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It has long been argued that modern human mothers give birth to
proportionately larger babies than apes do. Data presented here
from human and chimpanzee infant:mother dyads confirm this
assertion: humans give birth to infants approximately 6% of their
body mass, compared with approximately 3% for chimpanzees,
even though the female body weights of the two species are
moderately convergent. Carrying a relatively large infant both pre-
and postnatally has important ramifications for birthing strate-
gies, social systems, energetics, and locomotion. However, it is not
clear when the shift to birthing large infants occurred over the
course of human evolution. Here, known and often conserved
relationships between adult brain mass, neonatal brain mass, and
neonatal body mass in anthropoids are used to estimate birth-
weights of extinct hominid taxa. These estimates are resampled
with direct measurements of fossil postcrania from female hom-
inids, and also compared with estimates of female body mass to
assess when human-like infant:mother mass ratios (IMMRs)
evolved. The results of this study suggest that 4.4-Myr-old Ardipi-
thecus possessed IMMRs similar to those found in African apes,
indicating that a low IMMR is the primitive condition in hominids.
Australopithecus females, in contrast, had significantly heavier
infants compared with dimensions of the femoral head (n = 7)
and ankle (n = 7) than what is found in chimpanzees, and are
estimated to have birthed neonates more than 5% of their body
mass. Carrying such proportionately large infants may have lim-
ited arboreality in Australopithecus females and may have se-
lected for alloparenting behavior earlier in human evolution
than previously thought.
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Human mothers give birth to relatively large neonates (1–5).
In catarrhine primates, there is a strong allometric re-

lationship between the mass of the mother and the mass of an
infant, with a R2 of 0.98 and slope of 0.69 (6) (Fig. S1). From
this linear regression, it is expected that humans should give birth
to infants that are 2 to 2.2 kg (2, 7). However, humans are ex-
ceptional, and have newborns weighing 50% more than expected,
averaging more than 3 kg (Table S1). Birthing larger infants not
only causes obstetric difficulties, but also introduces the energetic
and biomechanical challenge of transporting a relatively large,
helpless newborn. This is particularly the case for pretechnological,
upright walking hominids, some of which had reduced pedal grasp-
ing abilities. Thus, it has generally been argued that many of the
uniquely human life history features, such as birthing large helpless
infants, extended juvenile period, extended lifespan, and shorter
interbirth intervalmayhave emergedwith themore technologically
adept Homo erectus (4, 5, 8).
Previous work has shown that there is a strong allometric re-

lationship (R2 = 0.97; m = 0.73) between the size of the brain as
an adult and the size of the brain at birth in catarrhine primates
(9). This relationship has been used to predict the size of the
brain at birth in extinct hominid species, a model that has since
been independently supported with fossil evidence (10, 11)
(Table S2). Neonatal brain mass estimates can in turn be used to
generate estimates of neonatal body mass (NBM) because of the
isometric relationship between brain and body mass at birth
across anthropoids (R2 = 0.92; m = 0.94) (6). In fact, it has been

argued that neonatal primates are all born with 12% of their body
mass consisting of brain tissue (2, 12, 13). However, this 12%
“rule” does not apply to apes. At birth, apes possess a brain that is
10% of bodymass whereas a newborn human’s brain is on average
12.3% of body mass (Table S3). Given that brain mass at birth can
be estimated from adult cranial capacities in fossil hominids (9),
NBM estimates for extinct hominid taxa can then be calculated by
using an ape model (10%) or a human model (12.3%).
This study calculates a range of NBMs in extinct hominid taxa

and presents these data relative to direct measures of femoral
head diameter (FHD) and the width of the ankle joint in female
Australopithecus specimens (Table S4). To avoid the inherent
error of predictions by regression, these ratios are compared with
resampled distributions of chimpanzee NBMs (n= 50) with both
female FHD (n= 46) and tibial dimensions (n= 20) as explained
in Materials and Methods. Calculated NBMs are also compared
with the estimated body mass of adult female hominids (14–16).
Infant:mother mass ratios (IMMRs) are calculated by using av-
erage female and neonatal masses from human populations
spanning the globe (n= 18). Additionally, and more importantly,
extinct hominid IMMRs are compared with data from actual in-
fant:mother dyads for chimpanzees (n= 47) and modern humans
(n = 2,607) rather than solely from population means.
In this study, two hypotheses are tested. The first is a more

rigorous test of the long-held hypothesis that humans birth
proportionately heavier infants than chimpanzees do, and that
the chimpanzee condition is the primitive one for hominids. The
second hypothesis tested is that Australopithecus possessed
a primitive, chimpanzee-like IMMR.

