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Chapter 1
Introduction: Evolutionary Medicine and Life
History Theory

Donna J. Holmes and Grazyna Jasienska

Abstract Evolutionary medicine is a developing specialty in the biological sciences.
Modern Darwinian theory posits that natural selection shapes variation in anatomy,
physiology, genetics, and behavior. In this volume, we examine human health across
the life span with a primary focus on life history theory - an analytical framework
for understanding how organisms allocate resources to maximize reproductive suc-
cess. From the standpoint of life history theory, individuals face genetic and physi-
ological trade-offs to optimize investment in reproductive and other priorities at
different stages of the life course. Trade-offs can be reflected in variation in nutri-
tional and social status, fertility, disease risk, mortality - and other parameters con-
ventionally thought of as “health” variables. In evolutionary terms, reproduction is
the most important capacity organisms possess, since it is the means for passing
genes on to the next generation. For long-lived primates, like humans, adaption to a
given environment is reflected in the number of healthy, potentially reproductive
offspring produced. Reproduction is costly, and timing of reproduction can have
major effects on the health and mortality of both sexes over the life course. This
volume brings together intellectual perspectives of biological anthropologists and
evolutionary biologists from developmental biology, reproductive ecology and
physiology, demography, immunology, and the biology of aging. Our aim is to
showcase diverse ways in which emerging styles of evolutionary analysis can enrich
our perspectives on medicine and public health. In this first chapter, we introduce
basic concepts from human evolutionary biology and bioanthropology that are used
throughout the volume.
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2 D.J. Holmes and G. Jasienska
1.1 Introduction

Evolutionary medicine and evolutionary public health are rapidly developing areas
of biological science. (Williams and Nesse 1991; Nesse and Williams 1996; Stearns
and Koella 2008; Jasienska 2013; Stearns and Medzhitov 2015) Although the term
“Darwinian medicine” (later replaced by “evolutionary medicine”) was first pro-
posed in 1991 by George Williams and Randolph Nesse, an evolutionary approach
to human health began much earlier in the history of science. Charles Darwin’s
grandfather, Erasmus, is cited as one of the first physicians to propose in the eigh-
teenth century a connection between nature and human health. Trevathan and col-
leagues (1999) have provided an excellent review of the history of evolutionary
medicine.

Long before the field of evolutionary medicine became recognized, many human
biologists and biological anthropologists based their ideas and explanations of
research findings on the principles of evolutionary theory (Ellison 2003). One of the
most dominant avenues of research in the field of human biology has been the study
of human variation and an emphasis on the richness of differences in anatomy,
physiology, genetics, and behavior among individuals. These differences are not
classified as either “normal” or “pathological” as they are in the medical field, but
instead are viewed as the result of evolutionary processes.

The Arc of Life Evolution and Health over the Life Course showcases ways in which
research conducted by biological anthropologists can enrich our understanding of
variation in human health. This book looks at human health from the evolutionary
perspective with particular focus on life history theory (Stearns 1992). (Roff 2002)
Life history theory, a part of evolutionary theory, provides an explanatory framework
for understanding how organisms allocate their time and energy in ways that maxi-
mize reproductive success. Given that resources are limited, individuals face trade-
offs in terms of allocating resources to different stages of the life course, such as
when to enter the stage of reproductive maturation or embark upon the first birth. The
Arc of Life examines the consequences of life history trade-offs, a fundamental prin-
ciple of evolutionary biology, on various aspects of human health in both sexes across
the life cycle.

1.2 Brief Overview of Life History Theory

In evolutionary terms, the ability to reproduce is the most important capacity living
organisms possess, allowing for passing genes on to the next generations. For ani-
mals that reproduce more than once, like many mammals, reproductive effort
involves investment in multiple breeding episodes over the life course. For long-
lived primates, like humans, successful adaption to a given set of environmental
circumstances is measured in terms of lifetime reproductive success or the number
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of healthy, potentially reproductive offspring produced relative to the success of
other individuals in the population.

Reproduction is costly for humans and other long-lived primates. Not only does
reproductive effort involve pregnancy and lactation, it may also include long-term
provisioning of mates or nurturing offspring long past weaning. A variety of factors
contribute to lifetime reproductive success in humans and nonhuman primates,
including the timing of birth, maturation, and spacing of reproductive episodes, the
amount of energy invested in procuring mates and producing offspring, and the ener-
getic expenditures and risks involved in sustaining pregnancy, producing milk, and
other forms of offspring nurture and care. The resources needed for reproduction
may be in short supply or available only seasonally. Longer reproductive life spans
also necessitate maintaining healthy bodies and nonreproductive structures between
breeding periods over the long haul, as well as obtaining adequate nutrition to sup-
port reproductive organs and offspring during the demands of breeding. Complex
social networks and learning systems often must be negotiated or mastered.
Reproductive individuals can incur significant risks in the form of predation, compe-
tition with conspecifics, physiological stress, exposure to diseases or accident, or the
loss of energy stores vital for future health and reproductive investment.

The trajectory of the life span—the timing of maturation, births, and deaths—is
referred to by evolutionary biologists as the life history. Rates of birth and mortality
(vital rates), in turn, are referred to as life history traits. Evolutionary theory predicts
that these demographic variables represent key aspects of an animal’s phenotype that
have been shaped by natural selection and contribute to lifetime reproductive success,
just as other key phenotypic characteristics contribute to an individual’s evolutionary
success relative to others in a population. Natural selection is expected to produce
organisms with the most successful adaptive “strategies” or complex sets of trade-offs
among all of the benefits, costs, and risks associated with reproduction and associated
phenomena. Life history trade-offs can be extremely complex and difficult to measure
directly, particularly in human or other primate populations, since physiological
measurements and experimental manipulations are difficult to carry out.

Some of the physiological structures, hormones, and growth factors necessary
for reproduction in mammals—mammary glands, gonads, and sex steroid hormones
like estrogens, progesterone, and testosterone—carry special physiological risks
(e.g., an increased risk of cancer), as well as providing obvious reproductive bene-
fits. Traits that provide developmental or reproductive benefits early in life may
become liabilities later on and may contribute to the aging process (Finch and Rose
1995; Finch 2007; Cohen and Holmes 2014; Williams 1957). While natural selec-
tion is expected to optimize reproductive traits and factors during the reproductive
life span, no direct evolutionary benefits accrue by surviving or remaining healthy
past the period in which reproduction is possible. Traits are only adaptive insofar as
they contribute to lifetime reproductive success, synonymous with Darwinian fit-
ness. Variation in the human reproductive life span itself, therefore, reflects past
natural selection as well as shorter-term responses to evolutionary change in
response to novel environments.
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1.3 Human and Primate Life History and Reproductive
Strategies

In general, primates are relatively large, long-lived mammals with big brains and
complex social behavior. Humans are longer lived than our closest primate relatives,
the chimpanzees and gorillas, and other mammals of similar body size. Modern
humans in industrialized countries can now live up to 30 years or more past the peak
reproductive years. Humans also have a long reproductive life span characterized by
large investment in each offspring, with females generally investing more than
males. As in the great apes, reproduction is costly energetically and pregnancy and
childbirth relatively risky. Females must make trade-offs between the number of
offspring produced and the quality of care provided. For example, women with high
parity often have poorer health and shorter life spans.

Investment in an unsuccessful reproductive episode is also costly in terms of lost
alternative reproductive opportunities. The seasonal timing of reproduction can be
critical in terms of the availability of mates or food, as can the timing in terms of the
life course: very young and very old women, for example, are not as successful on
average at conceiving or bringing a pregnancy to term. Males, on the other hand,
may incur their biggest challenges in establishing mating relationships and obtain-
ing access to fertile, receptive females.

Primate reproductive patterns are expected to vary with environmental condi-
tions and population variables (including population density). Reproductive variation
can take the form of adaptive behavioral, developmental, or physiological responses
to environmental cues (phenotypic plasticity)—all limited by the genetic constraints
of the population. When environmental variation exceeds the ability of animals to
respond adaptively within phenotypic norms, natural selection (in the form of mor-
tality or reproductive failure) will act to produce changes in gene frequencies and,
with these, new phenotypic norms.

1.4 Cultural and Epidemiological Shift

Over the past two centuries, cultural and technological change has occurred more
rapidly than at any previous time in the history of the human species (Boyd and Silk
2009). Since the Industrial Revolution in the mid-1800s, mortality rates at all phases
of the human life cycle have declined. In industrialized countries like the United
States, people are living on average 30 years longer than they did in 1900. With the
use of reliable contraceptives, childbirth and parenting are often delayed until sig-
nificantly later in life, and fertility rates are much lower than ever before.

These modern shifts in the human life history pattern are primarily the result of
cultural, rather than evolutionary, change. People today live longer than our ancestors
because modern sewage disposal, clean water, and the widespread availability of
medical care lessen the susceptibility to infectious disease and death from accidents.
Famine and warfare are less widespread now than other times in human history. Most
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people do not have to worry about dying of tetanus, an attack by wild animals, or
exposure to the elements. While some significant genetic and phenotypic change
accompanying biological evolution has undoubtedly occurred during this period as
well, cultural change has generally outpaced the rate of evolutionary change.

1.5 Health in Evolutionary Perspective

Natural selection has shaped human anatomy and physiology to maximize reproduc-
tive success or Darwinian fitness, not to maximize health (or “physical fitness”) over
the entire life course. From the evolutionary point of view, it is important for an organ-
ism to be healthy only insofar as good health contributes to an increased ability to pass
genes on to the next generations. Any trait that increases reproductive success will be
promoted by natural selection even if having the trait contributes to faster aging or
poor health at older ages. The following example illustrates the principle: good nutri-
tion for girls during childhood leads to an earlier age at menarche, even though an
earlier age at menarche is a significant health risk. Women who mature relatively early
have a higher risk of breast cancer. Nonetheless, they also have a longer reproductive
life span, which may lead to higher lifetime reproductive success. In adult women,
good nutrition also leads to increased levels of reproductive hormones. Although this
is beneficial for fertility, lifetime exposure to high levels of reproductive hormones
increases the risk of breast cancer. Similarly, in adult men, good nutrition leads to
increased levels of the reproductive hormone testosterone. Again, this is beneficial for
mate competition and reproductive success, but also increases the risk of prostate
cancer. Furthermore, a single gene often encodes multiple traits, which may have
antagonistic effects on health. Such antagonistic genetic pleiotropy is often responsi-
ble for good health and an increased ability to reproduce at a young age but, at the
same time, for increased susceptibility to health problems at older ages.

Evolutionary medicine points out that the human body is vulnerable to health
problems such as chronic disease (heart disease, cancer, and diabetes) and diverse
medical conditions such as myopia, skeletal and joint degeneration, and infertility for
two main reasons: (1) the “mismatch” between ancient genes and modern environ-
ments given the rapid acquisition of novel diets and lifestyles, as well as a mismatch
on a shorter timescale between the prenatal environment and the adult environment,
and (2) inherent design “flaws” in the human body arising from the inevitable evolu-
tionary trade-offs involved in maximizing lifetime reproductive success.

1.6 Contributions from Biological Anthropology

The Arc of Life Evolution and Health over the Life Course brings together biologi-
cal anthropologists with expertise in the areas of developmental biology, reproduc-
tive ecology and physiology, demography, immunology, and senescence. Biological
anthropologists tend to gear their research toward understanding not only the fitness
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consequences of life history trade-offs (infant mortality, pregnancy outcome,
lifetime reproductive success) but also the physiological and sociocultural pro-
cesses responsible for their regulation. Biological anthropologists also tend to rely
heavily on both cross-cultural comparisons involving traditional or non-Western
societies and cross-species comparisons in order to understand natural human varia-
tion, especially in the context of potential adaptation versus pathology. The col-
lected volume presented here aims to illustrate the diverse ways in which biological
anthropologists contribute to and further advance the field of evolutionary medicine
and public health.

On a final note, the coeditors chose to title this book The Arc of Life as a tribute
to Peter T. Ellison by referencing one of the chapters from On Fertile Ground. Most
of the authors included in this volume were influenced by Peter’s ideas and research
over the decades. Peter Ellison’s work in the area of human reproductive ecology
established one of the most insightful applications of evolutionary theory to the
intersections between biological anthropology, physiology, and human health. His
innovative approach has extended to all stages of human life history and brought
new understanding to many of the subdisciplines within the field of human evolu-
tionary biology. Peter’s work continues to inspire new generations of researchers in
both the laboratory and field in ways that inform about human health.
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Chapter 2

Intergenerational Memories

of Past Nutritional Deprivation:
The Phenotypic Inertia Model

Christopher W. Kuzawa and Ruby L. Fried

Abstract Human and animal model research shows that prenatal nutrition influences
early development and has long-term effects on adult biology and chronic disease.
Much of this literature has emphasized the limited maternal capacity to buffer the
fetus from stressors that negatively impact development. An alternative perspective
recognizes that a subset of prenatal biological responses reflect an ability to adap-
tively change how the body regulates metabolism, hormone production, and other
biological functions in anticipation of postnatal environmental conditions. The appli-
cability of this concept to humans has been challenged on the basis of the long dura-
tion of the human life span and the imperfect correlation between environmental
conditions during early and later life. The phenotypic inertia model proposes a solu-
tion to this problem: if maternal physiology and metabolism transfer nutrients or
hormones in relation to the mother’s average life experience, rather than to the spe-
cific conditions experienced during that pregnancy, this could provide a more reliable
basis for the fetus to adjust its long-term strategy. This hypothesis is supported by
evidence that fetal nutrition is buffered against short-term fluctuations in maternal
intake during pregnancy in women who are not on the extreme ends of energy balance,
while showing evidence of sensitivity to a mother’s early developmental and chronic
nutritional experience. Maternal buffering of fetal nutrition in humans is predicted to
limit the deleterious impact of nutritional stress experienced by the mother during
pregnancy while also attenuating the long-term health benefits of short-term dietary
supplements consumed during pregnancy. According to this model, maternal inter-
ventions aimed at improving the health of future generations via fetal nutritional pro-
gramming will be most effective when they emulate sustained, rather than transient,
nutritional improvement.

C.W. Kuzawa (P<) ¢ R.L. Fried

Department of Anthropology, Institute for Policy Research,
Northwestern University, Evanston, IL 60208, USA
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2.1 Introduction

There is now much evidence that constrained fetal nutrition has effects on a broad
array of functional capacities and disease outcomes (Barker 1994; Barker et al.
1989; Roseboom et al. 2001, 2006). Birth weight is commonly measured and
recorded and as a result has frequently served as a proxy for prenatal nutrition, hor-
mone exposure, and other gestational conditions. Low birth weight (LBW) is a
global health concern as it predicts elevated risk of cardiovascular disease and meta-
bolic syndrome and also contributes to infant mortality and leads to deficits in indi-
ces of human capital, such as body size, strength, lung capacity, educational
attainment, and even wages (Hancox et al. 2009; Levitt et al. 2000; Yliharsila et al.
2007). In addition, there is growing evidence that maternal overnutrition, as demon-
strated by maternal obesity and type II (non-insulin-dependent) diabetes, leads to
increased risk of cardiometabolic disease in offspring (see Armitage et al. 2008;
Dorner et al. 1988). These findings linking infant and adult well-being to both
under- and overnutrition during pregnancy underscore the need to understand the
underlying biological processes and targets for intervention (Gluckman and Hanson
2005; Kuzawa and Thayer 2012).

From a public health or policy perspective, the finding that fetal nutrition has
long-term effects on adult health and functional capacities has led to a hope that
modifying the diets of pregnant women will result in benefits for future generations.
Perhaps the strongest evidence for a benefit of supplementing the dietary intake of
pregnant women comes from an intervention in the Gambia in which women in
mid-gestation received an additional daily allotment of 1028 kcal, along with cal-
cium and iron (Ceesay et al. 1997). This intervention yielded a sizeable 201 g
increase in offspring birth weight during the hungry season, when nutritional status
deteriorates due to negative energy balance secondary to food scarcity, high work-
loads, and high burdens of infectious disease due to the heavy rains. During the
harvest season, the same intervention yielded a 94 g increase (roughly 4 o0z).

The Gambian study suggests that substantial and sustained improvement in
maternal dietary intake can improve fetal nutrition and growth, with the greatest
benefits experienced during acute bouts of energetic and nutritional stress.
Unfortunately, few other similar interventions have yielded comparable levels of
success in improving birth outcomes. In a systematic review of balanced protein/
calorie pregnancy supplement trials, Kramer and Kakuma (2003) found a reduced
risk of giving birth to small-for-gestational age offspring. However, these macronu-
trient supplementation trials did not yield significant increases in offspring birth
weight, length, or head circumference. As illustrative examples, increases in birth
weight of 51 and 41 g, and a decrease of 40 g, were reported in three of the larger
dietary supplementation trials of undernourished women in Guatemala (Mora et al.
1978), New York City (Rush et al. 1980), and India (Kardjati et al. 1988), respec-
tively. Among the five studies that provided balanced protein/energy supplements to
adequately nourished women, birth weight increased in two but declined in three,
with a weighted-average nonsignificant increase of around one ounce.
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These findings underscore a paradox and also a policy dilemma: fetal nutrition
apparently has large effects on future health, but increasing maternal macronutrient
intake during pregnancy only nudges fetal growth and birth outcomes. To the extent
that fetal growth is a useful proxy for the nutrients that cross the placenta, this sug-
gests that current intervention strategies (that generally augment a woman’s dietary
intake during pregnancy) are not likely to yield large improvements in fetal nutrition
and downstream metabolic programming. What might account for this apparent
disconnect between the foods that the mother consumes during pregnancy and the
nutrients that the fetus receives across the placenta?

The present chapter integrates principles from biological anthropology and evolu-
tionary biology to shed light on the possible origin and function of developmental
responses to early nutritional environments. It has been known for over 50 years that
developmental plasticity, or the capacity of developmental biology to be modified in
response to the environment, is an important way by which human populations adapt
to changing environments (Lasker 1969). The literature documenting long-term
effects of early environments expands the concept of human developmental plasticity
by pointing to pathways of communication between mother and offspring, such as
nutrients and hormones passed across the placenta and via breast milk (Bateson 2001;
Bateson et al. 2004; Gluckman and Hanson 2005; Kuzawa and Pike 2005). An evo-
lutionary framework highlights the need to consider the timescale of ecological
change that these flexible systems are likely built to accommodate (Kuzawa 2005).
Using an evolutionary approach, we argue that finding ways to communicate cues
(e.g., nutrients, hormones) intergenerationally that mimic sustained environmental
change, in contrast to the short-term, transient changes represented by most nutri-
tional supplementation trials, will prove key to designing interventions that improve
long-term functional and health outcomes in future generations.

2.2 Intergenerational Effects and the Human Adaptability
Framework

To gain insights into effective strategies for modifying early developmental plasticity to
improve long-term health, it is helpful to first consider the fundamental question of why
the body modifies its biology in response to early life experiences. For some outcomes,
the simple explanation is that environmental stressors impair healthy development, as
illustrated by the fact that fetal nutritional stress can impair the growth of organs
(Harrison and Langley-Evans 2009; Nwagwu et al. 2000). This is thought to explain
some of the links between smaller birth size and poor adult health, such as the fact that
LBW babies tend to have smaller kidneys with fewer nephrons, which predisposes them
to hypertension and renal failure later in life (Iliadou et al. 2004; Lampl et al. 2002).
While some effects of early environmental conditions result in impairment or
damage, other physiological outcomes influenced by fetal nutrition are not as
easily explained. Instead, they appear to result from changes in regulatory set
points that influence how the body prioritizes specific functions or responds to
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experiences over the life course. For example, in children and adults born with a
lower birth weight, weight is preferentially deposited in the form of fat accumu-
lation in the abdominal or “visceral” region. The fat cells in this region are inner-
vated with sympathetic nerve fibers that secrete adrenaline, thus allowing the
body to rapidly mobilize a usable source of energy from these cells when faced
with a stressful challenge (Hucking et al. 2003). The free fatty acids that are
released by the visceral depot when the body is faced with a stressor have addi-
tional cascading biological repercussions. The very act of mobilizing reserve
energy stores sends a signal to the liver that the body is under duress and that
glucose should thus be spared for use in more critical functions, such as brain
metabolism. This is achieved by reducing the sensitivity of tissues like muscle
and liver to the effects of insulin (i.e., insulin resistance) (Kuzawa 2010). Not
only do low birth weight individuals deposit more fat in this rapidly mobilized
depot, but there is also evidence that their fat cells mobilize more stored fats
when exposed to the same dose of adrenaline, making this stored fuel rapidly
available for use (Boiko et al. 2005).

There is nothing about the development and function of the fat deposits of these
individuals that hints at either damage or impairment. Unlike the example of
impaired kidney growth, there is no shortage of cells in the affected organ or tissue.
Instead, these findings suggest that prenatal nutrition can change regulatory set
points to alter the priorities with which scarce resources are used within the body:
in this example, the body preferentially deposits any excess energy in fat deposits
that are more easily and rapidly accessible when the body is faced with stress (Boiko
et al. 2005). Many of the changes that are triggered in response to prenatal condi-
tions appear to have similar origins in altered regulation, suggesting that they are
examples of adaptive adjustments in developmental biology rather than simple
impairments of organ growth (Kuzawa and Thayer 2011).

2.3 Developmental Plasticity as a Means of Adaptation

The concept of adaptation is one of the organizing principles of evolutionary biol-
ogy and refers broadly to changes in organismal structure, function, or behavior
that improve survival or reproductive success. Genetic adaptation more specifi-
cally refers to the process by which gene variants (alleles) that code for beneficial
traits become more common within a population’s gene pool through the mecha-
nism of natural selection. Although natural selection is a powerful mode of adjust-
ment at the population level, many environmental changes occur more rapidly
than can be efficiently dealt with by changes in gene frequency, which require
many generations to accrue. To cope with more rapid change, human biology
includes additional, more rapid adaptive processes (Kuzawa 2005; Lasker 1969).
The swiftest ecological fluctuations (e.g., fasting between meals or the increase in
nutrients that our bodies need when we run) are handled primarily via
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homeostatic systems, which respond to changes or perturbations in ways that
offset, minimize, or correct deviations from an initial state. Operating not unlike
a thermostat, which maintains a constant temperature by turning the furnace on
and off, homeostatic systems modify physiology, behavior, and metabolism to
maintain relatively constant internal conditions despite fluctuations in features
like ambient temperature, dietary intake, and physical threat. The distinctive fea-
tures of homeostatic systems include their rapid responsiveness, their self-cor-
recting tendencies, and the fact that the changes they induce are reversible.

Some environmental trends are chronic enough that they are not efficiently
buffered by homeostasis, but also do not persist for long enough for substantial
genetic change to occur. As such, organisms may not rely on homeostasis and
natural selection to adjust biological strategies to these intermediate timescale
trends. A simple example illustrates how a sustained change in experience might
overload the flexible capacities of a homeostatic system if this was the only means
available to help the organism adapt (Bateson 1963). In this case, imagine an
individual that has recently moved to high altitude where oxygen pressure is
lower, resulting in an elevated heart rate that increases blood flow and thus the
rate that oxygen-binding red blood cells pass through the lungs. By engaging a
homeostatic system (heart rate), the body has activated a temporary fix to help
compensate for the low oxygen pressure. However, this is only a short-term solu-
tion that comes with a cost: not being able to increase heart rate further if the need
arises, like when fleeing from a predator. Thus, the homeostatic strategy of elevat-
ing heart rate may work for short-term acclimation, but is a poor means of coping
with chronic high-altitude hypoxia.

Over longer time spent at high altitude, additional biological adjustments ease
the burden on the heart, such as increasing the number of oxygen-binding red blood
cells in circulation. However, individuals who grow and develop at high altitude
exhibit an even better strategy for coping with hypoxia. They grow larger lungs, a
developmental response that increases the lung’s surface area for oxygen transfer,
thus obviating the need for temporary and more costly short-term adaptations
(Frisancho 1993). This change in developmental biology is an example of develop-
mental plasticity, which allows organisms to adjust biological structure on times-
cales too rapid to be dealt with through natural selection, but too chronic to be
efficiently buffered by homeostasis (Kuzawa 2005).

These mechanisms can be viewed as allowing the organism to fine-tune structure
and function to match the needs imposed by their idiosyncratic behavioral patterns,
nutrition, stress, and other environmental experiences that cannot be “anticipated”
by the genome (West-Eberhard 2003). Unlike homeostatic changes that are tran-
sient, growth and development occur only once, and thus plasticity-induced modifi-
cations tend to be irreversible once established. In this sense, developmental
plasticity is intermediate between homeostasis and natural selection in both the phe-
notypic durability of the response and the timescale of ecological change that it
accommodates.
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2.4 The Phenotypic Inertia Model

Because some of the biological changes induced by intrauterine or infancy cues
appear to reflect modifications of regulatory set points rather than developmental
damage, it has been speculated that some components of developmental plasticity
might be initiated to help the fetus prepare for conditions likely to be experienced
after birth (Bateson 2001; Gluckman and Hanson 2005; Kuzawa 2005) (see Fig. 2.1).
Some of the adjustments made by the nutritionally stressed fetus in utero (such as the
aforementioned tendency to deposit more abdominal body fat and the glucose-spar-
ing effects of muscle insulin resistance) could provide the advantage of saving scarce
glucose for use in more essential functions after birth (e.g., brain metabolism) if the
environment remains nutritionally stressful after birth (Gluckman and Hanson 2005;
Kuzawa 2010). By this reasoning then, nutrition, hormones, and other gestational
stimuli experienced by the developing fetus might convey information about local
ecological conditions, thereby allowing the fetus to adjust priorities in anticipation of
the postnatal reality that s\he is likely to experience (Bateson 2001). Bateson (2001)
describes this as the mother sending a “weather forecast” to the fetus, while
Gluckman and Hanson (2005) label this a “predictive adaptive response.”

