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Human childbirthis regarded as uniquely difficult among primates, due to
atight cephalopelvic fit thought to result from an evolutionary trade-off

between adaptations to bipedal locomotion and increasing brain size. This
impression, however, may be an artefact of past adoption of anthropocentric
measurements that underestimate birth challenges in non-human primates.
Here we re-evaluate cephalopelvic proportions using species-specific
three-dimensional data of the pelvic inlet along with neonatal cranial
dimensions from abroad sample of extant primates. Results reveal that
maternal body size is a key factor to consider. A tight cephalopelvic fit
occursinspecies with proportionately larger neonates, smaller pelves or a
combination of both. The latter is the case in humans, producing the tightest
fitamong extant apes, but a similar combination of factors explains much
more extreme cephalopelvic proportions in other species. Our findings
reveal a diversity of obstetrical dilemmas across primates.

In the 1940s, the primatologist Adolph H. Schultz conducted the
first comparative investigations of cephalopelvic proportions (CPP)
across primates, estimating the fit of the neonatal head into the supe-
rior aperture of the maternal birth canal (more specifically, the pelvic
inlet) for a few taxa'. Using standard anthropometric techniques
developed on humans, the results suggested that the birth canal
inlets of non-human great apes are more capacious relative to neo-
natal size thanthat of humans and have a markedly more oval shape,
elongated sagittally (anterior-posteriorly). This interpretation,
and in particular the widely reproduced figure, was highly influ-
ential on subsequent work??, effectively defining anthropological
conceptualization of birth across primates, and reinforcing tradi-
tional assumptions that (1) human childbirth is uniquely difficult
duetoatight cephalopelvicfitand adistinct pelvic canal shape, and

(2) other primates face little to no birth obstruction*”’(though he
noted a tight cephalopelvic fit in some monkeys). Later studies,
accepting these assumptions without re-examination, sought to
identify the evolutionary and anatomical factors that make human
parturition particularly challenging. Washburn proposed that
humans experienced aunique evolutionary trade-off betweenalarger
brainand amore compact bony birth canal evolved for bipedalism®,
This ‘obstetrical dilemma’ was interpreted subsequently as leading
to a notably tight fit between a large fetal head and an unusually
shaped birth canal®® as well as complex, rotational delivery patterns®.
Washburn hypothesized that the key human adaptation to keep CPP
manageable has been secondary altriciality, where alarger portion of
brain growth occurs after birth instead of in utero, limiting neonatal
head size and resulting in highly dependent infants®.
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Fig.1| Comparative orientation of the pelvicinlet and cephalopelvic
constraints in great apes and humans. a, Comparison between the traditional
anterior-posterior inlet diameter measured between the sacral promontory
and the top of the pubic symphysis (blue lines), which assumes this is the most
constraining axis in all primates, and more realistic obstetrically relevant
diameters and space (orange lines and shaded area). Pelves of different primates
arerepresented in sagittal section and aligned with an approximately vertical

Pan Gorilla Homo

pubic symphysis. Note how the entirety of the sacrum contributes to delimiting
the canal passage in humans. b, Schematic depiction of cephalopelvic fit at the
inletin each species, showing neonatal head (filled oval) relative to inlet shape
and orientation (open oval). The diameters illustrated correspond to those
shownina. Illustrations redrawn with permission from: a, ref. 1, John Wiley and
Sons; b, ref. 57, John Wiley and Sons.

Behavioural evidence, however, indicates that parturition can
alsobeacomplex and occasionally problematic processinnon-human
primates, potentially due to high CPP in some species”. Cases of
obstructed labour, prolonged delivery and stillbirth have been doc-
umented in both wild and captive populations across several spe-
cies, including other great apes™, squirrel monkeys”°, macaques'®,
wild mandrills”, baboons' and vervet monkeys'. In a Saimiri captive
colony, 16% of infants were reported to be stillborn and 34% died
within 100 days of birth*’. Some non-human primates perform pos-
tural adjustments during labour and there are reports of assistance
from conspecifics to manage birth-related challenges’”*. These
findings challenge the assumption that parturitionin other primates
is easy in comparison to human birth and highlight the need for a
broader, comparative framework to understand the evolution of
obstetric constraints.

The discrepancy between anatomical observations and reported
birth difficultiesin non-human primates may lie in the methodological
protocols used in earlier comparative anatomy studies. The meth-
ods developed by Schultz' and later adopted by others>*** have been
questioned**. By applying standard human obstetric measurements
tonon-human primate anatomy, pelvicinlets are treated asidealized,
generic ovals (Fig. 1). The anterior-posterior measurement used to
define the dimension of the birth canal inlet is based on a key human
obstetrical diameter—the distance between the upper part of the
pubic symphysis and the sacral promontorium (Fig. 1a). Although
this distance is often the most limited space the human neonate head
must traverse in that orientation, therefore representing animportant
humanobstetric constraint, thisis actually not the case innon-human
primates. In non-human primates, the sacrum is positioned higher
relative to the pubis, meaning that the superior sacral margin does
notdirectly constrain the space available for the neonate; instead, the
smallest sagittal canal diameter occurs toward the inferior portion of
thesacrum®** (Fig. 1b). Humans are an exceptionin this regard, as selec-
tion for a shortened lower ilium and a reduced distance between the
acetabulum and sacroiliacjoints®, together with spinopelvic adapta-
tions for bipedal locomotion, has shifted the constraining plane toward
thetop of the sacrum?. Anotherimportant point is that neonatal head
diameters have been based previously on sinciput presentation (pre-
senting the top of the head, from the forehead to the occipital protuber-
ance, also called military presentation), which does not reflect common
head orientation during birthin either humans or other primates®. In
otherwords, the measurements adopted do not correspond to the most
relevant pelvic and head dimensions for parturition across species,
misrepresenting cephalopelvicrelationshipsin non-human primates
and providing an unreliable basis for understanding the apparent
uniqueness in human childbirth.

Here we move beyond an anthropocentric framework and adopta
wider zoological approach to evaluate cephalopelvic fit across abroad
comparative sample of extant primates, emphasizing the use of func-
tionally appropriate, species-specific measurementsrather thanrely-
ing on human-specific dimensions that may not capture obstetrically
relevant constraints across taxa. Species-specific pelvic morphology
and variation in fetal head positioning during birth are used to more
accurately reconstruct how feto-pelvic relationships vary across pri-
mates and clarify where humans sit within this broader pattern. We
focus on the pelvicinlet to ensure a valid comparison with Schultz’s
widely cited work and other previous evaluations. We quantify the size
andshape of the obstetrically relevant (constraining) birth canal inlet
using three-dimensional (3D) morphometric analysis of landmarks and
curve semi-landmarks on the bony pelvis. To replace the traditional
plane used by Schultz, we employ anew repeatable osteological plane
for the pelvicinlet that provides amore anatomically realistic estimate
of inlet geometry, better reflecting the contribution of the sacrum to
the bony ring that the neonate needs to traverse (Methods). Similar
positioning of the intersection between the sacrum and the inlet was
recorded by ref. 20, whose radiographs during labour allowed direct
measurement of fetal position and maternal and fetal head dimensions
duringbirthinbaboons and squirrel monkeys. Recent 3D evaluations
ofthe primate birth canal have suggested that the most restricted part
of the canal in some species occurs, in fact, at a lower level, involving
the bottom end of the sacrum™?*, This may indeed be the case in sev-
eral species, but the contribution of sacral nutation—defined as the
changeinsacralinclinationrelative totheiliac bones, facilitated by the
elasticity of the connective tissues at the sacroiliac joint—to the space
available to the fetus at this lower level remains unclear. During par-
turition, sacral nutationis thought toincrease the anterior-posterior
diameter of the canal toward the distal sacrum, at least in humans?.
Unfortunately, comparative data on soft-tissue flexibility and the
magnitude of sacral nutation in other primate species are lacking.
Thisisanadditional reason why our analyses arerestricted to theinlet,
where the pelvic bones form a more tightly articulated skeletal ring
that fully surrounds the neonate during birth, providing a more rigid
and comparable structure across taxa.

