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INTRODUCTION 

Women and men exhibit vast differences in reproduc
tive physiologies, behaviors, and ecologies. The present 
chapter aims to illustrate these fundamental differences 
by utilizing recent theoretical and empirical develop
ments in addition to clinical and anthropological data 
that help clarify the evolutionary bases for human male 
reproductive functions. We begin with a discussion of 
the various aspects of male reproductive effort, includ
ing the physiology and behaviors associated with seek
ing, attracting, and choosing mates, competing for and 
controlling mates, paternal behaviors, and the proxim
ate determinants of spermatogenesis, libido, and erec
tion. For the specific purpose of better understanding 
male reproductive ecology, we next provide readers 
with a description of male reproductive physiology, 
including major aspects of development, endocrin
ology, and senescence. Testosterone may be synonym
ous with maleness; however, it may impose a number of 
costs, including negative energy balance, immunosup
pression, and prostate cancer. 

A discussion on male reproductive ecology ends our 
chapter because it draws from our discussions on repro
ductive effort and physiology. Readers are encouraged 
to utilize the information presented here to further dis
cussion and research on human male reproduction, 
both the proximate mechanisms involved in addition 
to the evolutionary explanations for the ways we func
tion and behave. 

MALE REPRODUCTIVE EFFORT 

Reproductive effort refers to investments of both time 
and energy into reproduction. Optimization of repro
ductive effort is of central importance, especially for 
capital breeding, iteroparous organisms that must 
budget time and energy over a number of reproductive 
events within a lifetime. Males and females differ 
greatly in the amount of time and energy they invest 
in reproduction. For mammals, this is the direct result 

of contrasting offspring investment requirements that 
stem from internal gestation. Mammalian females pro
duce relatively small quantities of large, energy-rich 
gametes, and must energetically commit to gestation 
and lactation in addition to other postnatal activities 
that increase the likelihood of offspring survivaL Life
time reproductive success for females is therefore 
largely limited by access to resources (Trivers, 1972). 
Females set the pace of childbearing, and population 
fertility is determined by the length of interval between 
successive gestations. This interbirth interval is deter
mined largely through robusticity of ovarian function, 
length of lactational amenorrhea, likelihood of fetal 
loss, and coital frequency (Wood, 1994b). The male 
contribution to this is relatively low. 

Sexual reproduction and the exchange of genes 
followed by mutation, recombination, and independ
ent assortment function largely to create variation in a 
population (Fisher, 1932), which, among other things, 
provides some advantage against pathogens also evolv
ing in the environment (Van Valen, 1973). Humans are 
not parthenogenic, and males may make some contri
butions to population fertility and the interbirth inter
val, albeit much less so than that of females. 

Unlike women, men are not constrained by the 
direct metabolic costs of gestation, lactation, child
birth, or menstruation. Men, like other male mammals, 
are characterized by the continuous production of 
spermatozoa with the potential for inseminating many 
females. Greater mate access can therefore increase 
offspring production. Some males will be more suc
cessful than others in the reproductive race, resulting 
in high levels of reproductive variance. For example, 
some men may not have any children whereas the 
Sultan of Morocco likely produced more than 800 
(Low, 2000). For all men, enhancement of evolutionary 
fitness is possible through increased coital opportun
ities. Beyond sexual performance, male reproductive 
effort can include seeking, choosing, and attracting 
mates, competing for and controlling mates, as well 
as protection and provisioning of offspring and mates. 
Below we discuss each of these concepts in detail. 
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Given the scope of this text, homosexual preference 
will not be considered here, but evolutionary and devel
opmental causes of homosexuality have been con
sidered elsewhere (Roughgarden, 2009). 

Seeking and attracting mates 

Males of some species will put so much effort into seek
ing a mate that they forgo eating during the breeding 
season, which can have serious effects on survivorship 
(McMillin et aL, 1980; Bobek et aI., 1990). Mate-seeking 
behaviors can compromise survivorship by increasing 
day-range lengths and energy expenditure as well 
as exposure to predators. Sexual promiscuity also 
increases the risk of sexually transmitted infections. 
Despite this, a significant number of men surveyed 
are willing to consent to sexual intercourse with a 
potential partner they have only recently met (Buss 
and Schmidt, 1993). 

Animal courtship displays can be quite complex, 
with ornate and brightly colored or decorated males 
vying for the attention of onlookers. The same can be 
said for humans, in which men may attempt to adver
tise their resource potential by displaying resources 
such as expensive cars and jewelry. Men, particularly 
adolescent males, may participate in dangerous 
sporting behaviors to gain attraction. This does not 
imply that such behaviors are consciously performed 
for the purpose of mate attraction. Rather, psycho
logical mechanisms have certainly been naturally 
selected to maximize lifetime reproductive success. 
These may encompass dangerous behaviors that 
attract attention and demonstrate survivability. 

A man may also use his physique and/or intellect 
(I.e., education level) to attract a mate. The former 
is augmented through the anabolic actions of 
testosterone and other androgens, and thus elevated 
testosterone levels and muscle anabolism may be con
sidered direct investments in male reproductive effort 
(see below). At the same time, high doses of testoster
one can compromise survivorship (also see below). 
Despite this, rates of anabolic-androgenic steroid and 
other ergogenic drug use for both athletic enhance
ment and improvement of appearance are 
in the United States. Adolescents are exposing them
selves to these substances at an earlier age, with an 
estimated 10% of high school male athletes taking 
illegal steroids (Calfee and Fadale, 2006). Anabolic
androgenic steroid use can cause physical and psycho
logical damages, including liver failure, depression, 
psychosis, and rage (Hall and Hall, 2005). Future mor
tality data from men taking androgen supplements will 
likely provide much-needed data on this interesting 
experimental endocrine intervention. 

Female reproductive value peaks during the 20s 
regardless of population and declines gradually with 

age (Hill and Hurtado, 1996; Kuhnert and Nieschlag, 
2004). Since there is no evidence of an analogous 
decline in male fertility, it may be that males simply do 
not have access to fertile females due to female choice. 
Compromised female partner fertility (menopause) is 
also a factor in declining male reproductive value. 
Declination in attractiveness in addition to decreased 
ability to compete with conspecifics and acquire 
resources may reflect a type of "social andropause" 
in elderly men (Bribiescas, 2006). Such shifts in re
productive possibilities perhaps encourage men to dedi
cate more time and energy into offspring and mate 
investment. 

Choosing a mate 

Because of the high costs of reproduction, females 
should be under selection to choose carefully when 
and with whom they mate (Williams, 1966; Trivers, 
1972). Female mate choice may be expressed to maxi
mize resources, protection, and paternal care in ad
dition to beneficial genetic variation that could be 
passed to offspring. For example, females may favor 
mates that display honest indications of disease resist
ance (Hamilton and Zuk, 1982) or other attributes of 
survivability (Zahavi, 1975). Human women of many 
sociocultural groups consistently exhibit preference 
for older, intelligent, emotionally sensitive men who 
are successful at their careers and are willing to invest 
financial and other resources, including parental care, 
in a long-term relationship (Buss and Schmidt, 1993). 
In fact, income and education (I.e., resources in gen
eral) are the best predictors of lifetime reproductive 
success in men (Mace, 1996; Waynforth, 1998). While 
women tend to prefer fewer short-term mates to long
term ones, they can also gain financial and "genetic" 
resources by employing a short-term reproductive 
strategy (see Chapter 17 of this volume for a complete 
discussion about human mating strategies). 

If afforded access to fecund females, male animals 
may actually employ some mate choice. This is in con
trast to the long-standing "Bateman's principle" in 
which a male, because of the minimal costs of sperm 
production, should be physiologically and behaviorally 
"ready and willing" to mate at all times and be indis
criminate about his choice of mates. We now recognize 
male mate choice as a real phenomenon in various 
species. For example, male chimpanzees prefer to con
sort and mate with older, parous females with proven 
maternal skills (Muller et aL, 2006). Estrus females of 
various species are also more attractive to males 
(Beach, 1976). 

Mammalian males may exhibit mate choice 
because the number of quality ejaculates is limited 
(Dewsbury, 1982). That is, the delivery system (ejacula
tion) can outpace production (spermatogenesis), and it 
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may therefore pay for a male to choose who receives 
the ejaculate. Sperm counts do decline in some 
animals following repeated ejaculations, which is espe
cially the case in insects (Odendaal et al., 1989). Fur
thermore, the refractory period between consecutive 
ejaculations increases in a number of species, includ
ing primates (Small, 1988). The refractory period 
between consecutive ejaculations can range from min
utes to hours depending on physical condition (Aversa 
et aL, 2000). An exception of this is known as the 
"Coolidge effect" in which the refractory periods 
between ejaculations diminish with the presentation 
of novel receptive females (Beamer et al., 1969). In this 
regard, males can partition ejaculates between 
females. Such phenomena have not been definitively 
demonstrated in humans. Human male sperm counts 
do decline after each consecutive ejaculation, but not 
to a point significantly low enough to be considered 
infertile (Nnatu et al., 1991; Cooper et al., 1993). 

