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their former position. At a somewhat later period, when the extremities are devel-
oped, “the feet of lizards and mammals,” as the illustrious Von Baer remarks, “the
wings and feet of birds, no less than the hands and feet of man, all arise from the
same fundamental form.” It is, says Prof. Huxley,!” “quite in the later stages of
development that the young human being presents marked differences from the
young ape, while the latter departs as much from the dog in its developments, as
the man does. Starling as this last assertion may appear to be, it is demonstrably
true.”

As some of my readers may never have seen a drawing of an embryo, I have given
one of man and another of a dog, at about the same early stage of development.

1% ‘Man’s Place in Nature,” 1863, p. 67.

Quote taken from Darwin Online, http://darwin-online.org.uk/

Darwin’s figure 1 is reproduced here as our Figure 11.1. Readers may also consult
the work of Dr. Gina Kohts (http://www.kohts.ru/ladygina-kohts_n.n./ichc/html/
apes02.html; de Waal 2009), who in the early 20th century carried out detailed
comparative studies of growth, development, and behavior between humans and
chimpanzees.

Darwin also wrote of some novel features of human development. In his next
book, The Expression of Emotions in Man and Animals, Darwin (1872) wrote of
“Special Expressions of Man: Suffering and Weeping” (p. 147). Darwin was one
of the first scientists to include photographs in his books, and these included
photographs of human infants crying and screaming. Based on the information
available at the time, Darwin believed that only human infants and children
expressed distress via long bouts of screaming and crying. Darwin wrote that
this special behavior of people is due to human features of anatomy and cogni-
tion, which are not shared by other mammals. Since Darwin’s time, it has been
confirmed that other species of mammals do scream and cry (http://www.
janegoodall.org/chimpanzee-crying, http://carta.anthropogeny.org/moca/topics/
unconsolable-infant-crying). Research by Ronald Barr finds that crying “results
in caregiving responses that can be positive (e.g. increase caregiver investment,
nutrition and caring) or negative (abuse).” Barr adds that the shedding of tears
during emotional distress may be unique to, or especially well developed in,
humans.

These examples from the work of Darwin to the present are provided to
explain that the human place in nature, as viewed by evolutionary biologists,
balances the physical and behavioral characteristics that are shared with other
species against those that are found only in the human species. In this chapter,
we are concerned with both the shared and the “human only” characteristics as
these relate to the human life cycle.

Several other “big questions” guide this chapter: How can human biologists identify
the shared and novel features of the human life cycle? Can the time of origin of the
novel features be determined? Can the reasons for the evolution of new growth,
development, and maturation patterns be determined?
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STAGES IN THE LIFE CYCLE

The life cycle of an organism includes stages of growth, development, and matura-
tion from conception to death. Many of the basic principles of human growth,
development, and maturation are best presented in terms of the events that take
place during the life cycle. One of the many possible orderings of events is given in
Table 11.1, in which growth periods are divided into developmentally functional
stages. This is only one possible ordering, because declaring that one moment (e.g.,
fertilization) is the beginning of life is arbitrary in a continuous cycle that passes
through fixed stages in each individual person and in generation after generation.

Prenatal Development

The course of pregnancy may be divided into three periods, or trimesters. During
the first trimester, one of the major events is the multiplication of a single cell, the
fertilized ovum, into tens of thousands of new cells. At first, cell division may
produce exact copies of the original parent cell. However, within hours of the first
division, distinct groups of cells begin to form. The rate of cell division in the sepa-
rate groups is unequal; these cells have begun to differentiate and will eventually
form different kinds of tissue (the “germ layers” of endoderm, mesoderm, and ecto-
derm) that will constitute the growing embryo. Growth, an increase in cell number,
and development (in this case, cellular differentiation) begin almost simultaneously
with conception.

Although the human body is composed of dozens of kinds of tissues and organs,
their generation and growth during prenatal life, and postnatal life as well, take
place through a few ubiquitous processes. Goss (1964, 1978) described two types of
cellular growth: hyperplasia and hypertrophy. Hyperplasia involves cell division by
mitosis. For instance, epidermal cells of the skin form by the mitotic division of
germinative cells, also called stem cells, in the deep layers of the skin. Hypertrophic
growth involves the enlargement of already existing cells, as in the case of adipose
cells growing by incorporating more lipid (fat) within their cell membranes.

Goss also described three strategies of growth used by different tissues: renewal,
expansion, and stasis. Renewing tissues include blood cells, gametes (sperm and egg
cells), and the epidermis. Mature cells of renewable tissue are incapable of mitosis
and have relatively short lives; for instance, red blood cells (erythrocytes) survive
in circulation for ~6 months. New erythrocytes are produced from a reserve of undif-
ferentiated cells located in the bone marrow and lymphatic organs. The rate of
replacement of renewing tissues is carefully balanced against the rate of death of
the mature cells. Expanding tissues include the liver, kidney, and the endocrine
glands, the cells of which retain their mitotic potential even in the differentiated
state. The liver, for example, has no special germinative layer or compartment, and
most liver cells are capable of hyperplasia to replace damaged cells (possibly the
source of the Greek myth of Prometheus). Static tissues, such as nerve cells and
striated muscle, give up the ability to divide by mitosis early in their lives. Once
formed, a static tissue can grow in size by hypertrophy but not by hyperplasia. Thus,
when an adult person exercises a muscle, its size may increase by enlarging the
individual muscle cells already present, not by adding new cells. Also, because the
reserve of germinative cells is limited and is usually depleted early in life, the pool
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of static tissues cannot be renewed if damaged or destroyed. The destruction of the
central nervous system (CNS) tissue, such as regions of the brain as a result of
accident or stroke, often means the permanent loss of the damaged cells and the
functions they once performed (although there is evidence that some CNS tissue is
renewable or can be induced to renew; Lin et al. 2006). Perhaps as compensation
for lack of mitotic ability, many static tissues may live as long as the person survives,
unlike renewable tissues that tend to have short lives.

The biological substrate of the individual is not permanent. From embryonic life
through adulthood, the human body is in a constant state of decomposition and
reorganization. Young adult men renew about 2-3% of their muscle mass each day.
In infancy, when new muscle tissue is forming by hyperplasia, the rate of protein
renewal is about 6-9% per day. The magnitude of this metabolic renewal may be
appreciated by the fact that much of the basal metabolic rate of the body (which
may be measured by the heat that the body produces when at complete rest) is due
to protein turnover. A similar turnover of cellular material occurs in other static
tissues, such as nerve cells in the body and in the brain, and in expanding tissues.
Tanner (1990, pp. 25-26) wrote,

This dynamic state enables us to adapt to a continuously changing environment,
which presents now an excess of one type of food, now an excess of another; which
demands different levels of activity at different times; and which is apt to damage the
organism. But we pay in terms of the energy we must take in to keep the turnover
running. Enough food must be taken in to provide this energy, or the organism begins
to break up.

During the years and decades of life, the turnover and renewal of the molecular
constituents of a human being’s cells must take place often enough to recreate the
entire body many times over.

The metabolic dynamic of the human organism is most active during the first
trimester of prenatal life. The multiplication of millions of cells from the fertilized
ovum—and the differentiation of these cells into hundreds of different body parts—
makes this earliest period of life highly susceptible to growth pathology caused by
either the inheritance of genetic mutations or exposure to harmful environmental
agents that disrupt the normal course of development (e.g., certain drugs, smoking,
malnutrition, disease, and psychological trauma that the mother may experience).
Due to these causes and others, one study estimated that ~10% of human fertiliza-
tions fail to implant in the wall of the uterus, and of those that do, ~50% are spon-
taneously aborted (Werner et al. 1971; see also Chapter 15 of this book by Ellison
et al. on “Pregnancy Loss and Female Fecundity™). It is consoling to know, perhaps,
that most of these spontaneous abortions occur so early in pregnancy that the
mother is not aware that a conception took place.

After the initial embryonic tissues are formed, the first trimester is taken up with
organogenesis, the formation of organs and physiological systems of the body. By
the eighth week, the embryo is recognizably human. By the start of the second
trimester of pregnancy, the differentiation of cells into tissues and organs is com-
plete, and the embryo has become a fetus. During the next 12 or so weeks, most of
the growth that takes place in the fetus is in length. At 8 weeks after conception,
the embryo is ~30 mm long (~1 in.). By the fourth month, the length from the crown
of the head to the bottom of the buttocks (crown—rump length) is ~205 mm (8 in.),
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As early as 1927, V.PA. Derrick, A.R. Davidson, and A.R. Reid found that adult
mortality in England and Wales depended on years of birth (see Smith and Kuh
2001). A few years later, Kermack et al. (1934) confirmed the association between
year of birth and rates of adult mortality for England, Scotland, and Sweden. Even
more to the point, Kermack et al. found that “infantile mortality is dependent in
large measure on improvement in maternal health (2001 reprint, p. 683). Kermack
and colleagues also suggested that the environmental condition up to age 15 years
was key to later health and mortality risk. By implication, improvements in maternal
health would have to take place before age 15 of the mother to have an impact
infant mortality a generation later. Fifty-two years later, Emanuel (1986) formalized
these findings into the “intergenerational effects hypothesis” [IEH], defined as
“those factors, conditions, exposures and environments experienced by one genera-
tion that relate to the health, growth and development of the next generation.”
Working with British data, Emanuel et al. (1992) found that the birth weight of a
woman, her health history during infancy and childhood, and her adult stature
(which reflects the total history of her growth and development) are strong predic-
tors of the birth weight of her offspring. Many human epidemiological and anthro-
pological studies support the IEH (Drake and Walker 2004; Varela-Silva et al. 2009)
and experimental studies confirm the power of intergenerational effects (Drake
et al. 2007; Benyshek et al. 2008).

Other DOHaD research focuses on the “fetal origins” hypothesis (Barker 1990;
Benyshek 2007; Kuzawa 2007; Gluckman et al. 2009) to explain the origins of several
adult chronic illnesses such as coronary heart disease and diabetes. As stated by
Kuzawa (2004, p. 194), “The fetal origins hypothesis proposes that intrauterine nutri-
tion influences the development of various hormonal systems and organs, with
lasting effects on adult risk for cardiovascular disease.” The hypothesis has been
expanded to other adult diseases, such as diabetes and obesity. Postnatal environ-
ments during infancy and childhood are also proving to be important for the devel-
opment of health or the risks for disease in later life (Bailey and Schell 2007; Bogin
and Varela-Silva 2010; McDade et al. 2010). Human biologists and biological anthro-
pologists are at the forefront of this research, due to their cross-cultural and evolu-
tionary perspectives.

Epigenetics Interactions between the environment and genome of the mother
and her embryo/fetus are now known to influence both the risks for disease (Kuzawa
and Sweet 2009) and the normal range of growth, including development of adipose
tissue (Mostyn and Symonds 2009) and muscle tissue (Du et al. 2010). Epigenetics
refers to changes in gene expression caused by mechanisms other than changes in
the underlying DNA sequence. Epigenetic mechanisms such as DNA methylation,
histone acetylation, and micro RNA interference (Fig. 11.2) can affect gene activa-
tion and inactivation; methylation, for example, inactivates or represses gene expres-
sion. Epigenetic mechanisms may be activated by exposure to temperature extremes,
exposure to disease, excess or lack of dietary factors, and many behavioral practices
including physical activity, smoking, and alcohol consumption. Segars and Aagaard-
Tillery (2009, p. 349) wrote that epigenetic mechanisms “are increasingly understood
to have a profound effect in altering an individual’s appearance, transmission of
a specific congenital abnormality (‘birth defect’), and even one’s lifetime risk of
common diseases such as obesity and cancer.”
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toregulate DNA activity and be related to diseases such as diabetes, atherosclerosis,
and cancer (Kato et al. 2007; McGrane 2007). A socioeconomic factor such as
poverty can influence the availability of vitamin D due to limited food choices.
Vitamin D is found in a small number of foods, such as expensive oily fish, for
example, salmon, in liver, and in eggs, which poor families may not eat on a regular
basis. Low socioeconomic status (SES) may also lead to a lack of exposure to sun-
light due to the need to work at low-paid indoor jobs. Humans get most of their
vitamin D from sunlight (ultraviolet radiation) striking the skin and converting
cholesterol-based substances into precursors of vitamin D (see Chapter 6).
In this case, the flow of epigenetic information is as follows:

Social-economic—political forces producing poverty
— inability to purchase vitamin-D-containing foods /low sunlight exposure
— low bioavailability of vitamin D — low transactivation of DNA expression
— low amino acid production — insufficient protein — possible harm to health.