Results and Discussion
Chimpanzees give birth to infants that are 3.3% the mass of the
mother [95% confidence interval (CI), 3.0–3.5%; Table 1]. These
data from theYerkesNational PrimateResearchCenter (YNPRC;
Atlanta,GA)are consistentwith twoother chimpanzeepopulations
(Table S1), although more reliable given that the YNPRC data
sample actual infant:mother dyads rather than comparing popula-
tion averages. Infant:mother dyaddata are not available for gorillas,
although a sample of infant masses (n = 107) (17) compared with
mean female body mass in captivity (18) yields an IMMR of 2.7%
(95% CI. 2.6–2.8%; Table 1). This lower IMMR in gorillas is ex-
pected given that NBM scales with negative allometry (Fig. S1).
A large sample (N = 2,607) of modern human infant:mother

dyads from the Cebu (Philippines) Longitudinal Health and
Nutrition Survey yields an IMMR of 6.1% (95% CI, 6.05–6.13%;
Table 1). Data from 18 human populations for which both infant
and mother’s mass averages and SDs are available (total, N =
11,317) demonstrate that humans have infants that are 5.7% of
female body mass, with populations ranging from a low of 4.8% to
a high of 6.5% (Table S1). There is no overlap between the 95%
CIs of any modern human population and those of the great apes.
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This result is consistent with previous studies suggesting that
humans birth exceptionally heavy neonates (1, 2, 5). Occasional
reports that humans and chimpanzees have more equivalent
IMMRs (e.g., ref. 19) are based on mixed datasets in which
masses of neonatal chimpanzees birthed in captivity are combined
with small body mass estimates of female chimpanzees in the wild.

NBM in Extinct Hominids. Ardipithecus ramidus, a 4.4 Myr hominid,
is best represented by the female partial skeleton ARA-VP-6/500
(20). Application of an ape growth model yields a 1.3-kg infant,
whereas a human model predicts a 1.0-kg infant. Compared di-
rectly with a range of possible FHDs estimated from the ace-
tabulum of ARA-VP-6/500 (equation in ref. 16 using acetabulum
values reported in ref. 21), the NBM1/3/FHD ratio in Ardipithe-
cus is in the chimpanzee range (Fig. 1A). However, the range of
values for both the cranial capacity and the acetabulum of ARA-
VP-6/500 yields a ratio with possible values so large as to render
this comparison uninformative (Fig. 1A). However, the dimen-
sions of a complete talus (ARA-VP-6/500–023) result in an
NBM1/3/ankle width ratio in the low end of the chimpanzee
range (Fig. 1B). Using the body mass estimate for ARA-VP-6/
500 of 50 kg (24), Ardipithecus would have birthed infants that
were 2.1% to 3.2% of the mother’s body mass, within the range
of modern African apes (Table 2 and Fig. 2). These data support
the hypothesis that a low IMMR is the primitive condition for
the African hominids.
Data for Australopithecus, however, do not support the hy-

pothesis of an apelike IMMR in hominids by the late Pliocene.
Based on 12 adult crania (Table S5), the neonatal brain mass
estimate is 170 g, and the NBM is estimated to be approximately
1.7 kg by using an ape model of brain development (Table 2).

This ape model is likely to be correct for Australopithecus given
the evidence that a more human-like pattern of prenatal brain
growth may not have been achieved until H. erectus (9, 27) or
even later (28). Furthermore, the large neonatal brain in humans
is supported in part by increased levels of infant body fat,
thought to be related to a high quality diet not adopted by
hominids until the genus Homo (29). Compared directly with the
FHD of presumed female specimens from Ethiopia (Austral-
opithecus afarensis) and South Africa (Australopithecus africanus;
Table S4), Australopithecus infants are proportionately large
compared with chimpanzee values (Fig. 1A). In fact, only 0.8%
of the resampled chimpanzee values exceeded the average ratio
in Australopithecus, and only the very lowest neonatal body size
estimates for Australopithecus yielded NBM1/3/FHD ratios that
could be sampled from a population of modern chimpanzees.
Even then, only 16.9% of the 5,000 resampled combinations
yielded such values. Only if an intermediate model (i.e., an av-
erage of human and chimpanzee brain development) is used
does the ratio in Australopithecus become more chimpanzee-like.
Even under these unlikely conditions of prenatal brain growth,
the possibility of sampling the Australopithecus NBM1/3/FHD
average from a chimpanzee population is still only 12.7%. The
femoral head of Australopithecus, however, may be small because
of the exceptionally long lever arm of the hip abductors and the
resulting small joint reaction force at the hip (30). Therefore,
another weight-bearing joint, the ankle, was examined.
Compared with the mediolateral width of the ankle joint (tibia

