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Body Size Matters in the Lives of Organisms∗
T. Ramakrishna Rao

Body size, arguably the most important attribute of all organisms in the living world, is a reliable predictor of their physiological rates and life-history attributes. Metabolic rates of all
organisms (MR) are related directly to their body mass (M)
as an allometric function MR = αM 43 (Kleiber’s rule). The
high, mass-specific metabolic rates of small animals can be
accounted for by their high surface area/volume ratios. The
much-discussed ‘metabolic theory of ecology’ is essentially
an expansion of Kleiber’s rule equation to include two additional metabolism-influencing factors—temperature and resource availability—with a more generalized quarter-power
exponent. According to this theory, many physiological rates,
life-history traits and ecological processes follow quarter-power
scaling laws. Living organisms must also obey the laws of
physics. The relative importance of different physical forces
to the organisms living on land or in water is also dependent
on their body size.
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1. Introduction

and his major research has
been on zooplankton ecology,
particularly on the roles of

Why is a fall from a 10-storey building fatal to a human being
but not to a cockroach? Why is the lifespan of a mouse only a
year or so, while the Asian elephant lives up to 60 years? Why
are unusually small animals rarely found in polar regions? Adult
human heart rate at rest is 72 beats a minute, while that of a hummingbird is an amazing 600 or more per minute—why is it so?
In any ecosystem, why are small animals generally more in numbers than large animals? The common denominator of all these
questions is the body size of the organism, a readily recognized

competition and predation in
the life of freshwater
zooplankton.
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attribute of every organism— from the minutest microbes to the
mighty blue whale. Organismal body mass range spans nearly
20 orders of magnitude (10−12 to 108 g), and if we include cells
and biomolecules within organisms, the range expands to a mindboggling 27 orders.
Body size is such an
obvious attribute that it
generally elicits “why
so?” kind of questions
among curious children
as well as enlightened
scientists.

Body size is such an obvious attribute that it generally elicits
“why so?” kind of questions among curious children as well as
enlightened scientists. As a school student, I remember peering
through an archaic, student-quality microscope, desperately looking for the Paramecium that my biology teacher wanted me to see,
and asking him “Why couldn’t Paramecium come in a respectable
notebook size?” Now, as an ecologist, I speculate on the different
physical, ecological, and physiological constraints that might be
counteracting the evolution of foot-long mosquitoes and mousesized hippopotamuses.
On the importance of body size in the life of organisms, physiological ecologist Bartholomew says,

It is only a slight
overestimate to say that
the most important
attribute of an animal,
both physiologically and
ecologically, is its size.
Size constraints virtually
every aspect of structure
and function and
strongly influences the
nature of most inter- and
intraspecific interactions.
Body mass, which in
many taxa is a close
correlate of size, is the
most widely used
predictor of
physiological rates.
–Bartholomew
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“It is only a slight overestimate to say that the most important
attribute of an animal, both physiologically and ecologically, is
its size. Size constraints virtually every aspect of structure and
function and strongly influences the nature of most inter- and intraspecific interactions. Body mass, which in many taxa is a close
correlate of size, is the most widely used predictor of physiological rates.”
Intuitively we tend to conclude that bigger is better. Larger animals,
• generally, live longer,
• can access a greater variety of resources,
• are less affected by periodic adverse conditions in their habitat,
• have a better mate choice, and
• are less vulnerable to predation.
If all these were universally true, we would expect natural selection to favour larger and larger body sizes in all taxonomic groups.
But we all know that our planet is inhabited by many more smallsized, admirably adapted organisms than larger ones. In fact, in
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any ecosystem, smaller species outnumber larger species in both
diversity and abundance. Small species have
• low minimum resource requirements,
• high biomass-specific metabolic rates,
• higher population densities,
• more genetic variation due to large population sizes achieved,
• greater ability to colonize new habitats, and
• faster rates of evolution because of shorter generation times.
So, what is the right size to be? Are we humans too big or too
small? What kinds of problems are we likely to face if we grow
to the size of a Godzilla or shrink to the size of an ant? Does
natural selection favour an optimal body size for every species?
Evolutionary biologist J B S Haldane first addressed this question
in a 1926 paper ‘On being right size’, in which he discussed how
various biomechanical and aerodynamic factors constrain the increase in body size beyond an optimum.

2. Body Size and Metabolism
Body size is a predictor of many ecophysiological parameters because of its close relation with the metabolic rate of an organism.
Metabolism is the cornerstone of all physiological processes—
a set of biochemical reactions resulting in the release of energy,
which is used for performing various activities or put away blocked
in ATP molecules within the cells. Basal metabolic rate (BMR),
a commonly used measure for mammals, is the amount of energy
used by an animal at rest. As anybody working out on a treadmill knows, the metabolic rate goes up with increasing walking
speed, as does the heart rate (pulse rate). Heart rate is, therefore,
a reliable proxy of an animal’s metabolic rate.

