c/2)pcu2l2 and the velocity u. The
air resistance coefficient c may be measured (see references in Gorshkov, 1983b,
1984c). It is equal to 0.5 for the majority of land surface animals. The body size
/ of mobile animals is related to their body mass by a relationship:
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The mechanical power of movement is equal to aaq0. Equating it to cumulative
dissipative losses we have:

7tot

=

7 + 7c = 7

7c

_

ff

_U

k2 '

~ gV

7

(5.8.3)

1 + TT
2,

~ pcc'

(5.8.4)

Here 7,0, is the total dissipation coefficient, equal, by definition, to the ratio of
resistance force to individual body weight mg; Fr is the Froude number, see
Sect. 2.6; 7C is the air dissipation coefficient, which is relatively small for Fr/k2 <C
1.
Using the expression for net activity a, Eq.(5.8.2), one may rewrite that expression (for Fr/k2 <S 1) in the form:
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Fig. 5.5. Energy cost of movement vs the animal body size (mass). (Schmidt-Nielsen, 1972,
1984; Gorshkov, 1983b). The dimensionless energy cost of movement e is equal to net
expenditure of metabolic energy (the difference between the total metabolic energy and the
metabolic energy output at the zero speed limit) per unit body mass per unit distance:
e = [<?(«) - q(0)]/(mgu);

AO,

(5.8.5)

mg
Since A0 drops for higher body sizes (Fig. 5.1) the observed constancy of u0 for
varying body size / means that either the efficiency a or the dissipation coefficient
7 must change with body size I. Basing calculations on empirical data we shall
demonstrate that the value of 7 cannot change with body size. Consequently, the
value of efficiency a must change.
The ratio
7

3)

(5.8.2)

a a g0 =

a

1.0

' 0

a

(5.8.6)

presents the dimensionless energy cost of moving a unit weight along a unit
distance (it is similar to automobile mileage); A 0 /u 0 = E/mgLd = aq0/mgu,
where E = aq0t is the net energy expenditure per distance travelled Ld = ut.
The dependence of e on body size I for animals is presented in Fig. 5.5. Due to
constancy of u0 the energy cost e linearly falls off for larger body sizes as A0
and a"1; this drop goes on until the efficiency a reaches its maximum possible
level. Following that the value of e must remain constant, independent of body
size (Gorshkov, 1983b).
According to observational data, A 0 , u0 and hence the ratio a/7 do not depend
on the speed of movement. This means that animals move slowly enough that

q(u) - the metabolic movement power at the speed of u; m - the animal body mass. For
experimental points, see legend to Fig. 5.4. The solid line is the average value of e. It does
not depend on the absolute animal metabolic power and is identical for mammals, birds
and reptiles of equal body size. Due to higher movement efficiency a the value of e = 7/0
decreases at higher body size as far as the maximum possible value of a and minimum value
of e. After achieving it, further decrease in e for larger body sizes should stop. The solid
line is numerically extended in the horizontal from the observed maximum efficiency a and
the average dissipation coefficient 7 for the mechanical movement energy (see Fig. 5.6).
Ho - man; El - the maximum body mass for a presently living land animal, the African
elephant (51); Ba - the maximum body mass for an extinct land mammal, Baludjiterium
(30t); Br - the maximum body mass for a dinosaur, the Brachiosaurus (801). For other
notation see Fig. 5.4.

one may neglect air resistance (second term in (5.8.3)). Speeds of movement at
which the resistance of air becomes equal to ground friction should be the top
limit, because further energy expenditures (i.e., net activity a) would grow as u3.
Therefore the condition
1

k2 gl

- 1 or umax -

(5.8.7)
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Fig. 5.6. Land animals maximum speeds of movement vs their body size (mass). The
maximum speeds of animal movement correspond to a constant value of Froude's number
k2 = Wmax/ff'- Equating energy expenditures for overcoming ground and air resistance,
Eq. (5.8.7), and accounting for the definition of ground resistance, Eq. (5.8.4), the ground
resistance, 7, may be retrieved from a known air resistance coefficient c = 0.5. It averages
7 = 0.05 (Gorshkov, 1983b, 1984b). At a movement efficiency of a = 0.25 we obtain a
maximum energy cost of movement e = 7/a w 0.2, see (5.8.6) and Fig. 5.5.