or talus), Australopithecus newborns were quite heavy (Fig. 1B).
The average NBM1/3/ankle width ratio in Australopithecus can be
sampled from a chimpanzee population only 0.1% of the time,
and only 3.3% of the time even when the smallest NBM esti-

Table 1. IMMRs in modern apes and humans

Species n Mean IMMR, % (95% CI) Source

Gorilla gorilla* 107 2.7 (2.6–2.8) 17, 18
Pan troglodytes 47 3.3 (3.0–3.5) YNPRC
H. sapiens 2,607 6.1 (6.1–6.1) Cebu Longitudinal Health

and Nutrition Survey

*Unlike the chimpanzee and human data, the gorilla data are not derived from actual infant:mother dyads and
may not be as reliable.

Fig. 1. NBM1/3 was resampled with replacement and divided by resampled FHDs (A) or tibial plafond widths (B) of female chimpanzees 5,000 times to obtain
a distribution of NBM1/3/postcranial dimension means. These data were compared with extinct hominid estimates of NBM1/3 divided by direct measurements
of the FHD or the acetabulum (A) using an ape model. Australopithecus had significantly larger NBM1/3/FHD than modern chimpanzees. Ardipithecus has
small chimpanzee-like values although the large range of cranial capacity (dark line) and femoral head (dotted line) estimates renders this comparison
uninformative. The difference between Australopithecus and chimpanzees is even more extreme in the ankle joint (B), and in this case the Ardipithecus value
(from the talus) is more secure and falls within the chimpanzee distribution. In each figure, the dark line is the average, with the shaded box illustrating the
95% CI for the estimate of NBM1/3 divided by the femoral head (A) or the ankle width (B). Recently, data from an undescribed skull and postcrania (two
femora, a tibia and talus) from A. afarensis were published (22, 23). Incorporation of these data into this study would barely alter the likelihood of sampling
the Australopithecus ratio from a chimpanzee data set from 0.8% to 1.5% for the femoral head and from 0.1% to 0.02% for the ankle joint. However, these
results should be considered preliminary until full descriptions of these new fossils are published.
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mates are used. If the intermediate human/chimpanzee model is
used, the likelihood of sampling an Australopithecus NBM1/3/ankle
width ratio from a modern chimpanzee dataset is only 2.4%. These
data, acquired by comparing a range of NBM estimates to direct
measures of female Australopithecus postcrania, suggest that the
IMMR inAustralopithecuswas, on average, significantly higher than
what is found in modern chimpanzees.
Given that the FHD and the mediolateral width of the ankle

joint have been used to estimate body mass in female hominids
(14), it is not surprising that IMMRs based on female body mass
estimates are much higher inAustralopithecus than inArdipithecus,
chimpanzees, or gorillas (Fig. 2). Applying an ape model of brain
development and an average female body mass estimate of 29 kg
(14, 24), A. afarensis has an IMMR of between 5.2% and 6.7%. A.
africanus exhibits a similarly large ratio (4.9–6.3%). To have a
chimpanzee-like IMMR of 3.3%, Australopithecus females would
have to have been larger than 50 kg, meaning that mass estimates
of Australopithecus females, like “Lucy,” would have to have been
miscalculated by approximately 70%.
When the near-modern human range of IMMR had been

reached by Australopithecus, it remained relatively stable (Fig. 2).
IMMRs are Australopithecus-like in Paranthropus boisei and Par-
anthropus robustus and in early members of the genusHomo (Fig.
2). However, ratios of postcranial dimensions and NBM estimates
are more difficult with early Pleistocene taxa because of small
sample sizes and the challenge of definitively assigning isolated
postcrania to one of several coexisting hominid taxa. For example,
the female body mass in Homo habilis is based in part on OH 8,
which may be from P. boisei and not H. habilis (31), and OH 62,
which does not preserve any weight-bearing joints (32). The ideas
presented in this study should therefore be revisited when taxo-
nomically unambiguous female postcrania from the Pleistocene
are recovered.
Early Homo may be best represented by the remains from

