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Abstract—It has been demonstrated that bioenergetic properties of plants (independence of productivity from
size, proportionality between radial growth of woody plants and plant mass, etc.) and animals are not related to
the presumed universal linear relationship between metabolic power and body mass to the power of 3/4. This
relationship is not true for plants and endothermic animals. The observed bioenergetic characteristics of these
organisms are explained by simple biological and physical laws, including the existence of the lower and upper
limits of the specific metabolic power of living matter.
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1. INTRODUCTION

Recently, interest in the problem of the dependence
of organisms’ metabolic power (B) on body mass (M)
has been revived. This dependence is traditionally
described as the allometric relationship: B = ByM®.
~ There have been many attempts to substantiate theoret-
-ically the value of o = 3/4, which was considered, for a
long time, to hold true for most organisms (Hemming-
sen, 1960; Kleiber, 1961). One explanation of o = 3/4
is based on the assumption on a nontraditional scaling
(a fractal nature) of the surface through which organisms

exchange energy with their environment (West et al.,

1997).

However, recent large-scale studies (Dodds et al.,
2001) demonstrated that birds and mammals (about
800 species in total) did not conform to the “3/4 law.”
The exponent in the equation describing the depen-
dence of the metabolic power of these organisms on
body mass is close to o = 2/3, which corresponds to the
surface-to-volume ratio traditionally assumed for living
organisms. Available data on other organisms, e.g., uni-
cellular organisms and fishes, are contradictory (see,
e.g., Brett and Groves, 1979; Vladimirova and Zotin,
1985; Prothero, 1986). Therefore, most researchers
began to use data on plants for substantiating the
“3/4 law.” For example, the following predictions were
made for plants: (1) productivity is independent of
plant size, (2) radial growth of woody plants is propor-
tional to the plant mass to the power of 3/8, and (3) the
growth of the total plant metabolism is proportional to
the plant mass to the power of 3/4 (Enquist et al., 1998,
1999; West er al, 1999; Enquist and Niklas, 2001,
2002).

Here, we further develop and generalize the
assumptions made earlier (Makarieva et al., 2003) and
demonstrate that most of the aforementioned predic- -
tions are not related to the presence or absence of the
“3/4 law” in plants. They are explained by simple bio-
logical and physical laws characterizing the organiza-
tion of plants and animals, e.g., the existence of the
lower and upper limits of the specific metabolic power
of living matter. We use these laws to predict the expo-
nential relationship between leaf area index and the ele-
vation (above sea level) at which the ecosystem is
located. We use the same simple laws to explain the
relationship with o0 = 2/3 observed in mammals and
birds, as well as deviations from o = 2/3 in large and
small mammals and the absence of such deviations in
birds.

2. THE LOWER AND UPPER LIMITS
OF SPECIFIC METABOLIC RATE

All organisms receive energy from the environment
through part of their body surface and expend it in the
entire body volume (V). Hereinafter, the power of
energy expenditure by the body, i.e., the power of
metabolism, is called metabolism. If we assume that the
energy flux (f) across a unit area (S) is constant, then
specific metabolism (metabolism per unit volume or
mass) is b = f§/V e [°-® = [}, where [ is the character-
istic linear body size, and L = 6 — v, 6 and v being the
exponents in the equation for the dependence of body
surface (S) and volume (V) on linear size (J). In the case
of geometric similarity, 6 =2, v=3,and bo< I\, u =
—1, which corresponds to o = 2/3 for the dependence of
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the total body metabolism (B) on body mass or volume,
B=bV e 1P oc V25,

Thus, metabolism per unit mass or volume (b)
decreases with an increase in body size. It would be rea-
sonable to suppose that there is the minimum value of
specific metabolism (b,;,) characterizing the minimum
energy that is necessary to maintain the biochemical
processes that constitute the essence of life. This value
determines the minimum energy flux necessary for
maintaining the highly organized animate living matter
and preventing its spontaneous decay.

At a given energy flux across a unit body surface (),
bpin determines the maximum body size that the organ-
ism can reach. It has been established (Gorshkov, 1981)
that taxonomic groups characterized by different values
of fhave the same b,,;, values. This is a natural expres-
sion of the universal biochemical organization of life.