must correspond to maximum speeds recorded for animals of body size 1. Empirical
data on these speeds (see Fig. 5.6) demonstrate that Froude's number u^m/gl
remains constant for any animal, i.e. depends neither on the speed u, nor on
the size 1. On that ground one may state that the dissipation coefficient 7 is
also constant; indeed, the constancy of the air resistance coefficient c had been
repeatedly tested in independent experiments (see references in Gorshkov, 1983b,
1984c).
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The above leaves the efficiency a as the only parameter to change with size /
in the relationship (5.8.5); its changes should be such that the product aA remains
constant (Gorshkov, 1983b). Consequently the value a must increase with the
body size / growing. But a < a^x « 0.25. Therefore e > Emm = 7/amax- One
may see from the data available on UQ, 7 and A that this limit is reached for the
animal mass of m w 100-300 kg, see Fig. 5.5. Direct measurements made for
horse and man showed that their efficiencies are close to the top limit (Brody,
1945; Atkins and Nicholson, 1963). The value of a having reached its maximum,
the speed u0 (5.8.5) must start to decrease with A0 at even higher body size 1.
The decrease in efficiency of locomotion a for lower body sizes is only observed when locomotion takes place in the regime of oxygen balance, and energy
expenditure is compensated by oxygen consumed from the environment (Gorshkov, 1983b). All animals are capable of short bursts of locomotion in the regime
of oxygen debt at maximum efficiency a, independent of their body size. That
conclusion follows from the analysis of record jumps by animals of different body
sizes (Gorshkov, 1983b, see Fig. 5.1).
The mechanical power per unit body mass, aA, necessary to support the animal's life, is observed to be independent of its body size. There is no physical
property limiting the efficiency of locomotion a of small animals. Thus the decrease of a at smaller body size could be achieved by reducing the ratio of muscle
mass to body mass at the same maximum efficiency of those muscles, which is not
actually the case (Gorshkov, 1983b). Therefore we conclude that small animals
only use their muscles at the maximum possible efficiency in extreme situations of
oxygen debt. With the overwhelming part of their lives occurring in conditions of
oxygen balance, the efficiency of muscles a drops for smaller body sizes, so that
aA, the mass specific power of locomotion, remains the same for both the small
and the large animals. That feature is apparently ecologically caused. It is only
due to that feature that energy competitiveness of the large animals, controlled by
their mechanical power, coincides with energy competitiveness of a congregation
of small animals of an equal mass. The total competitiveness related to presence
of inner correlation and to support of internal homeostasis (which is understood as
building up a weakly fluctuating internal environment optimal for the functioning
cells and organs of the body, that environment kept unchanged due to the controlling action of an "internal" Le Chatelier principle) increases for larger animals, so
that there appears an energy supplied ecological niche for the existence of large
animals surrounded by small ones.
However, with body size increasing, that property is only supported up to a
certain critical size, at which the efficiency of locomotion reaches its maximum
admissible value a, see Figs. 5.5 and 5.6. Large animals whose body size exceeds
the critical value are forced to search for some exotic means of increasing their
competitiveness and of gaining an ecological niche fit for their existence.
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5.9 Maximum Permissible Share of Biomass
Consumed by Mobile Animals
We denote the vegetation biomass B\ per unit land surface as B\ = pL\ where
LI is the thickness of the metabolically active (edible) layer of plant biomass, see
Table 5.1. Assume that moving across its feeding ground (home range) the animal
eats part of the biomass equal to BL = 0i,pL\, where PL is the consumed fraction
of vegetation biomass. The effective width of land band off which the animal eats
vegetation is close to that animal body size /, Eq. (5.8.1). The vegetation mass
consumed in unit time with the animal moving at an average daily speed of u is
equal to Bj_,lu = (3ipL\lu.
The fodder assimilation coefficient (digestibility) for an animal may, for simplicity, be assumed equal to unity (for most animals it is actually equal to 0.8
(Gessaman, 1973; Kendeigh, 1974, see Sect. 5.3)). The energy contained in the
fodder consumed during movement must be equal to the total existence rate:
q = (A+\)q0:
where K is the energy content of a unit live mass, Eq. (5.1.2). The relationship
(5.9.1) determines the speed of movement needed to support the animal's existence. It may be called the ecologically necessary speed un\
_ _ _ G4+l)go

,, 0 ~

The animal may only survive if its available speed ua, Eq. (5.7.5), is larger than
or equal to un. Using (5.7.5), (5.7.2), (5.8.5) and (5.8.6) this inequality may
be rewritten as a limitation upon the consumed share of vegetation biomass PL
(Gorshkov, 1982a, b):
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All the variables entering the righthand part of (5.9.3) and (5.9.4) are wellknown.
The thickness of the metabolically active biomass L\ is estimated in Table 5.1. The
energy cost, e, is determined by the dissipation coefficient, 7, and the efficiency,
Q, and hence it cannot depend on the taxonomic group the animal belongs to, see
Fig. 5.1. Therefore the limitations in (5.9.3) and (5.9.4) are equally justified for all
the land surface animals: insects, larvae, amphibia, reptiles, mammals and birds.
(A pole at xa = A/b is produced by the zero available speed, Eq. (5.7.5), at such
a value of xa.)

The relationship (5.9.1) determining the animal's necessary speed of movement
un may be presented and interpreted in various ways. The metabolically active
biomass of vegetation B\ = pL\ may be expressed as P^T\, where T\is the turnover
time for the metabolically active (short lived, see Table 5.1) biomass; P,+ is the
net primary productivity in units of live biomass (kg m~ 2 year"1). The area of
feeding ground for an animal (approximately equal to "home range" (Harestad
and Bunnell, 1979; Damuth, 1981a, b)) may be expressed as S(S = N~l, N is
the population density number). The distance travelled by an animal across this
territory is equal to S/l. Denote the time in which the animal makes a round of
this whole territory as rg. (The band of width I must scan the whole territory in
time TS.) Then the speed un must be equal to (S/l)/TsThe rate of fodder consumption by an animal Q = (A + \)qo/K equals the
consumed fraction of plant production over the total feeding ground fliP^S =
Q, where /?/ is the species consumption share of the net primary production.
Substituting these values into (5.9.1) and cancelling identical terms in both parts
of the equality we obtain the relationship between the species consumption share
of vegetation biomass /?/, and the species consumption share of the net primary
production /3j:
PL = AT S /T,.