Inhumans, birth usually occursin occiput anterior presentation,
where the back of the fetal head (occiput) leads, and cranial diameters
are minimal. In non-human primates, face presentations are more
common and also present smaller diameters than sinciput presenta-
tions®. Thus, the traditional measurement of fetal head breadth and
length in sinciput presentation is not representative of birth con-
straints in either group. More realistic estimates of cephalopelvic
fit are obtained by combining head breadth with head height in face
(submento-bregmatic diameter, non-human) or occiput presentation
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(suboccipito-bregmatic diameter, humans). We fit simplified neonatal
head models virtuallyin both presentations into maternal pelvicinlets
to assess cephalopelvic fit across species. Moving away from stand-
ard anthropocentric measurements and adopting a species-specific
approach, we reassess current assumptions about the difficulty of
birthin humans relative to other primates.

Results

Our results challenge the traditional perception of a uniquely tight
cephalopelvic fit at human birth by showing more extreme CPP in
several non-human primate species and a tighter fit in more taxa than
previously recognized. Inall non-human primate species evaluated, the
obstetrically relevant area of the pelvic inlet decreases when we use a
species-specific approach, with respect to previous anthropocentric
measurements, and the obstetrically constraininginletis characterized
asrounder (less sagittally elongated) (Fig. 2). Accordingly, the portion
ofthatareathat could realistically be filled by the neonate’s head also
decreasesinall species but humans (Fig.2and Supplementary Table1).

The obstetrically constraining inlets (compared with traditional
models based on human standards), are smaller than previous recon-
structions by an average of 11% in non-human primates, reaching more
than 18% reduction in some species (for example Aotus trivirgatus,
Galago moholi, Galago senegalensis and Lagothrix lagothricha). A
paired t-test confirmed a significant difference between the inscribed
ellipse areas for the traditional and constraininginlets (¢ = 3.65, df = 31,
P<0.001).

To compare our results with previous studies, we recreated
Schultz’s cephalopelvic fit diagram’ that is today replicated in text-
books of human evolution, anatomy, midwifery and obstetrics (Fig. 3).
We compared the maximum ellipse that can be fitted into the obstetri-
cally constraining plane of the maternal birth canalinlet (representing
the space available for the neonate’s head) with a projection of the
neonate head in sinciput and face/occiput presentation. Because in
humans neonatal cranial height is similar in face and occiput presen-
tation, we combine human occiput presentation with other primates’
face presentation in a single category (face/occiput presentation) in
our results. Schultz’s original representations suggest that cephalopel-
vicfitis notably tight in Homo, with ample space in most non-human
primates, particularly in great apes, and highlights a very elongated
inletin non-human primate species with respect to humans. Our recon-
structions, using species-specific 3D morphometrics, produce smaller
and less sagittally elongated maternal inlets in non-human species,
although confirming a broadly similar pattern of fit in Schultz’s head
(sinciput) presentation. In the more realistic face/occiput presentation,
however, the height of the head (instead of the length) is combined
with head breadth to generate aneonatal head ellipse area on average
23.6% smaller than in sinciput presentation (Supplementary Table 1),
resultinginaless constrained cephalopelvic fitin most species (Fig. 3).

When extended to other primate species and mapped onto clad-
ograms (Fig. 4), high CPP are clearly not restricted to any one clade.
Within apes, our species exhibits the tightest fit, with the fetal head
nearly filling the inlet. Lar gibbons (Hylobates) also show a moder-
ate constraint, whereas other apes retain relatively spacious birth
canals. Tight fitsare also presentin several cercopithecoids (macaques,
mandrills, geladas). In American monkeys (Platyrrhini), particularly
high CPP are seen in the small-bodied taxa callitrichids and squirrel
monkeys, where the fetal head is actually larger than the birth canal.
Strepsirrhines show similar variation, with bushbabies (for exam-
ple, Galago) exhibiting particularly disproportionate fits. Modelling
CPP with face presentation consistently reduces cephalopelvic mis-
match, particularly in platyrrhines and strepsirrhines, suggesting that
face-first fetal orientation may serve asacompensatory mechanismto
avoid obstructed labour. While humans remain among the most con-
strained species of apes, the even tighter fits in several primates, such
as galagos, squirrel monkeys and patas monkeys, indicate that birth

constraints are notunique to our evolutionary lineage. This raises the
possibility that tight CPP represent the ancestral condition in crown
primates, with looser fits arising later in some lineages.

Across mammals, there is an allometric relationship between
maternal and neonatal body size, with smaller species generally giving
birth torelatively larger babies®. The same allometric patternexistsin
primates (Extended Data Fig. 1 and Extended Data Table 1) and could
be expected to lead to higher CPP in small-bodies species if relatively
larger neonatal bodies are accompanied by similarly larger heads. To
thebest of our knowledge, however, the relationship between maternal
body size and the two key components of CPP, pelvicinlet size and neo-
natal head size, has never been assessed. Under isometric relationships
between neonatal head size, maternal pelvic size and maternal body
size, we would expect CPP to be similar across species independently
of maternal body size. Instead, we found astrong negative relationship
between CPP in face/occiput presentation and maternal body size
throughout the clade, with smaller species experiencing a tighter fit
thanlarger ones (slope =-0.247,isometry slope =0, P < 0.0001; Fig. 5
and Table 1). While this is consistent with allometric observations
across mammals for neonatal body size”, the pattern observed for CPP
could be explained by allometry between maternal size and either, or
both, of its components.

High CPP could have evolved owing to directional selection
towards relatively larger neonates and neonatal heads, toward rela-
tively smaller pelvic canals or even due to a combination of the two.
Based on the classic ‘obstetrical dilemma’ hypothesis, humans are
considered an example of the latter situation: high CPP emerged as a
convergence of amore compact pelvis for effective bipedal locomotion
andalarger neonate head due toincreased encephalization. In case of
isometric change, we would expect pelvicinlet area and neonatal head
area to change according to maternal body size; more specifically, as
areas are quadratic measures (mm?) and maternal weight is a cubic
measure (related to volumeinmm?®), underisometry the inletand head
presentationareas are expected to change to aratio of two-thirds of the
maternal weight. To test for allometry, therefore, we need to evaluate
whether the slopes of the regression lines between the two elliptical
areas and maternal body size are significantly different from two-thirds.