As with females, human males exhibit preference 
for both long-term and short-term mating partners. In 
men, these choices are based largely on fecundity, the 
likelihood of fidelity, and maternal ability (Buss and 
Schmidt, 1993; Gangestad et aL, 2005; Sugiyama, 
2005). On average, men consistently exhibit preference 
for younger mates and more of them, reflecting pos
sible selection for promiscuity towards highly fecund 
women (Buss and Schmidt, 1993). Visual signs of fecun
dity in women include a high breast-to-underbreast 
ratio (large breasts) and a low waist-to-hip ratio 
(narrow waist) (Reynolds, 1991; Tovee et aL, 1999). 
Women with these characteristics tend to have higher 
reproductive potential as measured through estradiol 
and progesterone levels (Jasienska et al., 2004). 

Unlike females of some other species (Domb and 
PageL 2001), women do not exhibit sexual swellings 
that advertise fecundity or reveal the time of ovulation 
to males. However, scent may play some role in human 
mate choice. Pheromones are chemical signals 
released from apocrine glands of the skin to induce 
various physiological and behavioral responses 
(Albone and Shirley, 1984). For example, in rodents 
the presence of an adult male's odor can cause females 
to enter into estrus (the "Whitten effect"; Whitten, 
1956), miscarriages in pregnant females (the "Bruce 
effect"; Bruce, 1959), and cause females to enter 
puberty earlier (the "Vandenbergh effect"; Vanden
bergh, 1967, 1973). The importance of these chemicals 
in facilitating human reproduction is debated, but they 
are likely to be more than just vestigial (Rodriguez 
et aI., 2000; Kohl et aI., 2001). In women, female 
erence for male scents changes across the ovulatory 
cycle (Wedekind et aL, 1995; Gangestad and Thornhill, 
1998). Additionally, the pheromone androstenol may 
enhance attractiveness of males to females (Filsinger 
et al., 1985). The role of pheromones in male mate 

choice and detection of fecundity has not yet been 
extensively studied. 

Competing for mates 

Males may rely on various physical attributes in order 
to increase reproductive fitness, including body size, 
weaponry (e.g., canines), and sperm volume. The exist
ence of sperm competition implies that by increasing 
the volume of spermatozoa and ejaculate, males can 
outcompete each other for successful fertilizations 
(Harcourt et aI., 1981). Therefore, species with multi
male groups have larger testes relative to body size than 
those \\lith single-male polygynous mating systems 
(Harvey and Harcourt, 1984). 

The existence of sperm competition in humans has 
been debated, and it appears that sperm volumes in 
coital ejaculates can vary as a function of duration of 
separation from their committed partners (Baker and 
Bellis, 1989). That said, the role of sperm competition 
in our own species is reduced compared to chimpan
zees; short-term bonding and intensive mating promis
cuity have selected for greater investment in sperm 
quantity and accessory gland development (Le., sem
inal vesicles) in chimpanzees (Dixson, 1999). Humans 
exhibit only mild sexual dimorphism (Smith and 
Leigh, 1998), but this may still be indicative of the large 
role polygyny has played in our evolutionary past. In 
fact, approximately 80% of all human populations may 
currently practice polygyny (Buss and Schmidt, 1993). 

Intrasexual competition is an important mechan
ism of sexual selection (Trivers, 1972), and male-male 
competition over access to fecund females is a common 
phenomenon, even in humans, One way to compete for 
access to mates is to dominate or enhance one's status 
over conspecifics, and testosterone is related to domin
ance-seeking behaviors in males in interesting ways. For 
example, testosterone increases in preparation for com
petitions (Booth et al., 1989; Mazur, 1992). This may 
function to augment muscle tissue (especially upper 
body strength), which itself may have been selected to 
facilitate the production and use of weapons to settle 
these male-male conflicts (Bercovitch, 200 O. Elevated 
testosterone levels prior to competition may also 
improve co-ordination and cognitive performance, 
increase self-confidence and motivation, as well as pos
sibly interfere with self-controL Results of competition 
also alter hormone levels: testosterone levels remain 
high in winners and decline in losers, possibly to facili
tate further successful competition in winners, and 
temper provocative actions in losers (Booth et a1., 
1989). Testosterone levels in men respond to, and are 
detennined by, dominance activity and status change 
(Mazur and Booth, 1998). 

Aggressive behavior with the intention of inflicting 
physical or mental damage is one means of attaining 



and maintaining dominance status. Although testoster
one levels have been reported to correlate with aggres
sive behaviors in many species (Dabbs and Dabbs, 
2000), associations between testosterone and aggres
sion in humans have proved relatively inconsistent. 
Testosterone levels have heen significantly correlated 
with self-reports of diverse antisocial behaviors, 
including marital disruption and violence, in military 
personnel (Booth and Dabbs, 1993). Testosterone 
levels have also correlated with violence of crimes and 
peer ratings of toughness in prison inmates (Dabbs 
et aL, 1987, 1995). However, short-term administration 
of supraphysiological doses of testosterone in other
wise healthy men (eugonadal, noncriminal) is unre
lated to various measures of anger and aggressive 
behavior (Tricker et aL, 1996; Pope et al., 2000). There
fore, changing levels of testosterone may potentiate 
pre-existing patterns of aggression, but fluctuations in 
testosterone levels in normal individuals do not predict 
changes in aggressive behavior. Violent aggression and 
antisocial behaviors are more consistently associated 
with serotonergic dysfunction, such as defect in the 
neurotransmitter-metabolizing enzyme monoamine 
oxidase A gene, rather than high testosterone levels 
(Morell, 1993; Krakowski, 2003). 

Fluctuations in testosterone levels are consistently 
related to the frequency and intensity of reproductive 
aggression in most species examined to date. That is, 
testosterone is most consistently associated with 
aggressive behaviors during challenges with conspeci
fics, mate guarding, the formation of dominance rela
tionships, or establishment of territorial boundaries 
(the "challenge hypothesis"; Wingfield et aI., 1990). 
Testosterone variation may therefore involve behav
ioral and physiological manipulation in accordance 
with the needs to compete with conspecifics for repro
ductive opportunities. 

Testosterone can reduce the refractory period 
between action potentials running down the stria ter
minalis hetween the hypothalamus and amygdala, 
potentiating an aggressive response following the 
correct stimuli (Kendrick and Drewett, 1979). Testos
terone also reduces the amount of hypothalamic 
stimulation needed to generate an aggressive response 
(Bermond et al., 1982). Testosterone increases glucose 
uptake and metabolic rate of muscle cells (Bhasin 
et aL, 1996; Tsai and Sapolsky, 1996), and stimulates 
fat catabolism and muscle anabolism (Welle et aI., 
1992). In total, testosterone can prepare the body, 
physically and mentally, for competition. The chal
lenge hypothesis and its context of reproductive 
aggression may be less applicable to humans because 
acute variation in androgens does not necessarily trig
ger behavioral changes. However, changes in testoster
one level before and during competition could still 
function to prime a man's mind and body. 
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Controlling mates 

Another general strategy commonly employed by 
males of a number of species to gain access to females 
is sexual coercion. One frequently noted variation of 
this strategy is infanticide, the killing of an infant sired 
by another male in order to gain reproductive access to 
the mother (Hausfater and Hrdy, 1984; Smuts and 
Smuts, 1993). The existence of such adaptive behaviors 
in humans is debatable. Certainly the likelihood of 
being fatally abused is much higher for stepchildren 
compared to children living with both biological 
parents (Daly and Wilson, 1988). 

Various aspects of modern humans demonstrate 
relative degrees of male control/coercion over female 
reproduction. A number of modem human cultures 
attempt to exert male-biased control over female repro
duction. Religious and other institutional, judicial, and 
social systems have attempted to control human sexual 
morality and behaviors, particularly that of women 
(Kinsey et aL, 1948, 1953). Arranged marriages, stric
tures on divorce, anti-abortion campaigns, regulation 
or illegalization of prostitution, physical sequestration, 
female genital mutilation, and dress codes (Le., veils, 
chuddars, chastity belts, foot binding, etc.) are all 
modern examples of institutionalized control of female 
sexual expression (Potts and Short, 1999; Gruenbaum, 
2001; Hendrix, 2004). Human male control over female 
reproduction has also materialized through sexual jeal
ousy and spousal abuse, sexual harassment, forced 
copulation, male adultery, asymmetry in parental 
investment, and emphasis on female virginity (Potts 
and Short, 1999; Thornhill and Palmer, 2000). 