Similarly, there must be the maximum energy con-
sumption per unit mass of living matter (b,,,) deter-
mining the minimum body size in a given taxonomic
group. Direct measurements have demonstrated that the
biochemical limit (by,,,pcp) is also the same for various
organisms. For example, the energy expenditure per
unit of living mass during the most rapid known divi-
sion of bacteria (Gorshkov, 1981) and the energy
expenditure per unit of muscle weight during maximum
jump performance in insects (Katz and Gosline, 1993)
and mammals (Alexander, 1975) have the same order
of magnitude. Obviously, the maximum metabolism of

“existence (by,,,) must be lower than b,,pcy, Which is
only reached in certain tissues under special conditions.

3. ENERGETICS OF ENDOTHERMIC
ORGANISMS

Let us consider what conclusions about the depen-
dence of total metabolism (B) on body mass (M) in
endothermic animals can be made proceeding from the
assumption that there are upper and lower limits of
metabolism per unit body mass (b, and b;,).

Endothermic organisms (mammals and birds) main-
tain a constant body temperature, which is roughly the
same for all species. Therefore, they may be character-
ized by the same average energy flux across a unit sur-
face: f,,,q= const. Thus, we obtain B =, ,S o< V2R oc M?3,
where S is the body surface area, and V is the body vol-
ume.

The results of the largest scale study on the B o< M®
dependence in 391 mammalian species (Heusner,
1991) performed to date demonstrated that, for the total
class, o = 0.678 = 2/3. It was also shown that o was
higher for the largest mammals. Dodds et al. (2001)
analyzed the data reported by Heusner (1991) and
found that the mean o was also substantially higher
than the average value of 0.68 (o= 0.79) for 81 species
of the smallest mammals (with body masses no larger
than 32 g).
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In the case of geometric similarity, i.e., if S o [2,
Ve B, and o = 2/3, where [ is the characteristic linear
body size, specific metabolism (b) is inversely propor-
tional to /. This is evident from the condition of the con-
servation of thermal balance. As body size increases,
b approximates the minimum (b.,;,) corresponding to
the maximum body size (/;). When the body size has
reached its maximum, further decrease in b is impossible.

The formation of organisms with body sizes larger
than [, with o remaining equal to 2/3 is impossible,
because the body may become overheated. Indeed, the
amount of energy produced by the body becomes equal
to b, V, which is proportional to B, whereas the rate of
heat release increases with an increase in body size only
as f,,4S, which is proportional to 2. Therefore, the exist-
ence of large mammals is possible only if their surface-
to-volume ratio has changed. In the extreme case, when
b = by, = const for /> [}, large mammals must have the
largest possible effective surface, which must increase
proportionally to volume: § o V (Dodds et al., 2001)
corresponding to O, = 1 and P, =0, X3 -3 =0.
This is the case, e.g., with cetaceans (Kasting et al.,
2001).

Actually, the surface-to-volume ratio (S/V) changes
more smoothly. As [ approximates [;, the decrease in
specific metabolism (b) with an increase in body size"
becomes slower, and the ratio S/V expressed in units of
I begins to grow, which corresponds to the increase in o
within the interval 2/3 < o < 1. In practice, this means
the appearance of body parts with a small volume but a
large surface (e.g., the elephant’s ears, the giraffe’s
neck, and the giant dorsal fin of the killer whale). Thus,
large and medium-sized mammals should substantially
differ in the surface-to volume ratio, i.e., the geometry
of the body surface. This difference is actually observed
(Economos, 1982).

As was noted above, B «< M® corresponds to b o [*,
K = 30— 3, where / is the characteristic linear body size
of the animal. In double logarithmic coordinates, this
relationship is expressed as log ;b =c + plog ! . Thus,
the increase in & = (1L + 3)/ 3-to 1 at large and small [
corresponds to a decrease in the slope of the log,b
curve to zero in these intervals (Fig. 1).

Figure 1 shows the dependence of the specific basal
(Brody, 1945) metabolism (b) on linear body size (/).
The interval of body size values is divided into two
ranges: less and more than 20 kg. Economos (1982) has
determined that 20 kg is the critical body mass for
mammals: if the body mass increases above this value,
the aforementioned increase in body surface-to-volume
ratio begins. To draw the plot shown in Fig. 1, we used
data analyzed earlier (Makarieva et al., 2003) and
extended it by adding several values from other sources
to increase the amount of data on large mammals.

For mammals with body masses less than 20 kg,
estimation of the linear regression of y = log,b on
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