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ABSTRACT: Human size is a tradeoff between the evolutionary
advantages and disadvantages of being small or big. We now propose
that adult size is determined to an important extent during transition
from infancy to childhood. This transition is marked by a growth
spurt. A delay in the transition has a lifelong impact on stature and is
responsible for 44% of children with short stature in developed
countries and many more in developing countries. Here, we present
the data and theory of an evolutionary adaptive strategy of plasticity
in the timing of transition from infancy into childhood to match the
prevailing energy supply. We propose that humans have evolved to
withstand energy crises by decreasing their body size, and that
evolutionary short-term adaptations to energy crises trigger a predic-
tive adaptive response that modify the transition into childhood,
culminating in short stature. (Pediatr Res 64: 2–7, 2008)

Evolutionary developmental biology (evo-devo) addresses
the issues of how developmental systems have evolved

and probes the consequences of these historically established
systems for organismal evolution (1). Research in evo-devo
has formed around comparative embryology and morphology,
evolutionary developmental genetics, and experimental epige-
netics. Here, we take evo-devo into the realm of clinical
medicine and child growth.

Humans are born immature and helpless, have a relatively
short period of infancy, and are the only species that have a
childhood—a biologically and behaviorally distinct and rela-
tively stable interval between infancy and the juvenile period that
follows (2). The transition from infancy to childhood (IC) is
marked by a growth transition. A delay in this growth transition,
which we refer to as delayed infancy childhood transition
(DICT), has a lifelong impact on stature and is responsible for as
many as 44% of children with a normal birth weight and no
endocrine disease, who are referred to pediatric endocrine clinics
as suffering from idiopathic short stature (ISS).

Here, we present the data and theory that there is an
evolutionary adaptive strategy of plasticity in the timing of the
transition from infancy into childhood to match environmental
cues and energy supply. We propose that humans evolved to
withstand energy crises by decreasing their body size, and that

evolutionary short-term adaptations to energy crises use epi-
genetic mechanisms that modify the transition into childhood,
culminating in short stature.

STAGES OF LIFE HISTORY

The approach to human life history adopted here was
developed by Bogin (3). It is a biologic and behavioral model
of human development, based on a consideration of compar-
ative mammalian biology and primate evolutionary history.
Life history is the product of strategies an organism uses to
allocate its energy toward growth, maintenance, reproduction,
raising offspring to independence, and avoiding death (4). For
a mammal, it is the strategy of when to be born, when to be
weaned, when to be independent for self-protection and pro-
vision, when and how often to reproduce, and when to die.
During human evolution, childhood and adolescence have
been added as new life stages as compared with apes (4).
Thus, Homo sapiens have four prolonged and pronounced
preadult life history stages: infancy, which extends for 30–36
mo; childhood, which extends for 4–6 y between infancy and
adrenarche; a juvenile stage, which lasts for 2–4 y (2); and
adolescence, which lasts for 3–5 y.

Anthropologists attempt to explain how the human species has
survived in the face of its unique life history: a helpless neonatal
period with a short duration of breastfeeding; an extended child-
hood when the offspring are still dependent for protection and
food provision on parental and community assistance; a juvenile
period when they mostly provide for and are able to look after
themselves, and when competition with adults for food and space
is possible only because the offspring are sexually immature; an
energy-costly adolescent growth spurt; delayed reproduction;
menopause; and a uniquely long postmenopausal life.

Evolution of this life history has involved the gradual cumu-
lative selection and development of traits over millions of years.
As a major consumer of energy, growth plays a foremost role,
and the ability to vary growth patterns and the rate of growth
during particular life stages—to shorten or prolong life stages and
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even to add or delete life stages—provides a compelling strategy.
The latter is exemplified by the addition of a childhood stage by
Homo habilis 1.9 million years ago.