Interestingly, synchronized estrous in some groups 
of female primates may have been selected to prevent 
males from monopolizing receptive and ovulatory 
moments (Zinneret al., 1994), increase paternal invest
ment (Alexander and Noonan, 1979), and reduce 
the likelihood of infanticide by confusing paternity 
(Hrdy, 1979; Altmann, 1990). The phenomenon of syn
chronized ovulation in group-living females mayor 
mav not exist in humans (McClintock, 1971; Strass
ma~, 1999). Women, like females of many different 
species, also exhibit concealed ovulation with no 
monthly sexual swellings. 

Sperm 

Although healthy human males are capable of continu
ous production of gametes throughout a lifetime, there 
are notable variations in sperm quality and quantity 
between individuals. Healthy sperm counts can vary 
between 1 and 120 million per milliliter of semen, with 
clinically defined minimal limits between 10 and 60 
million per milliliter (Glass, 1991; World Health Organ
ization, 1999; Guzick et al., 2001). There may even be a 
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significant amount of variation in sperm counts 
between populations, with non-Western populations 
manifesting lower sperm counts compared to Ameri
can males (Fisch et aI., 1996). The highest reported 
sperm counts are among French men (102.9 millionl 
mD while the Thai seem to be at the low end of the 
spectrum (52.9 million/ml) (Fisch et aI., 1996). How
ever these numbers should be viewed with caution due 
to interlaboratory and counting method variability 
(Matson, 1995). Large-scale longitudinal sperm and 
semen assessments from other countries indicate some 
variation but none to suggest differences in fertility 
(Tortolero et al.. 1999; Seo et aL. 2000). In general, 
there is little evidence that any significant differences 
in sperm quantity between individuals or populations 
would correlate with differences in fecundity (Polansky 
and Lamb. 1988; Fisch et al., 1996). Sperm morphology 
may be a better predictor of male fertility (Guzick et at, 
2001). although ultimately the contribution of sperm 
quality and quantity to couple fertility is uncertain 
at this time. 

In some species, particularly arthropods, spermato
genesis is energetically expensive (van Voorhies. 1992; 
Gems and Riddle. 1996). The act of mating alone can 
compromise survivorship in male fruit flies (Partridge 
and Farquhar, 1981). In contrast, energetic investment 
in mammalian spermatogenesis is negligible, account
ing for less than 1 % of basal metabolic rate in human 
males (Elia, 1992). It is therefore not surprising that 
spermatogenesis can withstand extremely taxing ener
getic circumstances. Exercise may affect sperm quality 
and quantity only under endurance-training circum
stances (Aree et al., 1993), but still not to a point where 
compromised fecundity becomes evident (Roberts 
et al., 1993). Other factors like diet composition (Wong 
etal., 2000. 2003), photoperiodicity (Levine et aI., 1992), 
and body temperature (Mieusset and Bujan, 1995) may 
be influential. Furthermore, variation in testosterone 
levels does not correlate well with variation in sperm
atogenesis (Weinbauer and Nieschlag. 1990). High fol
lide-stimulating hormone and inhibin B levels exhibit 
modest links with lower sperm counts (Meeker et al., 
2007). Genetic variation in luteinizing hormone (LH) 
and follicle-stimulating hormone (FSH) production is 
evident in some individuals, sometimes leading to 
reproductive disorders and compromised fertility (Ber
geret aI., 2005; Lofrano-Porto et aI., 2007). Variation in 
FSH levels within the common range of variation is not 
associated with differences in spermatogenesis. Indeed, 
spermatogenesis is tolerant of a broad range of FSH 
exposure (Kumar et aL. 1997; Tapanainen et aI., 1997). 
However, severe FSH deficiencies can result in oligos
permia (low sperm count) or azoospermia (total lack 
of sperm). 

Interestingly, some data suggest a significant 
dedine in sperm counts, independent of age, in North 

American and European populations over the past cen
tury (Becker and Berhane, 1997; Swan et al.. 2000) in 
addition to increased rates of testicular cancer and 
genital abnormalities (Giwercman et aI., 1993). Other 
data suggest that testosterone levels have decreased 
over the last two decades and that these changes are 
independent of age, diagnosed illnesses, smoking. body 
fat percentage, or other lifestyle factors (Travison et al., 
2007). However. the results of such studies have been 
contested based on sampling biases (Saidi et aI., 1999), 
changes in clinical norms (Bromwich et al., 1994), and 
inappropriate statistical methods (Olsen et aI., 1995; 
Emanuel et al., 1998). We may also now be more likely 
to identify, record, and treat these conditions than we 
have been in the past. 

One popular hypothesis is that environmental pol
lutants with endocrine activity ("endocrine disrup
tors") could interfere with normal endocrine function, 
resulting in developmental abnormalities, infertility, 
and pathology (Sharpe and Skakkebaek. 1993). These 
chemicals include phytoestrogens (natural endocrine 
disruptors with estrogenic activity), xenoestrogens 
(synthetic endocrine disruptors), and industrial con
taminants such as dioxins, biphenyls, heavy metals, 
pesticides, and others. It is possible that exposure to 
these chemicals could cause adverse developmental 
and reproductive events, especially following high 
levels of occupational exposure. Furthermore, high 
levels of exposure could cause germline mutations that 
result in transgenerational effects. such as decreased 
sperm count in subsequent male generations (Anway 
et aI., 2005). However. there is still little direct evidence 
that normal exposure to these chemicals cause male 
reproductive malfunction in the general population 
(Safe, 2000; Joffe, 2003; Pflieger-Bruss et aL. 2004). 

Libido 

A fear of diminished libido is likely to be one of the 
primary reasons why a hormonal male contraceptive 
may never achieve widespread adoption (Martin et al., 
2000). But the relationship between hormones and 
sexual motivation is equivocal anyway. Male repro
ductive endocrinology is sensitive to perceived coital 
opportunities. For example, male rhesus macaques 
demonstrate increased testosterone levels in both the 
breeding and nonbreeding seasons when provided 
access to females (Bernstein et aI., 1977; Glick. 1984). 
Increased androgen levels would be beneficial to sup
port increased fTequency of sexual activity (Rose et aL, 
1972) and actively establish and defend mating part
ners (Bernstein et al., 1977; Glick, 1984). 

Testosterone levels in men also increase with 
anticipation of a sexual encounter. For example, a clas
sic study describes how a lone male conducting 
research on a remote island weighed his daily beard 



clippings as a gross androgen bioassay and found 
that his beard growth rate increased immediately prior 
to leaving the island for female companionship 
(Anonymous, 1970). More recently, a sample of hetero
sexual men exhibited increased testosterone levels 
during short conversations with women (Roney et ai., 
2003). There was also a positive relationship between 
change in testosterone and males' ratings of female 
romantic potential. 

Testosterone levels also change in response to 
copulation, with significantly increased androgen 
levels following the coital event (Dabbs and Mohammed, 
1992). Likewise, exposure to erotic sensory stimuli is 
correlated with increases in testosterone levels in het
erosexual men (Carani et ai., 1990). It is difficult, how
ever, to identify any consistent relationships between 
variation in a man's testosterone levels and actual 
sexual motivation. In hypogonadal men, testosterone 
injections at high doses are related to increased fre
quencies of erotic thoughts, erections, and sexual activ
ity (Davidson et al., 1978). In contrast, testosterone 
supplementation in healthy, eugonadal men is unre
lated to intensity of sexual feelings or activity (Buena 
et aI., 1993). Therefore, testosterone levels appear to be 
associated with libido only in men with low testoster
one to begin with, such as during clinical deficiencies 
or prolonged abstinence. 

Variation in testosterone levels does not correlate 
well with sexual motivation in healthy men. Rather, 
sexual motivation depends largely on previous sexual 
experiences. Testosterone and other hormones may 
increase the likelihood that a sexual stimulus will elicit 
sexual behaviors, but only in the context of appropriate 
stimuli. Similarly, androgens can reduce the amount of 
stimuli required for an erection. They are, however, not 
required to produce or maintain an erection. 

Erection 

When afforded the capability of generating and main
taining an erection followed by successful ejaculation, 
an elderly man can fertilize an ovum. Pablo Picasso 
became a father at age 68, as did Charlie Chaplin at 
age 73. The major rate-limiting steps at this age are 
attracting a fecund mate and generating/maintaining 
an erection. Causes of erectile dysfunction (ED) can be 
psychological, neuroendocrinological, and pharmaco
logical in origin. Degeneration of the vascular system 
due to stress, disease, or lifestyle (diet and smoking) 
can interfere with the normal process of erection 
(Caretta et al., 2006). The prevalence of ED ranges 
from 10-22% among various countries (Rosen et aI., 
2004), and the risk and degree of ED increases with 
age, around 8% per year in men aged 45-60 (Kratzik 
et aI., 2005). At age 70, more than 50% of men will 
exhibit some form (minimal to severe) of ED (Kratzik 
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et aI., 2005). Even in remote populations, ED is common 
among older men (Gray and Campbell, 2005). Further
more, the incidence of ED appears to be increasing 
worldwide, with more than 300 million adult 
men expected to be afflicted with it in the year 2025 
(McKinlay, 2000). The number of cases reported may be 
increasing due to the recent acceptance of discussing 
and diagnosing such ailments in the elderly. 