(5.10.1)

The species consumption share /?/ = Q/(P\S) may be expressed via the animals's
biomass B = pL (L is the layer thickness for such a biomass). The consumption
territory S is related to biomass B by relationship: SB = m, (SL = l3, m = pi3).
We obtain for species consumption share:
„

AL

(5.10.2)
PI'
where A = Q/l3 is the rate of fodder consumption per unit volume of the animals's
body, see Sect. 5.1.
The relationship in (5.10.1) makes possible quantitative differentiation between
settled and nomadic life styles. If an animal rounds its feeding ground in time TS
equal to vegetation reproduction period r\, it would appear at a given area within
its feeding ground in exactly the time needed for the vegetation to reproduce the
part of biomass eaten by that animal before, during its preceding visit. In that case
the share of consumed biomass and the plant production would coincide with each
other: / 3 L = A In reality most small-sized animals round their feeding grounds in a shorter
time (TS < T\), each time eating away an amount of biomass significantly smaller
than their permissible share (J3L -C J3{). Such a situation permits the animal to
visit any part of its feeding ground at practically any time, and thus reduces
fluctuations of biomass of vegetation due to its consumption by an animal. Smallsized animals may therefore exist in conditions of abundance of food and metabolic
energy. Fluctuations of vegetation biomass due to its consumption by an animal
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Fig. 5.7. The share of vegetation consumption by herbivores vs their body size (mass). The
solid line shows the minimal consumed biomass Bi,min, Eq. (5.9.4) (righthand scale) and
consumption share of the total plant biomass j3L, Eq. (5.9.3) at L\ = 4mm (lefthand scale),
which, when consumed, provides the energy of animal movement across their feeding
ground (A = 0.5; xa = 0.25). The solid line breaking point corresponds to such a point
in Fig. 5.5. Movement efficiency is at maximum to the right of point O. Dashed extension
of the line A'OB corresponds to the absolute maximum movement efficiency, independent
of the animal body size. Line AO corresponds to the observed decrease in efficiency for
lower body sizes, see Figs. 5.4 and 5.5. Dash-dots in CD present the observed average
consumption share of vegetation products by mammals in the natural land ecosystems
(Damuth, 1981a, b) ft, Eq. (5.10.2), computed from the average forest, savanna and steppe
productivity (p| = 1 W/m1, P^ = 0.8kgC/(m2year)), see Table 5.1. The observed animal
biomass B = pL increases with body size as inverse mass specific metabolic rate, A~\
(Damuth, 198la), so that ft remains independent of the latter, see (5.10.1). The dotted
extension of line CD is an extrapolation to body sizes of extinct animals, see Fig. 5.5.
Line COD crosses line AOB at the latter's breaking point (Gorshkov, 1982a, b). Line cod
gives an admissible share of vegetation consumption by foragers-collectors (four times less
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do not exceed the natural fluctuations of that biomass in the absence of animals.
The presence of animals does not leave any noticeable trace and does not change
distribution of the vegetation.
A large animal is forced to consume an excessive part of vegetation biomass
(13L » A)- The vegetation and the whole community around it are then destroyed,
and the closed matter cycle in a local range where consumption took place is
disrupted. Then the animal leaves the destroyed area and returns to it only after
a time TS, when steady state vegetation, community, and the closed character of
matter cycles are restored. During that succession time (which is much longer
than the vegetation reproduction period TS > T\) the net primary production is
consumed by other "repairing" species which act to close the matter cycle again.
As a result the effective share of net primary production consumed by large animals
remains within the ecologically admissible norm, see Fig. 5.3. However, such an
animal leaves a noticeable trace in the observable distribution of vegetation, visible
e.g. from on board an aircraft. At any given instant only a tiny part of the enormous
feeding ground appears to be fit for life for a large animal. This part is equal to
the ratio T\/TS = 0i/@L, see (5.10.1). All the rest of the territory must be closely
guarded against the intervention of competitors. A large animal constantly remains
in a state of food and energy deficit (see Fig. 5.7).
The strategy of existence in which the round of the feeding ground is completed
during a time shorter than that of reproduction of vegetation, so that this round does
not leave any traces in the natural distribution of vegetation, corresponds to settled
lifestyle. The strategy in which such a round takes more time than the reproduction
period for vegetation, and leaves a noticeable trace in the natural distribution of
vegetation, corresponds to the nomadic lifestyle (Gorshkov, 1982a,b).
If the consumption share of vegetation production A is fixed, all the large
animals having /?Lmax > A, may only exist in the nomadic regime, Fig. 5.7.
With an anomalously low species-specific value A even small animals featuring
At-min > A fall into an obligatory nomadic lifestyle. Small animals may also
turn sporadically to a nomadic lifestyle if they reach extremely high population
density and consume an extremely high share of vegetation biomass, while the
relationship Ac > A > Aomin holds, Fig. 5.7. Such facultative nomadic behavior
apparently arises in communities perturbed by man (invasions of locusts, forest
"damagers", etc.).

than the herbivores' share (Gorshkov, 1982b, 1984b)). Range III to the right of line A'OB
is prohibited energetically. Range III', limited by lines A'OA, is prohibited physiologically.
Within that range animals would not be capable of moving across their territories by eating
the available vegetation. Range I, limited by lines AOC for herbivores (Aoc - for foragerscollectors) is open for them in a settled regime /?L/ft < 1. Range II, limited by lines
COB (coOB - for foragers-collectors) is open for nomadic herbivores: 0L/01 > 1. The
existence of animals of body size falling to the right of point O for herbivores (and to right
of point o for foragers-collectors) is possible only in a nomadic regime. For other notation
see Figs. 5.4 and 5.5.
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In a settled regime any animal in its natural community eats less than 20%
of all the edible biomass in any given spot of its feeding ground (Golley, 1973),
which guarantees sustained stability of the whole of the community under any
fluctuations.

In a nomadic regime the share of biomass consumption may even reach unity,
(all the biomass is completely destroyed when it is "edible"), and, consequently,
the whole community perishes. Following that a long restoration period is needed
during which the biomass and the community as a whole are generated anew and
then proceed at their most competitive steady state. Such extremely rare cases of
nomadic behavior are only encountered in the human population (slash-and-burn
agriculture and modem wood clearing) and also in certain insects in communities
perturbed by man (Holing, 1978; Finegan, 1984; Isaev et al., 1984). Nowadays
such communities are permanently destroyed every few tens of years (TS/T\ « 10),
so that they are never able to reach their steady state. They might only be restored
if such destruction was repeated every few hundred years, i.e. if perturbations were
reduced by several orders of magnitude.