An important human example is risk for the disease multiple sclerosis (MS). Many
studies show that people living at northern latitudes, with low exposure to sunlight,
low vitamin D intake, and with a specific genetic variant of the major histocompat-
ibility complex (MHC) on chromosome 6, are at greater risk to MS (Ramagopalan
et al. 2009). People with the same MHC genetic variant but with adequate vitamin
D bioavailability have significantly lower risk for MS.

Other nutrients such as methionine and vitamins Bg, By, and folate are known
to be related to DNA methylation, and the availability of these nutrients during
fetal development may influence susceptibility to complex diseases, such as diabetes
and obesity (Chmurzynska 2010). Via this nutrient route, there is a connection
between intergenerational effects, developmental origins, and epigenetic events.

Another epigenetic mechanism is genomic imprinting, a process that restricts
gene expression to only the allele inherited from the mother or the father (also
called parental imprinting). Earlier in this chapter, we discussed the sexual nature
of most animal reproduction. Among vertebrates, some fish and a few reptiles may
reproduce via parthenogenesis, the development of an unfertilized ovum into a
sexually mature adult female. In nature, successful parthenogenesis is prevented in
mammals, probably via the process of genomic imprinting. Most genes are nonim-
printed and have biallelic expression (Lobo 2008). Healthy mammalian develop-
ment seems to require allele expression from both the maternal and paternal alleles,
although a parthenogenic mouse has been produced in the laboratory (Kono 2006).

Some human examples of the deleterious effects of genomic imprinting are the
congenital conditions Prader-Willi and Angelman syndromes. Remarkably, both
are metabolic disorders due to the same DNA deletions in chromosome 15 (Knoll
et al. 1989). But, whereas the features of the Prader-Willi syndrome are short
stature, mental retardation, poor muscle tone, hyperphagia (overeating), and obesity,
those of Angleman syndrome are developmental delay, lack of speech, seizures,
and walking and balance disorders (http:/www.angelman.org). The phenotypic
expression of these two disorders comes from parental imprinting: The paternal
alleles produces the Prader—Willi syndrome, and the maternal allele produces the
Angelman syndrome. It is important to understand that the phenotypes of these
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black infants is more likely due to the effects of slavery and several generations of
discrimination in the postslavery period. Emanuel et al. (1992, 2004) and Jasienska
(2009) made use of the IEH, which we discussed above. The researchers explained
that SES matching for the current generation of adult black and white women
ignores the social and biological history of the United States, Great Britain, and
other nations that practiced slavery. The mothers and grandmothers of these black
and white women were less likely to be equally matched for SES. The IEH predicts
that the poor growth and development of women from older generations will have
a lasting effect on the current generation.

Experimental research with rats shows that protein deficiency in the first genera-
tion has harmful effects on glucose metabolism for at least the following two gen-
erations,even when the daughters and granddaughters are adequately fed (Benyshek
et al. 2006). Closer to home in an evolutionary sense, Price and Coe (2000) analyzed
the birth weight of rhesus monkeys descended from small-for-date (i.e., weight rela-
tive to gestation length) and large-for-date birth weight matrilines. Newborn males
and females descended from the large-for-date mothers showed greater than normal
birth weight. Females, but not males, descended from small-for-date mothers had
lower than average birth weight. Price and Coe also found that the lower birth
weight female newborns “were at higher risk of poor reproductive outcomes in
adulthood, and they perpetuated the matrilineal birth weight pattern by selectively
constraining the fetal development of their daughters” (p. 452). From these results,
they conclude that (1) “female family members overwhelmingly account for the
intergenerational transmission of birth weight in monkeys” (p. 456), and (2) “one
pregnancy should not be viewed as an independent event, but as a manifestation of
the reproductive health of the female’s lineage overall” (p. 456). These conclusions
for monkeys are also found for human beings in many studies (Jasienska 2009).

It is clear that birth weight is influenced by many factors. Several lines of research
estimate the statistical variance in birth weight due to fetal genotype to be 10-31%,
the variance due to maternal genotype to be 22-24%, and the variance due to non-
genetic maternal and environmental factors to be 47-66% of the total variance
(Robson 1978; Lunde et al. 2007). Because of the predominance of nongenetic
factors, public health workers often use birth weight statistics as one indication of
the well-being of a population.

Weight at birth is only one measurement that is commonly taken to indicate the
amount of growth that took place during prenatal life. Recumbent length (length
of the body when lying down); circumference of the head, arm, and chest; and skin-
folds are other measurements. Circumferences measure the contribution made by
various tissues to the size of different body parts. For example, head circumference
measures the maximum girth of the skull, which includes bone and, more impor-
tantly, the size of the brain. Some representative data on size at birth and at 18 years
of age for several measures are given in Table 11.2. At birth, sexual dimorphism (a
difference in appearance or behavior between males and females) in size is biologi-
cally insignificant. At 18 years of age, however, there is considerable dimorphism
between the sexes in average stature, body weight, and fatness as measured by
triceps and subscapular skinfolds.

From birth to adulthood, humans experience many changes in body size, shape,
composition (e.g., fat, muscle, and water content), proportions, and skeletal forma-
tion (Figs. 11.5 and 11.6). The importance of studying these contrasts between early
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Plasticity refers to the ability of an organism to modify its biology or behavior
to respond to changes in the environment, particularly stressful changes (Lasker
1969; Frisancho 1993). Adult human morphology, physiology, and behavior are
plastic and in no way rigidly predetermined. Of course, people cannot sprout wings
or breathe under water, but the sizes, shapes, colors, emotions, and intellectual abili-
ties of people can be significantly altered by environmental stress, training, and
experience. When the biology and behavior of people are considered together (i.e.,
in a biocultural perspective), it seems that human beings are, perhaps, the most
plastic of all mammalian species, hence one of the most variable and adaptable.

Postnatal Development

Life after birth can be divided into distinct periods in many ways. In this chapter,
as explained earlier, we use a four-stage model of human postnatal growth and
development—infant, child, juvenile, adolescent—between birth and adulthood
(outlined in Table 11.1). The rationale for this model begins with an analysis of the
amount and rate of growth from birth to adulthood (more detailed explanation for
the four-stage model is found in Bogin 1999).

To visualize the amount and rate of growth that takes place during each of these
stages, the growth in height (or length) for normal boys and girls is depicted in
Figure 11.7; growth in weight follows very similar curves. In Figure 11.7, the distance
curve of growth, that is, the amount of growth achieved from year to year, is labeled
on the right y-axis. The velocity curve, which represents the rate of growth during
any 1 year, is labeled on the left y-axis. Below the velocity curve are symbols that
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Figure 11.7 Idealized mean velocity and distance curves of growth in height for healthy girls
(dashed lines) and boys (solid lines) showing the postnatal stages of the pattern of human
growth. Note the spurts in growth rate at mid-childhood and adolescence for both girls and
boys. The postnatal stages: I, infancy; C, childhood; J, juvenile; A, adolescence; M, mature
adult;—W-, range of age for human weaning. Source: Data from Prader (1984) and Bock and
Thissen (1980).
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indicate the average duration of each stage of development. Clearly, changes in
growth rate are associated with each stage of development. Each stage may also be
defined by characteristics of the dentition, changes related to methods of feeding,
physical and mental competencies, or maturation of the reproductive system and
sexual behavior.

Infancy Infancy is characterized not only by the most rapid velocity of growth of
any of the postnatal stages, but also by a steep decline in velocity, a deceleration.
The infant’s changing growth velocity continues the fetal pattern, in which growth
rate in length peaks in the second trimester and then begins a deceleration that lasts
until childhood (Fig. 11.8). As for all mammals, human infancy is the period when
the mother provides all or some nourishment to her offspring via lactation or some
culturally derived imitation of lactation. During infancy, the deciduous dentition
(the so-called milk teeth) erupts through the gums. Human infancy ends when the
child is weaned from the breast, which in preindustrialized societies occurs between
24 and 36 months of age (Sellen 2006). By this age, all the deciduous teeth have
erupted, even for very late maturing infants.

Motor skills (i.e., what a baby can do physically) develop rapidly during infancy.
At birth, states of wakefulness and sleep are not sharply differentiated, and motor
coordination is variable and transient. By 1 month, the infant can lift its chin when
prone, and by 2 months, lift its chest by pushing up with the hands and arms.
Developmental milestones for sitting, standing, and walking are shown in Figure
11.9. These motor development milestones are averages for human infants. Some
infants may skip a stage, such as “hands-and-knees crawling,” all of the stages
overlap, and each stage is quite variable in duration. On average, by 3 years of age,
the end of infancy, the youngster can run short distances, pour water from a pitcher,
and manipulate small objects, such as blocks, well enough to control them. There is
a similar progression of changes in the problem solving, or cognitive, abilities of the
infant.

Accounting for all of these motor and cognitive advancements is the develop-
ment of the skeletal, muscular, and nervous systems, especially brain growth and
development. The human brain grows rapidly during infancy, much more rapidly
than almost any other tissue or organ of the body (Fig. 11.10). All parts of the brain
seem to take part in this fast pace of infant growth and maturation, including the
hypothalamus, a center of neurological and endocrine control (Fig. 11.11). During
fetal life and early infancy, the hypothalamus produces relatively high levels of
gonadotropin-releasing hormone (GnRH). This hormone causes the release of
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the pitu-
itary gland. These hormones, in turn, travel via the bloodstream to their sites of
action, which include the developing ovaries or testes.

The endocrine system interacts in complex ways with the environment and the
genome to direct the course of growth, development, and maturation by release of
hormones. In addition, changes in the operation of the endocrine system seem to
play a primary role in the evolution of life cycles (Finch and Rose 1995). The opera-
tion of the primate hypothalamic system is a case in point. In 1975, Grumbach and
colleagues reported that GnRH has an on-off-on pattern of activity during post-
natal development in humans. Nonprimate mammals, such as rodents, do not show
this pattern; instead, these animals have a progressive and uninterrupted increase
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Figure 11.8 Distance (a) and velocity (b) curves for growth in body length during human
prenatal and postnatal life. The graphs are diagrammatic, because they are based on several
sources of data. Dashed lines depict the predicted curve of growth if no uterine restriction
takes place. In fact, such restriction does take place toward the end of pregnancy and may
impede the flow of oxygen or nutrients to the fetus. Growth rate slows but rebounds after
birth and returns the infant to the size he or she would be without any restriction. C-H,
crown-heel. Source: Tanner (1990).
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Figure 11.11 (a) Pattern of secretion of FSH and LH in a male rhesus monkey (genus
Macaca). The testes of the monkey were removed surgically at birth. The curves for FSH and
LH indicate the production and release of GnRH from the hypothalamus. After age 3 months
(i.e., during infancy), the hypothalamus is inactivated. Puberty takes place at ~27 months, and
the hypothalamus is reactivated. (b) Development of hypothalamic release of GnRH during
puberty in a male rhesus monkey with testes surgically removed. At 25.1 months (mo) of age,
the hypothalamus remains inactivated. At 25.5 and 25.8 months, modest hypothalamic activity
is observed, indicating the onset of puberty. By 30.4 months, the adult pattern of LH release
is nearly achieved. This pattern shows increases in both the number of pulses of release and
the amplitude of release. In human beings, a very similar pattern of infant inactivation and
late juvenile reactivation of the hypothalamus takes place. Source: Adapted, with some sim-

plification, from Plant (1994).

in GnRH production from birth to sexual maturation. Since 1975, much research
has been focused on the mechanisms that control this on-off-on pattern (Fig. 11.11).
The current understanding is that one, or perhaps a few, centers of the brain change
their pattern of neurological and endocrinological activity, and their influence on
the hypothalamus. The hypothalamus becomes, basically, inactive in terms of sexual
development by about age 2-3 years. The “inhibitor” has not been identified but
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likely is located in the brain and certainly not in the gonads. Human children born
without gonads, as well as rhesus monkeys and other primates whose gonads have
been surgically removed at birth, still undergo both GnRH inhibition in infancy and
hypothalamus reactivation at age when puberty would occur normally (Plant 2008;
Plant and Ramaswamy 2009).