One challenge to this notion of long-term anticipatory adaptation comes from
the fact that humans have long life spans. Because humans typically live many
decades, any conditions experienced during a few months of early development,
such as gestation or early infancy, may not serve as reliable cues of environments
likely to be experienced in adult life (Kuzawa 2005; Wells 2003). We have argued
that it is precisely the brief and early timing of many of the body’s periods of
heightened developmental sensitivity that paradoxically could help the developing
organism overcome the challenge of reliably predicting future conditions (Kuzawa
2005; Kuzawa and Thayer 2011). The mother’s physiology could buffer the fetus
against the day-to-day, month-to-month, or seasonal fluctuations in the environ-
ment while passing along more integrative information on average conditions
experienced by the mother in recent decades or the grandmother prior to the moth-

Ecological .
cycle duration Adaptation
Years Mode Process
0.00000001 seconds
%01 hours Physiologic Homeostasis &
0,001 days Allostasis
0.1 months
1 years N
10 decades Developmental  Plasticity

100 centuries Intergenerational Inertia

1000 millenia

1000000 millions Genetic Natural selection

Fig. 2.1 The timescales of human adaptation (modified after Kuzawa 2008)
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er’s birth and during lactation. Because the mother’s biology and behavior have
been modified by her lifetime of experiences (including her own gestational envi-
ronment, and thus her offspring’s grandmother’s experience), the nutrients, hor-
mones, and other resources that she transfers to the fetus in utero or to her infant via
breast milk could correlate with average local conditions and experiences rather
than to the vagaries of what the mother happens to experience during any given
week or month of gestation itself (Kuzawa 2005; Wells 2003). If maternal physiol-
ogy buffered out transient, short-term nutritional variations while conveying more
reliable average information, this could provide the fetus with a more useful basis
for adjusting characteristics such as growth rate, body composition, and/or nutri-
tional requirements as environmental conditions gradually shift across decades of
his/her lifetime or over several generations (Kuzawa 2005).

There is accumulating evidence that the mother’s body does convey average,
rather than transient, ecological information to the fetus. As noted above, despite
the general tendency for populations faced with low socioeconomic conditions and
chronic nutritional stress to have reduced birth weights, supplementing the diets of
pregnant women in these populations generally has minimal effects on the birth
weight of immediate offspring (Kramer and Kakuma 2003). In contrast, studies
provide evidence that a mother’s own early life nutrition, or nutrition across devel-
opment, may be a strong predictor of the birth weight of her future offspring. In
most studies that evaluate this, fetal growth of the mother is a stronger predictor of
offspring birth weight than is the father’s birth weight, pointing to possible mater-
nal effects, either indirect genetic or epigenetic (for review see Kuzawa and
Eisenberg 2012). Similarly, in a pooled sample of five large cohort studies in low-
and middle-income countries, both maternal and paternal birth weight and early
postnatal growth were found to be significant predictors of offspring birth weight,
but these relationships were more consistent (and stronger) among females, point-
ing to a possible intergenerational effect of the mother’s developmental nutrition
(Addo et al. 2015).

Leg growth is particularly sensitive to nutritional conditions during infancy
and early childhood and thus provides a useful retrospective proxy of develop-
mental conditions experienced by the mother (Frisancho et al. 2001). In the
United Kingdom, a woman’s adult leg length was a stronger predictor of off-
spring birth weight than was her trunk length (Lawlor et al. 2003). In a similar
study, a woman’s leg length measured during her own childhood (around 7 years
of age) was the strongest maternal anthropometric predictor of her future off-
spring’s birth weight, even after adjusting for adult size and stature (Martin et al.
2004). Most recently, a study in the Philippines found leg length to be the stron-
gest predictor of both offspring birth weight and placental weight, whereas trunk
length was only weakly related to birth weight and unrelated to placental weight
(Chung and Kuzawa 2014). Because leg growth is among the most nutritionally
sensitive components of stature growth, these studies suggest that a mother’s own
infancy or early childhood nutrition can have lingering intergenerational effects
on offspring fetal growth, which likely manifests in part through alterations in
placental growth and size.
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Collectively, these studies, viewed alongside the relatively modest success of
nutritional supplementation trials during pregnancy, suggest that long-term or
chronic nutritional history may be an important influence on the resources trans-
ferred in support of fetal growth and birth size (secondarily impacting the many
traits and functions that are sensitive to and “downstream” of prenatal experience),
while fluctuations in the mother’s intake during pregnancy itself (though important)
have comparably modest effects. This phenotypic inertia in fetal nutrient transfer—
reflecting the lingering biological but nongenetic effects of the mother’s average
experiences in the past—could allow the fetus to track those dynamic features of
environments that are relatively stable on the timescale of decades or even several
generations (see Kuzawa 2008; Kuzawa 2005).

2.5 Mechanisms of Intergenerational Phenotypic Inertia

The mechanisms linking maternal-fetal nutrient transfer to the mother’s develop-
mental or chronic nutrition are unknown, but there are interesting potential candi-
dates. First, it has been hypothesized that modifying the mother’s growth rate during
early critical periods in skeletal growth (when long-term growth trajectories are set)
could set the mother’s “productivity” and thereby have carryover effects on off-
spring fetal growth once productivity is reallocated from self-growth to supporting
offspring growth (Kuzawa 2007). The greater nutritional sensitivity of leg growth
during this early critical period and the finding of strong relationships between leg
growth and offspring birth weight are consistent with this idea.

In addition, because maternal glucose levels during pregnancy are important
predictors of offspring fetal growth and birth weight (Metzger et al. 2008), any
effects of early life metabolic programming that the mother experiences could
have secondary impacts on her pregnancy glucose status and thus the fetal growth
of offspring. Once female offspring develop into reproductive adults, these phe-
notypic effects could linger and even accumulate across multiple generations
(Drake and Liu 2010; Kuzawa and Eisenberg 2014; Kuzawa and Sweet 2009).
Epigenetic changes are likely candidate pathways for such life course, inter- or
multigenerational effects (for review see Kuzawa and Eisenberg 2014). For
instance, in human populations, individuals exposed to famine while in utero
exhibit alterations in methylation at genes (like IGF2) that are related to glucose
metabolism and cardiovascular disease risk (Heijmans et al. 2008). Studies dem-
onstrate the transmission of environmentally-induced epigenetic changes across
one or more generations in other mammals (Franklin et al. 2010; Guerrero-
Bosagna and Skinner 2012). At present, little is known about how common germ-
line epigenetic inheritance might be in humans, but intriguing evidence has
emerged from the creative use of historical records. In northern Sweden, harvest
yields during the grandparents’ childhood predicted mortality in matched-sex
grand offspring, pointing to possible multigenerational, epigenetic, and sex-
linked effects of nutritional experiences (Pembrey et al. 2006).
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Ecologic variable

Time

Fig. 2.2 The value of averaging as a means of identifying a trend in a noisy signal, in this case
representing the availability of a hypothetical ecological resource. The two lines are running aver-
ages calculated across 10 time units (thin line) and 100 time units (dark line). As the window of
averaging increases, an underlying long-term trend is uncovered. Intergenerational influences of
maternal and grandmaternal nutritional history on fetal nutrition may help achieve a similar feat
(from Kuzawa and Quinn 2009, with permission)

While the mechanistic specifics remain to be demonstrated, if the mother’s (or
father’s) body or epigenome pass along biological “memories” that “sample” (and
thus mirror) chronic local nutritional experiences, this could allow the fetus to make
developmental adjustments in response to conditions that have dominated in recent
generations and, thus, serve as a “best guess” of conditions likely to be experienced
during the lifetime of the offpsring (see Fig. 2.2).

2.6 Why Do Some Nutritional Interventions Fail?

We have argued that long-lived organisms will tend to buffer or ignore transient
features of their environments, but are sensitive to environmental features that are
stable over longer time periods (i.e., a generation or more). We conclude by consid-
ering the implications of this idea for two research and policy domains: the biomedi-
cal use of animal experiments as models for developmental processes in humans and
the design of human interventions aimed at improving long-term health.

First, what is “transient” or “stable” for individual species is inherently relative.
We should expect that adaptively relevant timescales of environmental change for a
human will be markedly longer than those of a rat or other short-lived species. Thus,
humans should be expected to “ignore” the types of environmental changes mice or
rats will modify their life trajectory in response to. After all, if a rat is born during a
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stressful season or year, those conditions are likely to predominate during its entire
brief life. Because humans will live through hundreds of seasons, what a mouse
would consider as an environmental “signal” would simply be “noise” to be buff-
ered out by a developing human.

This perspective may help explain why individuals in the World War II Dutch
Famine Winter cohort, who were exposed in utero to caloric restriction of a similar
magnitude as in many animal experiments, experienced comparably small changes
in birth weight followed by more modest long-term effects on metabolism and
adult cardiovascular disease risk factors (Lussana et al. 2008; Painter et al. 2006)
(see Fig. 2.3). Because biological processes and responses scale with traits like
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Fig. 2.3 The magnitude of change in offspring biology triggered by maternal diet restriction dur-
ing pregnancy across species varying in life span (modified after Kuzawa and Thayer 2011; see
original for references). All animals born to mothers who experienced caloric restriction during
early gestation (30-50 % global caloric restriction). All values are calculated as the percent differ-
ence between the control group and the case group and represent averaged male and female values.
All human data are from the Dutch Famine Winter adult cohort with those who experienced famine
in middle or late gestation compared to the control group of those conceived after the famine
(Roseboom et al. 2001)
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body size and life span, mice and rats can provide a precedent for how program-
ming might work mechanistically in humans, but remain poor guides to the magni-
tude of health impacts of early stressors for humans.

More specifically, the differences in findings in humans and rodents suggest that
maternal nutritional stress will generally have attenuated negative impacts on off-
spring biology in humans, compared to other species commonly used as experimen-
tal models in biomedical research. By the same token, it seems likely that short-term
improvements, as reflected in the typical design of many interventions, may yield
comparably modest long-term benefits. Pregnancy supplementation trials often
modify the nutritional ecology of a mother for a period of weeks or months, which
represents a timescale of change that a human body should be expected to simply
buffer. It would not be advantageous for a human to adjust its strategy for life based
upon such a short-term and likely transient change in the mother’s experience.

Ideally, the knowledge of the long-term benefits that accrue with favorable early
life nutrition would motivate economic and health policies that improve the nutrition
of entire populations to optimize health over the course of two or three human gen-
erations. In the absence of such policies, the principles of biological adaptation, and
of timescale, may lead us to effective shortcuts. To “convince” the biology of future
generations to modify lifelong developmental trajectories—that is, to improve long-
term offspring health via intergenerational interventions —we must strive to develop
interventions that sustain, or at least mimic, longer timescale environmental change.

How might this goal be achieved? One possibility, which has gained some empir-
ical support (see Kuzawa and Thayer 2011), is that intervening at several ages will
have synergistic effects on offspring outcomes. For instance, the flow of nutrients
and hormones across the placenta and in breast milk both appear to influence metab-
olism, growth, and long-term biological settings in offspring. Might supplementing
the mother’s diet during pregnancy and lactation, sending a signal of consistently
improved conditions, have effects that are greater than the sum of their independent
parts? Similarly, might the programming effects of favorable nutritional signals
conveyed to breastfed infants via breast milk be enhanced if the mother received
supplements during or prior to pregnancy, rather than during lactation alone?
Recognizing that fetal growth is more directly contingent upon maternal metabolism
than her dietary intake suggests yet other potential strategies. Although not without
potential risks, directly manipulating maternal metabolism during gestation (for
instance, by raising or lowering blood glucose) should have relatively direct and
potentially large effects on fetal nutrient transfer and metabolic programming.

The notion of adaptive timescales underscores that interventions aimed at improv-
ing the gestational flow of resources across generations need to broaden the window
of intervention to include the mother’s own development, a point recently empha-
sized in the public health literature (Victora et al. 2008). Given evidence that early
life nutrition has intergenerational effects, public health efforts to improve health and
nutrition during early development, for instance, by supplementing nutritional intake
or reducing the burden of common infections, can be understood as not only benefit-
ing the infant but also the future offspring of that individual, who we may hypothe-
size will experience more favorable fetal nutrition and growth conditions as a result.
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In a unique supplementation trial in Guatemala, young girls who were provided
high-protein/calorie supplements as infants and young children, when compared
with peers who received only a high calorie supplement, went on to give birth to
larger babies decades later, pointing to the potential intergenerational power of a
long-term developmental approach to nutritional intervention (Behrman et al. 2009).

The literature and ideas that we review here suggest that it is prudent to envision
that the goal of our interventions is not only to alleviate stress in the present but also
to find creative ways to mimic cues of sustained environmental improvement in the
recent past (Kuzawa and Thayer 2011). By producing signals that indicate sustained
nutritional improvements, we can hope that future generations of our long-lived
species will alter developmental trajectories in ways that help limit the rising bur-
den of chronic disease.
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Chapter 3

Modeling Developmental Plasticity

in Human Growth: Buffering the Past
or Predicting the Future?

Jonathan C.K. Wells and Rufus A. Johnstone

Abstract Substantial variation in adult body size between human populations is widely
assumed in part to represent adaptation to local ecological conditions. Developmental
plasticity contributes to such variability; however, there is debate regarding how this
early-life process can produce adaptation when environments change within the life
span. We developed a simple mathematical simulation model, testing how human
fetuses could tailor their growth to ecological conditions without being oversensitive
and hence prone to extremes of growth. Data on Indian rainfall (1871-2004) were used
as an index of ecological conditions. The simulation model allowed the comparison
of different strategies for processing these time-series data regarding (a) the toleration
of short-term ecological variability and (b) the prediction of conditions in adulthood.
We showed that ecological information processing is favored in environments prone
to long-term ecological trends. Once this strategy is adopted, resistance to short-
term ecological perturbations can be achieved either by lengthening the duration
of developmental plasticity or by accumulating multigenerational influences. A
multigenerational strategy successfully dampens the transmission of the effects of
ecological shocks to future generations, but it does not predict or enable offspring to
respond to longer-term conditions. However, this strategy does allow fetal growth to
be tailored to the likely supply of nutrition from the mother in the period after birth,
during when extrinsic mortality risk is high. Our model has implications for public
health policies aimed at addressing chronic malnutrition.

3.1 Introduction

The concept of adaptation assumes that organisms optimize their evolutionary
fitness by improving their ability to survive and breed in a given environment.
Adaptive variation in body size is predicted to emerge through cumulative
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trade-offs between the life history functions of survival, growth, and reproduction,
as shaped by diverse ecological factors (Harvey et al. 1987; Hill 1993). In humans,
variability in adult size has been associated with factors such as the thermal envi-
ronment, energy supply, and mortality risk (Katzmarzyk and Leonard 1998; Walker
et al. 2006). A portion of this variability appears to have occurred as a result of natu-
ral selection acting directly on genetic variability, since over 200 genes have now
been associated with adult height in humans (Lango Allen et al. 2010), and the trait
has high heritability (Silventoinen et al. 2003; though see Wells and Stock 2011).

In addition to genotype, phenotypic plasticity represents an alternative means
whereby organisms can respond to ecological stresses (West-Eberhard 2003). It
might appear intuitive that phenotypic plasticity should favor adaptation to ecologi-
cal conditions—however, not all plasticity results in greater fitness (Via et al. 1995;
Ellison and Jasienska 2007). For human body size, some of the variability in adult
phenotype derives from growth variability early in the life course. Growth becomes
increasingly canalized from early childhood on (Bogin 1999; Mei et al. 2004; Smith
et al. 1976). This pattern, in which plasticity in many traits is greatest in early life,
is widely prevalent across species (Bateson 2001; McCance 1962; Widdowson and
McCance 1960). Such “developmental plasticity” is certainly one way in which
phenotypic variability is shaped by ecological stresses. In humans, however, the
primary period of plasticity occurs two decades prior to exposure to the adult envi-
ronment, wherein many selective pressures relevant to reproductive fitness must
act. This raises questions regarding the extent to which developmental plasticity in
our species is indeed adaptive throughout the entire life course or under all ecologi-
cal circumstances.

That human growth variability has an adaptive component over the short term is
well established. In general, higher body weight at birth and during infancy is asso-
ciated with greater survival early in life (Hogue et al. 1987; Kow et al. 1991; Victora
et al. 2001), when extrinsic mortality risk is greatest. When nutritional supply is
constrained, however, offspring grow slowly and appear to prioritize growth and
development of some organs or body components at the cost of others (Hales and
Barker 1992; Latini et al. 2004; Pomeroy et al. 2012).

The notion that early growth variability has long-term adaptive value is more
controversial. If ecological stresses encountered in early life persist into later
life, then developmental plasticity might promote fitness of the organism in its
adult environment. For example, the thermal environment tends to be relatively
consistent across broad global regions; hence, heat and cold stress early in life
might induce beneficial adjustments in body size and proportions. Consistent
with that hypothesis, ecogeographical analyses have demonstrated correlations
of both adult phenotype and birth weight with heat stress (Roberts 1953;
Katzmarzyk and Leonard 1998; Wells and Cole 2002; Wells 2012a), suggesting
that human adaptation to the thermal environment begins in utero.

In volatile or unpredictable environments, however, deriving adult adaptation
through early-life plasticity is inherently challenging. Paleoclimate evidence indi-
cates that hominin evolution took place in increasingly stochastic environments
(Bonnefille et al. 2004; Lisiecki and Raymo 2005; Potts 2012a, b; Trauth et al.
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2005). Long-term “Milankovitch cycles” drive climate change over tens of thou-
sands of years (Glantz 2001). Shorter-term climate cycles are also evident in the
hominin paleoclimate record (Wang et al. 2008), including some that are analogous
to contemporary El Nifio-Southern Oscillation (ENSO) cycles (Hughen et al. 1999).
These climate cycles, in turn, can be assumed to have introduced shorter-term eco-
logical variability. Although phenotypic plasticity may potentially aid adaptation in
such stochastic environments, developmental plasticity has a low degree of revers-
ibility (Piersma and Drent 2003), and any adaptive benefits might not extend into
adulthood.

This potential for “disconnect” between early-life plasticity and later-life adapta-
tion is likely to have been exacerbated in recent human evolution by a substantial
lengthening of the developmental period (Bogin and Smith 1996) which, paradoxi-
cally, may itself have been favored by stochastic environments (Wells 2012b).
Whereas other female apes achieve reproductive maturity within a decade of birth
(Galdikas and Wood 1990; Robson and Wood 2008), humans require around two
decades to reach the same state. In volatile environments, this extended growth
period decreases the likelihood that early plasticity will generate traits well suited to
the ecological conditions encountered in adulthood. How then can developmental
plasticity actually allow beneficial adaptation to the environment?

While ecological stresses may be evaluated in terms of direct, material environmental
effects on growth, they may also be considered as a source of “information” about the
quality of the environment with the potential to have more indirect, sustained effects
(Bateson 2001). We can reframe the dilemma concerning timing of adaptive influences
on developmental plasticity as follows: how might information received by organisms
early in life be translated or processed in terms of adaptive growth patterns?

3.2 Developmental Plasticity as Information Processing

Several different models of developmental plasticity as information processing
have been proposed previously. A general approach was offered by Bateson (2001);
in this “weather forecast” model, the developing organism receives cues of impend-
ing environmental conditions and selects an appropriate developmental trajectory
accordingly. Since physiological plasticity cannot be maintained indefinitely, a spe-
cific strategy must be selected early in life during a critical window of development.
An accurate weather forecast is assumed to enable an appropriate future strategy,
whereas an inaccurate forecast results in the organism being poorly prepared for its
long-term environment. Key questions arising from this perspective are, first, what
specific cues about the environment are obtained and, second, what broader eco-
logical parameters do those cues index?

This “forecasting” framework has been extended by Gluckman and Hanson
(20044, b) in the form of the “predictive adaptive response” (PAR) hypothesis. This
model assumes that developing offspring receive cues during pregnancy about the
state of the environment and use them to predict the adult environment in which
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reproduction is likely to take place (Gluckman and Hanson 2004a, b; Gluckman
et al. 2007). For example, offspring experiencing famine in early life are assumed to
prepare for persisting famine in adulthood through enhancing traits such as insulin
resistance and central adiposity. The challenge of this approach for a long-lived spe-
cies like humans is that predictions about the environment must be accurate for
several decades in the future and remain accurate, given that reproduction does not
even begin until late in the second decade after birth.

This PAR hypothesis has been extensively criticized on several grounds, all
related to the idea that such long-term forecasting is implausible (Jones 2005;
Bogin et al. 2007; Rickard and Lummaa 2007; Wells 2007a, 2010, 2012c). First,
spectral analyses of simulated or historically stochastic environments fail to sup-
port the hypothesis that current or recent-past conditions can predict future condi-
tions (Wells 2007a; Baig et al. 2011). Second, mortality is highest in human
foragers in early life, raising questions as to how “long-term anticipatory adapta-
tion” could develop in traits already strongly exposed to selection earlier in the life
course (Wells 2007a). Third, empirical data often contradict the predictions of the
PAR hypothesis (Wells 2012c): for example, Gambians under seasonal energy
scarcity do not develop insulin resistance following low birth weight (Moore et al.
2001). An alternative “silver spoon” hypothesis predicts that offspring receiving
more early-life investment have higher reproductive fitness in all types of adult
environments (Monaghan 2008). This hypothesis is supported in the comparative
literature for a variety of vertebrate animal species, including humans (Monaghan
2008; Hayward et al. 2013).

An alternative “maternal capital hypothesis” emphasizes that the information
processed by offspring during placental nutrition and lactation derives from the
maternal phenotype, rather than directly from the external environment (Wells
2003, 2010, 2012c). Notably, human birth weight is only moderately depressed
during maternal famine and only moderately increased following maternal sup-
plementation, indicating that maternal physiology buffers the fetus from short-
term fluctuations (Wells 2003). Exposure of the fetus to maternal phenotype,
representing the cumulative effect of the nutritional environment experienced
during development (Emanuel et al. 2004; Hypponen et al. 2004; Jasienska
2009), as well as any previous reproductive experience for the mother, means
that “short-term fluctuations [are] smoothed out to provide a more reliable rating
of environmental quality” (Wells 2003). In this approach, adaptation through
developmental plasticity is considered to be not to long-term future conditions,
but to “maternal capital” (Wells 2003, 2010, 2012c). This approach also emphasizes
that offspring plasticity makes possible “maternal effects” that benefit maternal
as well as offspring fitness (Wells 2003, 2007b).

Elements of both the PAR hypothesis and maternal buffering have been pre-
sented by Kuzawa (2005) in his model of “intergenerational inertia.” As with the
maternal capital hypothesis, Kuzawa argued that maternal phenotype buffers the
offspring from short-term ecological perturbations and provides a smoothed signal
of ecological conditions deriving from matrilineal experience. As in the PAR
hypothesis, however, Kuzawa assumes that this smoothed signal early in life aids
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the long-term prediction of ecological conditions, by providing “a ‘best guess’ of

conditions likely to be experienced in the future” (Kuzawa and Bragg 2012).
These three models, therefore, while they all treat developmental plasticity as

adaptive, have significant differences (Box 1). One difference involves the timescale

Box 1: Different Models of the Adaptive Nature of Developmental
Plasticity

Authors and

Hypothesis reference Source of ecological cues Target of adaptation
Maternal capital Wells (2003,  Maternal phenotype, Matching early offspring
2010) integrating effects of maternal | growth to maternal
development (and hence nutritional resources

grandmaternal phenotype),
and life history strategy

Predictive adaptive | Gluckman External environment Matching adult phenotype
response and Hanson to adult reproductive
(2004a, b) environment
Intergenerational = Kuzawa Maternal and matrilineal Matching adult phenotype
inertia (2005) phenotype to adult reproductive
environment

We aimed to develop a simple mathematical model that enables the evaluation
of different strategies by which offspring can obtain information early in life
on environmental conditions relevant to fitness. We addressed three different
types of ecological variability, as depicted schematically in Fig. 3.1. First, the
environment may be subject to clear annual cycles, with peaks and troughs in
ecological productivity. Second, the environment may be subject to system-
atic trends, such that ecological productivity may rise or fall over lengthy time
periods, as might occur through larger climate trends. Third, the environment
may be subject to irregular, unpredictable “extreme events,” which superim-
pose major perturbations on other, more consistent patterns. Each of these
three types of variability can be detected in the segment of the climate record
relevant to human evolution, as well as in recent decades. For example, India
experiences annual climate cycles, local systematic trends in rainfall, and
irregular  ENSO events that provoke monsoon failure (Glantz 2001;
Guhathakurta and Rajeevan 2007).

To operationalize this approach, we used rainfall data from India as an
index of ecological productivity and considered the kind of information that
could be extracted from this record and processed adaptively by humans early
in life, during the period of greatest developmental plasticity. We first consid-
ered the conditions under which it pays offspring to process information at all;
then, having demonstrated that information processing can indeed be adap-
tive, we considered how different kinds of ecological variability can be adap-
tively translated and processed.

(continued)



26 J.C.K. Wells and R.A. Johnstone

Box 1 (continued)

Ecological (a
conditions

Years

Fig. 3.1 A schematic diagram of variation in ecological conditions over time, illustrating
three components of variability: (a) regular cycles, such as seasonality, (b) long-term sys-
tematic trends such as climate change, and (c¢) extreme perturbations, such as El Nifio-
Southern Oscillation (ENSO) events

over which the information is acquired. Another difference concerns the stage of the
life course at which the adaptive response is assumed to be targeted. To date, debate
over these contrasting approaches has been conducted through verbal arguments,
with little systematic testing of competing hypotheses.

3.3 The Rationale of the Model

Data on monthly rainfall (R) for the period January 1871-December 2002 were
obtained from the IRI/LDEO Climate Data Library (http://iridl.ldeo.columbia.
edu), for the region of India designated “core monsoon,” located at 76°E,
22.5°N. The typical pattern of variability is shown in Fig. 3.2, illustrating both
annual variability and the 1900 ENSO event. We treated rainfall level as a proxy for
food availability, an ecological cue especially relevant to the organism during
development.

The primary outcome variable was birth weight (B), and our model assumed that
this trait is subject to two opposing tensions. On the one hand, below a certain thresh-
old, birth weight is inadequate for sustaining an infant. This favors increasing birth
weight. On the other hand, above a certain upper threshold, fetal growth exceeds the
mother’s capacity to extract energy from current or recent environments. In other
words, we considered that the challenge for the offspring is to calibrate its fetal
growth to ecological conditions in a way that avoids these extreme phenotypes.


http://iridl.ldeo.columbia.edu/
http://iridl.ldeo.columbia.edu/
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Fig. 3.2 The pattern of rainfall in the Indian data set used for this model, showing raw monthly
values and average annual values

Birth weight correlates strongly with adult size (Li et al. 2003; Sayer et al. 2004;
Euser et al. 2005). While larger birth weight brings higher fitness returns in adult
life (Wells 2007b), the trajectory of growth toward large adult size is inherently
constrained by the availability of maternal resources during early life. This assump-
tion is supported by evidence that human gestation length is constrained by ener-
getic rather than biomechanical factors (Leutenegger 1982; Ellison 2008;
Dunsworth et al. 2012).

