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ABSTRACT The difficult birth process of humans, of-
ten described as the “obstetric dilemma,” is commonly
assumed to reflect antagonistic selective pressures favor-
ing neonatal encephalization and maternal bipedal loco-
motion. However, cephalo-pelvic disproportion is not
exclusive to humans, and is present in some primate spe-
cies of smaller body size. The fossil record indicates
mosaic evolution of the obstetric dilemma, involving a
number of different evolutionary processes, and it
appears to have shifted in magnitude between Australopi-
thecus, Pleistocene Homo, and recent human populations.
Most attention to date has focused on its generic nature,
rather than on its variability between populations. We re-
evaluate the nature of the human obstetric dilemma
using updated hominin and primate literature, and then
consider the contribution of phenotypic plasticity to vari-
ability in its magnitude. Both maternal pelvic dimensions

The notion that maternal pelvic dimensions are sub-
ject to powerful competing demands from reproduction
and locomotion is widely accepted in the biomedical and
anthropological literature (Krogman, 1951; Washburn,
1960; Schultz, 1969; Rosenberg, 1992; Rosenberg and
Trevathan, 1996; Wittman and Wall, 2007; Walsh, 2008;
Franciscus, 2009; Trevathan, 2011). The maternal pelvis
is frequently considered to be subject to two counteract-
ing evolutionary forces: decreased height and increased
mediolateral breadth in order to optimize the biome-
chanics of locomotion, and increased anteroposterior
dimensions in order to enable birth of the unusually
encephalized human infant. The compromise imposed by
these antagonistic demands manifests as a difficult pas-
sage of the fetal head through the birth canal (Wittman
and Wall, 2007), resulting in the birth process being a
more complex and lengthy procedure in humans than in
closely related species of ape (Tevathan, 1988; Rosen-
berg, 1992; Rosenberg and Trevathan, 2002). The antag-
onistic interaction of bipedalism and encephalization has
been assumed to have followed the emergence of the
large Homo brain within the last 2 million years
(Martin, 1983).

In addition to shaping the unusual mechanism of
birth, however, the “tug-of-war” exerted on maternal pel-
vic dimensions by bipedalism and encephalization is
widely assumed to have increased the risks of delivery.
Krogman (1951) described human birth as a “scar” of
our evolutionary history, while Washburn (1960) coined
the term “obstetric dilemma,” which has been widely
used subsequently.
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and fetal growth patterns are sensitive to ecological fac-
tors such as diet and the thermal environment. Neonatal
head girth has low plasticity, whereas neonatal mass and
maternal stature have higher plasticity. Secular trends in
body size may therefore exacerbate or decrease the obstet-
ric dilemma. The emergence of agriculture may have exa-
cerbated the dilemma, by decreasing maternal stature
and increasing neonatal growth and adiposity due to die-
tary shifts. Paleodemographic comparisons between for-
agers and agriculturalists suggest that foragers have con-
siderably lower rates of perinatal mortality. In contempo-
rary populations, maternal stature remains strongly
associated with perinatal mortality in many populations.
Long-term improvements in nutrition across future gen-
erations may relieve the dilemma, but in the meantime,
variability in its magnitude is likely to persist. Yrbk Phys
Anthropol 55:40-71, 2012.  ©2012 Wiley Periodicals, Inc.

The obstetric dilemma is widely considered a key ulti-
mate factor underlying high levels of maternal and neo-
natal mortality in contemporary populations, though
various other proximate factors are also relevant. One
might, however, question why natural selection should
favor the persistence of an obstetric dilemma with such
apparent adverse effects on either mother or offspring, or
indeed both. For the mother, death during childbirth is
clearly terminal for fitness, and stillborn offspring and
perinatal mortality are significant fitness penalties. For
the offspring, poor growth is similarly detrimental, with
low birth weight the single strongest predictor of mortal-
ity in early life (Kramer, 1987), the period of the life-
course when mortality risk is greatest. Although Trivers’
parent-offspring conflict theory (Trivers, 1974) may apply
to many aspects of human growth and development
(Haig, 1993; Wells, 2003; Crespi, 2011), this is one sce-
nario where the two parties must surely favor a compro-
mise that substantially constrains the penalties on each
party. Rather than comprising a long-standing game of
“Russian roulette,” where either mother or offspring
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might receive the “fatal bullet” arising from the risks of
obstructed labor, it seems logical that the “bipedalism-
encephalization conflict” hypothesis is either insufficient
as an explanation of perinatal mortality, or overstated.

Over time, many different versions of the obstetric di-
lemma have been emphasized by different authors. Two
decades ago, Rosenberg argued that there was no single
dilemma, and that instead, different aspects of the biol-
ogy of human birth evolved in a complex mosaic way
over time (Rosenberg, 1992). The evolution of each of
encephalization and bipedal locomotion is best consid-
ered as a lengthy process, which in turn interacted with
diverse ecological stresses including energy availability
and the thermal environment. Subsequent work has con-
sidered how the obstetric dilemma differs between homi-
nin species (Weaver and Hublin, 2009; Ruff, 2010) and
among contemporary human populations (Ruff, 1994,
Weaver and Hublin, 2009; Kurki, 2007, 2011).

In this review, we build on extensive work on the un-
usual human birth mechanism by others, to consider how
the obstetric dilemma is further shaped by phenotypic
plasticity, potentially leading to time periods during
which the difficulty of birth increases or decreases. The
prevalence of caesarian section may vary with trends in
diet, exercise, and stature (Liston, 2003), casting doubt
on the extent to which the contemporary magnitude of
the obstetric dilemma is a useful model for its manifesta-
tion in our evolutionary history. However, it also should
be noted that caesarian rates may not provide an objec-
tive index of the magnitude of the obstetric dilemma in
contemporary populations. For example, unusually high
rates of cesarean sections in a few countries such as Bra-
zil seemingly indicate cultural preference, although
recent work has demonstrated that the main factor
underlying such high rates comprises clinician/hospital
preference, especially in private patients, as opposed to
maternal preference for this form of delivery (Potter
et al., 2001; Barbosa et al., 2003; McCallum, 2005).

EVIDENCE FOR THE PERILS OF HUMAN
CHILDBIRTH

The inherent riskiness of human delivery is supported
by worldwide data on maternal and neonatal mortality,
defined respectively as maternal death during preg-
nancy, childbirth, or the subsequent 42 days (Hogan
et al., 2010) and neonatal death within 28 days of birth
(World Health Organization, 2006).

Maternal mortality has been substantially reduced by
medical progress in recent decades, and the estimated an-
nual global total fell from ~530,000 in 1980 to ~340,000 in
2008 (Hogan et al., 2010). Nevertheless, this decline indi-
cates the importance of medical and public health exper-
tise in addressing a critical health issue. The majority of
maternal deaths occur in nonindustrialized settings, with
>50% of the total in just six countries—Afghanistan, India
and Pakistan in Asia, and Ethiopia, the Democratic
Republic of Congo and Nigeria in Africa (Hogan et al.,
2010), though these levels are related to high fertility rates
(Diamond-Smith and Potts, 2011). A high proportion of
maternal mortality occurs in the immediate postpartum
period (Li et al., 1996), and obstructed labor is one of the
four most common causes, amounting to ~12% of maternal
mortality worldwide (World Health Organization, 2005).
For example, obstructed labor is the leading cause of
maternal mortality in Afghanistan (AbouZahr, 1998).

For the offspring, annual mortality worldwide cur-
rently comprises ~3.3 million stillbirths (indicating fetal
death), of which one third are attributable to the delivery
process itself, and ~4 million neonatal deaths, of which
~3 million occur in the first week of life and hence are
classified as perinatal deaths (World Health Organiza-
tion, 2006). The annual total of perinatal deaths around
the time of birth is thus ~6.3 million. Again, 98% of the
deaths occur in nonindustrialized settings, highlighting
the role of medical facilities and public health programs
in reducing this source of mortality. In nonindustrialized
settings, only ~50% of births occur with the help of a doc-
tor, midwife, or qualified nurse (World Health Organiza-
tion, 2006), although a variety of other individuals (often
referred to as “traditional birth attendants”) assist at
births in such societies (Leedam, 1985; Lefeber and
Voorhoever, 1997), and the norm of delivering alone is
extremely rare (though see Sargent, 1982, 1989).

The recent historical record offers little evidence that
such high mortality rates are a new phenomenon. Most
indices demonstrate falling rates of both maternal and
neonatal mortality through the last century, suggesting
a more serious problem in the recent past. The mortality
rate within the first year of life among 22 foraging popu-
lations averaged 20.3% (Kelly, 1995), although few data
are available for either maternal or perinatal mortality
in such populations.

Looking further back into the past, the scenario is
much less clear, as only indirect evidence is available.
Data from historical cemeteries or recent prehistoric
populations show a typical younger age at death of
women compared with men, with reproduction poten-
tially contributing to this sex-difference. In a sample of
populations ranging from the Neolithic to the middle
ages, women died on average 5 years earlier than men
(Wells, 1975), while a similar conclusion was reached
based on the analysis of 24,848 epitaphs from the Roman
era (MacDonell, 1913). More detailed investigations,
however, cast strong doubt on the notion that these sex
differences arise directly from increased female repro-
ductive mortality, as discussed below.

Archaeological excavations have periodically revealed
evidence of fetuses within the maternal pelvis, often
referred to as “obstetric death.” Examples have been
recorded from ancient Egypt (Elliot-Smith and Wood
Jones, 1910), ancient Greece (Liston and Papadopoulos,
2004), Neolithic Vietnam (Willis and Oxenham, 2011),
1300 BC to 1400 AD Chile (Arriaza et al., 1988), prehis-
toric and medieval Britain (Hawkes and Wells, 1975;
Roberts and Cox, 2003), medieval Denmark (Moller-
Christensen, 1958) and 16th to 19th century Amerindian
populations in the US (Owsley and Bradtmiller, 1983). A
recent study also identified pelvic stress injuries in a
small-bodied female forager from Southern Africa
(Pfeiffer, 2011), with obstetrical stress a plausible expla-
nation. In Britain, the archaeological record includes 5
possible cases of “obstetric death" from the Iron Age, 6
from the early medieval period, and 10 from the late me-
dieval period (Roberts and Cox, 2003). While some of
these examples may be reliable evidence of obstetric
complications, with the fetus clearly situated in the pel-
vis, many merely comprise co-burial of an adult female
and fetus and infant, offering no evidence that the indi-
viduals were related, or that death occurred through dif-
ficulties during delivery (Wells, 1975; Roberts and Cox,
2003). Infectious diseases are an alternative likely cause
of such deaths; for example puerperal fever was a major
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factor in both maternal and neonatal deaths during the
18th to 19th centuries (Wells, 1975).

Although fetal/infant skeletal material preserves less
well than that of adults, the existing archaeological evi-
dence for “obstetric deaths” has been proposed by several
authors to indicate a surprisingly “empty" record of prob-
lematic childbirth (Wells, 1975; Pfeiffer, 2011; Willis and
Oxenham, 2011). The only evidence of “obstetric death”
being relatively common is from ancient Andean popula-
tions of the Azapa valley in northern Chile, where analy-
sis of mummified females suggested around 25% of
females may have died from childbirth-complicated
deaths in the early agricultural period, but a much
smaller proportion (~6%) from AD 700 to 1400 (Arriaza
et al., 1988). Average adult female height of this popula-
tions was ~149 ecm (Pomeroy and Stock, 2012), and this
relatively low stature may be an important factor con-
tributing to the high prevalence of obstetric death, as
discussed in detail in the second half of this review.

In general, however, the tendency for higher rates of
female relative to male mortality in the recent archaeo-
logical record appears to be linked with poorer bone
health in general, and to indicate greater female expo-
sure to malnutrition (Wells, 1975; Willis and Oxenham,
2011), and hence potentially to infectious disease, rather
than a major specific impact of childbirth complications.
Consistent with that conclusion, excess female mortality
in these datasets continued after the likely cessation of
the ability to give birth, at around 40 years (Wells,
1975). However, this scenario has not necessarily per-
sisted into more recent times: as the burden of infectious
disease has declined, the sex difference in mortality risk
has both reversed and increased in association with eco-
nomic development (Kruger and Nesse, 2006). Rickets, a
vitamin deficiency disease common in urban populations
and detrimental to pelvic development, has been consid-
ered the most common cause of obstructed labor from
the 17th to early 20th centuries, but this condition is
presumed to have been very rare before the second mil-
lennium AD (Wells, 1975), and hence not to have been a
major evolutionary stress.

This brief review of evidence for maternal and perina-
tal mortality has aimed simply to raise the issue that
contemporary data on maternal and perinatal mortality
arising from the challenges of childbirth need not neces-
sarily provide a reliable estimate of longer-term obstetric
complications throughout human evolutionary history.
The puzzle of why the obstetric dilemma might be both
universal in quality and yet variable in quantity needs
reappraisal, from the perspectives of primatology, the
hominin fossil record, and human anthropometric his-
tory.

MATERNAL PELVES AND OFFSPRING SIZE

There is ample evidence across many mammalian spe-
cies that the female pelvis has relatively larger internal
dimensions than that of the male, indicating the funda-
mental role of pregnancy and birth in shaping female
skeletal dimensions. Such dimorphism has been reported
for example for rodents (Dunmire, 1955; Berdnikovs
et al., 2007), bats (Crelin and Newton, 1969; Chapman
et al.,, 1994), grey fox (Schutz et al., 2009b), sheep
(Cloete et al., 1998), and primates (Schultz, 1949; Leute-
negger, 1974; Steudel, 1981) including humans (LaVelle,
1995; Tague, 2000; Kurki, 2007). Among primates, the
size of the maternal pelvis is associated with neonatal
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brain size (Schultz, 1949; Leutenegger, 1974; Rosenberg,
1992), a conclusion that holds up when the analysis is
controlled for phylogenetic relationships and body size
(Ridley, 1995). However, the fit between pelvic and neo-
natal dimensions is by no means perfect in many spe-
cies. In free-tailed bats, the disparity between the traits
is so great that the interpubic ligament must stretch to
~15 times its original length during birth to allow deliv-
ery of the offspring (Crelin, 1969).

The obvious role of reproduction in shaping female pel-
vic dimensions might suggest that the male pelvis, lack-
ing exposure to such selective pressures, might be pre-
dominantly shaped by locomotor mechanics. However,
some pelvic dimorphism might arise through allometric
effects of body size (Tague, 2000), or through more gen-
eral secondary sexual differentiation (Leutenegger, 1974;
Tague, 2005). Other analyses indicate a powerful effect
of the thermal environment on variability in torso
dimensions, and specifically the pelvis (Ruff, 1994;
Weaver, 2003). Such studies indicate that a number of
different selective pressures affect the pelvis of each sex,
and that reproduction is not the only stress contributing
to pelvic dimorphism. For example, pelvic structure is
also associated with body posture (Reynolds and Hooton,
1936; Abitbol, 1987), and may therefore respond to the
greater mass of the upper body in males, a secondary
sexual signal.