It is accepted that the GnRH on-off-on pattern has a regulatory effect on pitu-
itary LH and FSH production and release. In turn, LH and FSH regulate body
growth and sexual maturation. Released from the pituitary, LH and FSH travel in
the bloodstream to the gonads (ovaries or testes), where they stimulate the produc-
tion and release of estrogen or androgen hormones (Fig. 11.12). These gonadal
hormones are, in part, responsible for the rapid rate of growth during early infancy.
By late infancy, however, the hypothalamus is inhibited. GnRH secretion almost
stops, and the levels of the sex hormones fall, which seems to relegate body growth
to a steady 5-6 cm/year and suspends reproductive maturation (Fig. 11.10, “repro-
ductive” curve). The hypothalamus is reactivated just before puberty, the event of
development that marks the onset of sexual maturation. The age at which this acti-
vation takes places varies between primate species, and this variation is part of the
control of the transition between stages of the life cycle.

Childhood The childhood stage follows infancy, encompassing the ages of about
3.0-6.9 years. Childhood is a period of postweaning dependency on adults that may
also be defined by its own pattern of growth, feeding behavior, and motor and cog-
nitive development. In humans, the rapid growth deceleration of infancy begins to
moderate as childhood begins. Growth rate declines from about 7-8 cm/year at age
3 years to ~5-6 cm/year by age 6 years and then levels off. This moderation of growth
rate decline and the leveling off in growth rate are unusual for mammals, because
almost all other species continue a pattern of relatively rapid deceleration after
infancy (look ahead to Figs. 11.18 and 11.19).

This slower and steady rate of growth maintains a relatively small-sized body
during the childhood years. In terms of feeding, children are weaned from the breast
or bottle but still depend on older people for food and protection. In contrast, most
mammalian species move from infancy, and its association with dependence on
nursing, to a stage of independent feeding. Some months of postweaning depen-
dency is a characteristic of the social carnivores (such as lions, wild dogs, and hyenas)
and a few species of primates, such as marmosets and tamarins (Ewer 1973; Goldizen
1987).

Given this, postweaning dependency is, by itself, not a sufficient criterion to dis-
tinguish human childhood. Dental traits, digestive systems, and brains add to the
features of human childhood. Human children require specially prepared foods
because of the immaturity of their dentition, the small size of their stomachs and
intestines, and the rapid growth of their brain (Fig. 11.10). Again, we emphasize that
the human brain is especially important. The newborn uses 87% of its resting meta-
bolic rate (RMR) energy for brain growth and function. By the age of 5 years, the
percent RMR usage is still high at 44 %, and higher than any other mammal, whereas
in the adult human, the figure is between 20% and 25% of RMR. At comparable
stages of development, the chimpanzee devotes about 45%, 20%, and 9%, respec-
tively, of its RMR to brain growth (Leonard and Robertson 1994). Chimpanzee
energy needs are lower than those for humans for three reasons: (1) smaller size of
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correlation) and a host of other growth and maturation variables. Other research,
based on direct measurements of victims of accidents and disease, shows that human
brain growth in weight is virtually complete at a mean age of 7.0 years (Cabana
etal. 1993; Fig. 11.13). Thus, at this stage of development, not only is the child capable
dentally of processing an adult-type diet, but the nutrient requirements for brain
growth also diminish. Moreover, cognitive and emotional capacities mature to new
levels of self-sufficiency. Language and symbolic thinking skills mature rapidly,
social interaction in play and learning become common, and the 7-year-old indi-
vidual can perform many basic tasks, including food preparation with little or no
supervision (Locke and Bogin 2006).

Another feature of the childhood phase of growth associated with these physical
and mental changes is the modest acceleration in growth velocity at about 6-8 years,
called the midgrowth spurt (shown in Fig. 11.7). Some studies note the presence of
the midgrowth spurt in the velocity curve of boys but not girls, while other studies
find that up to two-thirds of boys and girls have midgrowth spurts. The midgrowth
spurt is linked with an endocrine event called adrenarche, defined as the postnatal
onset of secretion of the androgen hormones dehydroepiandrosterone (DHEA)
and DHEA sulfate (DHEA-S) from the adrenal gland. Among the primates, these
hormones are produced in a novel histological region called the zona reticularis. In
humans and chimpanzees, adrenarche occurs between the ages of 6-10 years. In
some other primates, such as the rhesus monkey, the upregulation of DHEA and
DHEA-S begins perinatally (Bogin and Campbell, http://carta.anthropogeny.org/
moca/topics/adrenarche). It is unclear, however, if adrenal androgens produce the
midgrowth spurt in height, but these androgens seem to cause the appearance of a
small amount of axillary and pubic hair.

Adrenal androgens also seem to regulate the development of body fatness and fat
distribution, and in humans, adrenarche has been related to the “adiposity rebound”
at the transition between the childhood and juvenile stages of the life cycle. The
adiposity rebound describes the increase in the body fatness that takes place between
the ages of 5 and 7 years. The adiposity rebound is usually measured as the body
mass index (BMI), which is calculated as [weight in kilograms/height in square
meters]. In many human populations, the BMI is a reasonable proxy measure of
body fatness. From late infancy through childhood, there is usually a decline in BMI,
but then in late childhood, fatness begins to increase (Cole 2004; Hochberg 2009).

The mechanism controlling adrenarche is not understood because no known
hormone appears to cause it. Adrenarche is found only in chimpanzees and humans,
and the midgrowth spurt, and perhaps the adiposity rebound, is apparently unique
to human beings. The physical changes induced by adrenarche and increased fatness
are accompanied by a change in cognitive function, called the “5- to 7-year-old shift”
by some psychologists, or the shift from the preoperational to concrete operational
stage, using the terminology of Piaget. This shift leads to new learning and work
capabilities in the juvenile. Very little is known about the consequences of adre-
narche for chimpanzee development. It is proposed that adrenarche and DHEA-S
may play a role in hominin evolution in terms of extended brain development and
prolonged life span compared with other primates (Campbell 2006). These ideas
need to be tested scientifically, but they make sense given the importance of body
fat stores to both cognitive function and physical work (see Chapter 7 by Leonard
and Chapter 8 by Snodgrass of this book).
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In summary, human childhood is defined by the following traits: (1) a slower rate
of growth than during infancy and relatively small body size; (2) a large, fast-growing
brain; (3) higher brain RMRs than any other mammalian species; (4) immature
dentition; (5) motor immaturity; (6) cognitive immaturity; and (7) adrenarche, the
midgrowth spurt, and adiposity rebound. We know of no other mammalian species
with this entire suite of features.

Juvenile Stage Juvenile mammals may be defined as “prepubertal individuals
that are no longer dependent on their mothers (parents) for survival” (Pereira and
Altmann 1985, p. 236). This definition is derived from ethological research with
social mammals, especially nonhuman primates, but applies to the human species as
well. The phrase “no longer dependent on their mothers” means that the young are
weaned from feeding by lactation. However, some juvenile mammals are, to a
greater or lesser extent, dependent on their parents (see above). Even so, the major
difference between infant and juvenile mammals is that it is possible for the juve-
niles to survive the death of their adult caretakers. Human infants and children
cannot survive without assistance from older people. Ethnographic research shows
that juvenile humans have the physical and cognitive abilities to provide much of
their own food and to protect themselves from predation and disease. The so-called
street children mentioned above are in fact street juveniles!

The human juvenile stage begins at about 7.0 years of age. In girls, the juvenile
period ends, on average, at about the age of 10 years, 2 years before it usually ends
in boys, the difference reflecting the earlier onset of adolescence in girls. The juvenile
stage is characterized by the slowest rate of growth since birth.

The evolution of the juvenile stage of primates is associated with both social
complexity, especially larger social groups, and diet complexity, including foraging
for fruits and seeds (Walker et al. 2006a). Studies of juvenile primates and human
juveniles in many cultures indicate that much social learning takes place during
this stage, and a “learning hypothesis” has often been proposed to account for
the evolution of the juvenile stage. It has also been argued that the primary reason
for the evolution of juvenility appears to be a strategy to avoid death from compe-
tition with older individuals while living in a social group (Janson and van Schaik
1993).

Adolescence Human adolescence is the stage of life when social and sexual
maturation takes place. Adolescence begins with puberty, or more technically with
gonadarche, which is the final “on” of the on-off-on pattern of the GnRH pulse
generator of the hypothalamus (Fig. 11.11a). The transition from juvenile to adoles-
cent stages requires not only the renewed production of GnRH but also its secretion
from the hypothalamus in a specific frequency and amplitude of pulses (Fig. 11.11b).

None of these hormonal changes can be seen without sophisticated technology,
but the effects of gonadarche can be noted easily as visible and audible signs of
sexual maturation. One such sign is a sudden increase in the density of pubic
hair (indeed, the term “puberty” is derived from the Latin pubescere, “to grow
hairy”). In boys, the increased density and darkening of facial hair and the deep-
ening of the voice (voice “cracking”) are other signs of puberty. In girls, a visible
sign is the development of the breast bud, the first stage of breast development.
The pubescent boy or girl, his or her parents, and relatives, friends, and sometimes



from: Human Biology: An Evolutionary and Biocultural Perspective 2000. Stinson, Bogin, Huss-
Ashmore O'Rourke (eds). NY: Wiley-Liss, pp. 377-424.



from: Human Biology: An Evolutionary and Biocultural Perspective 2000. Stinson, Bogin, Huss-
Ashmore O'Rourke (eds). NY: Wiley-Liss, pp. 377-424.



from: Human Biology: An Evolutionary and Biocultural Perspective 2000. Stinson, Bogin, Huss-
Ashmore O'Rourke (eds). NY: Wiley-Liss, pp. 377-424.

544 EVOLUTION OF THE HUMAN LIFE CYCLE

primate species either have no adolescent acceleration in total skeletal growth or a
very small increase in growth rate (Watts and Gavan 1982; Hamada and Udono
2002). The velocity of human long bone growth may be five times as rapid as that
of the ape (Cameron et al. 1982; Watts and Gavan 1982). The human skeletal growth
spurt is unequaled by other species, and when viewed graphically, the duration and
intensity of the growth spurt define human adolescence (Fig. 11.7)—It is a species-
specific characteristic. Human adolescence, however, is more than skeletal growth.
It is also a stage of the life cycle defined by several changes in behavior and cogni-
tion that are found only in our species. We discuss these changes in later sections.

Adulthood Adolescence ends and early adulthood begins with the completion of
the growth spurt, the attainment of adult stature, and the achievement of full repro-
ductive maturity, meaning both physical and psychosocial maturity. Height growth
stops when the long bones of the skeleton (e.g., femur and tibia) and the vertebral
bodies of the backbone lose their ability to increase in length. Usually, this occurs
when the epiphysis, the growing end of the bone, fuses with the diaphysis, the shaft
of the bone. As shown in Figure 11.6, the process of epiphyseal union can be
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Figure 11.16 (a) Diagram of a limb bone with its upper and lower epiphyses. (b)
Diagrammatic enlargement of the growth plate region: New cells are formed in the prolifera-
tion zone and pass to the hypertrophic zone to add to the bone cells accumulating on top of
the bone shaft. Source: Tanner (1990).
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observed from radiographs of the skeleton. The amount of growth that occurs late
in adolescence is a function of skeletal maturation; thus, late maturers can grow
more than average maturers and much more than early maturers. This fact has been
known for many years, and an estimate of skeletal maturation, often called skeletal
age, is incorporated into equations used to predict the adult height of children and
juveniles. The fusion of epiphysis and diaphysis (Fig. 11.16) is stimulated by the
gonadal hormones, the androgens and estrogens. However, it is not merely the
fusion of epiphysis and diaphysis that stops growth, because children without gonads
or whose gonads are not functional do not have epiphyseal fusion, even though they
stop growing. Rather, it is a change in the sensitivity to growth stimuli of cartilage
and bone tissue in the growth plate region (Fig. 11.16) that causes these cells to lose
their hyperplastic growth potential.

Reproductive maturity is another hallmark of adulthood. The production of
viable spermatozoa in boys and viable oocytes in girls is achieved during adoles-
cence, but these events mark only the early stages, not the completion, of reproduc-
tive maturation. Socioeconomic and psychobehavioral maturation must accompany
physiological development. All of these developments coincide, on average, by
about age 19 in women and 21-25 years of age in men. We discuss possible reasons
for the human sequence of biological, social, and psychological development toward
adulthood, in terms of the evolutionary background of human reproductive devel-
opment, later in this chapter.