INFANCY AND CHILDHOOD

Bipedalism of the hominids required realignment of the spine
and legs and a narrowing of the pelvis, whereas a more developed
and neurologically more advanced brain required a large skull.
This was described as an “obstetrical dilemma” by Washburn in
1960 (5), who proposed that, as an adaptation to this unfavorable
ratio between a smaller maternal birth canal and a larger fetal
skull, head and brain growth (and motor development) have been
deferred into the postnatal period. Brain growth tapers off after
birth in other primates, but continues in a rapid, fetal-like trajec-
tory in humans for the first year of postnatal life.

The life stage of infancy has been defined by weaning in
traditional societies at about 30–36 mo of age. If we consider the
lifespan of humans, the period of infancy is markedly shorter
than, for example, the 60-mo infancy of the chimpanzee, which
lives for 40 y in the wild. In humans and other mammals, infancy
is characterized by rapid and decelerating growth, deciduous
dentition, and feeding by maternal lactation. Although the dura-
tion of infancy is shorter in humans than in other mammals, its
quality is higher. Greater physical support by the human infant
produces more intense social stimulation, and during this period,
the brain grows rapidly. Unique to humans is a long interval of
3 y between the end of infancy and the eruption of the first
permanent molar tooth, and it is within this interval that the
childhood period developed.

Piaget defined infancy as the sensorimotor period—from birth
to about age 2 (Table 1) (6). During this stage, the child learns
about himself and his environment through motor and reflex
actions. Thought derives from sensation and movement. The child
learns that he is separate from his environment, and that aspects of
his environment—his parents or favorite toy—continue to exist
even though they may be outside the reach of his senses.

The childhood stage is peculiar to humans, and has been
defined by stabilization of the growth rate, immature dentition,

and weaning (while continuing to depend on older people for
food), and on behavioral characteristics, including immature
motor control. The evolutionary advantage of childhood lay in
the mother’s freedom to discontinue breastfeeding her 3-y-old
infant to initiate a new pregnancy. This enhancement of repro-
ductive output and the social interaction of an extended family
and extra-familial ties do not put the mother, her infant, or her
older children at risk. As a consequence of the childhood stage,
more humans survive to adulthood than any other mammal.

Piaget defined childhood as the preoperational stage—from
age 2, when he starts to talk, to age 4 (Table 1) (6). Applying
his new knowledge of language, the child begins to use
symbols to represent objects. Early in this stage, he also
personifies objects. He is now better able to think about things
and events that are not immediately present. Oriented to the
present, the child has difficulty conceptualizing time. His
thinking is influenced by fantasy—the way he would like
things to be—and he assumes that others see situations from
his viewpoint. He takes in information and then changes it in
his mind to fit his ideas.

INFANCY–CHILDHOOD GROWTH TRANSITION

Based on the analysis of growth parameters, the Infancy,
Childhood, and Puberty (ICP) growth model divided human
growth into three successive and partly superimposed phases
that reflect the endocrine control mechanisms of the growth
process (7) (Fig. 1). The infancy phase of the ICP model has
been assumed to begin at mid-gestation and to tail off at
approximately 2–3 y of age, representing the postnatal exten-
sion of fetal growth, and is regarded as being nutrition depen-
dent and closely linked to the action of insulin-like growth
factors (IGFs) (8,9).

The childhood growth phase starts in affluent Western
countries between 6 and 12 mo of age (7,10), and continues
through puberty until growth ceases. Thus, the ICP model
proposes a period of transition, whereby the initiation of the
childhood growth phase overlaps with the infancy growth
phase and the infantile life history stage, as defined by wean-
ing at 2–3 y of age.

After gradual deceleration of postnatal infantile growth, the
growth rate abruptly increases between 6 and 12 mo of age.
This defines the onset of the childhood growth transition
(IC-transition; Fig. 1) (7,11).

The negative impact of a DICT on attained height is
illustrated in Figures 1 and 2. It has been shown that each
month of delay results in a growth deficit of 0.4 cm in boys
and 0.5 cm in girls at age 5 y (12). Hence, an early or late IC
growth transition within the normal range of 6 –12 mo
accounts for a difference of 2.4 and 3.0 cm in boys and
girls, respectively, and a severely delayed IC growth tran-
sition to as late as 18 mo produces a deficit of 4.8 and 6.0
cm, in boys and girls, respectively, at age 5, compared with
individuals who have an early onset of the IC growth
transition. The change in height standard deviation score
from age 0.5 to 18 y has been calculated to be 1.23– 0.09 �
age at IC growth transition (Fig. 2).