Dmanisi, Georgia. Neonates of this population are calculated to
have been approximately 2.0 kg, with 225-g brains. Body size
estimates of the Dmanisi females are approximately 40 kg (33),
and thus the infants would have been approximately 5% of the
mother’s body mass. Because H. erectus is a widespread, evolving
lineage, it is necessary to subdivide this species into spatiotem-Ta
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Fig. 2. IMMRs for modern chimpanzees, humans, and fossil hominids. No-
tice that Ardipithecus has a small, ape-like ratio of infant:mother mass.
However, members of the genus Australopithecus have near modern-human
IMMRs of more than 5% (range, 4.0–6.7%). These data suggest that Pliocene
hominids were already birthing proportionately heavy neonates. These hu-
man-like ratios remain nearly constant in Paranthropus, early Homo, and H.
sapiens. For Ardipithecus, column length represents the value obtained by
using a 300-cc brain and 50-kg female, and the bars show the 95% CI of
values calculated by using a range of cranial capacities from 280 cc to 350 cc.
For all other fossil taxa, column lengths represent mean values and the bars
are the entire range of values calculated by using both ape and human
models of brain development. For modern human (all), column length is the
mean and the bars the full range of IMMRs for 18 modern human pop-
ulations (Table S1). For humans (Cebu), chimpanzees (YNPRC), and gorillas,
the column lengths represent mean values and the bars are the 95% CI.
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poral, although not necessarily taxonomic, units. Estimates of
female body mass have been recently revised to 46 kg based on
early Pleistocene postcrania tentatively assigned to H. erectus
(16). Crania from this time period yield an NBM estimate of 2.5
kg and an IMMR of approximately 5.5%. Of particular interest to
the question of IMMR in H. erectus is the female pelvis BSN49/
P27 from Gona, Ethiopia (10), which is remarkable in its small
size, estimated to be from a female of only 33.2 kg (16). Homo
erectus neonates from the same geological age (900 Kyr to 1.4
Myr) are predicted to have had a cranial capacity of 287.4 cc
(Table S2). This neonatal brain estimate suggests an NBM of 2.3
kg, and a 6.7% to 7.0% IMMR using a human model. An ape
model yields a highly unlikely 2.8-kg infant and an IMMR in ex-
cess of 8%. If the Gona pelvis is from H. erectus, then this species
was at least occasionally birthing relatively heavy infants on the
high end of the modern human IMMR range. Alternatively, the
Gona pelvis may not be from H. erectus, and may instead be from
P. boisei (16). If so, calculations of neonatal brain volume in P.
boisei of 186 cc (Table 2) together with a birth canal that could
accommodate an approximately 300-cc brain (10), suggests that
birth would have been a relatively easy process in paranthropines.
The Gona pelvis thus presents two equally interesting, but ex-
clusive, possibilities: either the Gona pelvis provides evidence
that H. erectus was at least occasionally birthing proportionately
heavy infants with an IMMR on the high end of the modern
human range, or P. boisei has a relatively voluminous birth canal
that allowed for an easy birth process. Whichever scenario proves
to be correct, the data presented here suggest that H. erectus
possessed a high IMMR. Hominids continued to birth propor-
tionately large infants through the middle Pleistocene to Homo
sapiens (Table 2 and Fig. 2).
The hypothesis that Australopithecus had a chimpanzee-like

IMMR is not supported by the data presented in this study. By 3.2
Myr and perhaps earlier, females of the genus Australopithecus
were giving birth to relatively large infants, approximately 5% to
6% of their own body mass, indicative perhaps of a grade shift
from an Ardipithecus-like ancestor (Fig. S1). The findings of this
study are supported both by comparing NBM estimates to female
body mass estimates, and by comparing them directly to measures
of female Australopithecus postcrania. Importantly, even the very
lowest estimates of the IMMR for Australopithecus (4.0%), cal-
culated by using the lowest NBM estimates and a modern human
brain development model, fall outside the 95% CI for modern
apes. To further test the validity of the methods used in this study,
chimpanzee NBMs were “calculated” from adult chimpanzee
cranial capacities, instead of using chimpanzee newborn masses
directly. This was done to mimic the procedure being used to
calculate Australopithecus NBM from adult cranial capacity.
These estimates of body mass were resampled with chimpanzee
femoral head and ankle dimensions and the results mirror those
illustrated in Fig. 1 (Fig. S2).
An important caveat is that hominid body masses are based