Body size is a predictor
of many
ecophysiological
parameters because of its
close relation with the
metabolic rate of an
organism.

Metabolic rate (MR) relates to body size (mass M) as an allometric function of the form: MR = αMb (Figure 1a), where α
is the Y-intercept and b is the slope (called allometric coefficient
or regression coefficient). The relationship between any two biological variables is called allometric when the exponent value is
not 1 (isometric). Allometric relationships are quite common in

Metabolic rate relates to
body size as an
allometric function.
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Figure 1. Kleiber’s rule:
Metabolic rate in relation to
body mass. The allometric
relation is linearized on a
log-log scale. (a). Kleiber’s
mouse-to-elephant
curve
(dashed red line) showing
the relation between body
mass and total metabolic
rate. A slope of 34 is characteristic of this allometric
function (solid straight line).
(b) Mass-specific metabolic
rate as a function of body
mass. Again, the red dashed
line shows the nonlinearized
data and the solid straight
line, the linearized data).
The inverse allometric
function has a slope of −1
4 .

biology and have been a subject of discussion and disagreement
regarding the value of the exponent and its mechanistic basis. The
body size–metabolic rate relation is curvilinear (red dashed curve
in Figure 1) and is linearized by plotting both variables on a log
scale (straight line in Figure 1). The equation describing the curve
is: logMR = logα + blogM. Figure 1 clearly shows that the total
metabolic rate increases exponentially with increasing body size.
This is what we would have expected—larger the animal, higher
is the total metabolic rate. Kleiber (1932) observed that over a
wide biomass range (from a 25 g mouse to a 4 ×106 g elephant)
3
whole animal MR scales to M 4 . This is called ‘Kleiber’s rule’,
and Kleiber’s well known mouse-to-elephant curve is shown in
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Figure 2.

Not just endotherms, but ectotherms
and unicellular organisms all
show a similar allometric relation between body mass
and whole-body metabolic
rate with the same slope of
3/4. Note that the elevations of the regression lines
are not the same; for a given
body mass, endotherms have
a higher metabolic rate than
ectotherms.

3

Figure 1a. Later, it was discovered that this MR ∝ M 4 relation
holds true for all invertebrates and unicellular organisms. (Figure
2). In fact, the same relation is shown to be true even further down
in size—individual cells and organelles like mitochondria. However, the universality of the three-quarters slope value has been
questioned in recent years (see Box 1).
Now instead of whole-body MR, if we consider mass-specific
MR (that is, the metabolic rate per gram body mass) as a function
of body size, the trend reverses completely (Figure 1b) resulting
in a negative slope of −1
4 . The most dramatic trend evident in
the curve is that with increasing body size, the metabolic rate per
unit mass decreases exponentially. That means the smallest animals (shrews, bumblebee bats, hummingbirds) (Figure 3) have
the highest mass-specific metabolic rates. See how the average
resting heart rate per minute correlates negatively with the body
size— elephant: 30, adult human: 72; human infant: 125, mouse:
500, hummingbird: 600.

With increasing body
size, the metabolic rate
per unit mass decreases
exponentially. That
means the smallest
animals have the highest
mass-specific metabolic
rates.

Metabolic demands go down as body size increases, which means
that larger animals are more energy efficient. For example, a human adult weighs more than 450 times the weight of a mouse,
but his metabolic demand will be only about 100 times that of the

Metabolic demands go
down as body size
increases, which means
that larger animals are
more energy efficient.
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Box 1. Body Size and Metabolic Theory of Ecology
The metabolic theory of ecology (MTE) advanced by ecologists James Brown and Brian Enquist, and
physicist Geoffrey West emerged from their conjecture that “the essential features of living systems might
obey quantifiable universal laws”. The theory is claimed to offer a quantitative framework to understand
ecological complexity from individuals to ecosystems.
The basic premise of MTE is Kleiber’s equation relating metabolic rate to body mass,
3

Y ∝ Y0 M 4 ,
where Y = metabolic rate, M = body mass and Y0 = normalization constant (Figure 1).
Exploring further, Brown showed that the scaling rule (with its 34 exponent) holds good, not just for mammals, but for all organisms, and even down to cells and subcellular organelles like mitochondria. Metabolic
rate at any level is a function of temperature also. Therefore, the authors added another component to the
basic equation to show its temperature dependence also. Now the composite equation for the MTE becomes
3