Table 1. Piaget’s stages of cognitive development

Approximate age
Developmental stage and

characteristic behavior

0–24 mo Infancy: Sensory motor period
At its end, evidence of an internal

representational system.
Symbolizing the
problem-solving sequence
before actually responding.
Deferred imitation.

2–4 y Childhood: Preoperational period
Increased use of verbal

representation, but speech is
egocentric. The beginnings of
symbolic rather than simple
motor play. Transductive
reasoning. Can think about
something without the object
being present by use of
language.
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Children with DICT have normal infantile and normal
childhood growth patterns, indicating normally functioning
growth control mechanisms, and the only abnormal event is
their delayed IC growth transition (13,14). This is observed in
as many as 44% of children with ISS or small for gestational
age (SGA) (Fig. 3) (Kristrom et al., Delayed infancy-
childhood spurt (DICS) in idiopathic short stature. 46th
Annual Meeting of the European Society for Pediatric Endo-
crinology, September 27–30, 2007, Helsinki, Finland, Ab-
stract PO3-538; Zuckerman-Levin I et al., Delayed infancy-
childhood spurt in SGA children with no catch up growth.
46th Annual Meeting of the European Society for Pediatric
Endocrinology, September 27–30, 2007, Helsinki, Finland,
Abstract PO3-537). This effect is time dependent, with a
longer delay resulting in shorter prepubertal stature (15).

ENDOCRINE CONTROL OF IC GROWTH
TRANSITION

The IC growth transition represents the age at which growth
hormone (GH) begins to regulate growth significantly, and
reflects the control of growth by the GH–IGF-I endocrine axis
and target cell responsiveness (16,17). The IC growth transi-
tion occurs in parallel with a rise in serum levels of GH-
dependent IGF-I and IGF-binding protein-3 during the second

half of the first year of life, and children with a delayed IC
growth transition show a delay in the 6–12 mo rise of IGF-I
levels (Fig. 4) (8,9). Moreover, an IC growth transition is
absent in children with GH deficiency who receive no hor-
monal therapy (16).

RESPONSE TO ENERGY CRISIS

Major trends in human evolution were precipitated by
large-scale ecosystem changes, and research on bioenergetics
has become a central component of ecosystem ecology. These
disciplines now examine how individuals and populations
extract energy from their environment, and how, in turn, that
energy is allocated for biologic processes such as mainte-
nance, activity, growth, and reproduction. Life history
tradeoffs result from limitations in the availability of critical
resources such as energy or nutrients, necessitating decisions
on the differential allocation of resources to costly traits. Diet
is directly related to energy harvest, and body size is also
firmly intertwined with life history because it is critical to energy

Figure 1. The Infancy, Childhood, and Puberty (ICP) growth model divides
human growth into three successive and partly superimposed phases that
reflect the control mechanisms of the growth process. The infancy phase of
the ICP model begins at mid-gestation and tails off at 2–3 y of age. The
childhood growth phase sets on in affluent Western countries between 6 and
12 mo of age, and when the transition is delayed (DICT) beyond age 12 mo
(21 mo for this hypothetical child), it has a permanent effect on final adult
height. Figure adapted from Xu et al., Pediatr Res 51:377–385 Copyright ©
2002 The International Pediatric Research Foundation, with permission.

Figure 2. The negative impact on height gain from 0.5 to 18 y of age by a
delay in IC transition (DICT). Figure adapted from Liu Y et al., Pediatr Res
47:475–480 Copyright © 2000 The International Pediatric Research Foun-
dation, with permission.