not only on a small number of often taxonomically ambiguous
fossil specimens, but also contain large CIs (14–16). However,
body mass estimates of female hominids would have to have
been grossly and systematically underestimated from Austral-
opithecus right through to late Pleistocene H. sapiens for the
ratios calculated in this study to be more chimpanzee-like than
human-like. Additionally, these results are corroborated by di-
rect comparisons made on the postcranial skeletons of Austral-
opithecus, which showed significantly larger [NBM]1/3/FHD and
[NBM]1/3/tibial plafond width ratios than the resampled range
calculated for modern chimpanzees.
The surprising finding that Pliocene hominids were birthing

proportionately heavy infants can be explained by two funda-
mental differences between Australopithecus and modern chim-
panzees. First, Australopithecus had both relatively and absolutely
larger brains than modern chimpanzees (Table S6). Because of
the slightly larger adult brains of Australopithecus, these hominids
would have had infants with larger brains than the infants of
chimpanzees given the strong correlation between neonatal and

adult brain mass (9), and therefore slightly larger bodies as de-
monstrated in this study. Second, Australopithecus females were
smaller than female chimpanzees. Australopithecus females are
estimated to have been between 29 and 33 kg (14, 15), below the
34 to 46 kg range reported for wild female chimpanzees (34) and
the 44 to 61 kg range of captive female chimpanzees (18) (Table
S1). Direct comparisons of adult cranial capacity to femoral head
and ankle dimensions reveal significant differences between fe-
male chimpanzees andAustralopithecus (Fig. S2). These two known
differences between Australopithecus and modern chimpanzees
result in a significant IMMR difference that aligns the Austral-
opithecus more with the modern human condition than with the
African ape condition. Only later, in the genus Homo, did both
brain size and body size increase. However, because these occurred
more or less concurrently, the IMMR remained unchanged (Table
2 and Fig. 2).

Implications for Large Neonates in Human Evolution. These findings
have several important implications for reconstructing early
hominid locomotion, social systems, obstetrics, and energetics.
First, chimpanzees are skilled and frequent tree climbers. The
females have little difficulty ascending a vertical substrate even
while carrying an infant because of the relatively small size of the
infant, and because of the grasping halluces keeping both the
infant attached to the mother and the mother to the tree (Fig. S3).
The postcranial anatomy of A. afarensis and A. africanus is largely
inconsistent with frequent and skilled tree climbing (e.g., refs. 35–
37), although these hominids may have occasionally taken refuge
in trees and there may be more locomotor diversity in the genus.
The results of this study suggest that females of these two Aus-
tralopithecus species were transporting proportionately large
infants, a situation that would have rendered arboreality a more
dangerous activity. This is further exacerbated by the absence of
a grasping toe in A. afarensis (38, 39), the elimination of dorsal
riding as an option for infant hominids (40), and the possibility
that body hair was thinning by 3.3 Myr ago (41). With a limited
capacity to grasp, Australopithecus infants may have been parked
(42) or actively carried by their bipedal mothers, at times leaving
these females with only a single arm free for climbing.
Carrying infants without technological assistance is energeti-

cally expensive for humans (43, 44) and nonhuman primates
alike (45). Carrying an infant, without the help of a sling, has
been found to increase energetic costs during locomotion in
human females by 16% (43), and thus the costs of carrying an
infant may have also reduced the amount of traveling done by
female Australopithecus (46). In addition to infant carrying
postnatally, having a proportionately large infant would have
resulted in carrying costs during pregnancy itself, and anatomical
changes in the lumbar spine of modern human females and of
female A. africanus may reflect this (47). These data also suggest
that Australopithecus females were birthing infants that were
near the pelvic outlet capacity, as inferred from reconstructions
of the A.L. 288–1 Lucy pelvis (48). The hominid NBMs calcu-
lated in this study are larger than some previous estimates (49),
but smaller than others (7), making the results presented here
generally consistent with data used to characterize birth in
hominids. Mediolaterally broad outlets in hominid pelves (10,
48) indicate that the modern mechanism of rotational birth may
have evolved quite recently (50, 51). However, given such con-
gruence between neonatal head and body size, and pelvic pro-
portions in Australopithecus, birth may still have been
a challenging physiological event (3, 48), perhaps requiring the
assistance of helpers (52), especially if shoulder rotation during
asynclitic birth occasionally caused occiput anterior orientation
of the newborn head (53).
The data presented in this study help reconstruct Austral-