Our data show a slight, but not significant, allometric pattern of
smaller primates giving birth to babies with a relatively larger head
(slope = 0.617, isometry slope = 0.667, P=0.139; Fig. 6a), despite the
clear allometric pattern identified with neonatal body size. This is
probably due to differencesin encephalization across primate groups
that compensate partially for the allometric trend in fetal head size.
Thesmaller speciesin our sample are strepsirrhines, characterized by
lower encephalization, whereas the larger species are apes, character-
ized by higher encephalization than other primates®. Although we
could expect the birth canal to be relatively larger in small species to
compensate for their relatively larger neonates and avoid feto-pelvic
disproportion, smaller primates tend to have arelatively smallerinlet
size (slope = 0.783, isometry slope = 0.667, P< 0.0001; Fig. 6b), contrib-
uting toincrease their CPP (Table 1). Repeating the standardized major
axisregression (SMA) using phylogenetic independent contrasts (PICs)
returned slopes that were consistent with those from the uncorrected
SMA, indicating that the allometric relationships we have identified are
robust to phylogenetic structure (Extended Data Table 2).

Together, these results show that allometric changesin pelvicinlet
sizeand, toaless clear extent, fetal head size converge to create higher
CPPinsmaller species. Unusually high CPPinsome species, even with
respect to this primate-wide allometric pattern, seem to have emerged
in different ways. For humans, the tight fit is due to the convergence
of a particularly large headed neonate and an unusually small inlet in
comparison to other apes of similar size. The exceptionally high CPP
in Saguinus (1.87) and Saimiri (1.92), seem to be due mostly to a large
fetal head in these small-size primates, whereas relatively small neo-
natal heads explain a low CPP in most lemurs. The tight fit observed
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Pan troglodytes
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113.42 113.42 112.09

116.31

Gorilla gorilla
Trad Cons

Pongo pygmaeus
Trad Cons

"
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Hylobates lar Symphalangus syndactylus
Cons Cons

Trad Trad

33.33

Colobus guereza
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30.07

Macaca mulatta
Trad

32.68

Trachypithecus obscurus
Trad

Catarrhini - Cercopithecoidea

Papio anubis
Trad

Papio hamadryas
Trad

Cons Cons Cons

29.07 46.52 45.90 34.79 33.90

Nasalis larvatus
Trad Cons

Mandirillus sphinx

Cons Trad Cons

32.35 31.26 29.78 32.28 32.05

Erythrocebus patas
Trad

Theropithecus gelada

Cons Cons Trad Cons

22.81 22.60 37.00

34.83 52.84 51.06 26.19 38.93
Platyrrhini Strepsirrhini
Aotus trivirgatus Sapajus apella Lagothrix lagothricha Lemur catta Eulemur fulvus
Trad Cons Cons Trad Cons

Cons Trad

5.93

5.34

15.34 14.10

Saimiri sciureus
Trad Cons

Saguinus oedipus

Trad Cons

Trad

4.50

4.81

3.50 3.27 40.55

Callithrix jacchus
Trad

Callimico goeldii

Cons Trad Cons

2.87 2.63 4.35 4.14
Fig. 2| Traditional versus species-specific measurements of the pelvicinlet
areain humans and non-human primates. Comparison of pelvic inlet shape
and area using traditional (Trad) human-based obstetric measurements,

and the obstetrically constraining (Cons) inlet based on species-specific 3D
geometric morphometric measurements for each species, with overallinlet
areavalues (cm?) reported at the bottom of the polygons. The grey polygons

represent the reconstructed outlines of the bony birth canal based on pelvic

Trgd Cons

28.88  26.14
Ateles geoffroyi
Cons

37.47

Trad

10.86 10.27 1.15 10.47

Microcebus murinus
Cons

Varecia variegata
Trad Cons

Trad

13.71 13.1 1.43 1.25
Galago senegalensis
Trad Cons

Galago moholi
Trad  Cons

1.26

1.40

1.93 1.77
landmarks and semi-landmarks, calculated from the species mean birth canal
shape for each taxon. Green ellipses represent the maximum elliptical area that
could be theoretically occupied by the neonatal head, without accounting for
physiological limits to cranial deformation, with area values reported in the
centre. Inall non-human primates, the new approach returns asmaller and less
sagittally elongated inlet, resulting in reduced available space for fetal passage.

in most platyrrhines and in lorises, with CPP above 1.0, is explained
by the combined primate-wide allometric trends towards small inlets
and large neonatal heads in smaller primates.

Discussion

Humans have long been considered to display a unique ‘obstetrical
dilemma’, arising from the specific conflicting demands of bipedal-
ism and high encephalization®”*'. This interpretation has been often
represented and reinforced by the famous diagram based on the work
of Schultz', showing a tight cephalopelvic fit in humans with respect

to other primates. By using canal measurements better suited to a
primate-wide comparison and more realistic fetal measurements, we
updated Schultz’s diagram and extended CPP calculations to a much
larger number of species, spanning the whole primate order. Our results
challenge the past anthropocentric framing and show that humans are
neither unique nor unusual in having a tight fit between the neonatal
head and the pelvic inlet, with some primate species experiencing
even higher obstetric constraints due to allometric patterns leading
to smaller pelvic canals and larger neonatal heads in smaller species.
Instead of astory of humanuniqueness, therefore, wereveal a pattern

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-026-03102-5

Ateles Nasalis Macaca Hylobates

Cranial
breadth

Schultz’s original
proportions

Inlet

Pongo Pan Gorilla Homo

CIOIONM

Inlet
ero-posterior =]

diameter

‘<-an(

[« transverse 3|

diameter

Cranial
breadth

Sinciput
presentation

Cranial
length

Cranial
breadth

Face
presentation
Cranial
height

Fig. 3| CPP across eight primate generabased on traditional and updated inlet
and head size reconstructions. Top row: Reproduction of schematic diagrams
fromref. 57 showing cephalopelvic fit based on the measurements by Schultz!,
with neonatal cranial dimensions (black ellipses) plotted against idealized pelvic
inlets (open ellipses), assuming sinciput presentation. Middle row: Updated
reconstructions using species-specific 3D geometric morphometrics of the
pelvicinlet to estimate elliptical available space, and neonatal head dimensions
insinciput presentation. Bottom row: Equivalent reconstructions in face/occiput

.

presentation, where the vertical axis of the neonatal ellipse reflects cranial height
rather than length. Beige ellipses represent neonatal dimensions; open ellipses
represent the space available in the obstetrically constraining maternal pelvic
inlet. These reconstructions show that a face/occiput presentation notably
alleviates the tight fit between neonate head and birth canal, especially in
humans and monkeys. Note that great apes exhibit arelatively ampleinletin both
presentations. lllustration adapted with permission from ref. 57, John Wiley

and Sons.

of many obstetrical dilemmas that reminds us that evolution is often
shaped by trade-offs.