Figure 3. Percentage of children affected by DICT among children with ISS,
short SGA and GHD compared with Israeli controls. The left columns give
the impact of each month of delay on height loss in SDS for each group.
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budget. At any given body size, a species that extracts higher
quality foods from the environment has increased life history
options for evolutionary fitness. On the other hand, while requir-
ing more total energy, increasing body size improves heat reten-
tion and lessens the relative energy needed per gram of tissue
(18). An obvious tradeoff for the metabolic cost, large body size
decreases mortality, because there are always fewer predators for
large mammals than for small ones.

The reasons for the hominid’s evolving bigger size are not
quite clear, but most probably were related to the changing
environment, which provided access to richer foods and fa-
vored stronger bodies for big-game hunting. About 30,000 y
ago, hunter-gatherer Cro-Magnon humans reached a peak
male height of 174–178 cm (men being the same 10–15 cm
taller than females as they are today). With the subsequent Ice
Age and scarcer big game, many populations switched to
farming and lesser food quality, while great body strength was
not necessarily at a premium any more. Farmers became
shorter, and then much shorter when they urbanized and
industrialized. In about 1800, heights took a dip as industrial
towns became polluted and overcrowded. Although this has
been a process of evolutionary biology in its gradual cumu-
lative selection by small steps of genetic adaptation to the
environment (19), the gradual secular trend in growth and
puberty since about 1840 (20) can hardly be imagined to result
from gene base sequence modifications. The world trend
represents the impact of environmental forces applied to an
inherent adaptive plasticity.

For the IC growth transition to occur, the child must have a
positive energy balance. The age when the IC growth transi-
tion occurs is influenced and delayed by disease (21), when
energy consumption increases rapidly, and by undernutrition,
gastrointestinal infection, and socioeconomic impediments
(12,15), with insufficient energy supplies.

A delayed IC growth transition is the main mechanism
resulting in short stature in children living in poor areas of
developing countries. In a community-based longitudinal
study in Lahore, Pakistan, the median ages of the IC growth
transitions were at 15, 13, 10, and 9 mo in the suburban,
village, urban, and Swedish control groups, respectively (15).
Among the poorest suburban children of Lahore, who suffer
frequent infections and undernutrition, 35% have DICT, and
among the poor children of Malawi, Africa, as many as 60%
have a delayed IC growth transition (15). Many of them have
an IC growth transition that occurs at 3–4 y of age, which
compromises their prepubertal height by 15–20 cm, culminat-

ing in mean adult male and female heights of 162.5 and 155
cm, respectively (22).

THE IC GROWTH TRANSITION AS AN
EVOLUTIONARY TACTIC

Charles Darwin observed that: “. . . we do not always bear
in mind, that though food may be now superabundant, it is not
so at all seasons of each recurring year . . . A large number of
eggs is of some importance to those species, which depend on
a rapidly fluctuating amount of food, for it allows them rapidly
to increase in number.” (23). This is probably the first sug-
gestion for plasticity (phenotypic changeability) in adjusting
to changing environments.

Unlike short periods of stunting at any other age, a delayed
IC growth transition is not followed by catchup growth. In our
analysis of 176 growth charts of DICT children, we did not
encounter a single case of catchup growth. We propose that
the long transition period from IC growth phases corresponds
to a period of plasticity in growth that has evolved to adjust an
individual’s growth to environmental circumstances, such as
limited energy resources. The ability of the genotype to
produce different phenotypes in response to environmental
circumstances, and plasticity (the ability of the individual to
modify phenotypic response to altered environmental condi-
tions) of the timing of life history transitions, such as the IC
growth transition, is evolutionary strategy and the basis for
this adaptability (24).

In the evolutionary timescale, energy crises persist beyond
a single generation, and, indeed, the timing of the IC growth
transition has been shown to be inherited. A negative corre-
lation was demonstrated between the age of the IC growth
transition and mid-parental height, indicating that offspring of
ancestors, who might have responded to energy crises in their
infancy, have a relative delay in the IC growth transition (25).