Furthermore, such pelvic variability need not only
reflect genetic adaptation, as increasing evidence indi-
cates that diverse environmental factors such as dietary
quality and sunlight (Dick, 1922; Merewood et al., 2009),
maturational status (Brabin and Brabin, 1992), and par-
ity (Cox and Scott, 1992; Schutz et al., 2009a) can also
affect pelvic phenotype, potentially giving rise to vari-
ability within and across populations in the magnitude
of the obstetric dilemma.

Before addressing this variability in detail, we first
reconsider how the generic obstetric dilemma character-
istic of our species arose, through a review of the litera-
ture on the hominin fossil record, and maternal and neo-
natal data from primates.

EVOLUTIONARY HISTORY OF THE HOMININ
OBSTETRIC DILEMMA

The challenges of delivery in humans have attracted
extensive interest from anthropologists, and a number of
features where humans appear to contrast with other pri-
mates have been identified. In comprehensive reviews,
Trevathan (1988) and Rosenberg (1992) observed that
humans have an unusually lengthy typical duration of
labor; a tendency for other individuals to assist mothers
during delivery, due to the unusual position of emergence
of the offspring relative to the mother; and an unusual
rotational mechanism of birth, as summarized below.

While fetal head size and maternal pelvic size appear
to be key determinants of the potential for obstetric com-
plications, the shape of the pelvic inlet and outlet is a
central determinant of interspecific variation in the birth
process. The pelvic inlet of nonhuman primates is gener-
ally elongated in the anteroposterior dimension, while
narrower mediolaterally. The human pelvis is unique
amongst primates, as a result of the evolution of bipedal-
ism, in being very broad transversely, relatively short in
the cranial-caudal dimension, and shallower anteropos-
teriorly (Lovejoy, 2005). These morphological characteris-
tics result in a differently shaped inlet of the obstetric
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canal, which is relatively shallow anteroposteriorly, and
broader in the mediolateral dimension. The relationship
between breadth and depth changes, however, between
the pelvic inlet which is more broad and shallow, and
the midplane and outlet in which there is greater depth
and less breadth.

Whereas the birth canal is relatively straight in nonhu-
man primates, it manifests in humans as a cylinder of
varying diameters and angles, as the inlet, midplane,
and outlet have different cross-sectional shapes and
areas (Rosenberg, 1992; Abitbol 1996). A number of
movements of head and torso of the fetus are generally
required in order to pass through these three sections
(Rosenberg, 1992). Along with shifts in alignment of the
body, plasticity in the fetal cranium is another important
means of accommodating the tight fit. The open sutures
and pliability of the neonatal head cause both the length
and biparietal breadth to reduce during vaginal delivery
(Sorbe and Dahlgren, 1983; Pu et al., 2011). Recent work
has shown that this pliability of the fetal skull was al-
ready present in Australopithecus (Falk et al., 2012).

The limited available evidence suggests that the
dimensions of the obstetric pelvis increase only margin-
ally during labor through loosening of the ligaments
maintaining the rigidity of the pubic symphasis and sac-
roiliac joints (Bjorklund et al., 1997), and although the
hormone relaxin is implicated in this mechanism, the
magnitude of the effect appears modest likewise
(Johnson et al., 1994; Goldsmith and Weiss, 2009). The
main implication of these studies for the obstetric di-
lemma is that the neonatal head appears substantially
more pliable during delivery than the maternal pelvis.

During delivery, the greater length of the neonatal
cranium in the sagittal dimension, and the changing
dimensions of the birth canal from superior to inferior,
tends to induce the human head to enter the pelvic inlet
in the oblique or transverse plane (facing to the side
rather than anterior or posterior as in nonhuman prima-
tes), and rotate to pass through the pelvic midplane and
outlet in the sagittal plane (facing toward the posterior,
rather than the anterior side as is typical of nonhuman
primates). A further rotation is required to allow the
shoulders to pass through the pelvic outlet (Rosenberg,
1992; Trevathan and Rosenberg, 2000). This “rotational”
birth has long been considered to be a unique character-
istic of humans, reflecting the competing constraints of
encephalized offspring and bipedal biomechanics (though
see below). Though modern human birth can occasion-
ally happen without these rotations, from a clinical per-
spective, this rotational birth mechanism is both consid-
ered the norm, and associated with lower risk than other
mechanisms (Norwitz et al., 2003; though see Walrath,
2003). Importantly, the size of the neonatal head relative
to pelvic dimensions is not the only factor in predicting
obstetric challenges (Ferguson et al., 1998), though it
still remains an important variable, and other body pro-
portions are relevant as discussed below.

To put the human birth process in context, it is inform-
ative to consider evidence for the birth process among
earlier hominins. It has been suggested that rotational
birth mechanisms may have been selected not only to
accommodate large fetal craniums, but also relatively
large and inflexible shoulders, which are associated with
generalized ape adaptations for suspensory or brachiat-
ing locomotion (Rosenberg and Trevathan, 2002). These
authors have therefore hypothesized that rotational birth
may have preceded the evolution of highly encephalized

infants in the genus Homo, due to the interaction of
bipedal pelves and large fetal shoulders. The absence of
extreme encephalization in Australopithecus newborns
would further suggest a different rotational mechanism
from that in Homo. Of particular interest here are sev-
eral reports of ‘occiput anterior’ births amongst captive
chimpanzees, suggesting that it may be relatively com-
mon for chimpanzee births to have a rotational pattern
(Elder and Yerkes, 1936; Hirata et al., 2011). Importantly,
it is the broad shoulders of these apes that may be re-
sponsible for this rotation, given that the transverse
dimension of the midplane in the female chimpanzee pel-
vis reduces to a mere 8.3 cm (Tague and Lovejoy, 1986),
while the sagittal dimensions remain large throughout.
These observations of rotational birth in chimpanzees
complement earlier evidence for breech birth (Rushton
and McGrew, 1980), by increasing the range of birth vari-
ation observed amongst chimpanzees, and suggesting
that narrow characterization of birthing patterns among
species may be difficult. A similar point has been made
for humans (Walrath, 2003).

The australopithecine pelvis is perhaps best under-
stood from A.L. 288-1, (Lucy), a 3.18 million-year-old
Australopithecus afarensis female. The dominant recon-
struction of this pelvis indicated a highly derived mor-
phology that is very broad mediolaterally, and shallow
anteroposteriorly throughout the entirety of the birth
canal, suggesting an unusual pattern of transverse ori-
entation of the head throughout the birthing process
(Tague and Lovejoy, 1986). While reconstructions of the
Sts 14 Australopithecus africanus pelvis also indicate
similar broad dimensions (Abitbol, 1995; Héausler and
Schmid, 1995; Berge and Goularas, 2010), other recon-
structions of AL-288-1 have suggested greater anteropos-
terior dimensions of this specimen (Berge et al., 1984;
Hausler and Schmid, 1995). A recent reconstruction of
Sts 14 suggests a human-like pattern of rotational birth
in these early Australopithecus females (Berge and Gou-
laras, 2010). These authors posit that asymmetrical con-
tractions would flex and rotate the fetal skull through
the birth canal, ultimately resulting in an “occiput ante-
rior" birthing position (Berge and Goularas, 2010). The
recent discovery of skeletal material attributed to Aus-
tralopithecus sediba (MH 2) complicates this matter. The
pelvis has features associated with both Australopithecus
and Homo; however, the obstetric dimensions are still
small, suggesting that pelvic dimensions were not driven
by fetal encephalization alone, and that some aspects of
pelvic morphology attributed to Homo vary independ-
ently of obstetric dimensions (Kibii et al., 2011). Simula-
tions based on ape allometry suggest that a high ratio of
neonatal mass to maternal mass may have evolved early
in the hominin lineage, remaining relatively consistent
from australopithecines through the genus Homo to
modern humans, suggesting that large neonatal bodies
may also contribute to the obstetric dilemma in these
early hominins (DeSilva, 2011).

It was initially argued that Homo erectus (sensu latu)
was characterised by mediolaterally broad pelves, but
that this was accompanied by relatively shallow antero-
posterior dimensions, and as such may not have required
rotational mechanisms of birth (Ruff, 1995). The trans-
verse breadth of australopithecine and early Homo
pelves is often interpreted as evidence for adaptations to
bipedal locomotion, increasing the lever arm for the
lesser gluteals during the “single-legged stance" phase of
walking. The discovery of an early Pleistocene female
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Redrawn from Rosenberg and Trevathan (1996); based on Schultz (1949). Relative cranial dimensions in infant primates

(filled ovals) are superimposed on pelvic openings (outer oval), with the offspring head in anterior—posterior orientation (upper row)
and transverse orientation (lower row). All pelves are scaled so that the mediolateral dimensions are equal. Notice the anteroposter-
iorly deep birth canal in chimpanzees (Pan), allowing for relatively easy passage of the neonatal head. Broad ape shoulders may
require some rotation as has been observed recently (Hirata et al., 2011). Monkeys, lesser apes (Hylobates) and humans present
more of an “obstetric dilemma” with the neonatal head close to, or even exceeding, the dimensions of the birth canal. In the bottom
row are four hominin fossils illustrating the relative difficulty of birth in Australopithecus and early Homo. Modeled here are the
inlet dimensions of the birth canal. As in humans, the maximum dimension of the pelvic inlet in early hominins is oriented medio-
laterally, indicating that the neonatal cranial entered the pelvic inlet obliquely or transversely during birth. Based on estimates of
cranial dimensions and minimum dimensions of the birth canal, birth was particularly difficult in the earliest australopiths repre-

sented here by Lucy and Sts 14.

pelvis dated to between 1.4 and 0.9 mya in the Gona
region of Ethiopia has been cited as evidence for very
large pelvic size in early Homo erectus, which included
an anteroposterior expansion of the pelvic canal, allow-
ing for greater cranial size of offspring (Simpson et al.,
2008). Though the Gona pelvis possesses a relatively
spacious birth canal, it is transversely wide throughout,
as is found in Australopithecus. It is unclear whether
this morphology would result in a human-like rotational
birth as suggested for some australopiths (Berge and
Goularas, 2010), a semirotational birth driven primarily
by shoulder anatomy (Trevethan and Rosenberg, 2000),
or a transverse, nonrotational delivery as Tague and
Lovejoy (1986) suggested for Lucy. Additionally, the taxo-
nomic attribution of this specimen has been questioned
(Ruff, 2010).

The paucity of female pelves and complete absence of
fossil neonates of early hominins prevent us from mak-
ing any definitive statements about the birth process in
our ancestors. However, by using estimates of brain size
at birth in fossil taxa (from DeSilva and Lesnik, 2008)
and published dimensions of the available fossil pelves,
some interesting patterns emerge. Following the classic
diagram produced by Schultz (1949) and redrawn by
Rosenberg and Trevathan (1996, 2002), we added the
fossils Lucy, Sts 14, MH 2, and Gona (Fig. 1). First, it is
clear that the neonate must have entered the pelvic inlet
in a transverse or oblique orientation since the antero-
posteriorly narrowed hominin pelvic inlet is too small to
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accommodate the sagittal dimensions of a fetal skull.
Relative to the minimum pelvic dimension, the estimated
head size in early Australopithecus (Lucy, Sts 14, and
MH 2) and in early Homo (Gona) appears to present a
significant obstetric dilemma. A relatively large birth
weight (DeSilva, 2011), and large shoulders (Trevathan
and Rosenberg, 2000) would have further complicated
birth, perhaps necessitating some form of rotation in
some australopithecine species (Berge and Goularas,
2010).

A skeleton from dJinniushan, northeastern China,
dated to 260KYA, provides rare fossil evidence of female
hominin pelvic morphology from the Middle Pleistocene
(Rosenberg et al., 2006). This unusually large-bodied
female has an extremely broad bi-iliac breadth, but her
pelvic inlet shape is within the range of modern humans
(Rosenberg et al., 2006). While the lack of a preserved
sacrum prevents direct measurement of obstetric dimen-
sions, estimates of an extremely broad pelvis seem rea-
sonable, and this interpretation also suggests a trans-
versely broad pelvic canal.

Recent reconstructions of the Tabun 1 pelvis have
shed the first light on the morphology of the female Ne-
anderthal pelvis (Ponce de Leoén et al., 2008; Weaver and
Hublin 2009). A model of Neanderthal brain growth sug-
gests similar cranial sizes to modern humans at birth,
and similar obstetric demands on pelvic morphology
(Ponce de Leodn et al., 2008). While this analysis was pri-
marily concerned with understanding cranial ontogeny



THE OBSTETRIC DILEMMA 45

in Neanderthals, it importantly included a virtual recon-
struction of the female pelvis. The reconstruction sug-
gests that the mediolateral dimensions of the Neander-
thal pelvic inlet and midplane are considerably greater
than among modern females, with mediolateral orienta-
tion of the sagittal plane at the beginning of parturition,
but with larger anteroposterior dimensions in the pelvic
outlet necessitating rotation of the neonatal cranium to
the “occiput anterior” position. This could suggest Nean-
derthals had the same pattern of rotational birth as
modern humans. A subsequent reconstruction of the
same pelvis by Weaver and Hublin (2009) suggests medi-
olaterally broad dimensions of both the pelvic inlet and
outlet, and a primitive nonrotational/transverse orienta-
tion of the neonate cranium throughout the birthing pro-
cess. Despite this interpretation, the authors concluded
that due to obstetric and cranial dimensions, Neander-
thals would have experienced difficult births, though
whether these approximated the modern human scenario
is unknown. A further female skeleton from Palomas,
Spain (Walker et al., 2011), and a partial female pelvis
from Sima de los Huesos (Bonmati et al., 2010) may shed
further light on the obstetric phenotype of Neanderthals.

The evolutionary history of the obstetric dilemma as
currently understood in the fossil record is presented in
Figure 2. Neonatal cranial dimensions that could pass
through the minimum pelvic dimensions of African apes,
fossil hominins, and modern humans were calculated
using the methods presented in Simpson et al. (2008).
The values presented in Figure 2 are the ratios of the
brain size at birth (from DeSilva and Lesnik, 2008) rela-
tive to these minimum pelvic dimensions. Values above
100 indicate that the neonatal head is smaller than the
minimum pelvic opening, while values below 100 indicate
that the neonatal head exceeds the pelvic dimensions and
would require pliability of the fetal skull and, possibly,
accompanying relaxation of the pelvic ligaments to allow
passage of the neonate. Relative to African apes, early
Australopithecus (Lucy, Sts 14, and Sts 65) had particu-
larly high cephalo-pelvic disproportion. However, this
apparent obstetric dilemma had eased by the early Pleis-
tocene as seen in the nearly identical values for the MH 2
pelvis and the Gona specimen. These values in Figure 2
differ slightly from those illustrated in Figure 1 because
only the inlet dimensions are shown in that latter figure.
Though the inlet (anteroposterior) is the narrowest part
of the birth canal in both MH2 and the Gona pelvis, the
narrowest dimensions in the Lucy and Sts 14 reconstruc-
tions are in the pelvic outlet and midplane respectively,
exacerbating the cephalo-pelvic disproportion illustrated
in Figure 1. The reconstructions of Tabun 1 are inconsis-
tent, one suggesting a dilemma similar to that of MH2
and Gona (Ponce de Ledn et al., 2008) and the other a
much more severe dilemma (Weaver and Hublin, 2009),
illustrating the need for a more complete female Neander-
thal pelvis. Modern humans (data from Tague and Love-
joy, 1998; Berge and Goularas, 2010) are more Australopi-
thecus-like in the apparent fit between offspring head and
maternal pelvic dimensions, though this need not imply
similar difficulty or mechanism of delivery.