Humans are not the odd ones out

A main message emerging from our study is that research approaches
developed on humans are not a good starting point for comparative
analyses and can lead to biased interpretations. Our results are consist-
ent with recent work showing that the existing practice of applying
human-based anatomical measurements universally overestimates
pelvic space in non-human primates®*. This study also supports recent
findings that the traditionally defined (human-based) pelvicinlet is
not the most restricted level of the canal in non-human primates and
that some taxa (for example, Callithrix, Cebus, Saimiri) experience
higher CPP than humans. Higher CPP could be mitigated by face-first
presentationand pelvicligament relaxation". In addition, malleability
of the newborn head (for example, head moulding) can facilitate its
passage through tight passages; although considered unlikely’®", an
osteological and histological survey of newborn sutures and fontanelles
isyettobe donein abroad range of primates.

Smaller species tend to experience a tighter fit due to two impor-
tant allometric patterns: they give birth to relatively larger neonates
(Extended DataFig.1), with often larger heads with respect to maternal
body size (different encephalization levels across primate groups con-
found the allometric pattern; Fig. 6a), while having relatively smaller
pelvicinlets (therefore needing tofitalarger neonate through a smaller
space; Fig. 6b). The most extreme cases of cephalopelvic dispropor-
tion that we have identified occur indeed in small primates, such as
bushbabies and squirrel monkeys.

Some species deviate from these general allometric trends, how-
ever, suggesting that specific selective pressures might have acted on
neonatal or pelvic size. Saguinus oedipus and Saimiri sciureus, with
the highest CPP here, give birth to neonates that are exceptionally
large, about10-15% of maternal body weight***and with particularly
large fetal heads. It is worth noting that Saguinus frequently produces
twins; our current dataset does not distinguish between singleton
and twin births, and this could affect the interpretation of CPP in cal-
litrichids. Further data would be necessary to account for variationin

litter size explicitly. While reliable birth data for Saguinus are unavail-
able, Saimiri sciureus can experience neonatal and infant death rates
of more than 34%%°. Such extreme investment in fetal size may reflect
evolutionary strategies that favour producing fewer but larger, more
precocial offspring with higher long-term survival potential, despite
the increased risk of neonate birth injury or death. In these taxa, the
pelvicinletis alsorelatively small, and the resulting tight cephalopelvic
fit may represent a functional trade-off between locomotor require-
ments favouring a small pelvic canal and neonatal precociality (that
is, investment on larger and more developed newborns to improve
their survival rate) leading to bigger neonatal bodies and heads, con-
vergently with humans.

Several non-human primate species, including macaques and
marmosets, experience obstructed labour. In captivity, caesarean
sections are not uncommon®-¢ to manage delivery complications
or ensure neonatal survival. These interventions reflect underlying
obstetric challenges, which may be related to relatively high CPP
observed in several of these species, although for some species (for
example, baboons®) neonatal malposition is also an important fac-
tor. It isimportant to consider, however, that captive individuals are
often overfed and less active than their wild counterparts, and this may
increase the likelihood of complications during birth. Insuch settings,
therisk of feto-pelvic disproportionis sometimes mitigated through
caesareandelivery, butit remains unclear how these individuals would
fare under natural conditions.

Apes as a group are characterized by low CPP, which can be
explained as a direct result of increased maternal body size and the
favourable allometry with neonatal (smaller) and inlet (larger) size.
Overlaying this pattern, the disproportionally larger inlet in gibbons
and siamangs further facilitates neonatal passage. Humans, however,
have secondarily evolved a tighter fit than expected for their body
size due to both increased neonatal encephalization and a decrease
ininlet area, the latter likely reflecting changes in pelvic morphology
associated with bipedal walking™.

Our observations seem to conflict with recent research reporting
asimilar cephalopelvic fitin humans and chimpanzees®. The apparent
contradictionis probably due to the different methodology used, and
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Fig. 4| Phylogenetic distribution of CPP in primates using species-specific
measurements of the inlet and assuming neonatal sinciput or face/occiput
presentation. a,b, Cephalopelvic fit visualized at the obstetrically constraining
plane of the pelvicinlet across a wide sample of primates, shown in sinciput (a)
and face/occiput (b) presentation. For each species, neonatal cranial dimensions

(beige ellipses) are plotted within maternal pelvic inlet space (open ellipses),
highlighting relative fit, and actual CPP values are shown below each genus
name. Taxa are grouped into three main clades: Catarrhini (Hominoidea and
Cercopithecoidea), Platyrrhini and Strepsirrhini, and arranged according to
within-clade phylogenetic relationships.

particularly the way in which CPP was calculated; cephalopelvic fit was
estimated by other authors® as the minimum distance between the fetal
skull and the maternal inlet when centring the neonatal head within
the pelvic bony canal, at a lower level in the canal itself and close to
theend of the sacrum?. Although the distance between the end of the
sacrumand the pubisissmaller at thislevel than at theinlet, itisunclear
what role sacral nutation—the change of inclination of the sacrum
during birth—would play in widening the canal passage. In humans,
sacral nutation has been estimated to add an additional 1-2 cm* to
the anterior-posterior diameter of the outlet—a substantial increase
on the average 10 cm diameter—but the effects of nutation are likely
tovary among species based onsacral length and whether they have a
larger number of fused sacral vertebrae. The inlet area, defined more
rigidly by afull circle of bones than the pelvic outlet, is less likely to be

affected by sacral nutation and allows a more consistent comparison
across species. The conclusion that chimpanzees (and possibly other
apes) experience substantial obstetric challenges asaresult of agradual
exacerbation of birth constraints across anthropoid primates is not
supported in the present study. Our findings, however, do align with
previous research? that likewise reported less tight cephalopelvic fit
inchimpanzees (andin the other great apes). Theresults hereindicate
that non-human great apes possess a relatively spacious pelvic inlet
compared not only to humans*, but also to most monkeys".

Mechanisms to mitigate cephalopelvic disproportions

Several species of primates show a very tight cephalopelvic fit or an
extreme disproportion in which the fetal head cannot be accommo-
dated withinthe modelled inlet geometry, yet successful birth clearly
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Fig. 5| Relationship between CPP and maternal body size across primates.
Regression on logscale of CPP (in face/occiput presentation) against maternal
weight across 29 primate species. The black line and shading reflect the allometric
relationship line and 95% confidence interval (CI), estimated through SMA
regression (slope =-0.247,95% C1-0.322 to -0.190, intercept = 0.750, R*= 0.538,
P<0.0001). Thesslopeis significantly different from what is expected under
isometry (isometry slope = 0, P < 0.0001), represented by adashed green line.
CPP decreases significantly with increasing maternal size, reflecting allometric
scaling. Species that deviate the most from the fitted line have been labelled.