Aconsiderable amount of research efforts have now 
gone into the treatment of ED, from penile implants 
and prostheses to pharmacotherapy (Fabbri et al., 
1997). One of the most significant advances has been 
the development of sildenafil citrate (Viagra®, Pfizer 
Inc.), an oral phosphodiesterase inhibitor that inhibits 
the breakdown of nitric oxide-induced cyclic guanosine 
monophosphate (cGMP), mimicking the effects of 
nitric oxide by stimulating the relaxation of muscles 
around the corpora cavernosa (Bivalacqua et aI., 2000; 
Argiolas and Melis, 2003). 

Paternal behaviors 

A direct consequence of internal fertilization is that 
men cannot be absolutely certain about their paternity. 
The rate of human extrapair copulations may be as 
high as 30% (Baker and Bellis, 1995), and the world
wide misappropriated paternity rate is around 2%, 
although it can be as high as 30% in cases of low 
paternity confidence (Anderson, 2006). It is therefore 
not surprising that natural selection has favored the 
production of behavioral mechanisms that predispose 
men (in general) to invest more heavily in mating effort 
than parental effort. However, humans are among the 
5% of mammalian species that do exhibit some type of 
paternal care (Clutton-Brock, 1991). Basic paternal 
care is characterized not only by defense, but also by 
holding, carrying, provisioning, and social interaction. 

The level of paternal investment is directly correl
ated with both paternity confidence (Anderson, 2006) 
and assessment of a wife's fidelity (Apicella and 
Marlowe, 2004), Physical resemblance between father 
and child can increase paternal care and resource 
investment (Christenfeld and Hill, 1995). Phenotype 
matching, or the recognition of common phenotypic 
traits such as appearance or odor, certainly plays some 
role in kin recognition in primates and other animals 
(Alberts, 1999; Parr and de Waal, 1999). For example, 
adult male baboons can differentiate between their 
own offspring and unrelated juveniles and support 
their own offspring more frequently during agonistic 
disputes (Buchan et al., 2003). Physical resemblance 
between a human father and child is actually not more 
common than that between mother and child, and 
misidentification of fathers of young children from 
photographs is quite random, averaging around 50% 
(Bredart and French, 1999). 
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Unlike women, men are not required by their biol
ogy to provide any care for offspring beyond the con
tribution of sperm. Human male biology does however 
respond in interesting manners to both pair bonding 
and fatherhood. Such behaviors are characterized by 
elevated prolactin and suppressed testosterone levels in 
men (Storey et al., 2000; Gray et aI., 2004). Combined, 
these may function to decrease interest and effort in 
acquiring new mates as well as facilitate interest in 
paternal behaviors (Schoech et aI., 1998) (see Chapter 
16 of this volume for a more complete discussion). 

MALE REPRODUCTIVE PHYSIOLOGY 

Taking a step back for a moment, we wish to provide 
readers \\lith some basic background on male reproduc
tive physiology, in part because this may clarify some of 
the above-mentioned discussion, as well as prepare the 
reader for our discussion of male reproductive ecology to 
follow. From a life history perspective, male reproductive 
physiology has evolved to optimize energetic allocation 
decisions and to maximize lifetime reproductive success. 
Investment in reproductive function and somatic tissue 
reflective of reproductive effort are primary targets of 
hormonal action and therefore subject to significant 
selection. That is, males with reproductive systems 
that were most efficient at allocating energy likely had 
higher lifetime reproductive success. Such efficiency can 
emerge from variation in hormone levels, receptor 
number, receptor sensitivity, and perhaps genetic differ
ences in the coding and transcription of receptor and 
hormone proteins. It is important to remember that the 
evolution ofmale reproductive physiology was shaped by 
paternal uncertainty and sex differences in offspring 
investment resulting from internal gestation. 

Endocrinology and development 

Male endocrine function is based on the hypothalamic
pituitary-testicular (HPT) system. The preoptic area of 
the hypothalamus, a small collection of neurons at the 
base of the brain, secretes gonadotropin-releasing 
hormone (GnRH) into a conduit called the hypophys
eal portal leading to the pituitary gland. Gonadotropin
releasing hormone stimulates the production of two 
gonadotropins, luteinizing hormone (LH) and follicle
stimulating hormone (FSH). Both of these gonadotro
pins are transcribed from specific genes and are com
posed of a common alpha dimer and a specific beta 
dimer(Kronenberg et aI., 2007). LH and FSH are there
fore similar in molecular structure but impose unique 
physiological functions. LH is primarily responsible for 
stimulating the production of testosterone by Leydig 
cells in the testes and FSH aids in the maturation and 
production of sperm by Sertoli cells. In general terms, 

the HPT axis acts as a negative feedback loop. As sex 
hormones such as testosterone rise, it increases the 
likelihood of decreasing the production of GnRH 
and LH. Estradiol also appears to have a significant 
effect on the negative feedback process on the hypo
thalamus (Hayes et aI., 2000; Rochira et aI., 2006). 
As testosterone levels drop, the production of GnRH 
and LH increases. Gonadotropin-releasing hormone 
and all downstream hormones are produced in a 
pulsatile fashion due to the initial neuronal impulses 
that trigger and maintain GnRH secretion. Similar 
negative feedback loops govern spermatogenesis 
although in a more attenuated fashion. As FSH rises, 
production of inhibin A and B rise, which also have 
negative feedback effects on GnRH. Activin, another 
peptide, promotes FSH production (Kronenberg 
et aI., 2007). 

The effects of androgens on male somatic, repro
ductive, and behavioral development begin in utero 
(Knickmeyer and Baron-Cohen, 2006). Miillerian
inhibiting factor, testosterone, and dihydrotestosterone 
promote defeminization and masculinization of the 
genitalia (Grumbach and Conte, 1998). Testosterone 
levels rise during mid-gestation and then fall prior to 
birth (Siiteriand Wilson, 1974). There is a second rise in 
testosterone level that falls again prior to the first year of 
age (Forest et aI., 1974). The functions of these surges 
in androgen levels are not completely understood, 
although they may play important roles in sexual differ
entiation of the central nervous system as well as 
priming of androgen target tissues (De Moor et aL, 
1973; Waldhauser et al., 1981; Wilson, 1982; Corbier 
et al., 1992; Davies and Norman, 2002). Several factors, 
including genetic polymorphisms of pathway synthesis 
and clearance enzymes, nutritional status, immuno
logical stress, and social stress during development 
may play important roles in "programming" baseline 
testosterone secretion for later adulthood (Allen et aI., 
2001; Bribiescas, 2001; Zitzmann and Nieschlag, 2001; 
Muehlenbein and Bribiescas, 2005; Jakobsson et al., 
2006; Muehlenbein, 2008). For example, populations 
experiencing chronic energetic stress have lower insulin 
levels that may inhibit gonadotropin secretion, adoles
cent hormone priming, and subsequently lower adult 
testosterone levels (Bruning et aI., 2000). 

Differential testosterone levels between individuals 
and populations (discussed in detail below) may be 
caused by these early priming effects on receptor 
number and sensitivity as well as HPT function in 
generaL It is clear that priming effects of exogenous 
testosterone in boys with delayed puberty enhances the 
effects of growth hormone (Muller et aI., 2004), and 
that individuals with idiopathic hypogonadotropic 
hypogonadism, a condition characterized by a con
genital deficiency of GnRH, can respond to exogenous 
GnRH if they have prior exposure to testosterone, 



suggesting a priming effect (Spratt and Crowley, 1988). 
Among chronically undernourished Indian men, admin
istration of human chorionic gonadotropin (hCG, a 
potent stimulator of testosterone production) resulted 
in a substantially muted testosterone increase compared 
to well-fed controls (Smith et al., 1975). Testosterone 
variation between adult individuals and populations 
may be the result of similar effects prior to reproductive 
maturation. 

Puberty is a pivotal point in the life history of a 
male, marked by a shift in reproductive and somatic 
investment from survivorship to reproductive effort. 
Androgens (particularly the reduction of testosterone 
to dihydrotestosterone) control hair, vocal cord and 
genitalia development, fat catabolism, and skeletal 
muscle anabolism in boys. Increases in adrenal andro
gens anticipate the pubertal rise in sex steroids. The 
process, known as adrenarche, promotes the desensi
tization of the hypothalamus to androgen levels and 
contributes to the onset of puberty. Growth of the 
adrenal gland increases levels of adrenal androgens 
that in turn desensitize the hypothalamic negative 
feedback response, resulting in greater tolerance for 
higher levels of androgens such as testosterone (Conley 
et aI., 2004; Campbell, 2006). See Chapter 8 in this 
volume for a longer discussion of adrenarche. 