The transition to adulthood is marked by several events, including the cessation
of height growth and achievement of full reproductive maturity. In contrast, the
course of growth and development during the prime reproductive years of adult-
hood are relatively uneventful. Most tissues of the body lose the ability to grow by
hyperplasia, but many may grow by hypertrophy. Exercise training can increase the
size of skeletal muscles, and caloric over sufficiency certainly will increase the size
of adipose tissue. However, the most striking feature of the prime adult stage of life
is its stability, or homeostasis, and its resistance to pathological influences, such as
disease-promoting organisms and psychological stress. It contrasts with the preced-
ing stages of life, which were characterized by change and susceptibility to
pathology.

Late Life Stage Old age and senescence follow the prime years of adulthood. The
aging period is one of gradual or sometimes rapid decline in the ability to adapt to
environmental stress. The pattern of decline varies greatly between individuals.
Although specific molecular, cellular, and organismic changes can be measured and
described, not all changes occur in all people. Unlike the biological regulation of
growth and development prior to adulthood, the aging process appears to follow no
species-specific uniform plan. Menopause may be the only event of the later adult
years that is experienced universally by women who live past 50 years of age; men
have no similar event. We discuss the biology and possible value of menopause later
in this chapter.

There are many theories about the aging process and about why we must age at
all. Chapter 13 of this book discusses some of them and shows that aging is a mul-
ticausal process. We may state here simply that the inability of all cell types—
renewing, expanding, and static—to use nutrients and repair damage leads to aging,
senescence, and death.
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BOX 11.2 COLLECTION AND ANALYSIS OF GROWTH AND LIFE
HISTORY DATA FROM MAMMALIAN SPECIES:
A CLASS EXERCISE

The concept of life history and its importance in the study of human growth and
development are easier to understand if we compare several features of human
growth and the human life cycle with those of other species. In this exercise, we
confine such comparisons to the mammals.

Each student in the class should select a species of mammal for study. The
mammals chosen should include both large and small species and some that are
terrestrial, aquatic, and capable of flight. Try to choose species that live in differ-
ent habitats, such as tropical, temperate, desert, and arctic zones.

Complete the following data list for each chosen mammal:

Species:

Habitat:

Adult body size: kilograms

Adult brain size: grams (or cubic centimeters)
Length of gestation: days

Age at weaning: months

Age at reproductive maturity: months

Number of offspring per pregnancy: (mean litter size)
Interval between births: (mean number of months)
Body temperature: (mean adult value)

Mean life span: months

Maximum life span: months

This information can be found online at PanTHERIA, http://www.esajournals.
org/doi/abs/10.1890/08-1494.1, and in encyclopedias such as Walker’s Mammals
of the World (Nowak 1999) and in books devoted to the various families and
genera of mammals. The Primate Life Histories Database (http://plhdb.org/) is
under construction by the National Evolutionary Synthesis Center. As of this
writing, there are some demonstration data available. After you have collected
the data, perform several analyses. As a start, enter all of the data into a database
and use any statistical software package to compute correlations between each
of the variables. Discuss the meaning of the pattern of correlations. Consult
review articles on life history (e.g., Harvey et al. 1987) to help interpret the
meaning of the data analysis. Use the correlation analysis to frame new questions
about the pattern of life history variables. Then, devise a way to analyze the data
to answer your questions. More advanced exercises include phylogenetic analy-
ses; see some methods and software at http://evolution.genetics.washington.edu/
phylip/software.html#Comparative.
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HUMAN POSTNATAL GROWTH IN COMPARATIVE PERSPECTIVE

In contrast to the process of aging and death, growth and development follow a
predictable pattern from conception to adulthood. During the evolutionary history
of our species and of those species ancestral to ours, selective pressures operated
to shape our pattern of growth. Thus, to understand why we grow the way we do,
we must examine some of the events that occurred during human evolution.

Life History Theory

Life history theory is a branch of biology that studies the selective forces that have
guided the evolution of the schedule and duration of key events in an organism’s
lifetime related to investments in growth, reproduction, and survivorship. Variation
between species in these key events constitutes evolutionarily derived strategies to
promote increased reproductive fitness. Each species has its own life history, that
is, a pattern of allocation of energy toward growth, maintenance, reproduction,
raising offspring to independence, and avoiding death. It is important to repeat that
this pattern, or life history strategy, is not conscious or planned. Rather, it is the set
of biological and behavioral traits that characterize a species and which evolved via
a series of trade-offs, that is, costs to an organism’s fitness in one trait due to invest-
ment in another trait (Kozlowski and Wiegert 1986; Stearns 1989, 1992; Roff 1992;
Charnov 1993). An example of a human trade-off between adult height of men and
women and age at first reproduction is given in Figure 11.17. The data are for 16
small-scale hunter-gatherer and horticultural human societies (data kindly provided
by Dr. Robert Walker). In these societies, which do not use contraception, invest-
ment in greater body height tends to delay the age at first birth. This type of negative
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Figure 11.17 Trade-off between adult body height of men and women and age at first
reproduction as seen in 16 small-scale hunter—gatherer and horticultural human societies

(data from Walker et al. 2008).
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relationship makes sense, as the simultaneous investment in both the growth of the
parent’s own body and that of a fetus may be beyond the limits of available energy
(food) for these human groups. For a mammal, a life history strategy includes when
to be born, when to be weaned, how many and what type of pre-reproductive stages
of development to pass through, when to reproduce, and when to die. Living things
on earth have greatly different life history strategies, and understanding what shapes
these is one of the most active areas of research in whole-organism biology.

The origins of the life history theory go back at least to Fisher’s (1930) mathe-
matical analyses of reproductive value, which is defined as an organism’s expected
contribution to its population through both current and future reproduction. Fisher’s
mathematical insight was to model reproductive value in terms of the trade-offs
between reproduction, growth, and survivorship (for more on the history of these
ideas, see Caswell 1982 and Stearns 1989, 1992). Some species live life in the “fast
lane,” meaning that they grow to adulthood quickly after birth,leave many offspring,
and die young. Other species, such as human beings and many primates, live life in
the “slow lane,” meaning that newborns grow relatively slowly to adulthood, have
fewer births, and live to older ages.

Anthropologists and human biologists have become increasingly interested in
explaining the significance of human life history in relation to the life cycle. This
interest is due to the discovery that the human life cycle stands in sharp contrast to
other species of social mammals, even other primates. Anthropological and biologi-
cal theory need to explain how humans successfully combined a vastly extended
period of offspring dependency and delayed reproduction with helpless newborns,
a short duration of breast-feeding, an adolescent growth spurt, and menopause. A
central question is, did these characteristics evolve as a package or a mosaic? The
present evidence suggests that the human life cycle evolved as a mosaic and may
have taken form over more than a million years.

Understanding the human life cycle and the life history trade-offs that shaped it
requires a comparative approach. Biologists employ at least two methodologies.
One compares many species to identify general adaptive patterns via trait—
environment and trait—trait correlations. A trait-environment correlation, for
example, is the relationship of environmental temperature to body mass or repro-
duction schedules (see Chapter 6 by Beall et al. and Chapter 15 by Ellison et al.).
An example of a trait—trait correlation is the relationship of brain size to diet quality
or gut size (see Chapter 7 by Leonard). The second methodology studies “selection
in action,” meaning that researchers measure fitness costs and benefits in current
environmental contexts of different life history strategies. Studies of the timing of
a woman’s first birth are a human example, which is an important life history event,
on the women’s own health and mortality and that of her offspring (Kramer and
Lancaster 2010 and Chapter 15). In this chapter, we present and discuss the results
of research using these two methodologies, with examples from Primates and other
mammals.

Mammalian Life Cycles

The majority of mammals progress from infancy to adulthood seamlessly, without
any intervening stages, and puberty occurs after the peak velocity of their postnatal
growth. This pattern of postnatal growth is illustrated in Figure 11.18 using data for
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Juvenile Human Beings: An “Atypical Species?”

Another criticism centers on Charnov’s exclusion of primates and bats from analysis.
He does this because these species are, in his words, “atypical mammals” (2001,
p. 521). In an earlier paper, Charnov and Berrigan (1993) described primates as
living “in the slow lane,” meaning that, “Contrasted to most other mammals, pri-
mates have long average adult life spans and few babies per year for their adult
body size” (p. 191). The human species lies at the extreme end of the range of this
primate life history pattern.

In the model of Charnov and Berrigan, “Selection acts on the age at maturity to
maximize lifetime reproductive success in the face of adult mortality rates imposed
by the environment.” By this they seem to mean that longer pre-adult stages of life
can evolve only with reduced adult mortality, as species with high adult mortality
must develop relatively quickly from conception to reproductive age. Although
Charnov and Berrigan recognized that the juvenile period also has mortality risks,
they offered no tangible benefits of slow growth and delayed maturation to the
juveniles themselves. Charnov and Berrigan suggested that the juvenile stage may
have something to do with large primate brains, but they seem to reject the learning
hypothesis. They wrote that, “One possible explanation for the [slow growth] in
primates is the greater (?) energy demands for growing and supporting big brains;
there is a fair bit of irony in this suggestion because it implies that the long primate
lifespan follows from the cost, rather than some cognitive benefit, of having a big
brain” (p. 193, text in square brackets added). It would certainly make primates
atypical if they evolved a long juvenile stage in the face of substantial costs rather
than benefits.

In contrast, the risk aversion hypothesis of Janson and van Schaik offers immedi-
ate benefits to the juvenile, which seems more consistent with traditional natural
selection theory. Whatever the cause, Alexander (1990) pointed out that in broad
perspective, “juvenile life has two main functions: to get to the adult stage without
dying and to become the best possible adult.” We conclude that, given its potential
costs in terms of risk for death and delayed onset of reproduction, adding a juvenile
stage to mammalian, and especially primate, life history must have served this
purpose well.

Once part of the life cycle, the juvenile stage does allow for learning, and human
boys and girls learn a great deal about important adult activities, including the pro-
duction of food and methods of infant and child care. The completion of growth
in weight of the brain and the onset of new cognitive competencies at the end
of the childhood stage allow for this increased intensity of learning. Because juve-
niles are prepubertal, they can attend to this kind of social learning without the
distractions caused by sexual maturation (Del Giudice et al. 2009). As an aside,
the start of the juvenile stage coincides with enfry into traditional formal schooling
in the industrialized nations. The connection is hardly a coincidence, because the
juvenile stage allows for the kinds of learning and socialization found in school
environments.

WHY DO NEW LIFE STAGES EVOLVE?

During mammalian evolution the juvenile stage evolved, inserted between birth and
adulthood, for many social species. In the course of human evolution, childhood and
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at first birth. However, humans have a shorter infancy and a shorter birth interval.
In apes and traditional human societies, the infancy stage, that is, the time of feeding
by lactation, is virtually equal to the interval between births.

We discussed earlier that dental development is an excellent marker for life
history in the primates. Many mammals, including most primate species, wean infants
and terminate the infancy stage about the time the first permanent molar (M1)
erupts. This timing makes sense, because the mother must nurse her current infant
until it can process and consume an adult diet, which requires at least some of the
permanent dentition.

Earlier in this chapter, we discussed primate and social carnivore species that
provide food to their young during the postweaning period. In these species, the
molar and premolar teeth may erupt before the postweaning dependency period
ends. These primates and carnivores are similar in that both are predatory (the
primates tend to hunt insects) and the young need time to learn and practice hunting
skills. The effect of postweaning dependency on the mother is a delayed return
to reproduction. In a review of reproductive behavior of the carnivores, Ewer
(1973) found that female lions, hyenas, the sea otter (a fisher—hunter), and many
species of bears wait 2 or more years between pregnancies, even though the
infants are weaned months before. Lions, for example, wean their infants at about
7 months of age and the birth interval for adult females averages 20-25 months. The
delay between weaning and the next birth is, in large part, explained by the fact
that the newly weaned juveniles are dependent on the mother for continued
care until about age 35-36 months (Creel and Creel 1991). Female lions that lose a
litter before the cubs are weaned have a shorter interbirth interval of between 4
and 6 months (Pusey and Packer 1987). The same birth interval delay holds for
the more insectivorous primates, such as marmosets and tamarins, and for the same
reasons.