occurs. Therefore, CPP should not beinterpreted asa direct proxy for
birthdifficulty, but rather as ageometric measure of cephalopelvic fit
whose functional consequences depend on compensatory mechanisms
that facilitate successful birth. Indeed, 281Japanese macaques moni-
tored for birth across 27 years had no cases of maternal and neonatal
mortality that could be linked to a birth event*’, despite the presence
ofarelatively high CPP (Figs. 3 and 4). One potential mitigating factor
across species is optimizing fetal presentation®. Previous research
based on maximum fetal cranial breadth and length' implicitly assumed
asinciput presentationinall species. Innon-human primates, however,
frequent face presentation during birth is well documented, whereas
human neonates mostly engage inthe canalinocciput anterior presen-
tation*. Indeed, in some primates for example, Saimiri, Saguinus and
Galago, the disparity between sinciput and face-first presentationis so
greatthat thelatter seems tobe the only viable option.In baboons, face
presentations, characterized by the fetus’s neck being fully extended,
are common during delivery**”; similarly, geladas normally display face
presentations during birth, with infants maintaining neck extension
throughout the process*. Face presentation is also well documented
insquirrel monkeys®® and macaques***. The findings reported in this
study show that face presentation substantially reduces CPP, with the
face presenting a smaller area than the head in sinciput positionin all
species, and may act as an adaptive mechanism to facilitate delivery
inspecies with tighter cephalopelvic fits. The human occiput presen-
tation returns a similar minimized head area, and it is probably more
effective in our species due to the difficulty of fully extending the head
and aligningit with the spine; due to our erect posture, infact, thejoint
between the cranium and the spineis located more anteriorly instead
of towards the back of the head.

While our analysis focuses on cephalopelvic fit, it isimportant to
acknowledge that neonatal shoulderbreadth canalsoinfluence obstet-
ric risk®. Shoulder dystocia is a well-recognized cause of obstructed
labour in humans*®, and great apes also present relatively broad shoul-
ders compared with their head width'. However, there is currently no
comparative dataset on feto-pelvicrelationships at the shoulder level
that would allow systematic assessment across taxa. Future work inte-
grating fetal shoulder breadth and other dimensions of the neonatal
body with pelvic morphology would therefore be essential to fully
evaluate the potential contribution of postcranial fetal dimensionsin
shaping obstetric adaptations.

Additional anatomical features may also mitigate obstetric con-
straints. Flexibility of the pelvic joints seems to functionally facilitate
birth in some mammals®. In Papio and Saimiri, the pelvic ligaments
relax and the hipbones dislocate temporarily during labour toincrease
the inlet area by 30% and 100%, respectively?. This loosening of liga-
ments, together with the presence of an unfused pubic symphysis
in some species, may serve to increase the space available during
delivery?*¢, Although pubic bone fusionis widespread among anthro-
poids, including many platyrrhines (for example, Saguinus, Callithrix)
and cercopithecoids (for example, Macaca), it occurs less frequently
or not at all in some strepsirrhines; in Galago moholi, for example,
pubic fusion has not been observed in male or female animals to date,
even at post-reproductive age*®. The open symphysis may therefore
represent a derived, obstetrically advantageous trait in small-bodied
taxa with relatively large neonates. In some species in which pubic
fusion hasbeen observed, it occurs later in female than inmale animals
(for example Macaca mulatta and Pan troglodytes), or exclusively in
male animals (Microcebus murinus)*®, suggesting animportantrolein
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Fig. 6 | Relationship between neonatal head size and maternal body size

and between maternal inlet size and maternal body size across primates.

a, Regression in log scale of neonatal head size (face/occiput ellipse area) against
maternal weight across 29 primate species. The black line and shading show

the allometric relationship line and 95% Cl, estimated through SMA regression
(slope=0.617,95% C1 0.555-0.685, intercept = 0.840, R*=0.929, P < 0.0001).
Theslopeis not significantly different from what is expected under isometry
(isometry slope=0.667, P=0.139), represented by adashed greenline. In other
words, there seems to be a pattern of larger species giving birth to babies with
arelatively smaller head with respect to maternal size, but the patternis not
significant. b, Regression inlog scale of maternal inlet size (ellipse area) against
maternal weight across 29 primate species. The black line and shading show the
allometric relationship line and 95% Cl, estimated through SMA regression (slope
=0.783,95% C10.743-0.826, intercept = 0.378, R*= 0.982, P < 0.0001). The slope
is significantly different from what is expected under isometry (isometry slope
=0.667,P<0.0001), represented by adashed green line. Smaller species tend

to have arelatively smaller pelvicinlet, despite giving birth to relatively bigger
neonates. Species that deviate the most from the fitted lines have been labelled.
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reproduction. In Macaca mulatta, most females eventually develop
pubicfusionduring their reproductive years, indicating that other com-
pensatory mechanisms may be at play”’. Among hominoids, humans
are unique in maintaining an open symphysis throughout life, possibly
an adaptation to accommodate particularly large-brained neonates
in a more compact pelvis®. Female chimpanzees also show delayed
or absent pubic fusion until the end of reproductive life, despite their
looser cephalopelvic fit*’. Lack of fusion at the female pubic symphysis
seems to have evolved convergently in different lineages, probably
under obstetric selection, whereas in others, different mechanisms
might mitigate parturition difficulties.

Conclusion

In this study, we show that Schultz’s influential diagram of cephalopel-
vicfitin primates, often used to represent the evolutionary outcome of
aunique human obstetrical dilemma, is misleading in several respects.
By using human standard pelvic measurements, it overestimates and
misrepresents the shape of the birth canal inlet in non-human pri-
mates. Moreover, it adopts unrealistic neonatal head measurements
that do not align with common fetal presentation in humans or other
primates. Finally, by limiting the comparison to few primate species,
mostly apes, it provides anon-representative view of primate CPPandin
particular of human CPP within the order. We demonstrate that atight
cephalopelvicfitis not unique to humans, norisitrestricted toasingle
clade. Although the human birth canal is tightly matched to neonatal
head size, comparable or eventighter fits occur in several non-human
primates, including species as distantly related as macaques, squirrel
monkeys and bushbabies. This variation is explained partially by allo-
metric patterns, with smaller species giving birth to relatively larger
neonates through a relatively smaller pelvic canal. The particularly
high CPP observed in some species is associated with exceptionally
large neonates, exceptionally small inlets, or a combination of the
two, suggesting a range of obstetrical dilemmas across primate spe-
cies. In turn, these results provide a refined evolutionary context for
understanding the diversity of birthing strategies among primates and
the comparative context in which human birth difficulties emerged.

Methods
Pelvic 3D model collection
Thisstudyincluded atotal of 130 adult female specimens of 29 primate
species, representing abroad phylogenetic sample of extant primates.
Only adult females with fused epiphyses and no visible pelvic patholo-
gieswereincludedinthe analyses. Specimen IDs, taxonomical informa-
tion and source institutions are provided in Supplementary Table 2.