Timing of the onset of pubertal maturation may be 
affected by environmental factors such as activity, life
style, and nutrition. KuHn et al. (1984) reported lower 
levels of urinary LH in malnourished Kenyan boys. 
Later puberty in boys in association with chronic ener

stress is also evident among the Turkana of Kenya 
and the Tonga of Zambia (Campbell et aI., 2004, 
2005a). The effects on fertility are unknown although 
well-nourished boys tend to be larger, have greater 
body mass, and higher testosterone levels as adults. 
There is such an association between larger body size 
and higher fertility in Ache men and women of Para
guay (Hill and Hurtado, 1996). 

Social factors such as group composition may also 
influence variation in developmental timing. For 
example, in rodents, exposure of female pups to adult 
males is associated with accelerated maturation 
whereas exposure to adult females can cause delayed 
sexual maturation (Vandenbergh, 1967, 1973). In 
response to social cues, males from a variety of species 
can exhibit alternative adult phenotypes with different 
reproductive strategies. Such alternative male pheno
types/strategies have been demonstrated in lizards, 
reef fish, and primates. An excellent example includes 
orangutans for which there are two morphotypes 
of adult males. "Flanged" males are those with fully 
developed seeondary sexual characteristics (e.g., large 
cheek pouches) that usually maintain a territorial 
range and mate with resident females (Mitani, 1985). 
The "unflanged" males are much smaller, lacking fully 
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developed secondary sexual characteristics. They do 
not normally maintain a territorial range, are usually 
tolerated by tlanged males in the area, and have been 
observed force copulating with females (Mitani, 1985). 
Adults of each phenotype may be of reproductive age 
but exhibit different hormone profiles. The unflanged 
males appear to be developmentally stunted with lower 
androgen, gonadotropin, growth hormone. and thyroid
stimulating hormone levels compared to flanged males, 
yet both are reproductively capable (Maggioncalda 
et aI., 1999,2000). By maintaining a smaller body size, 
unflanged males are tolerated by flanged males and do 
not pay the costs of increased energetic expenditure 
and immunosuppression caused by higher androgen 
levels, although they still gain access to some repro
ductive opportunities. The development of this alterna
tive phenotype in other males may be triggered by 
harassment from the fully flanged male, the release of 
pheromones from the flanged male, or even via their 
vocalizations. The hypothalamus does possess numer
ous auditory connections, and thus an auditory signal 
could theoretically affect GnRH secretion from the 
hypothalamus, altering the developmental process of 
the animal (Ronnekliev and Resko. 1990). Either way, 
these alternative male phenotypes are viewed as adap
tations to the social environment. 

Social factors may also intluence variation in 
human developmental timing. For example, Ellis and 
Garber (2000) have reported that girls who are raised 
in families characterized by relatively high levels of 
stress (e.g., history of maternal mood disorders, stress
ful interpersonal relationships, lack of resources, bio
logical father absence, stepfather presence, etc.) may 
mature more quickly, although the relevant effect size 
appears to be very small. Presence of an alternative 
father figure may trigger earlier development in peri
pubertal women in order to facilitate mating between 
the female and unrelated male. Alternatively, the pres
ence of a stepfather may contribute to family discord, 
resulting in psychopathology, and earlier maturation 
in females may facilitate dispersal from the unstable! 
dangerous environment. Future studies should be 
designed to investigate similar effects in males. It is 
likely that the energetic determinants of menarche 
and pubarche far outweigh any social determinants. 

Given the amount of phenotypic variation in 
humans, it is not possible to categorize men into alter
native reproductive phenotypes. Different men cer
tainly practice different reproductive strategies. Men 
also consistently develop later than women, and it has 
been suggested that earlier maturation in females may 
allow women to acquire important parenting skills 
while still being subfecund whereas delayed matur
ation in males may postpone direct competition with 
other males for access to mates and allow for attain
ment of larger body size (Bogin, 1999). In this manner, 
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human pubertal timing for both males and females 
may be an adaptation to maximize lifetime reproduc
tive success in response to environmental cues. 

Spermatogenesis and erectile function 

Spermatogenesis is the process of the production of 
male gametes. It is a 64 day cycle in which haploid 
germ cells (spermatogonia) eventually develop into 
mature sperm. Spermatogenesis takes place within 
the seminiferous tubules in the testes. Separating the 
seminiferous tubules is interstitial tissue which con
tains Leydig cells, the primary source of testosterone. 
The stages of sperm development are quite distinct. 
Germ cells, known as spermatogonia, initially divide 
mitotically to form spermatocytes. Spermatocytes 
slowly migrate through interstitial space between 
Sertoli cells that aid in their maturation and develop
ment. Leydig cells also provide endocrine support for 
spermatocyte maturation. An initial process of meiosis 
results in haploid secondary spermatocytes. During a 
second meiotic division, spermatids are formed. 
During the final stages of maturation, the acrosome 
and tail develop before they pass into the lumen of 
the seminiferous tubule. In total, about 300-600 sperm 
per gram of testicular tissue are produced (Nussey and 
Whitehead, 2001). Unlike oogenesis, some daughter 
spermatogonia do not complete the maturation cycle 
and revert to a primordial stage, therefore allowing 
a virtually inexhaustible number of sperm to be pro
duced. However, most daughter cells undergo several 
divisions and ultimately produce spermatids and 
complete cell differentiation. 

Sperm consist of three basic components, the head, 
tail, and nucleus. The head consists of the nucleus as 
well as the acrosome, which contains enzymes that 
allow penetration of the ova and deposition of its gen
etic material. The tail contains numerous mitochon
dria and flagellates vigorously to propel the sperm 
towards the ova. Some sperm are however defective 
and do not swim correctly or have multiple heads or 
tails (Guzick et aI., 2001). Because so many sperm 
are produced, gamete quality control is less rigorous 
than in oogenesis. Various hormones such as FSH, 
inhibin, and testosterone are all involved in the matur
ation process. Immature sperm are passed from 
the rete testes, to the vasa efferentia, and ultimately 
stored in the epididymis where they are mixed with 
seminal fluid (semen) produced by the seminal vesicle 
and prostate gland. At this stage, the sperm become 
fully motile. During ejaculation sperm and semen 
are ejected through the vas deferens and out through 
the urethra. 

In order to complete coital intromission, the penis 
must increase its rigidity through the production 
and maintenance of an erection. In a flacid state, 

blood circulation through the penis is unrestricted. 
Controlled by the parasympathetic aspect of the auto
nomic nervous system, blood enters the base of the 
penis, circulates down the shaft, to the head (glans 
penis) and back out to the body. In a healthy man, 
sexual stimuli induce changes in neurotransmitter 
levels, specifically elevations in nitric oxide levels in 
nerve terminals of the penis which then activates for
mation of the enzyme guanylate cyclase. This enzyme 
causes increased formation of cGMP with consequent 
decreases in intracellular calcium levels in corpora 
cavernosa (erectile body) muscle cells. Relaxation of 
this tissue allows for increased blood flow and subse
quent engorgement (Andersson and Wagner, 1995; 
Wagner and Mulhall, 2001). 

Senescence 

Human senescence can be broken down into two basic 
components, somatic and reproductive. In life history 
theory, senescence is unique from aging in that senes
cence is the manner, timing, and rate at which physio
logical aspects lose functional capacity and efficiency, 
ultimately leading to death (see Chapter 31 of this 
volume), whereas aging can be viewed as the passage 
of time. This is a key conceptual difference in life 
history theory since patterns of senescence reveal 
much about the energetic and time constraints that 
molded the evolution of a species. Endothermy, 
ectothermy, body size and metabolic rate, and extrinsic 
mortality (Le., predation) all contribute to the evolu
tion of senescence. For example, a tortoise and a 
mouse may be of equal age, say three years old, but 
exhibit very different patterns of senescence. Mice, 
who are endothermic and small, have high metabolic 
rates and spend a relatively great amount of energy 
on early sexual maturation and reproduction due 
to high extrinsic mortality, hence their short life 
spans. Interestingly, rates of senescence differ signifi
cantly between humans and chimpanzees living in 
the wild and in captivity (Hill et al., 2001), suggesting 
that decreases in extrinsic mortality may have been 
an important aspect of human evolution (Kaplan 
et aI., 2000). 