Overall, there is contradictory evidence of the evolu-
tion of characteristics of the modern pelvis in the fossil
record. It is clear that very broad mediolateral internal
and external dimensions of the pelvis were an early ad-
aptation to bipedal locomotion found among australopi-
thecines, while there is evidence for later anteroposterior
elongation of the pelvic canal within the genus Homo,

180 -
170
160 -
150 -

140 -

130

120 -

110 A

100 [
J

"""""" [ ]

90

80 -

70

60 -

50

Gorilla Pan |Lucy Sts14 Sts65 MH 2 |Gona Tabun Tabun |Homo sapiens

Australopithecus Fossil Homo

Size of birth canal relative to volume of neonatal head (%)

Fig. 2. Neonatal cranial capacities (CC) accommodated by
minimum pelvic dimensions in female hominoids were compared
with neonatal brain size at birth in Australopithecus, extinct
Homo, and modern apes and humans. Pelvic dimensions were
converted to neonatal CC following Simpson et al. (2008), with
minimum values obtained by assuming that (1) the biparietal
dimensions of the neonatal head were 8% smaller than the min-
imum pelvic dimension, and (2) the cranial height is 60% the
biparietal breadth. Maximum values were obtained by assuming
that (1) the biparietal dimensions were 5% smaller than the
minimum pelvic dimension, and (2) the cranial height is 70%
the biparietal breadth. These ranges were compared with the
average and 95% confidence intervals for neonatal CC calcu-
lated for extinct hominins and modern hominoid values from
DeSilva and Lesnik (2008). A.L. 288-1 is “Lucy,” a female Aus-
tralopithecus afarensis [values from Tague and Lovejoy (1996)].
Sts 14 and Sts 65 are female Australopithecus africanus. Values
for Sts 14 from Berge et al. (2010) and Sts 65 (personal observa-
tion). MH2 is a female Australopithecus sediba pelvis—values
from Kibii et al. (2011). Gona is a female H. erectus pelvis
[values from Simpson et al. (2008)]. The star indicates the posi-
tion of the average pelvic dimension to neonatal CC value if this
pelvis is from Paranthropus boisei (Ruff et al., 2010). Tabun is a
Neanderthal female—values are (left to right) from the mini-
mum values reported by Ponce de Leon et al. (2008) and Weaver
and Hublin (2009). Unfortunately, these values are different
enough that little can be said about the obstetric dilemma in
late Pleistocene humans. Human values are from Berge et al.
(2010) on left and Tague and Lovejoy (1998) right, and African
ape values from Tague and Lovejoy (1998).

and differing interpretations of Neanderthal pelvic mor-
phology. The long-held notion that anatomically modern
humans are the only species offering unambiguous evi-
dence for rotational birth is challenged by the recent
chimpanzee observations, though rotational mechanisms
are likely to differ between species. We suggest that
while long-term trends in encephalization and bipedal-
ism have undoubtedly shaped the obstetric dilemma over
hominin evolution, the relative importance of these two
traits for variability in the magnitude of the dilemma
within the genus Homo remains less certain. One possi-
bility is of a recurring pattern, whereby the obstetric di-
lemma first intensified, then was relieved by evolution of
a rotational birth mechanism, and then reintensified in
response to new ecological stresses.

Unfortunately, the near absence of data on the shape
of the birth canal in late Pleistocene Homo hinders our
ability to characterize birth in our immediate ancestors.
It should not go unnoticed that we probably know more
about birth in australopithecines than in our mid-late
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Pleistocene ancestors. In the absence of more concrete
data on the obstetric dilemma of hominins, re-evaluation
of the primate evidence may therefore be informative.

NEONATAL BRAIN SIZE: THE PRIMATE
EVIDENCE

The use of the word “encephalization” is increasingly
critiqued, in recognition that it is neuron number rather
than sheer size of the brain that determines relative cogni-
tive capacity (Herculano-Houzel, 2011). The estimation of
encephalization by assessing brain mass relative to body
mass is also considered problematic, with some arguing
that absolute brain size is more relevant to cognitive
capacity (Marino, 2006). In the following section, the word
encephalization is used to refer simply to the physical
association between brain mass and body mass, i.e. the
brain: body ratio, without intending to indicate functional
or cognitive correlates of this property. This allows discus-
sion of the relative physical contributions of brain and
other body components to the obstetric dilemma.

The fact that humans are extremely encephalized rela-
tive to other primates in adult life has led to the perception
that encephalization is the key challenge for human deliv-
ery posed by the infant. Leutenegger challenged this view,
however, by considering relationships between maternal
and neonatal brain and body size across primates (Leute-
negger, 1982). This approach now merits reappraisal, due
to the increased amount of data available. Data on brain
mass, total body mass, and duration of gestation were
obtained for neonates, and for either the mother (body
mass) or for adults averaged across the two sexes (brain
mass), in a sample of up to 92 primate species including
humans (Harvey et al., 1987; Smith and Jungers, 1997,
Smith and Leight, 1998; Begun and Kordos, 2004; Drews
et al., 2011) and unpublished data from Yerkes, Southwest,
and Oregon National Primate Research Centers. For
regression analysis, data were natural log-transformed,
and associations tested using reduced-major axis regres-
sion analysis (Smith, 2009). Full details of the regressions
are given in Table 1. Regression residuals were calculated
in sympercent format as Ln(O/E) X 100 (Cole, 2000a),
where O is the observed value for humans and E is the
value predicted from the relevant regression equation.

These data are first analyzed to provide an interpri-
mate perspective, and then repeated for catarrhines
only. This two-stage approach allows appreciation of the
extent to which catarrhines as a group show adaptations
between maternal and primate dimensions, and illus-
trates the extent to which humans fit or contradict these
trends among more closely related species.

Plotting Ln neonatal mass against Ln adult female
mass, Leutenegger noted first that the value of the
regression slope was below 1, and second, that humans
have a highly positive regression residual (Leutenegger,
1982). Using an expanded dataset, these conclusions
remain supported. The updated primate (Fig. 3a) and
catarrhine regression equations respectively are:

Ln Neonate mass=4.329+(0.913 X Ln Adult female mass)
(1a)

Ln Neonate mass=4.918+(0.691 X Ln Adult female mass)
(1b)

The negative slopes imply that smaller primates pro-

duce relatively larger neonates in proportion to adult
female mass. The regression residual for humans indi-

Yearbook of Physical Anthropology

TABLE 1. Reduced-major axis regression statistics for associations between maternal and offspring traits relevant to the obstetric dilemma in primates

Residual
(%)b r2

95% CI
0.865 to 0.970

SE
0.026
0.028
0.051

ko
0.913

95% CI
4.220 to 4.435
4.393 to 4.643
4.711 to 5.097
2.058 to 2.401

SE
0.058

k1
4.329

4.530
4.918

Sample

Predictor®

Outcome®

0.917

15.0

92

All primates

Adult female mass

Neonate mass
Litter mass

0.906
0.892

25.0

0.789 to 0.897

0.835
0.691

0.065

85
43

All primates

Adult female mass

41.8

0.595 to 0.778

0.107
0.09

Catarrhines
All primates

Adult female mass

Neonate mass

0.915

42.2

0.786 to 0.931

0.037

0.851

2.238
2.384

2.512
-1.979

Adult female mass 43

Neonate brain mass
Litter brain mass

0.910

47.7

0.738 to 0.887

0.038

43 0.091 2.185 to 2.529 0.799
0.753

All primates

Adult female mass

0.793
0.976
0.909
0.947

52.7

0.573 to 0.964
0.927 to 1.025

0.122
0.026
0.078

1.975 to 2.991
—1.708 to 2.264

0.305
0.151

19
42

Catarrhines
All primates

Adult female mass

Neonate mass

Neonate brain mass

14.5

0.972

Neonate brain mass

17.7

0.787 to 1.054

0.949
0.844
0.905
0.039
0.019

—0.740 to —2.593

0.531

—1.826

18
39
16
35
16
39
16

Catarrhines
All primates

Neonate mass

Neonate brain mass
Adult brain mass

87.2

0.792 to 0.915

0.036

2.868 to 3.102

0.061

2.998
2.843
-1.541

Adult female mass

0.809
0.593

79.1
—78.8

0.683 to 1.216

0.181
0.004
0.002

2.071 to 3.376
—0.241 to —3.227

0.414

Catarrhines
All primates

Adult female mass

Adult brain mass

0.033 to 0.049

0.806
0.38

Gestation length
Gestation length

Neonate mass

0.791

12.9
46.8

0.016 to 0.024
0.922 to 1.040

1.946 to 3.471

2.842

Catarrhines
All primates

Neonate mass

0.970

0.586 to 1.020 0.983 0.032

—1.111 to 0.388

0.114
0.405

0.815
—0.495

Neonate brain mass

Adult brain mass

0.946

8.9

1.075 to 1.389

0.850

1.267

Catarrhines

Neonate brain mass

Adult brain mass

kq + (kg X predictor).? Both outcome and predictor natural log-transformed except for gestation length as predictor.

b Residual for humans expressed as percentage of expected value.

All equations in the format: outcome
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Fig. 3. Associations between maternal and neonatal phenotype in 43 primate species. (a) Neonatal mass and adult female mass; (b)
Neonatal brain mass and adult female mass; (¢) Neonatal brain mass and neonatal mass; (d) sex-averaged adult brain mass and adult
female mass; (e) sex-averaged brain mass and neonatal brain mass; (f) percentage of sex-averaged adult brain size achieved at birth.

cates that human offspring are 15.0% larger than
expected for their adult female mass relative to primates
in general (or 25.0% if litter mass is predicted), but
41.8% larger relative to other catarrhines.

Plotting Ln neonatal brain mass against Ln adult
female mass, a similar scenario was observed by Leute-
negger (1982). The updated primate (Fig. 3b) and catar-
rhine regression equations respectively are:

Ln Neonatal brain mass = 2.238

+ (0.851 X Ln Adult female mass) (2a)
Ln Neonatal brain mass = 2.512
+ (0.753 X Ln Adult female mass) (2b)

Again, smaller primates produce offspring with rela-
tively larger brains in proportion to adult female mass,

but humans contradict this trend and produce neonates
with brain mass 42.2% larger than expected for their
maternal size (47.7% if litter brain mass is the outcome).
Considering only catarrhines, the human contrast is
slightly greater, at 52.7%.

However, plotting Ln neonatal brain mass against
Ln neonatal body mass, Leutenegger (1982) reported a
slope of 0.94, and found that humans lay exactly on
the regression line. He therefore concluded that neona-
tal brain mass scaled broadly isometrically with neo-
natal body mass across primates in general, and that
humans did not deviate from the trend. Using more
recent data, Figure 3c illustrates that his conclusion
regarding isometrical scaling remains supported
for primates in general, with the updated regression
equation being:
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Ln Neonatal brain mass = —1.979

+ (0.972 X Ln neonatal mass) (3a)

However, the human regression residual indicates a
14.5% greater brain mass than expected for neonatal
body mass, showing a modest degree of neonatal enceph-
alization compared with other primates. This discrep-
ancy is greater if only catarrhines are considered:

Ln Neonatal brain mass = —1.826

+ (0.949 X Ln neonatal mass) (3b)
Using this equation, humans have 17.7% greater brain
mass than expected for neonatal body mass. This degree
of encephalization is still substantially less than the
magnitude of encephalization in adulthood. Figure 3d
plots adult sex-average brain size against maternal
weight, where the primate regression equation is:

Ln adult brain mass = 2.998

+(0.844 X Ln adult female mass) (4a)

Again, the negative slope indicates that in relative
terms, smaller adult primates have larger brains; how-
ever, humans strongly contradict this trend and have
87.2% greater adult brain mass than expected for their
adult female mass. Similar findings emerge if the regres-
sion is restricted to catarrhines:

Ln adult brain mass = 2.843

+ (0.905 X Ln adult female mass) (4b)

Considering only catarrhines, humans have 79.1%
greater adult brain mass than expected. Only a minority
of this extreme encephalization is therefore evident at
birth, although more so relative to catarrhines than to
primates in general.

From his analyses, Leutenegger concluded that
humans do not produce unusually encephalized neo-
nates, rather they produce unexpectedly large neonates
relative to adult female mass, and these large neonates
have large brains, but not disproportionately so com-
pared with other primates (Leutenegger, 1982). Our
updated analyses suggest that Leutenegger slightly
underestimated the magnitude of encephalization in the
human neonate, but was correct in concluding that
increased body mass was the main outlying characteris-
tic of our species.

Species can be further compared by assessing the pro-
duction of neonatal mass in relation to the duration of
gestation, measured in days. The updated regression
equations for primate and catarrhine species respectively
are:

Ln birth mass = —1.541 + (0.039 X Gestation length)
(5a)

Ln birth mass = 2.842 + (0.019 X Gestation length) (5b)

Humans produce offspring with almost 80% less body
mass than expected for the duration of gestation relative
to primates in general, suggesting that humans achieve
their large neonatal mass in spite of, not because of,
their gestation period of 267 days (Harvey et al., 1987).
However, considering only catarrhines, humans achieve
12.9% greater neonatal mass than expected, and in
doing so, also achieve greater than expected rates of
fetal brain growth [Eqs. (2b and 3b)]. How humans
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might manage to achieve these high rates of growth is
discussed in the following section.

Independent of their fetal growth pattern, Figure 3e
shows that humans achieve greater adult brain mass
than expected for their brain mass at birth. The regres-
sion equations for primates and catarrhines respectively
are:

Ln Maternal brain = 0.815 + (0.983 X Ln Neonatal brain)
(62)

Ln Maternal brain=—0.495+(1.267 X Ln Neonatal brain)
(6b)

The slope of 0.983 for Eq. (6a) shows that the overall
scaling is near-isometric in primates in general, however
humans achieve 46.8% greater adult brain mass than
expected, despite also having 14.5% greater brain mass
than expected for body mass at birth. Considering only
catarrhines, however, the slope is greater than isometric,
and humans are much smaller outliers, having only
8.9% greater brain mass than expected. This reflects the
greater average encephalization of catarrhines at birth.
These findings can be squared with the results from Eq.
(4) above, by considering that high adult encephalization
in humans occurs in part by rapid brain growth in both
pre-natal and postnatal life, and in part through slower
rates of linear growth relative to brain growth in post-
natal life. This has been argued previously by Deacon
(1997).