Allhuman data were obtained from existing collections and were
fully anonymized before analysis. Access to the data was granted by
therespectiveinstitutionsinaccordance with their ethical guidelines
and legal requirements, and all necessary permissions for research use
were secured. Data from the New Mexico Decedent Image Database
(NMDID) were used in accordance with their data use agreement,
and we acknowledge: ‘The Free Access Decedent Database funded by
the National Institute of Justice grant no. 2016-DN-BX-0144. Human
CT data from Kyoto University and the Naturhistorisches Museum
Wien were used with permission from the respective institutions.
Non-human primate data were likewise obtained from curated col-
lections. No animals were euthanized, captured or sedated for the
purposes of this study. The CT scans of living animals included in the
presentstudy were collected for previous research projects and made
available tous by the holding institutions. As this study involves analysis
of anonymized archival data and does not involve living human par-
ticipants or experimental procedures on animals, additional ethical
approval was not required.

Pelvic morphology was captured using two complementary 3D
data acquisition methods depending on specimen preservation and
facilities within the corresponding institution: (1) high-resolution CT

scans for osteological and cadaveric specimens, and (2) structured light
orsurface laser scanning for osteological specimens. CT scans required
segmentation of the pelvic bones toisolate them from surrounding soft
tissueinthe case of cadaveric specimens. Surface-scanned specimens
required fusion of several scans taken from different angles to ensure
complete surface coverage. All scans were acquired at sufficient resolu-
tion to allow accurate anatomical landmarking, with post-processing
performed in 3D Slicer v. 5.8.0 to generate clean polygonal meshes
in.ply format. Incases where the pelvicbones were preserved as three
separate elements (two coxal bones and sacrum), we rearticulated
them following a previously published protocol to reconstruct an
anatomically connected pelvis*®.

Obstetrically constraining birth canal aperture

For each individual 3D pelvic model, we used 3D Slicer v. 5.8.0 to
place anatomical landmarks and semi-landmarks along three curves
(Extended Data Fig. 2 and Extended Data Table 3): (1) the left and
right pelvic inlet margins along the iliopectineal line (each with 28
semi-landmarks spaced equally between two fixed landmarks) and
(2) the anterior sagittal curve of the sacrum (13 semi-landmarks
enclosed by two fixed landmarks). Instead of relying on the traditional
human-based definition to identify the obstetrically constraining
inlet plane in non-human primates we combined the landmarks and
semi-landmarks along theiliopectineal line with the central landmarks
at the top of the posterior superior pubic symphysis, and a point on
the sacrum that minimized the anterior-posterior diameter of the
inlet while lying close to the plane formed by the other inlet landmarks
(Extended Data Fig. 2). The identification of this sacral landmark is
complicated by the variation in the shape and position of the sacrum
across primates. Whereas in humans the central anterior margin of the
promontorium lies close to theinlet brim and constrains the fetal pas-
sage, in other primates the higher location of the sacrum with respect
tothe pubisand the generally less prominent promontorium mean that
alower part of the sacrum serves to delimit the inlet®. To identify this
sacral landmarkin other primates, for each individual we minimized the
sum of two distances: (1) fromagiven landmark/semi-landmark along
the anterior sacral curve to afixed landmark at the intersection of the
iliopectinealline with the auricular surface (landmark1), and (2) from
the same sacral landmark/semi-landmark to a fixed landmark located
atthe top of the left pubic symphysis (landmark 2), therefore measur-
ing the anterior-posterior diameter. These sums were computed for
each sacral semi-landmark and averaged within species. The sacral
landmark associated with the smallest sum of these two distances
(Extended Data Table 4) was used to complete the constraining inlet
plane. The rationale for this method is to identify a position on the
sacrumthat lies not too far fromthe other inlet landmarks (it liesmore
orlessonthesameplane and therefore would contribute to constrain
the head passage as it navigates that level of the canal) while also mini-
mizing the sagittal inlet diameter. This method accounts for individual
and species variation in canal and sacral morphology.

Once the landmarks and semi-landmarks enclosed the obstetri-
cally constraining inlet area were determined, these were projected
onatwo-dimensional (2D) plane using a principal component analysis
(PCA) computed from the 3D coordinates. The resulting PC-scores are
the coordinates rotated in a way that the first two dimensions cover the
main 2D variation and the third dimension the shallow depthin 3D. By
removing the third dimension and only using the coordinates of the
firsttwo PCs, a 2D projection of the 3D inlet is obtained.

Neonatal head and face dimensions

We collected three cranial measurements of 40 neonates from the
same 29 species for which maternal pelvic data were available. Neo-
natal stage was determined from specimen records (0-10 days old)
and by inspection of physical characteristics according to previous
literature®. The measurements collected were: (1) occipitofrontal
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diameter, measured from the most posterior point of the occiput to the
root of the nose (nasion), used to approximate head length in sinciput
presentation; (2) submento-bregmatic diameter, measured fromthe
middle pointbetweenthe angles of the mandible (gnathion-gnathion)
to bregma, representing head height in face presentation; and (3)
biparietal diameter, measured across the widest transverse diameter
of the cranium at the level of the parietal eminences, representing
cranial breadth in face presentation. These cranial measurements
arebased onref.2

Depending on the condition in which the specimen was made
available to us, measurements were obtained either directly from
formalin-preserved physical specimens using a digital caliper
(Extended Data Fig. 3), from 3D models generated from CT scans of
formalin-preserved or frozen specimens using the Meshlab v. 2025-
07, or from published measurements. When data were available from
different literature sources"****°, we calculated the species value by
averaging all measurements. Inthe case where valuesin the literature
already represented species averages, we combined them with any
additional measurements by computing a weighted mean that took
into account the sample size of the published averages.

Detailed information on each individual, the cranial diameters
measured, and their source (either hosting institution or literature)
are provided in Supplementary Tables 2 and 3.

Cephalopelvic proportions

For each species, we obtained arepresentative traditional inlet shape
(based onstandard humanlandmarks) and an obstetrically constrain-
inginlet shape by (1) superimposing the landmarks for all individuals
using a partial Procrustes superimposition that preserved differences
inscale butremoved differences inlocation and rotation; (2) extracting
the mean inlet shape. For humans, the standard inlet definition was
used as the obstetrically constraining one. To find the area of the inlet
that realistically could be filled by the neonate’s head, we inscribed
the maximum ellipse into the traditional inlet and constraining inlet
polygons, using a newly developed function that allows the ellipse to
rotate freely so it can optimally fit the available space enclosed by the
2D projection of the 3D inlet coordinates. As there exists no closed form
solution to this problem, we approached this issue using an iterative
algorithm that we implemented in the R package ‘Morpho’ (function
‘inscribeEllipseRot’)*.. It starts with a reasonable position (ellipse cen-
tred to the centroid of the 2D projection of the birth canal) and itera-
tively (999iterations) aimsto find thelargest ellipse tobefittedinto the
birth canal parametrization. To account for rotational optimization,
the algorithm runs all 999 iterations over a stepwise rotation using 2°
steps. The largest inscribed ellipses defined the shape and area avail-
ableforthe passage of the fetusin each species. Maternalinlet areawas,
therefore, calculated for the standard and the obstetrically constrain-
inginlet planebased onthe areaoftheinscribed ellipses rather thanon
the raw projected 2D inlet polygons (Fig. 2). We compared the ellipse
areas for the traditional and constraining inlets using a paired ¢-test,
to evaluate whether our definition of the obstetrically constraining
pelvicinlet returned a significantly different estimation of the space
available for the passage of the neonate.