Reproductive senescence in human males is dis
tinct from menopause in women. Unlike menopause, 
there is no abrupt cessation of reproductive function 
and onset of permanent infertility. In men, declines in 
reproductive function are more subtle and exhibit a 
wide range of population variation. Male reproductive 
senescence may involve declines in fertility although 
further evidence is needed (de La Rochebrochard et aI., 
2006). Various studies have reported deterioration of 
sperm morphology and motility with age in otherwise 
healthy men (Schwartz et aI., 1983; Kidd et aI., 2001), 
whereas other studies have not (Andolz et aI., 1999; 



Tortolero et al., 1999). Genetic abnormalities are more 
common in sperm of older men (Plas et al., 2000), and 
older men are at increased risk of producing children 
with autism (Reichenberg et aL, 2006) and schizophre
nia (Malaspina et al., 2001). 

Sex hormone levels also tend to change with age, 
although such changes are not ubiquitous across popu
lations. In a meta-analysis of several populations in 
which all laboratory analyses were conducted using 
the same assay protocol, Ellison et al. (2002) showed 
that while Boston men exhibited the standard decline in 
testosterone, other populations showed a more modest 
decline and others none at all. More refined differences 
among Japanese men included a testosterone decrease 
from the second decade of life until their 40s. However, 
testosterone then remained unchanged well into their 
70s (Uchida et al., 2006). Increases in sex hormone 
binding globulin (SHBG) contribute to declines in free 
testosterone (Gray et al., 1991; Harman et al., 2001). 
Changes in estradiol are sometimes also evident with 
age, although this may be the result of increased adipos
ity and aromatization (Vermeulen et aL, 2002), and 
decreases have also been reported (Orwoll et al., 2006). 

In most well-nourished populations testosterone 
exhibits a modest steady decline after the age of 40 
while LH and FSH exhibit a steady rise, most likely 
due to decreased testicular receptor sensitivity. There 
is little or no variation between populations in gonado
tropin changes with age. Among Ache men of Para
guay, testosterone levels were significantly lower 
compared to US men and exhibited no decline with 
age. However, FSH and LH were positively associated 
with age, as is common in other populations suggest
ing that this aspect of male reproductive senescence is 
not subject to environmental variability (Bribiescas, 
2005). Of further interest is the decline in hypothal
amic sensitivity to energetic status in older men. 
Fasted older men fail to exhibit any improvement in 
LH pulse number or amplitude in response to GnRH 
administration compared to younger men (Bergendahl 
et al., 1998). Perhaps a previously unrecognized aspect 
of male reproductive senescence is the compromised 
ability to adjust reproductive function in response to 
energetic availability (Bribiescas, 2006). 

Somatic changes with age are also common. 
Muscle mass declines and adiposity increases (Guo 
et al., 1999). Free testosterone is associated with 
muscle mass and negatively associated with fat mass 
in elderly men in Western countries (van den Beld 
et al., 2000). Basal metabolic rate decreases with age 
in tandem with lower testosterone (Fukagawa et aL, 
1990). Strength also declines with age, a characteristic 
of male aging that is shared across populations 
(Walker and Hill, 2003). Interestingly, peak hunting 
efficiency occurs decades after the height of physical 
strength and performance in Ache men, suggesting a 
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decoupling between foraging efficiency and strength as 
well as an increased reliance on skill, planning, and 
experience (Walker et al., 2002). 

Costs of testosterone 

Although most readers might assume that testosterone 
and other androgens are synonymous with maleness in 
most cultures, the fact is that male physiology imposes 
costs to survivorship beginning at a young age. Male 
fetuses and newborns exhibit higher mortality than 
females (Kellokumpu-Lehtinen and Pelliniemi, 1984; 
Byrne and Warburton, 1987; Ingemarsson, 2003). The 
average life span of a woman in almost all populations 
is significantly longer than a man's (Buettner, 1995). In 
order to maintain some equilibrium between the 
sexes in a population, the sex-ratio at birth needs to 
be slightly male-biased. which is typically the case 
(Parazzini et al., 1998). In young adulthood, the 
chances of a male being murdered rises dramatically 
compared to a female, and men account for over 85% 
of violent crime committed in the United States (Daly 
and Wilson, 1983). In fact, it is safe to say that high 
mortality (relative to females) is a male characteristic. 

Energetic costs 
As discussed above, the energetic burden of spermato
genesis varies by species. For some, like Drosophila 
and Caenorhabditis, spermatogenesis can be expensive, 
whereas for mammals it is not (Elia, 1992; Gems and 
Riddle, 1996). In men, sperm quality or quantity are 
relatively unaffected by even long-term, high energetic 
output (Bagatell and Bremner, 1990). However, 
attaining and maintaining adequate musculoskeletal 
function (e.g., skeletal muscle mass, red blood cells, 
cortical bone density, etc.) are energetically taxing. 
This would reflect an investment in male reproductive 
effort by augmenting inter- and intrasexual com
petition (Le., male-male conflict and female sexual 
coercion), mate attraction, and protection of mates 
and offspring. Given the energetic demands of muscu
loskeletal function. such an investment could com
promise survivorship under conditions of resource 
restriction (Bribiescas, 2001). 

Muscle anabolism is enabled through the actions of 
testosterone and other androgens (Bhasin et aI., 1996; 
Tsai and Sapolsky, 1996). In addition to anabolic 
effects, testosterone stimulates adipose tissue redistri
bution (Marin et aI., 1992a, 1992b; Welle et aI., 1992). 
Altered somatic composition and increased energetic 
costs due to elevated androgen levels can result in 
a negative energy balance that can compromise 
survivability. This has been demonstrated in various 
species of birds and reptiles (Marler and Moore, 1988; 
Ketterson et al.. 1992; Marler et al., 1995). In men, 
skeletal muscle tissue accounts for approximately 
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2()O;0 of basal metabolic rate (Elia, 1992), and this 
measure surely increases during periods of high activ
ity, Elevated testosterone levels and metabolic rates 
could not only contribute to elevated production of 
free oxygen radicals (Zirkin and Chen, 2000) but also 
reduced tissue and organ maintenance in humans 
(Bribiescas, 2001; Muehlenbein and Bribiescas, 2005), 

Immunosuppression 
Elevated testosterone levels could compromise survi
vorship by causing suppression of immune functions, 
These immunoregulatory actions of testosterone are 
based on: (1) comparing male and female differences 
in immunocompetence; (2) examining associations 
between circulating endogenous testosterone levels 
and measurements of immune function, such as size 
of immune organs or lymphocyte counts in healthy or 
parasitized animals; (3) experimentally manipulating 
testosterone levels through castration or supplementa
tion and observing subsequent effects on immunocom
petence; and (4) performing in vitro analyses ofimmune
endocrine interactions (for a complete review, see 
Muehlenbein and Bribiescas, 2005), 

In brief, males tend to be more susceptible to a 
variety of diseases, and both prevalence and intensity 
of infection is often higher in males than in females 
(Poulin, 1996; Zuk and McKean, 1996; Fedigan and 
Zohar, 1997; Moore and Wilson, 2002). For example, 
the rate of primary and secondary syphilis is greater in 
American men than women, and the incidence of syph
ilis in men continues to increase (CDC, 2009). However, 
male biases in disease may be caused by a number of 
factors besides dimorphism in endocrine function. Sev
eral factors such as exposure rates, social and sexual 
behaviors, habitat, diet, and hormone levels may 
account for some of these differences (Klein, 2000). 

Only a few studies have investigated immune
endocrine correlates in human males. In a large 
sample of healthy military men, Granger et al. (2000) 
found no association between testosterone and T or 
B lymphocytes. In contrast, testosterone levels 
were positively associated with parasitemia of Plasmo
dium vivax malaria in Honduran men (Muehlenbein 
et aI., 2005). 

Testosterone replacement therapy is currently 
being evaluated as a means to improve physical func
tion as well as general health perceptions in a number 
of cohorts, including elderly, obese, and HIV-infected 
men (Marin et aI., 1992a, 1992b; Wilson et aI., 2000). 
However, the effects of testosterone supplementation 
on immune parameters in these individuals are not 
well investigated. It appears that varying doses of tes
tosterone do not significantly alter C-reactive protein 
levels in healthy eugonadal males (Singh et aI., 2002), 
Similarly, testosterone supplementation does not 
cause changes in absolute and percentage CD4+ and 

CD8+ cell counts and plasma HIV RNA copy number in 
HIV-infected men (Bhasin et aI., 2000). Given the 
popularity of testosterone supplementation, both legal 
and illegal, research investigations should be specific
ally designed to more adequately determine any nega
tive effects on immune functions. In vitro analyses 
clearly indicate that testosterone can inhibit lympho
cyte proliferation and activity, and antibody and cyto
kine production (Weinstein and Bercovich, 1981; 
Daynes and Araneo, 1991; Grossman et al., 1991; 
Grossman, 1995; Olsen and Kovacs, 1996; Giltay et al., 
2000; Straub and Cutolo, 2001; Burger and Dayer, 2002; 
Wunderlich et aI., 2002). 