opithecus as a primarily ground-dwelling hominid whose strik-
ingly small females carried proportionately large infants. If
additional fossil specimens of Ardipithecus confirm a relatively
large female (∼40–50 kg), the body size dimorphism present in
Australopithecus may be the result of female body mass re-
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duction, rather than an increase in male body mass. Small body
mass in females may have had important consequences for the
social structure of Australopithecus.
By applying Australopithecus brain mass (n = 12) to the equa-

tion provided by Garwicz et al. (54), it can be inferred that Aus-
tralopithecus babies would have been relatively immobile and
unable to walk on their own for the first 6 to 7mo of their lives. The
NBM predicted in this study may serve as a proxy for overall rel-
ative body size in the first year of life given that, by 1 y, chim-
panzees still weigh only 8.6% the mass of the mother (n = 9;
infant:mother dyads from YNPRC), whereas human babies are
approximately 14% of the mother’s mass (55). During this first
year, a female Australopithecus would have faced the challenge of
obtaining nutrients to sustain herself and to breast-feed a growing
infant, and would have benefited from the help of pair-bonded
males (56–58), older children or siblings (59), or a combination of
all these (60). If having proportionately large infants led to allo-
parenting or an increase in male parental care in Australopithecus,
it would be in stark contrast to behavior exhibited by female apes
who rarely will share their infants with othermembers of the group
during the first several months following birth (reviewed in ref. 60).
The contribution of grandmothers would probably have been
negligible in Australopithecus given the likelihood of female trans-
fer and evidence that extended lifespans did not evolve until H.
erectus (61) or even later in Pleistocene H. sapiens (62). There are
comparative data to support the connection between a large
IMMR and increased male parental care and/or alloparenting. It
has been shown in primates, for instance, that birthing of relatively
large neonates is correlated with shared postpartum care (63).
However, this study focused on primates with male transfer, and
the relationship between IMMR and alloparenting is not sup-
ported when phylogenetic controls are used (64). Yet, compara-
tive data from carnivores indicate that taxa that produce larger
litters engage in more cooperative care of the pups (60; using data
from ref. 65). Increased parental care is also correlated with litter
size in some rodents (66) and clutch size in some species of fish
(67) and birds (68). Allomothering in primates allows for fast
postnatal growth, a reduced weaning age, and therefore a reduced
interbirth interval (64, 69), life history features that distinguish
humans from the other great apes. The data presented in this study
therefore suggest that the increased levels of shared infant care
critical to infant survival in modern humans could have its roots in
the genus Australopithecus, rather than our own genus Homo.

Conclusion
Although many life history changes first appear in the genus
Homo, human-like patterns of infant:mother mass first evolved
in the Pliocene genus Australopithecus. These surprising results
help reconstruct the paleobiology of Australopithecus as a pri-
marily terrestrial hominid perhaps with more shared parental
care than what is found in modern great apes.

Materials and Methods
Data from 415 chimpanzee births were obtained from the YNPRC. Forty-
seven of these included mass data for both the infant (within 2 wk of birth)
and mother. The average chimpanzee neonatal mass (1,733 g) is near the
value found in other studies (17, 18, 70). Although adult female wild
chimpanzees are not as heavy as those reported in this study (34), immature
wild chimpanzees are also smaller than laboratory-born chimpanzees of
a similar developmental age (71), consistent with findings that birth weight
is correlated with mother’s mass in humans (72) and nonhuman primates
(73). Mixed datasets obtained from different sources should be avoided
when calculating the IMMR, and thus until neonatal birthweights of wild
chimpanzees are known, these captive data are a reasonable alternative.
Human neonatal and adult female masses were obtained from the literature
(Table S1) and used to calculate the IMMR. Data on specific infant:mother
dyads (N = 2,607) were obtained from the Cebu Longitudinal Health and
Nutrition Survey (http://www.cpc.unc.edu/projects/cebu).