−E

Y ∝ Y0 M 4 e KT ,
where E= activation energy, K = Boltzmann Factor and T = absolute temperature. (To this basic MTE
was added subsequently, an additional component relating to resource availability and its utilization by an
organism.)
According to MTE, after correcting for body size and temperature, metabolic rates will be quite similar for
an elephant, lizard, fish, chrysanthemum or a large tree.
Brown’s team explored further and discovered that many physiological and ecological correlates can also
be related to body mass as allometric functions, but with different scaling exponents, each a multiple of 14
( −3
, −1
, −1
, 1 , 1 , 3 , 1, 54 ...). Thus, they are generally referred to as ‘quarter-power scaling laws’.
4
2
4 4 2 4
Here are a few examples of quarter-power scaling:
1
3
−1
Heart rate ∝ Y0 M 4 , Generation time ∝ Y0 M 4 , Population density ∝ Y0 M 4 .
Quarter-power scaling leads to some surprising generalizations. For example, in mammals heart rate scales
1
−1
to ∝ M 4 while lifespan scales to ∝ M 4 .
−1
1
Therefore, the total number of heartbeats in a lifetime N ∝ M 4 × M 4 = N ∝ M 0 .
This means, the total number of heartbeats during the entire life should be the same for a mouse, dog, or a
horse.
What is the mechanistic basis for the near universality of quarter-power scaling from subcellular mitochondrial to ecosystem levels? Brown and Enquist teamed up with Physicist West to seek a plausible answer.
They invoked theory of fractal networks to account for it; its elaborate explanation involves a lot of physics
and fractal geometry. Essentially, the quarter-power exponents, according to them, are due to fractal-like
design of the networks and surfaces that supply energy, and materials used by cells in metabolism.
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Figure 3.

Weighing 2–5
g, these animals are among
the smallest endotherms
showing the highest massspecific metabolic rates.
(Credits: Etruscan shrew:
Wikimedia Commons, Bee
hummingbird: Wikimedia
Commons, Bumblebee bat:
http://www.flickr.com/photos/
furryscalyman/673915993,
Pygmy jerboa: http://www.
flickr.com/photos/julierohloff/
13633112943).

mouse. To meet such a high metabolic demand, a mouse must
eat daily an amount equal to more than 25% of its body weight
whereas a whale’s daily food consumption is only about 5% of
its body weight. You can now imagine what rich energy sources
need to be available for hummingbirds to survive! (Most of them
feed on energy-rich nectar.)
An important take-home message here is that size-metabolic activity relationship cannot be simply scaled up linearly (see Box
2). A flea can jump a distance equal to 70–75 times its size, and
an ant can carry a twig or leaf ten times its weight. If our own
strength were to be scaled up linearly based on weight, we should
be able to jump across a football field or carry away a huge banyan
tree on our back!
How do we explain this striking fact of metabolic rates increasing with decreasing body size? The explanation lies in the simple
geometry of the surface-volume relationship. As the size of an
object decreases, its surface area increases as L2 but its volume
as L3 , which means a higher surface area/volume ratio. D’Arcy
Thompson, the Victorian era polymath and author of the classic
magnum opus On Growth and Form, was probably the earliest
scientist to recognize the inverse relationship between body size
and surface-to-volume ratio and relate it to the type of physical
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Box 2. Kleiber’s Rule and Scaling
One of the most beloved science fiction classics is Jonathan Swift’s Gulliver’s Travels (1756) which
chronicles the adventures of Gulliver in the land of the Lilliputs. Schmidt-Nielsen (1972) finds in it, an
episode that apparently called for the invocation of Kleiber’s rule to resolve a dilemma. Charged with the
responsibility of keeping the captured giant alive, Lilliputs enquire how much food needs to be provided to
Gulliver. The emperor, after a few calculations, recommends a quantity equivalent to 1728 Lilliput portions
(the emperor does not explain how he arrived at that figure!). Did Jonathan Swift anticipate Kleiber by
more than two centuries? Schmidt-Nielsen wondered.
On a more serious note, Schmidt-Nielsen (1972) cites a published scientific study to illustrate how ignorance
of the implications of Kleiber’s scaling rule had led to totally unexpected consequences. The researchers
wanted to investigate the effect of the hallucinogenic drug LSD on elephants. They hypothesized that certain
expected behaviours under LSD influence should be similar to those that a male elephant displays while in
rut (musth). Not being certain about how much LSD would be a safe dose to test on an elephant, the
investigators relied upon an earlier such study on cats to calculate the dose they needed to use. They simply
scaled up the dose based on body mass. When they used the calculated amount of LSD on the elephant, its
response was disastrously more pronounced than the predicted musth-like behaviour; the poor pachyderm
soon went into convulsions, collapsed, and died.