In addition to causing immunosuppression, ele
vated testosterone levels could also compromise survi
vorship by decreasing the amount of energy and 
nutrients available for somatic repair and the mainten
ance and activation of immune responses (Wedekind 
and Folstad, 1994; Sheldon and Verhulst, 1996; 
Muehlenbein and Bribiescas, 2005). Investment in 
male reproductive effort generates a significant ener
getic demand that will theoretically trade-off with the 
competing energetic demands of immunocompetence, 
which would increase susceptibility to disease or other
wise negatively affect convalescence (Sheldon and 
Verhulst, 1996; Raberg et aI., 1998, 2002; Verhulst 
et aI., 1999; Owens, 2002; Schmid-Hempel, 2003; 
Muehlenbein and Bribiescas, 2005). Such effects may 
be more exaggerated in energetically limited popula
tions, and more muted in well-nourished populations. 

Immunocompetence is energetically expensive. 
Prolonged energy restriction can lead to immune sup
pression, increasing the risk of infection from oppor
tunistic pathogens (Kramer et al., 1997; Klasing, 1998; 
Lin et aI., 1998; Shephard et al., 1998; lng et 2000; 
Koski and Scott, 2001). Likewise, strenuous exercise or 
participation in energetically demanding tasks, such as 
reproduction, can also compromise immune functions 
(Norris et aI., 1994; Richner et aI., 1995; Deerenberg 
et aI., 1997; Nordling et aI., 1998; Nelson et aI., 2002; 
Bonneaud et aI., 2003). Changes in metabolism 
following infection as well as in vivo assessments of 
energy consumption by the immune system also sug
gest that immunocompetence is energetically expen
sive (Newsholme and Newsholme, 1989; Demas et aI., 
1997,2003; Lochmiller and Deerenberg, 2000). Resting 
metabolic rates increase in infants during upper 
respiratory tract infections (Fleming et aI., 1994), as 
well as in East African children during acute episodes 
of the measles (Duggan et aI., 1986). Compared to 
other species, the energetic costs of mounting an 
immune response in adult humans have not been well 
described (but see Muehlenbein et aI., in press), and 
the clinical medicine and evolutionary biology com
munities would benefit from further clarification of 
these costs. 



Prostate cancer 
The prostate gland surrounds the urethra just 
below the bladder. Its primary function is to produce, 
store, and secrete a fluid that protects sperm when 
ejaculated into the vaginal tract. Prostate cancer is 
now the most common malignancy of men in the 
United States: approximately one in six men will 
develop malignant prostate cancer in their lifetime 
(Crawford, 2003). The incidence of prostate cancer 
has varied over the past century, with a significant 
increase following the widespread use of digital 
rectal examination combined with assays for pro
state-specific antigen in the 1980s and early 1990s 
(Crawford, 2003). Incidence also varies widely between 
populations with rates much higher in industrialized 
regions than in less developed areas (Quinn and Babb, 
2002), although rates in Asia are very low compared 
to the rest of the world (Kurihara et al., 1989). Within 
the United States, African-American men have an inci
dence 60010 greater than that of Caucasians (Crawford, 
2003; Reddy et al., 2003). 

There are likely multiple causative factors for 
prostate cancer. One risk factor is a high fat diet 
(Whittemore et aI., 1995), as evidenced by increased 
risk in Asian populations following immigration into 
the United States and a switch from traditional diets 
to one with greater fat and meat intake (Cook et al., 
1999). There is also some genetic predisposition to 
prostate cancer (Shibata and Whittemore, 1997; 
Amundadottir et aL, 2006), with at least seven 
inherited susceptibility genes (Simard et aL, 2002) 
and a number of other somatic gene mutations (Nelson 
et aI., 2003). 

Although the relationship between lifetime expos
ure to androgens and risk of prostate cancer remains 
unclear (Eaton et aL, 1999; Hsing, 2001), treatment of 
prostate enlargement or cancer often involves the use 
of androgen suppressors (Anderson, 2003). Testoster
one and dihydrotestosterone bind to prostate cells to 
induce proliferation and thus may contribute to pros
tate carcinoma (Carter et al., 1995). Maintaining high 
androgen levels would function to increase male repro
ductive effort, which would just outweigh the costs of 
increased risk of prostate cancer later in life. These 
physiological trade-offs are central to a modem under
standing of male reproductive ecology. 

MALE REPRODUCTIVE ECOLOGY 

Life history theory and reproductive ecology 

An organism's interconnected adaptations for develop
ment, survival and reproduction combine to form its 
life history strategy, and its life history traits describe 
age- and size-specific schedules of development, mor
tality. and fertility (Steams, 1992). Life history theory 
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is that part of evolutionary ecology which attempts to 
explain phenotypic evolution, and the elements of 
demography, trade-offs, bet-hedging, lineage-specific 
effects, quantitative genetics, and reaction norms help 
us to explain variation in life history traits and strat
egies between organisms. This suite of methods can be 
used for studying processes common to all species, 
including humans. 

Reproduction is obviously central to the process of 
evolution. Reproductive physiologies and behaviors 
are evolved response systems, shaped by natural selec
tion to adapt individuals to changing environments. 
This allows for a variable response in which a genotype 
can produce a range of phenotypes depending on 
environmental conditions (a "reaction norm"). How
ever. this phenotypic plasticity is limited through 
lineage-specific effects (canalization of certain traits) 
as well as trade-offs (Steams, 1989). Trade-offs are, in 
fact, central to life history theory, which predicts that 
selection will act on physiological and behavioral 
mechanisms that efficiently regulate the allocation of 
energy and time between general competing functions, 
specifically reproduction, maintenance (i.e., survival), 
and growth (Stearns, 1992; Hill, 1993; Kaplan et al., 
2000). Because time and energy used for one purpose 
cannot be used for another, organisms often face 
trade-offs, particularly under conditions of resource 
restriction. 

Reproductive physiologies and behaviors therefore 
represent compromised adaptations that have been 
designed by natural and sexual selection to maximize 
lifetime reproductive success. Suppression of current 
reproduction in order to increase the likelihood of suc
cessful future reproduction should function to maxi
mize lifetime reproductive success, particularly in 
unpredictable and stochastic natural and social envir
onments (Wasser and Barash, 1983). The trade-off 
between current and future reproduction is a common 
one in iteroparous organisms, as is the trade-off 
between reproduction and survivorship. Because of 
this, reproductive physiologies and behaviors are flex
ible and responsive to environmental cues, such as 
diet, stress, disease, and the availability of mates. 

The field of reproductive ecology examines the 
effects of ecological factors on reproductive effort 
within the context of evolutionary and life history 
theories (Ellison, 200 O. Recent detailed studies of 
human female reproductive ecology have clarified 
how female fecundity represents an adaptive reaction 
norm that can respond to changes in energy flux, 
disease, and psychological stress (Ellison, 1990, 1994, 
2003; Ellison et al., 1993; lasienska and Ellison, 1998, 
2004). No longer viewed by most researchers as patho
logical, decreased ovarian function in response to 
ecological stressors likely represents an adaptive 
mechanism to lower the likelihood of a reproductive 
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outcome if environmental circumstances are not 
optimal, allowing the female to wait and invest in a 
future reproductive event with a better likelihood of 
success. 

Energetic investment in female mammalian repro
duction is obviously expensive and very different 
from that of males. Until recently, the study of human 
male physiology has typically been conducted by clin
icians and other medical investigators, not biological 
anthropologists or evolutionary biologists. This has 
changed in recent years with increased clarification 
of the adaptive functions of male reproductive vari
ation (Campbell and Leslie, 1995; Bribiescas, 2001; 
Muehlenbein and Bribiescas, 2005). 

Causes of variation in male testosterone levels 

There are enormous amounts of variation in hormone 
levels within and between men. Moment-to-moment 
variation in testosterone level is caused by the 
pulsatile release of GnRH from the hypothalamus 
(Spratt and Crowley, 1988). Testosterone production 
can be influenced by many factors, including genetics 
(Jameson, 1996; Beranova et al., 2001; Ring et al., 
2005) and diet. For example, high alcohol consumpt
ion (Muller et aI., 2003), low zinc intake (Abbasi et aI., 
1980), and a low carbohydrate diet (Anderson et aI., 
1987) may all cause decreased testosterone synthesis, 
although Key et al. (1990) and Deslypere and 
Vermeulen (1984) have reported no difference in tes
tosterone levels in omnivorous versus vegan/vegetarian 
(low fat) diets. Others have suggested low testoster
one levels are associated with a low protein diet 
(Christiansen, 1991b). Obese individuals also typically 
have lower testosterone levels, due in part to aroma
tization of testosterone into estrogens in adipose tissue 
(Kley et al., 1981). However, as discussed earlier, rela
tive changes in energy balance have little effect on male 
reproductive function. 