The data for the social carnivores and some nonhuman primates show that the
correlation between eruption of the first permanent molar (M1) and weaning can
be modified by other factors, especially the feeding independence of the young. Such
modification is most extreme for chimpanzees and orangutans. The interval between
successful births for chimpanzee females averages nearly 5 years, and for orangutan
mothers, who may be under nutritional stress, it averages 6-8 years in the wild (van
Schaik 2004). But, first permanent molar eruption in these apes takes place at about
age 3.1 years in captivity. Even in the wild chimpanzee M1 eruption occurs at about
age 4.0 (Zihlman et al. 2004). Chimpanzee and orangutan mothers continue to nurse
their young until near the end of the interbirth interval. From these data, we may
conclude that birth spacing in the social and predatory mammals may be delayed
until well after the age at which the first permanent teeth erupt in the current infant.

The human species is a striking exception to this relationship between permanent
tooth eruption and birth interval. Women in traditional societies wait, on average,
3 years between births, not the 6 years expected on the basis of the average age at
M1 eruption. The short birth interval gives humans a distinct advantage over other
apes, because human women can produce and rear two offspring through infancy
in the time it takes chimpanzees or orangutans to produce and rear one offspring.
By reducing the length of the infancy stage of life (i.e., lactation) and by developing
the special features of the human childhood stage, humans have the potential for
greater lifetime fertility than any ape.



from: Human Biology: An Evolutionary and Biocultural Perspective 2000. Stinson, Bogin, Huss-
Ashmore O'Rourke (eds). NY: Wiley-Liss, pp. 377-424.

554 EVOLUTION OF THE HUMAN LIFE CYCLE

The answer to the question “Why childhood?” is that the evolution of childhood
gave human beings a reproductive advantage over other apes. Childhood comes with
a significant trade-off: Human children are still dependent on older individuals for
feeding, needing foods that are specially chosen and prepared, and protection.
Without sufficient care, children will suffer and die. We discuss the risks of childhood
near the end of this chapter. Humans deal with the special needs of children by
spreading the needs for feeding and protection across a number of people, including
juveniles, adolescents, and adults. The mother of the child does not have to provide
100% of offspring nutrition and care directly. Indeed, traditional societies deal with
the problem of child care by spreading the responsibility among many individuals.

Cooperative child care, also called cooperative breeding, seems to be a human
universal (Bogin 1999; Hrdy 1999). Key features of human cooperation are food
sharing and division of labor by age and sex. The contribution of food and labor
may be quantified in terms of energy (kilocalories). Another way is to quantify the
food and labor sharing in terms of reproductive outcomes, such as birth and survival
of offspring to adulthood. Reiches et al. (2009) did just this by proposing a “pooled
energy budget” hypothesis. They defined the pooled energy budget as

the combined energetic allocations of all members of a reproductive community that
might result in direct or indirect reproductive effort. These transactions can take many
forms at one time and vary across the life course. . . . Individuals draw on the pooled
energy budget by consuming calories and by diverting time and energy [to] reproduc-
tion. They contribute by diminishing their own energetic costs and by contributing to
the energy budgets of others. The output of the pooled energy budget is the production
of new individuals. (p. 424)

According to Reiches and colleagues, the pooled energy budget allows human
women to sustain a higher fertility and greater survival of their offspring than would
be possible for energetically isolated individuals. Energetic isolation, relative to the
human condition, is the case for adult female chimpanzees, bonobos, gorillas, and
orangutans. Females in these ape species are, generally, competitors. In terms of
survival, about 50-60% of infants and children in human forager societies reach
adulthood. In the great apes, the survival averages less than 40% (Kaplan et al.
2000).

One human example of pooled energy budgeting are the Hadza society, African
hunters and gatherers, where grandmothers and great aunts supply a significant
amount of food and care to children (Blurton Jones et al. 1992, Hawkes et al. 1998).
In Agta society (Philippine hunter—gatherers), women hunt large game animals but
still retain primary responsibility for child care. They accomplish this dual task by
living in extended family groups—two or three brothers and sisters, their spouses,
children, and parents—and sharing the child care. Among the Maya of Guatemala
(horticulturists and agriculturists), many people live together in extended family
compounds. Women of all ages work together in food preparation, clothing manufac-
ture, and child care (Bogin, field observations, Fig. 11.21). In some societies, fathers
provide significant child care, including the Agta and the Aka pygmies, hunter—
gatherers of central Africa. Summarizing the data from many human societies,
Lancaster and Lancaster (1983) called this kind of cooperative child care and feeding
“the hominin adaptation,” because no other primate or mammal does all of this.



from: Human Biology: An Evolutionary and Biocultural Perspective 2000. Stinson, Bogin, Huss-
Ashmore O'Rourke (eds). NY: Wiley-Liss, pp. 377-424.



from: Human Biology: An Evolutionary and Biocultural Perspective 2000. Stinson, Bogin, Huss-
Ashmore O'Rourke (eds). NY: Wiley-Liss, pp. 377-424.



from: Human Biology: An Evolutionary and Biocultural Perspective 2000. Stinson, Bogin, Huss-
Ashmore O'Rourke (eds). NY: Wiley-Liss, pp. 377-424.

WHY DO NEW LIFE STAGES EVOLVE? 557

The fertility of mammals, including the nonhuman primates tends to decline as
adult female body size increases, a negative correlation, Note that the nonhuman
primates and apes are downshifted, meaning that they have a slower life history
including a longer period of growth and a later age at first reproduction than other
mammals of the same body size. Human beings are the exception and show a posi-
tive correlation between body size and fertility. This human life history relationship
likely relates to energy available to support both body growth of the mother and
her reproduction in adulthood via “pooled-energy budgets” and other sociocultural
strategies.

Phenotypes and Plasticity

Childhood may also be viewed as a mechanism that allows for more precise “track-
ing” of ecological conditions by allowing more time for developmental plasticity.
The fitness of a given phenotype (i.e., the physical features and behavior of an
individual) varies across the range of variation of an environment. When phenotypes
are fixed early in development, such as in mammals that mature sexually soon after
weaning (e.g., rodents), environmental change and high mortality are positively
correlated. Mammals with more plasticity in biological and social characteristics
(carnivores, elephants, primates) prolong the developmental period by adding a
juvenile stage between infancy and adulthood. Adult phenotypes develop more
slowly in these mammals because the juvenile stage lasts for years. These social
mammals experience a wider range of environmental variation, such as seasonal
variation in temperature and rainfall. They also experience years of food abundance
and food shortage as well as changes in the number of predators and in the types
of diseases. The result on the phenotype may be a better conformation between the
individual and the environment.

There is a correlation between the presence of additional life history stages and
evolutionary fitness. As with all correlations, it is not possible to determine causa-
tion; however, the comparison between species is thought provoking. For example,
~4% of infant Norway rats (no juvenile stage) born in the wild survive to adulthood
versus 14-16% of lions, which have a juvenile stage. Monkeys and apes have juvenile
periods that last as long, or longer, than those of social carnivores, and these pri-
mates rear between 12% and 36% of their offspring to adulthood.

In addition to the primate juvenile stage, humans have a childhood stage of life.
The human childhood stage adds another 4 years of relatively slow physical growth
and allows for behavioral experience that further enhances developmental plasticity.
The combined result is that humans in traditional societies (hunting and gathering,
or horticultural groups) rear ~50-60% of their offspring to adulthood. Whichever
the direction of cause and effect, long childhood and juvenile periods are associated
with higher human survival to adulthood. In addition to life history stages, other
social, economic, and political factors are crucial to human survival. In the techno-
logically advanced nations today, survival to adulthood is appreciably higher. For
the United States in the year 2004, an estimated 98.7% of infants born alive will
survive to adulthood (age 20 years, Arias 2007). For the Central American nation
of Costa Rica, this figure is 98.4% (2008 estimate of the World Health Organization,
http://apps.who.int/ghodata). Costa Rica enjoys a high standard of living and social
services. Human survival declines when warfare, civil unrest, and other disturbances
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may have acted on the “mating,” and natural selection on the “parenting.” There
are, of course, trade-offs associated with the adolescence stage, such as a delay in
the onset of reproduction and risks for damage and death. These risks, it seems, have
been outweighed by the reproductive advantages of adding adolescence to human
life history.

Studies of yellow baboons, toque macaques, and chimpanzees show that between
50% and 60% of first-born offspring die in infancy, and more die before reaching
adulthood (see Bogin 1999 for references for these statistics and those that follow
in this section). By contrast, in hunter-gatherer human societies, between 39% (the
Hadza of eastern Africa) and 44% (the !Kung of southern Africa) of offspring die
in infancy. Studies of wild baboons by Altmann (1980) show that whereas the infant
mortality rate for the first born is 50%, mortality for second born drops to 38%, and
for third and fourth born reaches only 25%. The difference in infant survival is, in
part, likely due to experience and knowledge gained by the mother with each sub-
sequent birth.

Such maternal information is internalized by human females during their juvenile
and adolescent stages, giving the adult women a reproductive edge. The initial
human advantage may seem small, but it means that up to 21 more people than
baboons or chimpanzees survive out of every 100 first-born infants—more than
enough over the vast course of evolutionary time to make the evolution of human
adolescence an overwhelmingly beneficial adaptation.

In humansocieties, juvenile girls are often expected to provide significant amounts
of child care for their younger siblings, whereas in most other social mammal groups,
the juveniles are often segregated from adults and infants. Thus, human girls enter
adolescence with considerable knowledge of the needs of young children. Adolescent
girls gain knowledge of sexuality and reproduction because they look mature sexu-
ally, and are treated as such, several years before they actually become fertile. The
adolescent growth spurt serves as a signal of maturation. Early in the spurt, before
peak height velocity is reached, girls develop pubic hair and fat deposits on breasts,
buttocks, and thighs. They appear to be maturing sexually. About a year after peak
height velocity, girls experience menarche, an unambiguous external signal of inter-
nal reproductive system development. Menarche, however, does not signal fertility
as most girls experience 1-3 years with partial anovulatory menstrual cycles. The
frequency of these cycles that do not release an egg cell from the ovary after men-
arche is high at first and then declines over time. One study of the fertility develop-
ment of 200 normal girls in Finland, aged 7-17 years, examined the participants on
two occasions between 1 and 5 years apart. Ovulation was determined by a hor-
monal assessment. It was found that, “In postmenarcheal girls, about 80% of the
cycles were anovulatory in the first year after menarche, 50% in the third and 10%
in the sixth year” (Apter 1980, p. 107). These findings have been replicated in other
studies (Ibédfiez et al. 1999). Pregnancy is possible in the immediate postmenarche
years, but its likelihood is low compared with later ages (see Chapter 15 by Ellison
et al.). Nevertheless, the dramatic changes of adolescence stimulate the girls to
participate in adult social, sexual, and economic behavior, and stimulate the adults
around these girls to encourage this participation.

It is noteworthy that female chimpanzees and bonobos, like human girls, also
experience up to 3 years of postmenarcheal infertility, so this time of life may be a
shared hominid trait. Like human adolescents, the postmenarcheal but infertile
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chimpanzees and bonobos participate in a great deal of adult social and sexual
behavior. Primate researchers observing these apes point out that this participation,
without pregnancy, allows for the common practice of transferring from the female’s
natal social group to a new social group and securing her place there, as well as
improving many key behaviors that will be needed to successfully rear an infant.

Even if practicing to become an adult has a future benefit, does adolescence also
have an immediate benefit for the adolescent? Most evolutionary benefits relate to
feeding or reproduction and, as adolescents do relatively little of the latter, the
benefits seem more likely to relate to feeding. Human juveniles may hunt, gather,
or produce some of their own food intake, but overall they require provisioning to
achieve energy balance. This is the case in many traditional societies, such as the
Ache, Hiwi, !Kung foragers (Kaplan et al. 2000), and the Maya farmers of Mexico
and Guatemala (Kramer 2002), as well as many historical and contemporary urban—
industrial societies (Bogin 1999, 2001). In contrast, human adolescents are capable
of producing sufficient quantities of food to exceed their own energy requirements.
Some of the food that adolescents produce may be used to fuel their own growth
and development, creating larger, stronger, and healthier bodies. The surplus pro-
duction is shared with other members of the social group, including younger siblings,
parents, and other immediate family members (defining families in the broad eth-
nographic sense). Adolescents are economically valuable and for their services in
food production, they receive care and protection, as an immediate benefit, to safe-
guard their health and survival. This is important because adolescents are immature
in terms of sociocultural knowledge and experience (Schlegel and Barry 1991; Bogin
1993; Kaplan et al. 2000).