Given that primates vary substantially in both adult
brain size, and the rate at which this size is attained, a
further comparison is the proportion of the adult brain
grown during fetal life. Figure 3f plots the percentage of
adult brain mass attained by birth against Ln adult
female mass. This graph shows that across a wide range
of body weight, the majority of primates grow between
30 and 60% of the adult brain in utero, with humans
right at the lower limit. This suggests a minimum ceil-
ing of “viable primate brain growth,” i.e. at least one
third of the adult primate brain appears to be required
at birth, and supports Leutenegger’s suggestion that a
key trait under selection was achieving sufficient brain
growth in utero to protect against excessive (i.e. unvi-
able) altriciality (Leutenegger, 1982).

If, however, the same plot is produced for a larger
sample of mammals, incorporating both primates and
nonprimates (Barton and Capellini, 2011), then a num-
ber of other species can be seen to complete lower per-
centages of brain growth in fetal life (Fig. 4). The major-
ity of these are rodents or carnivores, which give birth to
altricial young underground or in nests. For larger mam-
mals, humans once again are toward the lower limits of
completed brain growth at birth. The other large-bodied
species with low levels of brain growth by birth include
three species of Ursus, who produce especially small neo-
nates during hibernation, and four species (Panthera,
Sus) producing young in nests. This larger sample sup-
ports the notion that primates in general have a higher
minimum brain proportion at birth than mammals in
general, and that humans lie at the very lower limit of
this range. Indeed, human neonates born premature
have very low survival rates in the absence of modern
technology, having inadequate brain development and
gastrointestinal function for effective breast-feeding
(Klein, 2002). They also have relatively high metabolic
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Fig. 4. Percentage of adult brain mass achieved at birth in
a sample of mammals. Based on the data of Barton and Capel-
lini (2011).

needs per unit weight, and inadequate fat stores to
buffer energy requirements (Olhager and Forsum, 2003).

Collectively, these analyses offer some support for the
hypothesis that the offspring’s contribution to the obstet-
ric dilemma derives in part from the need to grow a
viable proportion of the adult brain by birth. However, a
large part of this stress devolves to the larger neonatal
body mass. It is likely that the relatively large body size
at birth is closely related to the brain size that is only
slightly larger than that of other primates in relative
terms, but substantially larger in absolute terms. First,
increased fetal adiposity may be important for buffering
the obligatory energy demands on the brain in early life
(Kuzawa, 1998). Second, the large head may require the
early development of large shoulders to provide anatomi-
cal support. Third, increased mass of some vital organs
may also be required to support the high neonatal brain
BMR (Holliday, 1978). For each of these reasons, the
encephalized brain may favor larger neonatal size over-
all, which may then impact the obstetric dilemma. Grow-
ing such neonates of larger size is negligibly accommo-
dated by lengthening the gestation period, as the 267
days period of humans is similar to that of orang-utans
(261 days) and gorillas (256 days) although slightly lon-
ger than that of chimpanzees (~228 days) (Brandt and
Mitchell, 1971), suggesting that faster fetal weight gain
per unit time is the primary mechanism. However, the
constraints on offspring brain mass are not necessarily
the same as those on total offspring mass. The minimal
level of fetal brain growth results in human offspring
being semialtricial at birth, and it has been suggested
that they continue fetal rates of brain growth “extra-
utero” in early postnatal life (Portmann, 1941; Montagu,
1961).

If achieving a minimal level of viable brain mass, and
an unusually large body mass and wide shoulders, by
birth constitute the offspring’s contribution to the obstet-
ric dilemma, from where does the maternal contribution
derive?

MATERNAL ACCOMMODATION OF DELIVERING
LARGE INFANTS

There is increasing appreciation that whatever novel
stresses bipedal locomotion placed on the maternal pel-

vis in humans, the obstetric dilemma is not a new evolu-
tionary phenomenon. Leutenegger cited evidence for a
variety of smaller primates experiencing difficulties giv-
ing birth (Leutenegger, 1982) while Lefebvre and Carli
(1985; p 315) observed “mild or severe discomfort, in the
form of straining, stretching, arching, grimacing, writh-
ing, shaking, doubling up, eye closure, and restlessness”
during delivery in 69 of 88 individuals from 29 species of
nonhuman primate. In smaller primate species, delivery
requires either the dilation of pelvic ligaments during
parturition, or the temporary deformation of the fetal
cranium, or both (Leutenegger 1982).

Leutenegger (1982; p 90) noted that “abortions, still-
births, and miscarriages are especially frequent in those
species with particularly large neonatal crania,” and
cited evidence that mortality from such causes exceeded
50% in squirrel monkeys (Goss et al., 1968). However,
closer inspection of these mortality data suggests that
other factors besides the obstetric dilemma are also rele-
vant. Amongst marmosets, high mortality rates were
inflated by a high proportion of second-generation moth-
ers being primiparous (Phillips, 1976), an established
risk factor for neonatal mortality (Brandt and Mitchell,
1973). In squirrel monkeys, of the 12 neonatal deaths
(41%) amongst 29 births reported by Goss et al. (1968),
only three were listed as obstetric death and the cause
was not stated in the other nine deaths. The average
birth weight of those dying (98 g) was negligibly higher
than that of those surviving (94 g). Both social and die-
tary factors have been suggested to contribute to high
neonatal mortality rates in captive primates (Hampton
et al., 1966; Bowden 1967; Lehner 1967). Another reason
for high neonatal death rates in marmosets may be their
tendency to produce twins (Hampton and Hampton,
1965). Leuteneger (1973) suggested that producing mul-
tiple offspring in callithrichids was favored by selection
against over-sized offspring to reduce the obstetric di-
lemma, but an alternative hypothesis is that multiple
births are favored because callithricids are colonizing
animals. Thus, further data specifically on the obstetric
dilemma are required in small primates, and particu-
larly in wild populations, to re-evaluate the magnitude
of the problem, although such data are notoriously diffi-
cult to obtain (Brandt and Mitchell, 1971).

The main implication of these primate analyses is that
bipedalism may be less fundamental to the clash of
maternal pelvic size and offspring brain size than is of-
ten assumed. This does not mean that bipedalism has
not acted as a major stress on the structure and mor-
phology of the human pelvis. In fact, Figures 1 and 2
suggest that the obstetric dilemma in early hominins
was probably the result of obligatory bipedality in Aus-
tralopithecus. However, as the comparative evidence
demonstrates, bipedalism is merely one amongst a wide
variety of locomotory systems that can contribute to
obstetric tension (Rosenberg and Trevathan, 2002; Tre-
vathan, 2011). Humans therefore face a delivery problem
similar to that of many smaller primates, but have
evolved a novel suite of birth mechanisms to address it
(Rosenberg, 1992; Rosenberg and Trevathan, 2002).

The striking contrast in normal delivery mechanism
between humans and nonhuman primates indicates that
birth did indeed become a more complex process during
human evolution, characterized by several adaptations.
Yet, none of these adaptations need necessarily translate
into high obstetric mortality rates in mothers and
offspring. Rather, successful adaptations should arguably
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achieve the opposite, by overcoming these risks in the
majority of individuals. The evidence discussed above
indicates that these adaptations seem less successful in
many human populations than might be expected follow-
ing hundreds of generations of selection in our species,
suggesting that the obstetric dilemma might have
become exacerbated more recently.

RE-EVALUATING BIPEDALITY AS THE KEY
CONSTRAINT

According to one perspective (Epstein, 1973), the mag-
nitude of the biomechanical problem may have been
over-estimated, due to misrecognition of the small-scale
changes required to “resolve" the obstetric dilemma.

Epstein (1973) argued that brain volume (and hence
approximately weight) scales with the cube of skull cir-
cumference. A value of human neonatal brain mass of
368 (SD 66) g, based on 1,024 measurements (from sources
in DeSilva and Lesnik, 2006), was used to repeat Epstein’s
simulations. Assuming a density of brain tissue of 1.036
(Blinkov and Glezer, 1968), this equates to 355.2 cm®.
Since the volume (V) of a sphere is given by the formula:

V =4/3xnr3 (7

where r is the radius, the diameter (2r) of a 355 cm®
spherical brain is 8.8 cm. Figure 5 plots brain volume
against diameter, again assuming a spherical form. It
can be seen that the range of brain volumes spanned by
+2 standard deviations equates to a head diameter
range of 7.5 to 9.8 cm. The equivalent range of brain vol-
umes spanned by =1 standard deviations equates to a
head diameter range of 8.2 to 9.3 cm. A 10% increase in
brain volume requires a very small change in diameter
of 0.28 cm, or 3.2%. Even a 25% increase in brain vol-
ume requires only +0.68 cm of diameter, equivalent to a
7.7% increase, and a 50% increase in brain volume is
only marginally outside the range given by two standard
deviations. These percentage increases also apply to
maternal pelvic circumference.

These simulations suggest that actual variability in
neonatal brain volume and in maternal pelvic dimen-
sions between individuals is massive compared with triv-
ial changes in the same dimensions within mothers or
offspring that could potentially reduce the magnitude of
the obstetric dilemma. This conclusion is supported by
data on population variability in internal dimensions of
the human pelvis. Table 2 presents comparative data
from a range of contemporary and past populations on
the anterior—posterior (AP) and transverse (7) dimen-
sions of the pelvic inlet and outlet, along with the pelvic
brim index, calculated as [(inlet AP/inlet 7) X 100]
(Angel, 1978). Although methodological inconsistency
undoubtedly contributes, these data indicate a substan-
tial degree of between-population variability, equivalent
for some outcomes to differences greater than 2 within-
population standard deviations. The coefficient of varia-
tion for all data is ~7% for inlet values, but ~14 and
~11% for outlet AP and T values respectively, and ~9%
for the pelvic brim index. The greater variability in out-
let T versus AP dimensions is of particular interest, and
discussed later in this review. In contrast to such pelvic
variability, the between-population coefficient of variabil-
ity for neonatal head girth is <3% (Leary et al., 2006a).
The conclusion from these contrasting magnitudes of
variability is consistent with Epstein’s arguments, in
that locomotion alone is unlikely to be the key maternal
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Fig. 5. Brain volume against diameter, assuming a spherical
form. The range of brain volumes spanned by *+2 standard devia-
tions equates to a head diameter range of 7.5 to 9.8 cm. The equiv-
alent range of brain volumes spanned by =1 standard deviations
equates to a head diameter range of 8.2 to 9.3 cm. These ranges
indicate that very modest changes in head diameter, and by extrap-
olation maternal pelvic diameter, can generate large percentage
changes in brain volume. Data from DeSilva and Lesnik (2006).

factor relevant to the obstetric dilemma in contemporary
humans, given the reasonable assumption that these
populations are all equally adept at bipedalism.

An elegant study by Kurki (2007) demonstrated that
among Later Stone Age foragers of Southern Africa,
with characteristically small body size, the female pelvis
possesses an enlarged pelvic canal, as a compensatory
mechanism to accommodate childbirth (Kurki, 2007).
High levels of terrestrial mobility are characteristic of
this population (Stock and Pfeiffer, 2001), which indi-
cates that obstetric accommodation in the female pelvis
need not negatively affect locomotory efficiency. Assum-
ing no significant population variability in maternal loco-
motor mechanics regarding the data in Table 2, a rela-
tively large neonatal head in one population could be
easily accommodated by the average maternal pelvis of
another population. Indeed, while the human pelvis is
clearly adapted for upright posture and bipedalism, evi-
dence of biomechanical penalties for variability in pelvic
shape has not been presented, and the hypothesis
appears unsupported (Lewton, 2012). The striking con-
clusion from this analysis is that constraints other than
bipedalism are required to explain the close fit between
neonatal head girth and pelvis dimensions within indi-
vidual mothers.

Only one study appears to have examined the herit-
ability of human pelvic dimensions directly (Sharma,
2002). Comparing 30 monozygotic and 30 dizygotic twin
pairs, Sharma concluded that although growth and de-
velopment of pelvic traits were “under the control of sim-
ilar biological determinants ... the environmental factors
affecting these traits in the two zygosities are not simi-
lar,” with dizygotic twins significantly more variable
than monozygotic twins for several outcomes. The analy-
ses indicated that 60 to 80% of the variability was
genetic, however, these estimates are unreliable due to
the data invalidating some of the assumptions on which
the classic twin study design is based (Sharma, 2002).
Furthermore, twin studies routinely overestimate
genetic heritability (Wells and Stock, 2011) although the
magnitude of over estimation remains unclear, and the
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environmental influence on pelvic variability is likely to
be greater than these calculations imply. Finally, extrap-
olating these data to singletons is difficult, because twins
experience different conditions in utero, and the study
was also restricted to external pelvic dimensions, and
unable to address pelvic inlet and outlet dimensions, of
most relevance here. Further work on the contribution
of genetic factors to pelvic variability is therefore
required, using family-study designs rather than twin
studies.

However, a number of studies have provided indirect
evidence for the intergenerational transmission of pelvic
dimensions, which may arise through genetic or environ-
mental mechanisms. Several studies have shown a fami-
lial occurrence of dystocia or caesarean section. Amongst
non-Hispanic white women in the US, compared with
those with birth weight in the range 2,500 to 3,999 g,
those with higher or lower birth weight had ~3.2 times
the risk of delivering by caesarean (Shy et al., 2000).
The risk of caesarean delivery was 1.8 in US women
whose own birth had been complicated by cephalo-pelvic
disproportion (Varner et al., 1996). Among Norwegians,
mothers delivered by caesarean had ~1.5 times the risk
of delivering their own offspring in the same way,
whereas no such intergenerational association was appa-
rent for the offspring of fathers delivered by caesarean
section (Tollanes et al., 2008). In Sweden, the risk of dys-
tocia was 1.7 for firstborn women themselves experienc-
ing dystocia as a neonate, 3.5 for sisters whose elder sis-
ter had experienced dystopic labor, and 24 amongst
twins if the other twin had previously experienced dys-
topic labor (Berg-Lekas et al., 1998).

The mechanisms underlying these intergenerational
effects remain unclear. On the one hand, in a sample of
Indian women from Mysore, maternal head circumfer-
ence and adiposity were associated with placental shape
and efficiency (Winder et al.,, 2011), suggesting nutri-
tional effects. On the other hand, a recent study sug-
gested several genetic loci may be involved (Algovik
et al., 2010). Furthermore, both paternal and maternal
contributions to the obstetric dilemma may be important.
In a UK birth cohort, the risk of caesarean delivery in
women of average height was increased for tall relative
to short fathers (Stulp et al., 2011), most likely indicat-
ing a paternal genetic contribution to offspring size.

Rejecting the argument of that biomechanical factors
were the primary constraint on maternal pelvic dimen-
sions and variability therein, Epstein (1973) therefore
proposed that metabolic factors were the key constraint
on neonatal brain size, and this issue has subsequently
been addressed in greater detail.