We posed two key questions: how sensitive should birth weight be to environ-
mental cues, and how can useful information be extracted by the offspring from the
crude ecological record?

3.4 The Basic Model

The model was constructed using a succession of algorithms to simulate how human
offspring might process crude ecological information to derive an adaptive growth
strategy (Box 2). In order to express our results in a way that facilitates comparison
with empirical birth weight data, we assigned an average value for B of 3 kg (in
other words, we treat this value as a population average that is present now because
it maximized fitness in the recent past). The average value for R over the entire
period was 79.7 mm; hence, we converted all R-data entered into the model into
output B-data by dividing by (79.7/3), or 26.6.
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Box 2: Algorithms Tested Using the Model

The basic model Matching birth weight to rainfall in the last month

Simple smoothing Extracting a smoothed signal from rainfall using a rolling
average

Lengthening pregnancy Increasing the time period over which the rolled average

is collected

Minimal information processing | Weighting birth weight toward a fixed value and reducing
the contribution of the rolling average

Generational effects Collecting rolled averages from the plastic periods of two
or more successive generations

Variability in B can be crudely assessed using the coefficient of variation
(CV). Although a large CV provides one indication of the risk of excessive or
insufficient birth weight values, it is also helpful to see how this risk is distrib-
uted. We therefore calculated “fitness penalties,” as the difference between the
actual B value and 3 kg. The larger the difference, the more birth weight was
inadequate or excessive. These fitness values could be expressed in absolute
values or squared to make positive and negative penalties equivalent.

Using this model, we considered a range of information-processing algo-
rithms whereby growth could be calibrated to environmental conditions so as
to reduce fitness penalties.

3.5 Simple Smoothing

The crudest strategy for adjusting reproductive output to ecological conditions would
be for the organism to track R on a month-by-month basis, allowing B to respond to
the last available signal of R prior to birth, such that B is proportional to R:

Boc R (3.1

In the simulation, the standard deviation of R was 109.3 mm. As R fluctuated
substantially across every annual cycle [represented by the coefficient of varia-
tion (CV) of 137.2%] and B varied proportionately, direct tracking of R pro-
duced minimum and maximum values for B of 0 and 18.9 kg, respectively,
generating a very high proportion of nonviable B values and hence high fitness
penalties.

A simple way to model dampened sensitivity to crude variability in ecological
conditions would be to average the response to R over a longer time period (Wells
2003; Kuzawa 2005). For example, the duration of pregnancy allows ecological
information to act on the phenotype directly over a 9-month period, which can be
represented using a rolling average, as shown here:
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B x1/9(iR) (3.2)

This rolling average still varied between successive 9-month periods, and it itself
had a CV of 40.3 %. In order to test whether the variability of B could be further
reduced by extending the duration of the period of information processing (i.e.,
effectively increasing the duration of pregnancy), rolling averages were also calcu-
lated over 18-, 27-, 36-, and 45-month periods. In each case, the CV for birth weight
was calculated, along with squared fitness penalties.

Figure 3.3 illustrates the decline in CV and the increase in minimum birth
weight in relation to lengthening the duration of pregnancy. Integrating informa-
tion over 36 months or more reduced the CV of birth weight to ~10 % and the
range to 2-3.7 kg. The fitness penalty declined substantially up to 27 months, but
little thereafter. Thus, one way to minimize the likelihood of unviable birth weight
would be to “drip-feed” ecological information into the offspring phenotype over
a lengthy time period. However, lengthening pregnancy clearly has other penal-
ties in terms of maternal fitness, as it reduces fertility rate over the entire repro-
ductive career.

Paradoxically, a similar stability in birth weight could be obtained simply by
dampening sensitivity to ecological conditions—in other words, by minimizing the
weight given to current ecological information. This is equivalent to increasing a
genetic constraint on birth weight and reducing the magnitude of plasticity. For
example, a simple strategy in which birth weight was a function of a relatively
fixed expectation (3 kg), and allowed to vary only modestly around this value (say,
33 % of the actual difference between the 9-month average and 3 kg), also pro-
duced very low fitness penalties. When this strategy was used, the CV of birth
weight obtained was 12 %, the minimum birth weight was 2.19 kg, and the average
fitness penalty was 0.13. If fitness penalties can be minimized without significant
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Fig. 3.3 The effect of increasing the period of information processing (equivalent to increasing
the duration of pregnancy) on variability in birth weight. (a) Lengthening pregnancy decreases the
coefficient of variation and increases the minimum birth weight value. (b) Lengthening pregnancy
decreases the fitness penalties arising from suboptimal birth weights
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information processing, then there must be another axis of ecological variability,
not addressed in the modeling so far, that is important.

3.6 Long-Term Ecological Trends

The limitations of the fixed “minimal processing” strategy become evident if we
manipulate the raw rainfall data to introduce a downward secular trend in over time,
thus simulating a long-term ecological trend that was not actually evident in our
130-year rainfall data.

The distribution of raw error in rainfall over time was plotted for the two sce-
narios: (a) no trend over time versus (b) a downward trend. The resulting CV of
birth weight was 12.1 % for no trend and 13.8 % for the downward trend. The fit-
ness penalty was 0.13 (SD 0.14) for no trend, but 0.17 (SD 0.19) for the downward
trend, indicating relatively similar overall fitness in both scenarios. However, as
illustrated in Fig. 3.4, the distribution of the raw (unsquared) fitness penalties for
each scenario showed that whereas penalties were randomly distributed in the absence
of any trend in rainfall, they changed systematically across time with the down-
ward trend.

The “minimal processing” strategy systematically produced birth weight val-
ues lower than the optimum during the early part of this downward trend and
higher values than the optimum during the end of the trend. This means that
should a trend ultimately lead to the environment stabilizing at a lower level of
rainfall, a “minimal processing” strategy would remain locked into higher fitness
penalties, with birth weights exceeding adaptive levels for the available energy
supply. Thus, a fixed strategy cannot accommodate long-term trends and would be
outcompeted by the plastic smoothing strategy described above, allowing sensi-
tivity to ecological signals.
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Fig. 3.4 The distribution of fitness penalties when information processing is minimal in different
types of environment. (a) In a stable environment, fitness penalties are randomly distributed. (b) In
an environment systematically declining in productivity over time, fitness penalties are not ran-
domly distributed and may become systematically high since the phenotype cannot adjust to the
ecological change
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3.7 Generational Effects

On the basis that information processing is indeed valued, but cannot be obtained
through extending the duration of pregnancy, we considered an alternative algo-
rithm that could process greater quantities of ecological data.

Since plasticity in each generation is greatest in early life, a maternal effect was
introduced to simulate conditions during the mother’s own early life. Assuming a
generation time of 20 years, the maternal effect was operationalized by integrating
rolling averages from both the current 9-month period (G0) and a second 9-month
period 20 years earlier (G1). In this model, therefore, both maternal developmental
conditions and current maternal conditions could shape the offspring B value. This
represents a one-generation maternal effect, i.e.,

B o< 1/18{(2R]+[t§0RJ} (3.3)

The model was further developed by adding simulations (G1 through G4) that
included up to five generations of additional maternal effects. The final model,
therefore, simulates the integration by the offspring of information on the current
9-month period (GO0), as well as 9-month periods 20 years ago (maternal effects,
G1), 40 years ago (grandmaternal effects, G2), 60 years ago (great-grandmaternal
effects, G3), 80 years ago (great-great-grandmaternal effects, G4), and 100 years
ago (great-great-great-grandmaternal effects, G5):

B 1/54{(§RJ+(‘§°RJ+(‘fzz){'ﬁ%){'ﬁf&}('fk)} G4

=249 t—-489 t=729 =969 t-1209

Each of these models was run using R-data from the period of 1970-2002, and the
range and CV of B were calculated. As shown in Fig. 3.5, there was a decline in the
CV of B with each additional generation of lag for the first three generations; adding
in further generational effects produced a negligible difference in the outcome.

Since these findings indicated no substantial benefits of integrating data across
more than three generations preceding the focal developmental period, all subse-
quent models used just one or three generations of lag—that is, incorporating either
maternal effects or great-grandmaternal effects.

3.8 Buffering Extreme Events

We next tested the effect of a sudden drastic decline in R in the past, as in an ENSO
event. The average annual value for R in the entire data set was 79.7 mm; however,
3 years during this period reflected particularly severe ENSO events, during which
the annual average rainfall was markedly lower: 1899 (38.0 mm), 1920 (43.8 mm),
and 1970 (50.9 mm).
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Fig. 3.5 The effect of introducing maternal effects (which buffer short-term ecological variability)
across increasing numbers of generations on variability in birth weight. (a) For the first three gen-
erations, each extra generation of lag increases buffering, decreases the coefficient of variation, and
increases the minimum value of birth weight. (b) For the first three generations, increased buffering
also decreases the fitness penalties arising from suboptimal birth weights. However, for all out-
comes, benefits are minimal when extending maternal effects across four or five generations

"""" 1 generation lag
e 3 generation lag

3
Birth weight |
(kg)
2.
1 4
0
1991 1992

Fig. 3.6 The effect of one versus three generations of maternal effects, or buffering ecological
variability, on offspring birth weight following an extreme event at the time of the mother’s birth.
The impact of this maternal stress on the offspring’s birth weight is greatly reduced by the multi-
generational buffering process

The model assumed that offspring were born in 1990, 20 years after the 1970
ENSO event, which had therefore occurred during the mothers’ own fetal life. Birth
weight patterns for offspring were calculated incorporating either one or three gen-
erations of maternal buffering of intergenerational environmental variation, as
explained above. When maternal effects only were incorporated, birth weight of
offspring dropped as low as ~1.5 kg, whereas when great-grandmaternal effects
were used, the lowest birth weight was ~2.5 kg (Fig. 3.6).
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This simulation therefore showed that multigenerational damping of environmental
effects has the potential to be very successful at buffering offspring from the conse-
quences of extreme short-term perturbations experienced by their mother during her
own development. Only a modest adverse effect is propagated to future generations. In
the event that several additional generations are spared such extreme events during
fetal life, this adverse effect would be expected to wash out entirely.

3.9 Predicting the Future

The final model tested the capacity of offspring birth weight to predict subsequent
ecological conditions, as simulated using two different strategies. In the first
approach, birth weight based on a 9-month rolling average was associated with
rainfall in the following month (r=0.14, p <0.0001) and with maternal phenotype at
1 year (r=0.79, p<0.0001), but not with rainfall 20 years in the future, either aver-
aged over 1 year (r=0.03, ns) or 20 years (r=0.05, ns).

Using the three-generation lagged model for birth weight, there was no correla-
tion between offspring phenotype at birth and rainfall in the subsequent month
(r=-0.09, ns) (Fig. 3.7a). On the other hand, a strong correlation was found between
offspring phenotype at birth and maternal phenotype 1 year later (r=0.62, p<0.0001)
(Fig. 3.7b). Since offspring phenotype is derived from the maternally smoothed
signal, this demonstrates how maternal phenotype can represent a stable ecological
signal in the immediate postnatal period, regardless of how the external environ-
ment actually changes during this time. Figure 3.7c, d shows, further, that there was
no correlation between offspring phenotype at the time of birth and a 1-year average
of R 20 years in the future (i.e., ecological conditions when the offspring will reach
reproductive maturity) (r=—0.08, ns) or a 10-year average of R commencing 20
years in the future (i.e., ecological conditions during the offspring’s reproductive
career) (r=-0.08, ns). Thus, the results of this simulation suggest that information
extracted from maternal phenotype in early life cannot match the offspring’s pheno-
type with ecological conditions encountered in adult life.

3.10 Discussion

We used a simple mathematical simulation model based on an actual historical data
set of ecological conditions to investigate different strategies whereby offspring
might adaptively process information relevant to fitness during early, sensitive peri-
ods of development. The challenge facing the offspring was to be able to respond to
ecological stresses in early life, but not to the extent that growth patterns became
extreme. We then considered whether strategies that solved this dilemma could
match the organism’s phenotype with ecological conditions in adulthood. The main
findings were as follows.
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First, even crude processing of available information is a more adaptive strategy
than ignoring ecological cues altogether and has the potential to reduce the likelihood
of unviable birth weight while also tracking long-term ecological trends. Although a
new genetic set point for birth weight could evolve over many generations, such an
evolutionary process would be very slow relative to the actual rate of ecological change.
Consistent with this argument, relatively little of the variance in human birth weight
can be accounted for by genetic factors (Magnus et al. 2001; Lunde et al. 2007).

Second, while lengthening the period over which ecological information is col-
lected should help buffer short-term variability, there is a limit to how far this strat-
egy can be applied, given that it imposes costs on maternal fertility. Thus, lengthier
pregnancies eventually become an inefficient way of smoothing ecological signals
and constraining extreme growth patterns. This result is supported by recent work
demonstrating that the maternal energy budget is insufficient to support lengthier
human pregnancies (Ellison 2008; Dunsworth et al. 2012).

Third, an alternative, beneficial damping effect can be introduced by incorporat-
ing maternal effects, and this effect can be multiplied across several successive gen-
erations. In our simulation, little additional benefit accrued beyond three generations
of lag; however, the outcomes of this scenario might vary according to the degree of
ecological stochasticity. Biological mechanisms for such lags may involve epigen-
etic marks, though the available evidence suggests that these are only rarely trans-
mitted directly across generations (Youngson and Whitelaw 2008; Hackett et al.
2013). In the female line, the ovum that contributes to each offspring has already
been exposed to the maternal uterine environment—and hence the grandmaternal
phenotype —allowing grand maternal nutritional effects to be transmitted directly to
grand offspring (Youngson and Whitelaw 2008; Drake and Liu 2010).

Fourth, such a multigenerational damping strategy could be very effective at
avoiding the propagation of effects of severe ecological shocks to future genera-
tions. A mother born during an ENSO event is relatively well buffered by the three-
generation lag, so that her own offspring is only moderately below the optimal birth
weight. We consider this protective effect especially valuable, since size in early life
is highly predictive of infant survival (Hogue et al. 1987), and infancy is the period
of greatest extrinsic mortality risk in our species (Kelly 1995).

Fifth, although the ecological information extracted via the maternal phenotype
allowed accurate short-term predictions using that maternal source of information,
none of the strategies for information processing using in our simulations demon-
strated any ability to predict long-term future conditions. Neither a short-term index,
as proposed by (Gluckman and Hanson 2004a, b; Gluckman et al. 2007), nor an
index smoothed across several ancestral generations, as proposed by Kuzawa
(2005), showed any correlation with long-term future conditions. There was, how-
ever, a short-term correlation between offspring birth phenotype and maternal phe-
notype 1 year after birth.

These simulations therefore provide support for the maternal capital model of
developmental plasticity (Wells 2003, 2010, 2012c), but not for models that assume
that developmental plasticity enables fetal/infant phenotype to vary in anticipation
of future ecological conditions (Kuzawa 2005; Gluckman and Hanson 2004a, b).
The results of these simulations are also consistent with epidemiological studies
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which have shown that fetal growth is relatively resistant to short-term spikes or
troughs in maternal energy intake, as reviewed previously (Wells 2003; Kuzawa
2005). The results regarding the inability to predict future conditions, moreover, are
consistent with previous simulations (Wells 2007a; Baig et al. 2011).

The fact that short-term predictions are possible in our model shows that the off-
spring can make a prediction about the nutritional supply likely to be available immedi-
ately after birth, during the lactation period. Since both the signals being processed and
the nutritional supply after birth derive from maternal phenotype, this effectively means
that the fetus can calibrate its growth to the likely supply of breast milk during infancy.

This is a specific prediction of the maternal capital hypothesis which, unlike other
models, assumes that the primary fitness benefit of developmental plasticity is to enable
a close match between offspring growth trajectory and maternal phenotype (Wells 2003;
2010; 2012c). However, another key reason why selection favors a match between
maternal phenotype and offspring growth is that every fetus must avoid growing beyond
the dimensions of the maternal pelvis to avoid the risk of cephalon-pelvic disproportion
(Wells et al. 2012; Wells 2015).

The use of a simulation model to explore human adaptation has some strengths,
as it allows comparison of different strategies across several generations, an
approach rarely possible using data on humans themselves. However, the model
also neglected some potentially important issues. For example, information does
not only enter phenotype during the 9-month period of pregnancy each generation.
A more realistic model would allow information to enter phenotype over longer
time periods; hence, our model only investigates the effect of multigenerational lags
acting on pregnancy. Similarly, human developmental plasticity extends into
infancy, and growth during infancy can resolve some of the variability that charac-
terizes birth weight; however, this was not addressed.

Despite these limitations, the model is valuable in demonstrating how maternal
effects can damp ecological perturbations including extreme events. The same buff-
ering process may have been important in enabling humans to migrate between
contrasting ecological niches, by damping offspring from sudden shifts in nutri-
tional supply during the most sensitive period of development (Wells 2012c). Thus,
the fact that developmental plasticity does not allow forecasting of long-term adult
environments does not mean that the process has no adaptive value. Rather, devel-
opmental plasticity in early life appears of greatest value in promoting survival
during early life, a time when extrinsic mortality risk is high. This issue has impor-
tant implications for public health policies aimed at addressing chronic malnutri-
tion, as our findings suggests that continued maternal buffering via lactation may
benefit prevent catch-up “overshoot” in the early postnatal period.
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Chapter 4
Development of Human Sociosexual Behavior

Peter B. Gray and Matthew H. McIntyre

Abstract Sociosexual behavior can be defined as behavior that entails the move-
ments of sexual behavior (e.g., mounting) but occurs in wider social contexts (e.g.,
intercourse, play, reconciliation). An important goal of research on human evolu-
tion and health across the life course is to synthesize the limited data available on
human infant and juvenile sociosexual behavior. To many, the subject of this chap-
ter may seem like a non-starter, both because it is morally and religiously off limits
to some, and also because of the conventional scholarly view that sexuality appears
relatively suddenly at puberty. As we illustrate here, human sociosexual behavior
has a start early in development, and an evolutionary perspective can highlight
adaptive and health-related aspects of its patterning. Toward those ends, we first
discuss the evolution of the human life history, highlighting the early ages of wean-
ing and extended juvenile phases, and how those provide expanded opportunities
for sociosexual play. We consider these aspects of the human life history in com-
parative context, drawing upon nonhuman primate examples of sociosexual devel-
opment. We then review the scant available data on human subadult (including
infants, nursing children, and weaned pre-adolescent juveniles) sociosexual behav-
ior, also pointing toward health-related implications of this body of work.

4.1 The Evolution of Human Subadulthood, Learning
and Play

Beginning in the 1960s, [leading scholars] all made major claims about the importance of
evolution for the study of human behavioral development. Lorenz and Tinbergen...saw in
human development a logical practical application for their expertise on the apparent con-
frontation of nature and nurture. Skirting this ancient battlefield, they called special atten-
tion to the role of species-specific behavior and to the functions of play in the growth of
competence.

—Melvin Konner, The Evolution of Childhood
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Infancy is typically defined as the period from birth to weaning, and is followed
by the juvenile stage (weaning to puberty). As Bogin (1999) has argued, humans
wean their offspring at younger ages than expected based on the life histories of
other primates, resulting in the emergence of an additional childhood stage of the
life course. The term subadult can be used to embrace all of these prepubertal life
history stages—infancy, childhood, and juvenility.

The evolution of human subadulthood has attracted considerable attention
(Bogin 1999; Muehlenbein 2010). Compared with that of our ape relatives, a strik-
ing feature of the human life history is early weaning. While wild chimpanzees
wean their offspring by around 4-5 years, and orangutans by 6-7 years, infants of
hunter-gatherers are weaned by around 3 years, with weaning even earlier in other
non-foraging societies (Hrdy 1999; Robson and Wood 2008). Another striking fea-
ture of the human subadult life history is the extended juvenile phase —the period of
growth and development that precedes puberty and adolescence. This extension is
accompanied by delayed onset of reproduction; presumably, the costs of this delay
are outweighed by the fitness benefits of a longer developmental period. Recent data
on the age at first reproduction for human hunter-gatherer females support the find-
ing of a later onset of reproduction (e.g., around 18-20 years of age) for humans
than for wild apes, such as chimpanzees (around ages 13) and orangutans (around
age 15) (Robson and Wood 2008).

A variety of models have been advanced to account for these derived features of
the human life history. Charnov (1993) sees an extension of all life history phases
resulting from lower adult mortality, with the extended juvenile phase an incidental
result of this overall extension. Bogin (1999) suggests that human alloparental care
(care by individuals other than the mother) enhances lifetime female fertility by
reducing interbirth intervals (time between successive births) and increasing sub-
adult survival, incidentally yielding a childhood phase. Others focus on the adaptive
benefits of an extended juvenile phase for learning essential ecological and social
skills (see Geary 2010; Konner 2010), including skills needed to negotiate same-sex
and mating relationships—all of which ultimately determine reproductive success.

Debates continue over the selective forces driving the evolution of earlier ages of
weaning and extended juvenile phases in humans (including whether social learning
is a cause or consequence of this evolution); these derived life history features
undoubtedly have implications for the development of sociosexual behavior.
Extended subadult phases provide more time to learn (Geary 2010; Konner 2010)
locally relevant economic tasks (e.g., foraging skills) as well as social skills neces-
sary for survival and reproduction. Through play, subadults can develop motor, cog-
nitive, and emotional capacities during a developmentally sensitive phase that
allows fine-tuning capacities needed for survival and reproductive success. Play
entails opportunities for motivated practice and experience during a behaviorally
plastic stage, without the high-stakes reproductive competition of adulthood.

Play that anticipates adult sociosexual behavior clearly should be important in an
evolutionary context, and the development of sexuality, as distinct from other sex-
typed behaviors, has obvious adaptive value. Young males of most mammal species
are seen as needing to learn about male—male competition and to be sufficiently
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Fig. 4.1 How children typically don’t learn about sociosexual behavior. Baby reading Kinsey
male volume (KI-DC: 44933)

motivated to perform basic mating behaviors when the opportunity arises. Young
females are thought to be mainly learning about mothering and to be sexually recep-
tive at the right times. As we learn more about the functions of adult sexuality,
however, including infanticide avoidance and pair bonding, questions about the
development of these behaviors become more interesting, particularly in the broader
adaptive context for sex-typed and reproductive behavior. For more specific exam-
ples, we turn to comparative studies of nonhuman primate sociosexual develop-
ment, and then consider human patterns of sociosexual development in greater
depth (Fig. 4.1).

4.2 Nonhuman Primate Sociosexual Patterns

Given that sociosexual patterns are found in all the great apes and are evident during infancy
and juvenile life in orang-utans and gorillas, though much less commonly in adulthood, it
is reasonable to suggest that sexual patterns might occur during play and other activities in
human children.

— Alan Dixson, Primate Sexuality, 2012

Nonhuman primates clearly engage in sociosexual behavior as subadults. As
Alan Dixson’s notes in his 2012 review of primate sexuality, “Sociosexual patterns
of mounting, presentation, mutual embracing, and genital inspection or manipula-
tion begin to develop during infancy in many monkeys and in the great apes.”
(Dixson 2012, p. 153). For example, male stumptail macaques play with each oth-
er’s genitals; juvenile squirrel monkey males display their erect penes to others; and
male rhesus monkeys engage in dorsal-ventral mounting of other males.

To understand sociosexual behavior of our recent ancestors, we can compare
humans with the great apes— particularly chimpanzees and bonobos—who share a
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common ancestor around one million years ago. Although young chimpanzees
begin sex play earlier and at higher rates than gorillas (Watts and Pusey 1993),
bonobo juveniles engage in even higher rates of sexual contact (same- and opposite-
sex) than do chimpanzees, paralleling the notorious differences between the two
species in adult sociosexuality (Woods and Hare 2010). The shortage of relevant
data on gorillas and orangutans makes it difficult to say more, other than that juve-
nile sociosexuality very likely occurred among our forebears—a pattern consistent
with that in a wide range of primate species.

The nonhuman primate pattern of “sex-typed” behaviors generally parallels the
sex differences commonly observed in humans, such as higher rates of rough-and-
tumble play for males and offspring-play care for females (Cohen-Bendahan et al.
2005; Hines et al. 2004; Lippa 2005). Meredith (2012) recently summarized these
patterns in wild nonhuman primates: “Juvenile females show more interest in
infants than their male peers in many species...when sex differences in play are
found, males play more frequently and more intensely than females (pp. 17—18).” In
addition, a recent study of wild chimpanzees showed that when playing with a stick,
juvenile females acted as if the stick were a baby (like a human child with a baby
doll) more often than did juvenile males (Kahlenberg and Wrangham 2010). Among
captive infant gorillas, males engaged in higher rates of social (e.g., wrestling) and
object play than females, and both males and females preferred playing with male
partners. These infant gorilla patterns parallel adult gorilla social behavior
(Maestripieri and Ross 2004).

These specific patterns of primate subadult sexual and sex-typed behaviors are
likely to have arisen through natural selection, and not only as inherited patterns
constrained by our ancestry. Although few studies have been conducted on socially
monogamous primates, Chau et al. (2008) noted that sex differences in subadult
play tend to be found in polygynous species, such as squirrel monkeys, but are
absent in more monogamous species such as common marmosets and cotton-top
tamarins. This trend underscores the probable adaptive value of sex differences in
juvenile sociosexual behavior: as a form of training for adulthood, where sex-
specific behaviors are critical for reproductive success—for example, mothering in
the case of females and fighting in the case of males.

4.3 Patterns of Human Sociosexual Development

[H]ugging and kissing are usual in the activity of the very young child, and...self manipula-
tion of genitalia, the exhibition of genitalia, the exploration of genitalia of other children,
and some manual and occasionally oral manipulation of the genitalia of other children
occur in the two- to five-year olds more frequently than older persons ordinarily remember
from their own histories. Much of this earliest sex play appears to be purely exploratory,
animated by curiosity...