Adolescent Growth and Development of Girls

Full reproductive maturation in human women is not achieved until about 5 years
after menarche. For example, the average age at menarche for girls living in the
United States is 12.4 years, which means that the average age at full sexual matura-
tion occurs between the ages of 17 and 18 years. Although adolescents younger than
these ages can have babies, both the teenage mothers and the infants are at added
risk because of the reproductive immaturity of the mother, especially for LBW
infants, premature births, and high blood pressure in the mother. The likelihood of
these poor outcomes declines, and the chance of successful pregnancy and birth
increases markedly, after age 15 years and dropping to a minimum after age 18 years
(Kramer and Lancaster 2010).

Another feature of human growth not found in the African apes is that female
fertility tracks the growth of the pelvis. Ellison (1982) and Worthman (1993) found
that age at menarche is best predicted by biiliac width, the distance between the left
and right iliac crests of the pelvis. A median width of 24 cm seems to be needed for
menarche in American girls living in Berkeley, CA, Kikuyu girls of East Africa, and
Bundi girls of highland New Guinea, even though the pelvic width constant is
attained at different ages in these three cultures, about 13, 16, and 17 years old,
respectively. Differences in nutrition and disease account for the substantial spread
in growth rates and age of sexual maturity across these human groups. Moerman
(1982) also reported a special human relationship between growth in pelvic size and
reproductive maturation. She found that the crucial variable for successful first birth
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is size of the pelvic inlet, the bony opening of the birth canal. Moerman measured
pelvic X-rays from a sample of healthy, well-nourished American girls who achieved
menarche between 12 and 13 years, although they did not attain adult pelvic inlet
size until 17-18 years of age. Quite unexpectedly, she found that the adolescent
growth spurt, which occurs before menarche, does not influence the size of the pelvis
in the same way as the rest of the skeleton. Rather, the female pelvis has its own
slow pattern of growth, which continues for several years after adult stature is
achieved. Cross-cultural studies of reproductive behavior suggests that human soci-
eties acknowledge (consciously or not) this special pattern of pelvic growth. The age
at marriage and first childbirth clusters around 18-19 years for women from such
diverse cultures as the Kikuyu of Kenya, Mayans of Guatemala, Copper Eskimos
of Canada, and both the colonial and contemporary United States (Bogin 1999,
2001). Why the human pelvis follows this unusual pattern of growth is not clearly
understood. Nor is it known if any of the nonhuman primates show this pattern of
pelvis-to-body growth.

Unlike human beings, females of many nonhuman primate species give birth
successfully before the mother’s own body growth terminates (http:/pin.primate.
wisc.edu/factsheets). Perhaps another human attribute, bipedal walking, is a factor
contributing to human pelvis-to-body growth and its relationship to delayed repro-
duction. Bipedalism is known to have changed the shape of the human pelvis from
the basic apelike shape. Apes have a cylindrical-shaped pelvis, but humans have a
bowl-shaped pelvis. The human shape is more efficient for bipedal locomotion but
less efficient for reproduction because it restricts the size of the birth canal. The
required pelvic architecture, in terms of size and shape, for successful reproduction
may take longer to develop in bipedal humans than in the nonhuman primates. The
time of waiting allows adolescents to invest in their own growth and development,
which enhances their current health and survival, as well as work at food production
and other tasks that enhances the survival of other members of the social group.
These other people are often biological (genetic) relatives of the adolescent. This
type of helping behavior toward biological kin is found in many species of insects,
birds, and mammals and is able to evolve by kin selection, which is a special case of
natural selection (Hamilton 1964; West and Gardner 2010); in large-brained species,
such as the primates, mechanisms such as contingent reciprocity may amplify favor-
itism to kin (Silk 2009).

Thus, a point to emphasize here is that the learning benefits of adolescence were
grafted on to the primary gains in fitness to the adolescent and her kin. There are
also several risks associated with human adolescence, which we discuss later in this
chapter.

Why Do Boys Have Adolescence?

The adolescent development of boys is quite different from that of girls. Boys
become fertile well before they assume the size and the physical characteristics of
men. Analysis of urine samples from boys 11-16 years old shows that they begin
producing sperm at a median age of 13.4 years (Muller et al. 1989). Yet cross-cultural
evidence indicates that few boys successfully father children until they are into their
third decade of life. The National Center for Health Statistics of the United States,
for example, reports that only 3.09% of live-born infants in 1990 were fathered by
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men under 20 years of age. In Portugal, for years 1990, 1994, and 1999, the percent-
age of fathers under 20 years of age was always below 3% (Instituto Nacional
de Estatistica 1999). In 2001, Portugal stopped presenting results concerning the
percentage of fathers below 20 because there were too few of them (Instituto
Nacional de Estatistica 2001). Among the traditional Kikuyu of East Africa, men
do not marry and become fathers until about age 25 years, although they become
sexually active after their circumcision rite at around age 18. Among the Ache,
traditional foragers of the forests of Paraguay, adolescent boys do not become net
food producers until age 17 years, and they do not marry until about age 20 years
(Hill and Kaplan 1988). In the Central Canadian Arctic, Inuit people living as
traditional hunters did not even consider an adolescent boy ready for marriage
until he was 17-18 years old (Condon 1990). Even then, the adolescent had to
provide bride service to his prospective in-laws for several years before he became
a father. These delays in fatherhood occurred despite the fact that there was con-
siderable pressure to reproduce because of “the slim margin of survival in the pre-
contact period” (p. 270).

The explanation for the lag between sperm production and fatherhood is not
likely to be a simple one of sperm performance, such as not having the endurance
to swim to an egg cell in the woman’s fallopian tubes. More likely is the fact that
the average boy of 13.4 years is only beginning his adolescent growth spurt (Fig.
11.7). Growth researchers have documented that in terms of physical appearance,
physiological status, psychosocial development, and economic productivity, a
13-year-old boy is still more of a juvenile than an adult. Anthropologists working in
many diverse cultural settings report that few women (and more importantly from
a cross-cultural perspective, few prospective in-laws) view the teenage boy as a
biologically, economically, and socially viable husband and father.

The delay between sperm production and reproductive maturity is not wasted
time in either a biological or social sense. The obvious and the subtle psychophysi-
ological effects of testosterone and other androgen hormones that are released after
gonadal maturation may “prime” boys to be receptive to their future roles as men.
Alternatively, it is possible that physical changes provoked by the endocrines provide
a social stimulus toward adult behaviors. Whatever the case, early in adolescence,
sociosexual feelings including guilt, anxiety, pleasure, and pride intensify. At the
same time, adolescent boys become more interested in adult activities, adjust their
attitude to parental figures, and think and act more independently. In short, they
begin to behave like men. However—and this is where the survival advantage may
lie—they still look like boys. One might say that a healthy, well-nourished 13.5-year-
old human male, at a median height of 160 cm (62 in.) “pretends” to be more child-
like than he really is (Smith 1993).

During the adolescent years, boys are even shorter than girls of roughly the same
chronological age, furthering an immature image (Fig. 11.7; Tobias 1970). Even more
to the point is that the spurt in muscle mass of adolescent males does not occur until
an average age of 17 years (Fig. 11.14; Malina 1986). At peak height velocity during
the skeletal growth spurt, the typical adolescent boy has achieved 91% of his adult
height, but only 72% of his adult lean body mass. Since most of the lean body mass
is voluntary muscle tissue, adolescent boys cannot do the work of men. This is one
important reason why adults of the Kikuyu, the Inuit, and many other cultures do
not even think of younger adolescent boys as manlike.
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As Schlegel and Barry (1991) found in their cross-cultural survey, adolescent
boys are usually encouraged to associate and “play” with their age mates rather
than associate with adult men. During these episodes of “play,” these juvenile-
looking adolescent males are protected from many dangers of adult male life and
they can practice behaving like adult men before they are actually perceived as
adults. The activities that take place in these adolescent male peer groups include
the type of productive, economic, aggressive/militaristic, and sexual behaviors that
older men perform. But the sociosexual antics of adolescent boys are often consid-
ered to be more humorous than serious. Yet, they provide the experience to fine
tune their sexual and social roles before either their lives or those of their offspring
depend on them. For example, competition between men for women favors the
older, more experienced man. As such competition may be fatal, the juvenile-like
appearance of the immature, but hormonally primed, adolescent male may be life-
saving, as well as educational.

When Did Childhood and Adolescence Evolve?

The stages of the life cycle may be studied directly only for living species. However,
we can postulate on the life cycle of extinct species. Such inferences for the hominins
are, of course, hypotheses based on comparative anatomy, comparative physiology,
comparative ethology, and archaeology. Examples of such methods are found in the
work of Martin (1983) and Harvey et al. (1987) on patterns of brain and body growth
in apes, humans, and their ancestors.

We may only estimate at which point in human evolution childhood appeared,
although we can even see a hint of it in chimpanzees, where young are known to
stay in close association with their mothers for another 2 years after weaning
(Goodall 1986). It is most likely that childhood and its extension coevolve with the
increase in brain size and concomitant slowing of overall rate of growth and devel-
opment so evident in our genus Homo.

Apes have a pattern of brain growth that is rapid before birth and relatively
slower after birth. In contrast, humans have rapid brain growth both before and
after birth (Fig. 11.23). This difference may be illustrated by comparing simple ratios
of brain weight divided by total body weight. The data are given in Table 11.3. At
birth, this ratio averages 0.09 for the great apes and 0.12 for humans, showing that
in proportion to body size, humans are born with brains that average 1.33 times
larger than those of the apes. At adulthood, the ratio averages 0.006 for the great
apes and 0.028 for humans, meaning that the difference between apes and humans
in the brain-to-body size proportion has increased to 4.7 times. It is the faster rate
of human brain growth after birth that accounts for most of the difference. Indeed,
the rate of human brain growth exceeds that of most other tissues of the body during
the first few years after birth (Fig. 11.10).

Martin’s analysis of ape and human trajectories of growth suggests that a “human-
like” pattern of brain and body growth becomes necessary after adult hominin brain
size reaches ~850 cc. This biological marker is based on an analysis of the size of
the head of the fetus and the size of the pelvic inlet (birth canal) of the mother
across a wide range of social mammals, including the living primates and fossil
hominins. Given the mean rate of postnatal brain growth for living apes, an 850-cc
adult brain size may be achieved by all hominoids, including extinct hominins, by
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figures on the percent of RMR due to brain growth and activity. The relation of
human life history to our large and active brain can be looked at as an energetic
problem. Large brains are costly investments; recall that the adult human brain uses
20% of RMR, whereas the chimpanzee uses only 9% and an average marsupial uses
only 2%. Moreover, larger brains have lower tolerances for temperature extremes,
blood pressure, and oxygenation. The large human brain may increase obstetric risks
(birth defects and maternal death). The costs are potentially high, but what is the
payoff? The explanation we favor here is that a large brain is an investment that
pays off immediately to infants, children, juveniles, and adolescents, as well as on a
long timescale to adults. An organism recoups its energetic “investment” in a large
brain through complex behavior, which is itself a combined product of large brains,
slow development, extended care by older individuals, enhanced learning, and phe-
notypic plasticity, among other influences (Smith and Tompkins 1995). The greatest
benefits of large brains probably accrue slowly over a long life, by building embodied
capital (an individual’s physical and social resources; Kaplan et al. 2000) as well as
cognitive reserve capacity (Bogin 2009). There are also immediate benefits of a large
brain in terms of complex behaviors that elicit care, feeding, and protection, such
as smiling, social engagement, and language. These behaviors develop soon after
birth and become well established in human infants and children (Kagan et al. 1980;
Kagan 2003; Locke and Bogin 2006). For primates in general and humans in particu-
lar, much of life history may support a substantial investment in brains and what
they can do in terms of food production and successful reproduction (Smith 1990;
Bogin 1993).

We are, perhaps, fortunate that brains are so important, because after teeth and
jaws, skulls are one of the more common pieces of fossil evidence preserved in the
record of primate evolution. Having skulls, or at least sufficient skull parts to recon-
struct the whole, allows paleontologists to estimate brain size. Having teeth and jaws
in relative abundance is also fortuitous because of the strong correlation between
tooth formation and eruption with so many other life history events.

Given this background, we present in Figure 11.24 our summary of the evolution
of the human pattern of growth and development. This figure must be considered
as “a work in progress,” because only the data for Pan (chimpanzees) and Homo
sapiens are known with some certainty. Known ages for eruption of the M1 are
given for Pan and H. sapiens. Estimated ages for M1 eruption in other species
were calculated by Smith and Tompkins (1995). Brain size is another crucial
influence on life history evolution, and known or estimated adult brain sizes are
given at the top of each bar. These values are averages based on skulls from the
fossil record.