5.11 Carnivores
Biotic and environmental stability only depend on the interaction between autotrophic plants and heterotrophic herbivores, see Fig. 5.2. Dividing the heterotrophic block of the biosphere into herbivores and carnivores is equivalent
to undoing the structure of correlations within the heterotrophic block. Consider
specific features of carnivores.
Biomass production by herbivores is ten times less than the production of
vegetation they consume, i.e., it is less by much more than an order of magnitude
than the net primary production. Therefore all the carnivores must be mobile
animals. Their feeding ground must be ten times larger than the feeding territory
of their prey and their population density should correspondingly be ten times less
(at a metabolism level similar to that of their prey).
Predators should not only be mobile animals themselves, but may only feed
off mobile prey. Production by motile prey is concentrated into their projection
area and presents a "source" of a productivity density exceeding net primary
productivity by several orders of magnitude. In contrast to a herbivore, a carnivore
does not need to collect the evenly spread products from its whole feeding ground;
it is enough for such an animal to move from one "source" to another or to keep
attached to the "source" itself (the phenomenon of parasitism). All the carnivores,
despite the enormous feeding ground they cover, remain in the state of complete
energy abundance (Gorshkov, 1982a, b).
In contrast to herbivores, whose mean share of vegetation consumption is much
less than the net primary production, predators consume the main part of the production of their prey. Under natural conditions they cannot increase their number
if the number of their prey remains constant. Therefore natural predators of any
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individual size are incapable of disrupting ecological equilibrium in the community. (However, dogs and cats living off man in suburban areas may completely
extinguish their natural prey.)
The role of predators in the community is to eliminate decay individuals from
the prey species of the same community. In strongly perturbed external conditions
the decay polymorphism sharply increases. This causes a sharp increase of the
population number of the respective predator species. If, in contrast, decay polymorphism of the prey species were to reduce to zero, the predator species would
not be needed and would become absent in the community. The same reasoning is
valid for the correlation between plants and herbivore consumers, mainly insects.
The sharp increase of the decay polymorphism in plants precepitates a corresponding sharp increase in the population of herbivore insects. Such processes are
observed after fires, forest clear cutting and other strong perturbations of natural
communities (Holing, 1978; Isaev et al., 1984; Morneau and Payette, 1989). Were
the decay polymorphism to vanish in all the species, all the consumer species
would disappear from the community and only dead bodies would be destroyed
by reducers.
As noted in Sect. 5.3 the lifespan of humans is about four times as long as
that of other mammals of the same body size. Humans have the lowest productivity, T^', and ecological efficiency a among mammals, see (5.3.5). We have
for humans a ~ 0.025 instead a ~ 0.1 for other mammals. Obviously the limit
a —> 0 and TL —> oo ("immortal" individuals) would entail that the prey has zero
productivity, so that the consumption of prey by predators becomes impossible.
There should be some low but finite critical value of the ecological efficiency
of prey, a m j n , at which its consumption by predators ceases to be energetically
advantageous. Apparently humans have reached such a critical minimal value of
a. Indeed, there is no predator now and evidently has never been in the past
which specialized in consuming humans (Blumenschine and Cavallo, 1992). That
is why man has always been forced to eliminate decay individuals from his own
population himself.

5.12 Diffusion of Excreta
There is one more limitation on consumption by locomotive animals. Recall that
the fall-off of dying vegetation provides for stability of concentration of nutrients
in a local ecosystem; these nutrients, randomly distributed in the fall-off, only have
to diffuse quickly in their initial position. This may happen in two ways: separate
leaves falling off are small enough to be distributed evenly, while large tree trunks
slowly grow and just as slowly decompose after falling. Insignificant fluctuations
of nutrient concentrations within the local ecosystem may also be compensated
because of the Le Chatelier principle acting in the community.
Moving herbivores collecting nutrients from their feeding grounds transport
biogenic elements within their bodies and concentrate them in their excreta, of
which 80% fall to urine and 20% to feces (Kleiber, 1961; Kendeigh, 1974). As
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follows from the data presented in Fig. 5.3, small mobile animals (like dungbeetles)
feeding off the feces consume no more than 10% of them. The principal part of
this product is destroyed by bacteria and fungi. Therefore a stationary state is only
possible when the nutrients, transported and concentrated in the excreta, undergo
diffusion and/or are transported with the external matter fluxes across the territory
they had been concentrated from; this process should not take longer than the
period of vegetation reproduction r\.
Let the average distance between separate animals' excreta be Lex. The average
amount of excreta, proportional to the animals' body size, may be denoted as 5l3,
where 6 fa 10~3 (Kleiber, 1961). Moving along the distance Lex the animal eats
the amount (volume) of vegetation of fti.LexlL\. The "excretion distance" Lex is
determined by the equality ()LLexlL\ = 8l3, i.e.

The time excreted nutrients take to diffuse the distance from which they had been
concentrated is the order of:

D

(5.12.1)

where D is the diffusion coefficient with dimension cm2/s (that is why the term
L2ex/D has the dimension of time). When dissolved in water excreta mainly diffuse
via molecular diffusion in water (including molecular diffusion in vegetation roots).
The molecular diffusion coefficient in water is of the order of magnitude D w
10~5 cm2/s = 10~2 m2/year. The condition TD < r\ w 1 year limits the value of I:
(5.12.2)
Assuming the average thickness of the metabolically active biomass layer of
vegetation L\ K, 4mm (see Table 5.1), 6 fa 10~3, @L
10~ 3 T\
1 year,
2
2
D fa 10~ m~ /year, we obtain 1D fa 1cm. As seen from (5.12.2) this value is
hardly sensitive to even significant variations in any of the input variables.
Therefore, there is no problem of the excreta spread for individuals of / < 1D;
this spread, even by means of the slowest process of them all, molecular diffusion
in liquid, takes less time than reproduction of vegetation. On the other hand, for
animals of sizes I > ID the time of diffusional spread TD quickly increases, see
(5.12.1). The TD increases by four orders of magnitude, while I increases by only
one. At I fa 10"~'m the time interval TD ~ 104 years; at I fa 1 m we have
TD f» 108 years. These estimates do not change, in principle, even if the diffusion
coefficient changes by a few orders of magnitude. Therefore, nutrients excreted
from the bodies of large animals cannot be returned to those places from which
they had been collected by the process of diffusion.
Stable ecosystems containing large animals may only exist because of the
external natural fluxes of matter, which mix and transport the animals' excreta
across the land surface. The principal role in mixing the excreta of large animals

249

is played by the surface runoff of precipitated water. The amount of nutrients
mixed by surface water runoff may be assessed from the level of ionic runoff of
carbon, which amounts to about 10~3 of the organic carbon production (Watts,
1982; Schlesinger, 1990). In a stationary case the amount of nutrients concentrated
in the excreta of large animals must not exceed the amount of nutrients returned
to their initial state by the surface ionic runoff. Consequently the global average
share of consumption by all the large animals must not exceed several tenths of a
percent of net primary production, which corresponds to the distribution presented
in Fig. 5.3. In areas of low surface runoff, large animals may comparatively quickly
desertify the land surface (Gorshkov, 1981, 1982a).
In coastal areas, estuaries, river floodlands and also in rivers and lakes themselves, where the ionic runoff locally approaches the level of net primary production, the share of consumption by large animals may be significantly larger than
their average global consumption share.
Following the destruction of an ecosystem (including the destruction of soil
cover and of the natural homogeneous distribution of nutrients) locomotive animals
may play a significant role as "repairing" species in spreading nutrients across the
territory, further to be evenly distributed due to diffusion processes. Therefore the
structure of fresh vegetation during the period of successions suggests a larger
share of consumption of its production by locomotive animals than in a stationary
case.

5.13 Detailed Distribution of Destructiveness with Body Size
Theoretically treating fluctuations of destructiveness and demanding that these are
kept small we arrived, using the law of large numbers, at the formula given in
(5.5.1) which describes the dependence of share of consumption upon the body
size. It follows from that formula that the dependence of the share of consumption
/9 by animals of a given body size / of all species in the community is defined by
the behavior of the density of the number of species n vs I.
The share of consumption ft in the community by species entering the prescribed interval of body sizes is related to the average share of consumption by a
single species ft (falling into the same body size interval) by the obvious expression:
(5.13.1)
We find for A from (5.5.1):

ft ~ —j=nLc.

(5.13.2)

The dependence of density of the number of species and of consumption shares (3
and /?( on body size / may be presented in power (allometric, see Sect. 2.6) form
n = n0 (l/lo)n>, P = A) (l/lo)0', ft = fto (l/lof'1- The slopes, /?', 0{ will change
in accordance with (5.5.1) and (5.13.2), so that they are related to each other via:
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Fig. 5.8. Size spectrum of the world's herbivore species. N(x) is the number of species per
unit of the relative body size interval, Ax; x = lg(//£o), ' = (m/p) 1 / 3 , where I, m and p are
the size, mass and density of the body, respectively. The histogram K is the distribution of
the total land herbivore species including reducers (Grant, 1977; Chislenko, 1981; Gorshkov,
1985a, b; Wilson, 1988; Thomas, 1990; May, 1990,1992). The uncertainty is shown dashed.
The histogram M is the distribution of mammals (Chislenko, 1981; Eisenberg, 1981). I, II,
IIM are the scaling approximations. The slopes of lines are N' = 0.96 for I, N' = —1.6 for
II and \\M-

P' = -n'-\,

/3,' = - - r a ' - l .

B'

CO.

(5.13.3)

When n' = 0 we have /3' = j3( = — 1 and /? and $ decrease in proportional to /"'
for higher body size /. If we have n' > 0 for the constant slope n', the drop off in
/3 will slow down for higher body sizes /, while the drop off in ft will, inversely,
speed up. When n' < 0 the tendencies will be opposite. In particular, at n' = —2
the fall-off in /?j may be stopped for larger body sizes, see Fig. 5.7.
The empirical data accumulated indicates that the distributions n are close to
each other for various land ecosystems (Chislenko, 1981). Thus it is natural to
consider the task of finding the distributions of /? and n for a globally averaged
local land ecosystem. Distributions for /3 and /?; may be found that way and
compared to the available empirical data.
The distribution n averaged over all the ecosystems may be found from the
distribution N, similar to it and available for all the continental herbivore species
in both fauna and flora, Fig. 5.8 (Gorshkov, 1984b, 1985a; May, 1990, 1992).
It follows from Fig. 5.8 that the density of the number of species, N, grows
for I < lm ~ 1 mm (m < 1 mg) at a slope N' w 0.96. Then that density N falls
off at a slope N' « —1.6. Substituting those data into (5.13.3) we find the slopes
/3' and (3{ for respective size intervals. The absolute value of distribution /? may be
retrieved from the condition of normalization: the sum of values of (3 over all the
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Fig. 5.9a,b The size spectrum of the mean World destructivity: (a) the size spectrum for
the number of species in the mean land local ecosystem; the straight lines I and II are the
scaling approximation, see Fig. 5.8; (b) the size spectrum for the shares of consumption by
a community /3 (line ABB'D') and by a single species /3i (lines AE and COD), see text for
details.