— Alfred Kinsey and colleagues, Sexual Behavior in the Human Male

Although data on human hunter-gatherers are sparse, there have been reports
describing childhood sociosexual behavior among several different societies. A
biography of Nisa, a !Kung woman from southern Africa, describes the ways chil-
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dren learn and practice sexual behavior (Shostak 1981). !Kung children sleeping
near their parents hear them having sex at night. Girls engage in sex play with other
girls, boys with boys, and boys and girls play together, often out of sight of adults.
Typical sex play includes elements of coupling, affairs, and pretend intercourse,
with play becoming more adult-like among older children. Among Aka foragers of
Central African Republic, Barry and Bonnie Hewlett (Hewlett and Hewlett 2010,
p. 114) note that, “Some [Aka] mentioned that sometimes children of the same sex
(two boys or two girls) imitate parental sex while playing in camp and we have
observed these playful interactions.” And Frank Marlowe comments, regarding
Hadza foragers in Tanzania that, “Hadza girls and boys begin “playing house” liter-
ally, building little huts, around the age of 7 or 8. There is some sex play when they
enter the huts. Sometimes sex play among children occurs in full view of everyone;
sometimes it is between two children of the same sex. Once, several Hadza and 1
watched two girls about 8 years old hugging and rolling around on the ground,
clearly enjoying themselves in a sexual way. With increasing age, this sex play dis-
appears; at least, it disappears from view.” (Marlowe 2010, p. 168). Among
Australian aborigines from Arnhem land, boys and girls pretend to engage in inter-
course and play husband and wife, with these aspects of sex play becoming more
adult-like the closer they are to adolescence (Berndt and Berndt 1951). Similarly
rich anecdotes are available from horticultural societies.

Robert Suggs notes among 1960s Marquesan Islanders that, “Masturbation
among males begins at about the age of three, or sometimes earlier.... At the age of
approximately seven years, other forms of group sexual activity appear, which are
heterosexual. Boys and girls, playing at “mother and father,” will often place their
genitalia in contact for brief periods. The girl either stands against a tree or lies
supine on the ground, with the boy assuming the normal position for coitus. Contact
is brief, accompanied occasionally by pelvic movement with much laughter. This
activity is carried out in isolated areas where adults will not be apt to surprise the
gathering.” (Suggs 1966). In this account, age-related patterns of sociosexual play
stand out, by which autosexual (e.g., masturbation) behaviors initially prevail, but
are later complemented by more interpersonal sociosexual behaviors including play
marriage. Generally, fewer data are available on girls’ sociosexual behavior than
boys’, and there are important considerations of privacy between children and adults
around engaging and observing sociosexual behaviors.

A classic cross-cultural survey by Ford and Beach (1951) focused on attitudes
toward childhood sexuality using information coded from a culturally standardized
data set. They identified three broad categories of societies: restrictive, semi-
restrictive, and permissive. They documented considerable cross-cultural variation
in how childhood sexuality was perceived, with some societies far more open to its
expression and exploration than others. At one extreme, permissive societies
included the Alorese of Indonesia, in which mothers would sometimes play with a
nursing child’s genitals, and young boys might masturbate in view of adults. At the
other end of the spectrum, boys of the Murngin of Australia, a restrictive society
were removed from their parents’ dwelling to a bachelor or boys’ house in order to
prevent them from seeing their parents having sex. In addition to documenting and
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categorizing variation in childhood sexuality, Ford and Beach recognized that the
way in which childhood sexuality was viewed within a society tended to be associ-
ated with restrictions on adult sexuality. That is, children’s sociosexuality was struc-
tured similarly to that seen in adulthood.

The cross-cultural evidence shows that sociosexual behavior normally begins
before puberty. This is a typical primate pattern: it takes time for individuals to
learn all kinds of behavior, including sociosexual behavior suitable in a given
social context for each sex. Sociosexual play provides practice and experience in
behaviors that are later crucial for reproductive success. The pre-adolescent ori-
gins of human sociosexual behavior are also consistent with early physiological
development of the sexual response: young boys are capable of erections, girls of
vaginal lubrication, and both sexes of orgasm (without ejaculation) (LeVay and
Baldwin 2009). One remarkable fetal ultrasound documented what appeared to be
a boy masturbating, suggesting that some of the pleasure circuitry of the sexual
response may develop even before birth (Meizner 1987). Moreover, as noted in
the Hadza anecdote above and other research on children in the USA (Maccoby
1998), human childhood sex play has a context of long-term reproductive bonds
(such as marriage). Sex play might be expected to develop in parallel with social
skills associated with finding and maintaining a long-term partnership in humans;
this is not the case for most other primates, especially our closest living relatives,
chimpanzees and bonobos, consistent with the fact that they do not typically have
long-term partnerships.

As a complement to cross-cultural accounts, in-depth quantitative studies of
childhood sexuality have been undertaken in the USA and several European coun-
tries (Table 4.1). The first of these was launched by Alfred Kinsey, and based largely
on interviews with adults asked to recall features of their childhood sexuality
(Kinsey et al. 1948, 1953). While aspects of Kinsey’s work remain controversial
(e.g., non-random samples, ethical issues concerning the inclusion of data obtained
from a man engaging in sex contacts with children), no better U.S. data on child-
hood sociosexual behavior have been obtained since. Among the important patterns
found by Kinsey and colleagues was the finding that boys expressed greater motiva-
tion than girls to engage in sex play.

More recent large-scale US and European studies have attempted to characterize
patterns of childhood sexuality by asking parents about their kids’ sexual behavior.
Since older children may be more aware of their behavior, and desire to shield it
from parents’ eyes, data from such studies more closely reflect parental observa-
tions than actual childhood sexual behavior (This methodological issue may help
reconcile discrepant results in Kinsey’s work with more recent Dutch and US stud-
ies based on parental reports: i.e., Mallants and Casteels 2008; Schoentjes et al.
1999). Nonetheless, results from other studies, some relying on individual self-
report of children (rather than or parent, teacher, or doctor) support the following
theme: “[T]here seems to be a gradual rise in masturbation in the prepubescent
years, from around 10 % at the age of 7 to about 80 % at the age of 13.” (Mallants
and Casteels 2008:1113).
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Table 4.1 Summary of in-depth quantitative studies of childhood sexuality in the USA and

Europe

Sample

Key findings

References

U.S., mid-twentieth
century: adults recalled
their own childhood
sexual behavior

~10 % of females reported sex play between
ages 5-13; ~10 % of males reported sex play by
age 5, increasing to ~35 % of males by age
11-13;

~2-5 % of females reported opposite-sex coital
play across ages 5-13; 3 % of males by age five
increasing to 12 % of males age 11-13 reported
opposite sex coital play

Kinsey et al.
(1948, 1953)

~1000 Dutch children
aged 2—12: Based on
parents’ reports of
children’s sexual
behavior

Frequency of sexual behavior decreased across
ages 2—12, with similar rates between boys and
girls

Children exhibited increased sexual curiosity
with age (e.g., the percentage of children asking
about sexuality rose from 33 % aged 2-5 to 65 %
aged 6-9 and 10-12)

Schoentjes et al.
(1999)

~1100 US children:
Based on parents’
reports of children’s
sexual behavior

Percentage of children reported as touching their
sex parts in public, at home, masturbating by
hand or with a toy/object tended to decline
across age groups (e.g., 16 % of girls aged 2-5
but 7 % of girls aged 10—12 were reported to
masturbate by hand)

Mallants and
Casteels (2008)

Swedish sample of 269:
High-school senior
students recalling
childhood sexual

Before age 13, over 80 % reported having
engaged in autosexual (e.g., masturbation) and
over 80 % recalled sexual experiences with
another child

Larsson and
Svedin (2002)

experiences

In addition to immediately influencing sociosexual behavior, a child’s socioecol-
ogy may impact adult sociosexual behavior. Draper and Harpending (1982) theo-
rized that a father’s presence early in a child’s development channels adult
sociosexual behavior toward less mating effort. Other models extend beyond a
father’s presence more generally to risks to reproductive success (as correlated with
variables such as external mortality), and predict that children developing in higher-
risk environments should undergo an earlier sexual debut and bias reproductive
effort of reproductive effort toward actual mating effort (Chisholm 1999; Ellis
2004). There is some support for these models using data from US populations, but
the international evidence largely refutes them (e.g., Schmitt 2005). Other individu-
als besides fathers with whom a young child spends considerable time (e.g., living
with) may also be shunned as adult mates, as postulated by Westermarck (1923).
There are also multiple lines of evidence supporting the idea that shared early-life
experiences act against later sexual desire, consistent with an adaptive developmen-
tal process fostering incest avoidance (see Wolf and Durham 2004).

These age-related changes in sociosexual behavior suggest that children gain
considerable practice by stimulating themselves and in sexual interactions prior to
puberty, when the sexual stakes become much more significant. While boys and
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Fig. 4.2 A model of the development of human sociosexual behavior

girls appear to express a comparable sexual curiosity earlier in development (e.g.,
up to age 5), their sexual behavior differentiates as they grow older, with males
engaging in higher rates of sex play than girls. These sex differences in sexual desire
at young ages resemble those in adulthood, and may be attributable to mechanisms
of sex differentiation (e.g., organizing effects of perinatal androgens on the brain:
Mclntyre and Hooven 2009). Girls and boys seem to engage in more adult-like
sexual behavior the closer they are to puberty, as they prepare for the realities of sex
and reproduction. The fact that older children seek to shield their sexual behavior
from adults suggests that privacy is important for human sex (Gray and Anderson
2010). It may also be consistent with evolutionary theory about parent—offspring
conflict, in the sense that it may be advantageous for kids to avoid parents’ interfer-
ence (Trivers 1974). Finally, sex play featuring couples (e.g., husband and wife) is
consistent with adult human behavior, in which long-term bonds are the typical
context for sexual behavior (e.g. Gray and Garcia 2013) (Fig. 4.2).

4.4 Development of Sociosexual Behavior

Androgens and estrogens play a central role in the pre- and perinatal development
of sex differences in the reproductive tract. Later on, as puberty approaches, steroid
sex hormones shape the development of sexually dimorphic traits, including differ-
ences in body size, shape, and growth patterns. These hormones are also impli-
cated—although less firmly—in the development of the brain (even before birth)
and of sex-differentiated behaviors in children (Table 4.2).
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Table 4.2 Methods of studying biological sex differentiation of children

Method Measurement of Advantages Disadvantages

Congenital Prenatal androgen Known, substantial Genitalia may be

adrenal exposure in girls hormone exposure masculinized (in addition

hyperplasia to brain)

Amniotic fluid | Prenatal steroid levels | Most direct measure of | Amniocentesis for

hormones in both sexes normal variation clinical purposes only

Pregnancy Prenatal steroid levels | Samples potentially Probably little

hormones in both sexes? more available and association between
representative than maternal and fetal
amniocentesis hormones levels

Digit ratios Mixture of prenatal Simple to collect in Small and spurious

(e.g., 2D:4D) androgens and large community effects may be common

estrogens? samples
Anogenital Prenatal Well validated in Less researcher interest
distance masculinization nonhuman studies in taking these
measurements

A developing child’s prenatally sex-differentiated brain is influenced by social
contexts, including cultural expectations of gender differences in children’s behav-
ior, different learning models and availability of play partners. For example, the sex
of older siblings can exert subtle effects on sex-typical behaviors. U.K. children
who have older brothers have been shown to exhibit more male-typical behaviors,
and children with older sisters more female-typical behaviors (Rust 2000). In other
studies, boys who tend to shy away from male-typical social behaviors (e.g., rough-
and-tumble play) are more likely to express a same-sex sexual orientation as adults.
One possible explanation for this is that initial personality and emotional reactions
shape an individual’s engagement with the social world, which then shapes the
expectations of his preferred friends and mates (see McIntyre and Hooven 2009).

One of the most notable social influences on sexuality is birth order (Poiani 2010).
Having lots of older siblings, particularly older brothers, is the best predictor to date of
a male having an adult same-sex sexual orientation, at least among the predominantly
European and North American samples in which this subject has been researched.
Similarly, Vasey and VanderLaan (2007) found that fa’afafine, Samoan men who have
a strong feminine orientation and play alternative gender roles tend to have more older
brothers (but they also tend to have more older sisters and more brothers overall).

There are various ways in which an association could arise between birth order
and sexual orientation or gender role. A major proponent of the “fraternal birth order
effect,” Ray Blanchard, speculates that maternal immune responses underlie this
pattern. Camperio-Ciani et al. (2004) have suggested that male homosexuality is
linked pleiotropically to higher female fertility and larger families. One could as
well imagine an effect of subtle differences in the social niches of boys with different
numbers of older male siblings, with older siblings more able to aggress and coerce
a younger one, and perhaps different pressures and expectations from parents.

As well as the children themselves, adults help create the social niche within which
children’s sex-typed behavior develops. Boys and girls both tend to be physically close



50 P.B. Gray and M.H. Mclntyre

to their mothers and other family members as infants. Those social links loosen as chil-
dren grow older and more independent. As Maccoby (1998) notes from predominantly
U.S. studies, girls around age 3 show preferences for same-sex relationships, as do boys
about a year later. Sex segregation is more pronounced by mid-childhood. Cross-
culturally, these mid-childhood transitions also tend to be marked by greater gender
segregation in economic and social activities, as in adults. Girls tend to cluster with
mothers, learning about household tasks and engaging in more childcare, while boys
tend to be oriented more toward older males, including fathers, from whom they learn
about status and economic activities. Several psycho-physiological mechanisms may
also facilitate mid-childhood social behavioral changes, including adrenarche (Campbell
2006) and enhanced reasoning abilities (Konner 2010).

4.5 Synthesis and Conclusion

Patterns of human sociosexual development can be understood in the context of life
history theory. A commonly held view is that human reproductive effort begins at
puberty. However, the body of work reviewed here indicates that investment in
mechanisms and experiences leading to successful reproductive effort begins early
in development, proceeds through reproductive maturity, and is probably not
strongly dependent on contemporaneous sex hormone levels. Moreover, human sex
differences in sociosexual development suggest considerable allocation of time and
energy in sex-specific juvenile patterns of “practice” mating and parenting effort.
Girls (as in other primates) typically orient more toward offspring care, and boys
(like other, but not all, primates, and excluding some socially monogamous ones)
toward more rough-and-tumble play. These behaviors can be viewed as forms of
sociosexual play that may have evolved as developmental preparation for behaviors
with direct reproductive consequences later in the life history.

There are additional implications of the work reviewed here for sexual and pub-
lic health. First, an appreciation of the complex interactions among factors influenc-
ing children’s sociosexual development requires an understanding of its plasticity
and variability. Much of that variability, in turn, is attuned to an individual’s social
context and environment, and presumably is geared toward phenotypically adaptive
norms. Second, the shortage of opportunities for children to learn about sociosexual
behavior through observational learning (in contrast to the case for other primates)
may present novel cognitive and emotional challenges to children, particularly in
societies that enforce more adult privacy. In American society, the boundaries
between children and sexuality concern more than just privacy, and have strong
moral and political dimensions.

From an ecological perspective, health depends both on the evolved functions of
the body (physiological constraints) and current adaptive context for the individual.
An evolutionary approach to understanding the sexual health of developing children
can be employed to focus on two key questions: first, why have children evolved to
be sexual at particular ages; and second, why might sexuality or asexuality of chil-
dren be harmful in today’s culture in a particular context at particular ages. These
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questions should be considered independently. In the case of behavioral health in
general, and sexual health in particular, it can be difficult to strike a balance, since
both the questions and answers have important social implications. People often
want the socially or politically “correct” answer also to be reinforced as biologically
“natural,” even when there is little biological justification for this.

The implicit idea, especially in the USA, that all child sexuality is unhealthy (and
the corollary that sexuality develops “instinctually” at puberty) also makes it more
difficult for researchers or children themselves to discover what constitutes healthy
or natural sexuality (Angelides 2004). If they lack clear information about the prac-
tical and emotional dimensions of sociosexual behavior, children are likely to be
more vulnerable to developing poor psychosexual and behavioral health. Many par-
ents would like to learn more from their doctors about normal child sexuality
(Thomas et al. 2004). For both children and parents, the vacuum of ignorance is
often filled with misinformation about sexuality from television and especially the
Internet (Brown et al. 2002). While adults may realize that these are not accurate
depictions of human relationships and experiences, children cannot make these
judgments, and may have few alternatives.

In addition to the possible effects of privacy and misinformation on healthy knowl-
edge about sexuality, there may be growing conflicts about sexual and behavioral
health in societies with increasingly early puberty, on the one hand, and later ages of
stable partnering on the other (Gluckman and Hanson 2006: see also chapters by
Clancy and Reiches). In a modern cultural setting, sexual experience (and actual repro-
duction) that occurs too early may be seen as a threat to socially and economically
adaptive life trajectories. These potential “mismatches” between biology and culture
may contribute to adolescent body image dissatisfaction, depression, STIs, and preg-
nancies for which younger people are not cognitively prepared. As an illustration, in a
nationally representative sample from Switzerland, early-maturing girls were more
likely to be sexually active and to report body image concerns, while early-maturing
boys were more likely to be sexually active, depressed, and to have attempted suicide
(Michaud et al. 2006). When understood in evolutionary context, the sociosexual play
of the earlier years of life must prepare young adults for the elevated sociosexual stakes
of adulthood, and lifelong reproductive, social and economic success.

4.6 Study Questions

1. Suppose you were a chimpanzee attempting to decipher some of the species-,
population-, and sex-specific patterns of human sociosexual development. What
are some of the patterns you would find most noteworthy, and why?

2. Explain why the development of human sociosexual behavior represents neither
“nature” nor “nurture,” but a dynamic interaction of heritable influences and
socioecological context.

3. Discuss three potential sexual or public health outcomes that stem from an
understanding of the development of human sociosexual behavior.

Helpful website: Kinsey Institute: http://www.kinseyinstitute.org/


http://www.kinseyinstitute.org/

52 P.B. Gray and M.H. Mclntyre

References

Angelides S (2004) Feminism, child sexual abuse, and the erasure of child sexuality. Glq J Lesbian
Gay Stud 10(2):141-177. doi:10.1215/10642684-10-2-141

Berndt RM, Berndt CH (1951) Sexual behavior in western Arnhem Land. University of California
Press, Berkeley

Bogin B (1999) Patterns of human growth, 2nd Ed. Cambridge University Press, New York

Brown JD, Steele JR, Walsh-Childers K (eds) (2002) Sexual teens, sexual media: investigating
media’s on influence on adolescent sexuality. Lawrence Erlbaum Associates, Mahwah

Campbell BC (2006) Adrenarche and the evolution of human life history. Am J Hum Biol 18:
569-589

Camperio-Ciani A, Corna F, Capiluppi C (2004) Evidence for maternally inherited factors favour-
ing male homosexuality and promoting female fecundity. Proc R Soc B 271(1554):
2217-2221

Charnov E (1993) Life history invariants. Oxford University Press, Oxford

Chau MJ, Stone Al, Mendoza SP, Bales KL (2008) Is play behavior sexually dimorphic in monog-
amous species? Ethology 114(10):989-998. doi:10.1111/§.1439-0310.2008.01543.x

Chisholm JS (1999) Death, hope and sex: steps to an evolutionary ecology of mind and morality.
Cambridge University Press, Cambridge

Cohen-Bendahan CCC, van de Beek C, Berenbaum SA (2005) Prenatal sex hormone effects on
child and adult sex-typed behavior: methods and findings. Neurosci Biobehav Rev 29:353-384

Dixson AF (2012) Primate sexuality: comparative studies of the prosimians, monkeys, apes, and
human beings. 2nd Ed. Oxford University Press, Oxford

Draper P, Harpending H (1982) Father absence and reproductive strategy: an evolutionary perspec-
tive. J Anthropol Res 38(3):255-273

Ellis BJ (2004) Timing of pubertal maturation in girls: an integrated life history approach. Psychol
Bull 130(6):920-958. doi:10.1037/0033-2909.130.6.920

Ford CS, Beach FA (1951) Patterns of sexual behavior. Harper & Row, New York

Geary DC (2010) Male, female: the evolution of human sex differences, 2nd edn. American
Psychological Association, Washington, DC

Gluckman PD, Hanson MA (2006) Changing times: the evolution of puberty. Mol Cell Endocrinol
254:26-31. doi:10.1016/j.mce.2006.04.005

Gray PB, Anderson KG (2010) Fatherhood: evolution and human paternal behavior. Harvard
University Press, Cambridge

Gray PB, Garcia JR (2013) Evolution and human sexual behavior. Harvard University Press,
Cambridge

Hewlett BS, Hewlett BL (2010) Sex and searching for children among Aka foragers and Ngandu
farmers of Central Africa. Afr Study Monogr 31(3):107-125

Hines M, Brook C, Conway GS (2004) Androgen and pyschosexual development: core gender
identity, sexual orientation, and recalled childhood gender role behavior in women and men
with congenital adrenal hyperplasia (CAH). J Sex Res 41(1):75-81

Hrdy SB (2009) Mothers and others. Harvard University Press, Cambridge

Kahlenberg SM, Wrangham RW (2010) Sex differences in chimpanzees’ use of sticks as play objects
resemble those of children. Curr Biol 20(24):R1067-R1068. doi:10.1016/j.cub.2010.11.024

Kinsey A, Pomeroy WR, Martin CE (1948) Sexual behavior in the human male. W.B. Saunders,
Philadelphia

Kinsey A, Pomeroy WR, Martin CE (1953) Sexual behavior in the human female. Indiana
University Press, Bloomington

Konner M (2010) Evolution of human childhood. Harvard University Press, Cambridge

Larsson I, Svedin CG (2002) Sexual experiences in childhood: young adults’ recollections. Arch
Sex Behav 31(3):263-273. do0i:10.1023/a:101525290393 1

Levay S, Baldwin JI (2009) Human sexuality, 3rd edn. Sinauer Associates, Inc., Sunderland

Lippa RA (2005) Gender, nature, and nurture, 2nd edn. Lawrence Erlbaum Associates, Mahwah


http://dx.doi.org/10.1215/10642684-10-2-141
http://dx.doi.org/10.1111/j.1439-0310.2008.01543.x
http://dx.doi.org/10.1037/0033-2909.130.6.920
http://dx.doi.org/10.1016/j.mce.2006.04.005
http://dx.doi.org/10.1016/j.cub.2010.11.024
http://dx.doi.org/10.1023/a:1015252903931

4  Development of Human Sociosexual Behavior 53

Maccoby EE (1998) The two sexes: growing up apart. Harvard University Press, Cambridge,
Coming Together

Maestripieri D, Ross SR (2004) Sex differences in play among western lowland gorilla (Gorilla
gorilla gorilla) infants: implications for adult behavior and social structure. Am J Phys
Anthropol 123:52-61

Mallants C, Casteels K (2008) Practical approach to childhood masturbation: a review. Eur
J Pediatr 167(10):1111-1117. doi:10.1007/s00431-008-0766-2

Marlowe F (2010) The Hadza: hunter-gatherers of Tanzania. University of California Press,
Berkeley

Mclntyre MH, Hooven CK (2009) Human sex differences in social relationships: organizational
and activational effects of androgens. In: Gray PB, Ellison PT (eds) Endocrinology of social
relationships. Harvard University Press, Cambridge, pp 225-245

Meizner 1 (1987) Sonographic observation of in-utero fetal masturbation. J Ultrasound Med
6(2):111

Meredith SL (2012) Identifying proximate and ultimate causation in the development of primate
sex-typed social behavior. In: Clancy K, Hinde K, Rutherford J (eds) Building babies: primate
development in proximate and ultimate perspective. Springer, New York

Michaud PA, Suris JC, Deppen A (2006) Gender-related psychological and behavioural correlates
of pubertal timing in a national sample of Swiss adolescents. Mol cell endocrinol 254:
172-178.

Muehlenbein M (2010) Human evolutionary biology. Cambridge University Press, New York

Poiani A (2010) Animal homosexuality: a biosocial perspective. Cambridge University Press,
Cambridge

Robson SL, Wood B (2008) Hominin life history: Reconstructions and evolution. J Anat (212):
455-458

Rust PCR (2000) Bisexuality: a contemporary paradox for women. J Soc Issues 56(2):205-221

Schmitt DP (2005) Sociosexuality from Argentina to Zimbabwe: a 48-nation study of sex, culture,
and strategies of human mating. Behav Brain Sci 28:247-311

Schoentjes E, Deboutte D, Friedrich W (1999) Child sexual behavior inventory: a Dutch-speaking
normative sample. Pediatrics 104(4):885-893. doi:10.1542/peds.104.4.885

Shostak M (1981) Nisa: the life and words of a !Kung woman. Vintage, New York

Suggs R (1966) Marquesan sexual behavior. Harcourt, Brace and World, New York

Thomas D, Flaherty E, Binns H (2004) Parent expectations and comfort with discussion of normal
childhood sexuality and sexual abuse prevention during office visits. Ambul Pediatr 4(3):232—
236. doi:10.1367/a03-117r1.1

Vasey PL, VanderLaan DP (2007) Birth order and male androphilia in Samoan fa’afafine. Proc R
Soc B 274:1437-1442

Trivers RL (1974) Parent-offspring conflict. Amer Zool 14:249-264

Watts D, Pusey A (1993) Behavior of juvenile and adolescent great apes. In: Pereira ME, Fairbanks
LA (eds) Juvenile primtaes: life history, development, and behavior. Oxford University Press,
Oxford

Westermarck E (1923) The history of human marriage, 5th edn. Macmillan, London

Wolf AP, Durham WH (2004) Inbreeding, incest, and the incest taboo: the state of knowledge at
the turn of the century. Stanford University Press, Palo Alto

Woods V, Hare B (2010) Bonobo but not chimpanzee infants use socio-sexual contact with peers.
Primates 52(2):111-116


http://dx.doi.org/10.1007/s00431-008-0766-2
http://dx.doi.org/10.1542/peds.104.4.885
http://dx.doi.org/10.1367/a03-117r1.1

Chapter 5
Evolutionary Perspectives on Teen
Motherhood: How Young Is Too Young?