We then constructed ellipses representing the neonatal head
using the species averages of the collected measurements. For sin-
ciput presentation, the radii of the ellipse were calculated as half of
the occipitofrontal length and half of the biparietal breadth; for face
presentation, we used half of the submento-bregmatic height (suboc-
cipito-bregmatic for humans) and half of the biparietal breadth. The
fetal and pelvic ellipses were superimposed within the same plane by
translating them to the same ellipse centroid, allowing direct visual
comparison of inlet shape and head dimensions.

CPPwasdefined as theratio of the fetal head area (modelled asan
ellipse) to the maternal pelvicinlet area (maximuminscribed ellipse),
separately for sinciput and face/occiput presentation. We tested for

allometry in the relationship between CPP and maternal body size,
given the central role of the latter in influencing both neonatal and
pelvic dimensions, as well as the relationship between maternal body
size and inlet size, and the size of the neonatal body and head. Data
on neonatal bodyweight were collated from refs. 34,52 and data on
maternal bodyweight were collated fromrefs. 34,53 and are provided
inSupplementary Tables 4 and 5.

We used SMA, using the R package ‘smatr™*, to identify the line
that best captures the relationship between maternal body size and
the other variables; all variables were transformed using the base 10
logarithm to facilitate comparison across measures that change on dif-
ferentscales and orders of magnitude, and because we areinterested in
proportional rather than absolute variation. We tested for difference
between the slope of the relationship lines with the predicted slope
underisometry. The theoretical isometric slope depended on the vari-
ablesanalysed and whether they changed on alinear, quadratic or cubic
scale. Theisometricslopeis calculated as the ‘dimensional exponent’ of
variabley over the one of x. For example, theisometric slope of the inlet
area (dimensional exponent = 2) against maternal weight (dimensional
exponent = 3) is two-thirds or 0.667. As CPPis aratio, the dimensional
exponent is calculated by subtracting the exponent of the numerator
from the one of the denominator. CPP was calculated as area face/
areainlet, hence the dimensional exponent of CPP was 2 -2=0. The
isometric slope against maternal body size was therefore 0/3=0. In
otherwords, aflat horizontal line of no expected relationship between
CPP and maternal weight under isometry.

For the purpose of our study, in which we consider the different
variables that could contribute to high CPP and evaluate the func-
tional scaling constraints operating across living primate species, the
among-species differences are biologically meaningfulindependently
of phylogenetic patterns of variation. Nonetheless, to confirm that
shared ancestry does not substantially distort the estimated scal-
ing slopes, all regressions were repeated using PICs* computed on
log-transformed variables and forced through the origin. Where PIC
slopes were consistent with those from the uncorrected SMA, the allo-
metric relationships were considered robust to phylogenetic structure.

All statistical analyses were conducted in R v. 4.5.1 (ref. 56),
and all data and codes are openly available (‘Data Availability’ and
‘Code Availability’).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw data supporting the findings of this study consist of CT scans
of human and non-human primate skeletal remains curated ininstitu-
tional collections. Owing to institutional and legal restrictions, these
data are not publicly available. Human and non-human datasets can
be accessed with permission from the respective holding institutions
providedin Supplementary Table 2. All other datasupporting the find-
ing of this study are available in the Supplementary Information and
in Open Science Framework (https://osf.io/2yk8s/).

Code availability
The code (R scripts) to replicate the analyses is available in the
Supplementary Information and in Open Science Framework
(https://osf.io/2yk8s/).
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Extended Data Fig. 1| Relationship between neonatal body size and maternal
body size across mammals (a) and across primates only (b). a, Regressioninlog
scale of neonatal weight (g) against maternal weight (kg) across mammals. The
data come from Tague (2016)°%, except for the primate species included in this
study, for which we used the values listed in Supplementary Tables 4 and 5. The
blackline and shading show the allometric relationship line and 95% confidence
interval, estimated through SMA regression (slope = 0.954, 95% C10.926 - 0.983,
intercept =-1.075, R*= 0.935, p < 0.0001). A one-sample test of the slope (slope.
test in package smatr) shows that the slope is significantly different from what
expected under isometry (isometry slope =1, p = 0.002), represented by a dashed
green line. In other words, there seems to be a pattern of larger species giving
birthtorelatively smaller babies in respect to maternal size. b, Regressionin

log scale of neonatal weight (g) against maternal weight (kg) across the primate
speciesincluded in this study. The black line and shading show the allometric
relationship line and 95% confidence interval, estimated through SMA regression
(slope =0.895,95% C10.817 - 0.980, intercept =-0.809, R? = 0.947,p < 0.0001).
The names of the species falling further from the line are provided. A one-sample
test of the slope (slope.test in package smatr) shows that the slope is significantly
different from what expected under isometry (isometry slope =1, p = 0.018),
represented by a dashed green line, but it is not significantly different from the
slope identified for mammals (mammal slope = 0.954, p = 0.160), indicating that
larger primates give birth to relatively smaller neonates, but that this allometric
relationship is similar in primates to that of the wider mammal taxon.
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Extended Data Fig. 2 | Landmark and semilandmark configuration used to
quantify pelvic inlet dimensions, exemplified in Pan troglodytes. (a) and (b)
Anterior and anterior-lateral view of a 3D chimpanzee pelvis showing the three
anatomical curves used to capture pelvic aperture shape and dimensions: the left
and rightinlet curves and the anterior sacral curve. The landmark configuration
shows two fixed landmarks and 28 semilandmarks along eachinlet curve (left
and right), two fixed landmarks and 13 semilandmarks along the anterior sacral

curve, and two fixed landmarks at the top of the pubic symphysis (left and right).
(c) Diagram showing the computation of the most obstetrically relevantinlet
dimension, obtained by summing the linear distance between LM1and the
relevant sacral landmark with the distances between the relevant sacral landmark
and LM2. (d) 2D inlet plane (pink) derived from the combined landmark
configuration corresponding to the minimum summed distance.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article https://doi.org/10.1038/s41559-026-03102-5

Occipitofrontal Submentobregmatic Biparietal
(head length) (head height) (head breadth)

>

L
Extended DataFig. 3| Neonatal cranial measurements used to construct These measurements were used to model fetal head size and shape in relation
birth-relevant head and face ellipses. Three linear cranial dimensions were to maternal pelvic dimensions. All measurements were taken by the same
collected directly from preserved neonatal primates using digital calipers, researcher to ensure consistency.

or from 3D models of neonate cadavers using Meshlab v.2023.12 software.
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Extended Data Table 1| Summary of results for the allometry models

Model Intercept | Slope | Slope CI R? P-value | Isometric | P-value
slope isometry
LNeoW ~ LMatW | -1.075 0.954 | 0.926, 0.983 0.935 | <0.0001 | 1 0.0023
(mammals)
LNeoW ~ LMatW | -0.809 0.895 | 0.817,0.980 0.947 | <0.0001 | 1 0.018
LCPP ~ LMatW 0.750 -0.247 | -0.322,-0.190 | 0.538 | <0.0001 | O <0.0001
LNeoH ~ LMatW 0.840 0.617 | 0.555, 0.685 0.929 | <0.0001 | 0.667 0.139
Llnlet ~ LMatW 0.378 0.783 ] 0.743, 0.826 0.982 | <0.0001 | 0.667 <0.0001