size intervals should be equal to unity (that is all the primary production should be
destroyed). The absolute value of fii is defined by (5.13.1). That approach opens
the possibility of finding details of the distribution in the first, most important part
of the histogram in Fig. 5.3. The part of the distribution thus obtained - that is line
AB in Fig. 5.9 - agrees quite well with the data for communities of soil species in
the range / < lm (Gorshkov, 1984b, 1986a; Tseitlin, 1985; Tseitlin et al., 1986).
Data are also available for the dependence of the share of consumption of/3(,
a single species of mammals, on their body size (Damuth, 198la). The slope j3{,
retrieved from the value of n', Eq. (5.13.3), for mammals (see Fig. 5.9) agrees quite
well with those data (Gorshkov, 1984b, 1986a). The contribution of consumption
by mammals to general consumption by the community is small and cannot be
retrieved from the general condition of normalization for /3 within the empirical
error level. The absolute values of share of consumption by a single species /3j
for mammals the world over agree with the observed value of 0i (line CD, see
also Fig. 5.7), if one assumes the cumulative share of consumption by the whole
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community of mammals of all body sizes to be close to 1 % (as indicated by
the empirically available input from the last part of the histogram in Fig. 5.3).
The dependence of consumption by communities of mammals is presented by line
B'D' in Fig. 5.9. The intercept of distributions 0 (line B'D') and ft (line CD)
follows Eq. (5.13.1) for n = 1. Hence, beyond that intercept, when / > 0.2m
(m > 8 kg), the number of mammal species within the globally averaged local
ecosystem becomes less than unity, that is mammals of that size are not to be
encountered in every local ecosystem over the globe.

5.14 Brief Conclusions
The source of external energy supporting the life of communities of the Earth's
biota is solar radiation. Due to the zero mass of photons (see Sect. 2.6), solar radiation cannot be accumulated in the environment in the form of shortwave radiation.
The Earth's plants, absorbing the solar radiation, are incapable of increasing the
absorbed flux by moving across any territory exceeding their body projection upon
the Earth's surface. That is why green plants can form a continuous vegetation
cover, remaining immotile at the same time. A solid continuous cover of immotile
vegetation is typical for all the land ecosystems and the oceanic shelf. (Motility
of single-cell individuals in certain forms of oceanic phytoplankton is determined
by the fact that their biomass follows a certain distribution with depth and that a
vertical movement is needed to keep that phytoplankton within the euphoric layer
(Sieburth, 1976; Gorshkov, 1980b).)
Immotility of green plants results in the possibility of loosely correlated (modular) multicellular plant individuals. The mode of functioning of such individuals
is close to that of the completely uncorrelated single-cell individuals of equal
metabolically active mass. That feature lowers the fluctuations of photosynthesis
of organic matter within the local ecosystem, as based on the action of the law of
large numbers (see Sects. 2.3 and 3.2).
The destruction of photo synthesizing matter in the community is also performed by the immotile, weakly correlated individuals - bacteria and fungi. (Motility of certain forms of bacteria, similar to that of certain forms of phytoplankton,
pursues the aim of vertical movement through soil layers.) Taking account of the
body size distribution of destructivity, Fig. 5.3, immotile individuals destroy more
than 95% of the photosynthesized organic matter (see Sect. 5.6). Similar to the
synthesis of organic matter, this makes it possible to reduce fluctuations in the
destruction of that matter within the local ecosystem, as based on the action of
the law of large numbers.
Organization of the community on the basis of a large number of non-correlated
or modular, weakly correlated parts, makes it possible to control both the rate
of synthesis and of destruction of organic matter to a high degree of accuracy.
That, in its turn, makes it possible to keep the matter cycles strictly closed, and
the environment steady provided there are no external perturbations, as well as
enabling an adequate reaction of the community towards compensation of any
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external perturbation of the environment. There are indeed organized communities
of immotile individuals alone, such as epilythic lichen, see Fig.4.1a,b.
The existence of a universal minimum admissible value of energy consumption
per unit volume (or mass) in all the living beings results in a strict limitation upon
the admissible vertical size of an individual, provided the flux of energy incident
upon the single projection area of that individual upon the Earth's surface is
constant. That size is controlled by the flux of solar radiation and by photosynthesis
efficiency. For the biosphere, on average, the solid cover of the metabolically active
biomass for both the photosynthesizers of the organic matter (green plants), and
its reducers, heterotrophs (bacteria and fungi), may reach a depth of no more than
3 mm. The observed extremely large body size of woody plants is explained by
the fact that the overwhelming part of space occupied by that plant is empty, while
most of the biomass of such plants is metabolically inactive (actually it is dead).
To support life of large individuals with a metabolically active layer much
thicker than that formed by plants and other immotile organisms, one needs to
employ energy fluxes which by far exceed the flux of solar energy, even when the
efficiency of that solar energy consumption (the efficiency of photosynthesis) is
equal to unity. Hence, large individuals cannot form a solid continuous cover (the
"stationary crowd"). The feeding energy for these individuals should be collected
from a large surface, significantly exceeding the individual's projection upon the
Earth's surface. Since, apart the solar radiation, there are no other forms of primary
energy available, and solar radiation does not accumulate, such individuals cannot
feed off the solar energy immediately. Hence large individuals may only feed off
the secondary energy of synthesized organic matter, which feature the property of
mass and can be accumulated locally. In other words, large individuals may only
be heterotrophic, and can only participate in destroying organic matter. Feeding
off the locally accumulated plant biomass is only possible via movement of large
individuals over their feeding ground. Movement, on the other hand, demands
that the body of a large individual is a rigidly correlated unitary body of a motile
(locomotive) animal.
The community consisting of immotile, and, hence, of small vertical size modular individuals may only exist on condition of strict equality between the synthesis
and destruction over any arbitrarily small time interval, hence of strict constancy
of the organic and inorganic mass in each local ecosystem, that is, in the environment. Introduction of mobile animals into the community results in a total change
of functioning mode for that community. Mobile animals feeding off the accumulated biomass inevitably precipitate oscillations of that biomass in any local area
of the community, since the animal very quickly eats that biomass away, and then
it is recovered very slowly by way of production, see Fig. 5.10a. That, in its turn,
results in oscillations of inorganic matter introduced by the animal into the environment after it consumes that organic matter. Hence, the state of the environment
ceases also to be stationary, and suffers significant oscillations. Stationariness of
the environment may only be reached after averaging over a long enough time
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Fig. 5.10a,b Oscillations of the community biomass in the presence of large animals: (a)
change of the plant biomass, B, with time, t, within a local area when large animals consume
the total biomass, PL = 1 (the case of cultivated land); (b) changes in plant biomass with
time when large animals consume only their admissible quota of plant biomass, which
does not exceed the natural fluctuations of vegetation. The dashed line indicates the natural
fluctuations of plant biomass; the solid line shows oscillations of biomass with large animals
present, PL is the consumed share of vegetation biomass, TS is the time in which the animal
rounds of its whole territory, see Sects. 5.9 and 5.10.