Karen L. Kramer

Abstract Teen motherhood is the prevalent childbearing pattern in most traditional
societies, as it likely was the case in the ancestral past. Yet teen pregnancy is associ-
ated with negative biological and social outcomes in the developed world. This
contrast illustrates a question central to evolutionary medicine. How do adaptations
to ancestral environments shape contemporary human health and behavior? Teen
motherhood also exemplifies the important life history trade-off of whether to
invest in current or future reproduction. Should a young teen continue to grow and
mature or put her time and energy into starting a family? The age at which a young
woman gives birth for the first time is ecologically sensitive to both her physical and
social environment. Following an overview of the medical and social risks associ-
ated with teen pregnancy, this chapter presents a case study about the Pumé, a group
of South American hunter-gatherers, to evaluate the costs and benefits of teen moth-
erhood in a preindustrial environment. Results of demographic analyses show that
the youngest of teen mothers (<14.3 years) have increased risk of infant mortality
and lower lifetime fertility compared to older teens. However, young mothers gain
no fitness advantage by delaying reproduction past their mid-teens. Cross-cultural
comparisons suggest that childrearing practices rather than biological risks explain
much of the discrepancy between traditional and developed societies in both the
success of and attitudes toward teen motherhood.

5.1 Introduction

The topic of teen motherhood highlights a compelling question for evolutionary
medicine: How young is too young to initiate reproduction? In developed societies,
teen motherhood is considered a public health concern, commonly associated with
poor pregnancy outcomes and negative social consequences, and has generated con-
siderable public, media, and scholarly attention. Health risks to young mothers
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include a higher incidence of anemia, hypertension, obstetrical complications, and
higher fetal, neonatal (Chen et al. 2007a, 2008; Gilbert et al. 2004; Jolly et al. 2000;
Koniak-Griffin and Turner-Pluta 2001; Mahavarkar et al. 2008) and maternal mor-
tality (Conde-Agudelo et al. 2005). Young mothers also are more likely to be unmar-
ried, socioeconomically disadvantaged, and at greater risk of cigarette, drug, and
alcohol use (Chen et al. 2007b; Debiec et al. 2010; King 2003). These trends paint
a grim picture for teen mothers.

From an evolutionary perspective, if young motherhood poses significant mor-
bidity and mortality risks for mothers and infants, natural selection is expected to
favor later ages at first birth. Yet, in traditional societies, young women routinely
give birth in their teens, as humans most likely did throughout the past. In tradi-
tional societies, young motherhood is sanctioned, encouraged, and does not have
negative social repercussions. How can these two, very different societal views of
teen motherhood be reconciled?

This chapter situates teen motherhood in comparative perspective by first pre-
senting an overview of the clinical literature, followed by a summary of the main
biological and social factors that affect the onset of female reproductive maturity
and variation in age at first birth. Life history theory is then introduced as a useful
framework for thinking about the costs and benefits associated with teen mother-
hood in different socio-ecological contexts. I then present a case study of early
childbearing based on demographic analyses of the Pumé, a group of South
American hunter-gatherers, to address the fundamental biological questions: How
young is too young to initiate reproduction? And are risks substantially reduced if
mothers delay childbearing until their 20s? The Pumé findings are then discussed in
light of their relevance for understanding the contrasting views of teen motherhood
in developed versus traditional societies.

5.2 Clinical Overview

Most of what is known about the health consequences of teenage pregnancy comes
from clinical studies conducted in modern industrialized societies where multiple
social factors such as access to health care and marital, socioeconomic, and educa-
tional status can affect pregnancy outcomes in complex ways. For example, the
biological relationship between teen pregnancy and low infant birth weight—a
primary predictor of infant morbidity and mortality —is difficult to isolate because
various lifestyle risk factors (cigarette, drug and alcohol use, inadequate diet, uter-
ine infection, and low prepregnancy weight) often present adverse effects irre-
spective of maternal age (Akinbami et al. 2000; Kramer et al. 2000). In studies that
do control for social factors, the effect of maternal age has generated mixed results.
While some studies have found little residual effect of maternal age on labor and
delivery outcomes (Geronimus 1987; Lee et al. 1988; Makinson 1985), others
have come to the opposite conclusion, reporting a higher risk of negative preg-
nancy outcomes for teenage mothers independent of known social confounds
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(Chen et al. 2007b; Fraser et al. 1995; Jolly et al. 2000; Olausson et al. 1999;
Phipps and Sowers 2002).

Two main reasons likely account for this ambiguity. First, although younger and
older teens are in different stages of development, clinical studies generally group
teens aged 15—19 years into one homogenous age category. Studies that have distin-
guished age-specific effects have found that adverse pregnancy outcomes are far
more pronounced in very young teens (Forrest 1993; Fraser et al. 1995; Lancaster
and Hamburg 2008 [1986]; Olausson et al. 1999; Satin et al. 1994), whereas risks
tend to level off among older teens and resemble those of adults (Phipps et al. 2002;
Phipps and Sowers 2002). In other words, grouping teen mothers into one age cat-
egory likely underrepresents the negative consequences to younger teens and over-
states risks to older teens. Second, age-specific health risks for teen mothers are
more sensitive to gynecological age (time since onset of menarche) and skeletal age
than to chronological age per se. For example, most teens continue to grow and do
not have fully developed reproductive organs or hormonal cycles for 2-3 years fol-
lowing menarche (Stevens-Simon and McAnarney 1995). Reflecting this, concep-
tion within 2 years of menarche is associated with elevated risks of preterm birth
(Stevens-Simon et al. 2002). Yet, despite risks being closely associated with gyne-
cological age and reproductive immaturity, most clinical studies report results in
terms of chronological age.

5.3 Female Reproductive Maturation

The biological capacity for a young woman to conceive and deliver a child is medi-
ated by three developmental processes: the pace of juvenile growth, age at men-
arche, and the duration of subfecundity following menarche. Adolescent girls
typically accomplish most of their statural growth before menarche can occur
(Ellison 1981; Ellison 2001). During the subfecund period that follows, bi-iliac
breadth reaches adult dimensions, and surplus energy (above maintenance require-
ments) is reallocated from skeletal growth to fat storage as ovarian function matures.
Although this sequence of events is highly canalized, the pace and timing can vary
widely across individuals and populations.

Although genetic, social and intergenerational effects account for some of
the variation in female maturational pace, (Ellison 1990; Ellison 2001; Gillett
Netting et al. 2004; Jasienska and Ellison 2004; Ulijaszek 1995; Worthman 1993),
energy availability constitutes a prominent underlying factor. For example, although
age at menarche is highly heritable (Towne et al. 2005; Perry et al. 2014), average
age at menarche has decreased in many developed nations over the last century
(Ellis 2004; Garn 1987; Nichols et al. 2006). With some variation across cohorts,
among UK-born women, menarcheal age declined from a mean age of 13.5 years in
the early twentieth century to 12.3 years in the late twentieth century (Morris et al.
2011). This decline in menarcheal age, known as the secular trend, has been attrib-
uted primarily to improved nutritional conditions (Parent et al. 2003). While aver-
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age age at menarche appears to have stabilized in developed nations at around 12.5
years, of growing concern is the rising number of girls who reach menarche at a
precocious age (before the age of 9, although specific age may vary depending on
the study), a trend linked to increased childhood obesity and downstream patholo-
gies (Currie et al. 2012).

Within populations, slower and later reproductive maturity is associated with
poor childhood conditions (Ellis 2004; Eveleth and Tanner 1990; Foster et al.
1986; Garn 1987; Riley et al. 1993), while faster and earlier maturity has been
related to improved childhood health and nutritional status (Ellis 2004; Eveleth
and Tanner 1990; Foster et al. 1986; Garn 1987; Riley et al. 1993). Various social
stressors, such as emotionally difficult childhoods and family dysfunction, also
can have accelerating effects on developmental pace (Belsky et al. 1991; Boyce
and Ellis 2005; Ellis et al. 2003; Kim et al. 1997), whereas stable high-quality
social environments have been linked to later maturity (Chisholm et al. 2005;
Coall and Chisholm 2003; Hulanicka et al. 2001). For example, urban Australian
women who experienced troubled family relations early in life (under the age of
10) reached menarche at a significantly younger age (varying between 4 and 13
months depending on stress measure) than women who had less stressful young
lives (Chisholm et al. 2005). Father absence, in particular, has been associated
with early menarche and teenage pregnancy (Bogaert 2005; Ellis et al. 2003;
Quinlan 2003). Although the psychophysiological mechanisms that might advance
or delay reproductive maturity remain unclear, the connections being made
between prenatal conditions, infant birth weight, and the timing of reproductive
development may reveal new insight into the role of intergenerational and epigen-
etic effects (Adair 2001; Koziel and Jankowska 2002; Kuzawa 2005; Kuzawa and
Sweet 2009; Meade et al. 2008).

5.4 Variation in Age at First Birth

In developed societies, the period between the onset of reproductive maturity and
age at first birth may be considerable, often regulated through birth control rather
than restricted sexual activity. Average age at first birth in developed societies
ranges from 25.1 years in the USA to 29.9 years in Canada (United Nations
Economic Commission for Europe 2007). Teen motherhood is viewed as a public
health concern and generally discouraged throughout the developed world. In con-
trast, in natural fertility societies (in which parous-specific fertility control does not
occur), teen motherhood is the pervasive childbearing pattern, often encouraged and
endorsed as a societal norm. The average age at first birth for a large sample of tra-
ditional societies, including forager, horticultural, and agricultural populations,
ranges from 15.5 years among the Pumé to 25.8 years among the Gainj (Fig. 5.1).
In natural fertility societies, a young woman’s exposure to conception is usually
mediated through marriage rules. In some societies girls may marry prior to or
shortly following menarche and give birth to their first child soon after reaching
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Fig. 5.1 Cross-cultural average age at menarche (gray bars) and first birth (blue bars), sorted on
age at menarche. *Societies on which the human norm of 19.5 is typically based. Sources: Data
reported for all available traditional small-scale societies: Yanomama (Early and Peters 1990);
Toba, Wichi (Valeggia and Ellison 2004); Pumé (Kramer 2008); Aeta (Migliano et al. 2007); Hiwi,
Tsimane, Walbiri, Efe, Hadza (Walker et al. 2006); Batak (Eder 1987); Maya (Kramer 2005); Ache
(Hill and Hurtado 1996); Dobe Kung (Howell 2000 [1979]); Agta (Early and Headland 1998);
Gainj (Wood 1992)

reproductive maturity. In other societies, girls may be sequestered, their fidelity
closely guarded following menarche, with marriage and childbearing delayed for a
period. In most cases, married women will live among close relatives throughout
their lives and over the course of their reproductive career will bear 68 children,
many of whom may not survive. Although women in traditional societies are not
typically exposed to the lifestyle risks that can compromise teen pregnancy out-
comes in developed societies, they tend to work physically hard for a living, may be
food limited, and often have no access to prenatal health care.

5.5 Life History Framework

Life history theory is a useful framework to consider the optimal age to initiate
childbearing under different circumstances. Women who start having children too
young may compromise their own growth and potentially jeopardize their health as
well as fetal development and offspring survival. Women who delay childbearing
too long have shorter reproductive careers and potentially reduce the total number
of offspring produced in a lifetime. As such, the timing of first birth represents a
trade-off between the costs and benefits associated with current versus future
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reproduction (Clutton-Brock 1988; Stearns 1989). Age at first birth is influenced
by extrinsic mortality (Charnov 1992; Ernande et al. 2004; Gadgil and Bossert
1970). In high-mortality environments, females may initiate reproduction early
rather than risk not surviving to a later age. In contrast, a female is more likely to
delay reproduction in low-mortality environments, especially if growing for longer
periods and having a larger body size is beneficial. Empirical studies across a num-
ber of taxa confirm that age at first birth is sensitive to background mortality rates.
For example, studies have shown that Northern cod start to mature at earlier ages
and smaller body sizes in response to increased subadult mortality resulting from
fishing practices (Olsen et al. 2004). Among adult Tasmanian devils, the develop-
ment of a widespread fatal cancer has led to a dramatic increase in the proportion
of early-maturing individuals (Jones et al. 2008). In humans, several studies indi-
cate that girls growing up in high-mortality environments with low life expectancy
tend to mature more quickly than girls growing up in safe, low-mortality environ-
ments (Chisholm 1999; Cooper et al. 1996; Ellis et al. 2009; Hill and Kaplan 1999;
Ibdnez et al. 2000; Kramer et al. 2009; Lancaster et al. 2000; Walker et al. 2006).
For example, the Hiwi and Pumé, two groups of foragers who live in a high-sub-
adult mortality environment in western Venezuela, grow quickly during the juve-
nile period and reach menarche at a relatively young age: 12.6 years on average for
the Hiwi (Walker et al. 2006) and 12.9 years for the Pumé (Kramer et al.
2009). Thinking about age at first birth as a life history trade-off between current
and future reproduction offers insight into how teen motherhood varies in relation
to different socio-ecological conditions. The Pumé foragers of South America are
an ideal population to use a life history framework to investigate the biological
costs and benefits associated with teen motherhood. Women in Pumé society have
no access to education or health care and are not stratified by variation in food
availability or other social factors known to affect birth outcomes in developed
societies. Furthermore, teenage marriage and pregnancy are not stigmatized or
associated with negative social consequences. These factors allow the fitness con-
sequences of teen motherhood to be more clearly observed and evaluated. As in
many hunter-gatherer societies, Pumé women marry young and usually initiate
conjugal relations soon after reaching menarche, with 95 % of girls married by age
15 (Kramer 2008). Given their menarcheal and marriage pattern, the Pumé not
surprisingly have a relatively high teen birth rate (defined as the number of births
to adolescent girls ages 15-19 per 1000 adolescent girls ages 15-19) of 195 births
per 1000 teens ages 15-19. This compares to 110 births per 1000 teens for
Bangladesh, which has one of the highest national teen birth rates, 90 for Venezuela
(Population Reference Bureau 2007), and 23.6 for the USA in2013 (U.S. Department
of Health and Human Services 2015).

From a life history perspective, evaluating the adaptive value of teen mother-
hood for the Pumé rests on addressing two central questions: (1) Does the risk of
infant mortality vary with maternal age at first birth? (2) What are the lifetime fit-
ness consequences of teen motherhood? In particular, if pregnancy at a young age
poses significant consequences for lifetime reproductive success, then older first-
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time Pumé mothers should have lower infant mortality and/or higher lifetime fertil-
ity than younger first-time Pumé mothers.

5.6 Pumé Case Study

5.6.1 Study Population

The Savanna Pumé live in a remote area of south-central Venezuela on a low-lying
plain (Ilanos) drained by tributaries of the Orinoco River. They have no access to
modern amenities such as well water, electricity, health clinics or schools. None of
the study communities can be reached by permanent road or has access to market
goods. Nonlocal goods (cloth, metal pots, machetes) are obtained through trade
with the River Pumé, a related group who live along the major rivers and transporta-
tion routes into the region. The Savanna Pumé exchange arrow cane and other raw
materials for these goods, which are well worn by the time they reach the interior.
Savanna Pumé women do not have access to market foods, health care, or prenatal
intervention. Although the Pumé are food limited, adult height falls within the nor-
mal range for other native South American populations (Holmes 1995; Salzano and
Callegari-Jacques 1988).

The Savanna Pumé move their camps 5-6 times throughout the year in response
to seasonal changes in rainfall patterns. During the 6-month dry season, related
nuclear families live in ephemeral brush-shade camps adjacent to streams and
lagoons to be close to water and fish. During the wet season when the llanos flood,
camps are moved to higher ground and families aggregate in more substantial thatch
houses. Fish become dispersed and are difficult to locate, and the subsistence base
shifts to small game, wild roots, and a small amount of cultivated bitter manioc
(Greaves and Kramer 2013). The nutritional ecology of the Savanna Pumé is
described at length elsewhere (Kramer and Greaves 2007). Nutritional and epide-
miological stress, extreme in some years, is most pronounced during the wet season
when relatively low food returns are exacerbated by increased exposure to mosqui-
toes and infectious disease (Barreto and Rivas 2007). The most prevalent epidemio-
logical risks include malaria, respiratory infections, tuberculosis, giardia,
amoebiasis, and parasitic infections. Although some older individuals have been
immunized, primarily for small pox, very few Savanna Pumé children have been
vaccinated in the last 15 years.

Serial monogamy is the predominant marriage pattern for the Pumé, although
20 % of adults have been polygynously married at some point during their lives. If
an extramarital affair occurs, it usually results in divorce and remarriage. Women
generally enjoy friendly and supportive marriages and have autonomy in decision-
making, including when and whom they marry. Although marriage is often arranged
by parents, young women are not obliged to accept these matches. Young couples
often live with the wife’s family for some years, and either partner can instigate
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divorce. Although Pumé girls may marry and reside with a spouse before menarche,
coital relations are not initiated until later, usually shortly after menarche when girls
are ready. No evidence exists of coercive marriage or sexual activity, an important
consideration given the early age of marriage.

Savanna Pumé girls grow up in a high-mortality environment, marked by distinct
seasonal fluctuations in food availability and harsh epidemiological conditions, with
no access to health care, immunization, or supplemental food programs. Both child-
hood and adult morality are high (see fertility and mortality section below) and life
expectancy at birth is low (e, = 27). This affects the age structure of the population.
The average age of the population is 24.01 years, and 39 % of the population is under
the age of 15. While this indicates that the Pumé are a relatively young population,
the age structure also reflects the high child mortality (Kramer and Greaves 2007).

5.6.2 Data Collection

The information reported here builds on a project begun in the 1990s by archae-
ologist Russell Greaves who was researching the daily lives of hunter-gatherers. A
decade later, we pooled our efforts and initiated a follow-up project focused on the
demography and life history of the Pumé. One of the first steps in this project was
to establish the ages and relatedness of individuals. This information is necessary
to build accurate censuses (age, sex, names, and family relations), reproductive
histories, and fertility and mortality profiles. Because first menses and first birth
are discreet, life-changing events important to the lives of young girls and the
community, these events are readily recalled by informants. However, most small-
scale societies do not mark the passage of time in calendar dates or keep vital
(birth and death) records. Additionally, among the Pumé as many hunter-gatherers,
people address each other by kin terms, not by name. To overcome these chal-
lenges, anthropologists have developed a number of methods (see Box 1) for con-
structing reliable ages and dates (Hill and Hurtado 1996; Howell 2000 [1979];
Kramer 2005, 2011).

The data presented here were collected from three Savanna Pumé hunter-gatherer
communities (n = 235) from 2005-2007. Many of the young women who were
coming of age during the 2005-2007 field seasons had been born during the first
phase of Pumé research in the 1990s, and their birthdates were known. Thus while
the sample of young women is small, birth, first menses and parturition dates are
known to the month and year and in some cases to the day (Kramer 2008; Kramer
and Greaves 2007). Furthermore, although Venezuela does not regularly collect
censuses in this region and rarely do these include more than a head count, we were
fortunate in that anthropologists and demographer Roberto Lizarralde had spear-
headed a Native census project and collected censuses among the Pumé several
times throughout the 1980s and 1990s. These records were invaluable for anchoring
the ages of most individuals who were in their adolescence and older during the
2005-2007 field study.
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5.6.3 Main Variables
5.6.3.1 Fertility and Mortality

Two methods were used to estimate fertility for Pumé women. The period total
fertility rate (TFR) is a cross-sectional measure, calculated as the sum of age-
specific fertility rates at a given point in time. The cohort total fertility rate is a
longitudinal measure, calculated as the average number of live births for a cohort of
women who have completed their reproductive career, and relies on retrospective
reproductive histories. The period and cohort TFR for Pumé women are 7.41 and
7.40, respectively (Kramer and Greaves 2007). The similarity of these estimates
suggests that the age pattern of childbearing has changed little over recent decades
(Preston et al. 2001). In addition, the relatively high TFR for Pumé women suggests
that energy balance is sufficient to support conception and pregnancy despite sea-
sonal undernutrition.

High infant and child mortality rates also characterize the Pumé: 35 % of live
births do not survive infancy (the infant mortality rate = 346, the number of infant
deaths per 1000 live births), and almost 45 % do not survive to reproductive age
(Kramer and Greaves 2007). All Pumé mothers experience at least one infant death
by their fifth parity, with 40 % of mothers ages 15-25 having had a child die in
infancy by their second parity. (Infanticide has never been noted in the Pumé ethno-
graphic or demographic literature.) Of the few hunter-gather groups for whom
infant mortality has been reported, the Pumé rate is similar to those of the Agta,
Asmat, and Mbuti and higher than those of the Hadza, !Kung, and Ache (Hewlett
1991; Pennington 2001). Savanna Pumé infants and young children are particularly
challenged to live through their first wet seasons. Women can lose up to 8 % of their
body weight during this time of year. While mother’s milk quality is buffered in
many nutritionally stressful circumstances, under extreme restriction, it can lead to
maternal depletion and compromise lactating infants (Sellen 2000, 2006). Among
the Pumé, wet season maternal depletion coupled with high pathogen loads likely
exacerbate infant stress and contribute to the high levels of morbidity and
mortality.

5.6.3.2 Age at First Birth

During reproductive history interviews, Pumé women were asked about their cur-
rent reproductive status—whether they had experienced their first menses or had
given birth. These cross-sectional data indicated what proportion of females in the
current population had reached menarche or had given birth to their first child at
each age. Based on this cross-sectional sample, the probability that females ages
10-25 (n = 27) had ever given birth can be modeled, giving a median age at first
birth of 15.5 years (estimated at the .5 probability; Kramer 2008). To take advantage
of the available data on women’s reproductive events over the last 20 years, a mixed
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sample of longitudinal and retrospective data can also be used to model the proba-
bility that a woman has given birth to her first child. Based on this sample (n = 38
females ages 10-22), average age at first birth occurs at 15.3 + .937 (SD) years.
Calculating age at first birth using both methods assures that the strength of the
results rests on more than one estimate.

Although Pumé mothers begin their reproductive career relatively early com-
pared to other foragers, their average age at first birth is biologically reasonable
given a subfecund period of about 2 years and a median age at menarche of 12.87 +
1.02 (SD) based on the longitudinal sample (n = 16; Kramer 2008). Age at men-
arche for Pumé girls also falls within the range of normal variation for other tradi-
tional native South Americans (Walker et al. 2006).

5.6.4 Consequences of Age at First Birth on Infant Mortality
and Lifetime Fertility

To determine the extent to which age at first birth is associated with the risk of infant
mortality, first-time Pumé mothers (n = 44) were grouped into three age categories.
Mothers whose age at first birth fell below one standard deviation of the mean
(15.29 + .937) were designated as early reproducers (11.8—14.34 years; n = 12);
first-time mothers within one standard deviation of the mean were designated as
average reproducers (14.35-16.23 years; n = 16) and those above one standard devi-
ation of the mean as late reproducers (16.24-22.96 years; n = 16). Maximum likeli-
hood estimates for the odds of a child dying showed no significant difference in
infant mortality between average and late reproducers (odds ratio = .523, p =.2760).
However, early reproducers were 3.7 times more likely to lose their firstborn com-
pared to average and late reproducers (p = .0134). These results indicate that the
youngest of Pumé mothers (under 14.34 years old) had a significantly elevated risk
of infant mortality in their first parity.

One benefit for mothers initiating childbearing at a young age is that they will
have a longer reproductive career and potentially greater completed lifetime fertility
compared to mothers who delay and start their reproductive career at older ages.
Since Pumé mothers on average bear 68 children over the course of their reproduc-
tive careers, does the elevated risk of infant mortality in the first parity for the
youngest of Pumé mothers have an impact on total lifetime fertility? To address this
question, a model of surviving fertility—the net outcome of fertility and parity-
specific mortality probabilities—was calculated for a typical early, average, and late
reproducer over the course of her reproductive career. As shown in Fig. 5.2, mothers
who initiated childbearing in their early teens had lower surviving fertility at each
parity compared to mothers who initiated childbearing in their mid- to late teens. To
achieve the same level of surviving fertility as older first-time mothers, and thus
recoup the high risk of infant mortality associated with the first parity, the youngest
first-time mothers must bear an additional child—an unlikely outcome since few
Pumé women bear eight children.
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Fig. 5.2 Lifetime surviving fertility given the level of mortality at each parity for Pumé females
(n = 44) who are young, average, and late age-at-first-birth reproducers. Surviving children calcu-
lated from empirical probabilities of infant mortality at each parity for young, average, and late
reproducers

In sum, the mortality and fertility outcomes described above indicate that initi-
ating childbearing in their mid-teens is the optimal reproductive strategy for Pumé
women, enabling them to minimize the risk of infant mortality while maximizing
their potential lifetime fertility. First-time mothers who are in their early teens pay
a significant fitness cost both in terms of higher infant mortality and lower lifetime
fertility. Mothers who delay first reproduction until their late teens, however,
appear to gain no significant fitness benefit in terms of lifetime reproductive
success.

What effect does early childbearing have on mothers themselves? Maternal
depletion and the high energetic cost of lactation likely compromise a mother’s
immune and somatic expenditures, especially during the wet season when many
women are nutritionally stressed. The cost to younger versus older women, how-
ever, is unknown. A meta-analysis of maternal mortality from 188 countries found
that maternal mortality (number of maternal deaths per 100,000 live births) ranges
from a high of 956.8 (or .956 %) in South Sudan to 2.4 (or .0024 %) in Iceland
(Kassebaum et al. 2014). Given Pumé conditions, a high maternal mortality rate is
likely, but cannot be calculated because of the small population and the relative
infrequence of maternal mortality. Age-related risks across populations suggest that
maternal mortality is greatest both for the youngest of mothers [ages 15 and younger
(Conde-Agudelo et al. 2005; Harrison 1985)] and the oldest of mothers (Kassebaum
et al. 2014). This age pattern is consistent with the elevated risk of infant mortality
among the youngest Pumé mothers.
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Box 1: Aging a Population Without Birth Records

Small-scale traditional societies such as the Pumé often use kin terms, not
names, to address each other. Learning these terms is the first step that an
anthropologist takes in order to hold basic conversations, form relationships
and develop trust with informants. Among the Pumé very specific terms are
used to reference older and younger individuals. These kin terms are used to
establish birth orders and crosscheck relative ages within sibling groups.
During a household interview we gathered all members together, including
parents, children and older adults, which creates a forum for multiple relatives
to talk about kin relations and, hopefully, agree on the sequence of births and
deaths. As anyone growing up in a large family has experienced, children
often know their ages better than their parents do. People also tend to list their
children and siblings from eldest to youngest, which can be used to corrobo-
rate birth orders within sibships from multiple individuals. In some societies
cohort memberships are recognized through various initiation rites and social
ceremonies. In societies without calendar dates, time is often marked by the
regular occurrence of natural or social events. For example, young Pumé chil-
dren’s ages can be recalled reliably in moon counts, while older children’s
ages can be recalled in dry and wet season counts. Sometimes a critical event
such as a memorable flood, drought, epidemic or war can be used to reference
dates. While it is usually not feasible to construct ages and dates with preci-
sion to the day, the methods described above often allow an anthropologist to
obtain accurate ages and dates to the year and month.