The hominin fossil record now appears to stretch back more than 6 million years
with the appearance of Sahelanthropus, Orrorin, and Ardipithecus in Africa (Wood
and Lonergan 2008; White et al. 2009). These earliest known forms appear to have
had brains no larger than the living bonobo and chimpanzee, a mere 300-350 cc in
Ardipithecus ramidus (ca. 4.4 MYA) and less than 400 in Sahelanthropus. We begin
to know something more directly of infant and juvenile life by the appearance
of Australopithecus afarensis about 3.9 MYA. Here the Dikika infant, about 3 years
of age at death by its teeth, already has a brain size of 330 cc; adult A. afarensis
reached an adult brain size of about 400 cc with a pattern of dental development a
little different from extant apes. Therefore, the chimpanzee and A. afarensis are
depicted as sharing the typical tripartite stages of postnatal growth of social
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panzee, the early hominins may also have extended infancy for at least 1 year
beyond the age of M1 eruption.

At about 2.2 MYA, we find fossils with several more humanlike traits, larger
cranial capacities, and greater manual dexterity. Also dated to about this time are
stone tools of the Oldowan tradition. To date, manufacture of stone tools can be
traced approximately 2.5 million years ago, although use of (possibly natural) stone
to cut carcasses has been claimed to extend earlier (McPherron et al. 2010). Given
the biological and cultural developments associated with these fossils, they are con-
sidered by most paleontologists to be members of the genus Homo (some research-
ers split early Homo into two species, Homo habilis and a larger Homo rudolfensis).
The rapid expansion of adult brain size during the time of H. habilis (650-800 cc)
might have been achieved with further expansion of both the fetal and infancy
periods, as Martin’s “cerebral Rubicon” was not surpassed. However, the insertion
of a brief childhood stage into hominin life history may have occurred. Tardieu
(1998) showed that H. habilis has a pattern of growth of the femur that is distinct
from that of the australopithecines, but consistent with that of later hominins. The
distinctive femur shape of the more recent hominins may be due to the addition of
a prolonged childhood stage of growth. H. habilis, then, may have had a short child-
hood stage of growth.

For these reasons, a brief childhood stage for H. habilis is indicated in Figure
11.24. This stage begins after the eruption of M1 and lasts for about 1 year. That
year of childhood would still provide the time needed to learn about finding and
processing adult-type foods. During this learning phase, H. habilis children would
need to be supplied with special weaning foods. There is archaeological evidence
for just such a scenario. H. habilis seems to have intensified its dependence on stone
tools. There are both more stone tools, more carefully manufactured tools, and a
greater diversity of stone tool types associated with H. habilis. There is considerable
evidence that some of these tools were used to scavenge animal carcasses, especially
to break open long bones and extract bone marrow. This behavior may be inter-
preted as a strategy to feed children. Such scavenging may have been needed to
provide the essential amino acids, some of the minerals, and, especially the fat (dense
source of energy) that children require for growth of the brain and body.

A childhood stage of growth for the earliest members of the genus Homo is also
supported by a comparison of human and ape reproductive strategies. There are
limits to the amount of delay possible between birth and sexual maturity, and
between successful births, that any species can tolerate. The great apes are examples
of this limit. Chimpanzee females in the wild reach menarche at 11-12 years of age
and have their first births at an average age of 14 years—Ilater than any other
mammal on earth, excepting elephants and living humans. The average period
between successful births in the wild is 5.6 years, as infant chimpanzees are depen-
dent on their mothers for about 5 years. Actuarial data collected on wild-living
animals indicate that between 35% and 38% of all live-born chimpanzees survive
to their mid-20s. Although this is a significantly greater percentage of survival
than for most other species of animals, the chimpanzee is at a reproductive thresh-
old. Goodall (1983) reported that for the period 1965-1980, there were 51 births
and 49 deaths in one community of wild chimpanzees at the Gombe Stream National
Park, Tanzania. During a 10-year period at the Mahale Mountains National Park,
Tanzania, Nishida et al. (1990) observed “74 births, 74 deaths, 14 immigrations and
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13 emigrations” in one community. Chimpanzee population size in these two com-
munities is, by these data, effectively in equilibrium. Any additional delay in age of
females at first birth or the time between successful births would likely result in a
decline in population size.

The great apes and extinct hominins, such as Australopithecus, may have reached
a demographic limit by extending the length of the infancy stage and requiring
enormous direct maternal investment in each offspring and long interbirth intervals.
Somewhere in our history, however, hominins began to reverse the trend, producing
offspring in more rapid succession. An often cited example, the !Kung is a traditional
hunting and gathering society of southern Africa. A 'Kung woman’s age at her first
birth averages 19 years and subsequent births follow about every 3.6 years, resulting
in an average fertility rate of 4.7 children per woman (Short 1976; Howell 1979).
Women in another hunter—gather society, the Hadza, have even shorter intervals
between successful births, stop nursing about 1 year earlier, and average 6.15 births
per woman (Blurton Jones et al. 1992). The key seems to be that humans wean
infants before they can feed themselves, freeing mothers from the demands of
nursing and the physiological brake that frequent nursing places on ovulation,
allowing mothers to reproduce again much sooner. These early-weaned infants are
by definition “children,” still dependent on others for feeding, but no longer supple-
mented by mother’s milk.

Further brain size increase occurred during Homo erectus times, which began
about 1.8 MYA. The earliest adult specimens have mean brain sizes of 826 cc, but
many individual adults had brain sizes between 850 and 900 cc. As shown by an
adult female H. erectus pelvis 1.8 MYA from Gona, Ethiopia, pelves are now more
obstetrically capacious for giving birth to a larger-brained infant, as large as 315 cc
(Simpson et al. 2008). Judging from Gona, H. erectus may give birth to an offspring
with 35% of adult brain size, intermediate between chimpanzees (40%) and humans
(28%) (Simpson et al. 2008). With adult H. erectus at or above Martin’s “cerebral
Rubicon” and new more direct evidence for an intermediate more helpless neonate,
we expect that H. erectus required some degree of a postnatal rapid catch-up in
brain growth. Although a more helpless infant would require even more intense
care and an even longer infancy, at some point, hominins actually shrink infancy,
substituting and expanding childhood rather than ever-increasing the infant stage,
eventually dropping the transition from infancy down to before the eruption of M1
and the permanent teeth.

From other fossils of H. erectus, we even know that the timing of M1 has evolved,
changing from the ca. 3-3.5 years of earliest hominins to about 4.5 years (Dean and
Smith 2009). In all, the fossil record indicates that H. erectus evolved slowed general
maturation, more helpless infants, larger adult brains, and increasing sophisticated
tools—all of which adds to an adaptive network of higher-quality offspring, long
and intense learning, and reliance on complex behavior. Taken together with
evidence of larger body size in females, Aiello and Key (2002) pointed out the
enormous energy demands for reproduction in an H. erectus female, demands
that necessitate change in energetic strategies. Whenever it did evolve, a childhood
period would at first diminish the reproductive cost of this “high-quality strategy,”
and eventually allow the strategy to become even more extreme. At some point,
perhaps even with H. erectus, hominins shrank the infancy period to below that
of chimpanzees, which would have given them a greater reproductive advantage
than any previous hominin. The fact that H. erectus populations certainly did increase
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in size and began to spread throughout Africa and into other regions of the world
suggests that fundamental changes in life history had already begun.

Later H. erectus, with average adult brain sizes of 983 cc, are depicted in Figure
11.24 with further expansion of the childhood stage. In addition to bigger brains
(some individuals had brains as large as 1100 cc), the archaeological record for later
H. erectus shows increased complexity of technology (tools, fire, and shelter) and
social organization. These techno-social advances, and the increased reliance on
learning that occur with these advances, may well be correlates of changes in biology
and behavior associated with further development of the childhood stage of life
(Bogin and Smith 1996). The evolutionary transition to archaic, and finally, modern
H. sapiens expands the childhood stage to its current dimension. Note that M1 erup-
tion becomes one of the events that coincides with the end of childhood. This is
roughly the point that many mammals become independent juveniles, and as we
discussed earlier, is the period in humans that introduces significant biological, cog-
nitive, behavioral, and social changes.

With the appearance of H. sapiens comes evidence for the full gamut of human
cultural capacities and behaviors. The technological, social, and ideological requi-
sites of culture necessitate a more intensive investment in learning than at any other
grade of hominin evolution. The learning hypothesis for childhood, while not suf-
ficient to account for its origins, certainly plays a significant role in the later stages
of its evolution.

The H. sapiens grade of evolution also sees the addition of an adolescent stage
to postnatal development. The single most important feature defining human ado-
lescence is the skeletal growth spurt that is experienced by virtually all boys and
girls. There is no evidence for a humanlike adolescent growth spurt in any living
ape. There is no evidence for adolescence for any species of Australopithecus. There
is some tentative evidence that early Homo, dating from 1.8 MYA, may have a
derived pattern of growth that is leading toward the addition of an adolescent stage
of development. As mentioned above, this evidence is based on an analysis of shape
change during growth of the femur (Tardieu 1998). Modern humans have highly
diagnostic shape to the femur, a shape that is absent in fossil ascribed to
Australopithecus, but present in fossils ascribed to H. habilis, H. rudolfensis, Homo
ergaster, or early African H. erectus. The human shape is produced by growth
changes during both the prolonged childhood stage and the adolescent stage, but
whether the two are inextricably linked remains conjectural.

A remarkable fossil of early H. erectus is both of the right age at death and com-
plete enough to allow for an analysis of possible adolescent growth. The fossil speci-
men is cataloged formally by the name KMN-WT 15000, but is called informally
the “Turkana boy” as it was discovered along the western shores of Lake Turkana
in 1984. This fossil is 1.6 million years old, and clearly an early variety of H. erectus.
The skeletal remains are almost complete, missing the hands and feet and a few
other minor bones. Smith (1993) and more recently Dean and Smith (2009) analyzed
the skeleton and dentition of the Turkana fossil and ascertained that, indeed, it is
immature and most likely a male. The youth’s deciduous upper canines were still in
place at the time of death, and he died not long after erupting the second permanent
molars, an event that occurs about the time of puberty in male higher primates
(Smith 1993; Fig. 9.2). These dental features place him firmly in the juvenile stage
by comparison with any primate. Even though we have most of his skeleton, we
cannot be exact about his stature at death: earlier estimates of 160 cm have been
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lowered recently to 154 cm (Graves et al. 2010). Even so, the Turkana boy is one of
the tallest fossil youths or adults ever found.

The Turkana youth is sufficiently complete to study his pattern of growth and
development, and ask “Did early H. erectus have an adolescent growth spurt?” At
present, the best answer seems to be “no.” Judged according to modern human
standards, the Turkana boy’s dental age of 10.5-11 years is in some conflict with his
bone age (skeletal maturation) of 13 years and his stature age of 15 years. If the
Turkana boy grew along a modern human trajectory, then dental, skeletal, and
stature ages should be about equivalent. Skeletal and dental ages this discrepant
are known in less than 1.5% of normal boys age 6-15, and it is particularly rare to
see the skeleton advanced over the dentition (Dean and Smith 2009). By chimpan-
zee growth standards, however, the boy’s dental and bone ages are in perfect agree-
ment, both suggesting 7 years of age. So was he 13 or 7? Recently, Dean and Smith
(2009) answered this question by counting evidence of time passing in growth incre-
ments preserved in the teeth of the Turkana boy (analogous to counts of growth
rings in trees). They found that dental microanatomy could account for about 8.5
years of life for the youth. If this is correct, death at age 8.5 means the Turkana boy
followed a timing of growth that is neither that of a modern human nor that of a
chimpanzee. His relatively large stature for age becomes understandable if we
suppose that the distinct human pattern of moderate to slow growth prior to puberty
followed by an adolescent growth spurt had not yet evolved in early H. erectus.
Rather, the Turkana boy followed a more apelike pattern of growth in stature,
completing a fairly high proportion of adult growth by the onset of puberty and
emergence of second molars (see also Graves et al. 2010). At the time of puberty,
the chimpanzee has usually achieved 88% of stature growth, while humans have
achieved only 81%. “Because of this, any early H. erectus youth would seem to us
to be too large” (Smith and Tompkins 1995, p. 273).