OFFSPRING BRAIN METABOLISM AS A
NUTRITIONAL STRESS

In an influential article published in 1983, Martin
argued that neonatal brain size was a function of maternal
metabolic turnover. Across a range of mammal species,
both neonatal brain mass and maternal basal metabolic
rate (BMR) scale with maternal weight to the power 0.75
(Martin, 1983). This pair of relationships thus indicates an
isometric association between maternal BMR and neona-
tal brain mass. A slightly different argument was made by
Hofman that the BMR-brain association was due to an
association between maternal BMR and gestation time,
such that lower BMR, by constraining gestation, would
then constrain brain growth (Hofman, 1983).
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In adult mammals, there is now robust evidence link-
ing BMR with brain mass. In an analysis of 347 mam-
mal species, controlling for phylogenetic relationships, a
positive association was found between brain mass
adjusted for body mass, and BMR adjusted for body
mass (Isler and van Schaik, 2006). Subsequent studies
suggested that this scenario might be specific to placen-
tal mammals, as marsupials do not differ systematically
in the ratio of brain to body mass, despite having lower
BMR (Weisbecker and Goswami, 2010). However,
the relationship between maternal BMR and neonatal
brain mass proposed by Martin has remained more
controversial.

Martin’s argument was critiqued by Pagel and Harvey,
who found that a given maternal BMR value produced
very different levels of brain mass in species with altri-
cial versus precocial offspring, and that the isometric
association of maternal BMR and neonatal brain mass
was not supported if brain mass of the total litter, rather
than the individual offspring, was considered (Pagel and
Harvey, 1988). These authors favored a life-history
approach, arguing that gestation length is the key vari-
able influencing neonatal brain mass, and that shorter
gestations and smaller neonatal brains occur in species
with high risk of mortality (Pagel and Harvey, 1988;
Pagel and Harvey, 1990).

Using a larger sample of mammals in combination
with more powerful phylogenetic comparative methods,
Barton and Capellini recently re-examined the maternal
BMR offspring brain mass association. After removing
effects of maternal body mass and neonatal body mass,
neonatal brain mass remained correlated with gestation
length, supporting the notion that relatively larger
brains require a longer pregnancy (Barton and Capellini,
2011). Taking this association into account, a correlation
between neonatal brain mass and maternal BMR was
also evident, indicating that higher maternal BMR is an
independent factor promoting fetal brain growth for a
given gestation length (Barton and Capellini, 2011).

The large absolute brain mass of the human neonate
certainly translates into high energy requirements. Both
brain tissue, and that of other organs closely associated
with brain metabolism such as the liver, have relatively
high rates of energy expenditure (Holliday, 1978). At
birth, human brain metabolism approximates 80% of
total basal metabolism (Holliday, 1978). Such a high-
energy demand might be expected to require a comple-
mentary increase in maternal BMR.

Although humans are typically portrayed as having
the expected BMR for their body weight, on the basis of
Kleiber’s equation (Kleiber, 1961), it has been proposed
that this ignores the unusually high level of adiposity in
female humans. Few adult mammals have the high body
fat content typical of human females, hence humans
may conceal a relatively high BMR per kg lean mass
through having a more conventional BMR per kg total
body mass (Aiello and Wells, 2002). The magnitude of
this effect has yet to be determined, due to the lack of
data on basal metabolism and body composition in mam-
mals. Given such an association, the maternal energy
budget emerges as a plausible factor constraining neona-
tal brain mass at a relatively consistent level found
across human populations. This can be addressed by
modeling the effect of increasing fetal brain mass on fe-
tal energy demand.

From Eq. (7), a 1% increase on neonatal head diameter
equates to a 3% increase in brain volume. The increase
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in cerebral energy expenditure may not be isometric
with this increase in brain volume, as the energy cost of
an organ tends to decline as the organ mass increases
(Wells et al., 2004; Heymsfield et al., 2007); nevertheless
it is clear that even modest increases in neonatal head
girth would rapidly inflate fetal energy demand. Thus, it
can be assumed that energetic limitations deriving from
maternal metabolism contribute to the difficulty of
increasing fetal brain growth, and hence push back in
the opposite direction to the offspring’s drive to grow a
minimum viable neonatal brain mass.

However, high maternal metabolism is not the only
possible adaptation whereby the high fetal energy
demands can be met, for example the characteristics of
the placenta may also be important (Leutenegger, 1973).
For example, higher mass of individual offspring relative
to mass of the mother in anthropoid versus prosimian
primates was attributed by Leutenegger (1973) to
improved placental efficiency. Consistent with this hy-
pothesis, humans have the relatively more invasive
“hemochorial” type of placenta, where the fetal tissues
are bathed in maternal blood (Mossman, 1987; Wooding
and Burton, 2008), favoring the transfer of nutrients
(Haig, 1993; Elliot and Crespi, 2008). Taking phyloge-
netic relationships into account, different slopes for the
scaling of brain size and growth rate were found for dif-
ferent types of placenta (Crespi, 2011), supporting the
notion that hemochorial placentas are one adaptation for
faster fetal growth. Similarly, the degree of placental
interdigitation may also be important, as it affects the
surface area of exchange between mother and fetus
(Wooding and Burton, 2008). This could, in principle,
affect nutrient transfer rates because a higher degree of
interdigitation increases the surface area for exchange
(Wooding and Burton, 2008). The most efficient form of
interdigitation was found in labyrinthine placentas,
which have a higher surface area of exchange between
mother and fetus, and which were associated with signifi-
cantly shorter gestation durations (Capellini et al., 2011),
however, humans have relatively villous placentas with
less surface area of exchange. Humans do not therefore
have a type of placentation that systematically favors
shorter gestation, instead they appear to have a biology
favoring large neonates, and this in turn supports the
notion of higher maternal BMR being important.

The termination of gestation may therefore have been
determined by energetic rather than pelvic anatomical
criteria, with the dimensions of the maternal pelvis then
responding to the magnitude of fetal brain mass result-
ing from this selective pressure. Consistent with that
approach, Ellison has argued that human birth occurs at
the time-point at which fetal energy demand exceeds the
capacity of maternal metabolism through placental
nutrition (Ellison, 2001, 2008). In late pregnancy, some
maternal skinfold thicknesses decline, indicating that
the energy demands of fetal growth exceed the supply of
energy directly available from maternal dietary intake
(Forsum et al., 1989; Homko et al., 1999; Sivan et al.,
1999). At this stage of pregnancy, maternal metabolism
shifts to fat utilization, which may prioritize the off-
spring’s access to carbohydrate substrates (Butte et al.,
1999). Such carbohydrate prioritization is favored in
part because glucose is the preferred substrate for fetal
brain metabolism, and in part because it also allows off-
spring lipid deposition, whereas fatty acids have poor
capacity to cross the placenta (Morris and Boyd, 1988;
Aldoretta and Hay, 1995).

According to Ellison (2008), the cascade of signals that
leads to the initiation of labor begins with the inability
of the mother to adequately meet the fetus’ metabolic
requirements. For example, fetal cortisol stimulates
prostaglandin production in the placenta, liberating
essential fatty acids required by the fetal brain directly
into the fetal circulation, and initiating contractions in
the uterus (Majzoub et al., 1999; McLean and Smith,
2001). This “metabolic cross-over hypothesis” therefore
treats the initiation of labor as a consequence of fetal
metabolic requirements exceeding the maternal ability
to meet them (Ellison, 2001, 2008). Following parturi-
tion, the offspring’s increasing energy requirements can
better be met by lactation, as lipids and fatty acids are
more readily transferred by this route than by the pla-
centa. This is further consistent with the conclusion of
Barton and Capellini (2011), that lactation represents an
independent developmental period during which rapid
brain growth may be achieved.

The importance of maternal metabolism for fetal
growth is indicated by the patterns of growth observed
in neonates whose growth is not constrained, due to
pathological alterations in maternal metabolism. Even in
nondiabetic pregnancies, there is a direct association
between maternal fasting glucose and neonatal weight,
head circumference, and ponderal index (Hill et al.,
2005). Diabetic pregnancies, where poor glycemic control
results in high circulating glucose levels, are associated
with macrosomic offspring with increased adiposity and
body proportions (Nasrat et al., 1997; Catalano et al.,
2003), including shoulder width (McFarland et al., 1998).
Some studies indicate that macrosomic infants also have
an increased head circumference at birth (Brans et al.,
1983; Greene et al., 1995; Falhammar et al., 2010),
although other studies found no such association (Nasrat
et al., 1997, Falhammar et al., 2010), and one study
found an increased risk of small head circumference in
the offspring of diabetic mothers (Betti et al., 2011). Lon-
ger-term follow-up of macrosomic offspring demonstrates
that increased head girth remains in childhood (Hediger
et al., 1998; Evagelidou et al., 2006).

These data indicate that maternal metabolism is a key
determinant of fetal growth, and that increased mater-
nal fuel availability translates into offspring with larger
body and brain mass at birth. Yet if energy supply is the
primary constraint on fetal growth, what is it that pre-
vents the pelvic dimensions from being larger, aiding the
ease of delivery?

The fact that human delivery is difficult even when
successful is due to the offspring routinely growing close
to the maximum size permitted by the mother. It may be
selected to adopt this approach because life in utero is
relatively low-risk, particularly in relation to infectious
diseases that are the primary cause of postperinatal
mortality. Rather than maternal energy reserves being
limited in absolute sense, given that fat reserves remain
for lactation, there may be a maternal mechanism which
transmits signals of inadequate energy supply to the fe-
tus as it approaches maximum occupation of the uterine
space. Such a dynamic mechanism would help explain
the tendency for a close match between maternal and
offspring dimensions, however several different factors,
reviewed below, might disrupt this match, either by
depressing the dimensions of the maternal pelvis, or by
increasing the capacity of the offspring to grow in utero.
In this context we consider first thermodynamic effects,
then plasticity in maternal stature, long-term trends in
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the human diet, and finally the stress of infectious dis-
ease which may have favored greater infant adiposity.

MATERNAL SHAPE AS A THERMAL STRESS

The thermal environment has been considered a key
ecological pressure in the evolution of the Homo genus
(Wheeler, 1992, 1993), and pregnancy adds significantly
to heat stress in hot environments (Wells, 2002). The
relationship between human body proportions and ther-
mal environment is a function of fundamental physical
laws. Initially expressed as ecogeographical “rules” in
the 19th century (Bergmann, 1847; Allen, 1877), the
heat production of biological organisms is assumed to be
proportional to body mass, or body volume, whereas heat
loss is assumed to be proportional to surface area (Ruff,
1994; Paterson, 1996; Katzmarzyk and Leonard, 1998).
Human populations in hot environments are therefore
predicted to maximize heat loss by a linear physique,
maximizing the area: mass ratio, whereas populations
inhabiting cold environments are predicted to minimize
this ratio through a stocky physique, whilst further
increasing total mass to increase heat production. Clas-
sic work by Roberts demonstrated associations between
the thermal environment and body mass (Roberts, 1953),
and further work has replicated his findings for body
mass and physique (Hiernaux, 1968; Roberts, 1973; Hier-
naux and Froment, 1976; Crognier, 1981; Ruff, 1994), and
more recently for body composition (Wells, 2012a).

More recently, Ruff focused specifically on the implica-
tions of variability in torso breadth for thermoregulation.
Treating the body as a cylinder, and treating cylinder
volume as a proxy for body mass, he showed that
increasing its length (equivalent to taller stature) whilst
holding its breadth constant changed body mass in iso-
metric proportion, but made no effect on the area: mass
ratio (Ruff, 1994). Conversely, increasing cylinder
breadth (equivalent to more stocky physique) whilst
holding length constant altered both mass and area:
mass ratio. This simple model indicates that from a ther-
modynamic perspective, variability in human body size
should be targeted at stature for populations within a
given thermal environment, but should be targeted at
breadth for populations distributed across different ther-
mal environments. Data from the literature on males
and females supported this model, showing a relatively
constant ratio of bi-iliac breadth to stature across a wide
range of stature in populations from similar thermal
environments, but increased bi-iliac-breadth:stature
ratios at colder temperatures (Ruff, 2010). To re-evaluate
this association, data on stature (cm) and bi-iliac breadth
(cm) from female populations was collated from the liter-
ature. Bi-iliac breadth was regressed (using reduced
major axis regression) on stature, to give the following
equation:

Bi — iliac breadth = —20.619 + (0.304xheight)  (8)

n =38 r2=0.237

Figure 6 plots the regression residuals against height,
categorizing the populations as Arctic, European, Asian,
Pacific, or sub-Saharan African. The Arctic and Euro-
pean populations have systematically more positive
residuals, while the other three populations have more
negative residuals. In each grouping, the bi-iliac residual
falls with increasing stature, as observed by Ruff.
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Fig. 6. Association between bi-iliac breadth, expressed as
the residual of the regression of bi-iliac breadth on stature,
against stature in five groupings of female populations. In all
groupings, the residual declines with increasing stature. Arctic
and European populations have higher residuals than Asian,
sub-Saharan and Pacific populations.

Ruff (1994) proposed that thermodynamic issues are
therefore highly relevant to the obstetric dilemma, in
that narrower pelves are assumed to be favored in
warmer climates. However, his arguments are here
taken further, by incorporating the effect of variability
in fetal energy demand. During pregnancy, fetal size con-
tributes directly to maternal heat production (Wells,
2002). In hot environments, fetal weight therefore consti-
tutes one source of heat stress, particularly since mater-
nal physiology is the only pathway whereby fetal heat
may be dissipated to the environment. Any increase in
fetal energy demand therefore generates two related
effects on maternal energy metabolism: the demand for
more energy supply, and the demand for increased heat
dissipation. Since these demands are necessarily antago-
nistic, increasing fetal energy expenditure must rapidly
increase maternal heat stress, hence increasing the pres-
sure to maintain body proportions that maximize heat
loss.

This antagonistic tug-of-war between heat production
and heat loss may therefore be one factor contributing to
the relatively tight fit between maternal pelvic dimen-
sions and offspring brain size, and its variability
between populations. According to this approach, vari-
ability in energy availability would be assumed to
impact stature rather than pelvic inlet area (Ruff, 1994),
and the obstetric dilemma would be predicted to be more
severe in hot environments.

In a study of a small-bodied forager population from
the Later Stone Age, Kurki found that despite narrow
bi-iliac breadth, pelvic dimensions were similar to those
of larger-sized humans, indicating that small maternal
body size need not necessarily constrain fetal growth
(Kurki, 2007). Further investigation suggested that this
population was not strongly adapted to thermal stress
(Kurki et al., 2008), suggesting that the small stature of
the population might reflect limitations on energy avail-
ability rather than thermodynamic constraint. Other
small-bodied populations vary substantially in bi-iliac
breadth, many being relative broad and others (e.g. An-
daman Islanders) being narrow (Kurki et al., 2008), yet
extrapolating from the study of Kurki (2007), narrow bi-
iliac breadth need not necessarily imply narrow obstetric
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dimensions. It thus remains unclear how severely ther-
mal load impacts directly on pelvic dimensions.

In general, pregnancy increases thermal load through
weight gain, although among Gambian farmers inhabit-
ing a highly seasonal environment, pregnancy could pro-
ceed during a net loss of fat (Lawrence et al., 1987).
Intriguingly, in this population basal metabolism was
found to decrease during pregnancy (Poppitt et al.,
1994), thus reducing internal heat production. Whilst
this was interpreted by the authors as “energy-sparing,”
and hence adaptive in the face of limited energy supply,
it might also be considered as ‘heat-sparing’, and this
issue merits further research.