5.7 Discussion

5.7.1 Childbearing Versus Childrearing

Teen first birth appears adaptive for the Pumé. Successful motherhood is contingent
not only on supporting pregnancy and lactation during infancy, but also providing
food and childcare during the long human juvenile period. In the case of the Pumé,
young first-time mothers are less efficient food producers and less skilled caretakers
than older first-time mothers (Kramer et al. 2009). For example, when foraging for
tubers, an important food collected exclusively by women and comprising 40 % of
the Pumé diet, young Pumé mothers ages 15-24 have significantly lower food return
rates (amount of food collected per time spent collecting the food item) compared
to older Pumé women (Kramer et al. 2009), a pattern also documented for other
foragers (Hawkes et al. 1997; Hurtado et al. 1992).

Early childbearing is possible in traditional societies for certain reasons: young
motherhood rarely occurs outside the context of marriage, teen mothers also live in
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Fig. 5.3 Three generations of Pumé females. Photo credit: RD Greaves

extended and multigenerational families and are tied into extended kinship net-
works. Much of the care for very young children comes from the extended family
(Fig. 5.3). Across traditional societies, infants receive about 50 % of their child-
care from someone other than their mother (Kramer 2010), with the balance com-
ing from female siblings (13-31 %), grandmothers (1-14 %), and fathers (<1-16
%). Young mothers in traditional societies tend to live, work, and learn adult skills
in their familial or extended household and spend their time in domestic work or
food production (gardening or foraging) activities that can be easily combined
with childcare. Under these circumstances, conflicts so common in developed
societies between spending time at work and taking care of children are more eas-
ily resolved (Fig. 5.4).

In addition to social support and childcare, teen mothers in traditional societies
receive help from others through resource provisioning. The metabolic risks of sur-
vival and the high energetic costs of reproduction are often mediated through labor
cooperation and food sharing, a distinction from most other animals referred to as
pooled energy budgets (Kramer and Ellison 2010; Kramer et al. 2009). Pooling
labor and sharing resources mean that some individuals, often pregnant and lactat-
ing women and young children, may produce fewer calories than they consume
during certain life stages, while others, namely older children and adults, may pro-
duce more calories than they consume. For most mammals and primates (except for
cooperative breeders), the energy required for postweaning growth, survival, and
reproduction depends entirely on the individual’s own ability to harvest calories
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Fig. 5.4 Pumé woman combining work and childcare. Photo credit: RD Greaves

from the environment. Females only initiate reproduction after they have become
self-sufficient foragers and remain on their own to acquire the extra calories needed
to support pregnancy and lactation. The evolution of human cooperation and food
sharing, however, permits the economics of childbearing to be independent of the
biology of childbearing. While the timing of first birth is biologically constrained by
reproductive maturation, because women receive help from others, it is flexible in
terms of economic maturation and the ability to pay the costs of childrearing, an
interesting distinction of humans from other mammals.

Pooled energy budgets also have implications for unraveling some of the com-
plexities of life history trade-offs involved in the timing of first birth. The extent to
which others can reduce a growing girl’s activity load and/or preferentially feed her
(Gillett Netting et al. 2004; Kramer et al. 2009) influences the amount of surplus
energy available to complete statural growth, reach menarche, and shift energy allo-
cation to reproduction. Because pubescent Pumé girls receive food from others,
they can minimize energy expended on foraging tasks and other related activities.
This, in turn, maximizes the energy available for growth and building fat stores in
preparation for reproduction (Kramer and Greaves 2011). Pooled energy budgets
allow young women in traditional societies to reproduce when they can biologically
support childbearing, yet well before they can socially and economically support
childrearing.
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5.7.2 Developed Societies

A Pumé teenager and a twenty-first-century American teenager become mothers
under very different circumstances, which affect their success as young parents.
Teen motherhood in developed societies occurs in the context of an economy in
which the ability to provide for children is generally contingent on the market value
of wage-earning skills often learned formally in school. In these societies, teen
motherhood typically incurs the opportunity cost—the value of a foregone activ-
ity —of not completing formal education or training. Delaying or foregoing educa-
tion or training can have lifelong consequences on a teen mother’s future ability to
provide for herself and her children. Furthermore, demographic trends associated
with modernization have greatly reduced kin-based childrearing networks. As aver-
age completed family size shrinks, for example, the number of siblings, cousins,
aunts, and uncles available to help raise children diminish not only for current gen-
erations but also in subsequent generations (Kramer and Lancaster 2010). As the
time between generations lengthens with later ages of marriage and childbearing,
and families become more prone to geographic dispersion in pursuit of economic
opportunities, kin networks diminish further and become more fractured. Compared
to traditional societies, these demographic consequences of living in a developed
nation can leave teen mothers more vulnerable and isolated, without kin networks
and childrearing support. The US teen birth rate has substantially declined by 51 %
over the past 20 years, but remains one of the highest rates in the developed world
at 23.6 births per 1000 teens ages 15-19 (U.S. Department of Health and Human
Services 2015; values may vary depending on reporting institution; e.g., see the
Guttmacker Institute 2014). Most teen births (73 %) are to older teens ages 18-19,
and the majority (89 %) occur outside marriage. Based on data from 2012, an esti-
mated 1 in 8 teens (12.5 %) will give birth before their twentieth birthday. Teen birth
rates vary by geographic region and ethnicity, with the highest rates reported among
Hispanics (46.3 births per 1000 teens ages 15-19) and Blacks (43.9) and in the
southern states, with the lowest rates among Whites (20.5) in the northeast.
Besides these demographic differences, studies of US Blacks have shown that
social networks available to teens, especially from matrilineal kin, can significantly
affect pregnancy outcomes and the success of young motherhood (Geronimus 2003;
Geronimus et al. 1999; Lancaster and Hamburg 2008 [1986]). The relative risk of
neonatal mortality, for example, is lower for Black teen mothers ages 17-19 com-
pared to older mothers ages 24-29, and substantially lower compared to White
mothers in the same age ranges (Geronimus 1986, Table 2). This difference has
been attributed to Black teens receiving greater social and economic support from
their matrilineal kin compared to older mothers and White teens when paired age
for age. Black teens received more familial support because their own mothers were
more likely to be alive and healthy compared to women who waited until their 20s
to initiate childbearing (Geronimus 1996a). In addition, because of increasing
health deterioration among older mothers, Black teens also showed lower inci-
dences of low birth weight babies and other complications (Geronimus 1996b).
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5.7.3 Implications

Evolution has produced a universal human life history pattern whereby females
typically reach reproductive maturity before they are socially and economically
competent caretakers. With this in mind, the social environment—rather than bio-
logical age per se—helps explain the cross-cultural differences between traditional
and developed societies in the prevalence of and attitudes toward teen motherhood.
Except for the youngest of teens childrearing practices, especially the presence or
absence of kin-based support networks, largely determine the success of teen moth-
erhood. In developed societies, there is rising concern about the widening discrep-
ancy between reproductive and social maturity (Gluckman and Hanson 2006a).
Teen mothers are increasingly less prepared to become caretakers given the realities
and complexities of growing up in a skill- and education-based economy where
women often live apart from or cannot count on familial support.

These social conditions shape public attitudes and health policies about teen
motherhood. Is a young mother able to care for a child’s postnatal needs on her
own? If not, can she count on support from kin-based childrearing networks? What
are the opportunity costs and lifetime consequences of an early age at first birth?
The answers to these questions are of principal concern in developed societies,
where support for teen mothers tends to take the form of government-funded public
assistance programs, often leading to years of protracted economic dependency and
a cascade of social repercussions not paralleled in traditional societies. Government
agencies stand as a poor substitute for the quality of caretaking bestowed upon a
young mother and child by traditional kin-based support networks, which sustain
successful childrearing and development. Public health research that further evalu-
ates the biological consequences of teen motherhood, therefore, may be less valu-
able than studies that focus primarily on the various social costs and benefits of an
early age at first birth.

5.8 Conclusion

Both biological and sociocultural factors affect the costs and benefits of teen moth-
erhood. Except for the youngest of teens, who are clearly at a disadvantage, the
causes and consequences of teen motherhood are socioecologically dependent.
Because age-related biological and social costs are not universal, the decision to
delay or initiate childbearing varies with cultural context and an individual’s social
and economic environment. Three points can be made about teen motherhood from
the case study presented here on a traditional group of hunter-gatherers. First, the
Pumé analysis concurs with the reproductive biology literature that the youngest of
teen mothers (under 14.5 years) have an elevated risk of losing their first born.
Second, from the perspective of a young woman starting her reproductive career, the
optimal strategy to minimize infant deaths is to wait until her mid-teens to have her
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first child. Third, a young woman gains no additional fitness advantage, in terms of
lowering infant mortality or raising lifetime fertility, by delaying childbearing until
her late teens.

While the biological constraints and selective pressures on initiating first birth
too young are expected to be similar across human populations, sociocultural and
economic factors are highly variable. Many of the adverse effects associated with
teen motherhood in developed societies are mediated through strong social support
networks in traditional societies. However, young women growing up in developed
societies may face different trade-offs because they often cannot count on the same
level of social support in rearing children. Importantly, the decision to initiate child-
bearing is weighted against opportunities for education, training, and employment.
A life history perspective helps to explain why teen motherhood generates consider-
able public, media, and scholarly concern in developed societies, yet is the norm in
traditional societies, as it likely was in the ancestral past.
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Chapter 6

Health, Evolution, and Reproductive
Strategies in Men: New Hypotheses
and Directions

Richard G. Bribiescas and Erin E. Burke

Abstract This chapter presents new research directions and hypotheses based on
the evolutionary relationships between reproductive effort and contemporary health
challenges in men. Drawing on life history, these hypotheses are grounded in the
observation that human male reproductive strategies exhibit a much broader range
of variability compared to other great apes. Specifically, human males are unique in
that they exhibit the capacity to devote a significant amount of time and energy to
offspring and mate care, often spending much more of their lives providing paternal
investment compared to other primates and indeed many mammals. Men also
exhibit the capability to negotiate and partition investment in offspring according to
perceived paternity. The extraordinary range of human male reproductive options
can be viewed as selection for neuroendocrine adjustments in response to shifting
mortality challenges and extended life spans. We hypothesize that (1) investment in
offspring and mates evolved in tandem with decreases in human male mortality and
morbidity, (2) male fertility at older ages coevolved with an increased capacity to
defend against degenerative diseases, (3) testosterone and other neuroendocrine
mechanisms are primary targets of selection for the evolution of these traits, and (4)
trade-offs between male health maintenance, variation in paternal investment, and
male reproductive strategies are contingent on energetic constraints. Drawing on
research from the literature, we provide a number of case studies that inform our
hypotheses and provide guidance for future research.
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6.1 Introduction: Health and Male Reproduction

The males of species in which mating opportunities produce a broad range of fitness
variation are likely to exhibit higher mortality and morbidity compared to females.
If the fitness benefits of reproductive behavior outweigh the survivorship costs,
selection will still favor it. Therefore, it is not surprising that mammals such as men
often exhibit higher age-specific mortality, shorter life spans, and greater morbidity
compared to women (Austad 2006, 2011). The reasons behind this sex disparity
have been extensively debated among clinicians and epidemiologists. However, sex
differences in human mortality and longevity come as no surprise to evolutionary
biologists: they not only occur in many nonhuman organisms but are predicted by
evolutionary theory (Andersson 1994).

We suggest that mortality and morbidity variation are entwined with variation in
human male reproductive strategies. That is, as male mortality and morbidity chal-
lenges vary, so will male reproductive biology and vice versa. In essence, there is a
tension between traits that are beneficial to reproductive success early in life and
downstream costs to well-being and life span that have likely been important to the
evolution of our genus (Williams 1957; Kirkwood and Austad 2000). This antago-
nistic pleiotropy is at the root of much of the senescence theory. It occurs when a
single gene has multiple effects on an organism. Antagonist pleiotropy refers to a
situation where there is selection for a trait with beneficial early effects and deleteri-
ous later effects. Antagonistic pleiotropy was first implicated in theories of senes-
cence by Medawar and further developed by Williams (Williams 1957; Medawar
1952). They recognized that traits that are beneficial to reproduction early in life but
have negative health consequences later in life will be maintained in the gene pool
because they increase the early-life fitness of the carrier. These late-life negative
health consequences are not selected against and thus lead to senescence (see
Chap. 9 for a further discussion of senescence theories) (Kirkwood and Austad
2000; Partridge and Barton 1993; Finch and Rose 1995).

Discussions of health and male reproduction commonly converge on questions
of male fertility. This chapter, however, aims to reframe this association by suggest-
ing that human male health is broadly influenced by the evolutionary biology of
reproduction and behaviors that are indicative of male reproductive effort. That is,
to understand the health challenges of human males, it is necessary to comprehend
the evolutionary and pleiotropic relationships between morbidity, mortality, repro-
ductive effort, and its underlying physiology. It would be constructive to view men
through the lens of life history theory.

In a 2006 New York Times article, Dr. Demetrius J. Porche (then an associate
dean at Louisiana State University’s Health Sciences Center School of Nursing and
current editor in chief of the American Journal of Men’s Health) stated:

“We keep throwing out lifestyle as an explanation for the differences in longevity, saying
that men come in later for care and have unhealthy behaviors, but I'm not sure we really
know the reason.” Dr. Porche went on to say, “And we haven’t answered the question: Is
there a biological determinant for why men die earlier than women?” (Rabin 2006)


http://dx.doi.org/10.1007/978-1-4939-4038-7_9

6 Health, Evolution, and Reproductive Strategies in Men: New Hypotheses... 79

The short answer is “yes.” Regardless of population, culture, or environmental
variability, human male survivorship at all life stages is often compromised compared
to females. However, in many economically developing countries, women have
higher mortality during their childbearing years due to maternal mortality. This sex
disparity extends to comparative studies of other primates, including our closest
evolutionary relative, the chimpanzee (Bronikowski et al. 2011; Hill et al. 2001).
Differences are often evident even in utero and the juvenile period (childhood) but
they are most prominent in adulthood (Wells 2000).

Differences in life span between men and women are likely due to a combination
of compromised survivorship in men and enhanced survivorship in women (Schroder
et al. 1998). Compared to women, men are often more vulnerable to infection and
have poorer prognoses although it is important to remember that women also exhibit
sex-specific vulnerabilities such as autoimmune disorders (Austad 2006). Physicians
and clinical researchers have struggled with this question since the relationship
between being male and getting sick is robust. Within the clinical community, there
is also the misguided assumption that millions of years of evolution would result in
a physiology that optimizes health and survivorship. But this runs contrary to evo-
lutionary thinking. Natural selection shapes physiology to optimize lifetime evolu-
tionary fitness, but does not necessarily promote physical or behavioral characteristics
that are commonly associated with health. When somatic maintenance converges
with reproductive effort, selection will favor traits that make us healthy and happy.
However, evolution may not favor this convergence, particularly in men since repro-
ductive effort often increases at the expense of morbidity and survivorship. In
essence, overall health in men and women is inextricably entwined with reproduc-
tive trade-offs (Ellison and Jasienska 2009).

In this chapter we discuss several aspects of health related to the male life his-
tory, beginning with mortality during the transition to reproductive maturation, and
then moving on to discuss the broad range of male reproductive strategies, health
implications, selected major health issues, and the neuroendocrine factors that often
guide the phenotypic expression and plasticity of aspects of male physiology that
underlie health challenges. Concluding, we discuss future directions whereby
human evolutionary biology can inform our understanding of men’s health.

6.2 Male Health and Reproductive Maturation

The transition from childhood to reproductive maturity in males involves the redi-
rection of energetic and behavioral investment from general somatic growth and
development to physiological functions related more directly to reproductive
effort. This includes the growth of sexually dimorphic tissues such as bone and
skeletal muscle, spermatogenesis, and an increased motivation toward mate-seek-
ing behavior. This transition is also associated in all human societies—traditional
and modern with a spike in mortality in young males that is correlated with risky
behaviors (Fig. 6.1).



80 R.G. Bribiescas and E.E. Burke

0.01

0.0075 4
=
3
S
2z 0.0054
E
:

0.0025 4

0

Fig. 6.1 Sex differences in mortality in Aché foragers of Paraguay (Hill and Hurtado 1996)

Risk-taking behavior during adolescence and young adulthood is an important
public health concern worldwide. Many young male deaths occur as a consequence
of accidents, homicides, suicides, substance abuse, war, and other risky or violent
behaviors (Daly and Wilson 1983a). We categorize these causes of mortality as
“extrinsic mortality” in contrast to intrinsic causes of mortality (those that lead to
death via senescence or disease) (Partridge and Barton 1993; Carnes et al. 2006).
Males, especially young adult males, are much more likely to engage in these activi-
ties compared to females than (Byrnes et al. 1999). For example, Wang and col-
leagues (2009) found that male college students in the USA are more likely to
participate in risky behavior of all types, from chasing a bear out of a campsite to
having unprotected sex. Males also commit more violent crimes, which can be seen
in the higher rates of men killing unrelated men in Chicago, Detroit, England, and
Canada (Daly and Wilson 1983b). These examples provide a snapshot of the ways
in which males in industrialized societies engage in risky behavior; comparable
scenarios can be found in all human cultures. In fact, this discrepancy between male
and female risk taking and subsequent mortality follows the general mammalian
pattern. In order to understand the ultimate cause of this discrepancy, it is important
to consider sexual selection theory in general.

Greater male extrinsic mortality compared to females is central to understanding
sex-specific reproductive strategies (Bonduriansky et al. 2008; Trivers 1972).
Females tend to engage in significant metabolic investment in reproduction com-
pared to males. The production of energetically expensive, internally fertilized eggs,
gestation, lactation, offspring care, and provisioning compared to the relatively low
metabolic costs associated with spermatogenesis underlie the contrasting energetic
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investments between men and women. Female fitness is most often limited by access
to resources to support the energetic costs of reproduction. Males, on the other hand,
are largely unencumbered by the direct energetic requirements of reproduction
related to gamete production, gestation, and lactation. Male fitness is then not limited
by resources, but by access to females and energetic investment in somatic tissue
that is commonly deployed toward reproductive effort, such as sexually dimorphic
muscle tissue (Bribiescas 1996).

This difference in reproductive investment has important implications for the
variance of reproductive success between males and females. A male can poten-
tially impregnate many females at the same time and conceive many offspring.
Females, however, have much less variance in their fitness because they have a finite
number of resources and time in which to reproduce. A commonly cited figure for
most offspring sired by a single human male is 888, although historical records
report approximately 1157 (Oberzaucher and Grammer 2014; Busnot 1712). In
contrast, the current record holder for the most offspring born to a female without
reproductive technology is 69 offspring (Clay 1989). Between-male variance in fit-
ness is also greater. In those societies where the level of effective polygyny and male
fitness variation is high, risk taking tends to be elevated (Kruger and Nesse 2006).
This idea also holds when considering economic inequality, as access to resources
and status confer fitness advantages to males.

Differences in potential evolutionary payoffs are predicted to lead to differences
in male and female mating strategies and behavior (Bonduriansky et al. 2008;
Vinogradov 1998; Bateman 1948). When mating opportunities are limited, males
compete for mating opportunities with other males because the differential in repro-
ductive payoffs from engaging in this competition can potentially be great.
Consequently, the payoffs vary more in men compared to women in polygynous
societies, although humans exhibit a greater range of variation in mating strategies
and behaviors compared to other primates (Brown et al. 2009). Also see Kokko and
Jennions (2008). The timing of this risk taking during the life history is also impor-
tant. It pays to take the greatest risks at the beginning of one’s reproductive career,
when the mating “market” is more open because females have not yet chosen long-
term mates. The adolescent period can thus be viewed as an “inflection point in
developmental trajectories of status, resource control, mating success, and other
fitness-relevant outcomes” (Ellis et al. 2012, p. 601). It is consistent with this view,
then, that male adolescents and young adults experience the highest rates of mortal-
ity. The male/female mortality ratio peaks at 3.01 in the 20-24-year age class in US
males in 2000, and if one only considers extrinsic mortality (deaths from causes
unrelated to illness), that ratio increases to 4.03 (Kruger and Nesse 2006).

However as anthropologists, we are often interested in the applicability of mod-
ern circumstances to the conditions that were more common during human evolu-
tion. In essence, our current environment of sedentism and high caloric availability
is likely very different from our evolutionary past. It is therefore common for
anthropologists to look at hunter-gatherer populations for an alternative perspec-
tive. This research strategy is not comprehensive as forager populations vary
considerably in their ecologies and environments. However, it does provide a



82 R.G. Bribiescas and E.E. Burke

useful socioecological model to compare with modern industrial societies. Among
the Aché of eastern Paraguay, the male/female mortality ratio is 1.8 for this same
age class (Hill and Hurtado 1996). The difference in the mortality ratios between the
Aché, a traditional society, and industrial societies, such as the USA, is not surprising
since the discrepancy between male and female mortality rates has been increasing
in developed nations for the last century. Kruger and Nesse attribute this to an over-
all decrease in infectious disease in industrialized societies, leaving a larger portion
of mortality risks attributable to risky behavior undertaken primarily by men (Kruger
and Nesse 2006). Male-skewed mortality during adolescence has been viewed as a
public health problem, so it would be useful to deploy a life history perspective to
address this challenge (Bell et al. 2013).

Recently, several authors have drawn attention to this discrepancy in mortality
between the sexes. Ellis and colleagues (2012) make a persuasive case for the adop-
tion by policymakers, scientists, and lawmakers of what they term the “evolutionary
model” of adolescent risk taking, as opposed to the “developmental psychopathol-
ogy model.” In the developmental psychopathology model, risk taking is considered
maladaptive because it threatens a person’s “health, development, and safety,” while
the evolutionary model focuses on the potential fitness benefits of such risky behav-
ior (Ellis et al. 2012). Kruger has also highlighted the need for public health profes-
sionals to embrace life history theory when confronted with risk-taking behaviors
and strategies. He emphasizes the need for public health officials and researchers to
be aware of life history strategies in humans that manifest themselves in earlier
reproduction and higher homicide rates, for example (Kruger 2011).

Moving beyond a basic understanding of the evolutionary forces behind risk tak-
ing and other competitive and violent behaviors that lead to higher male mortality,
how can life history theory inform interventions aimed at curbing male mortality? If
risky behavior has potential fitness benefits, this could pose a challenge for those
attempting to develop interventions aimed at curbing male mortality. By under-
standing the motives of males who undertake risks, namely, increases in status, one
can then meet those goals in less lethal ways. Ellis and colleagues cite an example
wherein schoolchildren earn points for the group by refraining from exhibiting
“problem behaviors” (Ellis et al. 2012).

Kruger, on the other hand, emphasizes the reduction in status differentials
between males by using egalitarian societies as a possible model (Kruger 2011).
Regardless of the methods proposed, it is exciting that researchers are exploring
interventions that consider the evolutionary rationale of such behavior. Hopefully,
future health policy will incorporate an understanding of sexual selection and its
effects on male risk taking when implementing measures to curb male mortality.

While peak lifetime testosterone levels coincide with risky behavior and the
spike in male mortality in the late teen years and early twenties, the actual relation-
ship between circulating testosterone and young male risk taking is less straightfor-
ward. While testosterone is highest during the second decade of life in many
economically developed populations, foragers and males under greater energetic
stress exhibit much smaller or no age-related differences in testosterone levels
(Ellison et al. 2002; Uchida et al. 2006). Therefore, it is likely that pubertal testos-
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terone increases are likely to be more contributory to risky behavior and mortality
regardless of absolute adult-level testosterone. Additional increases in testosterone
in more energetically rich populations probably reflect priming of luteinizing hormone
(LH) and gonadotropin-releasing hormone (GnRH) receptors and greater somatic
investment in lean body mass (Smith et al. 1975; Spratt and Crowley 1988).

Overall, adolescence is an important life stage in men, one in which mortality
rates are significantly greater than in females. Comparative investigations strongly
suggest that this period of high male mortality during reproductive maturation is a
conserved trait common to many mammals, including primates (Pereira and
Fairbanks 2002). Tolerance for risk and a hampered ability to accurately assess
hazards contribute to health threats in young men (Cohn et al. 1995). Looking
beyond testosterone, serotonin levels are associated with greater mortality in young
male primates (Macaca mulatta), possibly hindering risk assessment and increasing
risk tolerance (Higley et al. 1996).

We hypothesize that the development of interventions to decrease young male
mortality is challenging given the potential fitness benefits that could promote risky
behavior, as well as the possibility of transgenerational influences that may contrib-
ute to population differences in morbidity and mortality (Jasienska 2009).
Nonetheless, changes in perceptions of environmental risk and socioeconomic fac-
tors hold some promise for promoting positive change. For example, van Anders
et al. (2012) reported that testosterone was positively associated with safer sex atti-
tudes, especially those most closely tied to STI (sexually transmitted infection) risk
avoidance. Among some African American communities, young male mortality
remains stubbornly high compared to that in the general population. An examina-
tion of 66 US counties that exhibit African American mortality rates in line with
those in the general population report, not surprisingly, that income, poverty, and
education are delineating factors between counties with high and low African
American mortality (Levine et al. 2013). These factors in turn strongly contribute to
perceptions of future survivorship and well-being.

6.3 Health and Fatherhood

If male mortality is high, evolutionary theory suggests that males should invest
more in mating opportunities with multiple females, since this would provide the
greatest increase in fitness in the face of shortened life spans (Trivers 1972). The
evolution of significant paternal investment, on the other hand, should coincide with
an increase in male survivorship. Moreover, paternal investment should be associ-
ated with an increase in offspring survivorship, although fathers can also place bur-
dens on families (Hewlett 1992; Flinn and England 2003). But can fatherhood itself
serve as a means of decreasing male morbidity and mortality?