Note: The models refer to primate species included in this study, except when otherwise specified (i.e.
mammals). For each SMA regression model, we report the key parameters and the R? and p-value for the
regression test. In addition, the theoretical slope under isometry, and the p-value for the isometry test are
included. Abbreviations: LNeoW = logio neonatal weight; LMatW = log;o maternal weight; LCPP= log;
CPP; LNeoH = logo neonatal face/occiput area; LNInlet = logy inlet ellipse area.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article https://doi.org/10.1038/s41559-026-03102-5

Extended Data Table 2 | Comparison of key results of the primate SMA models with and without PIC

Model Slope [CI] R’ p-value | Slope
1sometry

LNeoW ~ LMatW 0.89510.817, 0.980] 0.947 | <0.0001 1
LNeoW ~ LMatW (PIC) 0.92710.824, 1.044] 0.910 <0.0001 1
LCPP ~ LMatW -0.247 [-0.322, -0.190] 0.538 <0.0001 0
LCPP ~ LMatW (PIC) -0.265 [-0.353, -0.200] 0.467 <0.0001 0
LNeoH ~ LMatW 0.617[0.555, 0.685] 0.929 <0.0001 0.667
LNeoH ~ LMatW (PIC) 0.631[0.552, 0.723] 0.883 <0.0001 | 0.667
LInlet ~ LMatW 0.783 [0.743, 0.826] 0.982 <0.0001 0.667
LInlet ~ LMatW (PIC) 0.784 [0.737, 0.834] 0.976 <0.0001 0.667

Note: For each SMA regression model, with and without PIC, we report the slope and its confidence
interval, the R? and p-value for the regression test. In addition, the theoretical slope under isometry is
included. Abbreviations: LNeoW = logio neonatal weight; LMatW = log;o maternal weight; LCPP= logi
CPP; LNeoH = logo neonatal face/occiput area; LNInlet = logy inlet ellipse area.
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Extended Data Table 3 | Definitions of anatomical landmarks and curves

Landmark (LM) Description
or curve
Point along the ventral margin of the facies auricularis (auricular
LMs 1 and 3 . . . Lo
surface) at the intersection of the linea terminalis
LMs 2 and 4 Most cranial point of the facies symphysialis (pubic symphysis
surface)
Promontorium; midpoint of the cranio-ventral margin of the first
LMS5
sacral corpus vertebrae (vertebral body)
LM 6 Midpoint of the caudo-ventral margin of the last sacral corpus
vertebrae (vertebral body)
C 1 From LM 2 along the left /inea terminalis until intersection with
urve the left facies auricularis (LM 1)
C ) From LM 4 along the right linea terminalis until intersection
urve with the right facies auricularis (LM 3)
Along the ventral midline of the sacrum, between LM 5 and LM
Curve 3 6
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Extended Data Table 4 | Sacral landmark selected per species that returns the lowest summed distance

Species Sacral landmark Description
Ateles geoffroyi 73 Sacral semilandmark 11
Aotus trivirgatus 68 Sacral semilandmark 6
Callimico goeldii 67 Sacral semilandmark 5
Colobus guereza 67 Sacral semilandmark 5
Callithrix jacchus 69 Sacral semilandmark 7
Eulemur fulvus 68 Sacral semilandmark 6
Erythrocebus patas 65 Sacral semilandmark 3
Gorilla gorilla 67 Sacral semilandmark 5
Galago moholi 69 Sacral semilandmark 7
Galago senegalensis 68 Sacral semilandmark 6
Hylobates lar 69 Sacral semilandmark 7
Lemur catta 67 Sacral semilandmark 5
Lagothrix lagothricha 70 Sacral semilandmark 8
Macaca mulatta 66 Sacral semilandmark 4
Microcebus murinus 71 Sacral semilandmark 9
Mandrillus sphinx 65 Sacral semilandmark 3
Nasalis larvatus 69 Sacral semilandmark 7
Papio anubis 66 Sacral semilandmark 4
Papio hamadryas 68 Sacral semilandmark 6
Pongo pygmaeus 68 Sacral semilandmark 6
Pan troglodytes 67 Sacral semilandmark 5
Saguinus oedipus 67 Sacral semilandmark 5
Saimiri sciureus 67 Sacral semilandmark 5
Sapajus apella 69 Sacral semilandmark 7
Symphalangus syndactylus 70 Sacral semilandmark 8
Theropithecus gelada 69 Sacral semilandmark 7
Trachypithecus obscurus 67 Sacral semilandmark 5
Varecia variegata 66 Sacral semilandmark 4
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Describe the experimental replicates, specifying number, type and replicate agreement.
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Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChiP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry
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Plots

Confirm that:
D The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state,; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition
Imaging type(s) Specify: functional, structural, diffusion, perfusion.
Field strength Specify in Tesla
Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.
Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MR [ ] Used [ Not used




Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain [ | ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)
Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| D Functional and/or effective connectivity

|:| D Graph analysis

|:| D Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.

>
Q
5
(e
c
()
©
O
=
S
=
-
D
©
O
=
>
(@)
wm
(e
3
3
Q
S=




	Comparative primate analysis shows that humans are not unique in having a tight cephalopelvic fit at birth

	Results

	Discussion

	Humans are not the odd ones out

	Mechanisms to mitigate cephalopelvic disproportions


	Conclusion

	Methods

	Pelvic 3D model collection

	Obstetrically constraining birth canal aperture

	Neonatal head and face dimensions

	Cephalopelvic proportions

	Reporting summary


	Acknowledgements

	Fig. 1 Comparative orientation of the pelvic inlet and cephalopelvic constraints in great apes and humans.
	Fig. 2 Traditional versus species-specific measurements of the pelvic inlet area in humans and non-human primates.
	Fig. 3 CPP across eight primate genera based on traditional and updated inlet and head size reconstructions.
	Fig. 4 Phylogenetic distribution of CPP in primates using species-specific measurements of the inlet and assuming neonatal sinciput or face/occiput presentation.
	Fig. 5 Relationship between CPP and maternal body size across primates.
	Fig. 6 Relationship between neonatal head size and maternal body size and between maternal inlet size and maternal body size across primates.
	Extended Data Fig. 1 Relationship between neonatal body size and maternal body size across mammals (a) and across primates only (b).
	Extended Data Fig. 2 Landmark and semilandmark configuration used to quantify pelvic inlet dimensions, exemplified in Pan troglodytes.
	Extended Data Fig. 3 Neonatal cranial measurements used to construct birth-relevant head and face ellipses.
	Extended Data Table 1 Summary of results for the allometry models.
	Extended Data Table 2 Comparison of key results of the primate SMA models with and without PIC.
	Extended Data Table 3 Definitions of anatomical landmarks and curves.
	Extended Data Table 4 Sacral landmark selected per species that returns the lowest summed distance.