So far, in this review we have attempted to update our
understanding of what constitutes the obstetric dilemma.
The primary conclusions are that the tension derives on
the one hand from the need of the offspring to grow a
certain viable brain mass, supported by an appropriate
body mass, and on the other hand from the maternal
constraints arising from limits on energy availability or
possibly thermal stress, rather than directly from main-
taining efficient bipedalism. In the remainder of the
review we consider how each of maternal pelvic dimen-
sions and neonatal dimensions may vary over time, in
part through transgenerational phenotypic plasticity,
and hence consider how variable degrees of plasticity
between the two parties can introduce variability in the
magnitude of the dilemma.

PLASTICITY IN THE OFFSPRING

Examining the components of size at birth amongst
human populations, it is clear that traits differ markedly
in their degree of variability. Mean birth weight itself
varies substantially across populations, with a coefficient
of variation (CV) for 140 populations of 7.1% (Wells and
Cole, 2002), while within populations the CV is typically
~14%. In a more detailed study of neonatal anthropome-
try in samples from England, Scotland, Finland, DR
Congo, Nigeria, Jamaica, India, Sri Lanka, and China,
between-population CVs were 8.1% for birth weight,
8.7% for subscapular skinfold, 6.0% for triceps skinfold,
4.7% for abdominal girth, 4.2% for chest girth, and 2.3%
for each of head girth and length (Leary et al., 2006a).
Thus, plasticity in weight, adiposity, and lean tissue
appears to buffer more tightly regulated fetal growth of
length and the brain. Figure 7 shows CVs for various
body proportions expressed as a percentage of the CV in
weight.

The brain is not the only neonatal characteristic chal-
lenging pelvic dimensions. In contemporary human pop-
ulations, macrosomic infants induce substantial eleva-
tions in the risk of a caesarian delivery, and also in the
risk of shoulder dystocia, other birth injuries and neona-
tal asphyxia (Berard et al., 1998; Ju et al., 2009; Ezeg-
wui et al., 2011; Vidarsdottir et al., 2011). The risk of
shoulder dystocia increases linearly with birth weight
(Gherman et al.,, 2006). It has been suggested that
humans would require a rotational birth mechanism
purely on account of the unusually broad neonatal
shoulder width (Trevathan, 1988), and that this scenario
may have preceded a more complex rotational mecha-
nism addressing large head girth subsequently (Rosen-
berg and Trevathan, 2002).

The greater variability in nonbrain versus brain com-
ponents of neonatal phenotype supports the notion that
achieving a viable minimum brain mass is the primary

Length

Head girth

Chest girth

Abdominal girth

Triceps
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Fig. 7. Between-population coefficients of variation for an-
thropometric variables in newborns. Based on data of Leary et
al. (2006a).

selective pressure acting on fetal growth. Compared with
European neonates, Indian neonates are characterized
by a “thin-fat” phenotype, comprising substantial deficits
in indices of lean mass, but relatively preserved adipos-
ity (Yajnik et al., 2003). Despite a ~24% reduction in av-
erage birth weight (2.66 vs. 3.49 kg), the equivalent
reduction in head circumference was only ~6% (33.1 vs.
35.2 cm), indicating that other components were sacri-
ficed to preserve brain mass (Yajnik et al., 2003). A
slight reduction in head girth would also be anticipated,
as Indian infants have very slightly shorter typical ges-
tation than European infants (Meire and Farrant, 1981,
Patel et al., 2004). Although the reduction in head girth
would not appear so small if converted from circumfer-
ence (linear dimension) to volume (cubic dimension),
these data nevertheless indicate that in response to
chronic under-nutrition, fetal brain growth is protected,
a key tenet of the “thrifty phenotype” hypothesis (Hales
and Barker, 1992).

What is most notable here is the relative reduction in
neonatal brain variability compared with the maternal
pelvic variability described in Table 2. The relatively low
level of plasticity in fetal brain growth supports the
notion that it has played a key role in the long-term evo-
lutionary emergence of the obstetric dilemma, responsi-
ble for the rotational birth mechanism and lengthy dura-
tion of labor. However, it is potentially the greater plas-
ticity of fetal body proportions, interacting with similar
plasticity in maternal phenotype, that may contribute to
short-term variability in the magnitude of the obstetric
dilemma across populations and over time.

PLASTICITY IN THE MOTHER

Plasticity in the mother may relate to a variety of
components of size, with clear implications for obstetric
difficulties. In contemporary populations, narrow pelvic
proportions increase the risk of caesarean delivery. Com-
pared with a control group of 30 women delivering vagi-
nally, both pelvic outlet (328 vs. 346 mm, P = 0.0024)
and inlet (245 vs. 255 mm, P = 0.0038) were reduced in
30 Swedish women delivering by caesarean section (Stal-
berg et al., 2006). What is also clear, however, is that a
variety of other maternal dimensions are relevant, and
are associated with variability in pelvic dimensions and
the risk of complications during delivery. For example,
foot length <23 cm, and intertrochanteric diameter
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TABLE 3. Measurements of stature and pelvic dimensions in women categorized by pelvic type

Type of pelvis

Dolichopellic Mesatipellic Brachypellic Platypellic
Clinic women

n 18 58 51 5

Stature (cm) 158.5 159.3 155.6 158.3
Sitting height (cm) 84.6 84.5 83.1 84.4
Pelvic inlet AP 12.8 11.8 10.7 9.9
Pelvic inlet T 12.1 12.4 12.8 13.2
Cephalic index 79.7 81.1 81.6 78.9

Data from Greulich et al., 1939.

<30 cm are both associated with increased risk, indicat-
ing that smaller body dimensions may index a reduced
pelvic capacity (Benjamin et al., 2012). While the pelvis
represents the direct constraint against which neonatal
head size is pitted, substantial work has demonstrated
that the magnitude of this constraint is strongly medi-
ated by maternal stature.

The importance of stature for birth complications was
well recognized by early 20th century obstetricians, who
noted high rates of perinatal mortality in the main urban
centers of 19th century industrialization (Baird, 1949; Ills-
ley, 1966). Illsley identified strong north-south gradients in
both perinatal mortality, and in maternal height. Within
each geographical region, and within social classes, perina-
tal mortality and maternal height remained correlated. A
large proportion of this association (e.g. 1,058 of 1,282 cae-
sarean sections performed in 1911) could be attributed to
rickets, which involved significant flattening of the pelvis in
response to nutritional deficiencies during early maternal
development (Dick, 1922). The majority of these caesarean
sections were undertaken in the main urban conurbations,
with 383 in London, 304 in Glasgow, 155 in Manchester, 96
in Liverpool, and 92 in Sheffield (Dick, 1922), where living
conditions in previous generations had been very poor.

In these early industrial populations, short stature
and pelvic deformation had common origins in early-life
undernutrition, exacerbated by lack of adequate sun-
light. While rickets is not documented widely amongst
the world’s population, and was considered relatively
absent outside western industrializing cities until
recently (Wells, 1975), a more general association
between maternal stature and perinatal mortality is evi-
dent from data from numerous populations. Both perina-
tal mortality and caesarian delivery index the obstetric
dilemma in contemporary populations, albeit imperfectly.

In contemporary populations, short stature remains a
major risk factor for caesarian delivery. Numerous stud-
ies have noted that tall maternal stature is protective
against conditions leading to caesarean section
(Mahmood et al., 1988; Sokal et al., 1991; Kwawukume
et al., 1993; Read et al., 1994; Moller and Lindmark,
1997; Cnattingius et al., 1998; Khunpradit et al., 2005;
Smith et al., 2005; Stulp et al., 2011) and birth injury
(Gudmundsson et al., 2005; Rozenholc et al., 2007). In a
study of nulliparous women delivering singleton births
in Sweden, the odds ratio for cesarean delivery for
women 155 to 164 cm was 2.0, and 4.5 for short women
(<155 cm), compared with the reference group of tall
women (>174 cm) (Cnattingius et al., 1998). Likewise in
Western Australia, the odds ratio of caesarean delivery
was 2.4 for women 160 to 164 cm and 5.3 in women
<160 cm, compared to those >164 cm (Read et al.,
1994). In Malawi and Nigeria, the odds ratio of caesar-
ean delivery was 3.8 for women maternal height <154

Yearbook of Physical Anthropology

cm, compared with those <155 cm (Brabin et al., 2002).
In rural Nepal, maternal stunting and large infant head
circumference each increased the risk of neonatal as-
phyxia, categorized by failure to cry at birth (Lee et al.,
2009). There is a potential circular argument, in that
clinicians may, on the basis of prior evidence, elect to
perform cesarean deliveries in women of shorter stature;
however, other studies show an increased risk of birth
complications in general in shorter women, especially
when the offspring is macrosomic (Gudmundsson et al.,
2005; Gupta et al., 2010; Monasta, 2011).

Variability in pelvic dimensions has further been linked
with stature variability. For example, Bernard (1950)
showed in a sample of women from Aberdeen, UK that
shorter stature was associated with a flatter pelvis, with
this association exacerbated if the individual was also of
poor nutritional status. Several categorizations of pelvic
shape have been proposed (Caldwell and Moloy, 1933;
Thoms, 1937), though such categorizations have also been
critiqued, in part because they reflected antiquated racial
perspectives on skeletal variability, and in part due to the
artificiality of defining groups from a continuous range of
variability (Walrath, 2003). One commonly used categoriza-
tion is as follows: dolichopellic pelvises have anteroposte-
rior greater than transverse diameter; brachypellic pelvises
have transverse diameter greater than anteroposterior di-
ameter; mesatipellic pelvises have relative similar antero-
posterior diameters, and platypelloid pelvises have a signif-
icantly flattened oval shape due to reduced anteroposterior
diameter (Thoms 1937). In a sample of primigravid white
women from New Haven, CT, Greulich et al. (1939) found
that these pelvic types were associated with variability in
both height and shape of the maternal head (cephalic
index) (Table 3). If these characteristics were reproduced
across generations, then the shape of the offspring’s head
would vary systematically with the shape of the mother’s
birth canal. However, this has yet to be demonstrated
empirically and merits investigation.

In turn, early work suggested inter-population vari-
ability in pelvic shape (Martin, 1928), supported by the
data in Table 2. Caldwell and Moloy (1933) provided dia-
grams suggesting how different pelvic shapes affected
the passage of the neonatal head, reproduced in Figure
8. Flattening of the pelvis may change the alignment of
the head as it passes through the outlet.

Similarly, stature was found to be associated with inlet
AP and T diameters and the pelvic brim index in British
women (Ince and Young, 1938). A study of Ghanaian
women demonstrated that those undergoing caesarean
section for cephalo-pelvic disproportion had both shorter
height (152.7 vs. 157.2 cm) and shorter pelvic inlet AP
diameter (9.54 vs. 10.61) than those without dispropor-
tion (Adadevoh et al., 1989). However, in the Indian
sample (n = 36) collected by Pan (1920), the outlet AP



THE OBSTETRIC DILEMMA 57

Fig. 8. Drawings suggesting effects of pelvic shape variability on the position of the fetal head in the birth canal, from Caldwell
and Moloy (1933). Note that the categorization of discrete “pelvic types” has been criticized (Walrath, 2003), and the aim here is
simply to illustrate potential variability in fetal alignment in relation to pelvic shape. (a) Platypelloid pelvis; (b) android pelvis; (¢)
gynecoid pelvis; (d) anthropoid pelvis. This article was published in American Journal of Obstetrics and Gynecology, Vol 26, WE
Caldwell and HC Moloy, Anatomical variations in the female pelvis and their effect in labour with a suggested classification, 479—

505, Copyright Elsevier (1933).

diameter was the only pelvic dimension significantly
associated with stature. Further work is required to es-
tablish with greater confidence the association between
stature and pelvic dimensions, and potential variability
in these associations between populations. Nevertheless,
the limited available data on growth and change over
time within populations suggests that increasing height
is associated with increasing pelvic dimensions and
reduced risk of cephalo-pelvic disproportion (Holland
et al., 1982; Harrison et al., 1988).

In contrast to the association of maternal height with
pelvic dimensions, however, any link between maternal
height and offspring head circumference appears negligi-
ble. The association between maternal height (in cm) with
neonatal head circumference (HC; in cm) was examined in
a sample of Ethiopian mother-infant dyads (unpublished
data). The regression equation is as follows:

Ln Neonatal HC = 3.267 4 (0.055 X Ln maternal height)
9)

n = 600; r? = 0.000

Although these data are cross-sectional, the analysis
suggests that decreases in maternal height may not
have any significant effect on neonatal HC. This is con-
sistent with the geographical studies of neonatal body
proportions, in which neonatal HC was found to vary
substantially less between populations than birth weight
(Leary et al., 2006a). The strongest predictor of neonatal
head circumference is maternal head circumference
(Leary et al., 2006b), suggesting an intergenerational

association that may reflect a strong genetic component.

Given the association between maternal height and
risk of cephalo-pelvic disproportion, Guegan et al. consid-
ered whether variability in maternal reproductive mortal-
ity rate might be associated with the degree of sexual
dimorphism in stature across populations. Consistent with
their mathematical model, sexual dimorphism was
decreased in highly fecund populations in which the effect
of stature-related mortality would be assumed to be stron-
ger (Guegan et al., 2000). Within populations, parental
height differences also influence the risk of caesarean
delivery (Stulp et al., 2011). However, whilst sexual dimor-
phism is often assumed to reflect genetic adaptation, its
magnitude also varies within populations over time (Gun-
tupalli and Moradi, 2008), suggesting plasticity also con-
tributes. In turn, plasticity in the magnitude of pelvic vari-
ability is suggested both indirectly, by evidence for secular
trends in stature, and also directly by evidence on changes
in pelvic dimensions.

Analyzing data from African-America populations, Kel-
ley and Angel concluded that slavery was associated with
depression of both stature and pelvic proportions, as well
as exacerbating other indices of under-nutrition (Kelley
and Angel, 1987). In a study of women from Northern
Ireland, taller females were observed to have larger pel-
vic proportions, and the secular trend in height was asso-
ciated with a similar trend in pelvic width (Holland
et al., 1982). Due to the paucity of evidence on trends in
pelvic shape, this would be a valuable area for further
work.

These studies indicate that longer-term nutritional
trends contribute significantly to maternal physical
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proportions, and hence to the magnitude of the obstetric
dilemma (Liston, 2003). Although height is a polygenetic
trait and therefore has a component of genetic heritabil-
ity, the magnitude of this heritability remains uncertain,
due to the current approach to heritability quantification
incorporating both genetic effects, and also nongenetic
environmental effects involving epigenetic adaptations
(Wells and Stock, 2011). Secular trends in maternal
height are widely assumed to derive primarily from phe-
notypic plasticity, and to be distributed across successive
generations, as demonstrated in primates (Price et al.,
1999).