Garfield et al. (2006) contend that fatherhood is indeed an important factor for
understanding patterns of male morbidity and mortality. Among other observations,
they suggest that fatherhood may improve men’s health, since the responsibility of
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Fig. 6.2 A number of daughters are associated with longer paternal life spans among a rural
Polish community. Sons had no effect. Numbers of both sons and daughters are associated with
shorter postmenopausal maternal life span (Jasienska et al. 2006)

raising a child creates a greater awareness of the need to be mindful of a parent’s
own health and well-being. Fatherhood is also associated with lower health risks in
some cultures. American men over the age of 50 with two or more children have a
significantly lower risk of cardiovascular death compared to married men with no
children (Eisenberg et al. 2011). A demographic study of rural Polish fathers
reported that number of daughters significantly increased paternal survivorship,
while number of sons had no effect (Fig. 6.2) (Jasienska et al. 2006). These research-
ers suggest that the patriarchal structure of rural Poland encourages daughters to
stay home, contributing to household tasks, hygiene, and supporting their fathers’
overall well-being, while sons are more likely to disperse from their homes.

In iteroparous species with altricial offspring (species that reproduce repeatedly
and whose young mature more slowly), it is often beneficial for mothers to survive
long enough to care for their offspring to mature. For males, this is often not the
case. Internal fertilization results in uncertainty of paternity, which is predicted to
compromise the potential for male paternal investment. Therefore, instead of invest-
ing in paternal care and long lives (like females), males benefit by investing in male-
male competition for access to fertile females. While mating with multiple males
also may augment female fitness in a number of ways, greater offspring output is
not one of them (Hrdy 2000). This pattern holds for most mammals; however,
humans exhibit a unique divergence from the common mammalian pattern. Humans
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Fig. 6.3 Range of human Observed male reproductive investment
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have diverged from the typical mammalian male mating schema, in which fathers
contribute little to offspring care; we are among the few primates, and only great
ape species, that engages in significant care of both young and mates (Gray and
Anderson 2010; Bribiescas et al. 2012; Gettler 2010). Moreover, human males have
evolved the broadest range of paternal investment patterns of any primate, including
extensive paternal care and provisioning (Fig. 6.3).

The extensive (and presumably adaptive) range of behavioral reproductive strat-
egies in men has required the evolution of the neuroendocrine plasticity that is con-
ducive to paternal offspring investment and pair-bonding. To date, numerous studies
have reported that testosterone levels are lower in fathers (Gray and Anderson 2010;
Kuzawa et al. 2009; Gray 2003; Gray et al. 2002, 2007, 2006; Burnham et al. 2003),
supporting the idea that there is adaptive phenotypic plasticity in these levels. In a
longitudinal study, Gettler et al. (2011) noted a decline in testosterone in Filipino
men after they became fathers, although they also report that young men who had
attenuated declines in testosterone with fatherhood engaged in more sexual inter-
course with their partners, compared to men who had significantly greater declines
with fatherhood (Gettler et al. 2013). These data are consistent with the idea that
environmental and social modulation of neuroendocrine function are reflected in the
plasticity of male reproductive strategies.

The ability of organisms to respond adaptively to morbidity and mortality chal-
lenges is a major predictor of population survival, and a major tenet of life history
theory is that natural selection in the form of mortality pressure will shape patterns
of investment by males in offspring and mates. Hence a critical prediction of evolu-
tionary theory is that male neuroendocrine function should respond adaptively to
environmental challenges that correlate with mortality and morbidity risk. While
the paternal neuroendocrine profile is complex and involves many hormones, such
as oxytocin, vasopressin, prolactin, and testosterone, the latter is particularly impor-
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tant, since it is closely associated with variation in immunocompetence, morbidity,
mortality, and risk tolerance.

Changes in testosterone levels in response to fatherhood may be an adaptive
response to facilitate care and bonding behavior and decrease mate-seeking behavior.
However, other possibilities include lowering testosterone to augment paternal
immunocompetence (see Chap. 7). Testosterone lowers immune function, so men
with high testosterone levels could run the risk of endangering their immunologi-
cally naive offspring by transmitting contagious diseases (Muehlenbein and
Bribiescas 2005). Moreover, decreases in testosterone may also facilitate the depo-
sition of adipose tissue to aid in paternal survivorship during periods of energetic
stress (Lakshman et al. 2010; Bribiescas 2001).

Several investigations have explored the relationship between health-seeking
behavior and fatherhood, particularly in reference to the possibility of couvade or
“sympathy pregnancy” symptoms presented by expectant fathers in association
with the pregnancies of their partners (i.e., weight gain, nausea). Interestingly,
American men with expectant wives visited health-care providers less during the 9
months of pregnancy compared to a control group of men without expectant wives.
The decrease in health-seeking behavior during pregnancy did not support the pre-
diction of couvade behavior; however, this may be due to the increased attention to
the pregnant partner and her health needs (Fig. 6.4) (Quill et al. 1984).

We hypothesize that the evolution of paternal behavior coincided with decreases
in morbidity and mortality in men, possibly in association with the emergence of the
genus Homo (Bribiescas et al. 2012). Moreover, we suggest that the broad range of
male offspring investment strategies now seen in human cultures was affected by
males’ ability to accurately assess and manage mortality risks. An intriguing exam-
ple can be seen among indigenous Amazonian human groups, in which paternity is
visibly parceled out and negotiated between men, resulting in the identification of

Fig. 6.4 Expectant fathers’
health-care seeking
immediately before and
after the pregnancies of 134
their partners. Dark bars
are matched controls; open
bars are expectant/
subsequent fathers (Quill
et al. 1984)
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primary, secondary, and sometimes tertiary fathers of a single offspring. This is
likely a way to decrease social tensions, to increase ties with kin, and to manage
conflict and male-male competition (Beckerman and Valentine, 2002; Walker et al.
2010). It is also likely that changes in hormone levels, particularly testosterone, in
association with fatherhood, serve as an adaptive response to improve paternal sur-
vivorship and morbidity through the attenuation of the behavioral, immunological,
and metabolic liabilities associated with testosterone (Gray and Anderson 2010).

6.4 Male Reproductive Effort and Cancer

Prostate cancer is a leading cause of death in men living in industrialized countries.
Although there is a strong genetic component to prostate cancer risk (Amundadottir
et al. 2006), an equally important environmental effect contributes to the risk of
onset. Prostate cancer is exacerbated and possibly caused by chronic exposure to the
sex steroids testosterone and dihydrotestosterone (DHT). Men in industrialized soci-
eties have higher overall levels of testosterone and live longer. Combined, this leads
to a situation wherein men are exposed to more androgens over a longer period of
time, increasing lifetime exposure rates and rates of emergent cancers that might not
otherwise have been a cause of death. While the evidence of a direct dose-dependent
effect on prostate cancer risk within individuals is conflicting, it is likely that chronic
exposure to higher levels of testosterone and DHT may contribute to risk later in life.
In essence, this cancer may result from an antagonistic pleiotropic effect, such that
androgens incur a positive effect on fitness early in life, but a detrimental effect on
survivorship at older ages at which reproductive potential has waned.

There is uneven evidence of an association between prostate cancer risk and
within- or between-population differences in adult testosterone levels. Any associa-
tion is apt to be rendered more complex by several factors. First, hormone measure-
ments in these studies are usually taken only once or within a limited period of time
during adulthood or at older ages. Prostate cancer risk, however, is likely to be the
result of lifelong exposure to androgens, rather than levels measured at a given age
or life stage. In addition, there are layers of variation that are often unaccounted for
in studies that assess androgen levels with prostate cancer risk. Among men living
in industrialized societies, testosterone levels can vary between healthy individuals
by a factor of ten (Bribiescas 2001).

Alvarado (Calistro Alvarado 2010) addressed this issue by comparing testoster-
one levels in young men and prostate cancer disparities between different ethnic
groups within the same American populations. His analysis provided compelling
evidence that lifelong exposure to higher testosterone levels does contribute to pros-
tate cancer risk. His results are similar to those of Jasienska and Thune (Jasienska
and Thune 2001) showing salivary progesterone levels to be positively correlated
with breast cancer risk between populations when assessed using the same assay
methods and within the same laboratory.
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Reproductive cancers are inextricably associated with reproductive maturity and
function in men. While testosterone is a poor indicator of male fertility, its secondary
effects on somatic investment and behavior are vital for men’s reproductive fitness.
We hypothesize that prostate cancer and chronically high testosterone levels are an
example of antagonistic pleiotropy, with testosterone promoting greater investment
in tissue that is reflective of reproductive effort (i.e., sexually dimorphic muscle) at
younger ages with later increases in cancer risk as male reproductive value declines
with age. Since there is significant male fertility at older ages across many popula-
tions (Tuljapurkar et al. 2007), it will be challenging to eradicate the incidence of
this health risk, given that it is associated with reproductive benefits throughout
men’s life history.

Moreover, male reproductive status and effort may also be associated with pros-
tate cancer risk. Many studies suggest that fathers have a greater risk of prostate
cancer risk compared to childless men. However, many of these studies have
included childless men who often have reproductive disorders, including impaired
androgen function (Wiren et al. 2013). Hence, in many of these investigations, it is
difficult to disentangle the relationship between infertility and fatherhood. However,
in an epidemiological study of Danish men, when childless men were excluded,
there was a significant inverse linear relationship between prostate cancer risk and
number of children fathered, resulting in a 5 % reduction in prostate cancer risk per
additional child (Jorgensen et al. 2008). While this is fragile evidence to support the
idea that lower testosterone levels among fathers is associated with decreased pros-
tate cancer risk, it does support the hypothesis of an association between prostate
cancer risk and men’s reproductive status.

6.5 Aging, Health, and Reproductive Options

As men age, the force of mortality shifts from extrinsic to intrinsic sources. Hormone
levels also change with age, although there is considerable between- and within-
population variation in the degree of age-related decreases in testosterone (Ellison
et al. 2002; Harman et al. 2001). Other hormones, such as gonadotropins, tend to
exhibit less population variation in association with age although few non-Western
populations have been examined (Bribiescas 2005). While decreases in male fertility
and reproductive hormones are likely influenced by decreased selection pressure,
aging can also influence male reproductive strategies. While women undergo meno-
pause around the age of 50, and men exhibit a “decline in fertility”, significant poten-
tial for reproduction remains until death in a broad range of populations (Tuljapurkar
et al. 2007). The prospect of continued fitness even at later ages opens the door for
selection for reproductive strategies that are conducive with the inevitable somatic and
health changes that occur with aging and senescence (Bribiescas 2006a, b, 2010).
Unlike other great apes (Muller and Wrangham 2004; Emery Thompson et al.
2012), human males appear to have evolved the capacity to decouple physical vigor
from reproductive fitness. For example, among Aché men, physical strength is
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greatest in the early twenties (Walker and Hill 2003). However hunting efficiency, a
trait that has been associated with reproductive success (Kaplan and Hill 1985), is
highest when men are in their forties (Walker et al. 2002). The implication is that
compared to other great apes, human male reproductive strategies have the capacity
for some adjustment to somatic aging, most likely through leveraging greater cognitive
capacity, larger brains, and the evolution of extrasomatic assets such as tools and
social complexity.

Nonetheless, men must adapt to the natural degenerative changes that occur with
aging. Indeed, given the long lives of humans, the capacity for significant fertility at
older ages, and the broad range of reproductive strategies, there should be selection
for protective mechanisms that attenuate age-related sources of intrinsic mortality
and morbidity. One primary source of intrinsic mortality that is theorized to be asso-
ciated with aging is oxidative stress and damage. Toxic reactive oxygen species
(ROS), such as superoxide molecules, are created during aerobic metabolism and
can outpace the body’s ability to absorb or disarm them. There is evidence that
excess ROS damage cellular components, including DNA, and this damage is impli-
cated in many aging-related illnesses (Finkel and Holbrook 2000). Other down-
stream toxins such as hydrogen peroxide can induce lipid peroxidation and damage
cellular components and also contribute to aging.

Given the shorter life spans of males in many species, Alonso-Alvarez theorized
that testosterone-driven increases in metabolic rate during prenatal development
may contribute to overall male fragility compared to females (Alonso-Alvarez et al.
2007). Data from zebra finches has provided some preliminary support for this the-
ory (Tobler and Sandell 2009; Tobler et al. 2013), but results are mixed for men.
Since men tend to exhibit shorter life spans compared to women, it might be pre-
dicted that men would present higher levels of oxidative stress compared to women,
perhaps in response to higher metabolic rates. But this does not seem to be the case.
In two large epidemiological studies in the USA and Japan, men were found to have
lower levels of peroxidative stress as measured in venous blood and urine, respec-
tively (Sakano et al. 2009; Block et al. 2002). Greater adiposity in women was ini-
tially believed to underlie this result; however, corrections for body mass index
(BMI) did not alter the difference. Body fat was not measured directly.

A study of dose-dependent responses to testosterone administration after treat-
ment with a GnRH agonist resulted in different levels of oxidative stress in older
and younger men. Younger men showed a significant decrease in oxidative stress,
while older men did not (Roberts et al. 2014). However, results from these studies
merit caution since many potentially relevant factors were not considered.
Investigations that attempt to test the existence of a trade-off between mating effort
(higher testosterone) and oxidative stress often fail to account for important factors
such as energetic status, key resource restriction, and appropriate assessments of
reproductive effort (Metcalfe and Monaghan 2013).

Studies using measures of whole-body oxidative stress may not detect localized
or cumulative tissue-specific effects implicated in aging-related disease and dys-
function. For example, testosterone promotes greater levels of DNA damage in
prostate cancer cell lines in culture (Ide et al. 2012). More tissue-specific effects of
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Fig. 6.5 Clinical Dementia Rating Scale Sum of Boxes Scores (CDRSUM), a measure of cogni-
tive dysfunction, and the influence of oxidative stress and endogenous testosterone. In the high
oxidative stress condition, testosterone significantly increased CDRSUM scores in Caucasian men,
but significantly decreased CDRSUM scores in Mexican American men (Cunningham et al. 2014)

ROS, such as on aging-related changes in cognitive function, have also received
attention. Cunningham and colleagues (Cunningham et al. 2014), for example,
examined oxidative stress, testosterone levels, and level of cognitive dysfunction in
normal, mildly cognitive impaired, and Alzheimer’s disease patients. Their result
showed that white male Alzheimer’s disease patients with high testosterone and
high oxidative stress (as measured by looking at levels of superoxide dismutase 1
and glutathione S-transferase alpha in venous blood) exhibited significantly higher
levels of cognitive dysfunction (Fig. 6.5).

The role of oxidative stress and other forms of aging-related cellular damage is a
ripe area of research for human evolutionary biologists and others interested in pleio-
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tropic effects that may underlie men’s health challenges. New technologies and the
deployment of these research methods to a broader range of human populations, cul-
tures, and ecological settings are likely to yield promising and informative results.

6.6 Men’s Health and Reproductive Effort: New Directions

We argue that male-biased sex disparities in health are often grounded in life history
trade-offs between maintenance and reproductive effort, with hormones acting as a
pivotal agent underlying the onset of illness and disease (Bribiescas and Ellison 2007).
Moreover, the broad range of human male reproductive strategies compared to those
in the other great apes has the potential to allow for a greater degree of phenotypic and
behavioral plasticity that can support well-being and somatic health in modern
humans. This argument suggests that clinicians and public health professionals need
to rethink the notion of health and illness. For example, in women, having more chil-
dren has been shown to lead to significantly shorter postmenopausal life spans in some
studies (Jasienska et al. 2006; Helle et al. 2002). But does this mean that childbearing
should be considered an illness or health hazard? While pregnancy and lactation are
not considered to be illnesses, there are life history ramifications that can have a direct
bearing on women’s somatic health and well-being (Jasienska 2013). Similarly, in
men, hormone fluctuations in association with reproductive state (i.e., sexual maturity
and fatherhood) have the potential of contributing to variation in men’s health.

Biological anthropologists have employed between-population comparisons as a
research strategy with great success. However, other opportunities are emerging that
may augment our understanding of the interaction between male reproductive states,
neuroendocrinology, phenotypic and behavioral plasticity, and morbidity and mor-
tality. One such opportunity arises from recent increases in use of physician-
administered testosterone supplementation. While hypogonadism, aging, fertility
issues, and other factors may confound our understanding of the effects of testoster-
one supplementation on male reproductive strategies, the vast majority of men
engaging in testosterone supplementation do not exhibit any symptoms of androgen
deficiency (Araujo et al. 2007). It should be noted that some men receive prescribed
exogenous androgen treatment by medical practitioners, others are not. However
both practices are growing. The ethics and efficacy of this prescription practice are
debatable and merit its own conversation. However, the downstream effects of tes-
tosterone supplementation on these men may provide a lens into the interaction of
hormone-driven reproductive effort and health costs.

It can be hypothesized that testosterone supplementation may increase the proba-
bility of (1) mate-seeking behavior, (2) increased risky behavior, (3) decreased invest-
ment in offspring, or (4) decreased investment in pair-bonding. Concurrently, since
testosterone is an anabolic steroid, testosterone supplementation also holds the poten-
tial to increase metabolic costs, potentially diverting resources away from immuno-
competence, and perhaps overtaxing organ function that has already been degraded
by aging (Muehlenbein and Bribiescas 2005). For example, men over the age of 65
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were more likely to suffer cardiac infarctions within 90 days of initiating testosterone
supplementation compared to control men (Finkle et al. 2014). It should be remem-
bered, however, that most men taking testosterone supplements are from populations
that already exhibit the highest and broadest ranges of testosterone levels, so conclusions
should be tempered with caution (Ellison et al. 2002; Harman et al. 2001).

Investigators must also begin to move beyond measurements of mean plasma
hormone levels when possible. Common sources of variation such as diurnal
fluctuations are well known. However, hormones also often exhibit significant
within-individual variation due to hypothalamic pulses of GnRH, CRF, receptor
levels, and other regulatory agents. Researchers have hypothesized that steroid hor-
mone production involves nonrandom pulsatile patterns that may generate an ana-
logue-like signal that contributes to target receptor and tissue function (Thompson
and Kaiser in press).

6.7 Summary

The concepts of “health” and “illness” have different meanings when viewed
through the lens of evolutionary biology. For men, health is a currency that fluctu-
ates significantly in response to energetic, social, cultural, and genetic constraints,
as well as age. Moreover, it is a currency that is defined and valued differently
between medical professionals and human evolutionary biologists. In strict evolu-
tionary terms, health is only relevant to the extent that it allows animals to acquire
the mates and resources needed to optimize lifetime reproductive success. During
the course of human evolution, fitness trade-offs affecting men’s health over the life
course have likely coevolved with changes in extrinsic mortality and concurrent
selection for a wide range of reproductive strategies. Seen in these evolutionary
terms, many men’s health issues, like prostate cancer, can be understood as a result
of physiological compromises between the primacy of reproductive effort, the need
for somatic maintenance, and plastic responses to ecological conditions.

To promote a fuller understanding of men’s health in evolutionary medical con-
text, human evolutionary biologists need to expand their repertoire of experimental
regimens, and medical professionals need to embrace the utility of thinking about
medical issues in evolutionary context. The incorporation of evolutionary and life
history theory—including the concept of endocrine pleiotropy—into our under-
standing of health and disease is at the core of the field of evolutionary medicine
(Nesse et al. 2010; Stearns et al. 2010).

6.8 Study Questions

1. What are the primary reproductive trade-offs that drive health challenges in
men?
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2. How do hormones affect the trade-offs between human male reproductive strate-

gies and common health challenges?

What are the possible interactions between fatherhood and men’s health?

4. What are the primary differences between mortality rates of younger and
older men?

(O8]
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Chapter 7

Immunity, Hormones, and Life History
Trade-Offs

Michael P. Muehlenbein, Sean P. Prall, and Hidemi Nagao Peck

Abstract Immunity is an integral part of organismal life histories because it is
crucial for maximizing evolutionary fitness, and because it is energetically expensive
to develop, maintain, and activate. This chapter orients the reader to the roles of
immunity in human life history trade-offs, and specifically the utility of sex
hormones in mediating variation in immunity. Hormones are central mechanisms
that contribute to the onset and timing of key life history events, fine-tune the
optimal allocation of time and energy between competing functions, and in general
modulate phenotypic development and variation. Here we describe the roles of
testosterone, dehydroepiandrosterone, and estradiol in moderating immunocompetence
from a life history perspective, illustrating how correlated changes in immunity and
gonadal function reflect the manifold interactions between these two systems. The
immunomodulatory actions of these hormones are complex and varied, and we
attempt to provide explanations for this variation from the literature. Although our
evidence comes from clinical medicine, our basic prediction is derived from life
history theory: altering the hormonal milieu may result in differential susceptibility
to both infectious and chronic diseases. Furthermore, the immunological costs
associated with hormone supplementation are worthy of greater consideration by
both clinical practitioners and evolutionary ecologists alike.

7.1 Trade-Offs and Hormones

Life history strategies are complex adaptations for survival and reproduction that
require the coordinated evolution of somatic and reproductive developmental
processes (Stearns 1992). A cornerstone of life history and evolutionary theory is the
importance of phenotypic plasticity, or the ability of an organism to alter its morpho-
logical, physiological, and behavioral phenotype in response to environmental
change. Since environments and selection pressures can change rapidly, it is seldom
adaptive for an organism to maintain a rigid set of phenotypes (Schlichting and
Pigliucci 1998). Plasticity in response to stochastic ecological stressors, like the
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presence of pathogens or available mates, represents a suite of complex adaptations
that are manifested in the form of reaction norms produced by natural and sexual
selection, and constrained by trade-offs under conditions of resource restriction
(Sinervo and Svensson 1998). Reaction norms consist of the range of phenotypes
that can be produced by a given genotype through short-term changes (for example,
acclimatization to high altitude), as well as long-term adaptations. Phenotypic plas-
ticity is limited through lineage-specific effects (i.e., the canalization of certain
traits; phylogenetic constraints) as well as trade-offs. Assuming a limited supply of
energy and time, organisms are required to allocate physiological resources between
anumber of competing functions, most notably reproduction, maintenance (i.e., sur-
vival), storage, work, and growth (Stearns 1989). Organisms will therefore be under
selection to develop and maintain physiological systems that allow for the efficient
distribution of resources between these functions. In a stochastic environment, those
organisms that can most efficiently regulate the allocation of resources between
competing traits will likely exhibit increased lifetime reproductive success.

Trade-offs involving reproduction are common, particularly in iteroparous (con-
tinually reproducing) organisms like humans that must balance investments between
current and future reproductive events, as well as between survival and reproduc-
tion. This is to be expected given the central role of reproduction in life history
evolution. Recent studies in reproductive ecology illustrate the flexibility of human
reproduction in response to energetic conditions (Bribiescas 2001; Ellison 2003).
Endocrinological mechanisms sensitive to environmental cues can facilitate modu-
lation of reproductive effort relative to other investments. Both from a macro- and
a microevolutionary perspective, hormones are central mechanisms that contribute
to the onset and timing of key life history events, the optimal allocation of time and
energy between competing functions, and the general modulation of phenotypic
development and variation (Muehlenbein and Bribiescas 2005; Bribiescas and
Ellison 2008; Muehlenbein and Flinn 2011). This is particularly true for steroids,
ancient lipid-soluble molecules derived from cholesterol and shared by all verte-
brates. Steroid hormones are involved in modulating behavior, metabolism, growth
and development, reproduction, senescence, and immune functions, among others.
Complex interaction and crosstalk between different steroid hormones (and other
types of hormones) are therefore implicated in many aspects of human health.

It is inherently difficult to measure life history mechanisms and quantify trade-
offs in humans, since we are unable to directly manipulate the system to produce
genetically evolved response patterns that clearly produce phenotypic variation
cued by specific environmental signals. But, as in most other organisms examined
to date, the human neuroendocrine system is undoubtedly a central mediator of our
phenotypic variation, including variation in life history traits (Finch and Rose 1995).
For example, testosterone can facilitate male reproductive success by modifying
behaviors (i.e., competition and sexual motivation) in addition to physical attributes
(i.e., spermatogenesis, muscle anabolism, and fat catabolism). Musculoskeletal
function can augment work capacity, intrasexual competition, intersexual coercion,
and mate choice. However, high testosterone levels could also compromise
survivorship by increasing energetic costs; such costs may explain the functional
significance of the high variability in testosterone levels seen within men, and within
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and between populations (Bribiescas 2001; see Chap. 9 in this volume). This prob-
lem would become exacerbated in resource-limited environments.

The regulatory role of testosterone in allocating energetic resources and male
reproduction also extends to the immune system. Maintaining high testosterone lev-
els to bolster reproductive effort could reduce the amount of energy or nutrients
available for energetically expensive immune responses. Individuals inhabiting
high pathogen-risk environments may benefit from decreased testosterone levels to
avoid immunosuppression and suspend energetically expensive anabolic functions
(Muehlenbein 2008). Environmental conditions, including infection, during devel-
opment may ultimately play an important role in altering baseline testosterone (and
other hormone) levels as well as amount of variation experienced in adulthood. The
hypothesis that the benefits of testosterone trade off with immune function is based
on the assumptions that immune functions are energetically costly, and that hor-
mones play important roles in the regulation of immunity. The immunomodulatory
actions of these hormones are complex and varied, and altering the hormonal milieu
may result in differential susceptibility to both infectious and chronic diseases.

7.2 Trade-Offs and Immunity

The immune system (see Box 7.1 and Fig. 7.1) is an excellent example of a reaction
norm with both short- and long-term phenotypic plasticity in response to ecological
stressors such as pathogens, allergens, and injury. Immunocompetence, or the abil-
ity to mount an effective immune response, is obviously an integral component of
organismal life histories because it is crucial for maximizing evolutionary fitness.
And because immunocompetence is an integral part of organismal life histories, it
is predicted to be involved in physiological trade-offs with other functions (Sheldon
and Verhulst 1996; Lockmiller and Deerenberg 2000; Norris and Evans 2000;
Barnard and Behnke 2001). Selection for trade-offs is expected to be particularly
strong under conditions of resource restriction, when development, maintenance,
and activation of immune responses generate a substantial energetic burden
(Sheldon and Verhulst 1996; Lockmiller and Deerenberg 2000; Schmid-Hempel
2003; Muehlenbein and Bribiescas 2005) (see Box 7.2).