period. That result imposes strict limitations upon the possible species composition
and the behavior of the animals entering that community.
When random oscillations of biomass and of destruction rate of organic matter
in a community are strong, it becomes impossible to close matter cycles and to
satisfy the Le Chatelier principle. Therefore the average consumption quota of
plant products by mobile animals should not exceed the natural fluctuations of
plant production. When that condition is met, the presence of animals in the community does not leave any apparent traces in plant biomass (Fig. 5.1 Ob). Biomass
oscillations grow with the body size of those animals. Hence the quota of consumption of plant production by those animals should drop for larger body size
of the consumers. That conclusion agrees with the observed distribution of plant
production with consumers' body size, Fig. 5.3. Reducing the number of species of
large animals slows the rate at which that consumption quota drops for a separate
species with their body size increasing.
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Energy spent by an animal for making the rounds of its feeding ground quickly
increases with the animal's body size for purely physical reasons (see Sect. 5.8).
The life of an animal is physically possible wlien the energy it spends to round
that territory is covered by the energy of food it consumes. According to the
ecological reasons outlined above, the energy of food consumed by the animal
should, conversely, reduce with that animal's body size (see Sect. 5.9). The last
ecological condition is only met for small enough animals, their size not exceeding
a certain critical value (Sect. 5.10). The body size of man coincides with that
critical body size in its order of magnitude. With the body size exceeding that
critical limit, the share of plant food it consumes inevitably grows. To support
ecological equilibrium such animals may only exist in nomadic mode, at a very
low average density of their population, while at the same time defending an
enormous feeding ground against intervention of competitors.
Maintaining the density of the population of large animals is quite a difficult
ecological problem, solved within a whole ecosystem, that is within a hyperpopulation of competitively interacting communities. That necessity results in very strict
limitations on both the presently existing and formerly existing species of large
herbivore animals, and to limitations upon the relative lifespans of such species, as
measured in lifespan units of a single generation, in other words, in their relatively
quick evolutionary sequence. (According to paleodata, the absolute life duration
for a species does not depend on body size (Simpson, 1944), while the lifespan of
a separate generation increases in proportion to body size (Gorshkov, 1982a), so
that the number of generations fitting into the lifespan of a species reduces with
increasing body size.)
The overall spreading of the locomotive animals means that communities including such animals are more stable. Apparently the locomotive animals are the
main repairing species that increase the relaxation rate of biota and environment
to the normal state after its external perturbation. This conclusion follows from
the observable fact that the population of the most locomotive animals increases
during succession processes in the ecosystems after such events as fires, wood
cleaning and other destruction of the natural biota.
Apparently more than 90 % of all the terrestrial species of the biosphere (including the majority of plant and insect species) are repairing species. The species
diversity usually reaches a maximum about several tens years after a strong external perturbation (fire, volcanic and nuclear eruptions, etc.) and then drops and
stabilizes at a low value (Morneau and Payette, 1989; Gorshkov and Gorshkov,
1992). The genome of all the repairing species should contain the information
about population density and behavior of individuals that is needed for the rapid
restoration of the ecosystem after its external perturbation. Such genetic information can be realized only in the perturbed external condition and should decay
in normal ones. The external perturbations of the environment and the biota are
random and irregular. The genetic program of repairing species may decay and
they may lose their capacity to restore the perturbed ecosystem during occasionally very long periods of concentration of the natural (unperturbed) conditions.
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Then the biota should contain the internal mechanisms of regular perturbation of
the ecosystem. It may be produced by the largest animals (including man) living
nomadic life styles (see Sect. 5.10).
It follows from the estimates on the size of local ecosystems which are capable
of closing the matter cycles, thus meeting the Le Chatelier principle with respect to
external perturbations, that this size is significantly smaller than the feeding ground
(home range) of a large animal. That situation is similar to that occurring with
biological regulation of globally accumulated substances, see Sect. 4.6. It follows
from that reasoning that the large animals cannot control the community. Violation
of that rule results in the breaking up of whole hyperpopulation of the communities
and in extinction of the large animals. Significant changes that the communities
suffer after forceful extinction of large animals do not contradict the last rule.
Communities should change in exactly the same way as a result of extended
perturbation of the environment. However all of these changes should comply
with the Le Chatelier principle with short-term perturbations of the environment.
If there are some slight changes in one of the communities, such that the excessive
share of consumption by the larger animals is reduced as a result (for example
the share of plants with thorns increases), that community gains some edge over
the other ones, and gradually ousts the other communities. Reductions in the
population of larger animals should bring about such changes in the community
which would stimulate an increase in those numbers and vice versa.
The population density for all the larger animals in natural communities is
determined by the necessity to have a stable closed cycle of matter in these communities, and not by the available amount of food (the latter always exceeds the
animal's needs, see Sect. 5.10). The information about optimal population density
is written into the normal genome of the animal, the same way the rules for interaction with all the other species in the community are. The principal threat to the
community integrity consists in the possible increase of the density of population
of larger animals above that optimum. Therefore, most behavioral traits are aimed
at preventing that excessive growth in density of population, rather then increasing
that density to the limit the food base can stand (Maynard Smith, 1964). That aim
is attained via strict control of the size of the feeding ground per single individual
(McNab, 1983). That control is executed by way of diverse forms of competitive
interaction between the individuals at every level in the community (sound signals
of neighbors, migration of animals getting above that optimal density (McFarland,
1985), parasites and carnivores included). Expansion of large animals into new
territories goes on with all those traits remaining intact. All such diverse interactions between the different species in the community are aimed at supporting the
highest competitiveness of the community as a whole. It is not the species that
survive, but the communities which are most efficient in controlling the optimal
environmental life conditions. Species devoid of such altruistic traits increase their
numbers outside that limit, disrupt the correlation in the community, perturb the
environment and die out together with the community in which they originated.