A valuable illustration of the importance of matrilineal
nutritional history on the obstetric dilemma is given by
a study of mixed-ethnic unions (Nystrom et al., 2008).
Compared with the offspring of two European parents,
offspring of a European father and Asian mother had an
increased risk (OR 1.3) of caesarian delivery, whereas
offspring of an Asian father and European mother had
reduced risk (OR 0.84) despite very similar mean birth
weight in the two mixed-ethnic groups (Nystrom et al.,
2008). This implicates a tendency for inadequate mater-
nal pelvic size in the Asian mothers relative to the off-
spring’s growth potential contributed by larger European
fathers, but not in the European mothers relative to the
offspring’s growth potential contributed by the Asian
fathers. However, whether the reduced size of the Asian
maternal pelvis relative to the European paternal height
represents contrasting genetic or plastic adaptations is
not clear from this analysis.

In animal studies, more direct evidence of plasticity in
pelvic proportions comes from studies of parity. In mice
where the timing of breeding and food availability were
controlled, the production of offspring affected skeletal
architecture (size and shape of the os coxae) of the
female pelvis (Schutz et al., 2009a). These changes were
furthermore correlated with the relative size of individ-
ual offspring. In humans, parity has been associated
with femoral neck size (Specker and Binkley, 2005), and
with subtle changes in bone morphology (Cox and Scott,
1992), but more direct evidence for parity affecting pelvic
proportions is currently lacking.

Perhaps the most striking evidence for pelvic plasticity
comes from the study of a goat born without forelimbs.
This animal showed a marked narrowing of the internal
dimensions of the pelvis, allowing the increased load of
the upper body to be supported (Slijper, 1942). Such dra-
matic remodeling of the pelvis early in the life-course
indicates substantial plasticity, however, this issue
remains relatively unexplored in humans, and the inter-
generational associations discussed above suggest that
adult phenotype has substantial plasticity across rather
than within generations.

The final part of this review considers how the emer-
gence of agriculture may have exacerbated the human
obstetric dilemma, in two counter-balancing ways: first,
changes in dietary quality and population density
(impacting infectious disease risk) may have reduced
maternal height; second, the same factors may have pro-
moted offspring size through both plastic and genetic
mechanisms.

LONG-TERM TRENDS IN STATURE

In recent decades, secular trends in stature have been
widely reported, often upwards in response to improving
nutrition and decreasing risk of infectious disease
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(Malina, 1990; Cole, 2000b), but occasionally negative
secular trends have been noted in response to declining
living standards (Tobias, 1985; Akachi and Canning,
2007; Stock and Migliano, 2009). There is considerable
variation in human body size, with adult CVs being
approximately 50% for body weight, 10% for stature, and
25% for body breadth (Ruff, 2002). In general, if the
recent obesity epidemic is discounted, modern human
body weight is lower today than it has been since the
middle Pleistocene, and we see more variation within
the Holocene, on account of culture increasingly working
in concert with environmental factors that influence phy-
sique.

Body size variation following the transition to agricul-
ture has received considerable attention. The most com-
prehensive analysis of body size in Pleistocene and Holo-
cene Europe demonstrates that there was a significant
reduction in stature from the Upper Paleolithic to the
Mesolithic, with slight further reductions occurring with
the origins of agriculture (Mieklejohn and Babb, 2011). A
similar reduction in stature and body mass is also
reported for the transition from the late Paleolithic pop-
ulations of the Nile Valley, to the earliest agricultural-
ists, although body size rose again with the development
of the Egyptian Empire (Stock et al., 2011). A recent
study of subadult growth within skeletal series from the
Mesolithic and Neolithic of the Danube Gorge, and the
Greek Neolithic, provides evidence of growth trajectories
which fall well below more recent British samples and
standards from the Denver Growth Study (Pinhasi et al.,
2011).

While there is now considerable evidence of a general
decrease in body size and growth with the adoption of
agriculture and the onset of the Holocene, there is evi-
dence for both an increase in body size with maize agri-
culture in North America, but also an increase in body
size variance (Auerbach, 2011). Interestingly, the results
of this study show considerable geographic variation in
female size and bi-iliac breadth. While trends in human
body size tend to generally decrease with the onset of
the Holocene, and in some places with the origins of
agriculture, there seems to be a considerable increase in
variation in human body size within the Holocene.

The results presented by Auerbach thus suggest that
pelvic dimensions may vary with the origins of agricul-
ture. A classic study of Mediterranean populations by
Angel addressed trends in both stature and pelvic
dimensions, though the samples were not from a single
location over time (Angel, 1975). Changes in stature are
illustrated in Figure 9a, with a substantial decline of
~12 cm from the late Paleolithic, followed by a slow re-
covery until the 19th century, and then a rapid secular
increase in the last century. Figure 9b illustrates the
equivalent trend for the pelvic brim index. The pattern
of change is much less clear, but broadly, a similar initial
decline followed by first slow and then rapid recovery
is evident, though with fluctuations along the way
which may indicate different physiques of the various
populations.

In fact, when stature falls, pelvic dimensions do not
necessarily fall in exact proportion (Ruff, 1994). In stud-
ies of Japanese across three generations and United
States students across two generations, secular trends in
height were accompanied by minor decreases in bi-iliac
breadth, suggesting an imperfect fit between trends in
stature and pelvic dimensions. The protection of pelvic
dimensions in Holocene Later Stone Age (LSA) foragers
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Fig. 9. Secular trends in (a) female stature and (b) female
pelvic brim index from the Paleolithic to the present, in Medi-
terranean populations. Based on data from Angel (1975).

of short stature (Kurki, 2007) suggests long-term adapta-
tion to energy stress rather than climate (Kurki et al.,
2008), as the archaeological evidence suggests only
minor variation in consistently small body size over a
lengthy period (Pfeiffer and Sealy, 2006). Amongst con-
temporary Khoe-San foragers, a mean birth weight of
3.08 (SD 0.46) kg was recorded in 10 infants (Howell,
1972), while skeletal data from 18 LSA perinates sug-
gested consistency with the contemporary range of
infant size (Pfeiffer and Harrington, 2012). A similar sce-
nario may relate to the Inuit, who are likewise of rela-
tively short stature but who do not have narrow pelvic
dimensions (Kurki, 2011), though they may also have
given birth to much larger neonates than those of the
Khoe-San (Murphy et al., 1996; Indorf et al., 2001).
Although relevant evidence remains very limited, it
suggests that small size achieved over a long time period
need not necessarily increase the disparity between
maternal and neonatal dimensions. The situation may,
however, be very different for populations responding
over shorter timescales to nutritional inadequacy, partic-
ularly if the adaptation is achieved through phenotypic
plasticity rather than genetic change. Poor growth deriv-
ing from inadequate nutrition (potentially mineral as
well as energy deficiencies) may lead to a flatter pelvis.
This downward trend in pelvic size would thus increase
the clash with the neonatal brain and shoulder dimen-
sions, although over time a complementary downward
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Generations

Fig. 10. Schematic diagram illustrating the time lag by
which birth weight is assumed to track secular trends in female
stature. The obstetric dilemma is assumed to increase in magni-
tude as declines in maternal stature precede matching declines
in birth weight. Adapted with permission from Wells, J Life Sci,
2009, 1, 115-120, ©Korean Society of Life Science).

trend in neonatal body proportions could also occur. If
upward secular trends in birth weight proceed faster
than similar trends in pelvic restructuring, then for a
certain period, average birth weight might exceed aver-
age pelvic proportions. In Figure 10, we illustrate sche-
matically the effect of a time lag between intergenera-
tional trends in maternal height, and intergenerational
trends in neonatal weight (Wells, 2009). Sudden
decreases in maternal stature may not immediately be
followed by matching reductions in neonatal size, result-
ing in temporary elevation in the magnitude of the
obstetric dilemma. Resolution of this disparity might
require genetic adaptation of offspring size in response
to maternal size, or a slow-damped response through
intergenerational plasticity.

Recent nutritional experience in some global regions,
driven by antagonistic economic trends, may be demon-
strating this scenario. In sub-Saharan Africa, for exam-
ple, maternal height rose in the mid-20th century,
reflecting improvements in health and nutrition, but
then declined in all social strata in the last quarter of
the century following structural adjustment programs
implemented in the 1970s (Garenne, 2011). This decline
in height is closely linked with declines in per capita
income (Fig. 1la), thereby supporting the notion that
depression in living standards was responsible (Garenne,
2011). By the end of the century, however, many African
countries were showing the emergence of obesity (Fig.
11b), a trend which has been increasing in the new cen-
tury (Popkin et al., 2012), and which again can be attrib-
uted to adverse economic influences (Wells, 2012b; Wells
et al., 2012). As discussed for India below, any increase
in obesity will exacerbate the obstetric dilemma, and
this effect will only be exaggerated if height is falling at
the same time. Macrosomic offspring are increasing in
prevalence in some African populations (Abena Obama
et al., 1995; Kamanu et al., 2009; Geidam et al., 2009),
although data remain sparse. This scenario therefore
seemingly replicates in its overall pattern, though not
necessarily in its timescale or magnitude, that discussed
for the emergence of agriculture, but with globalized
market forces as the underlying driving force.

Maternal nutritional deficiencies may contribute more
drastically to cephalo-pelvic disproportion. For example,
rickets is widely established as a risk factor for poor
pelvic development (Skippen, 2009). In contemporary
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(a) Trends in maternal height in sub-Saharan Africa from 1950, illustrating a decline in height after the late 1960s,

closely tracking declines in per capita income. Reproduced with permission from Garenne, Trends in nutritional status in adult
women in sub-Saharan Africa. DHS Comparative Reports 27, 2011, ©Calverton, MD: ICF Macro. (b) Data on female overweight
(BMI >25 kg/m?) and obesity (BMI >30 kg/m?) from a selection of African countries in the late 20th or early 21st century, showing
that whilst excess weight remains rare in some countries, it has become the norm in others. These antagonistic trends may exacer-
bate the obstetric dilemma. Data from the WHO infobase (available at: https:/apps.who.int/infobase/) accessed 21st June 2012.

populations, vitamin D deficiency is common in many
populations lacking adequate diet or exposure to sun-
light, and has been associated with increased risk of cae-
sarean delivery (Merewood et al., 2009). No such associa-
tion of vitamin D deficiency and caesarean risk was
observed in a Pakistani study, however, in this popula-
tion almost all women (83 of 117) were vitamin D defi-
cient (Brunvand et al., 1998). Populations in northern
latitudes, and therefore exposed to seasonal fluctuations
in the opportunity for endogenous vitamin D synthesis,
may have increased risk of rickets. Infants born in win-
ter may experience constraint on early pelvic growth,
with long-term effects on the risk of cephalo-pelvic dis-
proportion (Strickland, 1993). Such a scenario has been
suggested for the high, and seasonally variant, rates of
maternal mortality in Mongolia, whereby seasonal fluc-
tuations in energy supply increase birth weights, in a
population characterized by high prevalences of short
stature and rickets (Strickland, 1993). This cephalo-pel-
vic clash is therefore driven by seasonal effects in succes-
sive generations.

THE TRANSITION TO AGRICULTURE AND
MORTALITY

While the implications for the origins of agriculture
are regionally variable, the transition is associated with
a general deterioration in human health in many regions
worldwide (Cohen, 1989; Larsen, 1995; Steckel and Rose,
2002; Larsen et al., 2008). The demographic consequen-
ces of the transition to agriculture are fairly obvious in
the dramatic population expansion which followed the
adoption of agricultural subsistence as a result of
increasing fertility (Bocquet-Appel, 2002a,b). Despite the
tremendous interest in the demographic implications of
the origins of agriculture, we know little about variation
in perinatal and infant mortality between foraging and
agricultural populations. In Table 4, we provide a pre-
liminary exploration of mortality profiles from skeletal
samples, including five hunter-gatherer groups ranging
from low to high latitudes, and three agricultural popu-
lations, derived from the literature. Hunter-gatherers
include the North African Iberomarusian skeletons from
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Afalou and Taforalt; Near Eastern Natufian skeletons
from the sites of Rakefet, Nahal-Oren, Hayonim and Ain
Mallaha; Archaic foragers from the sites of Hind, Sartori
and Zimmer in Ontario, Canada; mid-Holocene foragers
from the sites of Lokomotif, Raisovet, and Shamanka II
in the Baikal region of Siberia; and the Sadlermiut from
Native Point, in Nunavut, Canada. Data taken from the
literature represent the following agricultural groups:
the Arikara of the Northern Plains of the USA (Owsley
and Bradtmiller, 1983); the site of Tlajinga 33, from Teo-
tihuacan, Mexico (Storey, 1986); and the site of Kellis 2
from the Roman Period of the Dakhleh Oasis, Egypt
(Tocheri et al., 2005).

Age estimates of subadults were based upon dental
formation and eruption where possible, or estimates of
age based upon long bone length. Ages were categorized
into perinatal (either late-term fetal or neonate, up to 1
month), infant (2 months up to 1 year of age), 1 to 4, 5
to 9, 10 to 14 years, and adult. These age categories
were used to allow maximal comparability of data
between the new forager data and three published
archaeological samples from the literature. Our primary
interest is to investigate variation in perinatal mortality
between foragers and agriculturalists. While it is impos-
sible to determine whether perinatal mortality is the
direct consequence of obstetric complications in archaeo-
logical series, it is reasonable to expect that there is a
strong correlation between these parameters, such that
significant differences in obstetric complications should
be reflected in the proportion of perinatal skeletons
within a series. It is often considered that sub-adult
remains may be under-represented in skeletal assemb-
lages due to poor preservation or cultural factors, how-
ever, the presence of perinatal and infant remains in
each of the represented skeletal series suggests that cul-
tural or taphonomic factors may have minimal impact on
our demographic data in these cases. The percentage of
individuals represented within each age group was cal-
culated relative to the total number of individuals, to
provide an indication of the proportion of individuals in
each age category. Percentages were not calculated for
the Sadlermiut sample, as the total number of the sam-
ple represents an estimate. Demographic data presented
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for the Arikara did not subdivide the infant category
into perinatal remains, so only the total number of
infants in the assemblage is presented here for compari-
son.

Amongst the forager populations, all have low frequen-
cies of perinatal and infant skeletons, ranging from 0 to
6.5% of the skeletal assemblage, and combined perinatal
and infant mortality does not exceed 6.5%. In contrast,
perinatal and infant mortality among the three agricul-
tural groups ranges from 31.3% (Arikara) to 35.5% (Teo-
tihuacan). High levels of infant mortality amongst agri-
cultural populations are not unexpected, and may be
related to higher levels of infectious disease. The propor-
tions of perinatal skeletons in the Teotihuacan (31.3%)
and Dakhleh Oasis (18.2%, minimal estimate, based on
estimates provided in the text of the article) are of par-
ticular interest, in that they might suggest high levels of
obstetric mortality. Amongst the foragers, the Sadler-
miut population is also of note, as there are 22 perinatal
and infant skeletons, representing over 10% of the total
assemblage. Here, only 4 of 22 were identified as perina-
tal, while 18 were determined to be over two months of
age. This high rate of infant, but not perinatal, mortality
might be related to infectious disease contracted follow-
ing contact with European sailors (Merbs, 2004). While
this leads to a higher overall frequency of infant mortal-
ity, which is more consistent with levels found amongst
the agricultural populations, the level of perinatal mor-
tality amongst the Sadlermiut is not inconsistent with
other foragers. This pattern of low perinatal mortality
may be the result of relatively spacious obstetric dimen-
sions among this population (Kurki, 2011).