Optimized immune functions should trade off with a variety of critical life
history functions in humans, including growth and reproduction. In children,
chronic immune activation in various conditions is associated with growth falter-
ing, the failure to achieve normal growth potential (intestinal infections:
Checkley et al. 1998; Campbell et al. 2003; Hadju et al. 1995; HIV infection:
Arpadi 2000; inflammatory bowel disease: Ballinger et al. 2003). Likewise,
nutrient deficiencies can have significant, long-term negative effects on the
human immune system (Lunn 1991; Gershwin et al. 2000). Elevated C-reactive
protein levels (a general measure of inflammation) are reported to be associated
with reduced gains in height across 3 months in Tsimane children of Amazonian
Bolivia (McDade et al. 2008). Boys in Nepal with high levels of acute-phase
proteins (other proteins also associated with inflammatory states) have demon-
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strated stunted growth (Panter-Brick et al. 2000). Similar associations between
childhood immune activation and decreased growth have been found in British
children (Panter-Brick et al. 2004).

Clearly the literature points to associations between growth reduction and
increased immune activation, consistent with expectations of life history theory.
Illness during development may also delay menarche, as was the case for a sample
of Danish women infected with Helicobacter pylori (Rosenstock et al. 2000) and in
Guatemalan women with intestinal infections (Khan et al. 1996). Earlier menopause
might also result from chronic immune activation (Cramer et al. 1983; Dorman
etal. 2001). Trade-offs between immunity and reproduction can also be identified by
observing correlated changes in hormonal mechanisms responsible for the mani-
fold interactions between these two systems. This is particularly the case for testos-
terone, estradiol, and dehydroepiandrosterone.

Box 7.1: Major Mechanisms of Human Immunity

Although a comprehensive review of the human immune system is beyond
the scope of this discussion (see Paul 2008), here we offer a minute summary
to orient the reader (Fig. 7.1). This is meant only to illustrate the complexity
of the immune system’s dynamic responses. Typically, the human immune
system is organized into two primary components innate (constitutive, non-
specific) and adaptive (acquired, specific). Innate responses include rapid
mechanisms to block and eliminate foreign particles from host invasion, such
as anatomical barriers, basic health behaviors, resident bacteria, humoral fac-
tors (e.g., lysozyme), and cells like neutrophils, monocytes, macrophages,
basophils, mast cells, eosinophils, and natural killer cells. These cells exhibit
a number of functions, from phagocytosis and cytokine secretion to chemo-
taxis and antigen processing and presentation. Lactoferrin, transferrin, heat
shock proteins, and other soluble factors possess a variety of antimicrobial
functions. The complement system includes enzymes that function to elimi-
nate microorganisms by promoting inflammatory responses, lysis of foreign
cells, and mediation of phagocytosis.

Secondary immune responses during subsequent exposures are facilitated
through acquired immune mechanisms that typically involve lymphocytes
(both T and B cells). B cells, produced from stem cells in bone marrow, rep-
resent antibody-mediated (humoral) immunity that involves the secretion of
antibodies or “immunoglobulins” (i.e., I1gG, IgM, IgA, IgD, and IgE).
Antibodies neutralize pathogens and their products, block binding of parasites
to host cells, induce complement activation, promote cellular migration to
sites of infection, and enhance phagocytosis, among other actions. T cells,
which develop in the thymus, represent cellular immunity. Different subsets
of T cells are identified by their surface markers (CD numbers) that regulate
cellular activation and adhesion. Cytotoxic T cells (CD8) destroy infected
host cells via perforin and lysis. Suppressor T cells downregulate T cell

(continued)
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Box 7.1: (continued)

responses after infection. Helper T cells (CD4) secrete cytokines and activate
B cells to secrete antibodies. Cytokines are glycoproteins that perform a vari-
ety of functions such as regulation of cell growth and development. Single
cytokines can have multiple functions, multiple cytokines can have similar
functions, some cytokines work together to facilitate single functions, and
some cytokines have opposite functions to one another.

CD4 helper T cells are generally differentiated into major subsets depending
on the type of cytokine produced. For example, Th-1 cytokines include, among
others, interferon gamma (IFNy), tumor necrosis factor alpha (TNFa), and vari-
ous interleukins (IL-1f, IL-2, IL-3, IL-12, etc.). These cytokines activate mac-
rophages, neutrophils, and natural killer cells, mediate inflammatory responses
and cellular immunity (T cells), promote cytotoxicity toward tumor cells, and
enhance chemotaxis of leukocytes. Th-2, anti-inflammatory cytokines include
many interleukins (IL-4, IL-5, IL-6, etc.) that induce humoral immunity and
antibody production (B cells), eosinophil activation, mast cell degranulation,
goblet cell hyperplasia, mucin production, and intestinal mastocytosis (resulting
in histamine release). Despite the fact that Th-1 and Th-2 cytokines act antago-
nistically to one another, both are usually present within the host at any given
time, although during infection one phenotype may predominate. Other Th cell
types include Th-17, Tregs, Th-3 and possibly others. Clearly, single measures
of immunity are not capable of capturing the complexity of such a response.

Major immune mechanisms in
humans
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Fig. 7.1 Major immune mechanisms in humans. An illustrated summary of the complexity of the
immune system’s dynamic responses. For an explanation of the basic components (see Box 1). For
a more comprehensive review of the human immune system (see Paul 2008). Modified from
Muehlenbein (2010)




104 M.P. Muehlenbein et al.

Box 7.2: Human immunity Is Energetically Expensive

In humans, prolonged energy and nutrient restriction as well as intense physical
exercise can lead to immunosuppression (Chandra and Newberne 1977;
Gershwin et al. 1984; Chandra 1992; Kumae et al. 1994; Pedersen and Toft
2000; Field et al. 2002); conversely, supplementation with calories, micro-
and macronutrients can offset age-related declines in immunity (Wouters-
Wesseling et al. 2005). The physical and psychological stress of physical
exertion associated with elite athletic competitions or military training has
been shown to be associated with increased incidence of upper respiratory
tract infections (Peters and Bateman 1983; Nieman et al. 1990; Gomez-
Merino et al. 2005). Acute infection in adult humans can cause abnormal pro-
tein loss—greater than 1 g per kilogram of body weight per day (Scrimshaw
1992). In humans, the rapid, constant turnover of T and B cells is very likely
to be energetically demanding (Macallan et al. 2004, 2005).

Severe perturbations like sepsis, burns, trauma, and surgery are associated
with a 25-55% increase in resting metabolic rate compared with that in
healthy subjects, as well as a reduction in body weight and total body protein
(Arturson 1978; Long 1977; Kreymann et al. 1993; Frankenfield et al. 1994;
Biolo et al. 1997; Carlson et al. 1997; Uehara et al. 1999; Genton and Pichard
2011), and an increase in nitrogen excretion (Carlson et al. 1997; Hasselgren
and Fischer 1998). Fever typically results in a 7—15 % increase in resting met-
abolic rate for every 1 °C rise in body temperature (Barr et al. 1922; Roe and
Kinney 1965; Elia 1992). Even in the absence of fever, resting metabolic rate
is elevated during infection. For example, in a sample of 25 nonfebrile young
men naturally infected with respiratory tract pathogens, resting metabolic rate
was elevated by 14% compared to samples taken after convalescence
(Muehlenbein et al. 2010). Further research is needed to investigate changes
in metabolic rates of adult humans during illnesses of varying severities and
with different states of energy balance.

7.3 Testosterone and Immunity

Testosterone’s immunomodulatory actions have usually been described as suppressive,
although the results of a multitude of studies using a variety of host species are
surprisingly mixed (see Muehlenbein and Bribiescas 2005 for review). In vitro
experiments suggest that testosterone can increase suppressor T cell populations
(Weinstein and Bercovich 1981), reduce resistance against oxidative damage
(Alonso-Alvarez et al. 2007), reduce T-helper cell function (Grossman et al. 1991;
Wunderlich et al. 2002), inhibit cytokine (Daynes and Araneo 1991; Grossman
1995) and antibody production (Olsen and Kovacs 1996), and impair natural killer
cell and macrophage activity (Straub and Cutolo 2001). Testosterone may alter the
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CD4+/CD8+ T-cell ratio in favor of CD8+ cells (Olsen et al. 1991; Weinstein and
Bercovich 1981), and also favor the development of Thl cytokines (Daynes et al.
1991; Giltay et al. 2000). There is no reason, however, to believe a priori that tes-
tosterone should affect all aspects of immunity equally.

Results of in vivo studies of the relationship of testosterone levels to immune
status in humans are equivocal. A majority of studies conducted on healthy partici-
pants reveal few associations between testosterone and immunity. For example, in a
large sample of healthy military men, Granger et al. (2000) found no association
between serum testosterone levels and T or B lymphocytes, although testosterone
and IgA levels were negatively correlated. No association between testosterone and
IgA was identified in a smaller study of young adults (van Anders 2010). In a study
of healthy male athletes, there were no associations found between testosterone and
the cytokines IL-6 or IL-1f (FitzGerald et al. 2012). In a sample of 94 healthy young
adults with very detailed exclusion criteria and a multi-sample collection regime,
salivary testosterone levels were actually directly (positively) related to a functional
measure of innate immunity (the capability of lysozyme, antibodies, complement
and cells in saliva to lyse and inhibit growth of pathogenic bacteria; see Muehlenbein
et al. 2011; Prall et al. 2011). Of course, variation in sampling regime, assays or
laboratory conditions may explain some of the differences between studies. It is also
critical to limit conclusions based on single measures of immunity, as this obviously
may not accurately reflect functional immunity in terms of the ability to fight
pathogens as a coordinated system (Sheldon and Verhulst 1996; Westneat and
Birkhead 1998; Norris and Evans 2000). Assays must be utilized that represent func-
tional, integrated, biologically relevant measures of different immune pathways
(Boughton et al. 2011; Demas et al. 2011).

It is also likely that host condition and energy availability play central roles in the
immunomodulatory actions of testosterone. In healthy individuals with high
resource availability and relatively low energy expenditure, the immunological
costs of maintaining high testosterone levels could be negated. During a disease
state, in contrast, when immune functions are upregulated, those with higher testos-
terone (or those whom are less efficient at lowering their testosterone level; see
below) may pay higher additional energetic costs and thus exhibit higher morbidity.
For example, in a population of Honduran men naturally infected with Plasmodium
vivax, those with higher testosterone during infection had significantly higher levels
of malaria parasitemia (Muehlenbein et al. 2005). These men also had elevated
cortisol levels during peak illness compared to recovery or to age-matched healthy
controls. It seems very likely that the hormonal milieu, of which testosterone is only
a small part, and including the stress endocrine axis, affects the course and outcome
of infection. Glucocorticoids may play a larger role in immunoregulation than does
testosterone (Turnbull and Rivier 1999).

The assumption that testosterone is globally immunosuppressive—a common,
but unsupported idea in the literature—is obviously inappropriate. Under certain
conditions, testosterone’s actions on immunity may in fact be beneficial. Testosterone
may actually help to prevent certain forms of immunopathology (Burger and Dayer
2002). For example, testosterone suppresses circulating immune complexes during
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malarial infection, which may help prevent immunopathological effects of this dis-
ease (Coleman et al. 1982). Testosterone may prevent the production of excess cyto-
kines that might otherwise lead to tissue damage during meningitis and rheumatoid
arthritis (Beutler and Cerami 1988; Waage et al. 1989). Testosterone might also
function to redistribute immune cells to different parts of the body during infection
(Braude et al. 1999).

Another line of evidence that testosterone is involved in mediating trade-offs
between reproduction and immunity lies in its demonstrated responsiveness to ill-
ness, injury, and immune activation. Testosterone levels typically decrease in
response to illness, and often correspond to the severity of perturbation (Spratt et al.
1993). Muehlenbein et al. (2005) identified lowered testosterone levels in Honduran
men naturally infected with Plasmodium vivax compared with age-matched healthy
controls. Similarly, in a sample of 25 nonfebrile young men naturally infected with
respiratory tract pathogens, testosterone levels were lowered by an average of 30 %
compared to those measured after recovery (Muehlenbein et al. 2010).

Variation in testosterone, and possibly other hormones, during illness may act as
a physiological mechanism to decrease energy investment in reproductive effort
(Muehlenbein and Bribiescas 2005; Muehlenbein 2008). This would be expected to
be particularly important in high disease-risk environments and during times of
limited energetic resources. Not only would depressed testosterone levels during
immune activation work to limit energetic investment in energetically expensive
anabolic functions, but it would also function to prevent immunosuppression by the
higher testosterone levels that would be present otherwise (Folstad and Karter 1992;
Wedekind and Folstad 1994; Sheldon and Verhulst 1996; Muehlenbein 2008).
Measuring changes in other hormone levels, including estrogens and leptin, during
illness and throughout convalescence would be informative.

7.4 Dehydroepiandrosterone and Immunity

As with testosterone, there has been a substantial amount of research on the
immunological effects of dehydroepiandrosterone (DHEA). DHEA is a regnantoid
hormone produced in the zona reticularis of the adrenal glands. DHEA and its
sulfated ester DHEAS are implicated in a number of important physiological and
behavioral functions. They appear to inhibit several innate immune processes,
including inflammatory (Young et al. 1999; Coutinho et al. 2007) and complement
responses (McLachlan et al. 1996). While this might help to ameliorate some
chronic disorders, it could also increase the likelihood of impaired defense against
infections. However, this liability appears to be counterbalanced by a stimulatory
effect on adaptive immunity, including the development of lymphocytes (Daynes
et al. 1990), particularly helper T cell activity (Suzuki et al. 1991), and proliferation
of peripheral blood mononuclear cells (Sakakura et al. 2006). It is possible that
DHEA also facilitates the production of Th2 over Thl cytokines (Powell and
Sonnenfeld 2006). DHEA has also been implicated in increasing Treg cytokine pro-
duction (Auci et al. 2007; Coles et al. 2005).
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DHEA may enhance immune responses against influenza (Corsini et al. 2006),
malaria (Kurtis et al. 2001), leishmaniasis (Galindo-Sevilla et al. 2007), intestinal
helminthes (Coutinho et al. 2007), and HIV (Wisniewski et al. 1993). Given the
diversity of immune responses responsible for controlling such infections, however,
it is likely inappropriate to generalize DHEA’s immunostimulatory effects. Its
effects may depend, in part, on the relative concentration of other hormones present.
For example, in a population of 25 young men with nonfebrile acute respiratory
tract infection, the ratio of DHEA to testosterone was higher during illness than
after complete recovery (Prall and Muehlenbein 2011). We argue that elevated
DHEA relative to testosterone might facilitate immune processes, and that a rever-
sal of the DHEA/testosterone ratio following convalescence would downregulate
immunity to prevent autoimmune reactions and bias energy expenditure towards
other functions, like reproduction. These endocrine responses presumably are adap-
tive shifts to modulate allocations toward more immediate needs.

7.5 Estrogen and Immunity

Estradiol and other estrogens appear to be immunostimulatory. Higher circulating
estrogen levels in women compared to men may help explain why females typically
exhibit higher CD4+ helper T cell Th-2 cytokine responses (Bijlsma et al. 1999),
greater B cell function (Soucy et al. 2005), lowered rates of cellular apoptosis
(Grimaldi et al. 2002), enhanced cellular proliferation (Cutolo et al. 2005), and
greater antibody secretion (Straub 2007; Cutolo et al. 2012), all of which may trans-
late into lower morbidity and mortality from infectious diseases (Whitacre 2001).
17-beta estradiol is associated with increased immunoglobulin and cytokine levels
(Olsen and Kovacs 1996; Cutolo et al. 2006). Estrogens have been shown to upreg-
ulate the production of antioxidant enzymes (Vina et al. 2006) that may decrease
oxidative damage to mitochondrial DNA (Borras et al. 2007) and protect against the
oxygen radicals produced by inflammatory stress (Asaba et al. 2004). Moreover,
estrogens exhibit immunoprotective and anti-inflammatory properties following
trauma and severe blood loss (Angele et al. 2001; Knoferl et al. 2001) and they (in
contrast to testosterone, which exacerbates) protect against neuronal damage during
hypoxia associated with ischemic stroke in rats (Nishino et al. 1998).

Women are naturally exposed to varying levels of estrogens as a result of cyclical
variation throughout the menstrual cycle, very high levels throughout pregnancy,
and a relative absence following menopause. Such variation may have important life
history outcomes (Abrams and Miller 2011). Elevated levels of estrogens during
ovulation and pregnancy, for example, may promote implantation and maintenance
of pregnancy through anti-inflammatory (Th2) effects and temporary suppression of
cell-mediated immunity (Whitacre et al. 1999; Whitacre 2001) as well as innate
responses (Wira et al. 2010). Elevated progesterone levels during pregnancy appear
to inhibit cytokine production (Golightly et al 2011). Therefore, during times of
particularly heavy investment in female reproduction, there appears to be less
investment in immunity. This appears to change when estrogens fall prior to and
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around menopause and there is an increase in cytokine responses (Pfeilschifter et al.
2002). But in the absence of estrogens in postmenopausal women, immune func-
tions can become significantly impaired (Giglio et al. 1994).

Elevated levels of estrogens may contribute to the higher prevalence of autoim-
mune diseases seen in women (Tanriverdi et al. 2003; Straub 2007; Cutolo and
Straub 2009). These disorders represent a leading cause of death and serious dis-
ability in young and middle-aged women in the USA (Cantorna and Mahon 2004),
and the incidence in women compared to men is increasing significantly (Chighizola
and Meroni 2012). Oral contraceptive users are at higher risk of inflammatory bowel
diseases (Khalili et al. 2012) and systemic lupus erythematosus (Bernier et al.
2009). The effects of hormone replacement therapy on health measures predicted by
life history trade-offs are of critical consideration today.

7.6 Costs and Benefits of Hormone Therapy
and Supplementation

Hormone supplementation is used clinically to treat a variety of conditions. One of
the most well-studied examples is estrogen therapy in women, which is often used
to treat menopausal symptoms. Estrogen therapy during the menopausal transition
has been shown to substantially reduce the risk of osteoporosis. It is prescribed
primarily for menopausal symptoms including hot flashes (or “flushes”), insomnia,
and irritability; it may also improve mood, cognitive status, and memory (NAMS
2012; Wharton et al. 2011) (see Chap. 9 in this volume). However, hormone therapy
(estrogen, or estrogen in combination with progesterone) in older women has been
implicated in some large clinical trials with an increased risk of blood clots, stroke,
and breast cancer (Stuenkel et al. 2012). The role that estrogen plays in the risk of
cardiovascular disease in older women remains controversial; this hormone, like
testosterone, clearly is associated with complex physiological trade-offs that are
still poorly understood.

Androgenic anabolic steroids are often used to increase quality of life and strength
in both men and women (Emmelot-Vonk et al. 2008; Bhasin et al. 2010). Testosterone
has been used to increase libido and improve mood (Monga et al. 2002; Gray et al 2005;
Knapp et al. 2008; Panay et al. 2010), although results can be mixed (Kenny et al. 2004).
Testosterone has also been used to improve memory and some measures of depression
(Cherrier et al. 2001; Pope et al. 2003). Intramuscular injections of testosterone enan-
thate following severe burn injury can ameliorate protein catabolism, amino acid efflux,
and loss of lean body mass (Ferrando et al. 2001). Similar results have been found using
Oxandrolone, a synthetic derivative of testosterone, in pediatric burn patients
(Tuvdendorj et al. 2011), and administration to a large sample of adult burn patients
resulted in a significant reduction in mortality (Pham et al. 2008). Androgenic anabolic
steroids can also ameliorate cachexia associated with cancer, renal and hepatic failure,
chronic obstructive pulmonary disorder, muscular dystrophy, trauma following major
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surgery and anemia associated with leukemia or kidney failure (Mendenhall et al. 1995;
Ferreira et al 1998; Basaria et al. 2001; Orr and Fiatarone 2004).

It is estimated that 6.5 million men in the USA will develop symptomatic, clini-
cally recognized androgen deficiency (including lowered mood, energy and libido)
by 2025 (Araujo et al. 2007). Most men with androgen deficiency either do not seek
treatment for it, or are asymptomatic (Hall et al. 2008). Regardless of the cutoff
values used to diagnose low testosterone, the availability of treatments and advertis-
ing by drug companies have increased. The long-term effects of testosterone supple-
mentation on specific aspects of health, including immune function, are largely
unknown. This problem is compounded by an increasing incidence of the use of
anabolic androgenic steroids and other ergogenic (performance-enhancing) drugs
for athletic enhancement or improvement of appearance (Cohen et al. 2007). The
problem is not limited to professional athletes; particularly, worrisome is the dra-
matic rise in illegal steroid use in high school students (Calfee and Fadale 2006).

Steroid abuse in otherwise healthy individuals clearly can cause significant phys-
ical and psychological damage. These effects include a variety of conditions, from
altered testicular function (Torres-Calleja et al. 2001) and acne (Walker and Adams
2009) to liver failure (Ishak 1981) and heart failure (Achar et al. 2010). Psychological
effects (e.g., depression, psychosis, violence, aggression, impulsiveness, etc.) can
be quite severe (Pope and Katz 1994; Bahrke et al. 1996; Beaver et al. 2008). The
legal (clinical) and illegal (recreational) use of anabolic steroids has also been linked
to an increased risk of prostate cancer (Shaneyfelt et al. 2000; Gaylis et al. 2005),
although some studies have identified no such links (Roddam et al. 2008; Drewa
and Chlosta 2010). However, the responsiveness of prostate cancer to treatments
using androgen receptor inhibitors, GnRH agonists and antagonists, and even
surgical castration do support an association between testosterone and prostate can-
cer severity and progression (Denmeade and Isaacs 2002).

The effects of testosterone supplementation on human immunity are not well
investigated. In the entire volume on testosterone supplementation by Nieschlag
et al. (2012), immunological consequences are mentioned only sporadically and
briefly, and results of studies cited have yielded mixed results. Varying doses of
testosterone do not appear to affect lymphocyte counts or viral load in HI'V-infected
men (Bhasin et al. 2000) and women (Choi et al. 2005; Looby et al. 2009).
Testosterone treatment decreased CD4+ cell count in one study of postmenopausal
women (Zofkova et al. 1995). In another study of otherwise healthy young men,
there were no effects of testosterone enanthate on C-reactive protein levels (Singh
et al. 2002), whereas Klinefelter’s (XXY) syndrome patients have been shown to
exhibit decreases in antibody levels and T cell counts following treatment with tes-
tosterone, although the percentage of CD8+ cells increased (Kocar et al. 2000).
Similarly mixed results were identified by Muehlenbein and Bhasin (2012): of 52
healthy men ages 60-75 years, those who received monthly intramuscular injec-
tions of 600 mg of testosterone enanthate for 5 months showed increases in mono-
cyte and neutrophil percentages but lowered eosinophil and lymphocyte percentages.
As stated before, testosterone clearly does not affect all aspects of immunity equally,
even as a result of clinically controlled supplementation.
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There has also been an increased usage of DHEA by the American public as a
dietary supplement in recent years (Baulieu et al. 2000). DHEA may influence
metabolism and body composition, particularly through its conversion to testoster-
one and estradiol (Villareal and Holloszy 2004). Although other studies have identi-
fied no such relationships between body condition and DHEA level (Callies et al
2001; Percheron et al. 2003), its use as an anti-obesity agent continues to grow (Ip
et al. 2011). DHEA is also purported to ameliorate some measures of depression
(Wolkowitz et al. 1999) and to increase libido (Arlt et al. 1999). However, given its
role as a prohormone, there are likely many other risks to supplement use, including
breast cancer (Gordon et al. 1990) and ovarian cancer (Helzlsouer et al. 1995); the
magnitude of risk associated with this supplement remains unknown.

Like testosterone, DHEA supplementation does not appear to affect lymphocyte
counts or viral load in HIV-infected individuals (Rabkin et al. 2006; Abrams et al.
2007). Some studies have shown that DHEA supplementation may increase immune
response to vaccine (Araneo et al. 1995), whereas other studies have found no such
effects (Danenberg et al. 1997). DHEA may increase NK cell activity and other cel-
lular responses in elderly recipients (Khorram et al. 1997; Casson et al. 1993), although
other studies have revealed no change in these measures (Kohut et al. 2003).

The effects of hormone supplementation on the immune system require much more
research to determine if the benefits of hormone therapy truly outweigh the costs. A sim-
ple prediction based on life history theory is that alterations in the hormonal mechanisms
responsible for facilitating trade-offs between immune and other functions will result in
dysregulation of this balanced system. Future analyses must include detailed effects of
androgens and estrogens in men and women, utilizing various functional measures of
adaptive immunity in a variety of experimental regimes: during health and illness of
varying severity, and in people experiencing varying degrees of energy flux. Trade-offs
between immunity and other functions may only become apparent under certain condi-
tions, or during particular critical windows at certain points in the life course.

7.7 Summary

Phenotypic plasticity in response to stochastic ecological stressors like pathogens
represents a suite of complex adaptations, and our immune system epitomizes a
reaction norm that allows for adaptation to pathogens, allergens, and injury. Because
immune responses presumably generate a substantial energetic burden, optimization
of immunity during illness should result in decreased energetic investment in other
functions, including growth and reproduction. It should be possible to indirectly
observe such trade-offs by measuring correlated changes in hormones, since endo-
crine mechanisms are sensitive to environmental cues that can otherwise facilitate
modulation of immunity relative to reproductive effort and other investments.
Testosterone, DHEA, and estradiol all appear to have complex immunomodulatory
actions. Whereas testosterone’s actions have usually been hypothesized to be suppres-
sive, results of studies addressing this premise are surprisingly mixed. The same can
be said for the possible immunostimulatory actions of DHEA. Estradiol may also play
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an important role in moderating risks of both infectious and autoimmune diseases. In
short, the fluctuating, complex hormonal milieu may affect the course and outcome of
disease directly through actions on immune effector mechanisms, as well as indirectly
through adaptive shifts in life history allocation decisions. Although hormone supple-
mentation clearly has beneficial actions under certain conditions, its effects on human
immunity are not well investigated. Long-term augmentation of these hormonal medi-
ators of life history trade-offs may impose significant costs on immunity against both
infectious and chronic diseases.
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