The body size–metabolic
rate relationship has
important implications
for the maintenance of
body temperature.

forces that organisms face according to their body size. Fluxes
of nearly all physical and physiological processes involved in
metabolism are all surface area dependent—nutrient absorption
by algal cells and plant roots, gas exchange in lungs and gills,
diffusion of oxygen through the walls of capillaries, heat loss
and heat gain through the skin, and many more, which explains
the observed inverse relationship between body size and massspecific metabolic rate.
The body size-metabolic rate relationship has important implications for the maintenance of body temperature. Among all the living organisms, mammals and birds are the only groups that maintain a constant body temperature. They are called endotherms
(earlier term—homeotherms) because the heat necessary to maintain the constant body temperature is generated largely by their
metabolism. Small endotherms face a major problem to live in a
very cold habitat (such as polar regions). They lose body heat so
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Figure 4.

The kinds of
physical forces that an organism faces is related to its
body size. Generally, below
a body size of 1–10mm, cohesive forces become relatively more important.

fast that they cannot get enough food to sustain a high metabolic
rate that is needed to keep body temperature constant. This is the
main reason for the near absence of small endotherms like shrews
in such habitats. In high altitude habitats where nights often get
extremely cold and available energy resources are not enough to
meet their high metabolic demands, hummingbirds turn down at
regular intervals their metabolism to a quiescent state called torpor (In large Indian metros, when on torrid summer days the
power demand far exceeds production, energy providers resort
to periodic ‘load-shedding’. This power-saving practice is something like an ‘imposed torpor’!). Large endotherms living in harshly
cold regions circumvent the heat loss problem by having insulating fur (polar bears) or body fat (blubber) (right whales and seals).

Small endotherms face a
major problem to live in
a very cold habitat (such
as polar regions). They
lose body heat so fast
that they cannot get
enough food to sustain a
high metabolic rate that
is needed to keep body
temperature constant.
This is the main reason
for the near absence of
small endotherms like
shrews in such habitats.

3. Physical Forces and Body Size
All living organisms must obey the laws of physics. How animals
and plants deal with physical forces is also related to their body
size. Gravitational forces decrease with decreasing body size, and
for animals in the size range of a few millimetres (most small
insects), kinetic energy becomes negligible (Figure 4). This is the
reason why a small insect falling from heights is hardly harmed.
On the other hand, it is the cohesive forces that become important
for them. When you sprinkle drops of water on an ant moving
around in the kitchen sink, each drop for it must be like a boulder!
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Gravitational forces
decrease with decreasing
body size, and for
animals in the size range
of a few millimetres
(most small insects),
kinetic energy becomes
negligible. This is the
reason why a small
insect falling from
heights is hardly harmed.

Also, you might have observed how a fly trapped in a drop of
mucus or honey struggles to extricate itself.
Water is a different ball game. Living in a neutrally buoyant
medium, aquatic animals are not affected so much by gravity,
but viscous forces become progressively more important with decreasing body size. Reynolds Number (Re), which is the ratio of inertial forces to viscous forces, is directly proportional
to the body size and speed of locomotion of the animal and inversely proportional to kinematic viscosity of the medium. Viscous forces dominate generally at Re numbers below 20–30, but
above that boundary line, it is an inertial regime. Phytoplankton, ciliates and planktonic animals like rotifers, by virtue of their
small size and feeble powers of locomotion, live perpetually in
the viscous regime and experience only laminar flows, while large
animals like fish, whales and human swimmers are always in the
inertial regime and experience turbulent flows (Figure 5). Copepods, a zooplankton group, are uniquely situated near the boundary between the two regimes. Although by size they belong in the
viscous regime, when they lunge to capture prey, they enter the inertial regime and experience turbulent flows. This sudden switch
from viscous to an inertial regime presents predatory copepods an
unusual problem in capturing their evasive prey.
Our fascination with extremes of body size has been fueled by
Hollywood science fiction movies like ‘Honey, I shrunk the kids’
(1989) and ‘Honey I blew up the kid’ (1992) earlier, and Downsizing (2017) more recently. In the movie, the inventor of the
downsizing process claims that shrinking humans to a height of
12 cm solves the world’s overcrowding and global warming problems.
If such science fiction becomes a reality, making a human-shrinking
machine readily available, would you consider shrinking yourself
and becoming a Lilliput? You better think of all the metabolic
consequences before hitting the button!
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Figure 5.

In water, the
boundary between inertial
forces with turbulent flows
and viscous forces with laminar flows is around the
Reynolds Number (Re) of
1–10. Re is itself a direct
function of body size and
speed of locomotion of the
organism.
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