Testosterone levels may vary according to energy 
balance, but only under the most taxing circum
stances. For example, complete fasting decreases tes
tosterone and hypothalamic-pituitary functioning, 
although these effects appear to be quickly reversible 
(Klibanski et aI., 1981; R6jdmark, 1987; Bergendahl 
eta!., 1991; Opstad, 1992; Veldhuis et al., 1993). Acute 
changes in food availability also do not cause signifi
cant changes in testosterone levels in human males 
(Bentley et aI., 1993; Ellison and Panter-Brick, 1996). 
Similar results have been identified in nonhuman 
primates: testosterone levels do not significantly 
decrease in wild male orangutans or chimpanzees 
during periods of low food availability (Knott, 1999; 
Muller and Wrangham, 2005). 

Variation in energy expenditure also appears to 
have little impact on male reproductive function. 

Recall that spermatogenesis is relatively insensitive 
to variation in energy balance. Variation in normal 
or seasonal workload and exercise also appears to 
have little effect on testosterone levels (Ellison and 
Panter-Brick, 1996; Bribiescas, 2001), In fact, energy 
expenditure appears to negatively affect testosterone 
levels only after long-term high output (Bagatell and 
Bremner, 1990; Roberts et aI., 1993; Gomez-Merino 
et aI., 2003, 2005). Acute, anabolic exercise can actu
ally cause increases in testosterone levels (Cumming 
et al., 1986). 

Depressed testosterone levels can result from acute 
or chronic exposure to psychological stressors, includ
ing skydiving (Chatterton et aI., 1997) and military 

(Gomez-Merino et aI., 2003, 2005). These 
effects are likely caused by the actions of glucocorti
coids and endogenous opioids on the hypothalamic
pituitary-gonadal system. For example, glucocorticoids 
like cortisol can directly suppress Leydig cell function 
(Gao et al., 2002; Hardy et al., 2005) and downregulate 
testicular LH receptors (Aakvaag et aI., 1978; Bambino 
and Hsueh, 1981). Glucocorticoids can also suppress 
the production and secretion of gonadotropins from 
the hypothalamus and pituitary (Doerr and 
1976; Attardi et aI., 1997; Kalantaridou et aI., 2004; 
Mitchell et al., 2005; Breen and Karsch, 2006). 
Endogenous opioids and cytokines can similarly affect 
the hypothalamus (Gilbeau and Smith, 1985; Sapolsky 
and Krey, 1988; Isseroff et aI., 1989; Bonavera et aI., 
1993; Oktenli et aI., 2004). 

These proximate mechanisms, in addition to 
others, are also responsible for inhibited reproductive 
processes, including hypogonadism and hypogonado
tropism, following injury, infection and immune acti
vation. The degree of response is often associated with 
the of disrupted somatic injury (Spratt et aI., 
1993; Cernak et aI., 1997). Some infections can cause 
direct testicular pathology in humans (Nelson. 1958; 
Iturregui-Pagan et aI., 1976) in addition to diminished 
libido (Yirmiya et aI., 1995). Men infected with HIV 
frequently exhibit low testosterone levels, testicular 
pathology, and azoospermia, possibly through direct 
infection of the testes and/or hypothalamus-pituitary 
(Poretsky et aI., 1995; Lo and Schambelan, 2001; Dobs 
and Brown, 2002). Honduran men infected with Plas
modium vivax exhibit significantly lower testosterone 
levels during infection compared to postrecovery 
samples as well as age-matched healthy controls 
(Muehlenbein et aI., 2005). Similar results have been 
identified with African sleeping sickness (Trypanosoma 
brucei ssp.) (Ikede et al., 1988; Hublart et al., 1990; 
Soudan et aI., 1992; Reincke et aI., 1998), toxoplasmo
sis (Toxoplasma gondii) (Stahl et al., 1995; Antonios 
et al., 2000; Oktenli et aI., 2004), filaria (Loa loa and 
Mansonella perstans) (Landsoud-Soukate et aI., 1989), 
and schistosomiasis (Saad et al., ] 999). 



Summary of male reproductive ecology 

It is clear that acute immunological and psychological 
stress in addition to chronic negative energy balance are 
all potential factors that can affect male testosterone 
levels. Based on evidence presented throughout this 
chapter, human male reproductive neuroendocrine 
function therefore represents a reaction norm in which 
a number of factors interact to produce a phenotypic
ally plastic response to environmental stimuli. The abil
ity to alter testosterone levels in response to stimuli, 
such as availability of resources and/or injury and ill
ness, likely represents an adaptive mechanism to aug
ment either male reproductive effort or survivorship. As 
described above, augmenting mammalian male repro
ductive effort is largely accomplished through elevated 
testosterone levels and increased musculoskeletal per
formance (Bribiescas, 2001), which aids in work cap
acity, intersexual competition, intrasexual coercion, 
and mate choice. Spermatogenesis is energetically inex
pensive and relatively insensitive to variation in testos
terone levels, whereas musculoskeletal function is 
energetically expensive and is under tight physiological 
control by androgens. Elevated testosterone levels may 
enhance male reproductive effort, but at significant 
metabolic and immunological costs (Bribiescas, 2001; 
Muehlenbein and Bribiescas, 2005). These costs likely 
account for the functional significance of high variability 
in testosterone levels within and between individuals. 

In environments characterized by high extrinsic 
mortality, unpredictable resources and/or high disease 
risk (Le., periods of negative energy balance and 
immune activation), depressed testosterone levels and 
muscle atrophy would function to avoid some of the 
metabolic and immunological costs caused by other
wise higher testosterone levels. In this case, energy 
would be allocated to processes that maximize survi
vorship, such as adipocyte deposition or immunocom
petence. In environments characterized by lower 
extrinsic mortality, high access to resources and low 
disease burden, testosterone levels could be elevated. 
These hypotheses may explain why, compared to more 
industrialized populations in the United States and 
Europe, testosterone levels are typically lower in for
ager, horticultural, and pastoral populations, including 
the Ache of Paraguay (Bribiescas, 1996), Ariaal of 
Kenya (Campbell et a!., 2003), Aymara of Bolivia (Beall 
et at, 1992), Efe and Lese of the Democratic Republic 
of Congo (Ellison et aI., 1989; Bentley et al., 1993), 
!Kung San of Namibia (Worthman and Konner, 1987; 
Christiansen, 1991a), Tamang and Kami of Nepal 
(Ellison and Panter-Brick, 1996), Gainj of New Guinea 
(Campbell, 1994), Turkana of Kenya (Campbell et al., 
2006), men from Harare, Zimbabwe (Lukas et al., 2004), 
and the Okavango Delta of Namibia (Christiansen, 
1991b). In fact, testosterone levels are about twice as 
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high in North American men compared to other popu
lations around the world, and their range of variation 
is about lO-fold greater. We see a similar pattern in 
chimpanzees: captive animals with high food abun
dance throughout their entire lives are characterized 
by relatively higher testosterone levels compared to 
natural populations with lower food abundance 
(Muller and Wrangham, 2005). 

The relative contributions of food availability and 
disease risk in accounting for population variation in 
human testosterone levels are not yet tested. However, 
it is likely the case that ecological differences exert some 
developmental effects. Nutritional and immunological 
differences during development may play important 
roles in "programming" baseline testosterone synthesis 
and secretion as well as variability in later adulthood. 
Given its interconnected regulatory relationship with 
the reproductive, metabolic, and immune systems, tes
tosterone levels in adulthood could then function as an 
important information transducer, regulating the dif
ferential investment in competing trade-offs according 
to the availability of energy (Bribiescas, 2001) and dis
ease risk in the environment (Muehlenbein, 2008). Like 
females, human males maintain some ability to alter 
the expression of reproductive hormones, and therefore 
manage the life history trade-off of reproduction versus 
survival, in response to environmental stimuli. 

DISCUSSION POINTS 

1. 	 Describe in detail the various aspects of male 
reproductive effort. 

2. 	 What are the costs and benefits of testosterone for 
males? 

3. 	 How does hormone variation affect sperm 
production? 

4. 	 How is male reproductive ecology different from 
that of females? 

5. 	 Discuss all of the major sources of variation in 
testosterone levels within and between men. 

6. 	 How would you test the hypothesis that differences 
in energy availability and disease/injury risk account 
for differences in baseline hormone levels and pat
terns of variation between people and populations? 

7. 	 What are some of the primary characteristics of 
male reproductive senescence? 

8. 	 From the standpoint of sexual selection, why 
would some males choose to "enhance" themselves 
through use of anabolic-androgenic steroid use? 
Why is this a poor decision? 

9. 	 Search the World Health Organization website for 
country-specific data on sex differences in mortal
ity rates. In what countries, if any, do men outlive 
women on average? Why, according to this chap
ter, would these men tend to outlive women? 
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