Unfortunately, there are no appropriate fossil materials of later H. erectus avail-
able to analyze for an adolescent growth spurt. There are several fossils of a species
called Homo antecessor, found in Spain and dated to about 800,000 BP (Bermudez
de Castro et al. 1999). H. antecessor has been proposed as a possible last common
ancestor between modern H. sapiens and Neanderthals (Bermudez de Castro et al.
1997), although recovery of new material has led the research group to emphasize
links with eastern hominins, with increasing uncertainty as to their contribution to
later European populations (Carbonell et al. 2005). Based on an analysis of tooth
formation, this species seems to have a pattern of dental maturation much like
modern humans, but there is as yet no juvenile with both teeth and skeleton for
an in-depth analysis of growth patterns. Even if we are left only with teeth, at some
point, dental microanatomy should give us real answers to the ages that these and
other hominins attain growth markers, although such information is slow to appear
because it often involves destructive methods such as cutting fossilized teeth into
sections.

For later hominins like the Neanderthals, we have much more complete material.
There is one fossil of a Neanderthal in which the associated dental and skeletal
remains needed to assess adolescent growth are preserved. Le Moustier 1, found in
1908 in western France, is a juvenile, most likely a male. The specimen is dated at
between 42,000 and 37,000 years BP (before present). Thompson and Nelson (2000)
used information on crown and root formation of the molar teeth to estimate a
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dental age of 15.5 £ 1.25 years. His dental development—beyond M2 emergence
and with third molars well developed—clearly indicates a late adolescent. Compared
with modern human standards for length of the long bones of the skeleton, Thompson
and Nelson estimated that Le Moustier 1 has a stature age of about 11 years and
had achieved about 87% of adult femur length. The dental age of 15.5 years and
the stature age of 11 years are in very poor agreement, and indicate that like the
Turkana boy, Le Moustier 1 may not have followed a human pattern of adolescent
growth. In contrast to the Turkana boy, however, he seems short for his dental age.
Although we expect death and cemetery samples to preferentially represent the
undernourished and growth delayed, Thompson and Nelson cannot match the Le
Moustier pattern of development even in cemetery samples of prehistoric Inuit.

What is clear is that the pattern of adolescent growth found in modern humans
does not seem to be present in either the Turkana boy or in the Le Moustier 1 fossil.
The future promises that we will soon be able to solve some of the mysteries about
Neanderthal life history. New technical advances allowing nondestructive dental
anatomy are beginning to yield ages of death for Neanderthal juveniles long con-
sidered too precious for destructive studies. Recent work by Smith et al. (2007b)
finds evidence for more rapid growth and development in Neanderthals than
expected for modern humans. And indeed, work of the last decades on Neanderthals,
including DNA analysis, has tended to emphasize their differences from modern
peoples and it is increasingly common to see Neanderthals placed in their own
separate species Homo neanderthalensis (e.g., Rak et al. 2002 and Green et al. 2008).
Even so, as more of the Neanderthal genome has become known, comparisons find
more genetic variants of Neanderthals shared with Eurasian than sub-Saharan
African modern populations, suggesting that Neanderthals and early moderns did
interbreed to some degree (Green et al. 2010). These recent more robust genetic
studies of ancient DNA promise both to challenge paleontology and ultimately to
lead to synthesis of the findings of the two fields. In modern humans, certain diseases,
prolonged undernutrition, and unusual individual variations in growth may produce
similarities to the skeletal and dental features of the Turkana boy and Le Moustier
1 fossils. While it is possible that these two specimens fall into one of these categories
of unusual growth, the most parsimonious conclusion that one may draw from these
findings is that all the features of the modern human adolescent stage of the life
cycle evolved only in the H. sapiens line. Quite likely this would be no earlier than
the appearance of archaic H. sapiens in Africa, and to date, this is our earliest hard
evidence of more modern growth and development. An archaic H. sapiens fossil
child from Jebel Irhoud, Morocco, dated at about 160,000 YBP, has become the
earliest fossil for which the assigned human dental age matches the actual age of
death (Smith et al. 2007a).

The Valuable Grandmother, or Could Menopause Evolve?

In addition to childhood and adolescence, human life history has another unusual
aspect: menopause. One generally accepted definition of menopause is “the sudden
or gradual cessation of the menstrual cycle subsequent to the loss of ovarian func-
tion” (Timiras 1972). The process of menopause is closely associated with but dis-
tinct from the adult female postreproductive stage of life. Reproduction usually ends
before menopause. In traditional societies, such as the !Kung, the Dogon of Mali,
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provide increasing amounts of aid to their offspring and their grandoffspring. The
ethnographic evidence shows that human grandmothers and other postreproductive
women are beneficial to the survival of children in many human societies.
Grandmothers provide food, child care, and a repertoire of knowledge and life
experiences that assist in the education of their grandchildren. In sum, the inevita-
bilities of primate biology, combined with the creativity of human culture, allow
women, and men, of our species to develop biocultural strategies to take the greatest
advantage of a postreproductive life stage. Viewed in this biocultural context, human
grandmotherhood may be added to human childhood and adolescence as distinctive
stages of the human life cycle.

BOX 11.3 COLLECTING AND COMPARING ETHNOGRAPHIC DATA
ON THE TREATMENT OF CHILDREN, ADOLESCENTS,
AND GRANDMOTHERS IN SEVERAL CULTURES

To better understand the concept of a biocultural model of human growth pre-
sented in this chapter, we recommend the following exercise. Seek out official
government agency reports, or analyses that reference such reports, concerning
the treatment of children, adolescents, and the elderly—especially grandmothers.
We emphasize these life history stages because they are highly developed and
important to the human species, at least among the primates. Look for data
regarding health, the most common diseases and conditions, any incidence of
abuse and neglect, and economic and political status. Students concentrating in
subject areas relating to children, adolescents, or the elderly may think of other
topics for research.

The data for this exercise may be found in various places. Many large univer-
sity libraries are repositories for official government reports. There are many
electronic and Internet sources for these data. The reports of the United States
National Center for Health Statistics (NCHS; http://www.cdc.gov/nchs/
Default.htm),the Demographic and Health Surveys (http://www.measuredhs.com/
start.cfm), The World Bank Data Catalog (http:/data.worldbank.org/data-
catalog), and the United Kingdom Data Archive (UKDA; http:/www.data-
archive.ac.uk/) are useful. Social service agencies and charitable organizations
devoted to children or the elderly may have these reports in addition to their
own publications.

When searching for data, each student or group may chose a life history stage,
a particular country in the world, or an ethnic or social group found in one or
more countries. Devise a method to record the data from each study so that you
can compare findings. Use the data collection form from Box 11.2 as an example
to assist in this task. Some of the data will be statistical in nature. You may enter
these values into a database for statistical analysis, as you did for the life history
data. Other information may be in the form of narratives, which will require a
nonstatistical analysis.

Be creative when thinking about ways to make sense of all the data. Remember,
the goal of this exercise is to see how human biology and culture interact and
influence each other in terms of growth, development, and life history stages.
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parents (mothers) an opportunity to pursue economic activities or have another
baby. Among the poor populations of the developing countries, short birth intervals
(<23 months) may compromise the health of both the infant and the mother (Dewey
and Cohen 2007). A major negative effect on the infant is LBW, which impairs both
physical growth and cognitive development during childhood and later life stages.

In the populations of the more developed nations, such as among the U.S. middle
class,~20% of infants are breast-fed through 6 months of age. The weaning process—
from bottles and formula—may begin by 3 months of age, severely curtailing infancy.
These “premature children” present a problem for care, because they are still bio-
logically in the infancy stage of development. The problem is often “solved” by
relegating these young to restraining devices such as high chairs, playpens, and cribs/
cots or segregating them from the family by placement in daycare centers or pre-
schools. When the employees of these centers and preschools are trained properly,
these arrangements are suitable. However, if not well trained, and especially if the
infants react poorly to these arrangements, the frustrated parents or caregivers may
respond with abusive or neglectful behavior. In addition, the tendency to live in
nuclear families in middle class Western societies, away from grandmothers and
aunts, deprives young mothers of other caretakers and shared experience of raising
children.

Rapid culture change can introduce considerable discord into a previously har-
monious relationship between human biology and behavior. Two brief examples
that impact growth and development may be offered here. First, Kenyan mothers
with more formal (European style) education believe that sibling care responsibili-
ties teach juveniles to be passive and that domestic work, including child care, is
menial (Weisner 1987). Second, forced settlement of the Inuit (hunters of North
America) resulted in loss of their nomadic hunting lifestyle. This change required
them to acculturate to settled life, the economics of wage labor—parents at work
and children at school—and the social values of television (Condon 1990). Such
shifts in values and behavior may present significant changes for future generations
of Kenyans and Inuit. For example, the average juvenile may not learn about human
growth and development until after the birth of his or her first infant. The conse-
quences of these changes in social learning for the health, nutritional status, physical
growth, and development of the next generation are less clear.

Human adolescence comes with a new set of risks. Among the most common and
serious of these are psychiatric and behavioral disorders. The onset of such problems
tends to peak during the adolescent life history stage (Paus et al. 2008). Most mam-
malian species terminate all brain growth well before sexual maturation, but human
adolescents show enlargement and pruning of some brain regions leading to struc-
tural changes in the cerebral cortex. One hypothesis for the increase in brain-related
disorders posits that these cortical changes leave the adolescent brain “more or less
sensitive to reward” (Paus et al. 2008, p. 947).

The evolution of human menopause is associated with several risks for older
women. The hormonal changes and bone loss that occur with the cessation of
ovarian function (reviewed by Crews and Ice) are one kind of risk. These biological
changes may bring about several degenerative diseases, such as osteoporosis.
Postmenopausal women must often assume new social and economic roles for which
they need adequate training and social support. But grandmothers, like their ado-
lescent grandchildren, may no longer receive appropriate training, or have the
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desire, for evolutionarily traditional postreproductive sexual, social, and economic
expectations in some “modern” societies.

The elderly may also be denied a productive social role and even be segregated
away from productive society—in “retirement communities” for those who can
afford it and “old age homes” for those of limited means. The social isolation that
these sequestered elderly people may experience exacerbates the normal degenera-
tive process of aging. Moreover, research in the wealthy nations shows that children
living in households with little or no contact with grandparents suffer more abuse
and neglect than children in multigenerational households—another testament to
the value of grandparents.

CHAPTER SUMMARY

In this chapter, we have taken a life history approach to the study of human growth
and development. We reviewed several of the basic principles of human growth
and development and set these basic principles in their evolutionary context.
The older “genocentric” view of the regulation of DNA is giving way to a new
perspective of epigenetic, environmental, and social regulation of the genome
(Varki et al. 2008). This is especially the case during embryonic and fetal develo-
pment, giving rise to the field of developmental origins of health and disease
(DOHaD, www.mrc.soton.ac.uk/dohad/). The postnatal life cycle of the social
mammals, including the nonhuman primates, has three basic stages of postnatal
development: infant, juvenile, and adult. The human life cycle, however, is best
described by six stages: infant, child, juvenile, adolescent, adult, and postreproduc-
tive woman. It is hypothesized that the new life stages of the human life cycle
represent feeding and reproductive specializations of the genus Homo. Hominins
prior to the genus Homo probably had life histories more similar to living apes than
humans. These hominins seem to have lived at a pace nearly twice as fast as modern
humans. The evidence from fossil remains of H. habilis, H. erectus, H. neanderthal-
ensis, and early H. sapiens suggests that the elements of human life history evolved
as a mosaic over more than 1 million years. It is increasingly evident that the com-
plete “package” of modern human life history took shape with the evolution of
H. sapiens and not before.

We have tried to take a biocultural perspective of human development, a per-
spective that focuses on the constant interaction taking place during all phases of
human development, both between genes and hormones within the body and with
the sociocultural environment that surrounds the body. Research from social anthro-
pology, developmental psychology, endocrinology, primate ethology, physical anthro-
pology, and human biology shows how the biocultural perspective enhances our
understanding of human development.

We also discussed the risks of the new stages of human development, especially
when these stages impact with culture change. Malnutrition, child abuse, and neglect
of both infants, children, and the elderly are some of the risks. With this knowledge,
we hope that some readers of this chapter will conduct new biocultural research on
human growth and development. We also hope that the findings of your research
may help bring about peaceful improvement in the social, economic, and political
conditions of life and will lead to good growth for all human beings.
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