Overall, the pattern of perinatal and infant mortality
found amongst these populations suggests that both
perinatal and infant mortality are much higher among
early agricultural than foraging populations. While the
high levels of infant mortality amongst agriculturalists
are most likely explained by higher frequencies of infec-
tious disease, the higher levels of perinatal mortality
might reflect an increased risk of obstetric complications
during birth, a factor which is invoked in each of the
publications from which the data were derived (Owsley
and Bradtmiller, 1983; Storey, 1986; Tocheri et al., 2005).
Further work on the obstetric dilemma in foragers is
therefore needed.

POTENTIAL NUTRITIONAL EFFECTS OF
AGRICULTURAL DIETS

Complementary to effects on maternal height, the
emergence of agriculture may have altered fetal growth
patterns through dietary changes (Liston, 2003). Recon-
structing Paleolithic diets is notoriously difficult (Milton,
2000), as ancestral foragers inhabited diverse ecosystems
and must inevitably have adapted to the resources avail-
able. To some extent, this adaptation may have been
aided by two ways of homogenizing diverse raw food-
stuffs into a more fundamental diet. The consumption of
each of meat and cooked vegetable foods reduces the
level of physiological adaptation required by the gut.
Nevertheless, the macro-nutrient content of contempo-
rary forager diets still shows substantial variability
(Milton, 2000), and this can be assumed to have been
true throughout the evolutionary history of Homo, due
to climate trends and ecosystem change (Potts, 1996).
With these caveats, there are several possible ways
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whereby agricultural diets may have impacted the
obstetric dilemma.

Protein content is assumed to have been high in pre-
agricultural populations, whereas carbohydrate content
is assumed to have been low (McMichael, 2001; Colagiuri
and Brand, 2002). Regardless of the actual meat content
of the diet, the glycemic load is likely to have been sub-
stantially lower than that of modern agricultural diets
(Milton, 2000). The emphasis on grains following the
emergence of agriculture suggests that a substantial
upward shift in glycemic load was initiated at this time
(Eaton and Eaton, 2000; Cordain et al., 2005; Jonsson
et al., 2009).

Such changes in dietary glycemic load may have
affected both maternal stature and fetal growth. Dietary
protein has been associated with growth in childhood
(Rolland-Cachera et al., 1995; Stein et al., 2003; Hoppe
et al., 2004a,b) and stature in adulthood (Galvin, 1992).
A shift from high-protein to high-carbohydrate diets, as
agriculture involved, may therefore have been a major
contributing factor to declines in stature described
above. The same dietary shift may have affected fetal
weight gain. Most wild foods are high in bulk and fiber,
and hence release energy into the bloodstream relatively
slowly (Milton, 2000). On the one hand, higher-glycemic
diets have been associated with increased birth weight
(Scholl et al., 2004; Moses et al., 2006), and maternal
glucose has been further associated with fetal adiposity
(Catalano et al., 2003; Hill et al., 2005). On the other
hand, a number of studies have associated high-protein
diets with reduced birth weight (Campbell et al., 1996;
Godfrey et al., 1996; Sloan et al., 2001; Kramer and
Kakuma, 2003; Andreasyan et al., 2007), although other
studies were not consistent (Mathews et al., 1999; Moore
et al., 2004). Specific foods also have been investigated:
associations between maternal seafood consumption and
birth weight are inconsistent (Mendez et al., 2010),
whereas maternal milk consumption during pregnancy
was positively associated with birth weight and neonatal
head circumference (Olsen et al., 2007).

Associations of maternal dietary intake during preg-
nancy with neonatal head circumference are not neces-
sarily consistent with those for birth weight. In a small
randomized trial, the offspring of mothers receiving a
low glycemic index diet had similar birth weight but
increased head circumference relative to those receiving
a low-fat diet (Rhodes et al., 2010).

Whilst the evidence remains preliminary, these studies
collectively offer support for the hypothesis that the
emergence of agricultural diets, with higher glycemic
load and lower protein content than typical forager diet,
could have impacted each of maternal size and neonatal
mass and brain size, and may therefore have exacer-
bated the obstetric dilemma. In very recent periods,
reduced levels of physical exercise may have further exa-
cerbated the obstetric dilemma by altering maternal gly-
cemic control (Liston, 2003). Such effects may have been
further influenced by related stresses such as population
density, and an increasing infectious disease burden.

EFFECTS OF INFECTIOUS DISEASE

The onset of agriculture was associated not only with
dietary change, but also with an increased prevalence in
a number of infectious diseases, many of them crossing
the species barrier from newly domesticated animals and
further favored by increasing population density and
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trade (Cohen, 1989; Diamond, 1998). Infectious disease
exerts a particular burden in contemporary populations
in early life. Kuzawa has therefore argued that selection
favored high levels of adiposity in our species, in order
to buffer the obligatory energy requirements of the large
infant brain during this vulnerable period (Kuzawa,
1998). Whilst an increased glycemic load from the agri-
cultural diet may have made such fat stores more read-
ily attainable by the offspring, fat as a low-density tissue
would increase neonatal body volume, and potentially
make delivery more difficult, as discussed above in rela-
tion to macrosomic offspring.

Most data on neonatal adiposity derive from western
industrialized populations with relatively high birth
weight (~3.5 kg). In non-western populations, birth
weight approximates closer to ~3 kg, though substantial
variability between populations also remains. In a recent
study of body composition in Ethiopian neonates, mean
birth weight was 3.0 kg, and mean % fat was 8%
(Andersen et al., 2011). These data therefore indicate a
lower level of adiposity in a non-western population,
hence further data are required in order to explore vari-
ability in neonatal body composition in more detail. In
relative terms, Indian infants preserve adiposity despite
having low average birth weight (Yajnik et al., 2003),
and this increased adiposity may contribute to the
obstetric dilemma. Although in the early 20th century
Pan (1929) suggested that the small size of both mater-
nal pelvic dimensions and neonatal dimensions need not
imply difficult labor in the Indian population, increases
in maternal BMI and glucose intolerance, driven by
urbanization (Subramanian et al., 2010), may now be
increasing the magnitude of the obstetric dilemma. Con-
sistent with this hypothesis, recent studies in India have
shown that maternal gestational diabetes is associated
with larger offspring and an increased risk of cephalo-
pelvic disproportion, shoulder dystocia and caesarian
delivery (Saxena et al., 2011; Sharma et al., 2011).

RESOLUTIONS TO THE OBSTETRIC DILEMMA

The notion that long-term trends in nutrition may
impact the magnitude of the obstetric dilemma through
phenotypic plasticity prompts consideration of what
beneficial effects might be achieved through nutritional
intervention within the life-course. Brabin and Brabin
(1992) initially speculated that adolescent girls might
be especially vulnerable to cephalo-pelvic disproportion,
due to their becoming pregnant before the growth pro-
cess may have been completed. This scenario might be
exacerbated by the fact that growth of the pelvis lags
behind growth in stature (Moerman, 1982). Brabin and
colleagues therefore questioned whether nutritional
supplementation might exacerbate the problem in this
age group. In subsequent work, however, they and
others found that adolescents are if anything less likely
than older age groups to experience cephalo-pelvic dis-
proportion, due to their tendency to give birth to off-
spring of lower average birth weight (Larsson and
Svanberg, 1983; Brabin et al., 2002; Borja and Adair,
2003; Nkwabong and Fomulu, 2009). This low birth
weight is further due to continued growth in the adoles-
cents during pregnancy, implying a trade-off between
maternal and fetal energy allocation (Harrison et al.,
1895a,b; Scholl et al., 1990). In general, birth weight
increases with age and parity, and cephalo-pelvic dis-
proportion is therefore commoner in older women

(Brabin et al., 2002). Thus, nutritional supplementation
during adolescence is more likely to promote both
maternal and offspring health without increasing the
risk of cephalo-pelvic disproportion (Brabin et al.,
2002), and taller height may prove protective against
the obstetric dilemma both during adolescence and sub-
sequently (Harrison et al., 1988).

In the absence of actual changes in body dimensions,
other means of adaptation may be required to achieve
successful birth. Extensive ethnographic research indi-
cates that in nonindustrialized populations, the most
common positions for giving birth were kneeling, squat-
ting or sitting (Engelmann, 1882; Jarcho, 1934; Naroll
et al., 1961; Rosenberg and Trevathan, 2002). Squatting
has been shown to increase the size of the birth canal by
up to 28% (Russell, 1969, 1982; Liu et al., 1989; Michel
et al., 2002), and the widespread utilization of the supine
position in industrialized populations appears not to
derive from maternal preference (De Jonge et al., 2004)
but rather due to its promotion by clinicians over the
last two centuries, as they increasingly “medicalized” an
event previously considered as normal and natural
(Wertz and Wertz, 1977; Dundes, 1987; Walrath, 2003).
Thus, the spread of a particular fashion for delivery posi-
tion may be another sociocultural factor that has exacer-
bated the magnitude of the obstetric dilemma in recent
decades, and increasing interest in challenging many
aspects of the institutionalization of childbirth (Marland
and Rafferty, 1997) may therefore have implications for
management of the obstetric dilemma.

Women in Asian populations have been observed to
restrict their dietary intake in the last trimester of preg-
nancy, specifically to avoid large babies (Brems and
Berg, 1989; Choudhry, 1997; Christian et al., 2006).
Unlike in Holocene southern African foragers, where
short stature was not associated with reduced obstetric
proportions (Kurki, 2007), the short stature of south
Asian women has been associated with significantly
reduced pelvic inlet and outlet dimensions, though also
with small neonates (Pan, 1929). The combination of
smaller uterine volume and eating down during preg-
nancy in south Asian populations is associated with low
birth weight “thin-fat” neonates, in which indices of lean
mass are substantially reduced compared to European
neonates, whereas head girth and adiposity are rela-
tively protected (Yajnik et al., 2003; van Steijn et al.,
2009). The “nutrition transition” might therefore
increase the magnitude of the obstetric dilemma in the
Indian population, if offspring neonatal dimensions
change faster than maternal pelvic dimensions.

In recent times, the development of expertise for cae-
sarean section represents a technical solution to the di-
lemma. Early such operations were most likely intended
to save an offspring when the mother had already died
(Sewell, 1993). While the practice has only been wide-
spread in the last century, it was observed in Uganda by
a British traveller, R.W. Felkin, in 1879: “The healer
used banana wine to semi-intoxicate the woman and to
cleanse his hands and her abdomen before surgery. He
used a midline incision and applied cautery to minimize
hemorrhaging. He massaged the uterus to make it con-
tract but did not suture it; the abdominal wound was
pinned with iron needles and dressed with a paste pre-
pared from roots. The patient recovered well, and Felkin
concluded that this technique was well-developed and
had clearly been employed for a long time” (Sewell,
1993). The development of such expertise itself indicates
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the long-term existence of obstetric complications in this
population.

Very little is known about maternal reproductive mor-
tality, birth practices, or neonatal size, shape and adipos-
ity in nonagricultural foraging populations, who typically
consume a much higher protein diet than agricultural
populations, with complementary lower glycemic load.
The majority of foraging populations today occupy rela-
tively marginal environments, and tend toward smaller
body size than that found among typical late Pleistocene
hunter-gatherers or most agricultural populations. This
might either relieve the obstetric dilemma, as observed
by Kurki (2007), or exacerbate it as we have suggested
in this review was the case for agricultural populations.

For past foraging populations, the scenario remains
relatively unexplored, though the data in Table 4 are
provocative. In her account of a single !Kung woman,
Shostak (1981) reported that her informant Nisa
described her mother giving birth unaided. Such a prac-
tice of solitary delivery has also been reported from the
Bariba, an agricultural population from Benin (Sargent,
1982). There is inadequate evidence to address this issue
with confidence at present, yet if preagricultural popula-
tions did experience less of an obstetric dilemma than is
typical of contemporary agricultural populations, the ev-
olutionary significance of birth attendants, a scenario
not unknown in other primate species (Trevathan, 2011),
might also benefit from reappraisal.

SUMMARY

We suggest that whatever ecological pressures gener-
ated the complex rotational birth process through
human evolutionary history, the contemporary obstetric
dilemma manifesting as maternal and perinatal mortal-
ity cannot simply be considered to derive from a long-
standing and routine “clash” of offspring encephalization
and maternal bipedalism. The risks of delivery derive in
part from other factors, which we have shown are vari-
able within and between populations. Hence, the magni-
tude of the dilemma, and the risks of delivery, appear to
have waxed and waned over both longer and shorter
timescales, as a variety of different ecological stresses
rose and fell in importance.

With regard to contemporary Homo sapiens, we sug-
gest that the magnitude of the dilemma is sensitive to
several ecological pressures including the thermal envi-
ronment, dietary energy availability and glycemic load,
and infectious disease burden. In turn, we suggest that
these ecological stresses may each have become exacer-
bated during the transition to agriculture, acting on both
maternal and fetal phenotype, such that the obstetric di-
lemma may have been worse in the last few thousand
years than was the case for Pleistocene Homo. Our anal-
ysis highlights potential differences in the capacity for
maternal versus offspring plasticity, suggesting that var-
iability in the magnitude of the obstetric dilemma fluctu-
ates across multigenerational timescales, with phenotype
of the two parties potentially changing at different rates.
Whilst some populations appear to have evolved small
body size without exacerbating the dilemma, others
appear to have failed to adapt in this way.

Relevant ecological trends appear to continue in con-
temporary populations, where maternal obesity and
especially high-glycemic index diets (e.g. those high in
sucrose or high-fructose corn syrup) may be introducing
a new complicating factor, increasing the risk of macro-
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somic neonates. We have highlighted decreasing mater-
nal height and increasing maternal obesity in sub-
Saharan Africa as evidence of such trends, indicating
that our perspective is not only relevant to understand-
ing human evolution, but may also have significant pub-
lic health implications.

Public health efforts cannot expect to make rapid pro-
gress in resolving a problem that emerges out of longer-
term adaptive processes. Public health success is likely
to emerge through long-term trends in stature, along
with diets lower in glycemic index and more successful
prevention of obesity. One provocative perspective is that
the advent of safe caesarean delivery has removed a key
constraint on the upper boundary of neonatal size, which
could potentially induce genetic change favoring higher
birth weight, in turn making possible upwards trends in
brain size (Walsh, 2008). Such a perspective ignores the
transgenerational transmission of stature, pelvic dimen-
sions, head girth, and body mass. Given that the detri-
mental effects of agriculture emerged over multiple gen-
erations, resolution of the obstetric dilemma is likely to
require a similar long-term approach.
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