A great deal of attention has been paid to intrauterine
nutritional “fetal programming” leading to a “thrifty pheno-
type” and later health consequences, as recently reviewed
(26). In terms of fetal programming of final height, the vast
majority of infants with intrauterine growth retardation catch
up immediately after birth and end up with a normal stature.
Hence, in evolutionary terms, fetal growth, which depends on
uterine and placental function, is too labile a phase to affect
final height. On the other hand, a delay in the IC growth
transition is not associated with catch-up growth, indicating
that events during the first year of life affect ultimate height. In

Figure 4. The IC growth transition occurs
in parallel with a rise in serum levels of
GH-dependent IGF-I (A) and IGF-binding
protein-3 (B) during the second half of the
first year of life, and children with a de-
layed IC growth transition (C) show a
delay in the 6 to 12 mo rise of IGF-I levels.
Figure adapted from Low LC et al. Pediatr
Res 50:737–742 Copyright © 2001 The
International Pediatric Research Founda-
tion, with permission.
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analyzing close to 400 children with ISS or SGA, we have not
encountered any single case who showed a catchup growth.

Although the evolutionary origin of the switch and control
mechanisms for the onset of the childhood growth phase is
genetic, we speculate that the plasticity of the IC growth
transition switch may be epigenetic, causing heritable changes
in gene function without changing the DNA sequence. We
concede the lack of any experimental epigenetic studies to
support this speculation. Epigenetic changes occurring at cer-
tain stages of development become incorporated into the
genome, providing transgenerational passage of environmen-
tally induced epigenetic changes (27), and endocrine, physi-
ologic, and behavioral traits persist even after the original
selection pressure is relaxed (28) for at least three generations
(29). Because such events can occur at a rate up to 100,000
times higher than point mutations, epigenetic changes poten-
tially have a much greater impact on morphologic adaptive
evolution (30).

In the case of a delayed IC growth transition, hormones,
cytokines, and nutrition may account for epigenomic evolu-
tionary adaptations to energy crises. Hormones have been
shown to epigenetically imprint genes, and hormone target
genes are liable to be epigenetically modified. Hormonal
exposure early in life alters the response to hormonally regu-
lated genes to the same or different hormones later in life; the
first hormone experience alters the set point epigenetically for
a later hormone response. More specifically, exposure to
estrogens early in life compromise health later in life, fetal
glucocorticoids imprint later glucocorticoid responses (31),
demethylation of the leptin promoter correlates with preadi-
pocyte differentiation into adipocytes (32), and leptin has a
trophic effect on plasticity of hypothalamic responses to nu-
trients that regulate feeding (33). As a delay in the IC growth
transition is associated with delayed development of the GH–
IGF-I axis, it is yet to be defined whether such changes occur
at the level of hormone secretion or target cell response.

Nutritional deprivation during infancy, even if transient,
may have a lasting influence on the expression of genes by
interacting with epigenetic mechanisms and altering chro-
matic conformation and transcription factor accessibility (34).
Moreover, epigenetic programming by energy crises has been
shown to be transmitted to the next generation (35).

DELAYED GROWTH TRANSITION, SHORT
STATURE, AND OBESITY

A delay in the IC growth transition is an adaptive strategy
to an energy crisis during infancy. Yet, evolutionary adapta-
tion occurs at a time scale, which assumes that the same
environmental conditions will prevail. It does not take into
account the energy saturation of modern society. Indeed, the
transition from IC stages of the human life history is also the
timing of shift in modern dietary energy saturation in affluent
societies, and as a result, evolutionary adaptation to an appar-
ent energy crisis results in the eventual unwanted permutation
of obesity with short stature (36). Indeed, stunted children
(44% of which have DICT) show higher susceptibility to the
effects of a high-fat diet (37).

CONCLUSIONS

A delay in the onset of childhood growth phase provides an
evolutionary adaptive mechanism in the event of an energy
crisis, culminating in shortness of stature that is appropriate
for energy shortage but unwanted in energy-saturated affluent
societies (Fig. 5). Clinical diagnosis of this childhood growth
delay requires a careful analysis of infantile growth data, and
the DICT accounts for a significant proportion of what has
been termed ISS.

Although many questions remain to be answered, the con-
cept of a delay in the childhood growth transition, with its
evo-devo implications, provides a new direction for research
into child growth.
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