Adult hominid cranial capacities (n = 61) from literature sources (Table S5)
were used to calculate neonatal cranial capacities using the following re-
gression equation:

log ðneonatal brain volumeÞ ¼ 0:7246 � logðadult brain volumeÞ þ 0:3146 [1]

Ranges of neonatal brain size were calculated from the 95% CI of this re-
gression equation (9). These cranial capacities were converted tomasses using
conversions from Ruff et al. (25) and Hofman (26), which, together with the
95% CI, generated a range of likely neonatal brain masses (Table 2). NBMs
were calculated using an ape model (brain 10% of body mass at birth), a hu-
man model (brain 12.3% of body mass at birth), and an intermediate model
(average of human and chimpanzee models). These brain:body percentages
were calculated using data from YNPRC and published sources (Table S3).
IMMRs were calculated for extinct hominid species by dividing the range of
NBMs by estimates of female body mass by using data from the literature on
hominid adult female body masses (14–16, 74). Because of the population-
level differences in modern humans (Table S1), effort was made to examine
specific fossil assemblages (Dmanisi, Atapuerca, Skhul-Qafzeh), although
these sites may still be sampling from a large time frame. Species for which
only single cranial capacities are available (e.g.,Australopithecus sediba) were
not included in this analysis, with the exception of Ar. ramidus. The entire
range of IMMRs, using a chimpanzee model and a human model, was calcu-
lated for each fossil taxon and reported in Table 2 and Fig. 2. Because there is
great uncertainty in calculating female bodymasses of extinct hominids, NBM
estimates were also compared with direct measurements of postcrania in
chimpanzees and in Australopithecus by using resampling statistics.

Resampling statistics have been used in a variety of paleoanthropological
studies to best handle the inherent problem of small sample sizes in the fossil
record (e.g., refs. 9, 62, 75). A. afarensis and A. africanus have statistically
indistinguishable adult cranial capacities (Table 2; Table S6) and nearly
identical postcranial dimensions (Table S4), and were thus treated collec-
tively. Twelve Australopithecus crania (Table S5) were used to calculate NBM
estimates as previously described. These were compared directly with post-
cranial fossils (Table S4) at the University of Witwatersrand and the Trans-
vaal Museum (A. africanus) and casts of A. afarensis at the Cleveland
Museum of Natural History and Harvard Peabody Museum. The FHD was
measured as the maximum superoinferior or anteroposterior dimension of
the head. The tibial plafond width was measured as the mediolateral di-
mension of the talar facet at the midpoint of the joint, and similarly the
mediolateral width of the midpoint of the talar trochlea was measured.
Acetabulum dimensions were converted to FHDs by using the equation in
the publication of Ruff (16). Fossil tali were converted to tibial dimensions by
using an reduced major axis regression generated from 79 associated human
tibiae and tali measured for another study (76) (y = 0.9887 × +0.7606). The
mediolateral width is a reasonably proxy for body size because size stan-
dardized values of this measurement are not phylogenetically or functionally
informative in humans or apes (76). The smaller half of the Australopithecus
femoral sample was assumed to be female. In two samples of modern human
femora of known sex but from different populations, the smallest 93.3% (n =
28 of 30) were female, and 89% of the smaller halves of the tibia were from
the female. The mean FHD of the presumed females (n = 7) was divided into
the cube root of the Australopithecus NBM estimates generated as described
earlier. The same approach was used for the ankle joint, although the
smallest 58%was used to be sure that half of the specimens from Hadar were
included as female (Table S4).

Chimpanzee NBMs were obtained from the YNPRC (n = 50), and the cube
root was taken of each. FHD was taken on adult female chimpanzees (n =
46) at the Cleveland Museum of Natural History, American Museum of
Natural History, and Harvard Museum of Comparative Zoology; mediolateral
width of the tibial plafond was taken on adult female chimpanzees (n = 20)
from those same skeletal collections. Resampled distributions were calcu-
lated in the following manner: 12 NBM1/3 were resampled with replacement
and the mean calculated. Seven chimpanzee FHDs were randomly resampled
with replacement and a mean was calculated. These two means were used
to calculate a single NBM1/3/FHD number. This process was then repeated
5,000 times and a distribution of chimpanzee NBM1/3/FHD means was com-
piled (Fig. 1A). The mean NBM1/3/FHD for Australopithecus (ranges de-
termined by 95% CI of neonatal body mass) was then directly compared
with address the likelihood of sampling an Australopithecus-like mean from
the range of chimpanzee mean values. The same process was repeated using
the tibial plafond width (n = 7) rather than the FHD (Fig. 1B).
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