It may be said that all the large motile animals comprise a certain component
of the environment, which is kept, together with concentrations of the biochemically active components (global biologically accumulated nutrients), at a certain
level by the population of communities consisting of plants and microorganisms
(see Sects. 4.6 and 4.8). (Note that it is erroneously assumed sometimes that the
community should include whole populations of all the species of large animals
entering that community. In that case the size of the community could not be much
less than the largest territory occupied by a population of large animals, and there
would be no hyperpopulations of communities possible at all, see Sect. 3.2.)
Biological regulation of the environment is determined purely by the relation
between the synthesis and destruction of organic matter. The possible forms of
such a relation are limited by the above enumerated strict laws of nature. Within
the limitations set by those laws the biological relations may assume any forms,
however complex. One of those forms is the trophic structure of the destruction
of organic matter, that is the way the heterotrophs are divided into reducers,
destroying dead organic matter, and the consumers, who devour live individuals.
Herbivores, carnivores of the first order, eating away the herbivores, carnivores
of the second order, who feed off carnivores of the first order, etc. are identified.
Such a division into different levels forms a well-known ecological pyramid of
energy fluxes, which is often envisaged as the basis of ecology (Odum, 1983). It
only makes sense on condition of a low ratio of production to consumption in the
population of each species, and loses sense for the reducers, in which that ratio is
not low (Gorshkov and Dolnik, 1980; Gorshkov, 1982a). Carnivores also feature
certain peculiarities, enumerated in Sect. 5.11, and based on the general physical
laws of nature.
However, details of the interaction between carnivores and their prey are controlled by the correlated nature of interaction between all the species in a natural
community, which, in principle, is a different form of symbiotic interaction. Dividing the interaction between the species in the community, such as commensalism,
amensalism, predation, parasitism, symbiosis, etc. (Begon et al., 1986) is quite artificial, and in no way defines the actual sense and diversity of these interactions.
All such interactions are but different forms of correlations between the species in
a natural community and are similar to correlations between the different organs
in a body or organelles and biological macromolecules in a cell.
The enormous powers of information fluxes processed by the molecular structures of living organisms in a natural community, which are incomparably higher
than the maximally achievable fluxes of information flowing through all the computers of modern society, indicate that it is hopeless to try to construct any mathematical models pretending to describe the actual processes within the natural communities (Sect. 2.8). These processes are many orders of magnitude more complex
than the processes taking place within a separate living individual, in particular
those evolving within the brains of large animals and man, and will apparently
never become amenable to detailed modelling. (That comment does not refer to
artificial communities, devoid of a program of stabilization of the environment,
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the only aim of their construction being to provide enough food for man.) At the
same time studying the physical limitations upon the processes taking place in the
community brings some clear results opening the way to unequivocal conclusions.

Before proceeding to treat the ecology of modern civilized man, we consider
behavioral traits common to man and other mobile animals, based on their genetic
programs, which remain intact even in conditions of civilization.

6.1 Behavioral Strategy of Mobile Animals
All the forms of interaction with the environment necessary for immotile multicellular individuals, such as photosynthesizing plants and fungi, are rigidly programmed at their genetic base level. Any external forcing of those individuals
always produces a strictly determined biochemical reaction. Partial correlation in
plants allows a certain reaction in some parts of those plants when other parts
are affected (such as the reaction to light, to obstacles, etc. (Raven and Johnson,
1988)). These individuals do not need any program of selection between several
alternative behavioral patterns. Neither do they need a nervous system to execute
a centralized control of the whole individual.
Mobile animals must first of all command the locomotion capability for the
individual as a whole. That calls for a rigid correlation between all the parts of
the individual body, for the presence of measuring organs (those capable of sight,
sound, smell, taste, and feel), and for a central nervous system. When moving,
the animal faces some particular new environmental situation each time, one that
its parents might never have encountered during their lifespan. Only the average
characteristics of the animal's ecological niche (the set of natural stimuli) remain
intact.
Since the amount of information coming from the environment considerably
exceeds that contained in the genome of any individual (see Sect. 2.8), it is impossible to program correct reactions to any external forcing an animal might face into
the genome (such that they would guarantees a stable life support). The animal
appears to face an unavoidable choice between the differing tactical opportunities
which are alternatives to each other. Only a correct strategic line of behavior may
be programmed into the genome, based, as it were, on the permanency of the averaged characteristics of the animal's ecological niche. The situation is similar in
statistics, when no individual movements of each separate molecule can be traced,
and the characteristics of state are only the average ones of the type temperature
and pressure.

